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Ïîñòðîåíèå êèíåòè÷åñêîé ìîäåëè ãèäðîêðåêèíãà

òÿæåëûõ íåôòÿíûõ îñòàòêîâ íà îñíîâå ãðóïïîâûõ

êîìïîíåíòîâ

c⃝ À. Â. Áàëàåâ1, Ä. À. Äåëü Òîðî Ôîíñåêà2

Àííîòàöèÿ. Â ðàáîòå ïðåäëîæåíà êèíåòè÷åñêàÿ ìîäåëü, ðàçðàáîòàííàÿ íà îñíîâå ãðóïïî-
âûõ êîìïîíåíòîâ. Âûáîð êîìïîíåíòîâ èçîñòðîåíèÿ âûáèðàëñÿ íà îñíîâå ìèíèìóìà ýíåðãèè
Ãèááñà. Ïðåäëîæåíî 9 ãðóïïîâûõ êîìïîíåíòîâ è ñîîòâåòñòâóþùàÿ èì ñõåìà õèìè÷åñêèõ ïðå-
âðàùåíèé, âêëþ÷àþùàÿ 12 ðåàêöèé. Ïðè îáðàáîòêå ýêñïåðèìåíòàëüíûõ äàííûõ, ïðèâåäåííûõ
â ëèòåðàòóðå, ðåøåíà îáðàòíàÿ êèíåòè÷åñêàÿ çàäà÷à è íàéäåíû ÷èñëåííûå çíà÷åíèÿ êèíåòè-
÷åñêèõ ïàðàìåòðîâ.

Êëþ÷åâûå ñëîâà: êèíåòè÷åñêàÿ ìîäåëü, îòíîñèòåëüíîå èçìåíåíèå ÷èñëà ìîëåé, ãðóïïîâûå
êîìïîíåíòû, ñèñòåìà îáûêíîâåííûõ äèôôåðåíöèàëüíûõ óðàâíåíèé, êèíåòè÷åñêèå ïàðàìåò-
ðû.

Â íàñòîÿùåå âðåìÿ â ïðîöåññàõ íåôòåïåðåðàáîòêè íàáëþäàåòñÿ òåíäåíöèÿ ê ïåðåðà-
áîòêå òÿæåëûõ, âûñîêîñìîëèñòûõ è âûñîêîñåðíèñòûõ íåôòåé è íåôòÿíûõ îñòàòêîâ, ÷òî
ñïîñîáñòâóåò óâåëè÷åíèþ âûõîäà ìîòîðíûõ òîïëèâ è ïîâûøåíèþ èõ êà÷åñòâà.

Â 1992 ãîäó âñòóïèë â ñèëó ñòàíäàðò Euro I, îãðàíè÷èâàþùèé âûáðîñû äâèãàòåëåé
àâòîòðàíñïîðòà. Ïðàêòè÷åñêè åæåãîäíî óâåëè÷èâàþòñÿ îãðàíè÷åíèÿ ïî âûáðîñàì â àòìî-
ñôåðó îêñèäà óãëåðîäà (CO ), óãëåâîäîðîäîâ (CH ), îêñèäîâ àçîòà (NOx ) è ñåðû (S ).
Òàê, äåéñòâóþùèé ñ 01.09.2009 Euro V îãðàíè÷èâàåò ñîäåðæàíèå ñåðû â áåíçèíå äî 0, à â
äèçåëüíîì òîïëèâå - äî 10 ppm. Êðîìå äðóãèõ îãðàíè÷åíèé, â ñîîòâåòñòâèè ñ ñîâðåìåí-
íûìè ñòàíäàðòàìè, äîëæíû áûòü çàìåíåíû àðîìàòè÷åñêèå è îëåôèíîâûå óãëåâîäîðîäû,
îáû÷íî äîáàâëÿåìûå â áåíçèí äëÿ ïîâûøåíèÿ îêòàíîâîãî ÷èñëà, íà ïàðàôèíîâûå è íàô-
òåíîâûå óãëåâîäîðîäû [1].

