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COMPUTER SIMULATION OF BIOLOGICAL WASTEWATER
TREATMENT PROCESSES IN AEROTANKS WITH PLATES

Purpose. Efficiency determination of the aeration tank at the stage of design or reconstruction of bioreactors in
which biological wastewater treatment is carried out requires the use of special mathematical models and calculation
methods. The main purpose of the article is to develop CFD models for evaluating the operation efficiency of aera-
tion tanks. Methodology. A numerical model has been developed for the computer calculation of the biological
wastewater treatment process in aerotanks, taking into account hydrodynamics. The model is based on two-level
mass conservation equations for the substrate and activated sludge and the velocity potential equation. The process
of biological transformation of the substrate is calculated based on the Monod model. For the numerical integration
of the mass transfer equations of activated sludge and substrate, the alternating-triangular difference splitting scheme
is used. In this case, the basic equations are divided into two equations of a more simplified form. For the numerical
integration of the equations for the velocity potential, it is split into two one-dimensional equations. Further, each
equation is solved according to explicit scheme. For the numerical integration of equations that describe the process
of substrate transformation based on the Monod model, the Euler method is used. Findings. The software imple-
mentation of the constructed numerical model has been carried out. The results of a computational experiment
on the study of the wastewater treatment process in an aeration tank with plates are presented. This leads to the
conclusion that the quality control of wastewater treatment in aeration tanks is possible with the help of plates.
Originality. A multivariate CFD model has been developed, which makes it possible to quickly assess the efficien-
cy of the aeration tank. A feature of the model is the ability to evaluate the operation of the aeration tank, taking into
account its geometric shape and location of additional plates in the construction. Practical value. The constructed
numerical model can be used during calculations in the case of designing aeration tanks, or in determining the effi-
ciency of wastewater treatment under new operating conditions.

Keywords: water purification; numerical modeling; aerotank; model Mono; CFD models; biological cleaning;
wastewater; activated sludge; concentration of pollutants
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Introduction

Biological treatment is one of the most effec-
tive methods of wastewater treatment [3, 4, 6]. Ef-
ficiency determination of this treatment at the stage
of design or reconstruction of bioreactors, in which
this method of wastewater treatment is carried out,
requires the use of special mathematical models
and calculation methods. Moreover, these theoreti-
cal calculation methods are the main toolkit, since
a physical experiment in the field of biological
treatment always requires a long time and expen-
sive equipment. To date, a significant number of
mathematical models have been developed that
allow, with different approximation degrees, de-
termining the bioreactor efficiency. But the exist-
ing mathematical models (empirical, balance, ana-
Iytical) [1-5, 7-17] do not take into account
a number of important parameters affecting the
efficiency of bioreactors (their geometric shapes
and design features, movement hydrodynamics
activated sludge and substrate in them, the pres-
ence of additional elements, various modes of op-
eration), or require significant time when imple-
mented on computers (CFD-models). Therefore,
the development of mathematical models for as-
sessing the efficiency of biological reactors, which
allow taking into account these important factors
and quickly determining the values of the parame-
ters necessary for the designer, is an important sci-
entific task.

Purpose

This work provides for the development of
a numerical model to assess the efficiency of
wastewater treatment in aerotanks. The task is to
create a multifactorial computer model that makes
it possible to quickly calculate the process of bio-
logical wastewater treatment, taking into account
the geometric shape of the bioreactor.

Methodology

When building a model, we will take into ac-
count the following factors:

— geometric shapes of aerotank;

— the process of changing the substrate concen-
tration in aerotanks over time;

— the process of changing the of activated
sludge concentration in aerotanks over time;

— the presence of additional elements in aero-
tanks.

The material balance equations for the substrate
and activated sludge in the reactor based on the
Monod model has the following form:
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where K,— activated sludge measurement coeffi-
cient; t — time; X — averaged concentration of ac-
tivated sludge in the bioreactor ; § — averaged
concentration of substrate in the bioreactor; pu —
diffusion coefficient; ¥ — parameter in the Monod
model; u,v — components of the water flow
velocity in the bioreactor in the direction of the x, y
axes, respectively; u:(px, py) — components of
the diffusion coefficients at the considered plane
point in the x, y direction.

