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摘要:  可压缩可混溶油、水渗流动边值问题的研究, 对重建盆地发育中油气资源运移、聚集的历

史和评估油气资源的勘探与开发有重要的价值,其数学模型是一组非线性耦合偏微分方程组的动

边值问题.对二维有界域的动边值问题提出一类新的迎风差分格式, 应用区域变换、变分形式、能

量方法、差分算子乘积交换性理论、高阶差分算子的分解、微分方程先验估计的理论和技巧, 得到

了最佳误差估计结果. 该方法已成功应用到油资评估的数值模拟中. 它对这一领域的模型分析, 数

值方法和软件研制均有重要的价值.
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引   言

可压缩可混溶油、水渗流动边值问题的研究, 对于重建盆地的运移、聚集的历史和评估油

气资源的勘探和开发有着重要的价值.文献 [ 1]研究了关于不可压缩油藏盆地发育的动边值

问题, 而在许多实际情况, 需要考虑流体的压缩性,其密度实际上是依赖于压力的
[ 2-5]

.对于可

压缩可混溶二维有界区域的动边值问题, 提出一类新的迎风差分格式, 应用区域变换、变分形

式、能量方法、差分算子乘积交换性理论、高阶差分算子的分解、先验估计理论和技巧,得到了

最佳 l
2
误差估计结果.

问题的数学模型是一组非线性抛物型耦合偏微分方程组的动边值问题
[ 2-5 ]

:

  d ( c)
9p
9t

+ # u= Q (X, t), X= ( x1, x2 )
T I 8 ( t),   tI J = (0, T ] , (1a)

  u= - a ( c) p,   XI 8 ( t), tI J, ( 1b)

  U(X )
9c
9t

+ b ( c)
9p
9t

+ u# c - # (D c) = f(X, t, c),   XI 8 ( t), tI J . (2)

方程 (1a)和 ( 1b)是流动方程, p为地层压力, u是 D arcy速度, 均为待求函数, a ( c) =

1281

 应用数学和力学,第 30卷 第 11期
 2009年 11月 15日出版

              AppliedM a them a tics andM echanics 
  Vo .l 30, No. 11, Nov. 15, 2009

* 收稿日期:  2009- 02-21; 修订日期:  2009-09-10

基金项目:  国家重点基础研究专项基金资助项目 ( G19990328); 国家攻关基金资助项目 ( 2005020069);

国家自然科学基金资助项目 ( 10771124; 10372052 ); 教育部博士点基金资助项目

( 20030422047)

作者简介:  袁益让 ( 1935) ), 男, 江苏靖江人, 教授 (联系人. T e :l + 86-531-88364732; Fax: + 86-531-

88564652; E-ma i:l yryuan@ sdu. edu. cn).



a(X, c) = k (X ) L( c)
- 1

, k (X ) 是地层的渗透率, L( c)为流体速度, d ( c), a( c)均为正定函数,

Q (X, t )是产量项.方程 (2)是饱和度方程, c为饱和度函数, 亦为待求函数. U(X, t) 是地层孔

隙度, D (X, t)是扩散系数, U, D亦均为正定函数
[ 2, 5]

.这里

  8 ( t) = X | s1 (x2, t) [ x1 [ s2 (x2, t), 0 [ x2 [ L0 ( t); tI J ,

si (x2, t) ( i= 1, 2)和L0 ( t)是已知函数,对于 tI J具有一阶连续的导函数,如图 1所示,记号 = (9/9x1,

9 /9x2 )
T

.

  图 1 8 ( t)示意图

定压边界条件:

  p (X, t) = e(X, t), c(X, t) = r (X, t),

XI 98 ( t), tI J,   (3)

此处 98 ( t)是 8 ( t) 的边界曲线.

初始条件:

  p (X, 0) = p0 (X ), c(X, 0) = c0 (X ),

XI 8 ( 0) .   (4)

对于可压缩、相混溶渗流驱动问题,其中, 关于

压力方程是抛物型方程, 饱和度方程是对流-扩散

方程. 由于以对流为主的扩散方程具有很强的双曲

特性, 应用中心差分格式, 虽然关于空间步长具有二阶精确度, 但会产生数值弥散和非物理特

征的数值振荡,使数值模拟失真
[ 5-6]

.

对平面不可压缩两相渗流驱动问题, 在问题的周期性假定下, Doug las, Ew ing, Wherler,

Russell等提出特征差分方法和特征有限元法,并给出误差估计
[ 7-11]

.他们将特征线方法和标准

的有限差分方法或有限元方法相结合,真实的反映出对流-扩散方程的一阶双曲特性, 减少截

断误差,克服数值振荡和弥散, 大大提高计算的稳定性和精确度. 对可压缩渗流驱动问题,

Doug las等学者同样在周期性假定下, 提出二维可压缩渗流驱动问题的 /微小压缩 0数学模型、
数值方法和分析

[ 2-4 ]
,开创了现代数值模型这一新领域

[ 5 ]
.作者去掉周期性的假定,给出新的

修正特征差分格式和有限元格式,并得到 l
2
最佳的模误差估计

[ 1, 12-13 ]
.由于特征线法需要进行

插值计算,并且特征线在求解区域边界附近可能穿出边界, 需要作特殊处理.特征线与网格边

界交点及其相应的函数值需要计算, 这样在算法设计时,对靠近边界的网格点需要判断其特征

线是否越过边界,从而确定是否需要改变时间步长,因此,实际计算还是比较复杂的
[ 12-13]

.

对抛物型问题, Axe lsson, Ew ing, Lazarov等提出迎风差分格式
[ 14-17]

,来克服数值解的振荡,

同时避免特征差分方法在对靠近边界网点的计算复杂性.本文从生产实际出发, 对可压缩渗流

驱动的一般形式动边值问题,通过变量替换和分析,化为基本上是同一类型的问题, 再提出一

类迎风差分格式,该格式既可克服数值振荡和弥散, 同时将高维问题化为连续解几个一维问

题,大大减少计算工作量, 使工程实际计算成为可能.且将空间的计算精度提高到二阶.应用区

域变换、变分形式、能量方法、差分算子乘积交替性理论、高阶差分算子的分解、微分方程先验

估计和特殊的技巧, 得到了最佳 l
2
模误差估计, 成功地解决了 Doug las, Ew ing所提的著名问

题
[ 18-20 ]

.该方法已成功地应用到油资源评估和运移聚集的数值模拟中¹ , º , 从而在能源数学这

一领域起到一定程度的奠基作用.

假定方程 (1) ~ ( 4) 的精确解是正则的, 即
[ 2, 5, 7-9]
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¹

º

山东大学 数学研究所,胜利石油管理局计算中心:三维盆地模拟系统研究, 1995. 4.

