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CALCULATING MAIN PARAMETERS OF POLLUTANTS REMOVAL CREATED ON BASIS
OF MATHEMATICAL MODEL OF BIOCHEMICAL WASTEWATER TREATMENT PROCESS
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Purpose. Article is devoted to developing of methodology of determining parametres of wastewater biochemical
treatment, that allows to control the quality of treated water and to insure ecological safety of environment in general.
Methodology is based on Monod-lyerusalymsky model taking into account modern mathematical models of active
sludge behavior. Results. The model includes the parameters, which can be controlled, requires no additional
experiments, describes with a reasonable degree of accuracy the oxidation capacity of treatment plants from which a
conclusion can be drawn that the model meets the requirements set forth in scientific and technical literature. The
developed methodology of determining oxidation capacity of bioreactor depending on effect of main parameters of the
biochemical process and calculation of required content of nitrogen, phosphorus and oxygen includes counting of
substrate concentration, amount of biomass formed, loading on active sludge, rate of biomass increase, oxidation
capacity of treatment plants, demand for nitrogen and phosphorus and amount of oxygen required. Originality. The
model recommended for the use to calculate the oxidation capacity is a hybrid model created on the basis of the Monod-
lyerusalymsky model, Mozer equation of pressure selection and active sludge model. Practical value. Calculating
parameters make it possible to regulate the sludge dose in the bioreactor, the oxidation capacity of biological treatment
plants, the rate of biomass increase in the bioreactor, and also to control in the process of operation treatment plants the
necessity to add certain microelements and predict behavior of active sludge ability to biodegradation of pollutants.
Conclusions. The model will make it possible to avoid the changes unforeseen by the project in activity of active
sludge and correspondingly in efficiency of purification of wastewater from organic pollutants. References 12, table 1.
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PACUET OCHOBHBIX TIAPAMETPOB YJIAJEHUS IMOJIVIOTAHTOB,
OCHOBAHHBII1 HA MATEMATHYECKOM MOJIEJN
MPOLIECCA BUOXUMHNYECKON OYUCTKH CTOYHBIX BO/JI
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B pesynbTaTe aHanu3a HaydYHO-TEXHUYECKOW JIUTEPATYPhl U MPOBEJACHHBIX YKCIIEPUMEHTOB ONPE/IEICHb OCHOBHEIE
napameTpsl Tpoliecca obnoTpanchopmalmu 3arps3HUTENEH CTOUYHBIX BOJ U (PAKTOPHI, BIUSIONINE HA KAY€CTBO OUUCTKH
cTOKOB B Onopeaktope. [lonmydueHHass MareMaTudeckass MOJeNb Mpolecca Mo3BOJIMiIa pa3paboTaTh METOJUKY pacuera
OCHOBHBIX MapamMeTpoB paldOThl OMOXMMHYECKUX OYHUCTHBIX COOPY)KEHUH, HEOOXOAUMBIX I KOHTPOJIS
3¢ (GEKTHBHOCTH MX PabOThI U KauyecTBa OYHINEHHBIX CTOYHBIX BOJ, COpAChIBAEMBIX B MOBEPXHOCTHBIC BOJOEMBI. B
LeJSIX YIPaBICHUS MPHUPOIHBIMH U HHKEHEPHBIMH COOPYKEHUSMHU BOJOOTBEACHHSI W TOBBIIMICHUS 3KOJOTHYECKOM
0€30MacHOCTH OKPYIKaIOMIeH cpepl peiaraeTcst OnpeaelieHie KOHIICHTPAuU cyocTpara (KOJHIeCTBa OpTraHIIeCKUX
BEIIECTB B CTOKaxX), CKOPOCTH pOCTa M KOJHYecTBa OOpa3yromielicss OMOMacChl, HArpy3KH Ha AaKTHBHBIA W
OMOpPEaKTOPOB, OKHCIHTEIBHON CIIOCOOHOCTH COOPYXKCHH, MOTPEOHOCTH B a3oTe W (ocdope Uil MoaaepKaHus
HOpPMAaITbHOH JKU3HEAEATEIIEHOCTH MHKPOOPTaHH3MOB aKTHBHOTO MIIA.

