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cally dangerous substance in the atmospheric air. An equation is considered that is conjugate to the
mass transfer equation. With the help of this equation, a zone is determined where the location of
the emission source can lead to the emergence of dangerous concentrations, for a certain time, at the
point of "interest". This information makes it possible to identify subzones where the emission of a
dangerous substance, in case of an accident, a terrorist act will lead to undesirable consequences.
For the solution of the conjugate problem, the approach proposed by G.l. Marchuk.

Results. On the basis of the developed numerical model, it is possible to carry out solutions as a direct
problem — the calculation of contamination zones in the atmosphere at a known position of the emis-
sion source and the associated problem. The results of a numerical experiment are presented.

Scientific novelty. A new numerical model is proposed that allows solving an associated problem
in the field of atmospheric air pollution during the emission of chemically hazardous substances —
to identify areas where the emission of a pollutant can lead to undesirable consequences at the point
of "interest”. The model can be used to perform serial calculations in developing a plan for elimi-
nating a dangerous situation. The model makes it possible to take into account the influence of me-
teorological conditions in a given region, atmospheric diffusion, emission power during a computa-
tional experiment.

Practical significance. 2D numerical model is proposed for solving the related problem in the field
of environmental safety: selecting zones where the emission of a hazardous substance can lead to
undesirable results at the point of "interest”. The model makes it possible to identify subzones
where the conduct of an act of terrorism is extremely dangerous.

Keywords: conjugate task, atmosphere pollution, emission of chemically hazardous substances.
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Purpose. Development of mathematical model for prediction of output parameters of aeration
tank with account of dissolved oxygen, oxygen , sludge, substrate transfer and biological treatment
. The mathematical model may be used in predicting the effectiveness of aeration tank under differ-
ent regimes of work.

Methodology. To simulate the process of biological wastewater treatment in aeration tank
mathematical model was developed. This model is based on the set of differential equations which
describe fluid dynamic process and biological process in aeration tank. The flow field in the aera-
tion tank is simulated on the basis of potential flow model. This model allows to predict quickly
flow pattern in the aeration tank. To simulate the process of sludge, substrate, oxygen, diluted oxy-
gen transfer 2-D transport equations are used. To simulate the process of biological treatment sim-
plified model is used which takes into account the process of sludge growth and substrate extinc-
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tion. For the numerical integration of transport equations implicit difference scheme is proposed.
The difference scheme is built on splitting transport equations. To solve the splitting equations im-
plicit difference scheme was used. For the numerical integration of potential flow equation the im-
plicit scheme of conditional approximation was used. To solve ordinary equations which describe
the biological process in the aeration tank Eurler’s method was used. On the basis of constructed
mathematical it is possible to carry out computer experiment to investigate the process of biological
treatment in aeration tank. FORTRAN language was used to develop code.

Findings. A set of differential equations was proposed to simulate the process of wastewater
biological treatment in the aeration tank. The model takes into account the dissolved and not dis-
solved oxygen transfer in aeration tank. The model can be used to obtain aeration tank parameters
under different regimes of work. The model developed takes into account the main fluid dynamics
parameters in the aeration tank. To implement the developed model the common input parameters
are needed.

Originality. Mathematical model which takes the main physical and biological features of
wastewater biological treatment in the aeration tank was proposed. The model takes into account
substrate, sludge, oxygen, dissolved oxygen transport in aeration tank and process of biological
treatment.

Practical implications. Efficient mathematical model, so called «diagnostic models» was pro-
posed for quick calculation of biological treatment process in aeration tank.

Keywords: biological treatment; mathematical simulation; aeration tank

Introduction. It is well known that the efficiency of aeration tanks (AT) strong-
ly depends on the dissolved oxygen (DO) concentration. Prediction of DO concentra-
tion is a difficult problem because it depends on the number of factors which are
changing in time. At the stage of AT design or it’s reengineering we must predict DO
concentration under new conditions of work of AT. To solve this problem it is im-
portant to have mathematical models which do not consume much computational
time and are physically based.