山东大学 数学研究所,胜利油田物探研究院:石油运移聚集通道数值模拟研究 , 2005. 10.



(R)  p, cI L
]

( 0, T; W
4, ]

(8 ( t) ) ),
9
2
p

9t
2 ,

9
2
c

9t
2I L

]
(0, T; L

]
( 8 ( t) ) ) .

假定方程 (1)和 ( 2)的系数满足:

  
0 < a* [ a ( c) [ a

*
, 0 < d* [ d ( c) [ d

*
,

0 < D * [ D (X, t ) [ D
*

, 0 < U* [ U(X, t) [ U
*

,
(5a)

(C )  da
dc

( c) [ K
*

, ( 5b)

此处 a* , a
*

, d* , d
*

, D* , D
*

, U* , U
*

, K
*
均为正常数, d( c), b( c)和 f ( c)在解的 E0邻域是

L ipsch itz连续的,即存在正常数 M,当 Ei [ E0 (1 [ i [ 6)时有

  d ( c(X, t ) + E1 ) - d ( c(X, t) + E2 ) [ M E1 - E2 ,

  b ( c(X, t) + E3 ) - b ( c(X, t) + E4 ) [ M E3 - E4 ,

  f ( c(X, t) + E5 ) - f ( c(X, t ) + E6 ) [ M E5 - E6 .

本文中记号 M和 E分别表示普通正常数和普通小正数,在不同处可具有不同的含义.

1 迎风分数步差分格式

对方程 ( 1) ~ ( 5)引入下述变量替换

  X= ( x1, x2 )
TI 8 ( t)

    Y= (y1, y2 )
T
=

x 1 - s1 (x2, t)

s2 ( x2, t) - s1 (x 2, t)
, L

- 1

0 ( t) x2

T

I = [ 0, 1]
2

, (6a)

  Y= (y1, y2 )
T I X = (x 1, x2 )

T
= ( ( s2 (L0 ( t )y 2, t) - s1 (L0 ( t) y2, t) )y1 +

    s1 ( L0 ( t) y2, t ), L0 ( t) y2 )
T I 8 ( t),   tI J . ( 6b)

令函数

  U
^
( Y, t) = U( ( s2 (L0 ( t) y2, t) - s1 ( L0 ( t) y2, t ) ) y1 +

    s1 ( L0 ( t) y2, t ), L0 ( t) y2 )
T
,   (Y, t) I @ J . (7)

注意到

  9U
^

9t
=
9U
9t

+
9U
9x1

( Ûs2 ( L0 ( t) y2, t ) - Ûs1 (L0 ( t )y2, t) ) y1 + Ûs1 (L0 ( t) y2, t) +

    9U
9x2

0 ( t )y2,

  9U
9x1

= S
- 1

( y2, t )
9U

^

9y1

,
9U
9x2

=
9U

^

9y2

- S
- 1

( y2, t )A( Y, t)
9U

^

9y1

L
- 1

0
( t),

此处 Ûsi (L0 ( t) y2, t) ( i= 1, 2),
#
L0

( t)表示对 t的导函数,

  S ( y2, t ) = s2 (L0 ( t )y2, t) - s1 (L0 ( t) y2, t),

  A(Y, t) =
9S ( y2, t)

9y2
y1 +

9s1 (L0 ( t )y2, t)

9y2
.

于是可得:

  9U
9t

=
9U

^

9t
- S

- 1
( y2, t )B (Y, t )

9U
^

9y1

-

    9U
^

9y2

- S
- 1

( y2, t) A(Y, t )
9U

^

9y1

L
- 1

0 ( t) 0 ( t) y2,
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此处 B (Y, t)=
#
S ( y2, t )y1 + Ûs1 (L0 ( t )y2, t), 0 ( t),

#
S ( y2, t )和 Ûs(L0 ( t )y2, t)表示对 t的导数.假

定其满足条件:

  s* [ S ( y2, t) [ S
*

, l* [ L0 ( t) [ L
*

,

此处 s* , S
*

, l*和 L
*
均为确定的正常数 . 由此我们可得

  9p
9t

=
9p

^

9t
- S

- 1
(y2, t)B (Y, t)

9p
^

9y1
-

    9p
^

9y2

- S
- 1

( y2, t) A(Y, t )
9p

^

9y1

L
- 1

0
( t) 0 ( t) y2, (8a)

  9c
9t

=
9
9t

- S
- 1

(y2, t)B (Y, t)
9
9y1

-

    9
9y2

- S
- 1

( y2, t) A(Y, t )
9
9y1

L
- 1

0 ( t) 0 ( t) y2 . ( 8b)

注意到

  9
9x1

a (X, t )
9U
9x1

= S
- 1

( y2, t)
9
9y1

a
^
(Y, t)S

- 1
( y2, t)

9U
^

9y1

,

  9
9x2

a (X, t )
9U
9x2

= L
- 2

0 ( t)
9
9y2

a
^
(Y, t)

9U
^

9y2

+

    L
- 2

0
( t) S

- 1
( y2, t) A(Y, t)

9
9y1

a
^
( Y, t) S

- 1
(y2, t) A( Y, t)

9U
^

9y1

-

    L
- 2

0 ( t) S
- 1

( y2, t) A(Y, t)
9
9y1

a
^
( Y, t)

9U
^

9y2

-

    L
- 2

0 ( t)
9
9y2

a
^
( Y, t) S

- 1
(y2, t) A( Y, t)

9U
^

9y1

.

由此我们可得

  #u= - # ( a ( c) p ) = -
9
9x1

a ( c)
9p
9x 1

+
9
9x2

a( c)
9p
9x2

=

    - S
- 1

( y2, t)
9
9y1

a
^
( ) S

- 1
( y2, t )

9p
^

9y1

+ L
- 2

0
( t) S

- 1
( y2, t )A( Y, t) @

    9
9y1

S
- 1

( y2, t )A( Y, t)
9p

^

9y1

- L
- 2

0 ( t)S
- 1

( y2, t) A(Y, t)
9
9y1

a
^
( )

9p
^

9y2

-

    L
- 2

0 ( t)
9
9y2

a
^
( )S

- 1
( y2, t) A(Y, t )

9p
^

9y1

+ L
- 2

0 ( t)
9
9y2

a
^
( )

9p
^

9y 2

.