KiroueBble cjioBa: OMOXUMHIYECKAs OYHUCTKA, CTOYHBIC BOJBI, METOJMKA pacyeTa, aKTHUBHBIH WII.

ACTUALITY. The ecological safety insurance is plants, etc.), predict possible consequences after certain
impossible without sufficient management of quality of changes during the treatment process, increase the
wastewater treatment. Biotransformation of organic efficiency of the removal of pollutants, reduce the
pollutants, present in watewater, is effective method consumption of energy, chemical reagents and funds
for its treatment, but the main agent of the process — for servicing treatment plants, etc.
active sludge — is a biological system, which is very When the introduction of biological wastewater
sensual for any changes of concentration and values of treatment technologies only started in our country, it
chemical matters in wastewater, and also for external was necessary, first of all, to ensure the efficient
parameters [1, 2]. removal of organic and suspended matters from

PURPOSE. The use of mathematical models effluents. However, as early as the beginning of the 90s
describing the process of biochemical treatment years the efficient removal of nitrogen and phosphorus
considerably facilitates and improves operation of came to the fore. Therefore, by the end of the 90s years
treatment plants. This is because they enable to select the need arose for new mathematical models describing
the optimum conditions of the functioning of the process of biochemical treatment of municipal
microorganisms in facilities, assess the behavior of wastewater. This was caused, on the one part, by the
treatment plants in response to a certain scenario of the necessity for optimization of operation of treatment
development (characteristics of wastewater fed for plants and, on the other part, by the necessity for their
treatment, active sludge, loading on the treatment reconstruction by means of the development of the
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nitrification/denitrification and biological phosphorus
removal technologies in Ukraine.

METHODOLOGY. Among the models existing
today the most known and recognized ones are “Active
Sludge Models” (ASM1, ASM2 and ASM3) developed
by the International Association on Water Pollution
Research and Control (IAWPRC) [3-5]. These models
describe the processes of removal of organic matters
and nitrogen compounds from wastewaters, and
versions 2 and 3 describe also the phosphorus removal.
Many calculations for the abovementioned purposes
are made by these models. However, as detected
through practice, even these most complete models
have essential drawbacks. In the models nearly half of
all constants and parameters used in them (8 of 19),
according to data of authors, require further
clarification in laboratory experiments for adaptation to
the conditions of a particular object. For facilitating the
description of the processes taking place in bioreactors,
one can also use the model on the basis of the Monod-
lyerusalymsky model [2] with the help of which the
oxidation capacity of the bioreactor can be determined
depending on the parameters of wastewaters such as
temperature, pH, total nitrogen, oxygen concentration
in the bioreactor, concentrations of NH,* and PO,> (as
one of the most significant pollutants in wastewater,
that influence on the process of biochemical treatment).

On the basis of the analysis of scientific literature
and pooling of the existing experience the following
requirements were developed which the mathematical
model [6] should meet:

1. The model should describe the oxidation
capacity of treatment plants with a reasonable degree
of accuracy depending on the main parameters
affecting the process of biological treatment of
wastewaters of malting enterprises and similar-in-
content wastewaters and allow the calculation of the
oxidation capacity depending on the concentrations of
main factors, process flow sheet and mode of the
treatment plant operation.

2. All parameters of the model should be
determined on the basis of operational data or taken as
constants, i.e. the model should not include the
parameters the determination of which requires special
experiments.

3. The model should include all manageable
parameters for ease of its use at the stage of the
optimization of process conditions.

4. The model should include all main processes
influencing the treatment efficiency in the bioreactor-
membrane module system.

RESULTS. As a result of the analysis of
experimental data obtained and existing research
methods, the method of carrying out analysis with and
without the time factor allowed to investigate the
correlation dependences between the efficiency of
wastewater biochemical treatment and values of the
relevant indicators of wastewaters: temperature, pH,
chemical oxygen demand (COD) value at the inlet in
the bioreactor, concentration of oxygen, nitrogen and
phosphorus in the bioreactor [2]. As a result of the
dynamical analysis of experimental data obtained, it
was determined that the concentrations of phosphorus

and nitrogen had a considerable impact on the biomass
increase in the bioreactor. The statistical analysis
showed that in the starting period there was a shortage
of organic substrate (which resulted in the insufficient
concentration of active sludge). The analysis of
correlation dependencies shows that the second by
value is the factor of temperature [2].

