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Îá îäíîì ìåòîäå ìîäåëèðîâàíèÿ
ãàçîâîäîíàïîðíîãî ðåæèìà ïëàñòîâ

Ðàññìîòðåí ïðîöåññ âûòåñíåíèÿ ãàçà êðàåâîé âîäîé â ïëàñòå, îïèñûâàåìûé íåëèíåéíûì
ïàðàáîëè÷åñêèì óðàâíåíèåì â îáëàñòè ñ ïîäâèæíîé ãðàíèöåé. Ïðîáëåìà ðåãóëèðîâàíèÿ
ïîäâèæíîé ãðàíèöû ñôîðìóëèðîâàíà êàê ãðàíè÷íàÿ îáðàòíàÿ çàäà÷à îïðåäåëåíèÿ ðåæèìà
ýêñïëóàòàöèîííîé ãàëåðåè ïî çàäàííîìó çàêîíó äâèæåíèÿ ïîäâèæíîé ãðàíèöû. Ñ ïî-
ìîùüþ ìåòîäà âûïðÿìëåíèÿ ôðîíòîâ íà îñíîâàíèè ïðåîáðàçîâàíèÿ íåçàâèñèìûõ ïåðå-
ìåííûõ îáëàñòü èõ îïðåäåëåíèÿ ïðèâåäåíà ê ïðÿìîóãîëüíîé ôîðìå ñ ôèêñèðîâàííûìè
ãðàíèöàìè. Ïðåäëîæåí äèñêðåòíûé àíàëîã çàäà÷è è ðàçðàáîòàí âû÷èñëèòåëüíûé àëãî-
ðèòì äëÿ ðåøåíèÿ ïîëó÷åííîé ñèñòåìû ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé.

Ê ë þ ÷ å â û å ñ ë î â à: ãàçîâîå ìåñòîðîæäåíèå, ãàçîâîäîíàïîðíûé ðåæèì, ïîäâèæíàÿ
ãðàíèöà, ìåòîä âûïðÿìëåíèÿ ôðîíòîâ, ìåòîä êîíå÷íûõ ðàçíîñòåé.

Ðîçãëÿíóòî ïðîöåñ âèò³ñíåííÿ ãàçó êðàéîâîþ âîäîþ â ïëàñò³, îïèñóâàíèé íåë³í³éíèì
ïàðàáîë³÷íèì ð³âíÿííÿì â îáëàñò³ ç ðóõîìîþ ìåæåþ. Ïðîáëåìó ðåãóëþâàííÿ ðóõîìî¿
ìåæ³ ñôîðìóëüîâàíî ÿê ãðàíè÷íó çâîðîòíþ çàäà÷ó âèçíà÷åííÿ ðåæèìó åêñïëóàòàö³éíî¿
ãàëåðå¿ çã³äíî çàäàíîãî çàêîíó ðóõó ðóõîìî¿ ìåæ³. Çà äîïîìîãîþ ìåòîäà ñïðÿìëÿííÿ
ôðîíò³â íà îñíîâ³ ïåðåòâîðåííÿ íåçàëåæíèõ çì³ííèõ îáëàñòü ³õ âèçíà÷åííÿ çâåäåíî äî
ïðÿìîêóòíî¿ îáëàñò³ ç ô³êñîâàíèìè ìåæàìè. Çàïðîïîíîâàíî äèñêðåòíèé àíàëîã çàäà÷³ òà
ðîçðîáëåíî îá÷èñëþâàëüíèé àëãîðèòì äëÿ ðîçâ’ÿçêó îòðèìàíî¿ ñèñòåìè ë³í³éíèõ àëãåá-
ðà³÷íèõ ð³âíÿíü.

Ê ë þ ÷ î â ³ ñ ë î â à: ãàçîâå ðîäîâèùå, ãàçîâîäîíàï³ðíèé ðåæèì, ðóõîìà ìåæà, ìåòîä
ñïðÿìëåííÿ ôðîíò³â, ñê³í÷åííîð³çíèöåâèé ìåòîä.

Èçâåñòíî, ÷òî ïîä ðåæèìîì ãàçîâîãî ìåñòîðîæäåíèÿ èëè ðåæèìîì ãàçîâî-

ãî ïëàñòà ïîíèìàþò ïðîÿâëåíèÿ äîìèíèðóþùåé ôîðìû ïëàñòîâîé ýíåð-

ãèè, âûçûâàþùåé äâèæåíèå ãàçà â ïëàñòå è îáóñëîâëèâàþùåé ïðèòîê ãàçà

ê ñêâàæèíàì â ïðîöåññå ðàçðàáîòêè çàëåæè. Ðåæèì ñóùåñòâåííî âëèÿåò íà

ðàçðàáîòêó è íàðÿäó ñ äðóãèìè ôàêòîðàìè îïðåäåëÿåò îñíîâíûå óñëîâèÿ

ýêñïëóàòàöèè, ê êîòîðûì îòíîñÿòñÿ, íàïðèìåð, òåìï ïàäåíèÿ äàâëåíèÿ è

äåáèòîâ ãàçà, îáâîäíåíèå ñêâàæèí è äð. Íà ãàçîâûõ ìåñòîðîæäåíèÿõ â
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îñíîâíîì ïðîÿâëÿþòñÿ ãàçîâûé è âîäîíàïîðíûé ðåæèìû. Ïðè ãàçîâîì