The averaged concentration of activated sludge

and substrate over the width of the bioreactor is
determined as follows:

1
X(X, Z) = EJ-X(X’ y’ Z)dy 5

S(x,2) :%IS(x,y,z)dy.

Equations (1) and (2) describe the change in the
concentration of activated sludge and substrate
over time in the aeration tank due to movement
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and diffusion. Equations (3) — (5) describe the pro-
cess of substrate consumption by activated sludge.
The limiting conditions for modeling equations
are as follows:
1)at the inlet, the boundary condition is:

S=S,.X=X,,,

in®

where S.

in?

X,, —known concentrations of substrate

and sludge, respectively;
2)boundary conditions at the exit from the bio-
reactor:

SA+1L,))=S8G,j);
XGi+1,j)=X{,)),
where S(i+1,j),X(i+1,j) — concentrations in the

last computational cell; S(i,j) X (i, j) — concen-

trations in the previous computation cell;
3)on rigid surface:

X .
on
s _
on

where n — unit normal to the surface.

The initial conditions are as follows: at =0
X=X0, S =So.

To solve the hydrodynamics problem — deter-
mining the components field of the flow velocity
vector in the aerotank — a model of potential mo-
tion was used [8, 29]:

o’P O°P 0
axz 8}72 ’

where P — velocity potential.
Knowing the potential field, the values of the

components of the flow velocity vector in the bio-
reactor are determined by the formulas [8, 9, 14]:

_op o op
o’ oy
Let us consider the difference in dependencies,
with the help of which the numerical integration of
the modeling equations is carried out. Thus, to cal-

culate the substrate concentration in the bioreactor,
an alternating-triangular two-step splitting scheme

(6)

u

is used [2]. At the first stage of splitting, the calcu-
lated dependence has the form:
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At the second step of splitting, the calculated
dependence is as follows:
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For the second equation, the difference

schemes have the form:
— calculated dependence at the first step:
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To construct a local one-dimensional scheme
for solving equation (6), we perform the following
transformations. First, let us represent this equation
in the form:

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2020/218302

© M. M. Biliaiev, M. V. Lemesh, V. V. Biliaieva,
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 Tpancnopty. BicHuk /IHIinponeTpoBcsKkoro

HAI[iOHAJIIBHOTO YHIBEPCHTETY 3alli3HUYHOro TpaHcmopty, 2020, Ne 5 (89)

EKOJIOI'A TA ITIPOMUCJIOBA BE3IIEKA

2 2
8_P = 8_1: 8_1;’ , (11)
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where 1 — fictitious time.
Further, we divide equation (11) as follows:
oP O°P
— = 12
o o’ (12
2
a—P = 8—1; . (13)
ot Oy

Equation (12) describes the change in the value
of P in the direction of the X axis, and equation
(13) describes the change in the Y direction.

The calculated dependencies (Richardson's
method) for determining the unknown value of P
based on equation (12) have the form:

vt o PPy B AR
P =P+ Vi ixz L+t ijz !

.(14)

Accordingly, the calculated dependencies
(Richardson's method) for determining the un-
known value of P based on equation (13):
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Since we solve the evolutionary equation, the
calculation by dependencies (14)—(15) ends when
the following condition is met:

n+l1 n
B =

L] < 8

- B

where € — small number; n — iteration number.
We calculate the flow velocity as follows:
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For numerical integration of equations (3)—(4),
the Euler method is used.

The algorithm for solving this problem includes
two main stages.

At the first stage, the following steps are per-
formed:

1)the velocity potential field P (x, y) in the
aerotank is calculated;

2)the flow velocity field u (x, y), v in the aero-
tank is determined.

The second stage (calculation at the time step
dr) contains the following steps:

1)the change in the concentration of activated
sludge in the aerotank due to flow movement and
diffusion is calculated;

2)the change in the concentration of the sub-
strate in the aerotank due to the flow movement
and diffusion is calculated;

3)the change in the concentration of activated
sludge and substrate in each difference cell based
on the Monod model is calculated;

4)the calculation is repeated at a new time step,
starting from item 1.

