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1. Ââåäåíèå

Õèìè÷åñêèå ïðåâðàùåíèÿ, êàê ïðàâèëî, ïðîòåêàþò ïî ìíîãîñòàäèéíûì
ñõåìàì. Èçìåíåíèÿ êîíöåíòðàöèé èñõîäíûõ âåùåñòâ è ïðîìåæóòî÷íûõ ïðî-
äóêòîâ âî âðåìåíè äàëåêî íå âñåãäà îïèñûâàþòñÿ âîçðàñòàþùèìè èëè óáûâà-
þùèìè êðèâûìè - ìîãóò íàáëþäàòüñÿ ó÷àñòêè ïîñòîÿíñòâà èëè î÷åíü ìàëî-
ãî èçìåíåíèÿ êîíöåíòðàöèè òîãî èëè èíîãî êîìïîíåíòà, êðèâûå ñ ïåðåãèáîì.

Äåòàëüíîå èññëåäîâàíèå êèíåòèêè íåëèíåéíûõ ïðîöåññîâ ïîêàçàëî, ÷òî
ïðè íàëè÷èè îáðàòíîé ñâÿçè âäàëè îò òî÷êè ðàâíîâåñèÿ âîçìîæíî âîçíèêíî-
âåíèå êîëåáàòåëüíûõ ñîñòîÿíèé - ïåðèîäè÷åñêîå âîçðàñòàíèå èëè óáûâàíèå
êîíöåíòðàöèè îäíîãî èç êîìïîíåíòîâ â òå÷åíèå ïðîìåæóòêà âðåìåíè. Ïðè
÷èñëåííîì èññëåäîâàíèè êîëåáàòåëüíûõ ðåàêöèé âîçíèêàåò ïðîáëåìà ðåøå-
íèÿ æåñòêîé ñèñòåìû îáûêíîâåííûõ äèôôåðåíöèàëüíûõ óðàâíåíèé, äëÿ ðå-
øåíèÿ êîòîðîé íåîáõîäèìî èñïîëüçîâàòü ñïåöèàëüíûå ìåòîäû, îñíîâàííûå íà
íåÿâíûõ ñõåìàõ. Öåëüþ äàííîãî èññëåäîâàíèÿ ÿâëÿåòñÿ ðàçðàáîòêà àëãîðèò-
ìà è ïðîãðàììû äëÿ ðåøåíèÿ ïðÿìîé êèíåòè÷åñêîé çàäà÷è è èññëåäîâàíèÿ
ìíîãîêîìïîíåíòíûõ õèìè÷åñêèõ ñèñòåì ñî ñëîæíîé íåëèíåéíîé äèíàìèêîé.

2. Ïîñòàíîâêà çàäà÷è

Ðàññìîòðèì õèìè÷åñêèé ïðîöåññ â ðàìêàõ ñîñðåäîòî÷åííîé ìîäåëè èçî-
òåðìè÷åñêîãî ðåàêòîðà ïîñòîÿííîãî îáúåìà, êîòîðîìó ñîîòâåòñòâóåò ñèñòåìà
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îáûêíîâåííûõ äèôôåðåíöèàëüíûõ óðàâíåíèé C ′ = ATV ñ çàäàííûì íà-
÷àëüíûì óñëîâèåì C(0) = C0 , ãäå A

T - ñòåõèîìåòðè÷åñêàÿ ìàòðèöà, C , V
- ñîîòâåòñòâåííî âåêòîð êîíöåíòðàöèé ðåàãåíòîâ è ñêîðîñòåé ñòàäèé. Åñëè
ðåàêöèÿ ïðîòåêàåò â èçîòåðìè÷åñêîì ðåàêòîðå ïîñòîÿííîãî îáúåìà ñ îáìå-
íîâ âåùåñòâà (îòêðûòàÿ ñèñòåìà, ðåàêòîð èäåàëüíîãî ñìåøåíèÿ), òî ñèñòåìà
äèôôåðåíöèàëüíûõ óðàâíåíèé çàïèñûâàåòñÿ â âèäå C ′ = ATV + 1

Θ(Cp −C) ,
ãäå Cp - âåêòîð êîíöåíòðàöèé ðåàãåíòîâ íà âõîäå, Θ = ν/λ - âðåìÿ ïðåáû-
âàíèÿ ñìåñè â ðåàêòîðå, ν - îáúåì ðåàêòîðà, λ - îáúåìíàÿ ñêîðîñòü òå÷å-
íèÿ ñìåñè ÷åðåç ðåàêòîð. Â êà÷åñòâå òåñòîâîãî ïðèìåðà èñïîëüçóåì ìîäåëü
ìîäèôèöèðîâàííîãî Îðåãîíàòîðà [1], äàþùåãî ñëîæíûé ïðåäåëüíûé öèêë è
ñîñòîÿùèé èç 6 ñòàäèé. Îáîçíà÷èì êîíöåíòðàöèè ðåàãåíòîâ ñëåäóþùèì îá-
ðàçîì: c1 = [BrO−

3 ] , c2 = [Br−] , c3 = [M(n)] , c4 = [HBrO2] , c5 = [HOBr] ,
c6 = [BrO2] , c7 = [M(n + 1)] . Â ýòèõ îáîçíà÷åíèÿõ M(n) - èîí ìåòàëëà êà-
òàëèçàòîðà, à M(n+ 1) - îêèñëåííàÿ ôîðìà ýòîãî èîíà. Òîãäà ñèñòåìà äèô-
ôåðåíöèàëüíûõ óðàâíåíèé ìîäåëè ìîäèôèöèðîâàííîãî Îðåãîíàòîðà ïðèìåò
âèä:

c′1 = −ν1 − ν3 + ν5 + (cp1 − c1)/Θ,

c′2 = −ν1 − ν2 + 0.462ν6 + (cp2 − c2)/Θ,

c′3 = −ν4 + ν6 + (cp3 − c3)/Θ,

c′4 = ν1 − ν2 − ν3 + ν4 − 2ν5 + (cp4 − c4)/Θ,

c′5 = ν1 + ν2 + ν5 + (cp5 − c5)/Θ,

c′6 = 2ν3 − ν4 + (cp6 − c6)/Θ,

c′7 = ν4 − ν5 + (cp7 − c7)/Θ,

ãäå ν1, ν2, .., ν6 çàäàþòñÿ ôîðìóëàìè:

ν1 = k1c1c2 − k−1c4c5,

ν2 = k2c2c4 − k−2c
2
5,

ν3 = k3c1c4 − k−3c
2
6,

ν4 = k4c3c6 − k−4c4c7,

Êîýôôèöèåíòû ñêîðîñòåé ðåàêöèè ïðèíèìàþò ñëåäóþùèå çíà÷åíèÿ
(ìîëü/ñ): k1 = 0.084 , k2 = 4 · 108 , k3 = 2 · 103 , k4 = 1.3 · 105 , k5 = 4 · 104 ,
k6 = 0.65 , k−1 = 104 , k−2 = 5 · 10−5 , k−3 = 2 · 10−7 , k−4 = 2.4 · 107 ,
k−5 = 4 · 10−11 .
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3. ×èñëåííûé ýêñïåðèìåíò

Äëÿ ÷èñëåííîãî èññëåäîâàíèÿ ìîäåëè ìîäèôèöèðîâàííîãî Îðåãîíàòîðà
áûë âûáðàí íåÿâíûé ìåòîä Ðîçåíáðîêà òðåòüåãî ïîðÿäêà òî÷íîñòè. Ñõåìû
ìåòîäà Ðîçåíáðîêà äëÿ ïåðåõîäà íà íîâûé âðåìåííîé ñëîé òðåáóþò ðåøåíèÿ
ëèíåéíîé ñèñòåìû óðàâíåíèé ñ õîðîøî îáóñëîâëåííîé ìàòðèöåé, ÷òî ïîçâî-
ëÿåò èçáåæàòü èòåðàöèé.

Â ïðîñòåéøåì ñëó÷àå ìåòîäû òèïà Ðîçåíáðîêà ìîãóò èìåòü âèä: (E −
Ahfy +Bh2f 2y )(yn+1 − yn) = hf(yn + Chf) , ãäå yn+1 - èñêîìîå ÷èñëåííîå ðå-
øåíèå íà îäíîì øàãå èíòåãðèðîâàíèÿ äëèíû h , A , B , C - êîýôôèöèåíòû,
îïðåäåëÿþùèå ìåòîä; y è f - n -ìåðíûå âåêòîð-ôóíêöèè, fy - ìàòðèöà ßêî-
áè èñõîäíîé ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé, E - åäèíè÷íàÿ ìàòðèöà.
Îòìåòèì, ÷òî f è fy áåç àðãóìåíòîâ âñþäó îçíà÷àþò f(yn) è fy(yn) ñîîò-
âåòñòâåííî [2]. Èíòåãðèðîâàíèå âåëîñü ñ øàãîì 0.001 íà èíòåðâàëå [0, 1000] .

Ð è ñ ó í î ê 3.1
Êîëåáàíèÿ çíà÷åíèé êîíöåíòðàöèé ðåàãåíòà c4
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Ð è ñ ó í î ê 3.2
Êîëåáàíèÿ çíà÷åíèé êîíöåíòðàöèé ðåàãåíòà c5

Ðåçóëüòàòû èíòåãðèðîâàíèÿ, ïðåäñòàâëåííûå íà ðèñ. 1 - ðèñ. 2, ïîêàçûâà-
þò óäîâëåòâîðèòåëüíîå ñîãëàñîâàíèå ñ ðåçóëüòàòàìè ðàáîòû [1], ïîëó÷åííû-
ìè (2,1) - ìåòîäîì ðåøåíèÿ æåñòêèõ ñèñòåì, êîòîðûé çíà÷èòåëüíî óñëîæíåí
íàõîæäåíèåì ìàòðèöû ïðîèçâîäíûõ âòîðîãî ïîðÿäêà è áîëüøèì ÷èñëîì ýëå-
ìåíòàðíûõ îïåðàöèé íàä ìàòðèöàìè. Òàêèå îïåðàöèè îêàçûâàþò âëèÿíèå íà
ñêîðîñòü àëãîðèòìà ïðè âûñîêèõ ðàçìåðíîñòÿõ. Ñîçäàííûé àâòîðàìè àëãî-
ðèòì è ïðîãðàììà íà îñíîâå ñõåìû Ðîçåíáðîêà ñ äåéñòâèòåëüíûìè êîýôôè-
öèåíòàìè äëÿ ðåøåíèÿ ïðÿìîé çàäà÷è õèìè÷åñêîé êèíåòèêè ìîãóò áûòü àäàï-
òèðîâàíû ê äðóãèì êîëåáàòåëüíûì ðåàêöèÿì ïóòåì çàìåíû ïðàâûõ ÷àñòåé
ñèñòåìû îáûêíîâåííûõ äèôôåðåíöèàëüíûõ óðàâíåíèé è íà÷àëüíûõ óñëîâèé.
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Numerical modeling of oscillating reactions based on

Rosenbrock method with real coe�cients

c⃝ R. D. Ikramov 3, S. A. Musta�na 4

Abstract. In this article we consider a modi�ed model Oregonator describing the behavior of
Belousov-Zhabotinsky reaction, given the reaction in the reactor with constant volume metabolism.
Described and applied to the model Rosenbrock method with real coe�cients for solving sti�
systems of di�erential equations.
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