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ACCOUNTING THETIME DELAY
INTHEBINARY COAGULATION MODEL

Abstract.The paper deals with the time-delayed model for cluster aggregation processes based on the
Smolukhovsky equation with the help of the heat and mass transfer kernels approach._The new non-local
modification of the general kinetic equation of Smoluchowski binary aggregation equation hasbeen submitted.
Forthecaseof an isotropic and homogeneous medium, the model has been reduced to the ordinary differential
equation._The further possible development of the proposed model with allowance for taking into account the
differences in the characteristic coagulation times during the aggregation of globules of different order has been
discussed.

Keywords:aggregation equation, disperse phase, polydisperse, model, coagulation process, aggregation.

Introduction. The coagulation processes of the dispersed phase in heterogeneous physicochemical
systems are widespread in various chemical technologies, metallurgy, and also in natural phenomena [1].

Currently, to describe the evolution of the concentration of i-mers in polydisperse systems in the
irreversible aggregation processes, the Smolukhovsky equation is commonly used for the binary
coagulation process [2, 3]:

or 2 @, ;¢ ;C; —C,.ZCD,-,J-CJ
2 = ()

where C; - is the concentration of i-mers; @ i, j - is the rate kernels.

Todaythevariousmodel representations are used to solve the problem of the aggregation kernels forms
[1,3].

In the work [4], a model approach to this problem was also proposed, based on the use of a peculiar
parameter of the order of the aggregate formed during coagulation i — and j — mers:

i—J
1=
i+ @

Under a small order ofi-mers, the main role may be played by an increase in the effective capture
cross section with an increase in the characteristic radius of the particles, as well as a decrease in the
mobility of the particles with an increase in their size and mass. A number of numerical experiments
suggested that the coagulation rate kernel may have the following phenomenological form [3].
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Using the proposed approach to the description of the coagulation process using this model of the
aggregation kernels is quite promising, because opens up the possibility for the model control with a set of
parameters.

A numerical experiment showed that the proposed model gives a correct qualitative description of the
coagulation processes, which is consistent with the known experimental data and model analysis using the
methods of asymptotic expansions [1, 2].

However, the other side of the problem of modeling coagulation processes is currently practically
undeveloped. It is about taking into account the time delaying in aggregation processes. This lacune in the
theory of coagulation is also noted in the science literature [1]. Indeed, without taking into account the the
time delay of aggregation, the Smoluhovsky equation is internally contradictory, since it does not describe
the influence of the characteristic time of aggregate formation on the kinetics of the process.

The problems of taking into account relaxation times and long-range interactions of structural
elements of the medium in the mathematical modeling of transport phenomena are of great practical and
theoretical interest [5, 6]. These issues are particularly relevant in cases when it comes to fast processes,
which cannot be considered as a local aggregation processes. The working cycle of such processes is
short, and the whole process is carried out in transition mode. Therefore, the possibilities of managing
intensive processes are limited, and the correct calculation and the choice of optimal values of the control
parameters are of great importance.

This article deals with the time-delayed model based on the Smolukhovsky equation with the help of
the approach proposed in [5, 6]. In accordance with this approach, the temporal nonlocality of mass
transfer processes can be described on the basis of the model of the transport relaxation kernels_[10-12].
Relaxation transfer kernels are called the cores of integral transformations that link the flows and
thermodynamic forces in the statistical theory of dissipative processes [5, 6].

Mathematical model. The general structure of the mass fluxes of the components in the n-component
system in accordance with the method of relaxation nuclei of transfer [6] has the following form:

n+l
J(R,t)=J(R,ty)+ i j j dt,dR'N ;. (R, R',t,t,)F, (R',), )
k=1

For analyzing the general structure of the transport basic equations, the following type of relaxation
transfer kernels can be used:

Ny (Rt —1;)=ny (R,t)exp(= (1 —1,)/7;). )

where ik (R’t) is a local function [6, 7].

