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ÓÄÊ 553.9

Â ýòîé ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû, ïîëó÷åííûå ñ ïîìîùüþ íîâîé ìàòåìàòè÷åñêîé ôîð-
ìóëèðîâêè äëÿ õèìè÷åñêîãî êîìïîçèöèîííîãî ìîäåëèðîâàíèÿ ïëàñòà. Ïðèâåäåíû ñðàâíåíèÿ
ðåçóëüòàòîâ çàäà÷è çàâîäíåíèÿ ïîâåðõíîñòíî-àêòèâíûõ âåùåñòâ (ÏÀÂ), ïîëó÷åííûõ ñ ïðè-
ìåíåíèåì íîâîé ìàòåìàòè÷åñêîé ôîðìóëèðîâêè, ñ àíàëîãè÷íûìè ðåçóëüòàòàìè ñèìóëÿòîðà
UTCHEM.

Êëþ÷åâûå ñëîâà: õèìè÷åñêàÿ êîìïîçèöèîííàÿ ìîäåëü, ïîâåðõíîñòíî-àêòèâíûå âåùåñòâà,
ïîðèñòîñòü, àäñîðáöèÿ.

In this paper we study a new mathematical formulation for chemical compositional reservoir
simulation, and provide a comparison of its results on surfactant �ooding with those of UTCHEM
simulator.

Key words: chemical compositional model, surfactant, porosity, adsorption.

Ââåäåíèå. Õèìè÷åñêîå çàâîäíåíèå ÿâëÿåòñÿ îäíèì èç ñàìûõ ìíîãîîáåùàþùèõ è øè-
ðîêî èñïîëüçóåìûõ ìåòîäîâ â ïîâûøåíèè íåôòåîòäà÷è ïëàñòîâ. Êîììåð÷åñêàÿ ðåàëèçà-
öèÿ äàííîãî âèäà çàâîäíåíèÿ îêàçûâàëàñü ïåðåä íåñêîëüêèìè òåõíè÷åñêèìè, ýêñïëóàòà-
öèîííûìè è ýêîíîìè÷åñêèìè ïðîáëåìàìè. Õèìè÷åñêîå çàâîäíåíèå äàëåå ïîäðàçäåëÿåò-
ñÿ íà íàãíåòàíèå ïîëèìåðà, ïîâåðõíîñòíî-àêòèâíûõ âåùåñòâ (ÏÀÂ), ùåëî÷è, ìèöåëëû
è

”
Ùåëî÷ü�ÏÀÂ�Ïîëèìåð“ (ASP). Â ïðîöåññå ïðèìåíåíèÿ òåõíîëîãèé

”
Ùåëî÷ü�ÏÀÂ�

Ïîëèìåð“ ÏÀÂ-õèìèêàòû, êîòîðûå èñïîëüçóþòñÿ äëÿ óìåíüøåíèÿ ïîâåðõíîñòíîãî íàòÿ-
æåíèÿ ìåæäó çàêà÷èâàþùèìèñÿ æèäêîñòÿìè, óâåëè÷èâàþò ìîáèëüíîñòü (ïîäâèæíîñòü)
íåôòè. Ùåëî÷ü óìåíüøàåò àäñîðáöèþ ÏÀÂ íà ïîâåðõíîñòÿõ ïîðîäû è îáðàçóåò ÏÀÂ íåïî-
ñðåäñòâåííî â íåôòÿíîì ïëàñòå ïðè âçàèìîäåéñòâèè ùåëî÷åé ñ îðãàíè÷åñêèìè êèñëîòàìè
íåôòè. Ïîëèìåð ïîâûøàåò ýôôåêòèâíîñòü âûòåñíåíèÿ (êîýôôèöèåíò îõâàòà).

Ó ìíîãèõ êîìïîçèöèîííûõ ìîäåëåé, èññëåäîâàííûõ â îòêðûòîé ëèòåðàòóðå [1�9], èìå-
þòñÿ îïðåäåëåííûå îãðàíè÷åíèÿ ïðèìåíèìîñòè, òàêèå êàê îäíîêîìïîíåíòíîñòü, îòñóò-
ñòâèå ñìåøèâàåìîñòè, êîòîðàÿ ïðîèñõîäèò âî âðåìÿ íàãíåòàíèÿ ÏÀÂ. Ìàòåìàòè÷åñêàÿ

Äàííàÿ ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå íàó÷íî-èññëåäîâàòåëüñêîãî ïðîåêòà
� 0128/ÃÔ4 ÌÎÍ ÐÊ.
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ôîðìóëèðîâêà, ðàçðàáîòàííàÿ â ðàìêàõ ýòîé ðàáîòû, ðàñøèðåíà ïóòåì óñîâåðøåíñòâîâà-
íèÿ ñóùåñòâóþùåé ôîðìóëèðîâêè ìîäåëè UTCHEM äëÿ èñïîëüçîâàíèÿ â èññëåäîâàíèÿõ
õèìè÷åñêîãî çàâîäíåíèÿ, êîòîðàÿ íå èìååò ýòèõ îãðàíè÷åíèé.

Îñíîâíûå óðàâíåíèÿ, èñïîëüçóåìûå â ìîäåëè UTCHEM, êîòîðûå îïèñûâàþò ìíîãî-
ôàçíûé ìíîãîêîìïîíåíòíûé ïîòîê â ïðîíèöàåìûõ ñðåäàõ, � ýòî óðàâíåíèÿ ñîõðàíåíèÿ
ìàññû êîìïîíåíòû, óðàâíåíèå äàâëåíèÿ (óðàâíåíèå íåðàçðûâíîñòè) è óðàâíåíèå ñîõðàíå-
íèÿ ýíåðãèè. Íåñòàöèîíàðíûå ÷ëåíû â óðàâíåíèÿõ ñîõðàíåíèÿ êîìïîíåíòîâ, èñïîëüçóåìûõ
â ìîäåëè UTCHEM, ó÷èòûâàþò ñîêðàùåíèå îáúåìà ïîð, âûçâàííîãî àäñîðáöèåé.

Â ïðîöåññå äàííîãî èññëåäîâàíèÿ áûëî îáíàðóæåíî, ÷òî ýòîò îáû÷íî èñïîëüçóåìûé
ïîäõîä îöåíèâàåò âëèÿíèå àäñîðáöèè íà ïåðåíîñ êîìïîíåíòà äîñòàòî÷íî õîðîøî, íî îí
íå óäîâëåòâîðÿåò óðàâíåíèþ ñîõðàíåíèÿ ìàññû èëè íåðàçðûâíîñòè. Ïîñêîëüêó óðàâíåíèå
ñîõðàíåíèÿ ïîëíîé ìàññû ïîëó÷àåòñÿ â ðåçóëüòàòå ñóììèðîâàíèÿ óðàâíåíèé ñîõðàíåíèÿ
êîìïîíåíòîâ ïî âñåì êîìïîíåíòàì, ïîëó÷åííîå óðàâíåíèå òîæå íàðóøàåò ïðèíöèï ñîõðà-
íåíèÿ ìàññû. Ñ èñïîëüçîâàíèåì ýòèõ îñíîâíûõ óðàâíåíèé â òå÷åíèå ïîñëåäíèõ ëåò áûëè
ðàçðàáîòàíû íåñêîëüêî ñèìóëÿòîðîâ äëÿ ìîäåëèðîâàíèÿ õèìè÷åñêèõ êîìïîçèöèîííûõ ÿâ-
ëåíèé â íåôòÿíûõ ðåçåðâóàðàõ.