Ñîâðåìåííûå ÍÏÇ îñíàùàþòñÿ äîïîëíèòåëüíûì êîëè÷åñòâîì óñòàíîâîê, ðåàëèçóþùèõ
âòîðè÷íûå ïðîöåññû è óãëóáëÿþùèõ ïåðåðàáîòêó íåôòè, ÷òîáû âûïóñêàòü ñîâðåìåííóþ
ïðîäóêöèþ. Îäíèì èç òàêèõ ïðîöåññîâ ÿâëÿåòñÿ ãèäðîêðåêèíã - âàæíûé âòîðè÷íûé êàòà-
ëèòè÷åñêèé ïðîöåññ ðàçëîæåíèÿ òÿæåëîãî íåôòÿíîãî ñûðüÿ â äîïîëíèòåëüíûå êîëè÷åñòâà
íèçêîêèïÿùèõ äèñòèëëÿòîâ (áåíçèí, êåðîñèí, äèçåëüíîå òîïëèâî) â ïðèñóòñòâèè âîäîðîäà
ïðè âûñîêèõ òåìïåðàòóðàõ è äàâëåíèÿõ. Óñòàíîâêè ãèäðîêðåêèíãà ïåðåðàáàòûâàþò øè-
ðîêèé äèàïàçîí ñûðüÿ - îò íàôòàëèíîâûõ óãëåâîäîðîäîâ äî òÿæåëûõ íåôòÿíûõ îñòàòêîâ
è âûïóñêàþò ÷èñòûå äèñòèëëÿòíûå ïðîäóêòû: áåíçèí, êåðîñèí, äèçåëüíîå òîïëèâî ñ î÷åíü
íèçêèì ñîäåðæàíèåì ñåðû, àçîòà è àðîìàòè÷åñêèõ óãëåâîäîðîäîâ.

Òðóäíîñòü ïåðåðàáîòêè îñòàòî÷íîãî è áèòóìèíîçíîãî ñûðüÿ çàêëþ÷àåòñÿ â íàëè÷èè
áîëüøîãî êîëè÷åñòâà óãëåâîäîðîäîâ (ñâûøå 90 ãðóïï) â òàêîì ñûðüå.

Äëÿ ïîíèìàíèÿ ôèçèêî-õèìè÷åñêîé ñóùíîñòè êàòàëèòè÷åñêîé ðåàêöèè, ïîñëåäóþùå-
ãî ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ êàòàëèòè÷åñêîãî ïðîöåññà è îïðåäåëåíèÿ óñëîâèé åãî
ïðîìûøëåííîé ðåàëèçàöèè íåîáõîäèìû, ïðåæäå âñåãî, ðàçðàáîòêà åãî êèíåòè÷åñêîé è ìà-
òåìàòè÷åñêîé ìîäåëåé [2],[3].

Äëÿ çàäà÷ ïîñëåäóþùåãî ìîäåëèðîâàíèÿ êàòàëèòè÷åñêèõ ïðîöåññîâ è ðåàêòîðîâ äå-
òàëüíàÿ ðàçðàáîòêà íà êèíåòè÷åñêîì óðîâíå ñòàíîâèòñÿ îïðåäåëÿþùåé, ïîñêîëüêó êè-

1 Âåäóùèé íàó÷íûé ñîòðóäíèê ëàáîðàòîðèè ìàòåìàòè÷åñêîé õèìèè, Èíñòèòóò íåôòåõèìèè è êàòàëèçà
ÐÀÍ, ã. Óôà; avbalaev@gmail.com

2 Ìàãèñòðàíò, Áàøêèðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, ã. Óôà; souldel@yandex.ru
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íåòè÷åñêèå óðàâíåíèÿ ÿâëÿþòñÿ èñòî÷íèêîâûìè ÷ëåíàìè äèôôåðåíöèàëüíûõ óðàâíåíèé
ìàòåðèàëüíîãî è òåïëîâîãî áàëàíñîâ.

