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Àíîìàëüíîñòü ôèëüòðàöèè ôëþèäîâ â íåôòÿíûõ ïëàñòàõ

Àíîìàëüíûé äèôôóçèîííûé ïåðåíîñ � ïåðåíîñ âåùåñòâà, íå ïîä÷èíÿþùèéñÿ
ãàóññîâîé ñòàòèñòèêå. Ñîîòâåòñòâóþùèå ôóíêöèè ðàñïðåäåëåíèÿ èìåþò â ýòîì
ñëó÷àå ñòåïåííóþ àñèìïòîòèêó (òàê íàçûâàåìûé, òÿæåëûé õâîñò).

Îñíîâíàÿ ïðè÷èíà àíîìàëüíîñòè ïðîöåññà ôèëü-
òðàöèè â íåôòÿíûõ ïëàñòàõ � íàëè÷èå òðåùèí,
êîòîðîå ìîæåò áûòü îáóñëîâëåíî

åñòåñòâåííîé òðåùèíîâàòîñòüþ,

òåõíîëîãè÷åñêèìè ìåðîïðèÿòèÿìè íà
ñêâàæèíàõ (ãèäðîðàçðûâ ïëàñòà, êèñëîòíàÿ
îáðàáîòêà è ò.ä.).

Ìîäåëèðîâàíèå ïðîöåññîâ ôèëüòðàöèè ôëþèäîâ â òàêèõ ïëàñòàõ � îäíà èç
àêòóàëüíûõ çàäà÷ ïðîåêòèðîâàíèÿ ðàçðàáîòêè íåôòÿíûõ ìåñòîðîæäåíèé.

Îñíîâíàÿ èäåÿ � çàìåíà ãåòåðîãåííîé òðåùèíîâàòî-ïîðèñòîé ñðåäû íà
ãîìîãåííóþ ñ äðîáíî-äèôôåðåíöèàëüíûìè ýôôåêòàìè ñòåïåííîé ïàìÿòè.
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Ïðîåêò ÓÃÀÒÓ

Ìàòåìàòè÷åñêîå è êîìïüþòåðíîå ìîäåëèðîâàíèå ïðîöåññîâ ôèëüòðàöèè â

íåîäíîðîäíûõ êîëëåêòîðàõ íåôòåãàçîâûõ ìåñòîðîæäåíèé íà îñíîâå

äðîáíî-äèôôåðåíöèàëüíîãî ïîäõîäà∗

Çàäà÷è ïðîåêòà

1 Ðàçðàáîòêà íîâûõ è àäàïòàöèÿ ñóùåñòâóþùèõ äðîáíî-äèôôåðåíöèàëüíûõ
ìîäåëåé ôèëüòðàöèè.

2 Èññëåäîâàíèå êà÷åñòâåííûõ ñâîéñòâ ýòèõ ìîäåëåé.

3 Ðàçðàáîòêà ÷èñëåííî-àíàëèòè÷åñêèõ è ÷èñëåííûõ àëãîðèòìîâ
ïàðàìåòðè÷åñêîé èäåíòèôèêàöèè ìîäåëåé.

4 Ðàçðàáîòêà ïàðàëëåëüíûõ àëãîðèòìîâ êîìïüþòåðíîãî ìîäåëèðîâàíèÿ íà
îñíîâå ðàçðàáîòàííûõ ìîäåëåé.

5 Ñîçäàíèå, îòëàäêà è âåðèôèêàöèÿ äåéñòâóþùèõ ïðîòîòèïîâ ïðîãðàììíûõ
êîìïëåêñîâ êîìïüþòåðíîãî ìîäåëèðîâàíèÿ è ïàðàìåòðè÷åñêîé
èäåíòèôèêàöèè äðîáíî-äèôôåðåíöèàëüíûõ ôèëüòðàöèîííûõ ìîäåëåé.