于是对方程 ( 1a)和 (1b)及 ( 2)作变量替换 (6), 经整理可得

  9p
^

9t
- S

- 1
B
9p

^

9y1
+

9p
^

9y2

- S
- 1
A 9p

^

9y1

L
- 1

0 0y2 - S
- 1 9
9y 1

a
^
S

- 1 9p
^

9y1

+

    L
- 2

0
S

- 1
A
9
9y1

a
^
S

- 1
A
9p

^

9y1

- L
- 2

0
S

- 1
A
9
9y1

a
^ 9p

^

9y2

-

    L
- 2

0

9
9y2

a
^
S

-1
A
9p

^

9y1

+ L
- 2

0

9
9y2

a
^ 9p

^

9y2

=

    ( Y, t),   YI , tI J, (9a)
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    u
^
= - a

^
( ) S

- 1 9p
^

9y1

,
9p

^

9y2

- S
- 1
A
9p

^

9y1

L
- 1

0
( t)

T

, ( 9b)

  U
^ 9
9t

- U
^

S
- 1

B
9
9y 1

+
9
9y2

- S
- 1
A
9
9y1

L
- 1

0 0y2 +

    u
^
# S

- 1 9
9y1

,
9
9y2

- S
- 1
A
9
9y1

L
- 1

0 ( t)
T

-

    S
- 1 9
9y1

S
- 1 9
9y1

+ L
- 2

0 S
- 1
A 9
9y1

S
- 1
A 9
9y1

-

    L
- 2

0
S

- 1
A
9
9y1

9
9y2

- L
- 2

0

9
9y2

S
- 1
A
9
9y1

+ L
- 2

0

9
9y2

9
9y2

+

    9p
^

9t
- S

- 1
B
9p

^

9y1
+

9p
^

9y2
- S

- 1
A
9p

^

9y1

L
- 1

0 0y2 =

    ( Y, t, ),   YI , tI J . ( 10)

对上述方程 ( 9)和 ( 10), 计算规模是很大的, 当 A( Y, t) 较小时, 工程上通常可舍去混合导数

项
[ 5, 20]

,此时可采用分数步长计算格式,大大减少计算工作量.对此简化模型,注意到

  S
- 1

= S
- 1

( y2, t ),

  L
-2

0
= L

- 2

0
( t),

  A
9
9y1

Aa
^
S

- 2
L

- 2

0

9p
^

9y1

=
9
9y1

a
^
A

2
S

- 2
L

- 2

0

9p
^

9y2

-
9
9y2

S ( y2, t )#Aa
^
S

- 2
L

- 2

0

9p
^

9y1

以及

  S
-1

B -
9
9y2

S ( y2, t)# - 1
Aa

^
S

- 1
L

- 2

0

9p
^

9y1

+
9p

^

9y2
- S

-1
A
9p

^

9y1

L
- 1

0 0y2= - a
^ - 1

BpA#u
^
,

此处

  BpA= B -
9
9y2

S (y2, t)# - 1
Aa

^
S

- 1
L

- 2

0 , 0y2

T

,

则可将流动方程 (9) 写为下述标准形式:

  9p
^

9t
+ a

^- 1
B pA# u

^
-

9
9y1

a
^
S

- 2
(1 + A

2
L

- 2

0 )
9p

^

9y1

+
9
9y2

a
^
L

- 2

0

9p
^

9y2

=

    ( Y, t),   YI , tI J . ( 11)

类似地,注意到

  - U
^

S
- 1

B -
9
9y2

S (y2, t) U
^ - 1

AS
- 1

L
- 2

0

9
9y1

+
9
9y2

- S
-1
A 9
9y1

L
- 1

0 0y2 +

    u
^
# S

- 1 9
9y1

,
9
9y2

- S
- 1
A
9
9y1

L
- 1

0
( t)

T

=

    - U
^

S
- 1

B - AL
- 1

0 0y2 -
9
9y2

S (y2, t)U
^ - 1

AS
- 1

L
- 2

0

9
9y1

+ L
- 1

0 0y2
9
9y2

+

    u
^
# S

- 1 9
9y1

,
9
9y2

- S
- 1
A 9
9y1

L
- 1

0 ( t)
T

=

    LcAu
^

- U
^
B cA # ,

此处
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    LcA=
S

- 1
AS

- 1
L

- 1

0

0 L
- 1

0

,

  B cA= S
- 1

B - AL
- 1

0 0y 2 -
9
9y2

S ( y2, t )U
^ - 1

AS
- 1

L
- 2

0
, L

- 1

0 0y2

T

,

则饱和度方程 ( 10) 可写成下述标准形式:

  U
^ 9
9t

+ LcAu
^

- U
^
B cA # -

9
9y1

S
- 2

(1 + A
2
L

- 2

0 )
9
9y1

+

    9
9y2

L
- 2

0

9
9y 2

+
9p

^

9t
+ a

^- 1
Bpo#u

^
= ( Y, t, ),   YI , tI J, ( 12)

此处   Bpo = (B, 0y2 )
T
, =

9
9y1

,
9
9y2

T

.

为了书写简便,记

  a
^

1= a
^

1 ( ) = a
^
( ) S

- 2
( y2, t ) ( 1 + L

- 2

0
( t )A

2
(Y, t) ), a

^

2 = a
^

2 ( ) = a
^
( )L

- 2

0
( t);

  1= 1 ( Y, t ) = ( Y, t) S
- 2

(y2, t) ( 1 + L
- 2

0 ( t )A
2
( Y, t) ),

  2= 2 ( Y, t ) = ( Y, t) L
- 2

0 ( t) .

于是方程 (11) 和 (12)写为下述形式:

  9p
^

9t
+ a

^- 1
B pA# u

^
-

9
9y1

a
^

1 ( )
9p

^

9y1

+
9
9y2

a
^

2 ( )
9p

^

9y2

= (Y, t ),

YI , tI J,   (13a)

  u
^
= - a

^
( ) S

- 1 9p
^

9y1

,
9p

^

9y2

- S
- 1
A
9p

^

9y1

L
- 1

0 ( t)
T

, ( 13b)

  U
^ 9
9t

+ LcAu
^

- U
^
B cA # -

    9
9y1

1
9
9y1

+
9
9y2

2
9
9y2

+
9p

^

9t
+ a

^- 1
Bpo#u

^
=

    ( Y, t, ),   YI , tI J . ( 14)

这样将原方程 (1a)和 ( 1b)及 ( 2)简化为标准域 = [ 0, 1]
2
上求解方程 ( 13) 和 (14) .