ðåæèìå îñíîâíûì èñòî÷íèêîì ýíåðãèè, ñïîñîáñòâóþùèì äâèæåíèþ ãàçà

â ñèñòåìå ïëàñò—ãàçîïðîâîä, ÿâëÿåòñÿ äàâëåíèå, ñîçäàâàåìîå ðàñøèðÿþ-

ùèìñÿ ãàçîì. Ïðè âîäîíàïîðíîì ðåæèìå îñíîâíûì èñòî÷íèêîì ïëàñòî-

âîé ýíåðãèè ÿâëÿåòñÿ íàïîð êðàåâûõ (ïîäîøâåííûõ) âîä [1, 2].

Íà ïðàêòèêå ìåñòîðîæäåíèÿ, êàê ïðàâèëî, ðàçðàáàòûâàþòñÿ ïðè ãàçî-

âîäîíàïîðíîì ðåæèìå. Â ýòîì ñëó÷àå ãàç â ïëàñòå ïðîäâèãàåòñÿ â ðåçóëü-

òàòå åãî ðàñøèðåíèÿ è äåéñòâèÿ íàïîðà âîäû. Ãëàâíûì óñëîâèåì ïðîäâè-

æåíèÿ âîäû â çàëåæü ÿâëÿåòñÿ ñâÿçü åå ãàçîâîé ÷àñòè ñ âîäîíîñíîé. Ïðè

ãàçîâîäîíàïîðíîì ðåæèìå âîäà âíåäðÿåòñÿ â ðàçðàáàòûâàåìóþ ãàçîâóþ

çàëåæü â ðåçóëüòàòå ïàäåíèÿ äàâëåíèÿ â ñèñòåìå. Ðàçðàáîòêà çàëåæè ïðåêðà-

ùàåòñÿ, êîãäà êðàåâàÿ âîäà äîõîäèò äî ãàçîâûõ ñêâàæèí è èç ïëàñòà âìåñòî

ãàçà èçâëåêàåòñÿ â îñíîâíîì âîäà.

Êàê ïîêàçûâàþò èññëåäîâàíèÿ, â áîëüøèíñòâå ñëó÷àåâ âûòåñíåíèå

ãàçà êðàåâîé âîäîé ïðîèñõîäèò ïîëíîñòüþ è â ïëàñòå îáðàçóåòñÿ ÷åòêàÿ

ãðàíèöà ðàçäåëà ãàç—âîäà, äâèæóùàÿñÿ ïî íåèçâåñòíîìó çàðàíåå çàêîíó.

Àíàëîãè÷íàÿ êàðòèíà äâèæåíèÿ ãðàíèöû ðàçäåëà ãàç—âîäà íàáëþäàåòñÿ

ïðè ñîçäàíèè è ýêñïëóàòàöèè ïîäçåìíûõ õðàíèëèù ãàçà â âîäîíîñíûõ

ïëàñòàõ è èñòîùåííûõ îáâîäíåííûõ ìåñòîðîæäåíèÿõ. Â ýòîì ñëó÷àå

î÷åíü âàæíî çíàòü òåìï ïðîäâèæåíèÿ êîíòóðíûõ âîä, òàê êàê îò íåãî

çàâèñèò òåìï ïàäåíèÿ ïëàñòîâîãî äàâëåíèÿ â ãàçîâîé çàëåæè èëè ïîäçåì-

íûõ ãàçîõðàíèëèùàõ, äåáèò ãàçîâûõ ñêâàæèí è èõ ðàçìåùåíèå íà ãàçîíîñ-

íîé ïëîùàäè, ïðîäîëæèòåëüíîñòü áåñêîìïðåññîðíîé ýêñïëóàòàöèè ãàçî-

âîãî ìåñòîðîæäåíèÿ è äðóãèå âàæíûå ïîêàçàòåëè.

Ðåãóëèðîâàíèå äâèæåíèÿ ãðàíèöû ðàçäåëà ãàç—âîäà ïðåäñòàâèì êàê

ãðàíè÷íóþ îáðàòíóþ çàäà÷ó äëÿ ïîëó÷åíèÿ óðàâíåíèÿ ãàçîâîãî ðåæèìà ñ

àêòèâíûì ïðîäâèæåíèåì êîíòóðíûõ âîä.