Â íàñòîÿùåé ðàáîòå ìû ïðåäñòàâëÿåì íîâûé ïîäõîä äëÿ ìîäåëèðîâàíèÿ ñîêðàùåíèÿ
îáúåìà ïîð çà ñ÷åò àäñîðáöèè, êîòîðàÿ óäîâëåòâîðÿåò óðàâíåíèþ íåïðåðûâíîñòè. Â îïðå-
äåëåííûõ ñèòóàöèÿõ, òàêèõ êàê, íàïðèìåð, ñóùåñòâåííîå èçìåíåíèå ýôôåêòèâíîãî ðàç-
ìåðà ïîð, ââåäåííûå íàìè óëó÷øåíèÿ â ìîäåëè âàæíû, ÷òîáû òî÷íåå ìîäåëèðîâàòü ôè-
çè÷åñêèå ÿâëåíèÿ, ïðîèñõîäÿùèå â íåôòÿíûõ ïëàñòàõ. Êðîìå òîãî, ýòîò íîâûé ïîäõîä
ìîäåëèðîâàíèÿ âëèÿíèÿ àäñîðáöèè íà ïåðåíîñ êîìïîíåíòà ïîçâîëÿåò ðàçðàáîòàòü íîâóþ
ìàòåìàòè÷åñêóþ ôîðìóëèðîâêó äëÿ ïîñëåäîâàòåëüíîãî íåÿâíîãî õèìè÷åñêîãî êîìïîçèöè-
îííîãî ìîäåëèðîâàíèÿ ïëàñòà.

Ïîñëåäîâàòåëüíûå ñõåìû î÷åíü ïîäõîäÿò äëÿ çàäà÷ õèìè÷åñêèõ êîìïîçèöèîííûõ òå-
÷åíèé, êîòîðûå âêëþ÷àþò áîëüøîå êîëè÷åñòâî õèìè÷åñêèõ êîìïîíåíòîâ. Òîëüêî ôîðìó-
ëèðîâêà IMPEC èñïîëüçîâàëàñü äî íàñòîÿùåãî âðåìåíè äëÿ õèìè÷åñêîãî êîìïîçèöèîííî-
ãî ìîäåëèðîâàíèÿ ïëàñòà, íî íåò íèêàêîé î÷åâèäíîé ïðè÷èíû, ïî÷åìó ïîñëåäîâàòåëüíàÿ
ôîðìóëèðîâêà òàêæå íå ìîæåò áûòü èñïîëüçîâàíà. Èç-çà ÿâíîñòè äëÿ ðåøåíèÿ êîìïî-
çèöèé ðàçìåð âðåìåííûõ øàãîâ äîëæåí áûòü îãðàíè÷åí, ÷òîáû ñòàáèëèçèðîâàòü îáùóþ
ïðîöåäóðó. Íàïðîòèâ, ïðåäëàãàåìûé íàìè ïîñëåäîâàòåëüíûé ìåòîä ðåøàåò êàê äàâëåíèå,
òàê è êîìïîçèöèè íåÿâíî è ðàññëàáëÿåò îãðàíè÷åíèå íà øàã ïî âðåìåíè.

×åí è äð. [10] ïðåäñòàâèëè ÷èñëåííûé ïîäõîä íà îñíîâå ìàòåìàòè÷åñêîé ôîðìóëèðîâ-
êè, êîòîðàÿ ðåøàåò è äàâëåíèå, è êîìïîíåíòû ïîñëåäîâàòåëüíî íåÿâíî. Ñèñòåìà óðàâ-
íåíèé ñîõðàíåíèÿ êîìïîíåíòîâ áûëà ðåøåíà íåÿâíî äëÿ ïîëíîé êîíöåíòðàöèè êàæäîãî
êîìïîíåíòà. Õîòÿ ýòîò ïîäõîä, êàê óòâåðæäàþò àâòîðû, áûë ïîñëåäîâàòåëüíî íåÿâíûì è
ðàñøèðåí îò ìåòîäà IMPEC (íåÿâíûé ïî äàâëåíèþ è ÿâíûé ïî êîìïîíåíòó), èñïîëüçóå-
ìûå â ìîäåëè [11] UTCHEM ìàòåìàòè÷åñêèå ôîðìóëèðîâêè äëÿ îñíîâíûõ óðàâíåíèé íå
ïðåòåðïåëè íèêàêèõ èçìåíåíèé â èõ ìîäåëè.

Õîòÿ ñóùåñòâóþùèå ïîñëåäîâàòåëüíûå ôîðìóëèðîâêè äëÿ êîìïîçèöèîííûõ ìîäåëåé
ìîãóò áûòü ïðèìåíåíû ê ìîäåëè õèìè÷åñêîãî çàâîäíåíèÿ, îíè òðåáóþò ñóùåñòâåííîãî èç-
ìåíåíèÿ â òåêóùåì àëãîðèòìå, èñïîëüçóåìîì â ñèìóëÿòîðå UTCHEM. Íîâàÿ ìàòåìàòè÷åñ-
êàÿ ïîñòàíîâêà, ïðåäëîæåííàÿ â ýòîé ðàáîòå, íå òðåáóåò ïîëíîãî èçìåíåíèÿ â àëãîðèòìå
è ïîçâîëÿåò ïðèìåíèòü ïîñëåäîâàòåëüíûé ïîäõîä ðåøåíèÿ äëÿ õèìè÷åñêîãî êîìïîçèöè-
îííîãî ìîäåëèðîâàíèÿ ïëàñòà.



24 Èíôîðìàöèîííûå ðåñóðñû è ñèñòåìû

Ïîÿâëåíèå ñëîæíûõ ìåòîäîâ ïîâûøåíèÿ íåôòåîòäà÷è â îáëàñòè äîáû÷è íåôòè ïîä-
÷åðêíóëî ïîòðåáíîñòü â ñëîæíûõ ìàòåìàòè÷åñêèõ è âû÷èñëèòåëüíûõ àïïàðàòàõ, ñïîñîá-
íûõ ìîäåëèðîâàòü çàïóòàííûå ôèçè÷åñêèå ÿâëåíèÿ è ðåçêî èçìåíÿþùèåñÿ èíòåðôåéñû
æèäêîñòè.

Â íàñòîÿùåå âðåìÿ, äàæå åñëè õèìè÷åñêèå êîìïîçèöèîííûå ñèìóëÿòîðû íåôòÿíûõ
ðåçåðâóàðîâ ñóùåñòâóþò, îáû÷íî îíè ÿâëÿþòñÿ ñëèøêîì äîðîãèìè äëÿ âûñøèõ ó÷åáíûõ
çàâåäåíèé è íàó÷íî-èññëåäîâàòåëüñêèõ ó÷ðåæäåíèé â òàêèõ ñòðàíàõ êàê Êàçàõñòàí. Ïî-
êóïêà ïðîãðàììíîãî îáåñïå÷åíèÿ, ëèöåíçèðîâàíèå è îáñëóæèâàíèå ìîãóò ñòîèòü äåñÿòêè
òûñÿ÷ äîëëàðîâ â ãîä. Ñîçäàííîå â ðàìêàõ äàííîé ðàáîòû ïðîãðàììíîå îáåñïå÷åíèå ñ
îòêðûòûì èñõîäíûì êîäîì ïîçâîëèò ïîëüçîâàòåëÿì èçó÷àòü, èçìåíÿòü è óëó÷øàòü ïðî-
ãðàììíîå îáåñïå÷åíèå ïðè íåîáõîäèìîñòè.

