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Collaborative optimization method of injection and
production parameters for multi—layer reservoirs
based on balanced water flooding
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Abstract: Unbalanced water flooding can easily occur due to the influence of reservoir heterogeneity and development measures.
Based on the statistical method, the Christiansen uniformity coefficient is used to quantitatively evaluate the balanced water flood-
ing degree during the development of multi-layer reservoirs. A mathematical model for optimizing multi-layer injection and produc-
tion parameters is established to maximize balanced water flooding, and the covariance matrix adaptive intelligent evolution algo-
rithm is used to solve the problem. A collaborative optimization method of injection and production parameters for multi-layer reser-
voirs based on water flooding is developed, and its reliability is verified by an example. The new method is applied to the typical
well group of Shengtuo T142 reservoir in Shengli Oilfield. By comparing the results before and after the optimization of intelligent
collaborative stratified injection and production parameter, it is found that the Christiansen uniformity coefficient by the original
scheme is improved by 3.49%. The cumulative oil production is increased by 1.024 x 10* m*, and the water cut is decreased by

1.34%. The results show that this method can accurately control the production and injection allocation between layers, effectively

W H 191:2023-04-24,

VEB TR S TE5E(1994—) , T3 il B Jal OV ZE B2 h e A, Nl S I & BB EASAUAE S o E-mail: wukuankuanupe@126.com,
BEEH G HL(1969—) , 5, WU PEsE N, ##% , i+, E-mail: fengqihong@126.com,

BRI H « B R R I o 8 7K R e A 22 T I e R (20162X05011-001) .



68+ o M

5 % il X

202349 A

improve the balanced water flooding between layers and wells, and realize the accurate matching between injection and production

parameters and remaining oil distribution.

Key words: balanced water flooding; Christiansen uniformity coefficient; stratified injection and production parameter optimiza-

tion; intelligent optimization; enhanced oil recovery
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Fig.1  Permeability field and well location distribution
of multi-layer egg model
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Fig.2 Correlation between cumulative oil production and balanced water flooding evaluation index with different
injection and production fluid volumes after 10 years
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Fig.3 Correlation between cumulative oil production and balanced water flooding evaluation index with
different injection and production fluid volumes after 15 years

JE AR L SRR A, TR AL SR SR A A B2
AR B 5 X | AN [) 28 280 ) 0 P B 02 SR A A [ A o
A IR RS 35k R[] R sk T4 4k 8k A e B+
Sy EEL SRy 25 R A S N REE LBk
(CMA-ES) 47 3R i A AL B4 157 CMA-ES J&
F—FPREALPE A RIS R — ARz
PERBR A B8 N W F ARG R R
(14 B Ak )L, 7 e A5 RS AR S 11 52 2= e Ak ) 1 L
BT IR ALBUR , CMA-ES 16 Ak B AN 75 %)
H bR R 2R T, I8 T REPLIE I R Bk

R T 85 TR A 7 IR Sl R 43 2 TR SR S 8 Ak
D7 BRI B B R HE A TR RS L
o BT BE AR 48 40 B BOE TV H R A 2 A R e A
B, DA KAC A 3R o H bR, 7E DL il 1, #
RS R ACBCF B 55 5 F R I 20 ) 251
K H CMA-ES X R S HU AL B A R HEA 73R i
LS B SR S BORN R 4% 10 43 A (ARG HE DG FC , AT
TR A 7K BT & ROR (L 4) o
2.3 HEWIE

¥ ST 3 T E A 3K Y 43 2 TSR S 8 A
D70 T egg AL, 435 I S 4y 2 R S 5 A
MEG T RS, TR0 2 TR, A2
NV RV REAE M Al A o, BB T K R R R 2 1 H
TE WAL 5 F 24 A 0 ~ 80 m¥/d, H BT Wi & 2 o)
R 160 m?/d; B AR P2 30 H = s AR Bl 0 ~
80 m*/d, SR J5 X AE =S H = F 45 2 H O
FHRAL  FER G R S ERALET , H SR 160
mY/d PRFEAAS , R AbsE O A = H =i

TR LT G T R AR AR RN 4 T2 SR AL AR Y AR
J A P PR SR, TR IS R R 10 a, AR AR
P EAH R R IR S, th FEUER LT 2 RE O
K R[], 5B CMA-ES S KB ECH 1000,

W1 46t CMA-ESHR 46 5 3%

W8 BIL il M o A A S A 063 o

AT BB T R B

e R e o 5 0 S 0 S AR 8 5 R A

CMA-ESH 3 ¥ i K 2 5

A 1 I8 B Sk R AT

it B AV R S 8

B4 ETHEBRHBIRSHEMMLRE

Fig.4 Flow chart for optimization of injection and production
parameters based on balanced water flooding
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Fig.5 Optimization of different optimization methods