Ïîñòàíîâêà çàäà÷è. Áóäåì ðàññìàòðèâàòü îäíîðîäíûé íåäåôîðìè-

ðóåìûé ãîðèçîíòàëüíûé ïëàñò äëèíîé L, ïîñòîÿííîé òîëùèíû è øèðèíû,

îãðàíè÷åííûé ñâåðõó è ñíèçó íåïðîíèöàåìîé êðîâëåé è ïîäîøâîé, à

âíåøíÿÿ ãðàíèöà ïëàñòà íàõîäèòñÿ â îêðóæåíèè êðàåâîé âîäû ñ äàâëåíèåì

P tl ( ). Ïóñòü â íà÷àëüíûé ìîìåíò âðåìåíè t �0 ïðèíèìàåòñÿ â ýêñïëóà-

òàöèþ ãàëåðåÿ ýêñïëóàòàöèîííûõ ñêâàæèí è â ïëàñòå âîçíèêàåò ãàçîâîäî-

íàïîðíûé ðåæèì. Çà ñ÷åò ïîòåíöèàëüíîé ýíåðãèè óïðóãîé äåôîðìàöèè

ãàçà è äàâëåíèÿ êðàåâîé âîäû ïðîèñõîäèò ïðÿìîëèíåéíî-ïàðàëëåëüíîå

òå÷åíèå ãàçà ê ñêâàæèíàì. Ïî ìåðå îòáîðà ãàçà ÷åðåç ãàëåðåþ êðàåâàÿ âîäà

ïîñòóïàåò â ïëàñò, ïîëíîñòüþ çàïîëíÿÿ ïîðû, ðàíåå çàíÿòûå ãàçîì, è

îáðàçóåòñÿ ÷åòêàÿ ãðàíèöà ðàçäåëà ãàç—âîäà.

Äîïóñêàÿ, ÷òî ãàç ÿâëÿåòñÿ ñèëüíîñæèìàåìûì è åãî äâèæåíèå â ïëàñòå

ïîä÷èíÿåòñÿ çàêîíó Äàðñè, âûâåäåì äèôôåðåíöèàëüíîå óðàâíåíèå íåóñ-
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òàíîâèâøåéñÿ ôèëüòðàöèè èäåàëüíîãî ãàçà [1—3]. Äëÿ ýòîãî â óðàâíåíèå

íåðàçðûâíîñòè ôèëüòðàöèîííîãî ïîòîêà
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ãäå l t( ) — ïîëîæåíèå ãðàíèöû ðàçäåëà ãàç—âîäà. Óðàâíåíèå (2) ÿâëÿåòñÿ

ìàòåìàòè÷åñêîé ìîäåëüþ íåñòàöèîíàðíîãî ëèíåéíî-ïàðàëëåëüíîãî òå÷å-

íèÿ ãàçà â ïëàñòå ñ ó÷åòîì àêòèâíîãî ïðîäâèæåíèÿ êðàåâîé âîäû.

Ïóñòü â íà÷àëüíûé ìîìåíò âðåìåíè t �0 ðàñïðåäåëåíèå äàâëåíèÿ â

ãàçîíîñíîì ïëàñòå è ïîëîæåíèå ãðàíèöû ðàçäåëà ãàç—âîäà èçâåñòíû, ò.å.

äëÿ óðàâíåíèÿ (2) èìååì ñëåäóþùèå íà÷àëüíûå óñëîâèÿ:

l L( )0 � , (3)

P xt� �
0

� ( ), 0 0� �x l ( ). (4)

Ïðåäïîëîæèì, ÷òî èçìåíåíèå äàâëåíèÿ âî âðåìåíè íà ãàëåðåå ýêñïëóàòà-

öèîííûõ ñêâàæèí îïèñûâàåòñÿ ôóíêöèåé �( )t . Òîãäà íà ãðàíèöå ïëàñòà

x �0 áóäåì èìåòü ñëåäóþùåå óñëîâèå:

P tx� �
0

�( ) . (5)
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Íà ãðàíèöå ðàçäåëà ãàç—âîäà x l t� ( ) äàâëåíèå ãàçà äîëæíî áûòü ðàâíî

äàâëåíèþ êðàåâîé âîäû,

P P tx l t l� �
( )

( ), (6)

è äîëæíî áûòü âûïîëíåíî óñëîâèå ìàòåðèàëüíîãî áàëàíñà:

m
dl

dt

k P

x x l t

� �
��

�
� ( )

. (7)

Ñëåäóåò çàìåòèòü, ÷òî ïðÿìàÿ çàäà÷à ãàçîâîäîíàïîðíîãî ðåæèìà ïëàñòà

ñîñòîèò â íàõîæäåíèè ôóíêöèé P x t( , ), l t( ), óäîâëåòâîðÿþùèõ óðàâíå-

íèÿì (2) è (7) ñ çàäàííûìè êîýôôèöèåíòàìè k, �, m è äîïîëíèòåëüíî

çàäàííûìè óñëîâèÿìè (3)—(6).
Ñóùåñòâåííîé îñîáåííîñòüþ ïðÿìîé çàäà÷è ÿâëÿåòñÿ íàëè÷èå ãðàíè-