为了用差分方法求解,我们用网格区域 h代替 ,用 9 h表示 h的边界,取定 $t= T /I,对

h采用等距剖分, 0= y 10 < y 11 < y12 < , < y1N = 1; 0= y20 < y21 < , < y2N = 1; h= 1 /N .记

  Yij = ( ih1, jh2 )
T
, t

n
= n$t, W (Yij, t

n
) = W

n

ij,

  A
n

k, i+ 1 /2, j
=

1

2
a
^

k ( Yij,
n

h, ij ) + a
^

k (Y
i+ 1, j

,
n

h, i+ 1, j ) ,

  A
n

k, i, j+ 1 /2
=

1

2
a
^

k ( Yij,
n

h, ij ) + a
^

k (Y
i, j+ 1

,
n

h, i, j+ 1 ) ,

  a
n

k, i+ 1 /2, j =
1

2
a
^

k (Yij,
n

ij ) + a
^

k ( Yi+ 1, j,
n

i+1, j ) ,

  a
n

k, i, j+ 1 /2 =
1
2

a
^

k (Yij,
n
ij ) + a

^

k ( Yi, j+ 1,
n
i, j+ 1 ) ,

  D�y
1

(A
n

1Dy 1

n+ 1

h ) ij = h
- 2

A
n

1, i+ 1 /2, j (
n+ 1

h, i+ 1, j -
n+ 1

h, ij ) - A
n

1, i- 1/2, j (
n+ 1

h, ij -
n+ 1

h, i- 1, j ) ,
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    D�y
2
(A

n

2Dy
2

n+ 1

h ) ij = h
- 2

A
n

2, i, j+ 1 /2 (
n+ 1

h, i, j+1 -
n+ 1

h, ij ) - A
n

2, i, j- 1 /2 (
n+ 1

h, ij -
n+ 1

h, i, j-1 ) ,

  h (A
n

h
n+ 1

h ) ij = D
�y
1
(A

n

1Dy
1

n+ 1

h ) ij + D
�y
2
(A

n

2Dy
2

n+1

h ) ij,

此处   A
n

( t) =
A

n

1 0

0 A
n

2

.

则方程 ( 13a) ( t= t
n+ 1

) 的分数步差分格式:

  (
n

h, ij )

n+ 1 /2

h, ij -
n

h, ij

$t
= D

�y
1
(A

n

1Dy
1

n+ 1 /2

h ) ij + D
�y
2
(A

n

2Dy
2

n

h ) ij -

    (
n

h, ij ) a
^ - 1

(
n

h, ij )Bp A (Yij, t
n+ 1

)#
n

h, ij + (Y ij, t
n+ 1

),   1 [ i [ N - 1, (15a)

  
n+ 1 /2

h, ij = e
^n+ 1

ij ,   Y ijI 9 h, ( 15b)

  (
n

h, ij )

n+ 1

h, ij -
n+ 1 /2

h, ij

$t
= D

�y
2

(A
n

2Dy
2
(

n+ 1

h -
n
h ) ) ij,   1 [ j [ N - 1, (15c)

  n+ 1

h, ij = e
^n+ 1

ij
,   Y ijI 9 h . ( 15d)

近似 D arcy速度
n

h= (
n
,

n
)
T
, 按下述公式计算:

  
n

ij = - ( 2S ( y2j, t
n

) h)
- 1

(�A
n

i+ 1 /2, j (
n

h, j+ 1, j -
n

h, ij ) + �A
n

i- 1 /2, j (
n

h, ij -
n

h, i- 1, j ) ), (16a)

  
n

ij = - ( 2L0 ( t
n
) h )

- 1
(�A

n

i, j+ 1 /2 (
n

h, i, j+ 1 -
n

h, ij ) + �A
n

i, j- 1 /2 (
n

h, ij -
n

h, i, j- 1 ) ) -

    S
- 1

(y
2j
, t

n
) (�A

n

i+ 1 /2, j
A

n

i+ 1 /2, j
(

n

h, i+ 1, j -
n

h, ij ) +

    �A
n

i- 1 /2, j
A

n

i- 1 /2, j
(

n

h, ij -
n

h, i- 1, j ) ) , ( 16b)

此处

  �A
n

i+ 1 /2, j =
1

2
a
^
(Yij,

n

h, ij ) + a
^
(Yi+ 1, j,

n

h, i+ 1, j ) ,

  �A
n

i, j+ 1 /2=
1
2

a
^
(Yij,

n

h, ij ) + a
^
(Yij,

n

h, i, j+ 1 ) .

下面考虑饱和度方程 ( 14)的二阶迎风差分格式,记其对流系数 E (Y, t, u
^
) = LcAu

^
- U

^
B cA=

(E1, E 2 )
T
及其近似对流系数 E

n

h= E (Y, t
n
,

n

h ) = L
n

cA

n

h - U
^ n
B

n

cA= (E
n

1h , E
n

2h )
T

.针对新的对流 -

扩散方程 (14),我们提出一类修正迎风分数步差分格式
[ 15-16]

.

饱和度方程 ( 14)的分数步迎风差分格式:

  U
^ n+ 1

ij

n+ 1 /2

h, ij -
n

h, ij

$t
= 1 +

h
2

E
n

1h (
n+ 1
1 )

- 1
- 1

ij

D�y
1
(

n+ 1

1 Dy
1

n+ 1 /2

h ) ij +

    1 +
h

2
E

n

2h (
n+ 1
2 )

- 1
- 1

ij

D
�y
2
(

n+ 1

2 D
y
2

n

h ) ij - D
E n
1h

n

h, ij - D
E n
2h

n

h, ij -

    (
n

h, ij )

n+ 1

h, ij -
n

h, ij

$t
- (

n

h, ij ) a
^- 1

(
n

h, ij )B
n

po ( Yij, t
n+ 1

)# n

h, ij + (Yij, t
n
,

n

h, ij ),

1 [ i [ N - 1,   (17a)

  n+ 1/ 2

h, ij = r
^n+ 1

ij
,   Yij I 9 h, ( 17b)

  U
^ n+ 1

ij

n+ 1

h, ij -
n+ 1 /2

h, ij

$t
= 1 +

h

2
E

n

2h (
n+ 1

2 )
- 1

- 1

D
�y
2
(

n+ 1

2 D
y
2
(

n+ 1

h -
n

h ) ) ij,

1 [ j [ N - 1,   (17c)
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n+ 1

h, ij = r
^n+ 1

ij ,   Yij I 9 h, ( 17d)

此处

  DE n
1h

n

h, ij = E
n

1h, ij H (E
n

1h, ij ) (
n

1 )
- 1

ij

n

1, i- 1 /2, jD�y
1

n

h, ij +

    (1 - H (E
n

1h, ij ) ) (
n

1 )
- 1

ij

n

1, i+1 /2, jDy
1

n

h, ij ,

  D
E n
2h

n

h, ij = E
n

2h, ij
H (E

n

2h, ij
) (

n

2 )
- 1

ij

n

2, i, j-1 /2D�y
2

n

h, ij +

    (1 - H (E
n

2h, ij
) ) (

n

2 )
- 1

ij

n

2, i, j+ 1 /2Dy
2

n

h, ij ,

  H ( z ) =
1,   z \ 0,

0,   z < 0,

此处需要指明的是迎风分数步格式 ( 17)是二阶的, 它可按文献 [ 15-16]的方法证明其是对空

间达到二阶精度.

