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Àííîòàöèÿ

Ïî ïðè÷èíå óìåíüøåíèÿ óãëåâîäîðîäíûõ çàïàñîâ íà ñóøå ðàçðàáîòêà ïðèøåëüôî-
âûõ ìåñòîðîæäåíèé ÿâëÿåòñÿ àêòóàëüíûì íàïðàâëåíèåì â ñîõðàíåíèè ñòàáèëüíûõ óðîâ-
íåé ïðîèçâîäñòâà íåôòè è ãàçà. Â íàñòîÿùåå âðåìÿ â íàøåé ñòðàíå ïðîèñõîäèò àêòèâíîå
îñâîåíèå àðêòè÷åñêèõ òåððèòîðèé. Ïîýòîìó âàæíî ñâåñòè ê ìèíèìóìó ýêîëîãè÷åñêèå ðèñ-
êè, ñâÿçàííûå ñ óòå÷êîé óãëåâîäîðîäîâ èç ñêâàæèí íà äíå îêåàíà, îñîáåííî â óñëîâèÿõ
êðàéíåãî ñåâåðà. Â äàííîé ðàáîòå ðàññìàòðèâàþòñÿ òåîðåòè÷åñêèå îñíîâû ìîäåëèðîâàíèÿ
"êóïîëà-ñåïàðàòîðà êîòîðûé ìîæåò áûòü èñïîëüçîâàí äëÿ ïðåäîòâðàùåíèÿ ïîñëåäñòâèé
íåôòÿíûõ è ãàçîâûõ àâàðèé íà ìåñòîðîæäåíèÿõ â øåëüôîâîé çîíå. Ïîñòðîåíà ìàòåìà-
òè÷åñêàÿ ìîäåëü îïèñûâàþùàÿ ïðîöåññ íàïîëíåíèÿ è îòêà÷êè êóïîëà ïðè óñëîâèÿõ ãèä-
ðàòîîáðàçîâàíèÿ, à òàê æå îïèñàíà äèíàìèêà èçìåíåíèÿ òåìïåðàòóðû ôàç. Êëþ÷åâûå

ñëîâà: óãëåâîäîðîäû, ãèäðàò, "êóïîë � ñåïàðàòîð".

1. Îñíîâíûå óðàâíåíèÿ

Ðàññìîòðèì ïðèíöèïèàëüíóþ ñõåìó öèëèíäðè÷åñêîãî êóïîëà (ðèñ.1) [1], êîòî-
ðûé óñòàíàâëèâàåòñÿ íà äíå îêåàíà, íåïîñðåäñòâåííî íàä ìåñòîì àâàðèè.

Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà "êóïîëà-ñåïàðàòîðà"

çäåñü R � ðàäèóñ êóïîëà; a � ðàäèóñ ñêâàæèíû; zup , zdown � êîîðäèíàòà âåðõ-
íåé è íèæíåé ãðàíèöû êóïîëà; zgas , zoil � ãðàíèöà ðàçäåëà ôàç "íåôòü-ãàç"è
"íåôòü-âîäà"; h � ðàññòîÿíèå îò ïîâåðõíîñòè äî äíà îêåàíà; So , Sg � ïëîùàäè
ñå÷åíèÿ òðóá äëÿ îòêà÷êè íåôòè è ãàçà.

Ïî ìåðå çàïîëíåíèÿ ëîâóøêè óãëåâîäîðîäíîé ñìåñüþ ïðîèñõîäèò ðàññëîåíèå
ôàç. Äëÿ îïèñàíèÿ äèíàìèêè óðîâíÿ íåôòè è ãàçà â êóïîëå, ïîëàãàÿ, ÷òî ìåæäó
íèìè îòñóòñòâóåò ìàññîîáìåí, çàïèøåì óðàâíåíèå ñîõðàíåíèÿ ìàññû [2]:

dMj

dt
= m+

j , (1)
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ãäå íèæíèé èíäåêñ j = o, g îòíîñèòñÿ ê ïàðàìåòðàì íåôòè è ãàçà, Mj è m+
j �

ìàññà è ìàññîâûé ðàñõîä j -ãî êîìïîíåíòà ñìåñè â êóïîëå.
Äëÿ ðåæèìà îòêà÷êè óãëåâîäîðîäîâ èç êóïîëà çàïèøåì óðàâíåíèå äëÿ ìàññî-

âîãî ðàñõîäà ôàç â âèäå:
m−

j = ρ0jυjSj , (2)

ãäå ρ0j � èñòèííàÿ ïëîòíîñòü ôàç; υj � ñêîðîñòü îòêà÷êè ôàç, êîòîðàÿ îïðåäåëÿåòñÿ
èç óðàâíåíèÿ:

υj = k

√
2(pj − p0)

ρ0j
, (3)

ãäå k � êîýôôèöèåíò Êîðèîëèñà; pj � äàâëåíèå ôàçû â âåðõíåé ÷àñòè êóïîëà; p0
� äàâëåíèå íà ïîâåðõíîñòè îêåàíà.