Íåñîìíåííî, ðàçðàáîòàííàÿ â ðàìêàõ äàííîé ðàáîòû êîìïüþòåðíàÿ ìîäåëü ïîëîæè-
òåëüíî âëèÿåò íà ðàçâèòèå èíôîðìàöèîííûõ òåõíîëîãèé â íåôòåãàçîâîé èíäóñòðèè â íà-
öèîíàëüíîì è ìåæäóíàðîäíîì ìàñøòàáå.

Íîâîå ïðîãðàììíîå îáåñïå÷åíèå ìîäåëèðîâàíèÿ òå÷åíèÿ ìíîãîôàçíîé ìíîãîêîìïî-
íåíòíîé æèäêîñòè â ïîðèñòûõ ñðåäàõ ñî ñëîæíûìè ôàçîâûìè ïîâåäåíèÿìè, ôèçèêî-
õèìè÷åñêèìè ïðåâðàùåíèÿìè äåéñòâèòåëüíî äëÿ ïîëíîãî ñïåêòðà óñëîâèé, âîçíèêàþùèõ
êàê ïðè î÷èñòêå ïîäçåìíûõ âîä, òàê è ïðè äîáû÷å óãëåâîäîðîäîâ.

Íîâèçíà äàííîé ðàáîòû çàêëþ÷àåòñÿ â ðàçðàáîòêå íîâîé ìàòåìàòè÷åñêîé ôîðìóëèðîâ-
êè óðàâíåíèé ñîõðàíåíèÿ ìàññû è óðàâíåíèÿ äàâëåíèÿ äëÿ ïîñëåäîâàòåëüíîãî õèìè÷åñ-
êîãî êîìïîçèöèîííîãî ìîäåëèðîâàíèÿ. Ïðîñòîòà ïîñëåäîâàòåëüíîãî àëãîðèòìà ðåøåíèÿ
òàêæå ÿâëÿåòñÿ íîâûì âêëàäîì.

Èñïîëüçóÿ ðàçðàáîòàííóþ ìîäåëü, ìû ïðîâîäèëè ÷èñëåííîå èññëåäîâàíèå çàäà÷è íà-
ãíåòàíèÿ ÏÀÂ, à òàêæå ïðîâîäèëè ñðàâíèòåëüíûé àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ ñ àíà-
ëîãè÷íûìè ðåçóëüòàòàìè, ïîëó÷åííûìè ñ ïîìîùüþ ñèìóëÿòîðà UTCHEM.

Ìàòåìàòè÷åñêàÿ ìîäåëü. Ñóùåñòâóþùèå êîìïîçèöèîííûå ìîäåëè îòëè÷àþòñÿ äðóã
îò äðóãà âûáîðîì îñíîâíûõ ïåðåìåííûõ. Õèìè÷åñêàÿ êîìïîçèöèîííàÿ ìîäåëü (ÕÊÌ) ÿâ-
ëÿåòñÿ ñëîæíîé çàäà÷åé, êîòîðàÿ òðåáóåò ðåøåíèÿ íåñêîëüêèõ óðàâíåíèé îäíîâðåìåííî
äëÿ âñåõ áëîêîâ ñåòêè äëÿ âñåõ êîìïîíåíòîâ â íåôòÿíîì ðåçåðâóàðå. Ïîñëåäîâàòåëüíûå
íåÿâíûå ñõåìû õîðîøî ïîäõîäÿò äëÿ çàäà÷ õèìè÷åñêèõ êîìïîçèöèîííûõ òå÷åíèé, êîòîðûå
âêëþ÷àþò ìíîæåñòâî õèìè÷åñêèõ êîìïîíåíòîâ. Â ìîäåëè UTCHEM îñíîâíûå óðàâíåíèÿ
(óðàâíåíèÿ ñîõðàíåíèÿ ìàññû, óðàâíåíèå äàâëåíèÿ è óðàâíåíèå ñîõðàíåíèÿ ýíåðãèè) îïè-
ñûâàþò íåèçîòåðìè÷åñêèé ïîòîê ìíîãîôàçíîé ìíîãîêîìïîíåíòíîé æèäêîñòè. Â ïðîöåññå
èññëåäîâàíèÿ âûÿâëåíî, ÷òî õîòÿ óðàâíåíèÿ ñîõðàíåíèÿ ìàññû, èñïîëüçóåìûå â ìîäåëè
UTCHEM, ó÷èòûâàþò ñîêðàùåíèÿ îáúåìà ïîð, âûçâàííîãî àäñîðáöèåé, äîñòàòî÷íî õîðî-
øî, îíè íå óäîâëåòâîðÿþò çàêîíó ñîõðàíåíèÿ ìàññû.

Îáùåå óðàâíåíèå ñîõðàíåíèÿ êîìïîçèöèîííîãî áàëàíñà:

∂

∂t

[
φρi

(
np∑
α=1

Sαciα + ĉi

)]
+∇ · φρi

np∑
α=1

(
Sαciα

−→u α

) np∑
α=1

[
Kiα · ∇ (φρiSαciα)

]
=

= −kiφρi

(
np∑
α=1

Sαciα + ĉi

)
+Qi, i = 1, . . . , nc, α = 1, . . . , np, (1)

ãäå nc � êîëè÷åñòâî êîìïîíåíòû, np � êîëè÷åñòâî ôàç, φ � ïîðèñòîñòü, ρi � ïëîò-

íîñòü i-ãî êîìïîíåíòà, Kiα � àáñîëþòíàÿ ïðîíèöàåìîñòü, Sα � íàñûùåííîñòü α ôàçû,
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c̃i � îáùàÿ êîíöåíòðàöèÿ, ciα � êîíöåíòðàöèÿ i-ãî êîìïîíåíòà â α ôàçå, −→u α � ñêî-
ðîñòü ôàç, Qi � èñòî÷íèê i-ãî êîìïîíåíòà, ki � êîýôôèöèåíò ðàäèîàêòèâíîãî ðàñïàäà,
kiφρi (

∑np

α=1 Sαciα + ĉi) ïðåäñòàâëÿåò ðàäèîàêòèâíûé ðàñïàä.
Ñîãëàñíî ìàòåìàòè÷åñêîé ôîðìóëèðîâêå, ïðåäëàãàåìîé íàìè, ïîðèñòîñòü φ ñâÿçàíà ñ

íà÷àëüíîé ïîðèñòîñòüþ φR ñëåäóþùèì ñîîòíîøåíèåì:

φ = φR

(
1−

ncv∑
i=1

ĉi

)
[1 + cr (p1 − pS)] .

Äëÿ ñëàáî ñæèìàåìûõ æèäêîñòåé ïëîòíîñòü êîìïîíåíòû ρi ìîæíî âûðàçèòü â ñëåäó-
þùåì âèäå:

ρi = ρiR
[
1 + c0i (p1 − pR)

]
, i = 1, . . . , nc,

ãäå ρiR � îïîðíàÿ ïëîòíîñòü.
Îáùóþ êîíöåíòðàöèþ êîìïîíåíòû i îïðåäåëÿåì â âèäå

c̃i =

np∑
α=1

Sαciα + ĉi, i = 1, . . . , nc.

