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� � � . $ # � ! � " � � � $ � ! � ! . . $ � � � � " � $

∂ (ρε)

∂t
+ ∇.

(

ερ~V
)

= ρQS

� � " � $ � ! # � �  ! � ! # ! � " . ! $
ε~V = −

1

µ
Ik(∇P + ρg ~nz)

• ε" # � # � . " � !

• ρ " � $ � . " � ! � � � � " � $

• ~V " � " � $ . . $ � $ � ! # � �

• QS " � $ # � $ . � � # � $

• Ik" � $ � . $ � # � $ # $ # � ! ! $ " � " � !

• P " # # $ . . " � �
• µ" � � $ " � " � !
• g "  # ! � " � !
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� � � ! � " � � . � � ! � ! �

ε = ε(P ), ρ = ρ(P, C), µ = µ(C),

S =
∂ε

∂P
+

ε

ρ

∂ρ

∂P
= (1 − ε)α + εβ

• C " � � � � $ � � # ! � " � � � $ . $ � � � # ! � � " � � �

• S " $ � � !  ! . " � $ � $ � �

� � � . $ # � ! � " � � � $ � ! � ! . . $

ρS
∂P

∂t
+ ε

∂ρ

∂C

∂C

∂t
+ ∇.

(

ερ~V
)

= ρQS .

α ' 4,410−10 m2/N � β ' 10−7

� 10−9 m2/N � � � � � S << 1
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� � � . $ # � ! � " � � � $ � ! � ! . . $ � $ . $ �

ερ
∂C

∂t
+ ερ ~V .∇C = ∇.

(

ερID(~V )∇C
)

,

ID(~V ) = DmI+(αL − αT )
~V ⊗ ~V
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• Dm " � " � � . " � � � � � ! � � � ! " # $

• αL � # $ . # � αT � " � " . # $ # . " � " � ! � � �  " � � � " � ! � $ � # $ . # � � # ! � . � $ # . $ �

( " αL = αT = 0 ! � � # . ID = DmI $ . � � � � . � ! � �
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A1
dP
dt + A2

dC
dt + NqQ = F1

RT
q P − MqQ = F2

P� � � � � � � 	 
 � � �   � 	 	 � � � � 	 
 � � � � � 	 � � � � � � nm �

Q� � � � � � � � � � � 	 � � 	 � � � � � � � 	 � � � � � � nf �

F1� 	 � � � � � � � � � � � � � 
 � �  ρgnz � � � � � � nm �

F2� � � � � � � � 
 � �  ρgnz � � � � � � nf �
A1� 
 � � � � � � � � � � �  � � � � � � � � � � nm

A2� 
 � � � � � � � � � � �  � � � � � � � � � � nm

Nq� 
 � � � � � � � � � � 	 � � � � � 
 �  	 � �  	 nm × nf

Rq� 
 � � � � � � � � � � 	 � � � � � 
 �  	 � �  	 nm × nf

Mq� 
 � � � � � � � � � � 	 � � � � � � � � nf
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- ! � # " � $ . ! � ! � $ � � ! " # $ .

aK = (Ik/µ)K, BK,i,j =
∫

K a−1
K ~wi. ~wj,

νK,E = ±1, B̃K,i,j = νK,EνK,E′BK,i,j, E = ∂Ki, E
′ = ∂Kj

- ! � # " � $ . � # $ � . $ .

A1,K = SK ρK,
A2,K = εK(∂ρ/∂C)K,
Mq,E,E′ = B̃K,i,j, E 6= E′, E = ∂Ki, E

′ = ∂Kj,

Mq,E,E = B̃K,i,i + B̃K ′,i,i, E = ∂Ki = ∂K′
i,

Rq,K,E = νK,E,
Nq,K,E = ρK,E νK,E
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A1
dP
dt + A2

dC
dt + ∆pP − NpT = F1

RT
p P − MpT = F2

~V = ~Q(P, T )/ε

P � � � � � � � 	 
 � � �   � 	 	 � � � � 	 
 � � � � � 	 � � � � � � nm �

T� � � � � � � 	 � � � � � � � 	 � � 	 � � � � � � � 	 � � � � � � nf �
F1� 	 � � � � � � � � � � � � � 
 � �  ρgnz � � � � � � nm �
F2� � � � � � � � 
 � �  ρgnz � � � � � � nf �

A1� 
 � � � � � � � � � � �  � � � � � � � � � � nm
A2� 
 � � � � � � � � � � �  � � � � � � � � � � nm
∆p� 
 � � � � � � � � � � �  � � � � � � � � � � nm
Np� 
 � � � � � � � � � � 	 � � � � � 
 �  	 � �  	 nm × nf
Rp� 
 � � � � � � � � � � 	 � � � � � 
 �  	 � �  	 nm × nf
Mp� 
 � � � � � � � � � � 	 � � � � � � � � nf
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 � � � � � � � � 
 � � � � � � � � � � � � �

- ! � # " � $ . ! � ! � $ � � ! " # $ .

aK = (Ik/µ)K, BK,i,j =
∫

K a−1
K ~wi. ~wj,

B̃K = B−1
K , αK,i =

∑

j B̃K,i,j.