Äàâëåíèå ôàç â âåðõíåé ÷àñòè êóïîëà áóäåì îïðåäåëÿòü èñõîäÿ èç óñëîâèÿ ãèä-
ðîñòàòè÷åñêîãî ðàâíîâåñèÿ:

ph = pg + ρog(zg − zo) + ρwg(zo − zd), (4)

ãäå ph � äàâëåíèå ñòîëáà æèäêîñòè íà ãëóáèíå h ; pg � äàâëåíèå ãàçà ïîä êóïîëîì;
ρj � ïëîòíîñòü ôàç; zj , zd � êîîðäèíàòû ãðàíèö ôàç è íèæíåãî îñíîâàíèÿ êóïîëà.

2. Ðàçëîæåíèå ãàçîãèäðàòà â "êóïîëå-ñåïàðàòîðå"

Áóäåì ñ÷èòàòü, ÷òî íà äíå îêåàíà ðåàëèçóþòñÿ óñëîâèÿ ãèäðàòîîáðàçîâàíèÿ. Â
ýòîì ñëó÷àå çà âðåìÿ óñòàíîâêè íåôòÿíîé ëîâóøêè âîçìîæíî îáðàçîâàíèå ãèäðàòà,
êîòîðûé â ïîñëåäñòâèè ìîæåò ïðèâåñòè ê íåñòàáèëüíîé îòêà÷êå óãëåâîäîðîäîâ.
Ñ÷èòàåì, ÷òî êóïîë çàïîëíåí íåôòüþ, âîäîé è ãèäðàòîì (ðèñ. 2): çäåñü zh � ãðàíèöà

Ðèñ. 2. Ïðèíöèïèàëüíàÿ ñõåìà "êóïîëà-ñåïàðàòîðà"ñ ãèäðàòîì

ðàçäåëà ôàç "ãèäðàò - âîäà"; hh - òîëùèíà ñëîÿ ãèäðàòà.
Óðàâíåíèå ñîõðàíåíèÿ ìàññû äëÿ ãèäðàòà ìîæíî ïðåäñòàâèòü â âèäå:

dMh

dt
= π(R2 − a2)jh, (5)

ãäå Mh � ìàññà ãèäðàòà; jh � èíòåíñèâíîñòü îáðàçîâàíèÿ ãèäðàòà, êîòîðàÿ îïðå-
äåëÿåòñÿ èç óñëîâèÿ òåïëîâîãî áàëàíñà:

jh =
−qho + qhw

l
, (6)

çäåñü l � óäåëüíàÿ òåïëîòà ãèäðàòîîáðàçîâàíèÿ; qho , qhw � òåïëîâûå ïîòîêè îò
íåôòè â ñëîé ãèäðàò è îò ãèäðàòà â âîäó.
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Òåìïåðàòóðó íà ãðàíèöå zh áóäåì ñ÷èòàòü ðàâíîé ðàâíîâåñíîé òåìïåðàòóðå
ãèäðàòîîáðàçîâàíèÿ, ñîîòâåòñòâóþùåé ãèäðîñòàòè÷åñêîìó äàâëåíèþ p :

Ts(p) = Th0 + T∗ ln(
p

ph0
), (7)

ãäå Ts(p) � ðàâíîâåñíàÿ òåìïåðàòóðà ãèäðàòîîáðàçîâàíèÿ; Th0 , ph0 , T∗ � ýìïèðè-
÷åñêèå ïàðàìåòðû, îïðåäåëÿåìûå íà îñíîâå ýêñïåðèìåíòàëüíûõ äàííûõ.