öû æèäêîñòåé, çàêîí ïåðåìåùåíèÿ êîòîðîé îïðåäåëÿåòñÿ â õîäå ðåøåíèÿ
çàäà÷è. Ïðÿìàÿ çàäà÷à ãàçîâîäîíàïîðíîãî ðåæèìà ïëàñòà îòíîñèòñÿ ê çà-
äà÷å òèïà Ñòåôàíà [4—7]. Îäíàêî äëÿ ãàçîíîñíûõ ïëàñòîâ, ðàçðàáàòûâàå-
ìûõ â ãàçîâîäîíàïîðíîì ðåæèìå, âàæíîå ïðàêòè÷åñêîå çíà÷åíèå èìåþò
çàäà÷è, â êîòîðûõ ïî çàðàíåå çàäàííîìó çàêîíó äâèæåíèÿ ãðàíèöû ðàçäåëà
ãàç—âîäà èññëåäóþòñÿ òå ðåæèìû ýêñïëóàòàöèîííîé ãàëåðåè, ïðè êîòî-
ðûõ òàêèå äâèæåíèÿ âîçìîæíû.

Ñ÷èòàÿ äàâëåíèå êðàåâîé âîäû çàäàííûì, ñòàâèì ñëåäóþùóþ îáðàò-

íóþ çàäà÷ó: íàéòè òàêîé ðåæèì ýêñïëóàòàöèîííîé ãàëåðåè, êîòîðûé îáåñ-

ïå÷èâàë áû ïåðåìåùåíèå ãðàíèöû ðàçäåëà ãàç—âîäà ïî çàäàííîìó çàêîíó.

Ñëåäîâàòåëüíî, çàêîí ïåðåìåùåíèÿ ãðàíèöû ðàçäåëà æèäêîñòåé l t( ) ñ÷è-

òàåòñÿ èçâåñòíûì, è òðåáóåòñÿ îïðåäåëèòü ôóíêöèè �( )t , P x t( , ) èç óðàâíå-

íèÿ (2) è äîïîëíèòåëüíûõ óñëîâèé (3)—(7).
Ìåòîä ðåøåíèÿ. Ïðèìåíÿÿ ìåòîä âûïðÿìëåíèÿ ôðîíòîâ, ïðåîáðà-

çóåì çàäà÷ó (2)—(7). Äëÿ îäíîìåðíîé çàäà÷è (2)—(7) åñòåñòâåííûì ÿâ-
ëÿåòñÿ ïîäõîä ñ èñïîëüçîâàíèåì âìåñòî x íîâîé íåçàâèñèìîé ïåðåìåííîé
� òàêîé, ÷òîáû â íîâûõ ïåðåìåííûõ çàäà÷à ðåøàëàñü â ôèêñèðîâàííîé
îáëàñòè.

Ââåäåì ñëåäóþùóþ çàìåíó ïåðåìåííûõ:
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0� �t T}. Âû÷èñëÿÿ ïðîèçâîäíûå îòíîñèòåëüíî íîâûõ ïåðåìåííûõ, ïî-

ëó÷àåì

�
�

�
��

P

x l t

P
�

1

( )
,
�

�

�

��

2

2 2

2

2

1P

x l t

P
�

[ ( )]
,
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�
�

�
��

� �
�

P

t

P

l t

dl

dt

P

t
� � �

( )
,

�
�

�
��

P

x l t

P	


�

�


� � 	



�

�



�

2

2

2
1

( )
.

Òîãäà óðàâíåíèå (2) â íîâûõ ïåðåìåííûõ çàïèøåì â ñëåäóþùåì âèäå:

� � � 	



�

�



� �

�
��

� �
� �

�
�� �

�P

l t

dl

dt

P

t

k

m l t

P kP

m l t( ) ( ) ( )

2

2

2P

��2
,

�
� �

�

��

P

t

kP

ml t
P

P
� �

2

2

2( )

� �
�� �

�
��l t

dl

dt

P k

ml t

P

( ) ( )
� 	



�

�



�

2

2

,

èëè

�
�

�
�

��

P

t
t P

P
� �( )

2

2
�

�
��

�
�
��

( ) ( )t
P

t
P

� 	



�

�



�

2

, (8)

( , ) { , }� �t t T� � � � � �� 0 1 0 .

Äîïîëíèòåëüíûå óñëîâèÿ ïðèìóò âèä

P t� �
0

� �( ), 0 1� �� , (9)

P P tl�� �
1

( ), (10)

�
�� �

P
w t

�

�
1

( ), (11)

P t� �� �
0

( ), (12)

ãäå

kP

ml t� 2( )
; �

�
( )

( )
t

l t

dl

dt
� ; w t

l t m

k

dl

dt
( )

( )
� �

�
.

Òàêèì îáðàçîì, ïîñëå ïðåîáðàçîâàíèÿ íåçàâèñèìûõ ïåðåìåííûõ ïî-

ëó÷åííàÿ çàäà÷à (8)—(12) â îòëè÷èå îò èñõîäíîé çàäà÷è (2)—(7) ðàññìàò-

ðèâàåòñÿ â ôèêñèðîâàííîé ðàñ÷åòíîé îáëàñòè: 0 1� �� . Ïîñêîëüêó çàäà÷à

çàêëþ÷àåòñÿ â îïðåäåëåíèè ïàðû ôóíêöèé, �( )t è P t( , )� , îíà îòíîñèòñÿ ê

êëàññó ãðàíè÷íûõ îáðàòíûõ çàäà÷ [8—11].