Êèíåòè÷åñêàÿ ìîäåëü ïðîöåññà ïðåäñòàâëÿåò ñîáîé ñîâîêóïíîñòü ýëåìåíòàðíûõ ñòà-
äèé, ðåàêöèé è óðàâíåíèé, õàðàêòåðèçóþùèõ çàâèñèìîñòü ñêîðîñòè õèìè÷åñêîãî ïðåâðà-
ùåíèÿ îò ïàðàìåòðîâ ðåàêöèè: äàâëåíèÿ, åìïåðàòóðû, êîíöåíòðàöèé ðåàãåíòîâ è äð. Ýòè
çàâèñèìîñòè îïðåäåëÿþòñÿ íà îñíîâå ýêñïåðèìåíòàëüíûõ äàííûõ â îáëàñòè èçìåíåíèÿ
ïàðàìåòðîâ ðåàêöèè, âêëþ÷àÿ èõ âîçìîæíûå çíà÷åíèÿ â ïðîìûøëåííûõ óñëîâèÿõ.

Ïðåäûäóùèìè èññëåäîâàòåëÿìè [4]-[7] ñîñòàâëÿëèñü êèíåòè÷åñêèå ìîäåëè ãèäðèðîâà-
íèÿ ñëîæíîãî ñûðüÿ íà îñíîâå ôðàêöèé, ñîäåðæàùèõñÿ â ñûðüå è â ïðîäóêòàõ, à èìåí-
íî, ñæèæåííûå ãàçû(C1 − C4 ), ëåãêàÿ (C5 − 80oC ) è òÿæåëàÿ ( 80 − 150oC ) íàôòåíîâûå
ôðàêöèè, ðåàêòèâíîå ( 150− 290oC ) è äèçåëüíîå òîïëèâî ( 290− 370oC ), íåïðåâðàùåííûé
îñòàòîê ( 370oC ), ãðàíèöàìè êîòîðûõ ÿâëÿþòñÿ ïðåäåëû âûêèïàíèÿ. Ïðè ãèäðèðîâàíèè
èñïîëüçóþò áèôóíêöèîíàëüíûå êàòàëèçàòîðû, íà êèñëîòíûõ öåíòðàõ êîòîðûõ ïðîõîäÿò
ðåàêöèè èçîìåðèçàöèè è êðåêèíãà, à íà ìåòàëëè÷åñêèõ öåíòðàõ - ðåàêöèè ãèäðèðîâàíèÿ
è äåãèäðèðîâàíèÿ, êðîìå ýòîãî, ïðîõîäÿò ðåàêöèè ãèáðèäíîãî ñäâèãà, ìåòèëüíîãî ñäâèãà,
äåàëêèëèðîâàíèÿ, àöèêëè÷åñêèé β -ðàñêîë, ýêçîöèêëè÷åñêèé β -ðàñêîë, ýíäîöèêëè÷åñêèé
β -ðàñêîë, îòêðûòèå è íàñûùåíèå êîëüöà, à òàêæå âîäîðîäíîå öèêëîïðîïàíèðîâàíèå â
öåïè è â êîëüöå.

