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MODELING OF DYNAMICAL REACTION-DIFFUSION SYSTEMS
WITH MULTISTAGE AND NON-PERFECT KINETICS

Abstract. The paper deals with the problems of dynamical models describing reaction-diffusion systems cha-
racterizing by the multistage and non-perfect kinetics. The main types of dynamical behavior of such systems using
two typical examples have been considered. As a result of the research it was concluded that multistage and non-
perfect kinetics can strongly influence on the reactor regimes and change their main characteristics. It wasalso
concluded that non-perfect kinetics in the case of high diluted solutions doesn’t change types of rest points and
reactor regimes. However, velocity of wave front which generates from transient oscillatory regimes differs from the
velocity of wave front in a perfect system.

Concrete values of regimes characteristics have undergone changes too. It was shown that the rate of reagents
supply not only controls an output of the reactor but also can essentially change a set of stationary and transition pro-
cess regimes. Usually engineers connect such transformations with heat phenomena. The mentioned above factors
can also cause regime transitions. In addition the set of parameters controlling the regime stability and describing the
system bifurcations has been obtained.

The main types of possible dissipate structures caused by these factors as well as cases of their formation have
been also determined. Besides, transition regimes are determined by a system non-linearity. However in the case of
strong solutions the situation may be different. This problem needs an additional study. The results of the research
are feasibly to be useful for calculating the intensity of mass transfer processes in chemical reactors.

Key words: dissipate structures, multistage kinetics, non-perfect systems, reaction-diffusion systems.

Introduction. Multistage kinetics and non-perfectness of reaction-diffusion systems have an essential
influence on the process regime in chemical reactors [1]. It is well-known that multistage kinetics can
stimulate the origin of multiplicity of stationary points in system dynamics. Besides, chemical oscillations
are observed only in the multistage reaction-diffusion systems [2].

Non-perfectness is also very important aspect that can play an essential role under generating
dynamical regimes in the point of view of chemical thermodynamics [3]. And concrete values of regimes
characteristics can undergo changes too.

However engineers often do not give due attention to these aspects of chemical processes and its
impact on the apparatuses design. They usually connect such transformations only with heat phenomena.
But the mentioned above factors can also cause regime transitions.

In our work this problem has been theoretically investigated and illustrated by means of two model
auto-catalytic reactions as examples.

Model systems with multistage kinetics. Firstly we consider the following model scheme with the
main reagents X, Y and intermediate products 4, C, despite the first stage is supposed to be an auto-
catalytic reaction [3]:
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x+v—bf sy x—F sy v 5 (1)

where k;, k,, k5 are the reactions rate constants.

Let’s assume that the component Y enters the reactor continuously with constant supply rate ¢, and
the reagent X is the initial priming-tube.

Thus the system of kinetic equations for main reagents reads [4]:

j; )
7 =q— kXY — kY.

Here X > 0 and Y > 0 denote concentrations of reagents X and Y.
Provided the rate g satisfying the inequation

k. k
kl
there is the only stable rest point of the system (2)
) q
3
But when this rate exceeds the critical value
k. k
*
q>q" =~ )
kl

the system acquires yet another rest point:

_C]kl—kzk3 , Y _kz

0= > 02 —5 - (6)
klk 2 kl
Jacobians of the linearized system of kinetic equations at the rest points have the following
k
Ty = . : (7)
19 k
T 3
k3
0 qky — kyks
k
J02 = 2k (8)
—ky _ 9
k2

Provided ¢ > ¢ the rest point (4) becomes unstable. And the springing up rest point (6) becomes
stable on the contrary and it has a type of stable node or stable spiral.

The regimes analysis gives the following results:

1) for (k3/k2) = 1 at any g the rest point (6) is a stable node, and oscillations donot exist;

2) for (ks/ks) < 1 at ¢ exceeding the critical value ¢ rest point (6) can be a spiral.