初始逼近:

  0

h, ij = p
^

0 (Y ij ),
0

h, ij = 0 ( Yij ),   0 [ i, j [ N . ( 18)

分数步长特征差分格式 I的计算程序是: 当
n

h, ij,
n

h, ij 已知时, 首先由方程 (15a) 和

( 15b)沿 y1方向用追赶法求出过渡层的解
n+ 1 /2

h, ij ,再由方程 ( 15c)和 ( 15d)沿 y2方向用追赶

法求出
n+ 1

h, ij ,与此同时,并行的由方程 ( 17a)和 ( 17b)沿 y1方向用追赶法求出过渡层的解
n+ 1 /2

h, ij ,再由方程 (17c)和 ( 17d) 沿 y2方向用追赶法求出
n+ 1

h, ij . 由正定性条件 ( C),方程

( 5)和 (17)的解存在且唯一.

2 收敛性分析

为了记号简便,将标号 / 0̂省略,此时 8 = [ 0, 1]
2

,迎风差分格式为

  d ( C
n

h, ij )
P

n+ 1 /2

h, ij - P
n

h, ij

$t
= D�y

1
(A

n

1Dy
1
P

n+ 1 /2

h ) ij + D�y
2
(A

n

2Dy
2
P

n

h ) ij -

    d ( C
n

h, ij
) a

- 1
(C

n

h, ij
)B

pA ( Yij, t
n+ 1

)#U
n

h, ij
+ Q (Yij, t

n+ 1
),   1 [ i [ N - 1, (19a)

  P
n+ 1 /2

h, ij
= e

n+ 1

ij
,   YijI 98h, ( 19b)

  d ( C
n

h, ij
)

P
n+ 1

h, ij
- P

n+ 1 /2

h, ij

$t
= D

�y
2
(A

n

2
D

y
2
(P

n+ 1

h - P
n

h ) ) ij,   1 [ j [ N - 1, (19c)

  P
n+ 1

h, ij
= e

n+1

ij
,   YijI 98h, ( 19d)

  U
n+ 1

ij

C
n+ 1 /2

h, ij
- C

n

h, ij

$t
= 1 +

h

2
E

n

1h
(D

n+ 1

1 )
- 1

- 1

ij

D
�y
2
(D

n+ 1

1
D

y
1
C

n+ 1 /2

h
) ij +

    1 +
h
2

E
n

2h
(D

n+ 1

2 )
- 1

- 1

ij

D�y
2
(D

n+ 1

2 Dy
2
C

n

h ) ij - DEn
1h
C

n

h, ij -

    DE n
2h

C
n

h, ij - b( C
n

h, ij )
P

n+ 1

h, ij - P
n

h, ij

$ t
-

    b (C
n

h, ij
) a

-1
(C

n

h, ij
)Bpo (Yij, t

n+ 1
)#U

n

h, ij
+ f (Y ij, t

n
, C

n

h, ij
),

1 [ i [ N - 1,   (20a)

  C
n+ 1 /2

h, ij
= r

n+ 1

ij
,   Yij I 98h, ( 20b)
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  U
n+ 1

ij

C
n+ 1

h, ij - C
n+ 1 /2

h, ij

$t
= 1 +

h
2

E
n

2h
(D

n+ 1

2 )
- 1

- 1

ij

D�y
2
(D

n+ 1

2 Dy
2
(C

n+ 1

h - C
n

h ) ) ij,

1 [ j [ N - 1,   (20c)

  C
n+ 1

h, ij = r
n+ 1

ij ,   Yij I 98h . ( 20d)

设 P= p - Ph , N= c - Ch, 这里 p, c为问题的精确解, Ph, Ch为差分解.为了进行误差分析,

定义网格函数空间H h 的内积
[ 11-13]

.

  3v, w 4= 6
N

i, j= 1

v ijw ijh
2
, [ v, w ) 1= 6

N- 1

i= 0
6

N

j= 1

vijw ij h
2
, [ v, w ) 2 = 6

N

i= 1
6
N- 1

j= 0

vijw ij h
2
,

  P v, w I H h .

首先研究压力方程,由方程 ( 19a) ~ (19d)消去 P
n+ 1 /2

h
可得下述等价差分方程:

  d ( C
n

h, ij
)

P
n+ 1

h, ij
- P

n

h, ij

$t
= - D

�y
1
(A

n

1
D

y
1
P

n+ 1

h ) ij + D
�y
2

(A
n

2
D

y
2
P

n+ 1
h ) ij =

    - d ( C
n

h, ij
) a

- 1
(C

n

h, ij
)B

pA ( Yij, t
n+ 1

)#U
n

h, ij
+ Q (Yij, t

n+ 1
) -

    ($t)
2
D
�y
1
(A

n

1
D

y
1
( d

- 1
(C

n

h
) ( D

�y
2
(A

n

2
D

y
2
d tP

n

h ) ) ) ) ij,   1 [ i, j [ N - 1, (21a)

  P
n+ 1

h, ij = e
n+1

ij ,   YijI 98h, ( 21b)

此处   d tP
n

h, ij
= (P

n+ 1

h, ij
- P

n

h, ij
) /$t.

由方程 ( 13a) ( t= t
n+ 1

)和 ( 21)可得压力方程的误差方程:

  d ( C
n

h, ij ) d tP
n

ij - D�y
1
(A

n

1Dy
1
P

n+ 1
) ij + D�y

2
(A

n

2Dy
2
P

n+ 1
) ij =

    - ($t)
2
D�y

1
(A

n

1Dy
1
( d

- 1
( C

n

h ) ( D�y
2
(A

n

2Dy
2
d tP

n
) ) ) ) ij +

    ($t)
2
D�y

1
(A

n

1Dy
1
( d

- 1
(C

n

h ) ( D�y
2
(A

n

2Dy
2
d t p

n

) ) ) ) ij +

    d ( C
n

h, ij
) a

- 1
( C

n

h, ij
)BpA (Y ij, t

n+ 1
)# (U

n

h, ij
- u

n

h, ij
) +

    d ( C
n

h, ij ) a
- 1

(C
n

h, ij ) - d ( c
n+ 1

ij ) a
- 1

( c
n+ 1

ij ) BpA (Y ij, t
n+1

)#u
n

h, ij -

    d ( c
n+ 1

ij ) - d (C
n

h, ij ) d t p
n

ij + D�y
1
( ( a

n+ 1

1 - A
n

1 ) Dy
1
p

n+ 1
) ij +

    D
�y
2
( ( a

n+ 1

2
- A

n

2
) D

y
2
p

n+ 1
) ij + R

n+ 1

ij
,   1 [ i, j [ N - 1, (22a)

  P
n+ 1

ij = 0,   Y ijI 98h, ( 22b)

此处

  d tP
n

= ( P
n+ 1

- P
n
) /$t, R

n+ 1

ij [ M h
2

+ $t .