����
* Ðàáîòà âûïîëíåíà â ðàìêàõ ãîñóäàðñòâåííîãî çàäàíèÿ Ìèíîáðíàóêè
1.3103.2017/Ï× íà 2017�2019 ãã.
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Äðîáíî-äèôôåðåíöèàëüíàÿ ìîäèôèêàöèÿ çàêîíà Äàðñè

Çàêîí Äàðñè ñ îïåðàòîðîì äðîáíîãî äèôôåðåíöèðîâàíèÿ ïî âðåìåíè1,2:

u =−kα

µ
C
0 Dα

t (∇p), α ∈ (0,1). (1)

Çäåñü u � âåêòîð ñêîðîñòè ôèëüòðóþùåãîñÿ ôëþèäà, µ � âÿçêîñòü ôëþèäà, kα

� äðîáíûé àíàëîã ïðîíèöàåìîñòè ïîðèñòîé ñðåäû, p � äàâëåíèå, t � âðåìÿ,

C
0 Dα

t f = 1

Γ(1−α)

∫ t

0

f ′(τ)

(t −τ)α
dτ (2)

� äðîáíàÿ ïðîèçâîäíàÿ Êàïóòî ïî âðåìåíè.

Íåäîñòàòêè ìîäåëè (1) :

1 îòñóòñòâèå òå÷åíèÿ â ñòàöèîíàðíîì ðåæèìå;

2 âîçìîæíîñòü îïèñàíèÿ òîëüêî ñóáäèôôóçèîííîãî ðåæèìà;

3 îòñóòñòâèå ïðåäåëüíîãî ïåðåõîäà â êëàññè÷åñêèé çàêîí Äàðñè ïðè α= 0.

1 Raghavan R. Fractional Derivatives: Application to Transient Flow // J. Petrol. Sci. Eng. � 2011. � V. 80. �
P. 7�13.

2 Islam, M. R., Hossain, M. E., Mousavizadegan, S. H., Musta�z, S., Abou-Kassem, J. H. Advanced petroleum
reservoir simulation: towards developing reservoir emulators. � Wiley: New Jersey, 2016. � 592 p.
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Äðîáíî-äèôôåðåíöèàëüíàÿ ìîäèôèêàöèÿ çàêîíà Äàðñè

Ìîäåëü ôèëüòðàöèè, ïðåäñòàâëÿþùàÿ ñîáîé ëèíåéíóþ êîìáèíàöèþ
êëàññè÷åñêîãî è äðîáíî-äèôôåðåíöèàëüíîãî óðàâíåíèé Äàðñè:

u =− k

µ

[
∇p+kα t0

Dα
t (∇p)

]
, α ∈ (−1,1). (3)

1 Äðîáíî-äèôôåðåíöèàëüíûé îïåðàòîð t0
Dα

t ïðè α ∈ (0,1) ïðåäñòàâëÿåò ñîáîé

äðîáíóþ ïðîèçâîäíóþ Êàïóòî (ñ äîïîëíèòåëüíûì óñëîâèåì kα→ 0 ïðè
α→ 0).

2 Ïðè α ∈ (−1,0) îïåðàòîð t0
Dα

t ïðåäñòàâëÿåò ñîáîé èíòåãðàë äðîáíîãî ïîðÿäêà:

t0
Dα

t f ≡ t0
I−αt f = 1

Γ(−α)

∫ t

t0

f (τ)

(t −τ)1+α dτ, α ∈ (−1,0).

3 Ïðè α ∈ (0,1) ìîäåëü (3) ïîçâîëÿåò îïèñûâàòü ñóáäèôôóçèîííûé ðåæèì
ôèëüòðàöèè, à ïðè α ∈ (−1,0) � ñóïåðäèôôóçèîííûé.

4 Â ñòàöèîíàðíîì ðåæèìå ïðîöåññ ôèëüòðàöèè îïèñûâàåòñÿ êëàññè÷åñêèì
çàêîíîì Äàðñè.