To increase the effectiveness of pollutants removal
authors propose the use of methods of biochemical
process intensification:  increase  fermentation
temperature, two- and several stages fermentation, in
which the second and subsequent stages are used for
the separation of excess water and reduction the
volume of the fermented substrate, increase the
concentration of biomass of microorganisms in
bioreactors, and technologies of prior mechanical,
chemical and thermal processing of biomass. The last
methods allows not only to increase effectivity of
treatment process, but also to decrease biomass amount
and energy need for bioreactors.

The processes of biological treatment of
wastewaters that proceeds in the voidage or on the
carrier surface are the result of metabolic activity of
microorganisms the basis of which is composed of
reactions catalyzed by enzymes both inside and outside
the cell.

The mathematical description of the Kkinetics of
enzymatic reactions is based on the assumption of the
existence of the enzyme substrate complex and
dependence of the reaction rate on the decomposition
rate of this complex with formation of the reaction
product and free enzyme [3, 6]. According to this
hypothesis for the enzymatic reactions proceeding by
the scheme

E+S<ES<E+P

where S — the substrate concentration, E - the
enzyme concentration, ES - the enzyme-substrate
concentration, P — the concentration of reaction
products.

Michaelis and Menten derived a well known
equation [3, 6]:
v = VS
S+K,,
where V — the rate of biochemical substrate

destruction referred to a unit of active biomass of
microorganisms, mg/g-h; V. — the maximum specific
rate of biochemical substrate destruction referred to a
unit of active biomass of microorganisms or the
reaction rate without limiting by substrate, mg/g-h;
S — the substrate concentration (the amount of organic
matters in the treated water, mg/l); K, — the Michaelis
constant characterizing the affinity of the substrate
enzyme, mg/l.

According to this equation the dependence of the
reaction rate on the concentration of an organic matter
is expressed by the hyperbolic function.

Kinetics of oxidation of organic pollutants of
wastewaters estimated by BOD, as well as oxidation of
specific ingredients and oxidation of ammonium
nitrogen (nitrification) are considered by many authors
similarly to kinetics of the enzymic analysis and
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described by the Michaelis-Menten equation [2, 7-8].
The complex structure of organic matters in the
wastewater in this case is approximated by a simple
source of carbon nutrition.

In order to describe more complex enzyme
reactions a great number of relevant modifications of
this equation was developed which reflect the
mechanisms of the interaction of the enzyme, substrate,
inhibitors and other components of the reaction.

The use equations of enzymatic reactions and the
Michaelis-Menten equation is convenient in processing
of experimental data for the purpose of determining the
kinetic constants in order to assess and compare the
biological oxidation capacity and calculate the
processes of treatment of different organic matters and
types of wastewaters.

The most important characteristic of biological
treatment is the rate of the growth of microorganisms.
The studies of Monod and lyerusalymsky showed that

the biomass growth rate (,u) is described by the
equation similar to the Michaelis-Menten equation:
HinaxS

S+K,

1

/J:

where the growth rate (ﬂ) is expressed by the
equation:
1 dX
Xt
and the rate of biomass buildup is equal to

dXx
— = uX
dt
where X is the concentration of microorganisms.
Then the rate at which organisms are washed out from
the reactor will be determined by formula:

axX X

_AX _XQ _ 1
dat W ,

Therefore, the total increase will be:

X -2 x(l—ij

T T

The relationship between the rate of the substrate
consumption and the rate of the biomass growth is
expressed by the approximation by using a coefficient
of proportionality Y, the so called “economic
coefficient”, which characterizes the biomass yield per
unit of the substrate consumed:

dX ds dX
— =Y —,....—=Y
dt dt”ds
The rate of the substrate consumption is determined
by the following equation:

ds __ds dx

Cdt dX dt

It is obvious that any change in the substrate
concentration in the culture (dS/dt) is equal to the input
of the substance minus yield of the substance plus its
consumption, or

s S, S, X

d¢t T T YT’
However, in a steady state the rate of substrate
concentration (dS/dt) is equal to zero. Then

So_S X

T T YT
or

X =Y(S,-S,).

