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SIMULATION OF AUTOCATALYTIC SYSTEMS
WITH CHEMICAL OSCILLATIONS WITH ALLOWING
FOR REACTION STAGES REVERSIBILITY

Abstract. The paper deals with the simulation of two auto-catalytic system are remarkable for chemical oscil-
lations in the case of some reactions stages reversibility. The methods for engineering calculations of kinetic charac-
teristics and the residence time applying to the dynamical processes of mass transfer in cascades of chemical reactors
for various model environments have been studied. The preferred model schemes for describing various systems with
vibrational chemical reactions have been established. For bromate systems and systems with oxidation-reduction
reactions containing metal ions, it is proposed to use a Belousov-Zhabotinsky model with irreversibility kinetic sta-
ges. For systems with organic reducing agents the suitable model is a model of the type of the Belousov—Zhabotinsky
system, taking into account the reversibility of the reaction stages. For systems with enzymatic reactions and bioche-
mical systems it is a model with autocatalysis or "Brusselator".

Grounded on the criteria equations for the known flow pattern in each of the cascade reactors, the following
calculation sequence is recommended. First, the required average velocity of the phase flows in the section of the
tubular reactor is calculated. Then, according to this average velocity, the diameter of the apparatus is calculated for
a given consumption of the processed substance. Then, at a given degree of the conversion in the reactor and at a cer-
tain average flow rate, the required residence time in the reactor is calculated according to the offered method. If the
length of the reactor is specified for design reasons, the calculated residence time can be used to determine the
required number of reactors in the cascade. If the length of the reactor is not specified, it can be selected by iterative
calculation according to the described procedure to ensure a given degree of the conversion.

Key words: modelling of chemical reactors, recycle, two-stage reactor, Belousov-Zhabotinsky reaction, “brus-
selator” system.

1. Introduction. Description of concentration wave fronts and oscillatory processes in reaction-
diffusion systems is an extremely topical scientific problem, which also has great practical significance.
Many known methods for modeling chemical reactors completely ignore the possibility of forming wave
fronts in physicochemical systems. At the same time, the intensity of the processes of heat and mass
transfer in the presence of moving frontal sections changes significantly and cannot be correctly calculated
without accounting these phenomena.

In this paper, we consider some fairly simple models that make it possible to describe the general
characteristic features of propagation of wave fronts in reaction-diffusion systems.

2. Analysis of model systems.

2.1. Belousov-Zhabotinsky reaction. The Belousov-Zhabotinsky (BZ) reaction is the process of
oxidation of malonic or bromomalonic acid by bromate ions in an acidic medium, catalyzed by ions of

— 110 ——



ISSN 2224-5278 Cepus 2eonozuu u mexnuueckux Hayk. Ne 4. 2018

transition metals (cerium, iron). Under different conditions in a flow-type reactor with mixing, one can
observe long-term self-oscillations, several stationary states and periodic regimes, chaotic behavior, and
for distributed systems the propagating concentration waves of oxidation and restoration can be occurred.
It is well-known that this reaction serves as a model for studying nonlinear phenomena in chemical
kinetics. Field, Koresh and Noyes developed a detailed scheme for the mechanism of this reaction, con-
sisting of eleven basic reactions between twelve components. Later, Field and Noyes proposed a simp-
lified scheme, consisting of five main stages.

In our analysis, we will use the reduced scheme of Field-Noyes. Let us denote the components of the

reaction as follows: A=BrO; , B=BrMA, P=HOBr, X=HbrO,, Y=Br", 7Z=Ce**. The appropriate scheme of

the reaction reads

A+Y > X+ P, (1
X+Y > 2P, )
A+ X 52X +27, 3)
2X > A+ P, 4)
B+Z —>hY. (%)

As a rule, the known papers in mathematical models of the kinetics of individual stages do not take
into account the reversibility of the reactions. However, under real conditions, many reaction stages of the
Belousov-Zhabotinsky type can be reversible [1, 2]. This circumstance substantially complicates the
kinetic equations and their analysis.