Äëÿ ÷èñëåííîãî ðåøåíèÿ çàäà÷è (8)—(12) èñïîëüçóåì ðàçíîñòíûé

ìåòîä [8]. Äëÿ ýòîãî â îáëàñòè � ââåäåì ðàâíîìåðíóþ ñåòêó:

� � � � ��h i j i jt ih i N h
N

t j j M
T

M
� � � � � � ��
�
�

�
�( , ) : , , , ; , , ,0

1
0

 
.
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Äèñêðåòíûé àíàëîã óðàâíåíèÿ (8) íà ñåòêå � �h çàïèøåì â âèäå ñëåäóþùåé

íåÿâíîé ñõåìû, ãäå äëÿ àïïðîêñèìàöèè íåëèíåéíûõ ÷ëåíîâ ïðèìåíÿåòñÿ

ìåòîä «çàìîðîæåííûõ» êîýôôèöèåíòîâ:

P P
P

P P P

h

Pi
j

i
j

j j i
j

i
j

i
j

j i
j�

� �
� �

�
�

�
��

�
� �

�
1

1 1

1 1

1

1

2

12

�
� �

1

1

1�
��

�P

h
i
j

�
� ��

�
�
�

� j i
j

i
j

i
j

i
jP P

h

P P

h
1

1

1

1

, i N j M� � � �1 1 0 1, , , .

Ïîëó÷åííîå ðàçíîñòíîå óðàâíåíèå äîïîëíèì óñëîâèÿìè

Pi i
0 �� , i N�0, ,

P P

h
wN

j
N
j

j
�

�
�

��
�

1

1

1
1,

P PN
j

l
j� ��1 1,

P j j
0

1 1� ��� .

Ïðåîáðàçîâàâ ïîëó÷åííóþ ñèñòåìó ðàçíîñòíûõ óðàâíåíèé, çàïèøåì

a P c P b P di i
j

i i
j

i i
j

i
j

�
� �

�
�� � � �

1

1 1

1

1 , i N j M� � � �1 1 0 1, , , , (13)

Pi i
0 �� , i N�0, , (14)

P P h wN
j

N
j j�
�
� �� �1

1

1 1, (15)

P PN
j

l
j� ��1 1, (16)

P j j
0

1 1� ��� , (17)

ãäå

a
P h

h
i

j
i
j j

�
��

�
�� � � �

�

1

1

1

; b
P

h
i

j
i
j

�
�� �

�

1

; c a bi i i� � �1; d Pi
j

i
j� � .

Ïðåäïîëîæèì, ÷òî ðåøåíèå çàäà÷è (13)—(17) èìååò âèä

P Pi
j

i i
j

i�
�

�
�

�� �
1

1
1

1
1! " , i N� �0 1 2 1, , , ..., , (18)

Ñ.Î. Ãóñåéíçàäå

42 ISSN 0204–3572. Electronic Modeling. 2017. V. 39. ¹ 3



ñ íåîïðåäåëåííûìè êîýôôèöèåíòàìè ! i�1 è " i�1. Àíàëîãè÷íî îïðåäåëèì âû-

ðàæåíèå äëÿ Pi
j�1: P Pi

j
i i

j
i

�
�
�� �1

1

1! " . Ïîäñòàâèâ âûðàæåíèÿ P Pi
j

i
j�
�
�1

1

1, â

óðàâíåíèå (13), ïîëó÷èì ôîðìóëû äëÿ íàõîæäåíèÿ íåèçâåñòíûõ êîýôôè-

öèåíòîâ ! i è " i :

!
!

i
i

i i i

a

c b
�

� �1

, "
"

!
i

i i i
j

i i i

b d

c b
�

�

�
�

�

1

1

, i N N� � �1 2 1, ,..., .

Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòîâ ! N è" N âîñïîëüçóåìñÿ ãðàíè÷íûìè

óñëîâèÿìè. Ïîñêîëüêó ôîðìóëà (18) ñïðàâåäëèâà äëÿ i N� �0 1 2 1, , ,..., , ïðè

i N� �1ïîëó÷èì

P PN
j

N N
j

N
�

�
�� �1

1

1! " . (19)

Â òî æå âðåìÿ,

P P h wN
j

N
j j�
�
� �� �1

1

1 1. (20)

Ñîïîñòàâëÿÿ ôîðìóëû (19) è (20), âèäèì, ÷òî ! N �1, " N
jh w� �1. Ïîñ-

ëå íàõîæäåíèÿ êîýôôèöèåíòîâ ! i è" i äëÿ âñåõ i N�1 2, ,..., îïðåäåëèì Pi
j�1 ,

i N� �1 1, . Äëÿ ýòîãî âûðàçèì çàâèñèìîñòü ìåæäó PN
j�1 è P j

0

1� â ÿâíîì âèäå

[11]. Ïîäñòàâèâ â (19) âûðàæåíèå P PN
j

N N
j

N�
�

� �
�

�� �
1

1
1 2

1
1! " , ïîëó÷èì PN

j� �1

� � �� �
�

�! ! ! " "N N N
j

N N NP1 2

1
1 .