Bacteria that carry out the deep removal of heavily
oxidizable and bio-resistant organic matters possess an
efficient metabolism and low growth rates. The
removal of heavily oxidizable organic matters in the
biological treatment facilities with free-floating
activated sludge often fails to give a proper result in
consequence of washing out from the system the
microorganisms that oxidize these matters since they
have low growth rates. The retention of such
microorganisms in the biological treatment facilities in
the voidage is practically impossible.

Actually, at an insignificant sludge increase, e.g.
0,1 mg/mg of the removed BOD, the retention of
sufficient amount of free-floating activated sludge in the
aerotank is impossible [9]. In oxidation of wastewater
with BOD=75 mg/l (15 mg/l at outlet) the increase will
be 6 mg/l, the washout of activated sludge from the
secondary sedimentation tanks for a well flocculating
sludge at the best case is 10...12 mg/l, which exceeds
the increase of microorganisms. Therefore, in this case
the advanced and reliable water treatment can be
achieved only by using the immobilized microorganisms
not washed out with the water flow.

The population of the sludge microorganisms has
the entire spectrum of species that slowly grow. Except
the latter the species can appear that grow in these
conditions faster than initial ones. The substitution of
initial forms by them results in the population
alteration. According to the Mozer analysis [8], one
species (A) replaces the other (B) provided that

:ua > ﬂb i

The larger difference between the specific rates of
growth the faster this replacement takes place and
selection in favor of the fast-growing species acts more
efficient.

Mozer characterizes the pressure of selection as a
difference in specific rates of growth of the given
species [8]:

O=HU,—H, )

In the absence of the process limitation by the

substrate concentration the growth rates and oxidation

rates are close to maximum ones and selection is
carried out in favor of the microorganisms that grow

with the maximum rate #max_

Considering that the change in the concentration of
biomass of both species of microorganisms (X,, X;) at
flow-through cultivation is determined not only by the
increase, but also by the allocation of a part of biomass,
the expression may be written as:
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dX, /dt =i, X, - X, /T,
dX, /dt=pu X, - X, IT,

where T — time of residence or aeration in reactor,h.
At a steady state at which dX/dt = 0:

('L‘Laxs _EJY (S, —S,) =0,

(Km+S) T
max O 1
(h—?}((so -S5,)=0,
Bm

At substrate concentrations not limiting the growth
when S>>K,,=S, and S>>Kg,, =S,, we can conceder
that K, +S =S and Kg,+S=S. In this case and if S;=S,:

/ua = :uamax and ub = /ubmax,

1
-=1,=0
(/uamax Tj a

1
(/uBmax - ?)YB =0

The obtained equations show that the main
parameter determining the species in the reactor at
constant effluent discharge (at the same T) and
oxidation of easily oxidable organic matters which are
characterized by sufficiently high economic coefficient
(Ya=YB) is the value of the maximum growth rate.
The pressure of selection is generally determined by
the difference of the maximum growth rates:

O = HUamax — Hemax )

So, in active sludge biocenosis during oxidation of
easily oxidable organic substrate with high economic
coefficient the most fast-growing species, which have
the highest maximum rates of growth and oxidation,
are automatically separated.

In the reactor in the integrated treatment when the
substrate concentration is usually low, S0>>S, (S<<K,, i
S<<K,,), one can conceder that K,,+S= Kam and
KentS= Kem. In this case the rates of growth of the
species under consideration are lower than maximum

ones ('uEl s>Ho Mo <<’ubmax) and their values are
generally determined by the value of parameter Ky,

~ ;uamaxS ~ /uBmaxS
He = Kam s KBm
S
MLMJ_ v.S, =0,
Kam e
T
/uBmaxsl Y, S, =0
KBm _?

- the change in the concentration of biomass of both
species of microorganisms at a steady state.

In oxidation of heavily oxidizable organic
pollutants when Y, and Yg => 0, it follows that in the
reactor operating in the mode of integrated treatment,
at low substrate concentration, the species are selected
not by the maximum growth rate, but by the minimum
value of constant K, and it is this value that
determines, under conditions of substrate limitation,
the value of growth rate of the basic active species.