Further we consider the case of reversibility of the fourth stage of the reaction, i.e. decomposition of

the product X.
Then the scheme of chemical equations is supplemented by the equation:
kG
A+P—>2X. (6)

Let us assume that the components A and B are in a large excess and that their concentrations do not
change noticeable on time. For the convenience of numerical experiments and the data interpretation, all
reaction rate constants k;, transfer coefficients D; and time ¢ were dimensioned with respect to the

relaxation time of the first stage 7 p= 1/ ky , ie. the dimensionless characteristics were determined

according to the scheme:
t —>thky, k; > k; [k, Dy — Dy k. (7)

Then the time variation of the concentrations of the remaining components in a closed system can be
described using the equations:

ax _ kAY =k, XY + k,AX =2k, X* + 2k AP,
dt

% =—kAY -k, XY + hk;BZ,

dz ®)
E = 2k3AX - kSBZ,

dpP

— =k AY + 2k, XY +k, X’ -2k, AP
dt

The above balance equations do not take into account the input and output streams. Thus, it is
assumed that only the Y (Br ) component is fed into the flow-type reactor with mixing, and the reaction
components X X(HbrO,) and Z(Ce*") are intermediate products arising during the reaction. The analytical
solution of the obtained system (8) is impossible. Therefore, we carried out a numerical study using the
Runge-Kutta method. For the numerical experiment, the following sets of control parameters were
selected:
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The first series of experiments:
ki =VLk,=Lk, =Lk, =Lk, =1k, =1/2,
The second series of experiments:
ki =Lk, =1Lk, =Lk, =1k :1/2,k6 =1/2.

Some results of the experiments are depicted in figures 1, 2.
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Figure 1 — The change in the concentration of intermediate reagent X in the reactor of flow type
with mixing at 4 = 1; B = 1,4: 1 — reversible reaction; 2 — inreversible reaction
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Figure 2 — The change in the concentration of intermediate reagent Y in the reactor of flow type

with mixing at 4 = 1; B = 1,4:1 —reversible reaction; 2 — inreversible reaction

Numerical investigation has shown that taking into account the reversibility of the reaction stages
can be important in the simulation of the considered process. In particular, it can be seen that the rever-
sibility of the fourth stage alters the yield of the product Z by 25%.
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2.2. "'Brusselator' system with accounting two reaction stages reversibility. When modeling nonli-
near physical and chemical systems, a system of nonlinear kinetic equations of the "brusselator" type is of-
ten used. This system simulates many real complex multi-stage reactions occurring in industrial reactors.

In accordance with this model, the starting reagents 4 and B are converted to reaction products D and
E with the appearance of intermediates X and Y, and the kinetics of the reaction can be described by the
following system of equations:

o ©)
2X +Y 53X,
ky
X—>E.

In the presented form, the system of kinetic equations is rather complicated for analytical inves-
tigation. The nonlinearity of the kinetic equations leads to a multiplicity of stationary states that differ
from one another in the type of stability. In addition, under real conditions, the individual reaction stages
can be reversible, which stipulates the formation of feedbacks and also complicates the theoretical analysis
of the dynamics of the process.

At the same time, as it has already been shown, the question of reversibility is extremely important
and requires special research.

In our work, a numerical study of the solutions of the system of kinetic equations describing the
dynamics of the process (9) has been carried out, taking into account the reversibility of the two reaction
stages, namely corresponding to the decomposition of the substance 4 entering the reactor and the product
of the reaction between X and the other substance B entering the reactor inlet.

In this case the system of chemical equations is supplemented as follows:

ks
Y+D—>B+X;
ke

E—>X.

With a constant concentration of the initial substances 4 and B, and the given set of reaction rate
constants, we obtain the following mathematical model of the process kinetics in the reactor:

‘;—X =k, A—k,BX +k;YD+k, X*Y —k, X +k E,
t

(10)

ar _ k,BX —k,YD -k, XY,

dt (11
i _ k,BX — kYD,

dt
daE _ k,X —kE.

dt

Numerical investigation of the system (12) is carried out with the following values of reaction rate

constants:
ko =Lk, =Lk, =Lk, =1k =1/2,k,=1/2.

Some results of the numerical experiment are presented in figures 3, 4.