Âûïîëíÿÿ ïîñëåäîâàòåëüíî àíàëîãè÷íûå äåéñòâèÿ äëÿ P PN
j

N
j

�
�

�
�

2

1

3

1, ,...

..., P j
1

1� , â èòîãå îïðåäåëÿåì, ÷òî PN
j�1 ìîæíî âûðàçèòü ÷åðåç P j

0

1� :

P PN
j j

i

N

i
i

N

i
n i

N

n N
� �

� �

�

� �

� � �# $ #1

0

1

1 1

1

1

! " ! " . (21)

Èñïîëüçóÿ ôîðìóëû (16), (17), èç (21) íàõîäèì

�

" ! "

!

j
l
j

i

N

i
n i

N

n N

i

N

i

P
�

�

�

�

� �

�

�

� �$ #

#

1

1

1

1

1

1

. (22)

Äàëåå, âîñïîëüçîâàâøèñü ôîðìóëîé (22), ïîñëåäîâàòåëüíî íàõîäèì çíà-

÷åíèÿ P P Pj j
N
j

1

1

2

1

1

1� �
�
�, , ..., ïî ôîðìóëå (18). Îïèñàííûé ñïîñîá ðàñ÷åòà ïîâ-

òîðÿåòñÿ ïðè ïåðåõîäå íà ñëåäóþùèé âðåìåííîé ñëîé.

Ïðèâåäåííûé ÷èñëåííûé ìåòîä äàåò âîçìîæíîñòü îïðåäåëÿòü èçìåíå-

íèå äàâëåíèÿ âî âðåìåíè íà ãàëåðåå ýêñïëóàòàöèîííûõ ñêâàæèí è ðàñïðå-

äåëåíèå äàâëåíèÿ â ãàçîâîì ïëàñòå ïðè ïåðåõîäå ñ îäíîãî âðåìåííîãî ñëîÿ

íà äðóãîé.
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Ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ. Äëÿ îïðåäåëåíèÿ ýôôåêòèâíîñòè

ðàçðàáîòàííîãî ìåòîäà áûë ïðîâåäåí âû÷èñëèòåëüíûé ýêñïåðèìåíò ñ ìî-

äåëüíûìè çàäà÷àìè, ñóòü êîòîðîãî ñîñòîèò â ñëåäóþùåì. Äëÿ çàäàííûõ

ôóíêöèé �( )t , l t( ) ðåøàëàñü ïðÿìàÿ çàäà÷à (8), (9), (11), (12). Íàéäåííàÿ

çàâèñèìîñòü P t P tl ( ) ( , )� 1 áûëà ïðèíÿòà â êà÷åñòâå òî÷íûõ äàííûõ äëÿ

÷èñëåííîãî ðåøåíèÿ îáðàòíîé çàäà÷è ïî âîññòàíîâëåíèþ �( )t .

Ïåðâûé öèêë ðàñ÷åòîâ âûïîëíÿëñÿ ñ èñïîëüçîâàíèåì òî÷íûõ äàííûõ,

âòîðîé öèêë ïðîâîäèëñÿ ïðè íàëîæåíèè íà P tl ( ) íåêîòîðîé ôóíêöèè,

ìîäåëèðóþùåé ïîãðåøíîñòü âõîäíûõ äàííûõ:
~

( ) ( ) ( ( ) , )P t P t tl l� � �" � 05 ,

ãäå � ( )t — ñëó÷àéíûé ïðîöåññ, ìîäåëèðóåìûé ñ ïîìîùüþ äàò÷èêà ñëó-

÷àéíûõ ÷èñåë; " — óðîâåíü ïîãðåøíîñòè.

Ðàñ÷åòû âûïîëíåíû íà ïðîñòðàíñòâåííî-âðåìåííîé ðàçíîñòíîé ñåòêå

ñ øàãàìè h �005, ,� �05, ,� �1ñóò. Â òàáëèöå ïðèâåäåíû ðåçóëüòàòû ÷èñëåííûõ

ðàñ÷åòîâ äëÿ ðàññìàòðèâàåìûõ ìîäåëåé ïðè k � % �5 10 12 ì2, � �00033, Ïà % ñ,
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t, ñóò