Based on the constructed numerical model, the
BIO-2K computer program was developed. Pro-
gramming is carried out in the FORTRAN algo-
rithmic language.

Findings

Let us present the results of solving the prob-
lem of assessing the efficiency of the aeration tank
using the developed CFD model. The following
scenarios were considered:

scenario no. 1: the aerotank works without ad-
ditional elements inside the structure;

scenario no. 2: aerotank has one plate inside the
structure;

scenario no. 3: aerotank has two plates inside
the structure;

scenario no. 4: aerotank works as a reservoir
for the substrate destruction, but there is no entry
and exit of the substrate and activated sludge. That
is, in this scenario, the aerotank is a tank filled with
activated sludge and substrate, and the process of
changing their concentration was studied using the
Monod model.

Calculations were performed with the follow-
ing initial data:

Sin = 360 mg/l — the concentration of the sub-
strate (Biological oxygen demand (complete),
which enters the structure;
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bioreactor dimensions 15x5 m;

Q,(t)=3 495 m’/day — waste water consump-
tion;

u, =u, =2x10* m*/day;

X,;, =200 mg/l — concentration of activated

sludge that enters the reactor;

Umax = 1.04 — reproducibility index parameter;

K= 100 mg/l — sludge index parameter;

Ky = 0.055 1/day — theb coefficient that takes
into account the death of microorganisms;

Y = 0.55 — parameter in the Monod model.

Initial condition: S;, = 360 mg/l, X;, = 200 mg/l,
is the concentration of the substrate and activated
sludge in the reactor for the time moment ¢ = 0.

Figures 1-4 show how the substrate concentra-
tion at the reactor outlet changes for the scenarios
under consideration. The concentration is averaged
over the aerotank width for the time moment ¢ =
1.5 (dimensionless time). Each number in the Fig-
ures shows the substrate concentration as a per-
centage of the maximum concentration (this is the
concentration at the entrance to the reactor S;, =
360 mg/1).

Y

0 X

Fig. 1. Substrate concentration in the bioreactor
(no plates, scenario no. 1)

]

0 X

Fig. 2. Substrate concentration in the bioreactor
(one plate, scenario no. 2)

Y:
—=

V] EE X

Fig. 3. Substrate concentration in the bioreactor
(two plates, scenario no. 3)

0 X

Fig. 4. Substrate concentration in the bioreactor, ¢ = 1.5
(no flow in the reactor, scenario no. 4)

As can be seen from the above figures, the field
of substrate concentration inside the reactor can be
divided into two zones. The first zone corresponds
to the concentration range from 99 to 10% and oc-
cupies approximately the first half of the reactor.
The second zone corresponds to the substrate con-
centration in the range of 10-3% (output from the
reactor). The border between the zones looks like a
«slanting» line. The second zone even has a
«sparse» view. A significant concentration of the
substrate in the first zone is caused by its constant
ingress into the structure through the inlet.

Fig. 5 shows the field of activated sludge con-
centration in the structure (each number is the acti-
vated sludge concentration in percent of the maxi-
mum concentration value at a given time, for this
time — Xmx = 620.76 mg/l). This concentration
gradually decreases from the inlet (where the ac-
tive sludge enters the reactor) to the outlet.

Thus, Table 1 shows the average value of the
substrate concentration at the outlet from the reac-
tor for the time ¢ =1.5 for each scenario.

As you can see from Table 1, the plates in the
strcture affect the efficiency of water purification
in the bioreactor. The most active process of water
purification takes place if there is no movement in
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the reactor (scenario no. 4), i.e., if there is no new
portions of the substrate entering the reactor. Thus,
it can be concluded that the quality control of
wastewater treatment in biological reactors is pos-
sible through the use of additional elements in the
structure — plates.

b

0 X

Fig. 5. Activated sludge concentration in the bioreactor,
t = 1.5 (two plates, scenario no. 3)

Table 1

Average value of substrate concentration
at the bioreactor outlet

Scenari Scenario | Scenario | Scenario | Scenario
cenario no. 1 no. 2 no. Ne 3 no. 4

Concen- 19.95 17.37 14.71 1.63
tration mg/1 mg/1 mg/l mg/1

It is also important to compare the dynamics of
the water purification rate in the reactor if there is
no movement (scenario no. 4) and when there is
movement (scenario no. 1). Biological reactors in
scenarios no. 1 and no. 4 have the same geometry,
so this comparison is logical. Table 2 shows the
results of calculations for these reactors.

