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Injection-production strategies optimization for efficient
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Abstract Water flooding is a common technique to improve recovery ratio after primary depletion. But

because of heavy formation heterogeneity, injected water usually breaks through along the high permeability

layer so as to trap crude oil in the bypassing regions. In order to solve such problems, this article proposed

a optimal control model, and its goal was to delay fingering phenomenon of water flooding and produced

crude oil as much as possible by controlling flow rate of injectors and producors. The author constructed

the model on the basis of reservoir simulation and optimization theory. Through solving the gradients

of control variables, strategy programs with the multiple objectives would be optimized (For example,

objectives of these programs are respectively field oil production total, field water production total or

economic benefits) to assist production decision-making of oil field. Based on the above theoretical study,

applied examples of reservoir were optimized and analyzed. The results show optimal production scheme

are coincident with the demand of actual field and it will provide a strong theoretical basis and technical

support for smart field system.
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�* [1]. *+!�����,+-,-*�	, .,+!��"�+�-��#./
���0,�1
	
-./, 2.301$���4
��	-%+�.. /0, Æ��2�/35516���0�20&.
����4 [2−4], �+20���5'6731���8, 207
0�$������, "245899
��*1
, �6�����:�, 9�
������. �2�;��45�:<�9;���=��<
���
	���7, 0(�)������, 34��*�;86�, ���=����
�9+>�.
/
�):����, �?5=>.?���������6�����2+, .7,@��A67
B*
-;
�2����C, 3/�
��8���./, 0(D.����9E.

2 \]/0^12_

�;E@20<=A>&.��:?:�, 35;F���;@;�����5'67�20�4*�
GB@. ��67�<+=-"56����@;�>H
, 32A���C���	-BI63J, D.
6K9E. L-"�C3J�BI69+�-��,<�CDE�,/0M�F?3��67�20�4��
31�, BI2A��@N����2���C. A=1��;@;���G�, 9+2A�:OA5, ./

4
0�BH, �6E@20. C+?��PI��=, DJ45":*���-;
, �
����
4Q
K6�20��C,E,�9R��
; L7��	�3��-C��D8SF� (�	?K��M1K*N

9CDG�0),�64536�����C	-�),>->>H=������T%O3��
�	-2
0EP, FIO��2���C, �6@;20��. �;E@20J��G:?B@, 3,@0�4���
����31�, "1	0��?�A=, 	-,-�4, "�����>H
, :����GH�Q [5−7].

2.1 Æ`a;<=>b
F?�;0�20<=, 45?3�IKC16�2�4��.�O. KUKC
, KG�2<=#.

9+KG�OA5. 3>��20<=��, �7�G0��O, ��%5�-����GH�Q, M�JV

K���������L���L�*�O. C�-F?-?3�;�����, /0@M2./�L�6
�L�*�O. ����, �����GH�Q-�������6����NK!WXR8, /0��.

7"AK6S��6�G:O�9+, 3Y��0�L6'/8	-�9	, M:O
:

Y n
(
xn+1, un

)
=

∆tn

(1 + b)tn

⎡
⎣NP∑

j=1

(
ajQ

n
o,j − bjQ

n
w,j

)− NI∑
k=1

cjQ
n
wi,k

⎤
⎦ (1)

8�: xn+1 �@;;� (7G�ZTP�[6166�*); un ��4;� (O�
0�	T pwf ��
	

� Qo �Qw 6��
��� Qwi *); Qo,j �QG=�N\ j 
���, m3; Qw,j �QG=�N\ j 
�

��, m3; Qwi,j �QG=�N\ j 
���, m3; aj �7
����GHCA; bj �7
���,-CA;

cj �7
���,-CA; ∆t �=�N, �; b �:*�CU?; Np �0�
B5; NI ���
B5; n �

�4=�S.

�Y�/82A�-, "/8 (1) �, V�� 3 GCA a�b�c 0�6:OA59+20, @M�A5N
0W6�0
O!R8:

1) L6' (NPV): B/8 (1) �� aj= *��PZ, bj= ]��6��PZ, cj= ����PZ, :O

A5�L6'EP/8K�. B j ∈ (0, 1, · · · , Np) =, Y n ���L6'; B j QQ9+KR
�=S, Y n �

4
L6'.

2)T��: B/8 (1)�� aj=(1 + b)tn

, bj= 0, cj= 0,:OA5;�T��EP/8 Y n =
∑NP

j=1

(
Qn

o,j

)
.

B j ∈ (0, 1, · · · , Np) =, Y n ���BT��; B j QQ9+KR
�=S, Y n �4
T��.

3) T���: B/8 (1) �� aj= 0, bj=(1 + b)tn

, cj= 0, :OA5;�T���EP/8 Y n =

−∑NP

j=1

(
Qn

w,j

)
. B j ∈ (0, 1, · · · , Np) =, Y n ���B���; B j QQ9+KR
�=S, Y n �4


���.