Çíà÷åíèå � ( )t

Òî÷íîå
Äëÿ âõîäíûõ äàííûõ ïðè � � 1

òî÷íûõ ñ ïîãðåøíîñòüþ � � 2

1 239,08 239,08 239,04

2 314,06 314,06 313,16

3 292,57 292,57 293,36

4 235,48 235,48 234,85

5 304,48 304,48 304,06

6 304,15 304,15 304,52

7 235,42 235,42 235,05

8 292,96 292,96 292,28

9 313,79 313,79 313,56

10 238,92 238,92 238,79

11 280,40 280,40 279,54

12 320,75 320,75 320,74

13 245,68 245,68 244,81

14 267,81 267,81 268,57

15 324,46 324,46 323,51

16 255,19 255,19 254,79

17 256,19 256,19 257,08

18 324,63 324,63 324,32

19 266,66 266,66 267,25

20 246,47 246,47 246,09



m�032, , L � 500 ì, l t L vt( ) � � , v �0 38, ì/ñ, � ( ) sint t� �280 45 3 àòì,

� ( )x �280 àòì â ðàçëè÷íûå ìîìåíòû âðåìåíè t . Êàê âèäíî èç ðåçóëüòàòîâ

÷èñëåííîãî ýêñïåðèìåíòà, ïðè èñïîëüçîâàíèè íåâîçìóùåííûõ âõîäíûõ

äàííûõ èñêîìàÿ ôóíêöèÿ �( )t âîññòàíàâëèâàåòñÿ òî÷íî ïðè âñåõ ðàñ÷åò-

íûõ ñåòêàõ ïî âðåìåíè (òðåòèé ñòîëáåö òàáëèöû). Ïðè èñïîëüçîâàíèè

âîçìóùåííûõ âõîäíûõ äàííûõ, â êîòîðûõ ïîãðåøíîñòü èìååò ôëóêòóà-

öèîííûé õàðàêòåð, èñêîìàÿ ôóíêöèÿ �( )t âîññòàíàâëèâàåòñÿ ñ ïîãðåø-

íîñòüþ. Ñëåäóåò çàìåòèòü, ÷òî ïîãðåøíîñòè âî âõîäíûõ äàííûõ îêàçû-

âàþò ñóùåñòâåííîå âëèÿíèå íà ðåøåíèå çàäà÷ ïðè óìåíüøåíèè øàãà ïî

âðåìåíè. Îäíàêî óâåëè÷åíèå øàãà ïî âðåìåíè îáåñïå÷èâàåò óñòîé÷èâîñòü

ðåøåíèÿ ðàçíîñòíîé çàäà÷è. Ðåçóëüòû ÷èñëåííîãî ýêñïåðèìåíòà ñâèäå-

òåëüñòâóþò î òîì, ÷òî â ïðåäëîæåííîì âû÷èñëèòåëüíîì àëãîðèòìå ýôôåêò

ðåãóëÿðèçàöèè îáåñïå÷èâàåòñÿ âûáîðîì ðàçíîñòíîé ñåòêè ïî âðåìåíè.

Âûâîäû

Ðàçðàáîòàííàÿ ìåòîäèêà ìîæåò áûòü ðåêîìåíäîâàíà äëÿ èñïîëüçîâàíèÿ
ïðè ïðîâåäåíèè è àíàëèçà ìíîãîâàðèàíòíûõ ðàñ÷åòîâ ñ öåëüþ ïðîãíî-
çèðîâàíèÿ èçìåíåíèé îñíîâíûõ ïîêàçàòåëåé ïðè ðåøåíèè çàäà÷è ýêñï-
ëóàòàöèè ãàçîâûõ ìåñòîðîæäåíèé, ãðàíè÷àùèõ ñ àêòèâíûìè êðàåâûìè
âîäàìè, à òàêæå çàäà÷è ñîçäàíèÿ è ýêñïëóàòàöèè ïîäçåìíûõ ãàçîõðàíèëèù
â âîäîíîñíûõ ïëàñòàõ.

ÑÏÈÑÎÊ ËÈÒÅÐÀÒÓÐÛ

1. ×àðíûé È.À. Ïîäçåìíàÿ ãèäðîãàçîäèíàìèêà. — Ì .: Ãîñòîïòåõèçäàò, 1963. — 396 ñ.
2. Áàñíèåâ Ê.Ñ., Äìèòðèåâ Í.Ì., Ðîçåíáåðã Ã.Ä. Íåôòåãàçîâàÿ ãèäðîìåõàíèêà. — Ì. ,

Èæåâñê: Èí-ò êîìïüþòåðíûõ èññëåäîâàíèé, 2005. — 544 ñ.
3. Êàíåâñêàÿ Ð.Ä. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ãèäðîäèíàìè÷åñêèõ ïðîöåññîâ ðàç-

ðàáîòêè ìåñòîðîæäåíèé óãëåâîäîðîäîâ. — Ì., Èæåâñê: Èíñòèòóò êîñìè÷åñêèõ èññëå-
äîâàíèé, 2002. — 148 ñ.