At (ks/ky) < 1 we have
q < &{1 — k—ﬂ : 9)
kl
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From this it follows that provided (ks/k2) < 1 and ¢ > ¢ the rest point (6) is a stable spiral, and
appropriate transition regime goes on in the form of oscillations at the rate range

9, <qg<4,, (10)
where
2k? k
g ==21-_[1-2 |, (11)
ky k,
202 i |
g =21+ [I-—=|. (12)
ky k,
Virtual rest point
(physical
*
<
“Y =49 A Y g>q"
k3/k2 >1
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/ X02,702)
\~,' X X
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A q>q*
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(X02-Y02)
X

Phase curves near the rest points of the system (2)

Thus the system has the control parameter

_ks (13)

a=
k2

The value @ =" =1 is the bifurcation point, and for the transition regime we can obtain the
frequency of oscillations @ and the logarithmic fading decrement v :

k3ki
@:\/2_‘1_%_& (14)
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ky
5 (15)
The second example is the auto-catalytic reaction of the following type |2, 3]:
kl
—1 >
A+ X 2X+C . (16)
k
2

In the perfect thermodynamic system the following relation is true
u=u +RTInX, (17)

where uis a chemical potential and 4" - its standard value, R is gas constant, 7' is a temperature.
Impact of system non-perfectness. Let’s consider the case of non-perfect reaction-diffusion system,
where the chemical potentials of reagents read [5].

,u:,u*+RT1nX+a)AX(l—X)2. (18)
Here

o4y =x[2e 4y —(e 40 +exx)]. (19)
and &,,., €,,, €, are energies of interaction between molecules of reagents, x is a parameter

depending on the model of liquid state [6-8].
Supposing X << 1 we obtain the following approximate relation

p=u"+RTIn X+, (1-2X). (20)

According to thermodynamics of diluted solutions, the diffusion coefficients determine by the
derivatives of chemical potentials over the concentrations [9].
Thus we obtain:

du RT RT
—— =— 2w =—\1-20,4vX), 21
XX AX X( Ax X) 2D
From this it follows
D=D;(1-20 4y X). (22)

where D; is the diffusion coefficient in perfect system, D is the one in a real system [10-12].

And so, the mass transfer equation for the reaction (15) proceeding in a tubular through-reactor can
be written as follows

oX  oX 0o ox
g =2 D=2, X) = |+ F(X). 23
a T 82( (1= 20, )azj /() &2
where
F(X)=kAX —ky X2 (24)

Using method of an auto-model variable the equation (23) can be reduced to the following ordinary
differential equation [13]

d*x g-c dX 204 (dsz £(x)
~ _ " =0, (25)
ds> D(1-20,X)ds 1-2w,,X\ ds D,(1-2w,y)

where s =x — cf, ¢ is a phase velocity or a velocity of wave front.
Equations of the appropriate dynamical system read
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ax _
d
(26)
& qec o 204 2 (X))
dt  D(1-20,X) 1-20,X Di(1-20 4 X)
There are two rest points of the system
ky
Jacobians of the linearized system (26) at the rest points (27) read
0 1
Jo=|_ k4 g-c| (28)
D; D;
0 1
T = kA qg-c |. (29)
D,(1-y) D1-7)
where
ky
Y =20,y A—- (30)
ky
As for diluted solutions @ ;- <<1 the following inequation is correct
y<l1. (1)

From detail analysis which is analogous with the analysis of system (2) we conclude that non-perfect
kinetics in the case of high diluted solutions does not change types of rest points and reactor regimes. At
the same time, concrete values of regimes characteristics have undergone changes [14-17].

Particularly, the velocity of wave front which generates from transient oscillatory regimes differs
from the velocity of wave front in a perfect system [18].

The appropriate relation reads

Cor = €0 +y leiA . (32)

Here ¢, is the wave front velocity calculated for the perfect system:

¢y =|g =2 /laDA[. (33)
and <1 is the special amendment coefficient for which we obtain the following relation
k
y =20,y —A. (34)
ky

Conclusion. It can be concluded that rate of reagents supply not only controls an output of the reactor
but also can essentially change a set of stationary and transition process regimes. Usually engineers
connect such transformations with heat phenomena [19]. At the same time the mentioned above factors
can also cause regime transitions.