An analysis of the results of a numerical study shows that the reversibility of the individual stages of
the reaction can lead to a significant change in the parameters of the stationary state. This circumstance
can radically change the type of stability of a stationary point. Moreover, the influence of the irrever-
sibility factor increases with time and it is more significant not in the initial transition period, but in a
period process stabilization corresponding to a completely irreversible system. As the rate constant of the
reverse reaction increases, the influence of the reversibility factor increases too.
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Figure 3 — The change in the concentration of intermediate reagent X in the reactor of flow type
with mixing for "brusselator" at 4 = 1; B=1,4:
1 — inreversible reaction; 2 — reversibility of the one reaction stage; 3 — reversibility of two reaction stages
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Figure 4 — The change in the concentration of intermediate reagent D

in the reactor of flow type with mixing for "brusselator" at 4 = 1; B=1,4:
1 — inreversible reaction; 2 — reversibility of the one reaction stage; 3 — reversibility of two reaction stages
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Figure 5 — The change in the concentration of intermediate reagent £
in the reactor of flow type with mixing for "brusselator" at 4 = 1; B=1,4:
1 — inreversible reaction; 2 — reversibility of the one reaction stage; 3 — reversibility of two reaction stages

Further studies should be aimed at assessing the influence of the flow structure in the reactor and of
the reversibility of various stages of the "brusselator type "reactions on the kinetics of the process.

3. Methods of calculation and discussion of the results.

3.1. Simulation of a two-cascade reactor with a partially reversible reaction in the "*brusselator*
system. Simulation of chemical reactors for the implementation of complex physicochemical processes
requires taking into account the specific features of the kinetics of chemical transformations and the
conditions for the heat and mass transfer. at the same time, the correct choice of the model system allows
often for greater generality of the conclusions and the possibility to create methods for calculating a wide
class of systems and reactors.

In this section, a mathematical model of two cascade reactors with a brusselator type reaction is
constructed, taking into account the partial decomposition of the final product, that is, the reversibility of
the last stage of the reaction:

ks
E—>X

The numerical investigation of the developed mathematical model is carried out. The concentrations
of the input substances 4 and B are assumed to be constant (that is, the assumption of their excess is
assumed), and the reaction rate constants are assumed to be equal to the following values: k; =1, k, =1,
k3 :1, k4:I, k5:]/2

The structure of the streams is represented as a cascade of two fully agitated reactors with mutual
mass transfer (figure 8).
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Figure 6 — Cascade of two fully agitated reactors with mutual mass transfer:
a) — cascade with recycles; b) — stream in one direction
The corresponding systems of kinetic equations, provided that the resulting inflow and outflow of
intermediate products are zero, and the concentrations of incoming components are kept constant, have the
form:

dX

dt1 =k A —k,BX, -k, X, +k3X12YI +ksE + D, (X, - X)),
dY, dE
7; = k,BX, _k3X12Y1 +D,, (Y, _Yl),Ttlz k4X1 _kSEl + Dy, (E, - E)),
dx, 2

7 =kA,—k,BX, -k, X, +k;X,Y, +kE, +D,(X, - X,), (12)

t

dY. dE

d_;: szXz _k3X22Y2 +D22(Y1 _Yz)vd_;:k4X2 _ksEz +D32(E1 _Ez)v

Two reactors with mutual mass transfer can also be considered in the case of a stream flowing in only
one direction from the reactor 1 to the reactor 2.

Then the system of equations (12) takes the form:

dX
Tzl =k A —k,BX, -k, X, +k,X,’Y, + k.E,,
dy,
7; = k2BX1 _k3X12Y1>
dE
d_tl:k4X1 _k5E1=
e (13)
2 = kA, —k,BX, —k, X, +k,X,’Y, +k,E, + D, (X, - X,),
dY.
d_;: szXz _k3X22Y2 +D22(Y1 _Yz)s
dE
dt2 = k4X2 _ksEz +D32(E1 _Ez)a

The analytical solution of the obtained systems (12) and (13) is impossible. Therefore, we conducted
a numerical study. The reaction rate constants in the numerical experiment are assumed to be equal to the
following values: A1 = I; A2 = 1.2; DIl = 0.1; D21 = 0.1; D31 = 0.1; DI2 = 0.05; D22 = 0.05;
D32 = 0.05. The initial conditions can be taken for ¢t = 0 X1 = X2 =Yl = Y2 = El = E2 = (. Some results

of the numerical experiment are shown in figures 9-12.
The analysis of the data of a numerical experiment showed that the concentration of the intermediate

active complex Y arising during the reaction reaches a maximum value after the start of the process, and
then decreases, trending to a stable value.
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Figure 7 — The change in the concentration of intermediate reagents X- a) and Y- b)
in the cascade with recycle ("brusselator"):
1 — the first reactor of the cascade; 2 — the second reactor of the cascade

— 17—



Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman
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Figure 8 — The change in the concentration of the end-product E in the cascade reactors with recycle ("brusselator"):
1 — the first reactor of the cascade; 2 — the second reactor of the cascade
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Figure 9 — The change in the concentration of the end-product E in the cascade reactors without recycle ("brusselator')

The dependencies of the concentration of the intermediate complex X and the final product E on time
are monotonic and reach stable values after a long time. The partial decomposition of the final product in
the case when the rate constant of the decomposition reaction is comparable with the constants of the other
stages, can remove the oscillatory character of the concentrations of intermediate complexes characteristic
to the "brusselator”. A significant effect of recycling on the nature of the process was not found in the in-
vestigated range of parameters.