Thejustificationofthis type of relaxation kernels is based on the characteristic form of the differential
equation of relaxation processes [6, 7, 8]:

éN(J’Q,s)Jer(R,t)zo, (6)
a T

In the paper [5, 6], a similar approach was used to modeling the relaxation kernels of heat and mass
transfer in a two-component system with allowance for cross-effects in the form:

—— |4 ——
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m _ -1 -1
__Nme +th->< ) (7

N
#szr;l —N, 7, ®)

The choice of signs in equations (7), (8) is determined by the conditions of conjugation of
perturbations of the temperature and concentration fields [9, 10].

In the case of aggregation processes, the role of the relaxation times is played by the characteristic
times of the aggregation of i- and j-mers. The following non-local modification of the Smoluchowski
equation is proposed for the aggregation process in a polydisperse system [11, 12]:

oC. i-1
atl ZEZIdth)i—j,j(tstl)Ci—j(tl ZIdtl ”1 C'(fl)cj(fl), )
j=1
The model equations for the aggregation kernels, by analogy with (6), look as follows
o Pij 0 _y
. i =0, (10)
i,J

With accounting the system (10), the integro-differential equations (9) take the form:

oc, 1! L
:_ZIdﬁ i—j,j €Xp e (Y Ci—j(tl)cj(tl)_
o 255 Ti_jj
" f.o. (11)
Zjdth)gj exp| ——L(t— 1) Ci(fl)cj(fl)
Jj=l1 L, j

For the case of an isotropic and homogeneous medium, relations (11) can be considered as ordinary
differential equations
The temporal derivatives of the integral terms read
0

t d .fi,'
(D?,jci(f)cj(t)JrIdtlci(tl)cj(tl)EeXP - '].(t_tl) , (12)
0 i,J
Then equations (9) can be converted to
d? C,; =
dt __Zq)z j jCl j(t)C (t) ZCDI jC (t)C (t)_
1 iz lf;— f;._ »
- — Jjjdt (Dl . CXp —#(t—tl) Ci_j(tl)Cj(t1)+ (13)
21T Tij,j
0 fO
+ Z “L{dn @ exp| — =L (r— 1) [Ci (1), (1)
j=1%i,; Ti,j

In the zero approximation [13] the characteristic relaxation times are assumed to be independent of
the order of the i-mers.
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Then it can be denoted for all i , J :

Equations (11) in this case take the form
d*c; 1! e
% —EZ e ()Cj(t)_zq)gjci(t)cj(f)_
-1 j=1
0 1 0
—f—(! > [dn®) ; exp| - / —(t-1)|Ci_;()C,(6)+ (15)
T ] 1 T

0

o3 e~ (-0 6 )C )
j=1

From equations (11) and (15) the following time-delaying modification of the Smoluchowski
equation can be obtained:

d’C;  f°dC; _1
>t odt 2

Z_% ®;_;,,C ( )Cj(t)_ iq)?,jci(f)cj(f)a (16)

A feature of equation (16) is the presence of solutions that describe the propagation of disturbances
with a finite velocity [9, 10].

Further development of the proposed model may consist in taking into account the differences in the
characteristic coagulation times during the aggregation of globules of different order.The estimate for the
fractal dimension of the active unscreened surface can be obtained by counting the active centers arising
after the capture and penetration of a new cluster into another cluster.

The number of arising reactive centers Na can be evaluated as follows [14-16]:

N ~RY".2. (17)

where R is the characteristic radius of the cluster-recipient, A is the characteristic penetration depth for the
captured cluster (Figure 1).

Figure 1 - Capture and penetration of clusters under the aggregation

— 16 ——
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Conclusions.It is shown that heat and mass transfer kernel approach allows for obtaining a time-
delaying kinetic model of binary cluster aggregation, and to modify the Smoluchowski equation to the
non-local type with reducing to an ordinary differential equation. Estimation for accounting differences
between the characteristic coagulation times for clusters of different orders leads to calculations of fractal
dimensions and counting the active centers arising after the capture and penetration of a new cluster into
another cluster. Thisproblemneedsfurther analysis.