As regards the non-perfection of systems its influence for high diluted solutions manifests only in
increasing the wave front velocity under transition regimes [20]. Incidentally, transition regimes-
themselves are determined by a system non-linearity. However in the case of strong solutions the situation
may be different. This problem needs an additional study [21].
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JIMHAMUKAJIBIK, PEAKIUSLIBIK-TAD®Y SUSIBIK JKYVEJIEP/I KOIICATHLIBI
JKOHE WIEAJIbI EMEC KHHETUKAMEH MOJIEJIBJEY

AnnoTtanust. XyMBIC KOl CaTLTHI JKOHE HACATIb EMEC KHHETHKAMEH CHITATTAIATHIH PeakIUIBIK-Tu(dy3msi-
TBIK JKYWEIEpAl CHIATTAHTBIH TUHAMHKAIBIK YATUIEpAiH Mocenenepine apHamraH. OcbHIAH KyHEeIepaiH IMHAMHU-
KaJbIK MIHE3-KYJIKBIHBIH HETI3T1 TYPJIEpi €Ki THOTIK MBICAIIbI KOJXJAHY aPKbUIbI KAPACTBHIPHLUIABL. 3ePTTEYAiH HOTH-
JKECIH/IE KOTI CATBLITBI YKIHE HACATIBIK CMEC KHHETHKA PEAKTOP PEKUMICPIHE KATThI 9CEP €TY1 KOHE OJIAPAbIH HETi3T1
CHIIATTAMANIAPBIH 63TEPTYl MYMKIH JETEH KOPBITHIHIABI >kacanabl. COHAAH-aK, >KOFApBl TOPEXKENl CYHBUITHLEFAH
CPITIHAIICD JKAFAANBIHIA HACATIB CMCC KHHCTHKA THIHBIIITHIK HYKTCIICPI MCH PCAKTOP PSKAMICPIHIH TYPICPIH 63-
TEPTICHII ACTCH KOPBITHIHIBI >Kacamdpl. JIeTCHMEH, YaKbITHIA AYBITKY PEKUMICPIHCH TYBIHIAWTBHIH TOJKBIHIBIK
MaHmaH ((DPOHT) >KBUTIAMIBIFBI TOJNKBIHIBIK MaimaH (()POHT) >KbUITAMABIFBIHAH HACATABI JKYHCAC CPCKIICICHEL.
Pexumaepaid cHmaTTaMa apbhIHBIH HAKTHI MOHICPI A¢ e3repai. PeareHTTepaiH OCpilny >KbUTIAMABIFE TCK PCAKTOP-
JIBIH INBIFYBIH OAKBLIAN KaHA KOWMAal, COHBIMEH KATap CTAIIMOHAPJIBIK JKOHE OTIICTI MPOUCCTEP PCKUMICPiHIH SKHbIH-
TBHIFBIH AHTAPJIBIKTAH ©3repTe ANaThIHABIFI KOPCETINAL. OAeTTe HIKEHEPIICP MYHAAH 63repicTepAil JKbITY IBIK KYObI-
JpicTapMeH OainmanbicTeIpanpl. JKorapeiaa aranraH (pakToprmap eTmenm pesKUMICpAl TYIBIPYBI MYMKIH. PEKUMHIH
TYPAKTBUIBIFBIH OACKaPaTHIH >KOHE HKYHCHIH OM(ypPKALMICHH CHIIATTANTHIH MAPAMETPICP >KUBIHTBHIFBI 14 AJIBIH/IBL
Ocpl (pakTopiapra OaHIAHBICTEI MYMKIH JHCCHIATHBTI KYPBUIBIMAAPIBIH HETI3TI TYpJiepi, COHAAN-aK OJapbl
KaJbINTACTHIPY >KaFrJainapsl aHeIKTaFaH. COHBIMEH KaTap, OTIEl PesKUMICD JKYHEHIH CBI3BIKTHIK EMECTITI apKbLIbI
aHBIKTANMa bl Anaiia, KOHICHTPAUMSUIAHFAH CPITIHAUICp OONFaH Ke3de, »aFmad Oackama Ooxysl MYMKiH. Byn
MOCEJIC KOCBIMINA 3¢PTTCY /i TAAM STCAL. 3CPTTCY HOTIDKEICPI XHMHUAIBIK PCAKTOPIAPAA JKATMIAH TaCkIMAIAAY TPO-
LeCTEPiHIH KAPKBIHABUIBIFBIH €CENTCY YIIIH MaiaIs! OOIy bl MYMKIH.