5 Âûïîëíÿåòñÿ ïðåäåëüíûé ïåðåõîä â êëàññè÷åñêèé çàêîí Äàðñè ïðè α= 0.
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Black Oil Model. Óðàâíåíèÿ ìàññîâîãî áàëàíñà

Óðàâíåíèÿ ìàññîâîãî áàëàíñà ìîäåëè íåëåòó÷åé íåôòè3 (black oil model):

∂

∂t

(
φ

So

Bo

)
+∇

(
uo

Bo

)
= qo;

∂

∂t

(
φ

Sw

Bw

)
+∇

(
uw

Bw

)
= qw ;

∂

∂t

[
φ

(
Sg

Bg
+ RsoSo

Bo

)]
+∇

(
ug

Bg
+ Rsouo

Bo

)
= qg .

(4)

Çäåñü
φ � ïîðèñòîñòü ñðåäû;
Sl � íàñûùåííîñòü äëÿ ôàçû l;
Bl � îáúåìíûé êîýôôèöèåíò ôàçû l;
ul � ñêîðîñòü òå÷åíèÿ ôàçû l, ì/ñ;
Rso � êîýôôèöèåíò ðàñòâîðèìîñòè ãàçà â íåôòè;
ql � ïëîòíîñòü îáúåìíûõ èñòî÷íèêîâ (ñòîêîâ) ôàçû l ïðè ñòàíäàðòíûõ óñëîâèÿõ,
c−1;
l = {o,w,g} � îáîçíà÷åíèå ôàçû.

3 Àçèç Õ., Ñåòòàðè Ý. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïëàñòîâûõ ñècòåì. � Ì.: Íåäðà, 1982. � 407 ñ.
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Black Oil Model. Ìîäèôèöèðîâàííûé çàêîí Äàðñè

Îáîáùåíèå çàêîíà Äàðñè (3) ñ ó÷åòîì ãðàâèòàöèîííûõ ñèë è ìíîãîôàçíîñòè
ñèñòåìû:

ul =− k

µl

[
krl

(∇pl −ρlg
)+kαrl t0

Dα
t (∇pl −ρlg)

]
, l = o,w,g. (5)

Çäåñü
k � òåíçîð ïðîíèöàåìîñòè ïîðîäû, Ä;
µl � âÿçêîñòü ôàçû l, Ïà·ñ;
krl � îòíîñèòåëüíàÿ ôàçîâàÿ ïðîíèöàåìîñòü äëÿ ôàçû l;
kαrl � äðîáíûé àíàëîã krl, cα;
pl � äàâëåíèå ôàçû l, Ïà;
ρl � ïëîòíîñòü ôàçû l, êã/ì3;
g � âåêòîð óñêîðåíèÿ ñâîáîäíîãî ïàäåíèÿ, ì/c2.

Çàìûêàþùèå ñîîòíîøåíèÿ:

pcow = po −pw , pcgo = pg −po, (6)

So +Sw +Sg = 1. (7)

7 Í. Ñ. Áåëåâöîâ, Ñ.Þ. Ëóêàùóê Ïðîòîòèï ãèäðîäèíàìè÷åñêîãî ñèìóëÿòîðà



Black Oil Model. Ñèñòåìà óðàâíåíèé ìîäåëè

Ñèñòåìà óðàâíåíèé ìîäåëè:

∂

∂t

(
φ

1−Sw −Sg

Bo

)
= ∇

{
λro

[
βo(∇po −ρog)+ (1−βo) t0

Dα
t (∇po −ρog)

]}
+ qo ≡ Fo; (8)

∂

∂t

(
φ

Sw

Bw

)
=∇{

λrw
[
βw(∇po −∇pcow −ρwg)+

+(1−βw) t0
Dα

t (∇po −∇pcow −ρwg)
]}

+qw ≡ Fw ; (9)

∂

∂t

[
φ

(
Sg

Bg
+ Rso(1−Sw −Sg )