对方程 ( 22)乘以 DtP
n

ij = d tP
n

ij$t, 作内积并分部求和:

  3d ( C
n

h
) d tP

n
, d tP

n 4$t+

    3A
n

1
D

y
1
P

n+ 1
, D

y
1
( P

n+ 1
- P

n
) 4+ 3A

n

2
D

y
2
P

n+ 1
, D

y
2
(P

n+ 1
- P

n
) 4=

    - ($t)
2 3D�y

1
(A

n

1Dy
1
(d

- 1
(C

n

h ) (D�y
2
(A

n

2Dy
2
d tP

n
) ) ) ), d tP

n 4-

    3D
�y
1
(A

n

1
D

y
1
(d

- 1
(C

n

h
) (D

�y
2
(A

n

2
D

y
2
d t p

n
) ) ) ), d tP

n 4 $t+

    3d ( C
n

h ) a
- 1

( C
n

h )BpA (Y, t
n+ 1

) # (U
n

h - u
n+ 1

), d t P
n 4$t+

    3 d (C
n

h
) a

- 1
(C

n

h, ij
) - d ( c

n+ 1
) a

- 1
( c

n+ 1
) BpA (Y, t

n+ 1
)# u

n+ 1
, d tP

n 4$t +
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    3D�y
1
( ( a

n+ 1

1 - A
n

1 )Dy
1
p

n+ 1
) + D�y

2
( ( a

n+ 1

2 - A
n

2 ) Dy
2
p

n+ 1
), d tP

n 4$t -

    3 d ( c
n+ 1

) - d ( C
n

h
) d t p

n
, d tP

n 4$t + 3Rn+ 1
, d t P

n 4$t. ( 23)

对方程 ( 23)的左、右两端依次进行估计,并求和 0 [ n [ L,注意到 P
0
= N

0
= 0,有

  6
L

n= 1
d tP

n 2

0
$t + 3A

L

1Dy
1
P

L+ 1
, Dy

1
P

L+ 1 4+ 3A
L

2Dy
2
P

L+ 1
, Dy

2
P

L+ 1 4 -

    3A
0

1Dy
1
P

0
, Dy

1
P

0 4+ 3A
0

2Dy
2
P

0
, Dy

2
P

0 4 [

    6
L

n= 1
3(A

n

1 - A
n- 1

1 )Dy
1
P

n
, Dy

1
P

n 4+ 3(A
n

2 - A
n- 1

2 ) Dy
2
P

n
, Dy

2
P

n 4 +

    M h
4

+ ($t)
2

+ 6
L

n = 1

[ hP
n 2

0
+ N

n 2

0
+ hN

n 2

0
]$t . ( 24)

其次研究饱和度方程的误差估计,由方程 ( 20a) ~ ( 20d)消去 C
n+ 1 /2

h
可得下述等价差分方

程:

  U
n+ 1

ij

C
n+ 1

h, ij - C
n

h, ij

$t
- 1 +

h
2

E
n

1h (D
n+ 1

1 )
-1

- 1

ij

D�y
1
(D

n+ 1

1 Dy
1
C

n+1

h ) ij +

    1 +
h

2
E

n

2h
(D

n+ 1

2 )
- 1

- 1

ij

D
�y
2
(D

n+ 1

2
D

y
2
C

n+ 1

h
) ij =

    - DEn
1h
C

n

h, ij - DEn
2h

C
n

h, ij - b(C
n

h, ij )
P

n+ 1

h, ij - P
n

h, ij

$t
+

    b(C
n

h, ij ) a
- 1

(C
n

h, ij )Bpo (Yij, t
n+ 1

)#U
n

h, ij +

    f (Y ij, t
n
,

n

h, ij ) - ( $t)
2

1 +
h

2
E

n

1h
(D

n+ 1

1 )
- 1

- 1

ij

D
�y
1

D
n+ 1

1
D

y
1

(U
n+ 1

)
- 1 @

    1 +
h
2

E
n

2h
(D

n+ 1

2 )
- 1

- 1

D�y
2
(D

n+ 1

2 Dy
2
d tC

n

h )
ij
,   1 [ i, j [ N - 1, (25a)

  C
n+ 1

h, ij = r
n+ 1

ij ,   Yij I 98h . ( 25b)

为以后书写简便,记

  B
n+ 1

1
= 1 +

h

2
E

n

1h
(D

n+ 1

1 )
- 1

- 1

, B
n+ 1

2
= 1 +

h

2
E

n

2h
(D

n+ 1

2 )
- 1

- 1

,

  �B
n+ 1

1 = 1 +
h
2

E
n+ 1

1 (D
n+ 1

1 )
- 1

- 1

, �B
n+ 1

2 = 1 +
h
2

E
n+ 1

2 (D
n+ 1

2 )
-1

- 1

.

由方程 ( 14) ( t= t
n+ 1

)和 ( 25)可得饱和度的误差方程:

U
n+ 1

ij

N
n+ 1

ij
- N

n

ij

$t
- �B

n+ 1

1, ij
D
�y
1
(D

n+ 1

1
D

y
1
N

n+ 1
) ij + �B
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2, ij
D
�y
2
(D

n+ 1

2
D

y
2
N

n+ 1
) ij =

  DEn
1h

C
n

h, ij - DE n+ 1
1

c
n+ 1

ij + DE n
2h

C
n

h, ij - DEn+ 1
2

c
n+ 1

ij + �B
n+ 1

1, ij - B
n+ 1

1, ij D�y
1
(D

n+ 1

1 Dy
1
C

n+ 1

h ) ij +

  �B
n+ 1

2, ij
- B

n+ 1

2, ij
D
�y
2
(D

n+ 1

2
D

y
2
C

n+ 1

h
) ij - b( C

n

h, ij
) d tP

n

ij
- b( c

n+ 1

ij
) - b( C

n

h, ij
) d t p

n

ij
-

  b (C
n

h, ij
) a

- 1
(C

n

h, ij
)Bpo (Yij, t

n+ 1
)# (u

n+ 1

ij
- U

n

h, ij
) +

  b(C
n

h, ij )a
-1

(C
n

h, ij ) - b(c
n+1

ij )a
- 1

(c
n+1

ij ) Bpo (Yij, t
n+1

)# u
n+1

ij + f(Yij, t
n+1

, c
n+1

ij ) - f (Yij, t
n

,
n

h, ij ) -

  ($t)
2
�B

n+1

1, ij D�y
1
(D

n+1

1 D�y
1
( ( U

n+ 1
)

- 1
�B

n+ 1

2, ij D�y
2
(D

n+ 1

2 D�y
2
dt c

n
) ) ) ij -
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  B
n+ 1

1, ij D�y
1
(D

n+ 1

1 D�y
1
( ( U

n+ 1
)

- 1
B

n+ 1

2, ij D�y
2
(D

n+ 1

2 D�y
2
d tC

n

h ) ) ) ij + E
n+ 1

ij ,

1 [ i, j [ N - 1.   (26a)

  N
n+ 1

ij
= 0,   YijI 98 h, ( 26b)

此处   E
n+ 1

ij
[ M ( h

2
+ $t) .