Tyiiin ce3aep: IUCCHMATHBTI KYPHUIBIMAAP, KOI CAThIIBI KHHETHKA, MACAIIBI €MEC HKYHEIEp, PEaKIHsUIBIK-
T QY 3HATBIK SKYHEep.
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MOJEJTHUPOBAHUE THHAMWYECKHUX PEAKITHOHHO-IU®®Y3HOHHBIX CUCTEM
C MHOI'OCTAJUHMHOU U HEUJEAJIBHOU KUHETUKOU

Annoramus., Padora mocesameHa mpodaeMaM THHAMHYICCKHX MOJCICH, ONMHCHIBAIOMINX PCAKIMOHHO-TUDY -
3HOHHBIC CHCTEMBI, XaPAaKTEPU3YIOIIHECS MHOTOCIAAUNHON U HEUACATbHOW KMHETUKOW. PaCCMOTPEHBI OCHOBHBIC
THITBI JHHAMHIYCCKOTO IMOBEICHHS TAKUX CHCTEM C HCIIOJIB30BAHHEM JBYX THIIMYHBIX MPUMEPOB. B pesyibrare mc-
CIIeA0BaHUS OBUT CACTIAH BBIBOA O TOM, YTO MHOTOCTAIUITHAS W HEHICAIbHAS KHHCTHKA MOMKCET OKA3bIBATH CHIBHOC
BIMSHHC HA PSXHMMBI PEAKTOPA M M3MEHITH MX OCHOBHBIC XAPAKTEPHUCTHKH. Tarkke OBUIO CACTAHO 3aKIFOUCHHE O
TOM, YTO HEH/ICATbHAS KHHETHKA B CIIy4ac CHIIBHO Pa30aBICHHbBIX PACTBOPOB HE MCHSCT THIIOB TOUCK IIOKOS M PEIKH-
MOB peakropa. OTHAKO CKOPOCTb (DPOHTA BOJHBIL, KOTOPAsI BOZHHKACT M3 MEPEXOIHBIX KOJICOATCIHHBIX PEKHUMOB,
OTIMYACTCS OT CKOPOCTH (DPOHTA BOJHBI B MICATbHOW cHcTeMe. KOHKPETHBIC 3HAYCHHS XAPAaKTCPHCTHK PEKUMOB
TaKXe TPETEPICIN H3MEHEHHU . BhII0 MOKA3aHO, YTO CKOPOCTH IOJAYM PEATCHTOB HE TOIBKO KOHTPOIHMPYET BBIXO.
peaKkTopa, HO TAKXKE MOKET CYINCCTBEHHO W3MCHHUTh HAOOp PE/KHMMOB CTAIMOHAPHOTO M TIEPEXOJHOTO MpOLEC-
coB. OOBIMHO WH)KCHEPHI CBSI3BIBAOT TAKHE MPCOOPA30BAHMS C TCILIOBBIMHY SBICHUSIMH. YKA3aHHBIC BhIME (PakTOPBI
TaKXe MOTYT BBI3BIBATH NEPEXOIHBIC PEKUMBL BBLT MOIyUCH Takke HAOOp MapaMeTPOB, YIPABILIOIINX CTAOHIb-
HOCTBIO PEXHMMAa W OmNuChBarommx Omypkamuu cucteMmbl. OnpeaeneHbl TAKKE OCHOBHBIC THITBI BO3MOKHBIX
JUCCHUIIATHBHBIX CTPYKTYP, BBI3BAHHBIC 3TUMH (DaKkTOpaMm, a TakkKe Ciydyan ux odpasosanmi. Kpome toro, mepexon-
HBIC PEXHUMBI ONPEACILIFOTCS CHCTEMHOW HEJIMHEHHOCTHIO. OTHAKO B CIy4ac KOHICHTPHPOBAHHBIX PACTBOPOB CH-
Tyamusi MOXET OBITh WHOH. DTa TpoOeMa Hy)KJACTCSl B JOIOJHHTCIFHOM HCCICIOBaHHH. Pe3ympraThl mccieno-
BaHMS MOTYT OBITh IOJIC3HBI JUIS PACUETa HHTCHCHBHOCTH IIPOIIECCOB MACCOTIEPEHOCA B XHMHUCCKUX PEAKTOPAX.

KimoueBbie c10Ba: JUCCUNATHBHBIE CTPYKTYPBI, MHOTOCTAAMHHAS KUHETHKA, HCHICAJIbHBIC CHCTEMBI, PEak-
IHOHHO-TU (D (Y 3HOHHBIC CHCTEMBL
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