Òàê êàê îïîðíàÿ ïëîòíîñòü ρiR ïîñòîÿííà äëÿ êàæäîé êîìïîíåíòû, ìû ìîæåì ðàç-
äåëèòü îáå ÷àñòè óðàâíåíèÿ (1) íà ρiR. Èñïîëüçóÿ áåçðàçìåðíóþ âåëè÷èíó ρi = ρi/ρiR,
óðàâíåíèå (1) çàïèøåì â ñëåäóþùåì âèäå:

∂ (φρic̃i)

∂t
+∇ · φρi

np∑
α=1

(
Sαciα

−→u α

)
−∇ ·

np∑
α=1

[
Kiα · ∇ (φρiSαciα)

]
= −kiφρic̃i +

Qi

ρiR
,

i = 1, . . . , nc. (2)

Äëÿ ñêîðîñòè ôèëüòðàöèè èñïîëüçóåì îáîáùåííûé çàêîí Äàðñè äëÿ êàæäîé ôàçû

−→u α =− kkrα
φSαµα

(∇pα − γα∇z) ,

α = 1, . . . , np, (3)

ãäå pα � äàâëåíèå, γα∇z � ãðàâèòàöèîííûé íàïîð, krα � îòíîñèòåëüíàÿ ïðîíèöàåìîñòü,
µα � âÿçêîñòü α ôàç.

φR [1 + cf (p1 − pS)]Ft (c̃i, ĉi) + φRct
∂p1
∂t

+

+∇ ·

{
φ

np∑
α=1

(
Sα
−→u α

nc∑
i=1

[
1 + c0i (p1 − pR)

]
ciα

)}
=

nc∑
i=1

Qi

ρiR
, (4)

ãäå φR � íà÷àëüíàÿ ïîðèñòîñòü, cf � ñæèìàåìîñòü ïîðîäû, c0i � ñæèìàåìîñòü i-ãî êîì-
ïîíåíòà, Sα � íàñûùåííîñòü α ôàçû, c̃i � îáùàÿ êîíöåíòðàöèÿ, ciα � êîíöåíòðàöèÿ i-ãî
êîìïîíåíòà α ôàçû, −→u α � ñêîðîñòü ôàçû, Qi � èñòî÷íèê/ñòîê, pcα1 = pα − p1 � êàïèë-
ëÿðíîå äàâëåíèå, pR � íà÷àëüíîå äàâëåíèå, p1 � äàâëåíèå âîäû, ps � äàâëåíèÿ ïîðîäû,
ct � îáùàÿ ñæèìàåìîñòü, Ft � èçâåñòíàÿ ôóíêöèÿ (òèï èñòî÷íèêà), êîòîðàÿ îïðåäåëÿåòñÿ
ñ ïîìîùüþ çíà÷åíèÿ èç ïðåäûäóùåãî øàãà ïî âðåìåíè.

Óðàâíåíèå äëÿ äàâëåíèÿ ïîëó÷àåì, ïîäñòàâëÿÿ óðàâíåíèå Äàðñè â óðàâíåíèå ñîõðàíå-
íèÿ ìàññû (ñ ó÷åòîì êàïèëëÿðíûõ ýôôåêòîâ):
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φRct
∂p1
∂t
−∇ ·

(
kλrTc∇p1

)
= ∇ ·

[
k

np∑
α=2

(λrαc∇pcα1)

]
−∇ ·

[
k

np∑
α=1

(λrαcγα)∇z

]
+ Q̃, (5)

ãäå λrαc = λrα
nc∑
i=1

ρiciα � îòíîñèòåëüíàÿ ìîáèëüíîñòü, λrTc =
np∑
α=1

λrαc � îáùàÿ îòíîñèòåëü-

íàÿ ìîáèëüíîñòü è

Q̃ = −φR [1 + cf (p1 − pS)]Ft (c̃i,ĉi) +
nc∑
i=1

Qi

ρiR
.

Íèæå ïðèâåäåíû ñðàâíåíèÿ ñîîòâåòñòâóþùèõ ÷ëåíîâ (à) ñóùåñòâóþùåé è (á) ðàçðàáî-
òàííîé ìàòåìàòè÷åñêèõ ôîðìóëèðîâîê.

1. Äèôôóçèîííûé ïîòîê êîìïîíåíòîâ i â ôàçå α çàïèñàí îòíîñèòåëüíî ñêîðîñòè, óñðåä-
íåííîé ïî ìàññå: (à)

−→
j Diα = −φSαραKiα · ∇ (ωiα); (á)

−→
j Diα = −Kiα · ∇ (φSαραωiα).

2. Ïîðèñòîñòü: (à) φ = φR [1 + cr (p1 − pS)]; (á) φ = φR

(
1−

ncv∑
i=1

ĉi

)
[1 + cr (p1 − pS)].

3. Îáùàÿ êîíöåíòðàöèÿ: (à) c̃i =

(
1−

ncv∑
i=1

ĉi

)
np∑
α=1

Sαciα + ĉi; (á) c̃i =
np∑
α=1

Sαciα + ĉi.

4. Äëÿ íàõîæäåíèÿ óðàâíåíèÿ äàâëåíèÿ èñïîëüçóåòñÿ: (à)
nc∑
i=1

np∑
α=1

Sαciα = 1; (á) â ïðåäëà-

ãàåìîé íàìè ìîäåëè
nc∑
i=1

(
np∑
α=1

Sαciα + ĉi

)
= 1, íî

nc∑
i=1

np∑
α=1

Sαciαφ1 â îòëè÷èå îò ñóùåñòâóþùåé

ìîäåëè.

5. Ïîëíàÿ ñæèìàåìîñòü: (à) ct = cr + [1 + cr (2p1 − pS − pR)]
nc∑
i=1

(c0i c̃i); (á) ct =(
1−

ncv∑
i=1

ĉi

){
cr + [1 + cr (2p1 − pS − pR)]

nc∑
i=1

(c0i c̃i)

}
.

6. Èñòî÷íèêîâûé ÷ëåí ìîæåò áûòü âûðàæåí êàê èçâåñòíàÿ ôóíêöèÿ ñ ïðåäûäóùå-

ãî ñëîÿ ïî âðåìåíè: (à) îòñóòñòâóåò; (á) Ft (c̃i,ĉi) = (p1 − pR) ∂
∂t

[(
1−

ncv∑
i=1

ĉi

)
nc∑
i=1

c0i c̃i

]
−

∂
∂t

(
ncv∑
i=1

ĉi

)
.

Äàëåå ÷èñëåííî ðåøàåì ìàòåìàòè÷åñêóþ ôîðìóëèðîâêó ñ èñïîëüçîâàíèåì ïðîãðàìì-
íîãî ïàêåòà S3GRAF.

Ïîñòàíîâêà çàäà÷è.Ìû èññëåäóåì íàãíåòàíèå ASP â ïëàñò ñ ðàçìåðîì 564×1323×470
ôóòîâ äëÿ x, y è z ñîîòâåòñòâåííî (÷èñëî ñåòîê � 7×18×89). Ôëþèä ñîñòîèò èç ñëåäóþùèõ
êîìïîíåíòîâ: âîäà, íåôòü, ÏÀÂ, ïîëèìåð, êàëüöèé, ñîäà, õëîð, àëêîãîëü; ïîðèñòîñòü �
30 %, äàâëåíèå � 2000 ôóíòîâ íà êâàäðàòíûé äþéì, ïðîíèöàåìîñòü � 1648 ìÄ, ãëóáèíà �
3650 ôóòîâ è íà÷àëüíàÿ âîäîíàñûùåííîñòü � 0,3.