40 - B 4100
— BGERMAE A
— SRR KR 150
“g30
s ;
~ 4602
i P
=20 %
R - 40 s
X o .
B 10 - — AEEREAR M E
— EHERMARB R 20
1 1 1 1 0
0 2 4 6 8 10
I 8]/ a
Eo6 AEMUFTREFZhEIT
Fig.6 Comparison of production dynamics of
different optimization methods
FR1 AREUARXRUER
Tablel Comparison of results of different
optimization methods m’/d
btk FEKIEIND Az
ik BB T3 A PRODI1 PROD2 PROD3 PROD4

= )z Z =

T2 56 19 45 40 53 26 57 25
X
- 160 23 33 35 69
F

YO - JHE - 7K DBy 2R 32 7 JEE R A A T AR 3 R — A )
7R B AR i, b R B MR AR 2k 50 ~ 8°,
THZ TN 2 450 ~ 2 880 m, K1 155 22 4 430 m, i
227 BE R 0.834 5 g/em’, T2 IR EE 4 99.8 °C, 5
U2 E 170 27.0 MPa, FE 142 M5 = M INRTZ
AR SR UTRL, Gh i) B RERI N 6 M RIZER,
Vb T BURIE 142 MR 2 A 4 N2
(157,152,157 F1 157) , V> — B i AU 20 gk A7
N B, ORI 2 2 T 157, 157 FN 153X 3
ANE BIER A AL 4 A & 7 R R
TR B B, K IR TT & S 3 R v B A, R
PRI 6 11, HETHAL H ECHE & 360 m'/d,
BEE R 101, AR5 B 47 SC PR s e KL 7= i

TERE I BUE UG, AR H B 0<L,,,, <

IEF# |&mﬁ

VB 1% %/ mD
10 100 2000 3000 4000

a—B B I3

PROD1 |INJ2

IEF# |Em#

w5 A
0 0.15 0.3 0.45 0.6

b 4 it 4 Aii
E7 ie142imiaiHAEES

Fig.7 Typical well group attribute distribution
in T142 reservoir

300 m'/d, £ 770 H P2 R 0<P,,<300 m’/d, £
PREEIE LA BB TE AR B0 R X RS EOT EILL, %
JE B S B I EUASE DL RE IS [R) , 14 B CMA-ES $5c K ik
FRUE A 500, FhEERCN 25, LA S a )5 o0 HLI 32 75 44
S)RBONIT AR REOT AL

M Z B MR I A AR IS 0 AR 7 s A L
() R A 2R (R 2) AT LAE S b 4 o ms
O3 )2 R A v B B AR 50 R B L R IR
FPER T 3.49%, [A] B SR I A G 0 1.024 % 10°



. T

H R g = 202349 H

6 . 5 100
— BT R EKE
5 — BmITERAB R - 98
=
o 4
i
il
= 3
£
X 2
Bk
1 — BREXRRAEKE 490
— R ERRA R
0 1 1 1 1 88
2022 2023 2024 2025 2026 2027

s
8 MRALBIIE = h ARt

Fig.8 Comparison of production dynamics before
and after optimization

®2 MRABTESERXLE

Table2 Comparison of results before and after optimization

L BE AR L]
T A S
IYIEERAAL 92.11 3.527 96.03
FYGPIE S 88.62 2.503 97.37
Al 3.49 1.024 -1.34

m’*, KR BRI 1.34% , UL LE AR R AR 7 i 1) B %
Wi SR AT L JE A R RS R R T
Yyt , ol LAAT S st O T R AR

AT AR I TR L (B9) Ak 45 )=

WA (L 10) AR AT F6 4 i 43 A (L 11, (]
12) "] LUF ik 3R S HC e U IR 4 2004k, 78
b B 157 /N E R INT L, INT2 I INT4 46 3 117K
FEAEATRE vE R C , [7] B X6 IND3, INJ'S il INT6 %5 3 11
AR AT, W] LAS /D 5 2 /K X3 A K B JE
BEAEER 5 %I (942 77 PRODS BEATHE M, A A TR
HE YA S v B A AR ki, % A= 7 I PROD2 Al
PROD3 #F17 R B W , A7 I TR thy T[] Jg 38 38 22
THT 5 38 3 6F INT T, INJ2 I INT4 45 3 L7k e b —
Bry 1577 /N 23 #E AT RS 3% 1 8] i 5 H 3 K O
INJ6, AT LI 5 14 K S INT1 S 22 (4 7K i 1) # 7 2 7
I, LA A4 723 PRODS 1 PRODG (1) 4 LR, 7]
PUA b >R HY PROD3, PRODS 11 PRODG6 %5 3 [/
PRI Z ) B AT o 3B A A S PR N R B
X R A HE AT L, T LA RO S R S
RN TR 4% 1 3 A RS 1 DT IE , 45 v 45 )2 1) 1 K R
R e SIS [R]RIV T Fr 24 7 DR R