Bo

)]
=∇{

λrg
[
βg (∇po +∇pcgo −ρg g)+

+(1−βg ) t0
Dα

t (∇po +∇pcgo −ρg g)
]}

+

+∇
{

Rsoλro

[
βo(∇po −ρog)+ (1−βo) t0

Dα
t (∇po −ρog)

]}
+qg ≡ Fg , (10)

ãäå

λrl =
k(krl +kαrl)

µlBl
, βl =

krl

krl +kα
rl

, l = o,w,g.
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Black Oil Model. Íà÷àëüíûå è ãðàíè÷íûå óñëîâèÿ

Íà÷àëüíûå óñëîâèÿ:

po(0,x,y,z) = p0
o(x,y,z); Sw(0,x,y,z) = S0

w(x,y,z); Sg (0,x,y,z) = S0
g (x,y,z).

Ãðàíè÷íûå óñëîâèÿ Äèðèõëå íà ãðàíèöå (èëè ó÷àñòêå ãðàíèöû) Γ1:

pl(t,x,y,z)|(x,y,z)∈Γ1 = p1
l , l = o,w,g.

Ãðàíè÷íûå óñëîâèÿ Íåéìàíà íà ãðàíèöå (èëè ó÷àñòêå ãðàíèöû) Γ1:

(pl ,n)|(x,y,z)∈Γ1 = f 1
l ,

ãäå n � âåêòîð âíåøíåé íîðìàëè ê ãðàíèöå Γ1.

Ñëó÷àé íåïðîíèöàåìîé ãðàíèöû Γ2 (íóëåâîé ïîòîê êàæäîé ôàçû ÷åðåç ãðàíèöó):

(ul ,n)|(x,y,z)∈Γ2 = 0.

Äëÿ íàñûùåííîñòåé èõ ãðàäèåíò íà ãðàíèöå ïðåäïîëàãàåòñÿ ðàâíûì íóëþ:

∂Sw

∂n

∣∣∣
Γ
= 0,

∂Sg

∂n

∣∣∣
Γ
= 0.
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IMPES ìåòîä. Óðàâíåíèå íà äàâëåíèå

Ïîëàãàåì, ÷òî ïî âðåìåííîé ïåðåìåííîé t ∈ [t0,T ] ââåäåíà ðàçíîñòíàÿ ñåòêà

ωt = {tn : tn = tn−1 +∆tn, n = 1, . . . ,N ,
N∑

n=1
∆tn = T }. (11)

Ïðåäïîëàãàþòñÿ âûïîëíåííûìè óñëîâèÿ

pcow(t) = pcow(tn), pcgo(t) = pcgo(tn), t ∈ [tn, tn+1].

Òîãäà ïðè t ∈ [tn, tn+1] :
∂po

∂t
= ∂pw

∂t
= ∂pg

∂t
= ∂p

∂t
.

Óðàâíåíèå íà äàâëåíèå äëÿ t ∈ [tn, tn+1]:

b
∂p

∂t
= F0 +

Bw

Bo
Fw + Bg

Bo
(Fg −RsoFo), (12)

ãäå

b =
Bo(φ′−ΣwB′

w −Σg B′
g )+ (φ−ΣwBw −Σg Bg )(R′

soBg −B′
o)

B2
o

,

Σw =φ Sw

Bw
, Σg =φ Sg

Bg
.

10 Í. Ñ. Áåëåâöîâ, Ñ.Þ. Ëóêàùóê Ïðîòîòèï ãèäðîäèíàìè÷åñêîãî ñèìóëÿòîðà



Ïðèìåðû àïïðîêñèìàöèè îïåðàòîðîâ èíòåãðî-äèôôåðåíöèðîâàíèÿ
äðîáíîãî ïîðÿäêà

Îáùèé âèä ðàçíîñòíîé àïïðîêñèìàöèè äðîáíîé ïðîèçâîäíîé 0Dα
t f :

0Dα
t f (tn+1) ≈ A0

(∆tn+1)α
f n+1 +Rαn [f ], (13)

ãäå A0 � ïîñòîÿííàÿ, çàâèñÿùàÿ îò âûáðàííîãî ñåòî÷íîãî øàáëîíà, à ôóíêöèÿ Rαn [f ]
ÿâëÿåòñÿ ëèíåéíîé ôóíêöèåé îò f 0, . . . , f n.