Äèñêðåòèçàöèÿ óðàâíåíèé. Ñõåìà äèñêðåòèçàöèè, îñíîâàííàÿ íà áëî÷íî-
öåíòðèðîâàííîì ìåòîäå êîíå÷íûõ ðàçíîñòåé, èñïîëüçóåòñÿ äëÿ ÷èñëåííîãî ðåøåíèÿ ìàòå-
ìàòè÷åñêîé ìîäåëè. Èíòåãðèðóÿ óðàâíåíèå (5) ïî êîíòðîëüíîìó îáúåìó Vbi,j,k, ïîëó÷èì∫

Vbi,j,k

φRct
∂p1
∂t

dV−
∫
Vbi,j,k

∇ · kλrTc∇p1dV=

=

∫
Vbi,j,k

∇ · k
np∑
α=2

λrαc∇pcα1dV−
∫
Vbi,j,k

∇ · k
np∑
α=1

λrαcγα∇zdV+

∫
Vbi,j,k

Q̃dV.
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Ïðåäïîëîæèì, ÷òî ñåòî÷íûå âåëè÷èíû íåñòàöèîíàðíîãî ÷ëåíà è ÷ëåíà-èñòî÷íèêà,
îïðåäåëåííûå â öåíòðå êîíòðîëüíîãî îáúåìà Vbi,j,k ñ ãðàíèöåé ∂Vbi,j,k, ïðåäñòàâëÿþò ñîáîé
ñðåäíèå èíòåãðàëüíûå çíà÷åíèÿ ñîîòâåòñòâóþùèõ íåïðåðûâíî ðàñïðåäåëåííûõ âåëè÷èí.
Ïðèìåíÿÿ òåîðåìó Ãàóññà�Îñòðîãðàäñêîãî äëÿ îñòàëüíûõ ÷ëåíîâ, ïîëó÷èì(

VbφRct
∂p1
∂t

)
i,j,k

−
∮
∂Vbi,j,k

−→n · kλrTc∇p1dS=

=

∮
∂Vbi,j,k

−→n · k
np∑
α=2

λrαc∇pcα1dS−
∮
∂Vbi,j,k

−→n · k
np∑
α=1

λrαcγα∇zdS+
(
VbQ̃

)
i,j,k

.

Äàëåå, ïîñëåäíåå óðàâíåíèå ìîæåò áûòü àïïðîêñèìèðîâàíî â òî÷êå (i,j,k) â âèäå

(VbφRct)i,j,k
p1
n+1
i,j,k − p1ni,j,k
4t

−

−

(Ayzk
4x

λrTc

)
i+1/2,j,k

(
p1
n+1
i+1,j,k − p1

n+1
i,j,k

)
−

(
Ayzk

4x
λrTc

)
i−1/2,j,k

(
p1
n+1
i,j,k − p1

n+1
i−1,j,k

)−
−

(Axzk
4y

λrTc

)
i,j+1/2,k

(
p1
n+1
i,j+1,k − p1

n+1
i,j,k

)
−

(
Axzk

4y
λrTc

)
i,j−1/2,k

(
p1
n+1
i,j,k − p1

n+1
i,j−1,k

)−
−

(Axyk
4z

λrTc

)
i,j,k+1/2

(
p1
n+1
i,j,k+1 − p1

n+1
i,j,k

)
−

(
Axyk

4z
λrTc

)
i,j,k−1/2

(
p1
n+1
i,j,k − p1

n+1
i,j,k−1

) =

=

np∑
α=2


(Ayzk
4x

λrαc

)
i+1/2,j,k

(
pcα1

n
i+1,j,k − pcα1ni,j,k

)
−

−

(
Ayzk

4x
λrαc

)
i−1/2,j,k

(
pcα1

n
i,j,k − pcα1ni−1,j,k

)+

+

(Axzk
4y

λrαc

)
i,j+1/2,k

(
pcα1

n
i,j+1,k − pcα1ni,j,k

)
−

−

(
Axzk

4y
λrαc

)
i,j−1/2,k

(
pcα1

n
i,j,k − pcα1ni,j−1,k

)+

+

(Axyk
4z

λrαc

)
i,j,k+1/2

(
pcα1

n
i,j,k+1 − pcα1ni,j,k

)
−

(
Axyk

4z
λrαc

)
i,j,k−1/2

(
pcα1

n
i,j,k − pcα1ni,j,k−1

)−
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−
np∑
α=1


(Ayzk
4x

λrαcγα

)
i+1/2,j,k

(
zni+1,j,k − zni,j,k

)
−

−

(
Ayzk

4x
λrαcγα

)
i−1/2,j,k

(
zni,j,k − zni−1,j,k

)+

+

(Axzk
4y

λrαcγα

)
i,j+1/2,k

(
zni,j+1,k − zni,j,k

)
−

−

(
Axzk

4y
λrαcγα

)
i,j−1/2,k

(
zni,j,k − zni,j−1,k

)

+

(Axyk
4z

λrαcγα

)
i,j,k+1/2

(
zni,j,k+1 − zni,j,k

)
−

−

(
Axyk

4z
λrαcγα

)
i,j,k−1/2

(
zni,j,k − zni,j,k−1

)
+
(
VbQ̃

)
i,j,k

,

ãäå A � ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ. Êîýôôèöèåíòû ïðîâîäèìîñòè îïðåäåëÿþòñÿ êàê

