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öåññà äåãèäðèðîâàíèÿ ìåòèëáóòåíîâ â èçîïðåí äëÿ àäèàáàòè÷åñêîãî ðåàêòîðà ñ íåïîäâèæíûì
ñëîåì êàòàëèçàòîðà, êîòîðàÿ ó÷èòûâàåò èçìåíåíèå ÷èñëà ìîëåé â ãàçîâîé ôàçå è äåçàêòèâà-
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1. Ââåäåíèå

Ïðîöåññ äåãèäðèðîâàíèÿ óãëåâîäîðîäîâ C5H10 ñîñòîèò â ïîñëåäîâàòåëüíîì ïðåâðàùå-
íèè èçîïåíòàíà â ìåòèëáóòåíû è ñìåñè ïîñëåäíèõ � â èçîïðåí â ïðèñóòñòâèè îêñèäíûõ
æåëåçîêàëèåâûõ êàòàëèçàòîðîâ. Ïðè ýêñïëóàòàöèè â òå÷åíèå íåñêîëüêèõ òûñÿ÷ ÷àñîâ â
ïðîìûøëåííîì ðåàêòîðå æåëåçîêàëèåâûé êàòàëèçàòîð ïîñòåïåííî òåðÿåò àêòèâíîñòü è
÷àñòè÷íî ðàçðóøàåòñÿ. Â ïðîìûøëåííîé ýêñïëóàòàöèè êàòàëèçàòîð ïåðèîäè÷åñêè àêòè-
âèðóþò ïóòåì òåðìîîáðàáîòêè â ñðåäå âîäÿíîãî ïàðà, îäíàêî ÷àñòûå ðåãåíåðàöèè íåæå-
ëàòåëüíû, òàê êàê ïðèâîäÿò ê ïîñòåïåííîìó èçìåíåíèþ ôàçîâîãî ñîñòàâà êàòàëèçàòîðà
â öèêëå: ðåàêöèÿ � ðåãåíåðàöèÿ [1]. Ïîýòîìó àêòóàëüíûì ÿâëÿåòñÿ ñîâåðøåíñòâîâàíèå
ñóùåñòâóþùèõ ïðîöåññîâ ïðîèçâîäñòâà èçîïðåíîâ íà îñíîâå äîñòóïíîãî óãëåâîäîðîäíîãî
ñûðüÿ, â ÷àñòíîñòè ïîñòðîåíèå íîâûõ ìàòåìàòè÷åñêèõ ìîäåëåé, ïîçâîëÿþùèõ ïðîãíîçè-
ðîâàòü ñâîéñòâà ïîëó÷àåìûõ ïðîäóêòîâ.

Ïðè îáðàáîòêå ýêñïåðèìåíòàëüíûõ äàííûõ ïî èññëåäóåìîìó ïðîöåññó èçîìåðû ïåíòàíà
îáúåäèíÿëè â ãðóïïîâîé êîìïîíåíò i − C5H12 , ìåòèëáóòåíû � â êîìïîíåíò i − C5H10 ,
èçîìåðû èçîïðåíà � â êîìïîíåíò i− C5H8 , ïðîäóêòû êðåêèíãà � â êîìïîíåíò ÏÊ.

Íà îñíîâå àíàëèçà äàííûõ ýêñïåðèìåíòà è ëèòåðàòóðû [2] áûëà ïðåäëîæåíà ÷åòû-
ðåõñòàäèéíàÿ ñõåìà ïðåâðàùåíèé ïðîöåññà äåãèäðèðîâàíèÿ óãëåâîäîðîäîâ C5 . Ñõåìà è
ñîîòâåòñòâóþùèå åé êèíåòè÷åñêèå óðàâíåíèÿ ñêîðîñòåé èìåþò ñëåäóþùèé âèä:

i− C5H12 ↔ i− C5H12 +H2, (1.1)

i− C5H10 ↔ i− C5H8 +H2, (1.2)

i− C5H8 → ν1{KOKC}+ ν2H2 + ν3, (1.3)

1 Ñòàðøèé ïðåïîäàâàòåëü êàôåäðû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ, Ñòåðëèòàìàêñêèé ôèëèàë Áàø-
êèðñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà, ã. Ñòåðëèòàìàê.