4 e

Pt T FE T v B 5E AR 44 5 AR RO K 3K i

300
250 m oy EECRAE W R TR
el
'E 200
S~
1 150
S
BX 100
gl
50 I-
0 1 II 1 ._ 1 I 1 1 1 1 1 1 1 1 I 1 I
PROD!1 PROD2 PROD3 PROD4 PRODS5S PROD6 INJ1 INJ2 INJ3 INJ4 INJS INJ6
9 MILETEBERBERTLL
Fig.9 Comparison of injection and production fluid volumes before and after optimization
90
80
70 =

HVERBE/ (m'=d")
B
(=}
T

30 F
20F
10
1
1570 1577 15
INJ3

1 2-2 2-3 2-1 2-2 2-3 2-1 2-2 2-3

INJ4 INJ5 INJ6

B0 SEEFRAEULEZERES T

Fig.10 Distribution of liquid volume in each layer after injection and production optimization



3085 H5W R GLTEAE 2 SRR M B R R S O R AL T i -73-

W SR

= AL A

e LV S b—73 SR ER AR

ERlikibillis
0 0.15 0.3 0.45 0.6

Bl BZRI1SUNERUETERI KBS X

Fig.11 Comparison of remaining oil distribution before and after optimization of Es,15>"

m SR
w4k G A R

a—S bR & b—4 2 TR AR S
A E
0 0.15 0.3 0.45 0.6

B12 BZRISNERALETERRiE S BRI

Fig.12 Comparison of remaining oil distribution before and after optimization of Es,15>*

PO PPN AR AR AR R T UE I A FRRRY R TR SRR B, IR 7 22
Z R KIS A L TR Bk R A SR B AL ik A TR A TR IR 22 J2 K Bk
WA AR EZE BA 2 a0 T GRS R R A7 i o KB Sz 1 J7 1
WS AR S M M T AR R KA B D T Rl DR ST v TS 142 SRR, 38 23 R R



74+ WmoR M R

H R g = 202349 H

oAb )a ve B 32 AR 1 5] RBOH L IR G 7 248 1
3.49%, BB BB T 1.024%10* m?, [7] B 55 /K
AR T 1.34%. SEBR 2 BZ 5 0 0] LUK o
P 1 45 )22 (B) A TRC P FRC 1 , A 00 b A 38 7K 3KV e 2
(i) R = ] £y 3549 SRR 0, S B R K ) 9 & B
b, AT LA I I T i A P i R S0

HEmE

CU—TL BRI 51 2B, %

CU (x)y——1AL H AR R %L

G5 K

1, —5% i KRk 8, m¥/d
1 RIS k2K, mY/d;
AR SR F AR

k2

m——" I IR, T
M—Bﬁméﬁiﬁﬁﬁﬂv‘%ﬂl ;

P, —Eﬁj DEEF#EI’JF@ S, m’/
SD——F KA R R 2E 5

FIRE P-4, /B

i
VB

T EAIF IR, T

S &30k

[ 1] SUN Guangyi, LIU Yingxian, CHANG Huijiang, et al. A new
method for plane equilibrium injection-production adjustment of
water flooding reservoir [J]. Journal of Physics: Conference Se-
ries, IOP Publishing, 2020, 1549(4): 42-47.

[2] ZHI Zhong, ALEXANDER Y Sun, BO Ren, et al. A deep-
learning-based approach for reservoir production forecast under
uncertainty [J]. SPE Journal, 2021, 26(3): 1 314-1 340.

[3] MWHLL,EY, FA40, 55 Z 2B BRI T A58 bR 7 8 (1]

FERPINAURE, 2014,21(4); 85-88.
FENG Qihong, WANG Bo, WANG Xiang, et al. A method for
predicting development indicators of multi-layered non-homoge-
neous reservoirs [J]. Special Oil & Gas Reservoirs, 2014, 21
(4): 85-88.

[4] HLL, EAH, FoT, 55 KGR 3R TF BRI L]
AT R IR, 2016,23(3) : 83-88.

FENG Qihong, WANG Xiang, WANG Duanping, et al. Dem-
onstration of balanced replacement development effect in water

flooding reservoirs [J].Petroleum Geology and Recovery, 2016,

23(3): 83-88.
[5] T4 R WM IR 1 7 T [I]. R Rl <, 2005, 12
(6):37-39.