Txi+1/2,j,k =

(
Ayzk

4x
λrTc

)
i+1/2,j,k

==

np∑
α=1

(
Ayzk

4x
λrαc

)
i+1/2,j,k

=

=

np∑
α=1

2
4xi+1,j,k(
Ayzk

)
i+1,j,k

+
4xi,j,k(
Ayzk

)
i,j,k

λrαci+1/2,j,k =

=

np∑
α=1

2
(
Ayzk

)
i+1,j,k

(
Ayzk

)
i,j,k(

Ayzk
)
i,j,k
4xi+1,j,k +

(
Ayzk

)
i+1,j,k

4xi,j,k
λrαci+1/2,j,k =

np∑
α=1

aá,

Txi−1/2,j,k =

(
Ayzk

4x
λrTc

)
i−1/2,j,k

=

np∑
α=1

(
Ayzk

4x
λrαc

)
i−1/2,j,k

=

=

np∑
α=1

2
(
Ayzk

)
i−1,j,k

(
Ayzk

)
i,j,k(

Ayzk
)
i,j,k
4xi−1,j,k +

(
Ayzk

)
i−1,j,k

4xi,j,k
λrαci−1/2,j,k =

np∑
α=1

bá,
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Tyi,j+1/2,k =

(
Axzk

4y
λrTc

)
i,j+1/2,k

=

np∑
α=1

(
Axzk

4y
λrαc

)
i,j+1/2,k

=

=

np∑
α=1

2
(
Axzk

)
i,j+1,k

(
Axzk

)
i,j,k(

Axzk
)
i,j,k
4yi,j+1,k +

(
Axzk

)
i,j+1,k

4yi,j,k
λrαci,j+1/2,k =

np∑
α=1

cá,

Tyi,j−1/2,k =

(
Axzk

4y
λrTc

)
i,j−1/2,k

=

np∑
α=1

(
Axzk

4y
λrαc

)
i,j−1/2,k

=

=

np∑
α=1

2
(
Axzk

)
i,j−1,k

(
Axzk

)
i,j,k(

Axzk
)
i,j,k
4yi,j−1,k +

(
Axzk

)
i,j−1,k

4yi,j,k
λrαci,j−1/2,k =

np∑
α=1

dá,

Tzi,j,k+1/2 =

(
Axyk

4z
λrTc

)
i,j,k+1/2

=

np∑
α=1

(
Axyk

4z
λrαc

)
i,j,k+1/2

=

=

np∑
α=1

2
(
Axyk

)
i,j,k+1

(
Axyk

)
i,j,k(

Axyk
)
i,j,k
4zi,j,k+1 +

(
Axyk

)
i,j,k+1

4zi,j,k
λrαci,j,k+1/2 =

np∑
α=1

eá,

Tzi,j,k−1/2 =

(
Axyk

4z
λrTc

)
i,j,k−1/2

=

np∑
α=1

(
Axyk

4z
λrαc

)
i,j,k−1/2

=

=

np∑
α=1

2
(
Axyk

)
i,j,k−1

(
Axyk

)
i,j,k(

Axyk
)
i,j,k
4zi,j,k−1 +

(
Axyk

)
i,j,k−1

4zi,j,k
λrαci,j,k−1/2 =

np∑
α=1

fá,

è îáîçíà÷èì

Ti,j,k =
(VbφRct)i,j,k
4t

.

Ñ ó÷åòîì ââåäåííûõ îáîçíà÷åíèé, ïîëó÷åííîå äèñêðåòíîå óðàâíåíèå äëÿ äàâëåíèÿ ïè-
øåòñÿ â âèäå

−Txi+1/2,j,kp1
n+1
i+1,j,k − Tyi,j+1/2,kp1

n+1
i,j+1,k − Tzi,j,k+1/2p1

n+1
i,j,k+1+

+
[
Txi+1/2,j,k + Txi−1/2,j,k + Tyi,j+1/2,k + Tyi,j−1/2,k + Tzi,j,k+1/2 + Tzi,j,k−1/2 + Ti,j,k

]
p1
n+1
i,j,k−

−Txi−1/2,j,kp1n+1
i−1,j,k − Tyi,j−1/2,kp1

n+1
i,j−1,k − Tzi,j,k−1/2p1

n+1
i,j,k−1 =

= Ti,j,kp1
n
i,j,k +

np∑
α=2

{[
aá
(
pcα1

n
i+1,j,k − pcα1ni,j,k

)
− bá

(
pcα1

n
i,j,k − pcα1ni−1,j,k

)]
+
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+
[
cá
(
pcα1

n
i,j+1,k − pcα1ni,j,k

)
− dá

(
pcα1

n
i,j,k − pcα1ni,j−1,k

)]
+

+
[
eá
(
pcα1

n
i,j,k+1 − pcα1ni,j,k

)
− fá

(
pcα1

n
i,j,k − pcα1ni,j,k−1

)]}
−

−
np∑
α=1

{[
a′á
(
zni+1,j,k − zni,j,k

)
− b′á

(
zni,j,k − zni−1,j,k

)]
+

+
[
c′á
(
zni,j+1,k − zni,j,k

)
− d′á

(
zni,j,k − zni,j−1,k

)]
+

+
[
e′á
(
zni,j,k+1 − zni,j,k

)
− f ′á

(
zni,j,k − zni,j,k−1

)]}
+
(
VbQ̃

)
i,j,k

,

ãäå

a′α = aαγαi+1/2,j,k = aα
γαi+1,j,k + γαi,j,k

2
, b′α = bαγαi−1/2,j,k = bα

γαi−1,j,k + γαi,j,k
2

,

c′α = cαγαi,j+1/2,k = cα
γαi,j+1,k + γαi,j,k

2
, d′α = dαγαi,j−1/2,k = dα

γαi,j−1,k + γαi,j,k
2

,

e′α = eαγαi,j,k+1/2 = eα
γαi,j,k+1 + γαi,j,k

2
, f ′α = fαγαi,j,k−1/2 = fα

γαi,j,k−1 + γαi,j,k
2

.

Òàêæå åãî ìîæíî âûðàçèòü â ñëåäóþùåì âèäå:

−Txi+1/2,j,kp1
n+1
i+1,j,k − Tyi,j+1/2,kp1

n+1
i,j+1,k − Tzi,j,k+1/2p1

n+1
i,j,k+1+

+
[
Txi+1/2,j,k + Txi−1/2,j,k + Tyi,j+1/2,k + Tyi,j−1/2,k + Tzi,j,k+1/2 + Tzi,j,k−1/2 + Ti,j,k

]
p1
n+1
i,j,k−

−Txi−1/2,j,kp1n+1
i−1,j,k − Tyi,j−1/2,kp1

n+1
i,j−1,k − Tzi,j,k−1/2p1

n+1
i,j,k−1 = Ti,j,kp1

n
i,j,k+

+

{
np∑
á=2

aápcá1
n
i+1,j,k +

np∑
á=2

bápcá1
n
i−1,j,k +

np∑
á=2

cápcá1
n
i,j+1,k +

np∑
á=2

dápcá1
n
i,j−1,k +

+

np∑
á=2

eápcá1
n
i,j,k+1 +

np∑
á=2

fápcá1
n
i,j,k−1 −

np∑
á=2

gápcá1
n
i,j,k

}
−

−

{
np∑
á=1

a′áz
n
i+1,j,k +

np∑
á=1

b′áz
n
i−1,j,k +

np∑
á=1

c′áz
n
i,j+1,k +

np∑
á=1

d′áz
n
i,j−1,k +

+

np∑
á=1

e′áz
n
i,j,k+1 +

np∑
á=1

f ′áz
n
i,j,k−1 −

np∑
á=1

g′áz
n
i,j,k

}
+
(
VbQ̃

)
i,j,k

,

ãäå gá = aá + bá + cá + dá + eá + fá, g′á = a′á + b′á + c′á + d′á + e′á + f ′á.
Äèñêðåòèçàöèÿ ñèñòåìû óðàâíåíèÿ áàëàíñà ìàññû äëÿ êàæäîãî õèìè÷åñêîãî êîìïî-

íåíòà ïîëó÷àåòñÿ ïîäîáíûì îáðàçîì.
×èñëåííûé ìåòîä. Â èñïîëüçóåìîì íàìè ÷èñëåííîì ìåòîäå âðåìåííàÿ äèñêðåòè-

çàöèÿ îñíîâàíà íà ñõåìå Ýéëåðà ñ ðàçíîñòÿìè íàçàä, â òî âðåìÿ êàê ïðîñòðàíñòâåííàÿ
äèñêðåòèçàöèÿ îñóùåñòâëÿåòñÿ íà îñíîâå áëî÷íî-öåíòðèðîâàííûõ êîíå÷íûõ ðàçíîñòåé ñ
ãàðìîíè÷åñêè óñðåäíåííûìè êîýôôèöèåíòàìè (íàïðèìåð, êîýôôèöèåíò ïðîíèöàåìîñòè).
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Ðèñ. 1. Îáëàñòü âû÷èñëåíèÿ