对方程 ( 26)乘以 DtN
n

ij
= N

n+ 1

ij
- N

n

ij
= d tN

n

ij
$t作内积,并分部求和可得:

3Un+ 1
d tN

n
, d tN

n 4$t+ 3D
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N
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, Dy

1
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D
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N
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2
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1

c
n+ 1
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1
D

y
1
C
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h
), d t N

n 4+
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2
(D
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2
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h ), d tN
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n
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n
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n
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n
,

n

h ), d tN
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h
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h
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( c
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1
( ( U
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)

- 1
B
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2
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d tN

n
) ) ), d tN
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)

- 1
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2 D�y
2
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n+ 1

2 Dy
2
d t c

n
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n 4$t. ( 27)

对误差估计方程 ( 27)的左右两端依次进行估计可得:

dt N
n 2$t +

1
2

3D
n+ 1

1
D

y 1
N

n+ 1
, �B

n+ 1

1
D

y
1
N
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n 2

+ hN
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+ N
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2
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4
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对上式关于 t求和 0 [ n [ L,注意到 N
0
= 0, 可得
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N
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1
N
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n
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L
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L

n = 0
N

n+ 1 2

1
+ hP

n 2
+ d t P
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2
+ h

4
$t, ( 29)

注意到 �B
n+ 1

k, ij - �B
n

k, ij
[ M h$t, k= 1, 2,则误差方程 (30) 可写为
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L
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n 2
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N
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1
+ h P

n 2
+ ($t)

2
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$t. ( 30)
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对压力函数误差方程 ( 24), 注意到

  6
L

n= 0
3(A

n

1 - A
n-1

1 )Dy
1
P

n
, Dy

1
P

n 4+ 3(A
n

2 - A
n- 1

2 ) Dy
2
P

n
, Dy

2
P

n 4 [

    E6
L

n = 1
d tN

n- 1 2$t+ M 6
L

n= 1
hP

n 2
$t, (31a)

  
P

L + 1 2 [ E6
L

n = 0
d tP

n 2

0
$t + M 6

L

n= 0
P

n 2
$t,

N
L+ 1 2 [ E6

L

n = 0
d t N

n 2$t + M 6
L

n= 0
N

n 2
$t,

( 31b)

组合方程 (24) 和 (30)可得

  6
L

n= 0
d t P

n 2

0
+ d t N

n 2

0
$t + P

l+ 1 2

1
+ N

l+ 1 2

1
[

    M 6
L

n = 0
P

n+ 1 2

1
+ N

n+ 1 2

1
+ h

4
+ ( $t)

2
$t. ( 32)

应用 G ronw a ll引理可得:

  6
L

n= 0
d t P

n 2

0
+ d t N

n 2

0
$t + P

l+ 1 2

1
+ N

l+ 1 2

1
[ M h

4
+ ($t)

2
. ( 33)

定理  假定方程 ( 13)和 ( 14)的精确解满足光滑性条件:

  p, cI L
]

(W
4, ]

),
9
2
p

9t
2,

9
2
c

9t
2 I L

]
( L

]
) .

采用分数步长特征差分方程 (15)和 ( 17)逐层计算,则下述误差估计方程成立:

  p - Ph �L ] ( [ 0, T ], h1)
+ c - Ch �L] ( [ 0, T ], h1)

+

    d t ( p - Ph )
�L2( [ 0, T ], l2)

+ dt ( c - Ch )
�L 2( [ 0, T ], l2)

[

    M
*

$t + h
2

, ( 34)

此处常数M
*
依赖于 p, c及其导函数.

3 应   用

3. 1 本文所提出的数值方法已成功应用到油气资源评估的数值模拟系统 º [ 21]
, 其数学模型

是

  # J
L

p = U
9p
9t

- f
9s
9t

+ U
9Pn

9t
,  X = (x1, x 2, x 3 )

T I 81 ( t ),

   tI J = ( 0, T ] , (35a)

  p = 0,   XI 8 2 ( t ), tI J (流动方程 ), ( 35b)

  # ( Js T ) - cw Qw # ( vT ) + Q= cs Qs
9T
9t

,

XI 8 ( t), tI J (古温度方程 ), ( 36)

  95
9t

= - f 9s
9t

-
9p
9t

-
9P n

9t
,   XI 8 ( t), tI J (孔隙度方程 ), ( 37)

此处 8 ( t) = 8 1 ( t) G 8 2 ( t)是盆地的三维有界区域, 超压函数 p= p (X, t)在超压区 81满足方

程 (35a),在非超压区 8 2上恒为 0. T= T (X, t )是古温度函数, 5 (X, t)是孔隙度函数满足方程
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( 37), s和 Pn 分别是负荷重和静水柱压力, L是流体粘度, J是渗透率, v是 D arcy速度, Js是沉

积物的热导率, Q是热源项, p, T, 5 是需要寻求的基本未知函数.

研制成的软件系统已成功应用到胜利、辽河、大港等油田的油气资源评估.

3. 2 本文所提出的数值方法还成功应用到油资源运移聚集模拟系统
¹ , [ 21]

, 其数学模型为

  # K
kro ( s)

Lo
Wo

+ Boq= - 5 Ûs 9Wo

9t
-
9Ww
9t

,

X = (x1, x2, x3 )
T I 8 ( t ), tI J   (油位势方程 ), (38a)

  # K
krw ( s)

Lw
Ww + Bwq= 5 Ûs 9Wo

9t
-
9Ww

9t
,

X I 8 ( t), tI J   (水位势方程 ), ( 38b)

此处 Wo, Ww是油相、水相流动位势,是需求的基本未知函数. K 是地层的渗透率, Lo, Lw 分别是

油相、水相粘度, Jro, Jrw分别是油相、水相的相对渗透率. Ûs= ds /dp c, s为含水饱和度, p c ( s)为毛

细管压力函数, B o, Bw 是流动函数, 5 为地层孔隙度, q为产量项函数.