The selected model of biochemical wastewater
treatment meets the above requirements. The model
adapted for the bioreactor contains 4 constants and 4
parameters versus 8 ones in the models developed by
IAWPRC. At the same time the detection of these
constants is carried out in the model not by means of
additional laboratory experiments, but through the use
of operational data of the object. All processes in the
model are described on the basis of manageable
parameters. Such parameters include in this case the
following:

1. The nitrogen concentration in wastewater.

2. The temperature of wastewater fed into treatment
plants.

3. The concentration of total nitrogen at inlet into
biological treatment plants.

4. The PO,* concentration in wastewater.

The above manageable parameters make it possible
to regulate:

— the sludge dose in the bioreactor,

— the oxidation capacity of biological treatment

plants,

— the rate of biomass increase in the bioreactor,

and also control in the process of operation
treatment plants the necessity to add certain
microelements since contrary to municipal wastewaters
which have, as a rule, sufficient amount of
microelements required for nutrition of
microorganisms the wastewaters of malting enterprises
very often have insufficient amount of microelements
[10]. Consequently, the unforeseen changes in activity
of the biocenosis of active sludge can take place in the
absence of special addition to the bioreactor of those
microelements which are lacking for activity of
microorganisms.

The developed methodology of determining
oxidation capacity of bioreactor depending on effect of
main parameters of the biochemical process and
calculation of required content of nitrogen, phosphorus
and oxygen includes counting of substrate
concentration, amount of biomass formed, loading on
active sludge, rate of biomass increase, oxidation
capacity of treatment plants, demand for nitrogen and
phosphorus and amount of oxygen required.

The necessary information for calculating should
include the following data:

— biological oxygen demand (Sgop), mg/l;

— chemical oxygen demand (Scop), mg OJ/l;

—concentration of suspended matters, mg/l;

—concentration of active sludge (X), mg/l;

— concentration of total nitrogen (TKN), mg/l;

— concentration of NH,-N (Syna), mg/l;

—pH,

— total phosphorus (P), mg/l;

— concentration of orthophosphates (Spos), mg/I;
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—retention time of wastewater in construction
(SRT), days;
— coefficient of biomass growth, kg COD / kg COD
added;
— capacity of treatment plants, m*/day.
Initial data for calculation of parameters of the
model are presented in Table 1.

Table 1 — Paremeters for determining process demends

Coefficients of heterotrophic biodegradation
reaction
Parameter Desig- Limits
nation
Maximum biomass i, 3,00 | 13,2
increase
Half-rate constant Kn 5,00 | 40
Biomass increase Y 0,30 | 0,5
Endo_ggnous respiration K, 0,06 | 02
coefficient
Fraction of dead cells fy 0,08 | 0,2
0 -values
Temperature constant 0, 1,03 | 1,08
Constant of substrate
dissociation ka(4) | 1,03 | 1,08
Constant of saturation by
COD Ks(6s) | 1,00 | 1,00
Oxygen dissociation C
constant 02 ) )
PO, dissociation constant Spo4 - -
NH," dissociation constant SNHa - -
Coefficient of inhibition
by active sludge p(g | - -
degradation products

By the developed methodology the substrate
concentration (amount of organic matters in treated
water, mg/l) is calculated by formula:

o Ks(l+kg -SRT)

~ SRT(um —kq)
Amount of biomass formed (kg):

 QY(Sp—9)+f gkg QY (Sg —S)SRT

P 1
XVSS (L+kg)

where Q — wastewater flow rate, S, — value of
substrate (amount of organic matters in treated water,
mg/l) at the plant inlet.

Loading on active sludge:

FIM= QSo/VX,
KT =kg-07(729),

where F — organic substrate concentration; M —
biomass amount, V - rate of chemical degradation of
substrate per unit of active microbial biomass.

Rate of biomass increase (g/1):

Hmax =HmSNH 4 /SNH 4 +Ks,NH ) Spo,, /(Spo, +Kpo )

Oxidation capacity of treatment plants (g/g):

(KmCq + KgS+ CoS)1/(L+ ¢X))

where S — substrate concentration; Cgy — the
concentration of dissolved oxygen, mg/l; K, — the
Michaelis constant equal to the substrate concentration
at which the reaction rate is half of the maximum rate,
mg/l; Coz — the oxygen dissociation constant, mg/l; ¢

OoC=

KTI

— the coefficient of inhibition by active sludge
degradation products, I/g.