Ñûðüå ãèäðîêðåêèíãà îáû÷íî ñîñòîèò èç ïàðàôèíîâ, íàôòåíîâ, àðîìàòè÷åñêèõ è íàô-
òåíîàðîìàòè÷åñêèõ óãëåâîäîðîäîâ, à òàêæå ñåðî-, êèñëîðîä-, àçîò- è ìåòàëë- ñîäåðæà-
ùèõ ãåòåðîñîåäèíåíèé. Ñîãëàñíî ïîñëåäíèì êèíåòè÷åñêèì ìîäåëÿì â ñûðüå ãèäðîêðåêèí-
ãà C3 − C40 ñîäåðæèòñÿ 38 èíäèâèäóàëüíûõ í-ïàðàôèíîâûõ óãëåâîäîðîäîâ - (C3 − C40 ),
37 èíäèâèäóàëüíûõ èçî-ïàðàôèíîâûõ - (C4−C40 ), 36 èíäèâèäóàëüíûõ ìîíîíàôòåíîâûõ -
(C5−C40 ), 31 äèíàôòåíîâûé - (C10−C40 ), 27 òðèíàôòåíûõ - (C14−C40 ), 23 òåòðàíàôòåíî-
âûõ - (C18−C40 ), 35 ìîíîàðîìàòè÷åñêèõ óãëåâîäîðîäîâ - (C5−C40 ), 31 äèàðîìàòè÷åñêèé
- (C10−C40 ), 27 òðèàðîìàòè÷åñêèõ - (C14−C40 ), 23 òåòðààðîìàòè÷åñêèõ - (C18−C40 ), 31
íàôòåíî-ìîíîàðîìàòè÷åñêèõ - (C10−C40 ), 27 íàôòåíî-äèàðîìàòè÷åñêèõ - (C14−C40 ), 23
íàôòåíî-òðèàðîìàòè÷åñêèõ - (C18−C40 ), 27 äèíàôòåíî-ìîíîàðîìàòè÷åñêèõ (C14−C40 ), 23
äèíàôòåíî-äèàðîìàòè÷åñêèõ - (C18−C40 ), 23 òðèíàôòåíî-äèàðîìàòè÷åñêèõ - (C18−C40 ),
âñåãî 462 êîìïîíåíòà.

Ðàçðàáîòêà íàäåæíîé êèíåòè÷åñêîé ìîäåëè ãèäðîêðåêèíãà òÿæåëûõ íåôòÿíûõ îñòàò-
êîâ, íàïðèìåð, âàêóóìíîãî ãàçîéëÿ, ñâÿçàíà ñ ðÿäîì òðóäíîñòåé. Ïðåæäå âñåãî, ñ òåì
îáñòîÿòåëüñòâîì, ÷òî ïðîäóêòû ãèäðîãåíîëèçà ïðåäñòàâëÿþò ñîáîé øèðîêóþ ñìåñü óãëå-
âîäîðîäîâ íîðìàëüíîãî è èçîñòðîåíèÿ C3 − C46 [4]-[7].

Íàèáîëåå ïðèåìëåìûé ïóòü óìåíüøåíèÿ ðàçìåðíîñòè ñèñòåìû - äèôôåðåíöèàöèÿ ñî-
ñòàâà ïî ãðóïïîâûì ïñåâäîêîìïîíåíòàì è ñîçäàíèå íà èõ îñíîâå êèíåòèêè ãðóïïîâûõ êîì-
ïîíåíòîâ [8]. Îáúåäèíåíèå èíäèâèäóàëüíûõ ñîåäèíåíèé, ñëåäóÿ ðàáîòàì [4]-[7], ïîçâîëèëî
âûäåëèòü 9 ãðóïïîâûõ êîìïîíåíòîâ è ðàçðàáîòàòü êèíåòè÷åñêóþ ìîäåëü, âêëþ÷àþùóþ
12 ñòàäèé õèìè÷åñêèõ ïðåâðàùåíèé ãðóïïîâûõ êîìïîíåíòîâ.