At present mathematical models which are used for aeration tank calculation in-
cludes empirical models [5, 7], balance models [3, 4, 8, 16], analytical models [6, 9],
CFD models [1, 2, 10-14]. CFD models allow to reproduce geometrical form of AT
(that is very important because in this case we can study influence of fluid dynamics
regimes on the mass transfer in AT) but these models are very time consuming. Other
models are widely used during aeration tank design but the models have some limita-
tions.

Purpose. The goal of this work is the development of mathematical model to
simulate the process of biological wastewater with account of dissolved oxygen trans-
fer in aeration tank.

Mathematical model. Biological waste water treatment includes different pro-
cesses and to take all of them into account is practically impossible. Also it is known
that more complicated mathematical model of AT needs more input data which
sometimes are very difficult to find. That is why different researchers make simplica-
tions to develop robust mathematical model.

To simulate the process of biological treatment in AT, we split, at the differen-
tial level, the governing equations into two groups. The first group of equations de-
scribe the convective- diffusive process in aeration tank. This process includes trans-
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fer of substrate, sludge, oxygen and dissolved oxygen in water inside AT. To simu-
late this process we use the following equations:

oC ouC ovC )
+ + =div rad C 1
2 (u grad C) (1)

oS ouS ovS i
L2222 div(ugrad S 2

o0 ou0 o(v+w)o .

+ + =div rad O 3
o (n grad O) (3)
agto + a“azo L VDO _ div(u grad DO) (4)

H
where C(x, y):% [C(x,y,2)dz — is the averaged concentration of substrate; H — is
0

the depth of the aeration tank; S(x, y) — is the averaged concentration of sludge for
biological treatment; O(x, y) — is the averaged concentration of oxygen in air which
is injected into aeration tank; DO(x,y) — is the averaged concentration of dissolved
oxygen in water; u,v — are the flow velocity components in x, y direction

respectively; w — is lifting speed of air bubbles which are injected from the holes in
aeration tank; u=(ux,uy) — are the coefficients of turbulent diffusion in X, y

direction respectively; t —is time.

All equations in set (1-4) are equations of convective - diffusive admixture
transfer in water. The boundary conditions for these equations we describe, as an
example, for equation of substrate transfer only. They are as following:

— at the inlet opening of AT the boundary condition is

C=_C,,
where C,, is known concentration of substrate;

— at the outlet opening of AT the boundary condition in the numerical model is
written as follows

C(i+1j)=C(i.j)
where C(i+1,j) is concentration at the last computational cell; Cf(i,j) are
concentration at the previous computational cell;

— at the solid walls or any “ solid intrusions” in AT (for example, different fins,
etc) the boundary condition is

oC
on
where n is normal vector to the boundary.

The initial condition, for t =0, is

0,

C=0C,,
where C, is known concentration of substrate in computational domain.
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To describe the biological process in the aeration tank and oxygen supply wee
use the following equations
dC _ n(t)g (t

da oy 7 ©

& ) -K,S, ©)
c;_?:z::QiS(x—xi J5(y — ;) - K, a(DO, — DO), M
40O _ ¢ a(Do,.. - DO) (8)

dt
where p is biomass growth rate; Y is biomass yield factor; &(x —x; )5(y —vy;) is
Dirac’s delta function; DO is saturation concentration of oxygen in water; K, is
coefficient associated with biomass death; K, a is mass transfer coefficient; Q — is

intensity of oxygen supply from blowers into aeration tank.

To calculate biomass growth rate Monod law is used.

As the initial condition for each equations (5)-(8), at each time step, we use the
meaning of corresponding values obtained after computing equations of mass transfer
(1-4).

To solve Eg.1-4 it is necessary to know the flow field in aeration tank. To
simulate this flow field we use model of potential flow. In this case the governing
equation is

o°P %P

B

ox2 8y2
where P is the potential of velocity.