Èñõîäÿ èç ðåøåíèÿ àâòîìîäåëüíîé çàäà÷è, òåïëîâûå ïîòîêè ìîæíî îïðåäåëèòü
êàê:

qho = −λo
(Ts(p)− To)√

π
√
χot

, qhw = −λ
(Ts(p)− Tw)√

π
√
χht

, (8)

ãäå λh , χh � êîýôôèöèåíò òåïëîïðîâîäíîñòè è òåìïåðàòóðîïðîâîäíîñòè ãèäðàòà;
χo � êîýôôèöèåíò òåìïåðàòóðîïðîâîäíîñòè íåôòè, To , Tw � òåìïåðàòóðà íåôòè
è âîäû.

Èç ïðåäñòàâëåííûõ óðàâíåíèé ìîæíî ïîëó÷èòü âûðàæåíèå äëÿ èçìåíåíèÿ òîë-
ùèíû ãèäðàòíîãî ñëîÿ â êóïîëå:

dhh

dt
=

−qho + qhw
lρh

, (9)

ãäå ρh � ïëîòíîñòü ãèäðàòà.

3. ×èñëåííûé àíàëèç

Ïðîâåäåíû ðàñ÷åòû ìîäåëèðóþùèå äèíàìèêó èçìåíåíèÿ ãðàíèö ôàç è òåìïå-
ðàòóðû ïðè çàïîëíåíèè è îòêà÷êè êóïîëà. Îáúåìíûé ðàñõîä íåôòè è ãàçà ñîîò-
âåòñòâåííî ðàâíû 1045 ì3 /÷ è 180 ì3/÷.Ïàðàìåòðû ñêâàæèíû è êóïîëà èìåþò
çíà÷åíèÿ: h=500 ì; a=0.85 ì; R=15 ì; k=1; δp=0.005 ì; zup=30 ì; zdown=5
ì; Sg=0.0217 ì; So=0.07 ì. Äëÿ òåðìîäèíàìè÷åñêèõ ïàðàìåòðîâ ôàç ïðèíÿ-
òû ñëåäóþùèå çíà÷åíèÿ: λp=0.25 Âò/(ì ·Ê); To=353 K; Tw=277 K; λo=0.12
Âò/(ì ·Ê); ρo=866 êã/ì3 ; co=1670 Äæ/(êã ·K); Tg=353 K; λg=0.03 Âò/(ì ·Ê);
cg=2365 Äæ/(êã ·K); ρ0o=0.6 êã/ì3 ; Tho=283 K; pho=6.95 ÌÏà; T∗=10 K; l=5 ·105

Äæ/êã, ch=2044 Äæ/(êã ·K).

Ðèñ. 3. Äâèæåíèå ãðàíèö "ãàç-íåôòü"è "íåôòü-âîäà"

Íà ðèñ. 3 øòðèõ-ïóíêòèðíîé ëèíèåé ïðåäñòàâëåíà äèíàìèêà èçìåíåíèÿ ãðà-
íèöû "ãàç-íåôòü"; ñïëîøíîé ëèíèåé ïîêàçàíî äâèæåíèå ãðàíèöû "íåôòü-âîäà".
Øòðèõîâûìè ëèíèÿìè ïðåäñòàâëåíû âåðõíÿÿ è íèæíÿÿ ãðàíèöû êóïîëà. Âèä-
íî, ÷òî îòáîð ãàçà, ïðè äàííîì çíà÷åíèè äåáèòà, ïðîèñõîäèò ïðèáëèçèòåëüíî çà
5 ÷àñîâ. Ïîñëå ýòîãî êóïîë îñòà¼òñÿ ïîëíîñòüþ çàïîëíåííûì íåôòüþ.

Âåñü ïðîöåññ íàïîëíåíèÿ è îòêà÷êè óãëåâîäîðîäîâ â "êóïîëå-ñåïàðàòîðå"ïðîèñõîäèò
çà 20 ÷àñîâ. Óñòàíîâëåíî, ÷òî ïðè äàííûõ çíà÷åíèÿõ äåáèòà, îòáîð ãàçà íåîáõîäèìî



4 È.À. ×ÈÃËÈÍÖÅÂ, À.À. ÍÀÑÛÐÎÂ

íà÷èíàòü ÷åðåç 11 ÷àñîâ ïîñëå íà÷àëà íàïîëíåíèÿ êóïîëà, âî èçáåæàíèå óòå÷êè
óãëåâîäîðîäîâ èç ëîâóøêè.