4) T���: B/8 (1) �� aj= 0, bj= 0, cj=(1 + b)tn

, :OA5;�T���EP/8 Y n =

−∑NP

j=1

(
Qn

wi,k

)
, B j ∈ (0, 1, · · · , Np) =, Y n ���B���; B j QQ9+KR
�=S, Y n �4
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VW
S�., N0X6: B9+2A^5=, /8 (1) C�72A�YZ, .7WS�G:O��, T

K�/�����O.

2.2 caDdEe
2.2.1 caDdEeFG

"9I20�:O��,, _[YU5?6S20���C. VW�2�46S�KUR8, 1��;

������<=, YU6SO
:

max J =
N−1∑
n=0

Y n
(
xn+1, un

)
(2)

HV\Z:

Ln
(
xn+1, xn, un

)
= 0, ∀n ∈ (0, 1, · · · , N − 1) (3)

LB ≤ un ≤ UB (4)

8�, J �:OA5, ]=-7G=�N�2�4��.�O Y n (6; Ln ����`W\Z[,���@

;:�, @G:�-^X_X3\�6S��[, [8] . LB ≤ un ≤ UB ��4;��aBHV\Z; N �B
=�S5; @M� x 6 u �*S�YK�, x�@;;�, u ��4;�. �+]Z^�'*�36S	-[
D [9−10],@G�����-3:OA5���b"�*8HV\Z31�,3*8HV20I_�`HV2
0	-EP, 38 (3) c�R8 (1) 	-I_, 0�20<=�:`��.�O�

JA = J
(
xn+1, un

)
+

N−1∑
n=0

(
λn+1

)T
Ln
(
xn+1, xn, un

)
(5)

VW]Z^�'*�, JA �K@;�, dC+]ZR8��Sa�e

δJA =
N−1∑
n=0

(
∂Jn−1

A

∂xn
+
∂Jn

A

∂xn

)
δxn −

(
∂J−1

A

∂x0

)
δx0 +

(
∂JN−1

A

∂xN−1

)
δxN−1

+
N−1∑
n=0

(
∂Jn

A

∂un

)
δun +

N−1∑
n=0

(
∂Jn

A

∂λn+1

)
δλn+1 (6)

I^'�_5\Z- δJA = 0,C�
S��@a�3bfU,5[7�g*> 0. C� ∂Jn
A

∂λn+1 = Ln = 0,

δx0 = 0, 5b��cX��*> 0, DJ_[[DeR3d� λ, /03 δxn 6 δxN−1 ��5�6�,� λ,

[D6S, � ⎧⎪⎪⎨
⎪⎪⎩
∂Y n−1

∂xn
+
(
λn+1

)T ∂Ln

∂xn
+ (λn)T

∂Ln−1

∂xn
= 0

∂Y N−1

∂xN
+
(
λN
)T ∂LN−1

∂xN
= 0, Final boundary condition

(7)

�� (8) �Q� λ -N9;�, hi[DeR7G=�S� λn, 8 (6) ��*e��*> 0, /0Q4

5�
∑N−1

n=0

(
∂Jn

A

∂un

)
δun = 0, δun ��5��

∂Jn
A

∂un
=

N−1∑
n=0

[
∂Y n

∂un
+
(
λn+1

)T ∂Ln

∂un

]
(8)

B�4;��f1 ∂Jn
A

∂un \> 0 =, N0eR<=��2D, M=��4�Cc-�2������C.

2.2.2 JKfLg
�-�� (8) 6�� (9) N0X6, ��67�]Z^�'*�d]1�, VW�� (3), -X_X3\

�6STP��, ^��67��N0eR���M:�R8 [11] :

L = ψ ±Q− η = 0 (9)

8�:

ψ =
{ ns∑

s=1

[
Ts

∑
p

(fpρpXcp∆Φp)s

]}n−1,n

; Q =
{
WIW ·

∑
p

[fpρpXcp(pp − pwf)]
}n−1,n

;
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η = V

φn
∑
p

(SpρpXcp)
n − φn−1

∑
p

(SpρpXcp)
n−1

∆t
.


S��� η �g�^eTa�; ψ �g�^e_��; Q ��
���6�; V �:a, m3; φ ��M

1; Sp � p 3�[61; ∆t �=��<, h; fp � p 3�	1, 1/p; ∆Φp � p 3�`j, MPa; pp � p 3�

�ZTP, MPa; pwf �
k	T, MPa; n �=�S; s ��ZYla; ns ��ZYlaB5 (OmfnMO
�Z ns = 6); Ts �\ s Yla�Yl�5, md/d; ± �� + giW��
�TP��, − giW��
�
TP��.