Ãèïîòåòè÷åñêàÿ ñõåìà õèìè÷åñêèõ ðåàêöèé äëÿ âûäåëåííûõ ãðóïïîâûõ êîìïîíåíòîâ
ïðèâåäåíà íà ðèñóíêå 1.1:
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Ð è ñ ó í î ê 1.1

Ñõåìà õèìè÷åñêèõ ïðåâðàùåíèé ïðîöåññà ãèäðîêðåêèíãà òÿæåëîãî âàêóóìíîãî ãàçîéëÿ äëÿ

âûäåëåííûõ ãðóïïîâûõ êîìïîíåíòîâ

Âûáîð ñòðîåíèÿ èçî-êîìïîíåíòîâ îñóùåñòâëÿëñÿ èç óñëîâèÿ ìèíèìóìà ñòàíäàðòíîé
ýíåðãèè Ãèááñà, ðàñ÷åò êîòîðîé ïðîâîäèëñÿ ïî ìåòîäèêàì ìîíîãðàôèè [9]. Ïåðåáîð âîç-
ìîæíûõ ñòðóêòóð ïðîâîäèëñÿ ìåòîäîì ïàðàëëåëüíûõ âû÷èñëåíèé íà ÷åòûðåõÿäåðíîì
êîìïüþòåðå. Ñòåõèîìåòðè÷åñêèå óðàâíåíèÿ ñõåìû ðèñ. 1.1 è ñîîòâåòñòâóþùèå åé êèíå-
òè÷åñêèå óðàâíåíèÿ ïðåäñòàâëåíû â òàáëèöå 10:

Òàáëèöà 10:
x1 � x2 ω1 = k1x1 − k−1x2 x6 + 0.72x10 → 1.71x4 ω7 = k7x6
x3 � x4 ω2 = k2x3 − k−2x4 x8 + 1.33x10 → 2.33x6 ω8 = k8x8
x5 � x6 ω3 = k3x5 − k−3x6 x2 + 2.83x10 → 3.83x4 ω9 = k9x2
x7 � x8 ω4 = k4x7 − k−4x8 x2 + 5.57x10 → 6.57x6 ω10 = k10x2

x2 + 3.11x10 → 2.56x4 ω5 = k5x2 x4 + 5x10 → 6x9 ω11 = k11x4
x4 + 0.5x10 → 1.5x6 ω6 = k6x6 x6 + 3x10 → 4x6 ω12 = k12x6

Ãäå Xi = Ci/C0 - êîíöåíòðàöèè êîìïîíåíòîâ, ìîëüíûå äîëè; Ci è C0 - êîíöåíòðàöèè
êîìïîíåíòîâ è íà÷àëüíàÿ ìîëüíàÿ ïëîòíîñòü ðåàêöèîííîé ñìåñè, êìîëü/ì3 ; x1 = n−C46 ,
x2 = iso−C46 (ñóììàðíûå àíàëîãè êîìïîíåíòîâ C21+ ), x3 = n−C18 , x4 = iso−C18 (ñóì-
ìàðíûå àíàëîãè êîìïîíåíòîâ C16−C20 ), x5 = n−C12 , x6 = iso−C12 (ñóììàðíûå àíàëîãè
êîìïîíåíòîâ C10 − C15 ), x7 = n − C7 , x8 = iso − C7 (ñóììàðíûå àíàëîãè êîìïîíåíòîâ
C4 − C9 ), x9 = C3 (ñóììàðíûé àíàëîã êîìïîíåíòîâ C1 − C3 ), x10 = H2 ; i = Wj/C0 -
ïðèâåäåííûå ñêîðîñòè õèìè÷åñêîãî ïðåâðàùåíèÿ, ÷−1 ; i = Wj - ñêîðîñòè õèìè÷åñêèõ
ðåàêöèé, êìîëü/ì3 .

Ìàòåìàòè÷åñêîå îïèñàíèå, èñïîëüçîâàâøååñÿ äëÿ ðåøåíèÿ ïðÿìîé êèíåòè÷åñêîé çà-
äà÷è, ïðåäñòàâëÿåòñÿ ñèñòåìîé óðàâíåíèé ìàòåðèàëüíîãî áàëàíñà (1.1)-(1.2). Óðàâíåíèÿ
(1.1) îòðàæàþò òîò ôàêò, ÷òî ðåàêöèè ïðîòåêàþò ñ èçìåíåíèåì ÷èñëà ìîëåé ðåàêöèîííîé
ñðåäû. Ñëåäñòâèåì ýòîãî ÿâëÿåòñÿ íåðàâåíñòâî íóëþ õîòÿ áû îäíîãî ñóììàðíîãî ñòåõèî-
ìåòðè÷åñêîãî êîýôôèöèåíòà δj .