Table 2

Average value of substrate concentration
at the bioreactor outlet

Time . .
. . Scenario no. 4 Scenario no. 1
(dimensionless)
0.6 148.32 mg/1 133.81 mg/l
0.96 44.71 mg/l 55.38 mg/l
1.2 12.25 mg/l 32.76 mg/l
1.4 2.89 mg/l 22.66 mg/l
1.5 1.63 mg/l 19.95 mg/1

Data analysis of Table 2 shows that approxi-
mately from the moment of time ¢ = 0.96, the de-
celeration of the water purification process starts in
the reactor, where the movement takes place, (sce-
nario no. 1). By the time moment ¢ = 1.5, the sub-
strate concentration at the outlet from the reactor,
where there is movement, is significantly different
from the concentration for the reactor, where there
is no movement.

Note that the time for calculating each scenario
was 5 s.

Originality and practical value

A new numerical 2D model is proposed to as-
sess the operation efficiency of the aerotank.
A feature of the model is the ability to assess the
operation of the aerotank, taking into account its
geometric shape and location of additional plates
in the structure. The simulated equations reflect the
fundamental law of continuum mechanics — the
law of mass conservation.

The developed numerical model makes it pos-
sible to determine the concentration field of the
substrate and activated sludge in the bioreactor.
The model can be useful when performing calcula-
tions in the case of designing biological treatment
facilities or when reconstructing existing bioreac-
tors.

Conclusions

In the article, a new numerical model has been
developed that allows one to determine the aero-
tank operation efficiency, taking into account its
geometric shape. The results of computational ex-
periments show that the use of additional elements
in the aerotank improves the efficiency of water
purification.

In the future, this scientific direction should be
developed in the field of development of numerical
models for evaluating the aerotank operation effi-
ciency based on the Navier-Stokes equation.
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KOMII'IOTEPHE MOJAEJIOBAHHS ITPOLECIB BIOJIOT'TYHOI'O
OYNIIEHHSA CTIYHUX BO/J B AEPOTEHKAX I3 IINTACTUHAMMA