Íà ðèñ. 4 ïðèâåäåíû ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ äëÿ èçìåíåíèÿ òåìïåðà-
òóðû íåôòè è ãàçà íà ýòàïå çàïîëíåíèÿ êóïîëà, êîãäà zo = zg = zup . Ñïëîøíîé
ëèíèåé ïîêàçàíî èçìåíåíèå òåìïåðàòóðû íåôòè, à øòðèõ-ïóíêòèðíîé - ãàçà. Âèä-
íî, ÷òî òåìïåðàòóðà íåôòè â òå÷åíèè äàííîãî âðåìåíè èçìåíÿåòñÿ íå çíà÷èòåëüíî
ïî ñðàâíåíèþ ñ òåìïåðàòóðîé ãàçà, êîòîðàÿ èñïûòûâàåò ðåçêîå ïàäåíèå.

Ðèñ. 4. Èçìåíåíèå òåìïåðàòóðû íåôòè è ãàçà ïðè çàïîëíåíèè êóïîëà

Íà ðèñ. 5 ïîêàçàíî èçìåíåíèå òîëùèíû ñëîÿ ãèäðàòà â ïðîöåññå çàïîëíåíèÿ
ëîâóøêè íåôòüþ. Â ýòîì ñëó÷àå âåñü ïîñòóïàþùèé ãàç îòâîäèòüñÿ íà ïîâåðõíîñòü
îêåàíà. Íà÷àëüíàÿ òîëùèíà ãèäðàòíîãî ñëîÿ áûëà ðàâíà 0.1 ì. Âèäíî, ÷òî, ïðè
äàííûõ óñëîâèÿõ, èíòåíñèâíîñòü ðàçëîæåíèÿ ãèäðàòà â êóïîëå ìàëà.

Ðèñ. 5. Èçìåíåíèå òîëùèíû ñëîÿ ãèäðàòà ïðè çàïîëíåíèè êóïîëà

4. Çàêëþ÷åíèå

Â ðàáîòå, íà îñíîâå îïèñàííûõ óðàâíåíèé, ïîêàçàíà äèíàìèêà èçìåíåíèÿ òåì-
ïåðàòóðû è ãðàíèöû ôàç, îáðàçóþùèõñÿ â ðåçóëüòàòå ðàññëîåíèÿ óãëåâîäîðîäíîé
ñìåñè â "êóïîëå-ñåïàðàòîðå". Óñòàíîâëåíû õàðàêòåðíûå âðåìåíà çàïîëíåíèÿ è îò-
êà÷êè ýòîé ñìåñè èç ëîâóøêè. Ïîêàçàíî, ÷òî ïðè ðåàëèçóþùèõñÿ óñëîâèÿõ, èíòåí-
ñèâíîñòü ðàçëîæåíèÿ ãèäðàòà jh íåçíà÷èòåëüíà, ÷òî â ñâîþ î÷åðåäü ïðè õàðàê-
òåðíûõ âðåìåíàõ ðàáîòû êóïîëà ìîæåò ïðèâåñòè ê çàêóïîðêè îòâîäÿùåãî òðóáî-
ïðîâîäà. Ïîýòîìó íåîáõîäèìî óñòðàíåíèå ãèäðàòà åùå íà ïåðâîíà÷àëüíîì ýòàïå
óñòàíîâêè "êóïîëà-ñåïàðàòîðà"èëè ïðîâåäåíèå äîïîëíèòåëüíûõ ìåðîïðèÿòèé äëÿ
èíòåíñèôèêàöèè åãî ðàçëîæåíèÿ íà äíå îêåàíà.

Summary

I.A. Chiglintsev, A.A. Nasyrov THEORETICAL DESCRIPTION OF WORK "DOME
� SEPARATOR"UNDER THE CONDITIONS OF HYDRATE FORMATION. Due to the
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reduction of hydrocarbon resources on land development at o�shore �elds is relevant direction
in maintaining stable levels of oil and gas production. At present, our country is an active
exploration of the Arctic territories. It is therefore important to minimize the environmental
risks associated with leakage of hydrocarbons from wells at the bottom of the ocean, especially
in the far north. This paper discusses the theoretical basis of modeling "dome-separator which
can be used to prevent the e�ects of oil and gas accidents on o�shore oil �elds. A mathematical
model describing the process of �lling and pumping of raw materials from the dome under the
conditions of hydrate formation, as well as describe the dynamics of changes in temperature
phases.

text. Key words: hydrocarbon, hydrate, "dome � separator".
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