1

S

dN

dl
=
∑
j

δjWj = FN , δj =
∑
i

νij, j = 1 . . . 12, (1.1)
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1

S

dxi
dl

=
Fi − xiFN

N
, Fi =

∑
j

νijWj, i = 1 . . . 10, (1.2)

ãðàíè÷íûå óñëîâèÿ ïðè l = 0 : xi = x0i , N = N0 ;
ãäå: xi - êîíöåíòðàöèè êîìïîíåíòîâ, ìîëüíûå äîëè; νij - ñòåõèîìåòðè÷åñêèå êîýô-

ôèöèåíòû, îïðåäåëÿåìûå ñõåìîé ðåàêöèé â òàáëèöå 10; N - ìîëüíàÿ ñêîðîñòü ïîäà÷è
ðåàêöèîííîé ñìåñè, êìîëü/÷ ; S - ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ðåàêòîðà, ì2 ; l - îñåâàÿ
êîîðäèíàòà, ì .

Ýêñïåðèìåíòàëüíûå äàííûå, èñïîëüçîâàâøèåñÿ ïðè ìàòåìàòè÷åñêîé îáðàáîòêå, âçÿòû
èç ðàáîò [5]-[7]. Íàéäåííûå ïðè ðåøåíèè îáðàòíîé êèíåòè÷åñêîé çàäà÷è ÷èñëåííûå çíà÷å-
íèÿ êèíåòè÷åñêèõ ïàðàìåòðîâ ïðåäñòàâëåíû â òàáëèöå 11.

Òàáëèöà 11: ×èñëåííûå çíà÷åíèÿ êèíåòè÷åñêèõ ïàðàìåòðîâ ðåàêöèè ãèäðîêðåêèíãà âàêó-
óìíîãî ãàçîéëÿ íà öåîëèòíîì êàòàëèçàòîðå

� êîíñòàíòû ki(410
oC), ÷−1 Ei, êêàë/ìîëü � êîíñòàíòû ki(410

oC), ÷−1 Ei, êêàë/ìîëü
1 0.79 44.7 9 0.014 37.8
2 0.705 43.5 10 0.019 49.6
3 0.095 39.7 11 0.016 31.6
4 0.045 31.1 12 0.024 45.0
5 0.446 44.3 13 (k−1) 0.014 49.2
6 0.301 39.4 14 (k−2) 0.019 48.4
7 0.263 36.2 15 (k−3) 0.011 45.7
8 0.033 31.0 16 (k−4) 0.0062 43.4

Ïîñêîëüêó ðåàêöèîííàÿ ñìåñü ñîäåðæèò áîëüøîé ìîëüíûé èçáûòîê âîäîðîäà (x10) , òî
åãî êîíöåíòðàöèÿ âêëþ÷åíà â êèíåòè÷åñêèå êîíñòàíòû óðàâíåíèé ω5 . . . ω12 , ïîýòîìó âñå
êîíñòàíòû èìåþò ðàçìåðíîñòü ÷−1 .
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Creation of kinetic model of hydrocracking the heavy oil

remains on the basis of group components.

c⃝ A. V. Balaev3,D. A. Del Toro Fonseka4

Abstract. In work the kinetic model developed on the basis of group components is o�ered. The
choice of components of an isostructure got out on the basis of a minimum of Gibbs energy. 9 group
components and the scheme of chemical transformations including 12 reactions corresponding to
them are o�ered. When processing the experimental data given in literature, the return kinetic
task is solved and numerical values of kinetic parameters are found.

Key Words: kinetic model, relative change of mole number, group components, system of the
ordinary di�erential equations, kinetic parameters.
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