1 Ñëó÷àé α ∈ (−1,0), ò.å. t0
Dα

t f = t0
I−αt f .

Ïðîñòåéøàÿ êâàäðàòóðíàÿ ôîðìóëà:

(t0
I−αt f )(tn) ≈ (S−α0 f )(tn) = (tn − t0)−α

Γ(1−α)
f 0 + 1

Γ(1−α)

n∑
s=1

[(tn − ts−1)−α − (tn − ts)−α][f (ts)− f 0].

Ïîñëå ïðèìåíåíèÿ ïîëèíîìèàëüíîé èíòåðïîëÿöèè ôóíêöèè f (t) ìåæäó ñîñåäíèìè
âðåìåííûìè øàãàìè:

(t0
I−αt f )(tn) ≈ (S−α1 f )(tn) = 1

Γ(2−α)

{
(1−α)(tn − t0)−αf 0 + (∆tn)−α[f (tn)− f 0]+

+
n−1∑
s=1

[
(tn − ts−1)1−α

∆ts
+ (tn − ts+1)1−α

∆ts+1
− ∆ts +∆ts+1

∆ts∆ts+1
(tn − ts)1−α

](
f (ts)− f 0

)}
.

2 Ñëó÷àé α ∈ (0,1).
Êâàäðàòóðíàÿ ôîðìóëà Ãðþíâàëüäà-Ëåòíèêîâà:

(t0
Dα

t f )(tn) ≈ 1

(∆t)α

n∑
s=0

Bn
s f (tn − s∆t), Bn

s = (−1)s Γ(α+1)

Γ(s+1)Γ(α− s+1)
.

11 Í. Ñ. Áåëåâöîâ, Ñ.Þ. Ëóêàùóê Ïðîòîòèï ãèäðîäèíàìè÷åñêîãî ñèìóëÿòîðà



Ïðèìåð 1. Îäíîôàçíàÿ ôèëüòðàöèÿ

Ðàññìàòðèâàåòñÿ ïðîöåññ äâóìåðíîé îäíîôàçíîé ôèëüòðàöèè ôëþèäà ñ
ïîñòîÿííûìè ñâîéñòâàìè â ãîìîãåííîé íåñæèìàåìîé ïîðèñòîé ñðåäå.

Óðàâíåíèå íà äàâëåíèå:

∂p

∂t
= κα∆(0Dα

t p), α ∈ (−1,1). (14)

×àñòíîå àíàëèòè÷åñêîå ðåøåíèå óðàâíåíèÿ (14) â åäèíè÷íîì êâàäðàòå ñ
íóëåâûìè ãðàíè÷íûìè óñëîâèÿìè:

p(t,x,y) = E1−α,1(−t1−α)sinπx sinπy, x,y ∈ [0,1], t ≥ 0, (15)

ãäå Eγ,δ(z) � ôóíêöèÿ òèïà Ìèòòàã�Ëåôôëåðà:

Eγ,δ(z) =
∞∑

k=0

zk

Γ(γk+δ)
.

Ðåøåíèå (15) ñîîòâåòñòâóåò çíà÷åíèþ κα = (2π2)−1.
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Ïðèìåð 1. Îäíîôàçíàÿ ôèëüòðàöèÿ. Ýâîëþöèÿ äàâëåíèÿ
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Ðèñ. 1: Ýâîëþöèÿ äàâëåíèÿ (15) â öåíòðàëüíîé òî÷êå ðàñ÷åòíîé îáëàñòè
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Ïðèìåð 1. Îäíîôàçíàÿ ôèëüòðàöèÿ. Îöåíêà ïîãðåøíîñòè