Mera. BusHaueHHst epeKTUBHOCTI poOOTH aepOTEHKIB Ha €Tali MPOEKTYBaHHS ab0 PEKOHCTPYKIIT OiopeakTo-
PiB, Y SIKUX 3IHCHIOETHCS 010JIOTIYHE OYHUINCHHS CTIYHUX BOJ[, BUMAra€ BUKOPUCTAHHS CIICI[IaIbHUX MaTeMaTHIHUX
MoJenell 1 MeToAiB po3paxyHKy. OCHOBHOIO MeTO0 cTaTTi € po3podka CFD-Mozneni anst oniHKM epeKTHBHOCTI po-
Ootu aeporeHka. Meroauka. [yis1 KOMIT'IOTEPHOTO PO3PaxyHKY Ipolecy OiOJIOTiYHOrO OYMINEHHS CTIYHHX BOJ
B aCpPOTEHKY, 3 ypaXxyBaHHAM TiIpOAMHAMIKH, PO3pO0OJIeHa YHCeIbHA MOJIeNb. B OCHOBY MoJeni MOKJIaJAeHO TBOBH-
MIpHi piBHSHHS 30€peXeHHS MacH Uil CyOCTpaTy Ta aKTHBHOTO MYy Ta PIBHSHHS JUIS MOTEHINANy IIBUAKOCTI.
[pomec OiomorivHOTO TIEPETBOPEHHS CyOCTpaTy po3paxoBaHO Ha 0a3i momemi Monod. Jlns 4mcenbHOTO iHTETpY-
BaHHS PIBHAHP MacOIlepPEHOCY aKTUBHOIO MyJy Ta CyOCTpaTy BHKOPHCTAHO IIONEPEMIHHO-TPHKYTHY Pi3HHLIEBY
cxeMy posuierieHHs. [Ipu 11boMy 0a30Bi piBHSAHHS PO3LICIVICHO HA ABa PiBHAHHS OBLI CHPOLICHOTO BHIJIAIY.
Jlyist 4rceNnbHOro IHTErpyBaHHs PIBHSAHHS AUl HOTEHIIANy IIBHIKOCTI 31 ICHEHO HOTO PO3IICIUICHHS Ha JBa OJHO-
BUMIpHHX piBHsIHHS. Jlaii KoKHE pIBHSHHS PO3B’S3aHO 3a SBHOIO CXeMO0. J[Jisl YMCeNnbHOro IHTEerpyBaHHs PiBHSHbD,
0 OMHUCYITh mporec Tpanchopmarlii cydocrpary Ha 06a3i momeni Monod, BukopucraHo Meton Eiinepa.
Pe3yabraTn. 3xilicHeHO porpamMHy peajizauito no0yaoBaHol yrcenbHOi Mojeni. HaBeneHo pesyiabsraTi 064ucIio-
BaJILHOTO €KCIIEPUMEHTY 3 JOCIIXKEHHS MPOLIECY OYHMILEHHS CTIYHUX BOJ B aCPOTEHKY 32 PaXyHOK BUKOPHCTaHHS
JOATKOBHX €JIEMEHTIB y crnopyni—tuacTud. Lle mo3Boiisie 3poOUTH BUCHOBKH, IO YIPABIIiHHS SKiCTIO OYHMIICHHS
CTIYHHUX BOJI B aePOTCHKaX MOJKIIMBE 32 JJOIIOMOTOI0 3acTocyBaHHs IiacTuH. HaykoBa HoBu3Ha. Po3pobieHo Oara-
todakropry CFD-mMozens, mo 103B0Js€ MBHIKO OLIHUTH ¢(pEeKTUBHICTh poOoTH aepoTeHka. OcoOMMBICTIO MOAETi
€ MOXKJIMBICTb OL[IHKK POOOTH aepOTEHKA 3 ypaXyBaHHSIM HOro reoMeTpH4HOi GOpMHU Ta po3TaIlyBaHHS B CHOPYAI
noxaTkoBuX miactuH. [lpakTuuna 3HaunMicts. [loOynoBaHa dyucenpHa MOJEIb MOXe OYTH BUKOPUCTaHA MiX dac
NPOBEJICHHS PO3PaxyHKIB Y BUIAAKY NPOEKTYBAaHHS CIOPYA aepOTCHKIB abo Milx 4ac BH3HAYEHHS e(EeKTUBHOCTI
OUMIIEHHS CTIYHUX BOJI 32 HOBUX YMOB eKCILTyaTallii.

Kniouosi cnosa: ouuilieHHs BOIW, 4YHCEIbHE MOJCIIOBAHHS, aepoTeHk; Mmoxaenb Monod; CFD-moneni;
OioJioriuyHe OYMIIEHHS; CTIYHI BOJM; aKTUBHUIT MYJI; KOHLIEHTpaLisl 3a0pYyHIOBaIbHUX PEUOBUH
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KOMIIbIOTEPHOE MOJAEJIMPOBAHUE HPOLHECCOB
BUOJJIOTUYECKOHU OYUCTKHU CTOYHBIX BOJA B ADPOTEHKAX
C INTACTUHAMUA