A.M. Bpenep', A.O. Kazenosa', B.I'. l“o.ﬂyﬁeBI,
JL.T. Towimon’, IIL.LK. lanaxos’, I'.J. Kenkanuesa', JI.P. Topr6aeBa'

M. Oye30B atbingarbl OKMY, lllsimkent, Kazakcran;
2OHTYCTiK Kasakcran o6mbickr 0otibiHITa KP ¥FA POO ekiNeTTuUTiriHIH AUPEKTOPEI,

BUHAPJIBIK KOATYJISAIWJIAY MOJEJIIHIH YAKBITTBIK TOKTAYBIH ECEIITEY

AHHoOTammsl. Makana >KbUTy Macca ajMacy sIpOJapblHBIH ofici kemeriMeH CMOIYXOBCKHH TeHICYiHE
HETI3[IeNTeH KIacTepiepAl arperanusuiay MpolecTepiHe YakpIT OOWBI TOKTayMeH MOJENBACP/l jKacayFa apHaliFaH.
CMOITyXOBCKHHIIH arperanusuiayAblH OMHAPIBI TeHACYIHIH JKaIbl KHHEMATHKANBIK TEHACYIHIH XaHa OKIIayJar
LIEKTEIMETeH TYPIACHAIpLTyi KenTipiireH. M30ToTponTsl jkoHe OIPTEKTIK OpTa KaFAailbl YIIiH MOJENb KapanaibiM
muddepeHmanapl TeHIeyre KenTipiireH. Op Typil perTi riolysanapibl arperanusiay Ke3iHIe KOaryJsUsHbIH
CHUIIATTHIK YaKbITTAPBIHBIH aWbBIPMAachlH €CKepEe OTBHIPHIN, YCHIHBUIFAH MOJCNBIIH apbl Kapail naMy MYMKIHAIr
TaJIKbIJIAHA/IBL.

Tyiiin ce3nep: arperanysiiay TeHIeyi, JUCIEPCTiH (asa, MOIUIUCIICPCHS, MOJIEINb, KOAryJIsLs, arperawus.

A.M. Bpenep', A.O. Kazenosa', B.I'. Fosty6es', JI.T. Tamumos’,
LK. [lananos’, I'.JI. Kemxanuesa', JI.P. TopTﬁaeBal

'"FOxn0-KazaxcraHckuil rocyrapcTBeHHbI yHIBepcHTeT nM. M. Aya30Ba, IlIbivkent, Kazaxcras,
2l'Ipe;[ceJ:[aTem, ¢mmana POO HAH PK no FOxn0-Kazaxcranckoit o0macti,

YUYET BPEMEHHOM 3AJIEPKKH B MOJIEJIA BUHAPHOM KOAT'YJISIUMA

Annoranusi. CtaThsi NOCBSILEHA pa3padOTKe MOAEIH C 3aJEPKKOW 1O BPEMEHH ISl MPOILIECCOB arperaiuu
KJIaCTEpPOB, OCHOBAaHHOM Ha ypaBHeHMM C(CMOJYXOBCKOTO C IIOMOLIbIO MeTOAa SAEp TEeIIOMAacCONepeHoca.
[MpencraBneHa HoOBasi HEJNOKaJbHAs MOAWU(HKAIMS OOIIET0 KUHETHYECKOTO ypaBHEHHsT OWHAPHOTO YpaBHEHUS
arperanun CmomyxoBckoro. it cirydast H30TPOITHOM M OJJHOPOJHOM Cpenbl MOJEIb IIpUBe/ieHa K OOBIKHOBEHHOMY
muddepennmansHoMy ypaBHeHHI0. OOCYXIaeTcsi BO3MOXKHOCTD JalTbHEHIIETO Pa3BUTHS MPEIJIOKEHHON MOJIENH ¢
YUETOM Pa3IH4YHMi B XapaKTEPHBIX BPEMEHaX KOaryJIsLUy PHU arperanyy ro0ys pa3InyHOro NopsKa.

Ki1roueBble cjI0Ba:ypaBHEHHs arperamuy, JucrnepcHas ¢asa, HONMUANCIIEPCHs, MOJETb, POLECC KOATYIISIHH,
arperanusi.
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