Òùàòåëüíûì âûáîðîì îñíîâíûõ íåèçâåñòíûõ ïîñëåäîâàòåëüíûé ïîäõîä ðåøåíèÿ èñïîëü-
çóåòñÿ äëÿ ðåøåíèÿ ñèñòåìû ñâÿçàííûõ óðàâíåíèé äëÿ ýòîé ìîäåëè. Ïîñëåäîâàòåëüíûé
ïîäõîä ðàçáèâàåò ñâÿçàííóþ ñèñòåìó íåëèíåéíûõ îñíîâíûõ óðàâíåíèé ýòîé ìîäåëè íà îò-
äåëüíûå óðàâíåíèÿ è ðåøàåò êàæäîå èç ýòèõ óðàâíåíèé ïî îòäåëüíîñòè è íåÿâíî. Ýòîò
ïîäõîä ðàñøèðåí îò IMPEC (íåÿâíîãî ïî äàâëåíèþ è ÿâíîãî ïî ñîñòàâó) ïîäõîäà ðåøåíèÿ,
èñïîëüçóåìîãî â UTCHEM äëÿ êîìïîçèöèîííîãî ìîäåëèðîâàíèÿ õèìè÷åñêîãî çàâîäíåíèÿ.
IMPEC ìåòîä ðåøàåò óðàâíåíèå äëÿ äàâëåíèÿ íåÿâíî è óðàâíåíèÿ äëÿ êîìïîíåíòîâ ÿâ-
íî. Èç-çà ÿâíîñòè ðåøåíèÿ óðàâíåíèé äëÿ êîìïîíåíòîâ ðàçìåð âðåìåííûõ øàãîâ äîëæåí
áûòü îãðàíè÷åí, ÷òîáû ñòàáèëèçèðîâàòü îáùóþ ïðîöåäóðó. Â ïðîòèâîïîëîæíîñòü ýòîìó
èñïîëüçóåìûé çäåñü ïîäõîä ïðåäñòàâëÿåò ñîáîé ïîñëåäîâàòåëüíûé ïîäõîä, êîòîðûé ðåøà-
åò è äàâëåíèå, è êîìïîçèöèè íåÿâíî. Ñëåäîâàòåëüíî, ýòîò ïîäõîä ðàññëàáëÿåò îãðàíè÷åíèå
íà øàã ïî âðåìåíè. Èòåðàöèè ïî ìåòîäó Íüþòîíà�Ðàôñîíà äëÿ êàæäîãî èç óðàâíåíèé äàâ-
ëåíèÿ è ñîñòàâà îãðàíè÷åíû ìàêñèìàëüíûìè èçìåíåíèÿìè â ýòèõ ïåðåìåííûõ ïî èòåðàöèè,
è ðàçìåð øàãà ïî âðåìåíè îïðåäåëÿåòñÿ àâòîìàòè÷åñêè ìàêñèìàëüíûìè èçìåíåíèÿìè ïî
âðåìåííîìó øàãó. Âêëþ÷åíû ÷ëåíû ìåæáëî÷íîãî ïîòîêà (íàïðèìåð, äëÿ ïîäâèæíîñòè)
è çàêà÷êè/äîáû÷è ñ ðàçíîñòÿìè ïðîòèâ ïîòîêà. Ñèñòåìà ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâ-
íåíèé ðåøàåòñÿ óìåíüøåííîé øèðèíîé ïîëîñû ïðÿìûì D4 ìåòîäîì èëè èòåðàöèîííûì
ìåòîäîì ORTHOMIN/GMRES. Íåÿâíàÿ ñõåìà äëÿ êàæäîãî èç óðàâíåíèé äàâëåíèÿ è ñî-
õðàíåíèÿ êîìïîíåíòîâ è íåÿâíîå âû÷èñëåíèå çàáîéíîãî äàâëåíèÿ äîáàâëÿþò óñòîé÷èâîñòü
è ñîõðàíÿþò çàäàííûå ïîëüçîâàòåëåì ðàñõîäû è îãðàíè÷åíèÿ.

Ìåòîä ïîñëåäîâàòåëüíîãî ðåøåíèÿ âûïîëíÿåòñÿ â ñëåäóþùåì ïîðÿäêå:

1) Ðåøåíèå óðàâíåíèÿ äàâëåíèÿ íåÿâíî.

2) Ðåøåíèå ñèñòåìû óðàâíåíèé òðàíñïîðòà íåÿâíî äëÿ ïîëíîé êîíöåíòðàöèè êàæäîãî
êîìïîíåíòà.

3) Èñïîëüçîâàíèå ìîäåëè õèìè÷åñêîãî ðàâíîâåñèÿ äëÿ ïîëó÷åíèÿ ýôôåêòèâíîé ñîëå-
íîñòè.
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Ðèñ. 2. Çàâèñèìîñòü ñðåäíåãî äàâëåíèÿ îò ñóììàðíîãî íàãíåòåííîãî îáúåìà ïîð
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Ðèñ. 3. Çàâèñèìîñòü íàñûùåííîñòåé íåôòè è âîäû îò ñóììàðíîãî íàãíåòåííîãî îáúåìà ïîð

4) Èñïîëüçîâàíèå ðàñ÷åòà èñïàðåíèÿ äëÿ ïîëó÷åíèÿ íàñûùåííîñòè ôàçû è êîíöåíòðà-
öèè êîìïîíåíòîâ â êàæäîé ôàçå.

5) Âû÷èñëåíèå ìåæôàçíûõ íàòÿæåíèé, ÷èñåë çàùåìëåíèÿ, íàñûùåííîñòåé îñòàòî÷-
íûõ ôàç, îòíîñèòåëüíûõ ôàçîâûõ ïðîíèöàåìîñòåé, ïëîòíîñòåé ôàç, âÿçêîñòåé, ôàêòîðîâ
ñîêðàùåíèÿ ìîáèëüíîñòè è ò. ä.

6) Âîçâðàùåíèå ê øàãó 1, ÷òîáû ïîâòîðèòü äàííóþ ïðîöåäóðó äî òåõ ïîð, ïîêà êîíå÷íîå
ñîñòîÿíèå íå áóäåò äîñòèãíóòî.

Ðåçóëüòàòû èññëåäîâàíèÿ. Â îáùåì, ñèñòåìà îñíîâíûõ óðàâíåíèé ìàòåìàòè÷åñêîé
ìîäåëè õèìè÷åñêîãî êîìïîçèöèîííîãî ìîäåëèðîâàíèÿ ïëàñòà íå ìîæåò áûòü ðåøåíà ñ
ïîìîùüþ àíàëèòè÷åñêèõ ìåòîäîâ. Âìåñòî ýòîãî ÷èñëåííàÿ ìîäåëü ðàçðàáîòàíà â ôîðìå,
êîòîðàÿ ïîääàåòñÿ ðåøåíèþ êîìïüþòåðàìè. Òàê êàê àíàëèòè÷åñêîãî ðåøåíèÿ äëÿ ðàñ-
ñìàòðèâàåìîé õèìè÷åñêîé êîìïîçèöèîííîé çàäà÷è íå èìååòñÿ, âåðèôèêàöèÿ ïîëó÷åííûõ
ðåçóëüòàòîâ äîñòèãàëàñü ïóòåì ñðàâíåíèÿ ñ àíàëîãè÷íûìè ðåçóëüòàòàìè, ïîëó÷åííûìè ñ
ïðèìåíåíèåì ñèìóëÿòîðà UTCHEM. Ñðàâíåíèÿ ïîêàçûâàþò, ÷òî ðåçóëüòàòû, ïîëó÷åííûå
èç IMPEC ðåàëèçàöèè íîâîé ïðåäëîæåííîé ôîðìóëèðîâêè, ñõîæè ñ ðåçóëüòàòàìè, ïîëó-
÷åííûìè ñ èñïîëüçîâàíèåì ñèìóëÿòîðà UTCHEM.
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Ðèñ. 4. Çàâèñèìîñòü íàñûùåííîñòè ìèêðîýìóëüñèè îò ñóììàðíîãî íàãíåòåííîãî îáúåìà ïîð
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Ðèñ. 5. Çàâèñèìîñòü îòíîñèòåëüíîãî îáúåìà àäñîðáèðîâàííîãî ÏÀÂ (ìë íà ìë îáúåìà ïîð) îò

ñóììàðíîãî íàãíåòåííîãî îáúåìà ïîð

Ñðàâíåíèå ÷èñëåííûõ ðåçóëüòàòîâ, ïîëó÷åííûõ ñ ïîìîùüþ ñóùåñòâóþùåé è íîâîé
ôîðìóëèðîâîê, ïðèâåäåíî íà ðèñ. 2�5 äëÿ íàãíåòåííîãî îáúåìà ïîð â äèàïàçîíå 0�1,0
PV äëÿ ñîîòâåòñòâóþùèõ ïåðåìåííûõ.