Ðèñ. 2: Ïîëå ïîãðåøíîñòè äàâëåíèÿ â ìîìåíò âðåìåíè t = 0.4 ïðè α= 0.2
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Ïðèìåð 1. Îäíîôàçíàÿ ôèëüòðàöèÿ. Îöåíêà ïîãðåøíîñòè

Çàâèñèìîñòü ïîãðåøíîñòè îò ðàçìåðîâ ðàñ÷åòíîé ñåòêè:

Òàáëèöà 1: Ïðè t = 0.4, α= 0.2

∆x|∆t 0.050 0.010 0.005 0.001
0.1 0.0380334 0.0146407 0.00981928 0.00458264
0.05 0.0365080 0.0129791 0.00812879 0.00286082
0.03 0.0361752 0.0126166 0.00775998 0.00248517
0.02 0.0360805 0.0125134 0.00765506 0.00237830

Òàáëèöà 2: Ïðè t = 0.4, α= 0.6

∆x|∆t 0.050 0.010 0.005 0.001
0.1 0.172816 0.109420 0.0880658 0.0513834
0.05 0.171909 0.108467 0.0871041 0.0504184
0.03 0.171711 0.108259 0.0868968 0.0502144
0.02 0.171655 0.108200 0.0868379 0.0501569

Òàáëèöà 3: Ïðè α= 0.6 è ïåðåìåííîì øàãå ïî âðåìåíè

t0 10−4 10−5 10−6

∆x|Nt 107 154 201
0.1 0.0430772 0.035018 0.0318513
0.05 0.0416415 0.0335514 0.0303737
0.03 0.0413287 0.0332319 0.0300517
0.02 0.0412397 0.033141 0.0299601
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Ïðèìåð 2. Íåëèíåéíàÿ äâóõôàçíàÿ ôèëüòðàöèÿ: ìîäåëü ïëîñêîãî
âûòåñíåíèÿ. Ïàðàìåòðû ïëàñòà è ôëþèäîâ

Ðàçìåð ðàñ÷åòíîé îáëàñòè: 400 ì × 400 ì;

Ïîðèñòîñòü ñðåäû: φ(p) = 0.2
[

1+ cf (p−2 ·107)
]

, cf = 10−9 Ïà−1;

Ïðîíèöàåìîñòü ñðåäû: k = 400 ìÄ;
Ïëîòíîñòè ôàç: ρ∗o = 800 êã

ì3 , ρ∗w = 1000 êã

ì3 ;

Âÿçêîñòè ôàç: µo = 2.8 ñÏ, µw = 0.41 ñÏ;
Îáúåìíûå êîýôôèöèåíòû ôàç:

Bo = B∗
o

1+ co(po −p∗
o )

, Bw = B∗
w

1+ cw(pw −p∗
w)

,

ãäå
B∗

w = 1.02, co = 1.5 ·10−9 Ïà−1, p∗
o = 2 ·107 Ïà,

B∗
o = 1.12, cw = 4.5 ·10−10, Ïà−1, p∗

w = 2 ·107 Ïà;

Îòíîñèòåëüíûå ôàçîâûå ïðîíèöàåìîñòè:

kro =


1, 0 ≤ Sw < 0.2;
1.67(0.8−Sw), 0.2 ≤ Sw ≤ 0.8;
0, 0.8 < Sw ≤ 1;

krw =


0, 0 ≤ Sw < 0.2;
0.417(Sw −0.2), 0.2 ≤ Sw ≤ 0.8;
0.25, 0.8 < Sw ≤ 1;

Äðîáíûå àíàëîãè îòíîñèòåëüíûõ ôàçîâûõ ïðîíèöàåìîñòåé kαrl :

kαrl = kα(x,y,z)krl .