Heanb. Onpenenenue 3phekTHBHOCTH pabOTHI a9pOTEHKA Ha ATale NMPOSKTHPOBAHUS WIIM PEKOHCTPYKIUH OHO-
PCAKTOPOB, B KOTOPBIX OCYHICCTBIACTCA 6I/IOHOFI/I’-ICCK8JI OYHCTKA CTOYHBIX BO/, Tpe6yeT HCIIOJIb30BaHUA CIICIIU-
aNbHBIX MaTeMaTH4eCKUX Mojejed W MeTonoB pacuera. OCHOBHOHM 1IeNbl0 CTaThU SBIISIETCS pa3paboTKa
CFD-monenu juist oueHkH 3 exTHBHOCTH paboThl a3poTeHKOB. MeToanka. /{11 KOMITBIOTEPHOTO pacueTa Iporec-
ca OMOJIOTHYECKOH OYMCTKH CTOYHBIX BOJ B a3POTEHKAX, C y4ETOM THAPOANHAMUKH, pa3padOTaHa YHCICHHAs MO-
Zienb. B ocHOBY Mozenu 3aoKeHs! IByXyPOBHEBBIE YPAaBHEHHUS COXPAHEHHs MacChl U1 CyOCTpaTa M aKTHBHOTO HJIa
U ypaBHEHHUE JUIs NOTEHIMa1a cKkopocTH. [Iporiecc Ononornueckoro npeodpazoBanus cyOcTpara paccunTaH Ha Oase
Mogenn Monod. /Iy 4MCIEHHOTO MHTETPUPOBAHUS ypaBHEHHWH MacCONEpeHOca aKTUBHOTO HMia M cyOcTpara mc-
TI0JIb30BaHa TONIEPEMEHHO—TPEYTOJIbHAsI PA3HOCTHAS cxeMa paciueruieHus. [Ipn 3tom 6a3oBble ypaBHEHUs pasjerne-
HbI HAa ABa YpaBHCHUA ooiee YIPOUICHHOTO BUJA. I[J'If[ YUCJICHHOI'0 MHTCTPUPOBAHUA YPABHCHUA JJId MMOTCHIHAJIa
CKOPOCTH OCYLIECTBIICHO €r0 PaclllelJIeHHue Ha JIBa OJJHOMEPHBIX ypaBHeHus. Jlanee kax/oe ypaBHEHHE PEIIEeHO 110
SIBHOM cxeme. J[Jisl 4uCIeHHOTO MHTETPUPOBaHUS YpaBHEHHH, OMMCHIBAIONIUX MPOIlecC TpaHchopMaluu cydcrpara
Ha Gaze mozenn Monod, ucnonb3oBan Meton Jiniepa. Pesyabrarbl. OcyliecTBiIeHa NMpoOrpaMMHas peaiu3anus
HOCTpOCHHOIZ YHUCJICHHON MOACIIN. HpI/IBeL[eHBI PE3YIbTAaThl BBIYUCIUTCIIBHOTO 3KCIEPHUMCHTA IO HMCCICIOBAHUIO
Npoliecca OYUCTKU CTOYHBIX BOJI B @9POTEHKE 33 CUET MCIOJIb30BAHUS JOMOJIHHUTEIIBHBIX 3JIEMEHTOB B COOPYKEHUU
— IUIACTHH. DTO MPOBOJAUT K BBIBOAY, YTO YIPaBJICHWE KAYECTBOM OYMCTKH CTOYHBIX BOJ B a9POTEHKAX BO3MOXKHO
¢ ToMoIIblo puMeHeHus iactud. Hayunasi HoBu3Ha. Paspaborana muorodakropras CFD-monens, nmo3sossio-
mast ObICTPO OLEHUTH 3PPEKTUBHOCTE PAOOTHI a3poTeHKa. OCOOEHHOCTHIO MOJIEIH SIBIISIETCST BO3MOXKHOCTD OIIEHKH
paboTHI a3POTEHKA C YYETOM €ro FeOMETPHUECKOI (POPMBI M PACIIOIOKEHHS B COOPY>KEHUH JOTIOJHUTENBHBIX TUIa-
ctuH. [IpakTHyeckasi 3HaYUMOCTh. [locTpoeHHAs YHCIEHHAs MOZEIb MOXET OBITh MCITOJb30BaHA HPH IIPOBEe-
HHUM pacyeToB B CIy4ae MPOEKTUPOBAHMS COOPYKEHHH a3POTEHKOB MJIM IIPH ONpe/eIeHNH dPPEKTUBHOCTH OYHCT-
KU CTOYHBIX BOJI B HOBBIX YCJIOBUAX OKCILTyaTallluu.

Kniouegvie cnosa: o4MCTKAa BOABI, YMCICHHOE MOJEIMPOBaHME; a’poTeHk; Monens Monod; CFD-moneny;
OuoiornuecKas OYHCTKA, CTOYHBIC BOJbI, aKTUBHBIN WJI; KOHIOCHTpALKW 3arpA3HAIOIINX BEIICCTB
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