Îòìåòèì, ÷òî ìàòåìàòè÷åñêàÿ ìîäåëü è ÷èñëåííûé ñèìóëÿòîð, ðàçðàáîòàííûå â ýòîé
ðàáîòå, ìîãóò áûòü òàêæå èñïîëüçîâàíû äëÿ èçó÷åíèÿ ïåðåìåùåíèÿ çàãðÿçíÿþùèõ âå-
ùåñòâ è ðåìåäèàöèè çàãðÿçíåííûõ âîäîíîñíûõ ñëîåâ ïîâåðõíîñòíî-àêòèâíûìè âåùåñòâà-
ìè.

Çàêëþ÷åíèå. Ìàòåìàòè÷åñêàÿ ôîðìóëèðîâêà, ðàçðàáîòàííàÿ â ðàìêàõ äàííîé ðà-
áîòû, ðàñøèðåíà îò ñóùåñòâóþùåé ôîðìóëèðîâêè UTCHEM äëÿ èñïîëüçîâàíèÿ â èñ-
ñëåäîâàíèÿõ õèìè÷åñêîãî çàâîäíåíèÿ. Òàêæå áûëî âûïîëíåíî ñðàâíåíèå ñ ñèìóëÿòîðîì
UTCHEM. Ñðàâíèòåëüíûå èññëåäîâàíèÿ ïîêàçûâàþò, ÷òî ðåçóëüòàòû, ïîëó÷åííûå èç ðå-
àëèçàöèè IMPEC íîâîé ïðåäëîæåííîé ôîðìóëèðîâêè, íàõîäÿòñÿ â õîðîøåì ñîãëàñèè ñ
UTCHEM. Â ðàìêàõ äàííîé èññëåäîâàòåëüñêîé ðàáîòû ÷åðåç åå ïðèëîæåíèå ê âûøåóïî-
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ìÿíóòîìó ÷èñëåííîìó ýêñïåðèìåíòó è ñðàâíåíèÿì ñ ðåçóëüòàòàìè UTCHEM äîêàçàíî, ÷òî
íîâàÿ ðàçðàáîòàííàÿ ôîðìóëèðîâêà ÿâëÿåòñÿ ïðèìåíèìîé è òî÷íîé.

Ñðàâíåíèå ïðîèçâîäèòåëüíîñòè ñèìóëÿòîðà õèìè÷åñêîãî çàâîäíåíèÿ, îñíîâàííîãî
íà îïèñàííîé â ýòîé ñòàòüå ôîðìóëèðîâêå, ñ ñèìóëÿòîðîì UTCHEM äëÿ ðàçëè÷íûõ
ôèçè÷åñêèõ çàäà÷ è êîíêðåòíûõ ñëó÷àåâ ïëàíèðóåòñÿ íà áóäóùåå.

Ñïèñîê ëèòåðàòóðû

1. Baehr A. L. and Corapcioglu M. Y. Ground water Contamination by Petroleum Products:
2. Numerical Solution // Water Resour. Res., 1987. N 23(10). P. 201.

2. Mayer A. S. and Miller C. T. A Compositional Model for Simulating Multiphase Flow,
Transport and Mass Transfer in Groundwater Systems / Paper presented at the Eighth International
Conference on Computational Methods in Water Resources. 1990, June 11�15. Venice, Italy.

3. Sleep B. E. and Sykes J. F. Compositional Simulation of Groundwater Contamination by
Organic Compounds: 1. Model Development and Veri�cation // Water Resour. Res. 1993. N 29(6).
P. 1697�1708.

4. Abriola L. M. and Pinder G. F. Two-Dimensional Numerical Simulation of Subsurface
Contamination by Organic Compounds � A Multiphase Approach / Proc. of Specialty Conference on
Computer Applications in Water Resources, ASCE, 1985b.

5. Abriola L. M. and Pinder G. F. A Multiphase Approach to the Modeling of Porous Media
Contamination by Organic Compounds: 2. Numerical Simulation // Water Resources Res. 1985a.
N 21(1). P. 19.

6. Faust J. C., Guswa J. H. and Mercer J. W. Simulation of Three-Dimensional Flow of
Immiscible Fluids within and Below the Saturated Zone // Water Resour. Res. 1989. N 25(12). P. 2449.

7. Letniowski F. W. and Forsyth P. A. A Control Volume Finite Element Approach for Three-
Dimensional NAPL Groundwater Contamination / Dept. of Computer Science, May 1990. Report No.
CS90-21, University of Waterloo, Ontario, Canada.

8. Sleep B. E., Sykes J. F. Numerical Simulation of Three-Phase Multi-Dimensional Flow in
Porous Media. Computational Methods in Subsurface Hydrology, G. Gambolati et al. (eds.), Springer-
Verlag: Berlin, 1990.

9.Kalurachchi J. J. and Parker J. C.Modeling Multicomponent Organic Chemical Transport
in Three-Phase Porous Media // J. of Contaminant Transport. 1990. N 5. P. 349.

10. Chen Z., Ma Y. and Chen G. A sequential numerical chemical compositional simulator //
Transport in Porous Media. 2007. N 68. P. 389�411.

11. Delshad M., Pope G. A., Sepehrnoori K. UTCHEM Version 9.0 / Technical
Documentation, Center for Petroleum and Geosystems Engineering. July 2000. The University of Texas
at Austin, Texas.

Áåðäûøåâ Àáäóìàóâëåí Ñóëåéìàíîâè÷ � ä-ð ôèç.-ìàò. íàóê,

ïðîô., ãëàâí. íàó÷. ñîòð. Èíñòèòóòà èíôîðìàöèîííûõ

è âû÷èñëèòåëüíûõ òåõíîëîãèé ÌÎÍ ÐÊ, e-mail: berdyshev@mail.ru

Áåêáàóîâ Áàõáåðãåí Åðìåêáàåâè÷ � PhD äîêòîð,

ïðåïîäàâàòåëü Êàçàõñêîãî íàöèîíàëüíîãî

óíèâåðñèòåòà èì. Àëü-Ôàðàáè, e-mail: bakhbergen.bekbauov@kaznu.kz

Ðàõûìîâà Àéãåðèì Òóðëûáàåâíà � ìàãèñòð åñòåñòâåííûõ íàóê,

ìëàäø. íàó÷. ñîòð. Èíñòèòóòà èíôîðìàöèîííûõ

è âû÷èñëèòåëüíûõ òåõíîëîãèé ÌÎÍ ÐÊ, e-mail: rakhymova@gmail.com

Äàòà ïîñòóïëåíèÿ � 07.07.2015