4. Ðóáèíøòåéí Ë.È. Ïðîáëåìà Ñòåôàíà. — Ðèãà : Çâàéãçíå, 1967. — 458 ñ.
5. Crank J. Free and Moving Boundary Problems. — Oxford: Clarendon Press, 1984. — 425 p.
6. Alexiades V., Solomon A.D. Mathematical Modeling of Melting and Freezing Processes. —

Washington DC: Hemisphere Publ. Co, 1993. — 323 p.
7. Ìåéðìàíîâ À.Ì. Çàäà÷à Ñòåôàíà. — Íîâîñèáèðñê: Íàóêà, 1986. — 239 ñ.
8. Ñàìàðñêèé À.À., Âàáèùåâè÷ Ï.Í. ×èñëåííûå ìåòîäû ðåøåíèÿ îáðàòíûõ çàäà÷ ìàòå-

ìàòè÷åñêîé ôèçèêè. — Ì. : Èçä-âî ËÊÈ, 2009. — 480 ñ.
9. Javierre-Perez E. Literature Study: Numerical methods for solving Stefan problems, Re-

port 03 — 16. — Delft : Delft University of Technology, 2003. — 94 p.
10. Caldwell J., Kwan Y.Y. Numerical methods for one-dimensional Stefan problems // Com-

mun. Numer. Meth. Engng. — 2004. — ¹20. — Ð. 535—545.
11. Ãàìçàåâ Õ.Ì. ×èñëåííîå ðåøåíèå çàäà÷è íåíàñûùåííîé ôèëüòðàöèè ñ ïîäâèæíîé

ãðàíèöåé // Ýëåêòðîí. ìîäåëèðîâàíèå. — 2015. — 37, ¹ 1. — Ñ. 15—24.

Ïîñòóïèëà 23.01.17

Îá îäíîì ìåòîäå ìîäåëèðîâàíèÿ ãàçîâîäîíàïîðíîãî ðåæèìà ïëàñòîâ

ISSN 0204–3572. Ýëåêòðîí. ìîäåëèðîâàíèå. 2017. Ò. 39. ¹ 3 45



REFERENCES

1. Charny, I.A. (1963), Podzemnaya gidrogazodinamika [Underground hydro-gas dynamics],
Gostoptekhizdat, Moscow, USSR.

2. Basniev, K.S., Dmitriev, N.M. and Rosenberg, G.D. (2005), Neftegazovaya gidromekhanika
[Oil and gas hydromechanics], Institut kompyuternykh issledovaniy, Moscow-Izhevsk, Rus-
sia.

3. Kanevskaya, R.D. (2002), Matematicheskoe modelirovanie gidrodinamicheskikh protsesov
razrabotki mestorozhdeniy uglevodorodov [Mathematical modeling of hydrodynamic pro-
cesses of development of hydrocarbon fields], Institut kosmicheskikh issledovaniy, Mos-
cow-Izhesk, Russia.

4. Rubinshtein, L.I. (1967), Problema Stefana [Stefan problem], Zvaigzne, Riga, Latvian SSR.

5. Crank, J. (1984), Free and moving boundary problems, Clarendon Press, Oxford, UK.

6. Alexiades, V. and Solomon, A.D. (1993), Mathematical modeling of melting and freezing
processes, Hemisphere Publ. Co, Washington DC, USA.

7. Meirmanov, A.M. (1986), Zadacha Stefana [Stefan problem], Nauka, Novosibirsk, USSR.

8. Samarskiy, A.A. and Vabishchevich, P.N. (2009), Chislennyie metody resheniya obratnykh
zadach matematicheskoi fiziki [Numerical methods for solution of inverse problems of math-
ematical physics], LKI, Moscow, Russia.

9. Javierre-Perez, E. (2003), Literature study: Numerical methods for solving Stefan problems,
Report 03-16, Delft University of Technology, Delft, USA.

10. Caldwell, J. and Kwan, Y.Y. (2004), Numerical methods for one-dimensional Stefan prob-
lems, Commun. Numer. Meth. Engng., no. 20, pð. 535-545.

11. Gamzaev, Kh.M. (2015), “Numerical solution of problem of unsaturated filtration with a
moving boundary”, Elektronnoe modelirovanie, Vol. 37, no. 1, pp. 15-24.

Received 23.01.17

S.O. Huseynzade

ON A METHOD OF MODELING

OF GAS-WATER DRIVE MODE OF LAYERS

The process of gas displacement by boundary water in the layer has been considered. The process
is described by a nonlinear parabolic equation in a domain with a moving boundary. The problem
of control of moving boundary is formulated as a boundary inverse problem, which consists in
determining the mode of the operational gallery by a given law of motion of the moving bound-
ary. Applying the method of straightening fronts based on transformation of independent vari-
ables, the domain of their determination is reduced to a rectangular form with fixed boundaries. A
discrete analogue of the problem is proposed and computational algorithm is developed to solve
the resulting system of linear algebraic equations.

K e y w o r d s: gas deposits, gas-water drive mode, the problem with moving boundary, the me-
thod of straightening of fronts, finite difference method.

ÃÓÑÅÉÍÇÀÄÅ Ñåâèëü Îêòàé êûçû, êàíä. ôèç.-ìàò. íàóê, äîöåíò êàôåäðû îáùåé è ïðèê-
ëàäíîé ìàòåìàòèêè Àçåðáàéäæàíñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà íåôòè è ïðîìûø-
ëåííîñòè. â 1977 ã. îêîí÷èëà Áàêèíñêèé ãîñóíèâåðñèòåò. Îáëàñòü íàó÷íûõ èññëåäîâàíèé —
ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, ÷èñëåííûå ìåòîäû.
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