2 Çàâåäóùèé êàôåäðîé ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ, Ñòåðëèòàìàêñêèé ôèëèàë Áàøêèðñêîãî ãî-
ñóäàðñòâåííîãî óíèâåðñèòåòà, ã. Ñòåðëèòàìàê.
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1

2
C{KOKC}+H2O → 1

2
CO2 +H2, (1.4)

Íà ñâåæåì êàòàëèçàòîðå ñêîðîñòü ðåàêöèè çàïèñûâàåòñÿ ïî èçâåñòíûì ïðàâèëàì, îñíî-
âàííûì íà òåîðèè ñòàöèîíàðíûõ ðåàêöèé, ò.å. â ñòàöèîíàðíîì ðåæèìå ñêîðîñòü ðåàêöèè
r0 ðàâíà ñêîðîñòè ëþáîé èç ñòàäèé ìåõàíèçìà r0j . Òîãäà äëÿ ðåàêöèé, ïðîòåêàþùèõ ïî ëè-
íåéíûì ìåõàíèçìàì, ñêîðîñòü ðåàêöèè, ñîïðîâîæäàþùàÿñÿ äåçàêòèâàöèåé, çàïèñûâàåòñÿ
â âèäå ñèñòåìû óðàâíåíèé:

r = r0a(t), (1.5)

−da
dt

=
r0

wj
wPa+ wR(1− a), (1.6)

ãäå wj � âåñ âûáðàííîé ñòàäèè, a � îòíîñèòåëüíàÿ àêòèâíîñòü, wP - âåñ ñòàäèè äåçàêòè-
âàöèè, wR - âåñ ñòàäèè ñàìîðåãåíåðàöèè.

2. Ïîñòðîåíèå ìàòåìàòè÷åñêîé ìîäåëè

Ïðèíÿâ äëÿ ðåàêöèé ñèñòåìû (1.1)-(1.4) â êà÷åñòâå ëèìèòèðóþùèõ ñòàäèé ïîâåðõíîñò-
íûå ðåàêöèè, ïîëó÷èì êèíåòè÷åñêèå óðàâíåíèÿ ñêîðîñòåé õèìè÷åñêèõ ðåàêöèé íà ñâåæåì
êàòàëèçàòîðå â âèäå ñèñòåìû:

r01 =
k+1C1 − k−1C2C4

(1 + b11C1 + b12C2 + b13C3)2
, (2.1)

r02 =
k+2C2 − k−2C3C4

(1 + b21C2 + b22C3 + b23C4)2
, (2.2)

r03 =
k3C3

1 + b3C4

, (2.3)

r04 =
k4

1 + b4C4

, (2.4)

ãäå Ci � êîíöåíòðàöèè êîìïîíåíòîâ (ìîëü/ë), èíäåêñàöèÿ êîìïîíåíòîâ ïî i : 1 � èçîïåí-
òàí, 2 � ìåòèëáóòåíû, 3 � èçîïðåí, 4 � âîäîðîä, 5 � ïðîäóêòû ñêåëåòíûõ ïðåâðàùåíèé (èëè
ïðîäóêòû êðåêèíãà � ÏÊ), 6 � äèîêñèä óãëåðîäà; r0j � ñêîðîñòè õèìè÷åñêèõ ðåàêöèé â ñòà-
öèîíàðíîì ðåæèìå (êìîëü/ì 3 ÷); ki � êîíñòàíòû ñêîðîñòåé ðåàêöèé; bi � êîýôôèöèåíòû
àäñîðáöèè (ì 3 /êìîëü).

Äëÿ ïðåäñòàâëåííîé ñõåìû (1.1)-(1.4) ñîãëàñíî (1.6) óðàâíåíèå äåçàêòèâàöèè áóäåò
èìåòü âèä:

−da
dt

=
k3C3

1 + b3C4

a− k4(1− a). (2.5)

Òàêèì îáðàçîì, êèíåòè÷åñêóþ ìîäåëü ïðîöåññà äåãèäðèðîâàíèÿ ìåòèëáóòåíîâ â èçî-
ïðåí ñ ó÷åòîì äåçàêòèâàöèè êàòàëèçàòîðà ìîæíî ïðåäñòàâèòü ñèñòåìîé óðàâíåíèé:

r1 =
k+1C1 − k−1C2C4

(1 + b11C1 + b12C2 + b13C3)2
a, (2.6)

r2 =
k+2C2 − k−2C3C4

(1 + b21C2 + b22C3 + b23C4)2
a, (2.7)
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r3 =
k3C3

1 + b3C4

a, (2.8)

r4 =
k4

1 + b4C4

a, (2.9)

−da
dt

=
k3C3

1 + b3C4

a− k4(1− a). (2.10)

Äëÿ èçó÷åíèÿ çàêîíîìåðíîñòåé äåãèäðèðîâàíèÿ ìåòèëáóòåíîâîé ôðàêöèè â ðåàêöè-
îííîé ñèñòåìå ãàç-òâåðäûé êàòàëèçàòîð ïîñòðîèì ìàòåìàòè÷åñêóþ ìîäåëü, êîòîðàÿ áóäåò
ó÷èòûâàòü óâåëè÷åíèå ÷èñëà ìîëåé â ãàçîâîé ôàçå è äåçàêòèâàöèþ êàòàëèçàòîðà. Ìàòåìà-
òè÷åñêîå îïèñàíèå íåèçîòåðìè÷åñêîãî ïðîöåññà äåãèäðèðîâàíèÿ ìåòèëáóòåíîâ â àäèàáàòè-
÷åñêîì ðåàêòîðå ñ íåïîäâèæíûì ñëîåì êàòàëèçàòîðà ïðåäñòàâëÿåòñÿ ñèñòåìîé óðàâíåíèé
ìàòåðèàëüíîãî è òåïëîâîãî áàëàíñîâ.