研制成的软件系统已成功应用到胜利油田阳信凹陷地区的实际数值模拟和油资源评估.

[参  考  文  献 ]

[ 1]  袁益让. 油藏数值模拟中动边值问题的特征差分方法 [ J]. 中国科学, A辑, 1994, 24 ( 10): 1029-

1036.

[ 2]  Doug las J Jr, Roberts J E. Numerical m ethod for am ode l for com pressiblem isc ib le d isp lace-

m ent in porousm ed ia[ J].M ath C om p, 1983, 41( 164): 441-459.

[ 3]  袁益让. 多孔介质中可压缩、可混溶驱动问题的特征有限元方法 [ J] .计算数学, 1992, 14( 4): 385-

406.

[ 4]  袁益让. 在多孔介质中完全可压缩、可混溶驱动问题的差分方法 [ J]. 计算数学, 1993, 15( 1): 16-

28.

[ 5]  Ew ing R E. Th eMa th em a tics o f R eser vo ir Sim u la tion [M ]. Ph iladelph ia: SIAM, 1983.

[ 6]  M archuk G I. Sp litting and alternating direction method [ A ]. In: C iarlet P G, L ions J L, Eds.

H an dbook of Num er ica l An a ly sis [ C] . Paris: E lsevior Science Pub lishers B V, 1990, 197-460.

[ 7]  Douglas J Jr, Russe ll T F. Num erical methods for convect ion-dom inated d iffus ion prob lem s

based on combin ing them ethod o f characteristicsw ith fin ite element or f in ite difference pro-

cedures[ J]. S IAM J Num e An a l, 1982, 19( 5): 781-895.

[ 8]  Douglas J Jr. S im u lation o fm iscib le d isplacement in porous m ed ia by a m odified m ethod o f

characteristic procedure[ A ]. In: Lectu r e No tes in Ma th em a tics 912, Num er ica l Ana ly sis [ C] .

Berlin: Springer, 1982, 64-70.

[ 9]  Douglas J Jr. F in ite d ifferencem ethods for tw o-phase incompress ib le flow in porous m ed ia

[ J]. S IAM J Num er An a l, 1983, 20( 4): 681-696.

[ 10]  Ew ing R E, Russe ll T F, Whee lerM F. Convergence analys is of an approx im ation of m iscib le

d isplacement in porous media bym ixed fin ite elements and am odifiedm ethod o f characteris-

tics[ J]. C om p M eth App l M ech En g, 1984, 47(1 /2): 73-92.

[ 11]  Ew ing R E, RussellT F, WheelerM F. S imu lation o fm iscib le disp lacement usingm ixed m eth-

ods and am od ifiedm ethod of characteris tics[A ]. In: SPE 12241, 7 thSPE Sym p osium on Res-

er vo ir S im u la tion [ C ]. San Francisco, 1983.

[ 12]  袁益让. 三维动边值问题的特征混合元方法和分析 [ J].中国科学, A辑, 1996, 26( 1): 11-22.

[ 13]  袁益让. 三维热传导型半导体问题的差分方法和分析 [ J ]. 中国科学, A辑, 1996, 26( 11): 973-

983.

1293油水渗流动边值问题的迎风差分方法



[ 14]  Axelsson O, Gustafasson I. A mod ified upw ind schem e for convective transport equations and

the use o f a con jugate grad ien tm ethod fo r the solut ion of non-symmetric system s o f equat ion

[ J]. J In st Ma th s App lics, 1979, 23( 3): 321-337.

[ 15]  Ew ing R E, Lazarov R D, Vassilevski A T. Fin ite d ifference schem e for parabo lic prob lem s on

com posite gridsw ith refinem ent in time and space[ J ]. S IAM J Num er An a l, 1994, 31( 6):

1605-1622.

[ 16]  Lazarov R D, M ishev I D, Vass ilevsk i P S. F in ite vo lum emethod for convection-d iffus ion prob-

lem s[ J]. S IAM J Num er An a l, 1996, 33( 1): 31-55.

[ 17]  Peacem an D W. Fun dam en ta l of Num er ica l Reser v oir S im u la t ion [M ]. Am sterdam: E lsevier,

1980.

[ 18]  Ew ing R E. M athemat icalm odeling and s im u lation form u ltiphase flow in porousm ed ia[A ] .

In: Num er ica l T r ea tm en t o f Mu ltipha se F low s in Por ou s M edia [ C ] . Lectu re Notes in Phys-

ics, Vo l 1552, N ew York: Springer, 2000, 43-57.

[ 19]  YUAN Y-i rang, HAN Yu-j.i Numerical s imu lation o f m igration-accum ulation of oil resources

[ J]. Com pu t G eosi, 2008, 12: 153-162.

[ 20]  袁益让, 韩玉笈. 三维油资源渗流力学运移聚集的大规模数值模拟和应用 [ J]. 中国科学, G辑,

2008, 38( 11): 1582-1600.

[ 21]  袁益让, 羊丹平, 王文洽. 含油气盆地三维问题的计算机模拟及其数值分析 [ J]. 计算物理, 1992,

9( 4): 361-365.

Upwind F in ite D ifferenceMethod forM iscible

(O il andWater)D isplacementProblemW ith

Moving Boundary Values
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( 1. In stitu te of Ma them a tics, Shan don g Un iv er sity , J in an 250100, P. R . Ch in a ;

2. Phy s ica l Exp lor a tion In stitu te, Sh en g li P etr o leum Adm in istr a t ion ,

Don gy in g, Shan don g 257022, P . R. China )

Abstract: The research of the m iscib le ( o il and water) d isp lacement problem w ith m ov ing

boundary va lues is of great value to the h istory o f o i-l gas transport and accum ulation in basin

evo lu tion, aswe ll as to the rationa l evaluation in prospecting and explo iting o i-l gas resources.

Them athematica lm odel can be described as a coup led system of non linear partial d ifferen tial

equationsw ithm ov ing boundary values. For the two-d im ens ional bounded reg ion, the upw ind f-i

n ite d ifference schem es were put forw ard. Some techniques, such as calcu lus of variations,

change of variables, theory o f a priori es tim ates and techn iqueswere adop ted. Op tim al order es-

tim ates are derived for the errors in approx im ate so lutions. The research is im portan t both theo-

retically and practically form odel ana lysis in the field, formodel num erica lmethod and for soft-

ware developm ent.

Key words: com pressible displacement; m ov ing boundary; upw ind fin ite d ifference fraction

steps; error estimate; app lication
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