The velocity components are calculated as follows:

oP oP
u=—,v=—o1,
OX oy

Boundary conditions for equation (9) are described in [5]:

Numerical solution. To perform numerical integration of governing equations
we used rectangular grid.

To solve equation (9) we used Libman’s finite difference scheme. In this case
the governing Eq.(9) is approximated as follows

0, 9)

(10)

Pyj _2Pi,2j +Py N Pi,j+1_2Pi,2j +Bja 0. (11)
AX Ay
Value P, ; is calculated from (8) as
Pisrj +Pi1j Rja+ R
2 * 2
AX A
P = y A (12)
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where A= i2+i2 :
AX® Ay
The calculation on the basis of these formulae is complete if the following
condition is fulfilled:

R - PR
where ¢ is a small number; n is iteration number.
To solve Eq. 12 it is necessary to set the initial field of P, ; in computational region.

If we know field of P in computational domain we can compute velocity
components at the side of computational cells using following expressions

<eg,

P.—-P..
u; ; :%’ (13)
Vi | :ﬂ (14)
il Ay

To solve Eq.( 1 — 4) change — triangle difference scheme was used.
The main features of finite difference scheme to integrate the mass are shown
below. Time dependent derivative is approximated as follows:

oc _Ciy -Gl
ot At
The convective derivatives are represented as:
ouC _ ou'C N ouC ovC_ ov'C N ov C
X o x oy oy oy

L _ushlue v vl
where u' = U =— eyt =y =
2 2 2 2
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OX AX X ’
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The second order derivatives are approximated as
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At the next step we write the finite difference scheme of splitting:

— at the first step k = % :

Cir,l}rk_cir,]j 1 K k), O~k
T +§(L;C +L,C )+ZC”:

:%(M;XC" +MEC"+MiCk+ M C")

— at the second step k:n+%;c:n+%:
Cilfj_cic,j 1(, -~k -~k), O~k
— +§(LXC +L,C )+ZC”—:

1 - + - +
:Z(M «C+MiCe+M CK+M]C )

— at the third step k=n+%; c:n+%:

Cilfj—cic,j 1(ink , (—~K), O~k
T +E(LXC +L,C )+Zci,j=
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— at the fourth step k=n+1; c:n+§:

ck —-ct 1

—I’JAt a2 +E(L;Ck + L;Ck)+%Ci'fj =

S (VoL YEY LI VIS LR VRS oL
4 XX XX yy yy :

This difference scheme is implicit and absolutely steady. The unknown
concentration C is calculated using the explicit formulae at each step («method of
running calculation»).

Eurler’s method was used to solve Eq. (5 — 8). For coding difference equations
FORTRAN language was used.

Findings. New mathematical model was proposed to simulate the biological
wastewater treatment in aeration tank. The model takes into account the more im-
portant processes which take place in aeration tank.

Originality and practical implications. The model is based on the 2-D
transport equations of substrate, sludge, oxygen and dissolved oxygen transfer in aer-
ation tank and simplified equations of biological treatment. The developed model can
be useful in aeration tanks design.

Conclusions. The article contains description of new mathematical model to
solve the problem of wastewater biological treatment in aeration tank (ration tank of
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displacement type). The future work in this field will be connected with development

of
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fluid dynamics model which takes into account oxygen transfer in the aeration tank.
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AHOTAIIA
Meta. Po3poOka 4rcioBoi MojeNi Uil MPOTHO3YBAaHHS BUXIIHUX IapaMeTpiB aepoOTeHKY 3 ypaxy-
BaHHSAM IIEPEHECEHHS] PO3YMHEHOT0 KHCHIO. YncenbHa MOAeIb MOXe OyTH BUKOPHCTaHA JUIS MPO-
THO3YBaHHA €(EKTUBHOCTI aePOTEHKY IPH PI3HUX PEKUMaX POOOTH.