3>*ail� λ[D�� (8)6f1�� (9)��, 2 6���V��+G35A5-:OA5 Y �

��67�� L, .35�+6;�-�4;� u(@M#./
k	T Pwf , Qo 6 Qw �N^ Pwf EPe

R) 6-;;� x(TP P 6[61 S, ��[D���<==">7Gbl��EP, /0@MM:�hc
K
@abl�-OiEPeR�.

1�L 3bl�EP

L �bl�35�X�, c- ∂Ln

∂P n�
∂Ln

∂Sn�
∂Ln

∂P n
wf

, �M:�EP��O
:

1) ∂Ln

∂P n �: TP P #� L ���� Xcp�φ�ρ 6 pp �8, /0?�EP�

∂Ln

∂Pn
=
{ ns∑

s=1

[
Ts

∑
p

(
fp
∂ (ρpXcp∆Φp)

∂Pn

)
s

]}n−1,n

±
{
WIW ·

∑
p

[
fp
∂ (ρpXcp(pp − pwf))

∂Pn

]}n−1,n

−V
φn
∑
p

(Sp
∂(ρpXcp)

∂P n )
n − φn−1

∑
p

(Sp
∂(ρpXcp)

∂P n )
n−1

∆t
(10)

2) ∂Ln

∂Sn �: [61 S Q� L ��V�� ∆Φp ���djP�6 Ts ���33�	?�8, >-

∂Ln

∂Sn
=
{ ns∑

s=1

[∑
p

(
fpρpXcp

∂ (Ts∆Φp)
∂Sn

)
s

]}n−1,n

− V

φn
∑
p

(ρpXcp)
n − φn−1

∑
p

(ρpXcp)
n−1

∆t
(11)

3) ∂Ln

∂P n
wf
�: 
k	T"�� L �#�,e�8�, /0bl�Q�K��

∂Ln

∂Pn
wf

= ±WIW ·
∑

p

[fpρpXcppp] (12)

2�Y 3bl�EP

Y �bl�Aj]�X�, c- ∂Y n

∂P n�
∂Y n

∂Sn �
∂Y n

∂P n
wf

, � L 2A�-, Y �EPQQ#45��
���
�cN, M:��N0^k8 (1). VW8 (10), M:R���+3, eR�������6���EP��:

Qn
o,j =

{
WIw

j ·
∑

o

[fo,jρo,jXcpo(po,j − pwf,j)]
}n

(13)

Qn
w,j =

{
WIw

j ·
∑
w

[fw,jρw,jXcpw(pw,j − pwf,j)]
}n

(14)

Qn
wi,j =

{
WIw

j ·
∑
wi

[fwi,jρwi,jXcpwi(pwi,j − pwf,j)]
}n

(15)

∂Y n

∂P n�
∂Y n

∂Sn �
∂Y n

∂P n
wf
EP/8O
:

1) ∂Y n

∂P n �: TP P #� Y ���� ρ�Xcp 6 pp �8, /0?�EP�
∂Y n

∂Pn

=
∆tnWIw,n

j

(1 + b)tn

⎡
⎣NP∑

j=1

(
aj

∑
o

(
fo,j

∂ (ρo,jXcpo(po,j − pwf,j))
∂Pn

)
− bj

∑
w

(
fw,j

∂ (ρw,jXcpw(pw,j − pwf,j))
∂Pn

))

−
NI∑
k=1

cj
∑
wi

(
fwi,j

∂ (ρwi,jXcpwi(pwi,j − pwf,j))
∂Pn

)]n

(16)
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2) ∂Y n

∂Sn �: [61 S Q� Y ��V��	1� f ��33�	?�8, >-
∂Y n

∂Sn

=
∆tnWIw,n

j

(1 + b)tn

⎡
⎣NP∑

j=1

(
aj

∑
o

(
ρo,jXcpo(po,j − pwf,j)

∂ (fo,j)
∂Sn

)
− bj

∑
w

(
ρw,jXcpw(pw,j − pwf,j)

∂ (fw,j)
∂Sn

))

−
NI∑
k=1

cj
∑
wi

(
ρwi,jXcpwi(pwi,j − pwf,j)

∂ (fwi,j)
∂Sn

)]n

(17)

3) ∂Y n

∂P n
wf
�: 
k	T"�� Y �#�,e�8�, /0bl�Q�K��

∂Y n

∂Pn
wf

=
∆tnWIw,n

j

(1 + b)tn

⎡
⎣NP∑

j=1

(
−aj

∑
o

(fo,jρo,jXcpo) + bj
∑
w

(fw,jρw,jXcpw)

)

+
NI∑
k=1

cj
∑
wi

(fwi,jρwi,jXcpwi)

]n

(18)

C�EPJ5oN, /0Q"
S-��(A6�3
8^5�bl�WXR8, 23M:�blR8�0kS,
M:38�N0^Olmfl [8].
2.3 caDdEehP

EP-��/8��+j�[D, /���5��0
mQR8EP, mQ�M:R8N0^R��56[D. V
W6Sn���Z5Ne,QKG�Z�3dNp(	:35)
G L ��, /0VW8 (5) =� Np G3d� λ '. gO,
��6S�X3 (��L��) \�6S, n�� 4000 G�
Z, C λ mQ_5� 3 × 4000 = 12000.