- ! � # " � $ . � # $ � . $ .

A1,K = SK ρK,
A2,K = εK(∂ρ/∂C)K,
Mp,E,E′ = B̃K,i,j, E 6= E′, E = ∂Ki, E

′ = ∂Kj,

Mp,E,E = B̃K,i,i + B̃K ′,i,i, E = ∂Ki = ∂K′
i,

Rp,K,E = αK,i, E = ∂Ki
Np,K,E =

∑

j ρK,jB̃K,i,j, E = ∂Ki,
∆p,K =

∑

i ρK,i αK,i

2 3 4 5 6 7 8 9 : ; < = : : > �
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ρn+1 = ρ(Cn+1
), µn+1 = µ(Cn+1

)

A1(ρ
n+1)Pn+1−Pn

∆t + A2(ε
n+1)C

n+1
−C

n

∆t + ...

∆p(ρn+1)Pn+1 − Np(ρn+1)T = F1(ρ
n+1)

RT
p Pn+1 − MpT = F2(ρ

n+1)

εn+1 = ε(Pn+1), ~V n+1 =

vecQ(Pn+1, T )/εn+1
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 � � � � �  � �  � � � � 	 � � � �

� ! . α = β = S = 0 � ε � � � . � ! � � � $ � ∂ρ/∂C = aρ $ � µ � � � . � ! � �

ρn+1 = ρ0 + aρC
n+1

A2
C

n+1
−C

n

∆t + ∆p(ρn+1)Pn+1 − Np(ρn+1)T = F1(ρ
n+1)

RT
p Pn+1 − MpT = F2(ρ

n+1)

~V n+1 = ~Q(Pn+1, T )/ε
2 3 4 5 6 7 8 9 : ; < = : : > ? ?



� �  � � � � � � � 	 � �  � � � � � 
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CK = Cn
K + ∆tA(Cn

K, ~V n+1)

C∗
K = L(CK), C∗

K = 1
|K|

∫

K C∗
K dx

Dn+1 = D(~V n+1)

C
n+1

−C
∗

∆t + ∆c(Dn+1)Cn+1 − Rc(Dn+1)X = G1

RT
c (Dn+1)Cn+1 − Mc(Dn+1)X = G2

Cn+1
K = Cn

K + Cn+1
K − Cn

K
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C∗ = bconv(~V n+1, Cn)

Dn+1 = Dis(~V n+1)

Adis(Dn+1)Cn+1 = bdis(C∗, Dn+1)

ρn+1 = Den(Cn+1)

Aflow(ρn+1)Pn+1 = bflow(ρn+1, Cn+1, Cn, Pn)
~V n+1 = V el(Pn+1)

( � . � � � $ � � ! � � ! � " � � . � � � � " � ! ! " # $ .
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� � � � � � � �

� � � � � $ � $ # � " � � � � $

+ # ! � . # � # �



















C∗ = bconv(~V n+1,k, Cn)

Dn+1,k+1 = Dis(~V n+1,k)

Adis(Dn+1,k+1)Cn+1,k+1 = bdis(C∗, Dn+1,k+1)

' � � � � $ � $ � �



















ρn+1,k+1 = Den(Cn+1,k+1)

Aflow(ρn+1,k+1)Pn+1,k+1 = bflow(ρn+1,k+1, Cn+1,k+1, Cn, Pn)
~V n+1,k+1 = V el(Pn+1,k+1)
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 � � � 
 � � � � � � � � � � � � � � � � � 
 � � � � �  � � �

( � . � � � $ ! � $ � (P, T )




1/∆tA1(ρ) + ∆p(ρ) −Np(ρ)

RT
p −Mp









P
T



 =





F̃1(ρ,∆t)
F2(ρ)





� � �

( � . � � � $ � � � . � � ! � # " � � $ � � � # � # $ nm + nf

( � . � � � $ ! � $ � T

(−Mp + RT
p (1/∆tA1(ρ) + ∆p(ρ))−1Np(ρ))T =

F2(ρ) − RT
p (1/∆tA1(ρ) + ∆p(ρ))−1F̃1(ρ,∆t) � / �

( � . � � � $ � � � . � � ! � # " � � $ � � � # � # $ nf
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 � � � � � � � � � � � � � � � � � 
 � � � � �  � � �

( � . � � � $ ! � $ � (C, X)




1/∆tI + ∆c(D) −Rc(D)

RT
c (D) −Mc(D)









C
X



 =





G̃1(∆t)
G2





� � �

( � . � � � $ . � � ! � # " � � $ � � � # � # $ nm + nf

( � . � � � $ ! � $ � X

(−Mc(D) + RT
c (D)(1/∆tI + ∆c(D))−1Rc(D))X =

G2 − RT
c (1/∆tI∆c(D))−1G̃1(∆t) � 1 �

( � . � � � $ . � � ! � # " � � $ � � � # � # $ nf
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� � � 
 � � � � �

ρ=1200 3kg m/

0.0 100.0 200.0 300.0 400.0 500.0 600.0

0.0
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100.0
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P = 0.0 P = 0.0

k = 4.8 10
-13

m
2

ρ=1000 3kg m/
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�  � � � � � � � � � � � � � � � � � � � �

# ! # ! � � � # $ � ! � $ � #

# $ # � ! ! $ " � " � ! kx = ky = 4.845 10−13(m2)

$ � � !  ! . " � $ � $ � � S = 0

# � # � . " � ! ε = 0.1(−)

� " . # $ # . " � " � ! αL = αT = 0(m)

� " � � . " � � � � � ! � � � ! " # $ Dm = 1.889 10−6(m2s−1)

� " . � � . " � ! µ = 10−3(Pas−1)

� $ � . " � ! ρ = ρ0 + 200C
2 3 4 5 6 7 8 9 : ; < = : : > ? �



�  � � � � � � � � � � � � � � � � � � � � � � � �

- ! " � � !  $ . $ � # ! . � $ � $ � # .

� ! " � � !  $ # ! . � $ � $ � # . � " � $ #

� / � / 0 / � �

� 1 � 1 0 � � �

� / � � � 0 0 � � �

/ � � � � � 0 0 � � �

� � / � � / 0 0 � 0 � �

∆t = 1 ! � � " � ! � � � t = 45.3  $ � # $ .

2 3 4 5 6 7 8 9 : ; < = : : > ? �



�  � � � � � � � � � � � � � � � � 	 � �  � �

# # $ . . " � � � # ! � � " � � � $ . $ �

t = 566

� � � # . * - ! " � � !  $ 64 × 40
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�  � � � � � � � � � � � � � � � � 	 � �  � �

# # $ . . " � � � # ! � � " � � � $ . $ �

t = 566

� � � # . * - ! " � � !  $ 128 × 80

2 3 4 5 6 7 8 9 : ; < = : : > = ?



�  � � � � � � � � � � � � � � � � 	 � �  � �

# # $ . . " � � � # ! � � " � � � $ . $ �

t = 566

� � � # . * - ! " � � !  $ 256 × 160

2 3 4 5 6 7 8 9 : ; < = : : > = =
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# # $ . . " � � � # ! � � " � � � $ . $ �

t = 1132

� � � # . * - ! " � � !  $ 64 × 40

2 3 4 5 6 7 8 9 : ; < = : : > = ;



�  � � � � � � � � � � � � � � � � 	 � �  � �

# # $ . . " � � � # ! � � " � � � $ . $ �

t = 1132

� � � # . * - ! " � � !  $ 128 × 80

2 3 4 5 6 7 8 9 : ; < = : : > = >



�  � � � � � � � � � � � � � � � � 	 � �  � �

# # $ . . " � � � # ! � � " � � � $ . $ �

t = 1132

� � � # . * - ! " � � !  $ 256 × 160

2 3 4 5 6 7 8 9 : ; < = : : > = �
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 � � � � � � � � � 	 � � � � �  � � �

- ! " � � !  $ 64 × 40 * � $ � # . � � % � � . �

. � � � $ � # ! . . $ � $ � !  $ # ! . � � � � " � � � � � � � � ! �

� , � � � � / � � 0 0 � � � 1 � �

- % - � ( � / � � 1 � � � 0 / 0 � � �

- % - � ( � � � � � / � � � / �

- % - � ( ! � $ � � $ � + # � � . $ � � ! � $ � . ! � � $  ! # � $ � $ � ! � # " � $ . �

2 3 4 5 6 7 8 9 : ; < = : : > = �
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! � � � � $ � $ � � � # ! � . # � # �

nz(A) = O(n) $ � nz(LU) = O(n1.1)
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