Metoaunka gociaiazkeHb. s MOIEIIOBaHHS MPOLECy 010I0T1YHOI OYUCTKU CTIYHUX BOJ B a€pOTe-
HKax Oyna po3pobieHa MaTeMaTndHa Mojienb. [1oJie TOTOKY B aepOTEHKaX MOJIEIIOETHCS HA OCHOBI
MOJIeJi TIOTEHLIHHOTO TMOTOKY. 2-D piBHSHHS NEpeHOCY BUKOPUCTOBYIOTHCA JJIsI MOJEIIOBAHHS
TpaHCHOPTY 3a0py/AHIOBAaYa, KHCHIO, PO3YMHEHOI'0 KUCHIO, MYJTy B aepoTeHKax J{Jisi MoJientoBaHHs
nporecy 0ionoriaHoi 00pOOKH BUKOPUCTOBYETHCS CIIPOIICHA MOECIH, sIKa BPAaXOBYE MPOIIEC 3pOC-
TaHHS MyJy 1 oro BiaMupaHHs. J{JIsl YMCEIBHOTO IHTErPyBaHHS PIiBHSHB IIEPEHOCY BUKOPUCTOBY-
Bajiacsl HesIBHA pi3HHIIEBAa cxema. Pi3HuIeBa cxema nmoOymoBaHa s pO3IMICTUICHHS PIBHSHB TEpe-
Hocy. Po3ieruieHHs piBHSHHS IEPSHOCY Ha J[Ba PIBHSHHS BUKOHYEThCS Ha AU(EPEHIIaTbHOMY Pi-
BHi. [lepuie piBHSHHS pO3IICTUICHHS BPaXxOBYE pyX ocady abo cyOcTpaTy mo TpaekTtopisx. Jpyre
PIBHSHHS pO3LICIICHHS BpaxoBye nudy3Huil mpouec cyoctpary abo ocany. s BupilleHHS piB-
HSIHb PO3ILEIUICHHS! BUKOPHUCTOBYBAJIACsl HEsSIBHA pi3HMIIEBA cxeMa. J[JIs YuCcenbHOro iHTerpyBaHHS
PIBHSHHSI TIOTEHIIIMHOTO MMOTOKY BUKOPHUCTOBYBAJIACsl HESIBHA CXE€Ma YMOBHOI ampokcuMariii. Po3-
polJieHa MaTeMaTHYHA MOJIENb J03BOJISIE€ 3MEHIIUTH YacTKy (Pi3UYHOTO €KCIIEPUMEHTY TPU PO3PO-
0111 Ta PEKOHCTPYKIIil aePOTEHKIB.

PesyabraTn nocaizxenns. Po3pobieHo MaTeMaTHUHy MOJIENb, sIKa BKIIIOUAE B ce0e CHCTEMY DiB-
HSIHB, 1[0 OTMHCYIOTh TPAHCIOPT 3a0pyAHIOBAaYa, aKTHBHOTO MYILY, KUCHIO, PO3YMHEHOTO KHCHIO B
aepPOTEHKAaX Ta MPOIECH 0i0JIOTIYHOTO OYHIEHHS CTIYHHUX BOJ. MoJens MOXKe BUKOPUCTOBYBATHUCS
IUIs OTPUMAaHHS BUX1IHHUX ITapaMeTpPiB aepOTEHKA MPU Pi3HUX peKUMax HOro poOOTH.

HaykoBa HOBHU3HA. 3anpONIOHOBAHO CUCTEMY AH(EpEHIIaTbHIX PiBHSAHB IS MOJEIIOBAHHS TIPO-
LIECIB TPAHCIIOPTY Ta O10JIOTIYHOI OYUCTKH CTIYHHUX BOJ B aepoTEHKY. MoJieslb BpaxoBye OCHOBHI
TApOAUHAMIYHI 1 O10JIOTIYHI MPOIIECH, IO TPOXOJATh B a€POTEHKY. Mojiens Moke OyTH BUKOPHC-
TaHa JUId OLIIHKM €()eKTUBHOCTI poOOTH aepOTEeHKa.