Ðàâåíñòâî çíà÷åíèé áåçðàçìåðíûõ àíàëîãîâ êîýôôèöèåíòà ïüåçîïðîâîäíîñòè âî âñåõ
ýêñïåðèìåíòàõ:

κα ≡ kkαT1−α

L2
= const, (16)

ãäå L = 400 ì � õàðàêòåðíûé ðàçìåð ðàñ÷åòíîé îáëàñòè, T = 2 ·106 ñ � ïðåäåëüíîå
âðåìÿ ðàñ÷åòà. Äëÿ ïëàñòà ñ êëàññè÷åñêèì çàêîíîì Äàðñè áûëî ïðèíÿòî çíà÷åíèå
k1 = 1. Òîãäà óäåëüíàÿ äðîáíàÿ ïðîíèöàåìîñòü êîëëåêòîðà

kα = Tα−1.
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Ïðèìåð 2. Íåëèíåéíàÿ äâóõôàçíàÿ ôèëüòðàöèÿ: ìîäåëü ïëîñêîãî
âûòåñíåíèÿ. Íà÷àëüíûå è ãðàíè÷íûå óñëîâèÿ

Íà÷àëüíûå óñëîâèÿ:
p(x,y) = (500−0.625y) ·105 Ïà;

Sw(x,y) =
{

1, 0 ≤ x ≤ 400, 0 ≤ y ≤ 100;
0.2, 0 ≤ x ≤ 400, 100 < y ≤ 400;

Ãðàíè÷íûå óñëîâèÿ:

p(x,0) = 500 ·105 Ïà, p(x,400) = 250 ·105 Ïà,

p(0,y) = p(400,y) = (500−0.625y) ·105 Ïà;

∂Sw

∂x

∣∣∣
y=0

= ∂Sw

∂x

∣∣∣
y=400

= 0,
∂Sw

∂y

∣∣∣
x=0

= ∂Sw

∂y

∣∣∣
x=400

= 0;

Ðàñ÷åòû ïðîâîäèëèñü íà ðàâíîìåðíîé ñåòêå ñ ïàðàìåòðàìè

∆x =∆y = 10 ì, ∆t = 1000 ñ.
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âûòåñíåíèÿ. Ïîëå äàâëåíèÿ
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Ðèñ. 3: Ïîëå äàâëåíèÿ
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Ðèñ. 4: Ïîëå äàâëåíèÿ
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Ïðèìåð 3. Íåëèíåéíàÿ äâóõôàçíàÿ ôèëüòðàöèÿ: ìîäåëü ñ òî÷å÷íûì
èñòî÷íèêîì. Íà÷àëüíûå è ãðàíè÷íûå óñëîâèÿ

Âñå ïàðàìåòðû ïëàñòà è ôëþèäîâ èäåíòè÷íû çàäà÷å ïëîñêîãî âûòåñíåíèÿ.
Íà÷àëüíûå óñëîâèÿ:

p(x,y) = 250 ·105 Ïà, Sw = 0.

Ãðàíè÷íûå óñëîâèÿ:

p(x,0) = p(x,400) = p(0,y) = p(400,y) = 250 ·105 Ïà,

∂Sw

∂x

∣∣∣
y=0

= ∂Sw

∂x

∣∣∣
y=400

= 0,
∂Sw

∂y

∣∣∣
x=0

= ∂Sw

∂y

∣∣∣
x=400

= 0.

Â íà÷àëüíûé ìîìåíò âðåìåíè â öåíòðå ðàñ÷åòíîé îáëàñòè íà÷èíàåò äåéñòâîâàòü
òî÷å÷íûé èñòî÷íèê ñ óäåëüíîé ìîùíîñòüþ

qo = 0, qw = 7 ·10−3 ì3

c
,

êîòîðûé ðàáîòàåò â äàííîì ðåæèìå äî äîñòèæåíèÿ â öåíòðàëüíîé ÿ÷åéêå
çíà÷åíèÿ âîäîíàñûùåííîñòè Sw = 1. Ïîñëå ýòîãî ðåæèì ðàáîòû èñòî÷íèêà
ìåíÿåòñÿ òàêèì îáðàçîì, ÷òîáû ïîääåðæèâàòü íåèçìåííûì ýòî çíà÷åíèå
âîäîíàñûùåííîñòè.
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Ðèñ. 5: Ðàñïðåäåëåíèå âîäîíàñûùåííîñòè ïî ðàäèóñó