The results of the study show the importance of taking into account the reversibility of individual
reaction stages in the analysis of the kinetics in cascades of chemical reactors.

3.2. Stages of modeling and calculation of cascades of through-flowing reactors. To obtain an
approximate estimation of the necessary residence time of the reactants in the cascade of reactors
operating in the dynamic regimes of the traveling concentration waves, we consider separately the cases of
a model medium of the "Brusselator" type and a medium with three stationary states (to this case, a
reaction-diffusion medium with the Belousov-Zhabotinsky system can be attributed).
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For a model medium of the "Brusselator type", we use the expressions from [8] to characterize the
concentration profile, since the numerical experiment confirms the qualitative agreement with such an
approximation.

In estimating the minimum residence time, we take the waves front velocity to be equal to the critical
propagation velocity of the traveling wave.

Then we can rewrite the mentioned expression in the form:

C~3| C, B sch’ (COIRI—_RQ(L—v*r) , (14)
R, 4D

where L — a reactor length; r—residence time.
We introduce the degree of conversion in the reactor as the main initial criterion for the calculation

C,-C
= . 15
n C, (15)
Then (14) can be rewrite as follows:
n:l_i CO] _& SCh2 M(L_V*T) . (16)
C, R, 4D
Let us denote S = %(L — V*T) and rewrite (16) in the form:

3 R 3 2 ’

n=1-—|Cy—-2lsch’(§)=1-— . (17)
C, R, C, exp(S ) +exp(—S )

We now use the expansion of exponents in a Taylor series, restricting ourselves to a minimum
estimation of the residence time by two terms of the expansion:

2 2
exp(S)z1+S+S7; exp(—S)zl—S+S?.

After rearrangements the following expression linking the residence time in the reactor, its length and
the given conversion can be obtained:

D
r~|L- 4(3—1] v (18)
Ck\n g
Here
g RICO.

For a medium with three stationary states (or a reaction-diffusion medium with the Belousov-
Zhabotinsky system), we use expression from [8] to estimate the necessary residence time of reagents in a
dynamic mode, since numerical experiments and published data confirm the validity of such an
approximation.

C, +C C, —C 1 k *
=t o o (GGl co) | 20)

C

Let us use the notation
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1 [ :
S=— E(COI—Coz)(L—vt)+C(O). @1

Thus from the expression for hyperbolic tangent

th(S) = exp(S) —exp(-S)

exp(S) +exp(-S) -
and Taylor expansions we can offer the following calculation scheme for optimal residence time:
A) Calculation of the subsidiary parameter M:
M=C,, +Cy, —2C,(1-77). (23)
B) Calculation of the subsidiary parameter N from the equation:
M-N?+N(C,, —C,, )+2M =0. (24)
C) Obtaining the estimation of the residence time:
C,+2N N L (25)

Ty —
a(Cm_Coz)V v

For the cascade of reactors, the estimations of the necessary residence time in an individual diffusion
cell for different systems with a lot of stationary states and self-oscillating dynamic regimes should be
used in the general system of design equations, taking into account the known structure of the flows.

Conclusions. Thus, the following general scheme of simulation and calculation is proposed:

1. Choice of the model kinetic scheme.

For bromate systems and systems with oxidation-reduction reactions containing metal ions, the
optimal model is the BZ type model.

For systems with organic reducing agents, the optimal model is the model of Belousov-Zhabotinsky
type with allowing for the reversibility of the reaction stages.

For systems with enzymatic reactions and biochemical systems the optimal model is the model with
autocatalysis or "Brusselator"” type.

2. Modelling the flows structure and defining the number of cascades.

3. Analysis of the multiplicity of stationary states for each cascade.

4. Investigation of the stability of stationary states.

5. Analysis of conditions for the formation of wave regimes of mass transfer and estimation of the
parameters of wave fronts.

6. Calculation of the conversions of reagents.

The calculation sequence is the same.

On the base of the criterial equations for the known flow structure in each of the cascade reactors, the
required average flow rate of the phases in the section of the tubular reactor is calculated.