IIpakTnyHe 3HAYeHHsI. 3aPOIIOHOBAHO €(PEKTUBHY MaTeMaTHUHYy MOJEIb, 110 HAJIEKUTh JI0 Kia-
CYy «IIarHOCTHYHI MOJEII» JUIsl MIBUIKOTO PO3paxyHKy Mpouecy 010J0r1YHOI OUYUCTKU CTIYHUX BOJL
B A€POTEHKAX.

Knrouoei cnoea: bionoeiune OYUWEHHA, mMmameMamudrne MOOQJZ)‘OSCZHH}Z, aepomeHK

AHHOTALIUA
Heab. PazpaboTka MaTeMaTHUeCKONH MOJEIH AJI MPOTHO3UPOBAHUS BBIXOJHBIX TApaMETPOB a3po-
TE€HKa C yY4ETOM IIEPEHOCAa PaCTBOPEHHOI0 KUCIOpoAa. MaTeMaTHuecKyr0 MOJIEIb MOXKHO HCIOJIb-
30BaTh JJI MPOrHO3UPOBAHUS 3(PPEKTUBHOCTH adPOTEHKAX MPH PA3TUUHBIX PEKUMax pabOTHI.

Metoauxka uccienoBanuii. [[is moxenupoBaHus mporecca OMOJIOTHYECKON OYMCTKH CTOYHBIX BOJI
B a9POTEHKe ObLI pa3paboTaHa MaTeMaTHueckas Mojeib. [losie moToka B a3pOTeHKEe MOACTUPYETCS
Ha OCHOBE MOJIENT TIOTEHIIMAJIBHOTO MOTOKA. 2-D ypaBHEHUS MepeHoca UCIOIB3YIOTCS ISl MOJIe-
JMPOBAHUS TPAHCIIOPTA 3arpsi3HUTENS, KUCIOPOJAa, paCTBOPEHHOTO KHCIOPOJa, Uja B a’pOTEHKE
Jlia MozpenupoBaHus Ipolecca OMONIOrHueckoil oO0pabOTKM HCHOJIb3YETCsl YIPOILIEHHAsT MOJIeNb,
KOTOpasi YUYUTHIBAET MPOIECC POCTAa WMja U €ro OTMHUpaHuA. I YUCICHHOTO MHTETPHUPOBAHMUS
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YpaBHEHUI NepeHoca MCIOJb30Bajach HesIBHAS pa3HOCTHAs cxema. Pa3HOCTHas cxema MmocTpoeHa
JUId paclIEIUIEHUs ypaBHEHUH nepeHoca. PaciuernieHne ypaBHEHHUs IEpEHOCAa Ha JIBa ypaBHEHUS
BbINONHSETCS Ha quddepeHnnansHoM ypoBHE. [lepBoe ypaBHeHHE pacillelIeHHUs] YUUThIBACT JIBU-
KEHHE 0CajJKa WM cyOcTpaTa MO TpaeKTopusM. BTopoe ypaBHeHHE pacIIerieHHs] YYHUTBIBAET
b Gy3noHHBIHN Mpolecc cyOcTpara win ocaaka. s pemenus ypaBHeHHM pacileryieHus UCTIOb-
30Bajach HEBHAs Pa3HOCTHas cxema. [yl 4MCIEHHOr0 MHTErPUPOBAaHUSl YpaBHEHUS MOTEHIMAIIb-
HOTO MOTOKA KMCIOJIb30BaAJIacCh HESIBHAsI CXeMa YCIOBHOM ammpokcumanuu. Pazpaborannas marema-
TUYECKasi MOJIENb MO3BOJISICT YMEHBIIUTH 00 (PU3HMUECKOTO SKCIIEPUMEHTA MPHU pa3paboTKe u pe-
KOHCTPYKILIUHU a3POTEHKOB.