21 Í. Ñ. Áåëåâöîâ, Ñ.Þ. Ëóêàùóê Ïðîòîòèï ãèäðîäèíàìè÷åñêîãî ñèìóëÿòîðà



Ïðèìåð 3. Íåëèíåéíàÿ äâóõôàçíàÿ ôèëüòðàöèÿ: ìîäåëü ñ òî÷å÷íûì
èñòî÷íèêîì. Ïîëå äàâëåíèÿ

 

 

𝛼 0.1 ∙ 106 сек 106 сек 2 ∙ 106 сек  

−0.25 

  
 

 

0 

   
 

0.25 

   
 

0.5 

    

0.75 

   
 

Ðèñ. 6: Ïîëå äàâëåíèÿ
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Ðèñ. 7: Ðàñïðåäåëåíèå äàâëåíèÿ ïî ðàäèóñó ïðè t = 2 ·106
c
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Ðèñ. 8: Çàâèñèìîñòü ìîùíîñòè èñòî÷íèêà îò âðåìåíè
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Çàêëþ÷åíèå

Ñîçäàí ïðîòîòèï ïðîãðàììíîãî âû÷èñëèòåëüíîãî êîìïëåêñà
ãèäðîäèíàìè÷åñêîãî ìîäåëèðîâàíèÿ ôèëüòðàöèîííûõ òå÷åíèé â ïëàñòîâûõ
ñèñòåìàõ, îáëàäàþùèõ ñâîéñòâîì ñòåïåííîé ïàìÿòè. Ïðîòîòèï îñíîâàí íà
äðîáíî-äèôôåðåíöèàëüíîì îáîáùåíèè ìîäåëè íåëåòó÷åé íåôòè (black oil),
ïîëó÷åííîé ñ èñïîëüçîâàíèåì äðîáíî-äèôôåðåíöèàëüíîé ìîäèôèêàöèè
çàêîíà Äàðñè.

Äàííàÿ ìîäåëü ïîçâîëÿåò îïèñûâàòü êàê çàìåäëåííûé (ñóáäèôôóçèîííûé),
òàê è óñêîðåííûé (ñóïåðäèôôóçèîííûé) ðåæèìû ôèëüòðàöèè.

×èñëåííàÿ ðåàëèçàöèÿ ìîäåëè âûïîëíåíà íà ÿçûêå Ñ++ ïî ñõåìå IMPES.

Äëÿ îòëàäêè ïðîòîòèïà ïðîãðàììíîãî êîìïëåêñà èñïîëüçîâàíû òåñòîâûå
çàäà÷è ñ èçâåñòíûì òî÷íûì ðåøåíèåì, åãî âîçìîæíîñòè
ïðîäåìîíñòðèðîâàíû ñåðèåé âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ.

Ñîçäàííûé ïðîòîòèï ïðîãðàììíîãî êîìïëåêñà ìîæåò áûòü èñïîëüçîâàí äëÿ
îöåíêè âëèÿíèÿ ýôôåêòîâ ïàìÿòè íà ïðîöåññû ìíîãîôàçíîé ôèëüòðàöèè â
íåîäíîðîäíûõ ñëîæíûõ êîëëåêòîðàõ ñ ïðîñòîé ãåîìåòðèåé, à òàêæå äëÿ
îòðàáîòêè àëãîðèòìè÷åñêèõ è ïðîãðàììíûõ ðåøåíèé, íåîáõîäèìûõ äëÿ
ñîçäàíèÿ ïîëíîöåííîãî äðîáíî-äèôôåðåíöèàëüíîãî ãèäðîäèíàìè÷åñêîãî
ñèìóëÿòîðà íåôòåãàçîâûõ ìåñòîðîæäåíèé.
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Ñïàñèáî çà âíèìàíèå!
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