Demand for nitrogen and phosphorus will be equal,
respectively:

DN = fx,N FSP’
D = fX,PFSP’
FSP = SOYdemand '

where f, ., f, o — respectively, the content of

nitrogen and phosphorus in active sludge, Y mand —

the coefficient of biomass increase observed for the
given conditions (kg COD/kg of COD added).
Amount of oxygen required for aeration (kg/day or
ka/h):
Ro =Q (So- S) — 1.42 Py s,
where P, s — the mass of active sludge in the

bioreactor.

On the basis methodology the computer program
for calculating parameters of wastewater biochemical
treatment in a visual programming environment Delphi
was developed.

CONCLUSIONS.

1. As a result of the analysis of scientific and
technical literature and patents a conclusion was drawn
on the necessity to use the mathematical model for
determining the efficiency of treatment of wastewaters
in the membrane bioreactor.

2. The model recommended for the use to calculate
the oxidation capacity is a hybrid model created on the
basis of the Monod-lyerusalymsky model, Mozer
equation of pressure selection and active sludge model
ASM3.

3. The selected model will make it possible to avoid
the changes unforeseen by the project in activity of
active sludge and correspondingly in the efficiency of
purification of wastewater from organic pollutants.

4. The model includes the parameters which can be
controlled, requires no additional experiments,
describes with a reasonable degree of accuracy the
oxidation capacity of treatment plants from which a
conclusion can be drawn that the model meets the
requirements set forth in scientific and technical
literature.
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PO3PAXYHOK OCHOBHUX ITAPAMETPIB BUJAJIEHHSA ITOJIOTAHTIB, IO BA3YETHCSA
HA MATEMATHUYHINA MOJEJI HPOLECY BIOXIMIYHOI'O OUUIIEHHS CTIYHUX BOJT

B.J. Bopobiios, A.O. Inuko

HauionaneHuii TexHiYHUI yHIBepcuTeT YKpaiHu «KnuiBChbKUi MONITEXHIYHAN IHCTUTYT»
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B pesymerari aHamizy HAyKOBO-TEXHIYHOI JTEpaTyph Ta NpPOBENCHUX EKCIIEPUMEHTIB BH3HAYEHI OCHOBHI
mapaMeTpH Tporecy OioTpaHcdopmaii MOMIOTAHTIB CTIYHHUX BOX i ()aKTOPH, M0 BIUIMBAIOTH HA AKICTH OYMIICHHS
CTOKIB y Oiopeaktopi. OTpuMaHa MaTeMaTH4YHa MOJENb IPOIECY MO3BOJIMIA PO3POOUTH METOAUKY PO3PAXYHKY
OCHOBHHX TapaMeTpiB poOOTH 010XiMIYHIX OYHUCHHUX CHOPY, II0 HEOOXiTHI U KOHTPOIO e(eKTUBHOCTI iX poOOoTH i
AKOCTI OYHMINEHUX CTIYHUX BOJ, IO CKUIAIOThCS Y HOBEPXHEBI BOJOWME. 3 METOK YIPABIiHHA NMPUPOJHUMHU Ta
IH)KCHEPHUMH CIIOPYAaMHU BOJOBIABEICHHS Ta MiABHIICHHS SKOJOTIYHOI O€3MeKH JOBKUUISA MPOMOHYETHCS BU3HAYCHHS
KOHLEHTpaLil cyocTpaTy (KUIBKICTh OPraHiYHHX PEYOBHMH B CTOKaX), IIBHIKICTh POCTY 1 KUIBKICTh YTBOPEHOI OiomacH,
HABaHTAXKCHHS Ha aKTHBHUI Myl 0iOpeakTopiB, OKHCHY 3IaTHICTh CHOpYJ, moTpedy y HiTporeHi Ta docdopi mwis
MiITPUMKH HOPMaJIbHOT )KUTTENISUILHOCTI MIKPOOPTaHi3MiB aKTUBHOTO MYITY.

KaiouoBi ciioBa: 6ioximMiuHe OYHIIECHHS, CTIYHI BOJH, METOJIMKA PO3PaxXyHKY, aKTUBHHHA MYII.
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