Pe3yabTaThl uccienoBanuii. Pazpaborana matemarndeckas MOJellb, KOTOpask BKJIIOYAECT B ceOs
CUCTEMY YpaBHCHH, OMMCHIBAIOIINX TPAHCIOPT 3arpsi3HUTENS, aKTUBHOTO WJIa, KUCIOPOAa, pac-
TBOPEHHOT'O KHCIIOPOJa B a3POTEHKE U MPOLECCH OMOJIOTHYECKON OYMCTKU CTOYHBIX BOJ. Moenb
MOJKET UCIOJIb30BAThHCS JJIsl TIOTYYEHHS BBIXOJHBIX MapaMETPOB adPOTCHKA MPHU PA3HBIX PEKUMAX
ero paboThI.

Hayunas noBu3na. [Ipennoxena cucrema nuddepeHManbHbIX YPaBHSHUHN T MOACITUPOBAHUS
MPOIIECCOB TPAHCIIOPTa U OMOJIOTMYECKON OUMCTKH CTOYHBIX BOJ B a€POTEHKE. MOJIeb YUUThIBACT
OCHOBHBIC THUAPOJIMHAMUYCCKUE U OMOJIOTHYECKHE MPOIIECCHI, MMPOXOIAIINE B a3pOTeHKE. Mojaein
MOJKET OBITh MCIIOJIb30BaHa /ISl OLIEHKU 3P PEKTUBHOCTU PAOOTHI a9POTEHKA.

HpaKanecxoe 3HAYCHHEC. Hpel[J'IO)KeHa 3(1)(1)6KTI/IBHa$I MaTeéMaTU4CCKas MOACIIb, ITPUHAAJICKAIIasd
K KJIIaCCy «AUAarHoCTUYCCKHUEC MOICIINY IJIsd 6I)ICTpOFO pacucTa npouecca OMOJIOrMYECKOM OUHMCTKH
CTOYHBIX BOJ B a3POTCHKC.

Knroueewie cnoesa: buonocuueckas oducmkKa, mamemamudeckoe ManJZMPOSQHMe, AaA9pPOMEHRK
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ITPOT'HO3 JIOKAJIBHUX 30H 3ABPYJIHEHHS BIJIA
ABTOMATI'ICTPAJII 3 YPAXYBAHHAM POCJIMHHOCTI

© M. Biliaiev, T. Rusakova

FORECASTING OF LOCAL POLLUTION ZONES NEAR THE
MOTORWAY TAKING INTO ACCOUNT THE VEGETATION

Meta pocaigzkennsi. Po3poOka urcioBoi Mozesni sl MPOTrHO3Y JIOKAJIbHUX 30H 3a0pyAHEHHS
0111 aBTOMAricTpali 3 ypaxyBaHHSM POCIHMHHOCTI.

Metoanka. MeToa 4HMCeNbHOTO pO3paxyHKy KOHIIEHTpallii 3a0pyaHIOBaya B aTMOC(HEpHOMY
MOBITP1 IPYHTYETHCSI HA BUPIIIEHH] ABOBUMIPHOTO PIBHSHHS MacolepeHocy 3a0pyHEeHHs, 110 0e3-
MocepeIHbO HaJIXOAMTh BiJ aBTOMarictpaii. Metoauka BpaxoBye mpoliec copOrii poOCIUHHICTIO,
110 pOCTE B3JI0BK aBTOMAricTpaii, a TaK0XX HasBHICTh 0ap’epy (3aropoxi) momnepeay poCIuHHOCTI.
YucenbHa MOJIETb IPYHTYETHCS HA PO3B’sI3aHHI PIBHSIHD 32 JOMOMOTOI0 HEIBHUX PI3HUIIEBUX CXEM.

PesyabTaTn. HamarompkeHo KoMI ' I0TEpHY Iporpamy ISl OLIIHKY MOJIsSE KOHIEHTPALii TOMIIIKI
B aTMOC(EepHOMY TOBITPI B HACIIJOK eMicii 3a0pyAHEHHs, 110 MOTparvise B aBTomarictpaii. s
po3poOka BKIIIOUae B cebe MOIYJb, IO BPaxOBY€E MpoIec copOIlii pOCIMHHICTIO, sika Oe3mocepe-
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