Then, at this average speed, the diameter of the apparatus can be determined for a given flow rate of
the processed substance.

Then, at a given degree of conversion in the reactor and a certain average flow rate, the required
residence time in the reactor is calculated according to the procedure described above.

If the length of the reactor is specified for design reasons or it is also specified, the calculated resi-
dence time is used to determine the required number of reactors in the cascade.

If the length of the reactor is not specified, it can be selected by iterative calculation according to the
described procedure to ensure a given degree of conversion.
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PEAKIASTHBIH KAMTHIMBIH ECEITKE AJIA OTBIPBIII
XUMUAJIBIK OCHUWIIAIUAMEH ABTOKATAJTUTUHKAJIBIK )KYUEJIEPJI MOJEJIBJAEY

AHHOTanusi. Makanana XMMISUIBIK OCHWULINMSAMEH €Ki aBTOKaTAINTHKAIBIK JKYHEHI MOJENbAEY Kapac-
THIpEIIANEL: benoycoB—KaOoTHHCKHI peakIUACH KoHE «OPIOCCENATOPY KYHeci, KAaUTBIMIBI PEaKIHs KaFTalbIHIA.
Typii Momenmik opTa YIIiH XUMHUSUIBIK PEakTopiap KaKCKaAbIHIIA KOHE KTy YaKbITHIH aHBIKTAy OIiCTEMECi JKaIImbl
TachIMaJIJayAblH JUHAMUKAIBIK IPOLECTEP] YIIIH KWHETUKAIBIK CHUIIaTTaMalapAblH HHXEHEPIIK €cenTey cysa0achl
ycoiHBUTFaH. TepOenMeni XUMISUTBIK peakIUsIMeH TYpJl JKyHenepai cUmarTay YIIiH KONaWIbl MOJCNBIIH CYI0achl
opHatbutFad. MoHap! MeTansl 0ap OpoMaTThI XKyiie KoHe TOTHIFY — KalIblHA KenTipy peakuuscs! yurid bX typinzeri
MOJIETIb/II KOJIJaHy YChIHBbUIAbl. OpraHuKaiblK KalblHa KenTipy kyHeci ymin — benoycoB—XaboTHHCKuit xkyiteci
TYpIHJEri MOJeNb peakUsuIapAblH KaWThIM/BI CaThbUIapbIH ecenke any. depMeHTaTHBTI peakuusuiap MeH OHOXH-
MUSUTBIK JKYHeJIepi YIIiH — aBToKaTanu3 Hemece «bproccersitop» MeH MOJIENb.

Op Kackajl peakTOpblHaH OeNTiil aFblHAAp KYPBUIBIMBIHIA KPUTEPHAIb/bl TCHICYICH IIBIFATHIHBI KeJIEC] ecer-
Tey Ti30eri. bacrankpiga KyOBIpibl peakTOpIblH KMMachIHAArbl (bazanap arblHAAPBIHBIH KaXXETTI OpTalla >KbLI-
JAMIBIFEI ecenTenei. Apsl Kapaid OChbl OpPTallla >KbIIAMIBIKICH OHJIEJIETIH CyOCTaHIMATIAPAbIH OCpiIreH MIBIFBIHBI
OOHBIHIIA ammapaT ITuaMmeTpi aHelKTaianel. COHaH COH OepuIreH alfHaNABIPy IOPEXKECiHIe PEaKTOPIBI KOHE KOFa-
pblaa atanFaH onic OOMBIHINA aFbIHIAPABIH AHBIKTAIFAH OPTAIla SKbUIJAMIBIFBIMEH PEaKTOPAAFbl KAKETTI Kely
yakbIThl ecenteneni. Erep peakTtop y3bIHABIFBI KOHCTPYKTUBTI TYpPFbIIAH Oepiice, OHa €CENTENreH KElIy yaKbIThl
KacKaJITaFrbl PEAKTOPJIAPbIH KaKETTI CaHBbIH aHBIKTAy YILIIH KoJJaHbUIagsl. Erep peakTop y3bIHABIFBI Oepinmece,
OHJIa 071 OepUITeH afHANABIPY AOPEKECIH KAaMTaMachl3 €Ty VIIiH CHIATTaJIFaH dJic OOMBIHINA UTEPAHSIBIK €CeNTey
JKOJIBIMEH TaHJajia aJajibl.