VW*a�kS, 206S[D�EPSSOn 1.

3 iTUj

@M9+�6S-KGp_X3��6S,�Z� 19×
19 × 1, �Z�7 ∆x=∆y=50m, ∆z 7�Z2* (4.3m–
19.2m). �	?KOn 2 /h, �M1KOn 3 /h, �

�
oOn 4/h. ��TP� 42.8MPa,QR�

k	
T`Wi� 31MPa,
k	T��7'� 20.7Mpa,��'
� 41.4Mpa,B���- 300m3/d. 670�=���S�
� 30 h. B�0�=�- 3 � (1095 h), 20=�S��
6 S (0�182�365�547�730�912 h).

(10)

[12]

k 1

k 2 lmVW (µ m3) k 3 XnYW k 4 Z[ (m)

20�=S��9++!:OA5: L6' (NPV ) �T���. B�+L6'\�:OA5=, *�
PZ� 2170 ]/U�j (50 k]/o), ]��6��q+� 10 ]/U�j, ����q+� 5 ]/U�j, C

U?� 0.1. n 5 �lS�+!:OA520*,�T���T���6��?�3Jn, N0X620�
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���Gp, q4��;��	6r, KQr1�1	�*���6�; B�+ NPV \�:OA5=, ��
�6��?
�� 11.7.

k 5 o^p_`qab`crade

NPV

N
PV

k 6 �fgso^htu

C����420-KG�20�-�, /0"EPhi=, QKhiS�EPmn1��J`W'4
2. "n 6 �, NPV 20pG- 12 :hiEP, � 6 6mn1� (so\KGq+��pGq+, \KGq

+�`W'), T��20G-� 10 :hiEP, � 3 6mn1�. QK6mn1�iWK6���C (K

6�4;�), q@M/eR����C�J`W�C42, ]=-�:OA5' (NPV 6T��) 4�. @
MQr6��,K6hi1� (�2����C) 	-�.63J.

�++!:OA5, 20*,7G=��4S[61��Tn�n 7 �� (a) lS�-"7
tR`
WiQ�C��=7G��=�S�[61�Tn. N0X6" 365 h,, ���sG�	����	, "
730h=, ���tsi P4 

k;n 7 �� (b) - NPV \�:OA520���1�, 1�n 8,N0X

6�2�C" 365 h*	���+u� P1 6 P4 
_v��
k	T-;, ]=-0�7�u�0�, j
k����	�
vts, E, P1 
��i���u�, "\ 4 G��S 547 h= P4 
]�i���u
�; n 7 �� (c) -T��\�:OA520���1�, 1�n 9, #� P4 
"`W+G��S6�t�
KG��S0�7�u�0�, �c
�0��u��6. �t 1095 h=�[61�T-CWG, 3>@G
�g��, :OA5� NPV =�20��4r, "�+Aj�����*1
;86�4���.
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k 7 qlo^p_mnvwopqbYde

25

30

35

40

45

(M
Pa
)

P1

P2

P3

15

20

25

30

35

40

45

0 365 730 1095

(M
Pa
)

(d)

P1

P2

P3

P4

k 8 xcllrsytnk (�fgsz NPV )

25

30

35

40

45

(M
Pa
)

P1

P2

P3

15

20

25

30

35

40

45

0 365 730 1095

(M
Pa
)

(d)

P1

P2

P3

P4

k 9 xcllrsytnk (�fgsz`qa)

4 uv

1) VW�IKC45, N0�-�s^5CA��2�4�.�OI_��G:OA5, "�+AK2
06S�>H
, �6�G�O�20;

2) 3]Z^�'*����56��31�, il�[D6S�f1����EP/4�bl�/8,

�6���0�20�2�4<=�[D;

3)1�M:����g,wG�?���xu�6EP����.�+2A�:OA5\�20�:O,

�.eR42�0����C. L�-3J�.�6, 2A�:OA520eR�1�-23A�, 3>l

�/+R�EP�g, �+ NPV \�:OA520eR�1���4r.

{|

-F?-"Ætv?>uwy.
�,�, \zÆv"kÆ Tulsa �?w	?x��, wR2����

Reynolds xx6y	GF?{yz�l, "MFW{Y.
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