Ìàòåðèàëüíûé áàëàíñ äåãèäðèðîâàíèÿ óãëåâîäîðîäîâ C5 â èçîòåðìè÷åñêîì ðåàêòîðå
èäåàëüíîãî âûòåñíåíèÿ îïèñûâàåòñÿ ñèñòåìîé äèôôåðåíöèàëüíûõ óðàâíåíèé:

dxi
dξ

=
Fi − xiFN

N
, i = 1, 6, Fi =

∑
νijωj, j = 1, 4, (2.11)

dN

dξ
= FN =

∑
δjωj, j = 1, 4, δj =

∑
νij, i = 1, 6, (2.12)

ñ ãðàíè÷íûìè óñëîâèÿìè ïðè ξ = 0 : xi = x0i , N = 1 , ãäå ξ = V
VP

� áåçðàçìåðíûé îáúåì
ðåàêòîðà, VP - ðåàêöèîííûé îáúåì, ì 3 , N = N

N0
� îòíîñèòåëüíîå èçìåíåíèå ÷èñëà ìîëåé

ðåàêöèîííîé ñðåäû, ωj = rj
VP
N0

.
Òåïëîâîé áàëàíñ ïðîöåññà äåãèäðèðîâàíèÿ îïðåäåëÿåòñÿ óðàâíåíèåì:

dT

dξ
=

1

CP

∑
Qjωj, (2.13)

ãäå CP � ìîëüíàÿ ïëîòíîñòü ðåàêöèîííîé ñìåñè (Äæ/ìîëü Ê), Qj � òåïëîâûå ýôôåêòû
ðåàêöèé (êÄæ/ìîëü).

Îáåçðàçìåðèâàÿ V è N , ïîëó÷èì ñëåäóþùèå óðàâíåíèÿ äëÿ êèíåòè÷åñêèõ ñêîðîñòåé
ðåàêöèé:

−da
dt

=
k3τkz3

1 + b3C0z4
a− k4(1− a), (2.14)

ω1 =
k+1τkz1 − k−1τkz2z4C0

(1 + b11C0z1 + b12C0z3 + b13C0z4)2
a, (2.15)

ω2 =
k+2τkz2 − k−2τkz3z4C0

(1 + b21C0z1 + b22C0z3 + b23C0z4)2
a, (2.16)

ω3 =
k3τkz3

1 + b3C0z4
a, (2.17)

ω4 =
k4τk

1 + b4C0z4
a, (2.18)

ãäå

zi = xiN, (i = 1, 4), τk =
VPρc10

3

ρ0U0(1 + n 18∑
x0iMi

)
, (2.19)
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ãäå VP � ðåàêöèîííûé îáúåì (ì 3 ), ρc � ïëîòíîñòü ñìåñè íà âõîäå â ðåàêòîð (êã/ì 3 ), ρ0
� ïëîòíîñòü ñûðüÿ (êã/ì 3 ), U0 � ñêîðîñòü ïîäà÷è ñûðüÿ (ì 3 /÷), 1 : n � ñîîòíîøåíèå
ñûðüÿ è âîäÿíîãî ïàðà â ñìåñè, Mi � ìîëåêóëÿðíàÿ ìàññà i -ãî âåùåñòâà.

Íà îñíîâàíèè çàâèñèìîñòåé (2.11)-(2.14) äëÿ èçó÷åíèÿ çàêîíîìåðíîñòåé ïðîöåññà äå-
ãèäðèðîâàíèÿ ìåòèëáóòåíîâ â àäèàáàòè÷åñêîì ðåàêòîðå ñ íåïîäâèæíûì ñëîåì êàòàëèçà-
òîðà ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ êâàçèñòàöèîíàðíàÿ íåèçîòåðìè÷åñêàÿ ìîäåëü, êîòîðàÿ
ó÷èòûâàåò èçìåíåíèå ÷èñëà ìîëåé â ãàçîâîé ôàçå è äåçàêòèâàöèþ êàòàëèçàòîðà çà ñ÷åò
ðåàêöèé (1.1)-(1.4).
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The mathematical model of the process of dehydrogenation

of methylbutanol in isoprene taking into account

deactivation of the catalyst.

c⃝ D. V. Berzina3, S. A. Musta�na4

Abstract. The mathematical quasistationary not isothermal model of process of dehydrogenation
of methylbutenes in an isoprene for the adiabatic reactor with a nekpodvizhny layer of the catalyst
which considers change of number of moths in a gas phase and catalyst deactivation is constructed.

Key Words: synthetic rubber, dehydrogenation of methylbutenes, kinetic model, quasistationary
model, deactivation.
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