Tyiiin ce3aep: XMMUSUIBIK peakToOpiaplbl MOJEINbACY, €Ki caThulbl peakrop, bemoycoB—KaOoTHHCKMI peak-
uusicel, «bproccensitopy xyiteci.
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MOJEJHUPOBAHUNE ABTOKATAJIMTUYECKHUX CUCTEM .
C XUMNYECKUMH OCHMJIAOUAMHU C YYHETOM OBPATUMOCTHU PEAKIIMHU

AnHoTanus. B crathe paccmaTrpuBaeTcss MOAEIMPOBAHUE JBYX aBTOKATaIUTUYECKUX CUCTEM C XMMUYECKHMU
ocHUIALMAME: peakuusi bemoycoBa-XKaboTHHCKOTO U cucTeMa «OproccessiTop» B CIydae 0OpaTHUMOCTH PEaKIHH.
IIpemokeHa cxeMa MHXKEHEPHOIO pacdeTa KMHETHYECKUX XapaKTEPHCTHK Ul AMHAMHYECKHX IPOLECCOB MAacCo-
MepeHoca B KacKaJax XMMUYECKHX PEaKTOPOB M METOAWKA OIPENENICHHsS BPEMEHH NPEOBIBAHMS IS PA3IHMUHBIX
MOJIENBHBIX CpeJl. Y CTaHOBIIEHBI IPEAIOYTUTENILHBIE MOJIENBHBIE CXEMBI JUIS ONMUCAHUS PA3IHYHBIX CHCTEM C KOJe-
6aTeNbHBIMA XUMUYECKUMHU peakuusiMU. st OpOMATHBIX CUCTEM U CHUCTEM C OKHCINTEIbHO-BOCCTAHOBUTEIBHBIMU
peaknusiIMH, COJIEPKAIINX MOHBI METAJUIOB, IpeIaraeTcs UCIoab3oBaTh Mozens tuna bXK. Jng cucrem ¢ opranu-
YECKUMH BOCCTaHOBUTEISIMA — MOJIEJIb TUNa cucteMbl beraoycoBa—KaGoTHHCKOro ¢ y4eToM 00paTMMOCTH CTaaui
peaxum‘/’l. IIJ'IH CHCTEM C (bepMeHTaTI/IBH]:IMI/I peakuusaMu u OMOXUMHYECKUX CHUCTEM — MOACb C aBTOKATAJIM30M HJIN
«bproccensaropy.

Hcxons n3 kpuTepHanabHbIX YPaBHEHUI NPU U3BECTHOM CTPYKTYpe MOTOKOB B KaXJIOM U3 PEaKTOPOB KacKaja
PEKOMEHIOBaHa ClieyIomias IOCIeI0BaTeIbHOCTh pacueTa. BHavane paccunThiBaeTcss HEOOXOAMMAsl CPEHSS CKO-
POCTh MOTOKOB (ha3 B ceyeHHH TpyOuaToro peakropa. Jlanee mo 3Toi cpeaHeil CKOPOCTH NPH 33/JaHHOM pacxoie
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0o0OpabaTpIBaeMOl CyOCTaHIIMK OTIPENeNIAeTCS NUaMeTp ammaparta. 3aTeM NpH 3aJaHHOW CTETEHH IMpEeBpAIICHUS B
peakTope M ONpeNeNIeHHOH cpelHell CKOPOCTH MOTOKOB IO ONMHMCAHHOM BBINIE METOAMKE PacCUMTHIBAETCS HEO0OXO-
JUMoe BpeMs ipeObIBaHus B peakTope. Ecin anuHa peakTopa 3amaercs U3 KOHCTPYKTHUBHBIX COOOpasKeHU, TO pac-
CUUTAHHOE BpeMsl IIPeObIBAHMS MCIIOIB3YETCs I ONpeeeHnss HE0OX0MMMOT0 YHCla PEaKTOpoB B Kackaze. Eciu
’Ke JUIMHA peakTopa He 3ajaHa, TO OHAa MOXKET HOAOMpPAThCSA INyTeM HTEPalMOHHOIO pacyeTa MO ONHMCaHHOM
METOAMKE JUIsl 00eCIIedeH s 3aJaHHOH CTEIIeHN IIPEBPAILCHUS.

KaroueBble ciioBa: MoJeaMpoBaHie XMMUUECKHX PEAKTOPOB, ABYXKACKaIHbBIM peakTop, peakuus benoycoBa—
JKaborunckoro, cucrema «OprOCCESATOPY.
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