WANG Jun. Production design for balanced replacement of in-

jection and extraction well networks [J]. Special Oil & Gas Res-

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

ervoirs, 2005, 12(6): 37-39.

Pﬁﬂ, TRAR , FAAE A5 K11 L S 40 5 K B 5 Ty i B
T AFFPII A, 2015,22(5) :86-89.

YAN Ke, ZHANG Jun, WANG Benzhe, et al. Study of bal-

anced water drive adjustment method for planar inhomogeneous

reservoirs [J]. Special Oil & Gas Reservoirs, 2015, 22(5): 86-

89.

T ICET, AR, T, 45 AR SR SR & H bR 0 17k 0]

AT R %, 2014,21(1) :36-39.

FENG Qihong, WANG Xiang, WANG Bo, et al. Methodology

for predicting the development index of non-homogeneous wa-

ter-driven reservoirs [J]. Petroleum Geology and Recovery,

2014, 21(1): 36-39.

E 3 L SR LR 45 T4 K SR (R B

HER T ZNABETT 7 : CN107829718A[P].2018-03-23.

WANG Duanping, FENG Qihong, ZHANG Yigen, et al. Opti-

mization design method of reservoir well network and injection

and extraction scheme based on balanced water drive concept:

CN107829718A[P]. 2018-03-23.

KUTER R, A T A R B A 4 K B i R B T I VR 0]

BhEH AR S TH#,2021,21(35) : 14 988-14 993.

LIU Haicheng, WANG Xiang. A design method for water-driv-

en reservoir injection and recovery based on the concept of bal-

anced replacement [J]. Science and Technology and Engineer-

ing, 2021, 21(35): 14 988-14 993.

ThA T, WRAE R, X920 . 5 T2 i) A 8 9K 1 i K T 4 2

TEJTIRII]. A U8, 2019,26(4) : 109-112.

MA Kuiqgian, CHEN Cunliang, LIU Yingxian. A layered injec-

tion method for water injection wells based on balanced replace-

ment between layers [J]. Special Oil & Gas Reservoirs, 2019,

26(4): 109-112.

HSVLL AN S RIS, A5 T A B (1 T R AR AL R

FT 5 I [7]. FEFII AR, 2019,26(4) : 120-124.

CHANG Huijiang, SUN Guangyi, CHEN Xiaoming, et al. Re-

search and application of planar injection and extraction optimi-

zation based on balanced replacement [J]. Special Oil & Gas

Reservoirs, 2019, 26(4): 120-124.

WRAF R, 2SR, SEAR, 45 L T i R K AR A ThT 1) 1 X

I A A S AR ,2021,49(3) 1 124-128.

CHEN Cunliang, MA Kuiqian, WANG Xiang, et al. A planar

balanced replacement method based on maximum water injec-

tion efficiency [J]. Petroleum Drilling Technology, 2021, 49

(3): 124-128.

WRAE R, TEAH, X2, A SRR B R B 19 /K B 22 2 il 22

YR T7 1 (0] AR UL, 2019, 26(1) £ 122-125.

CHEN Cunliang, WANG Xiang, LIU Xue, et al. A balanced re-

placement method for water-driven multilayer reservoirs based

on maximum net present value [J]. Special Oil & Gas Reser-

voirs, 2019, 26(1): 122-125.

R X7 Ao, 55 5 T I M B B0 43 BETE K )2 Bk 4y

Ko BRICH 7 1 [T] il B BT RIS, 2017, 24(4) 1 67-71.

CUI Chuanzhi, LIU Lijun, FENG Ya, et al. Segmentation of



$305

53

R VA 22 J2 KR A R T R S R R A T v +75+

[15]

[16]

[17]

[18]

water injection and reasonable injection method based on bal-
anced replacement [J]. Petroleum Geology and Recovery Effi-
ciency, 2017, 24(4): 67-71.

INAZ), RS, TR, 45 T HOR i R AE Y &5 3 /K
PEZK I 43 J2 E T A 2 T 36 (D). A b B R R, 2018, 46(2) -
87-91.

SUN Zhaobo, LI Yunpeng, JIA Xiaofei, et al. A method for de-
termining the stratified injection volume of water injection wells
in high water-bearing oil fields based on quantitative character-
ization of repulsion [J]. Petroleum Drilling Technology, 2018,
46(2): 87-91.

ISR 35 T3 P 5 AR B4 e KR 7 U 4 DA Tk (0], W
Bl ,2022,29(5) :692-697.

BU Yahui. Optimization method of flow field control in high wa-
ter cut reservoir based on matching relationship [J]. Fault-Block
Oil and Gas Field, 2022, 29(5): 692-697.

SESCA DB A 1 PR 8 5 7K 0 K BIE 32 2R 25 4 £ 46 3 4y
WR[I R PAT T 5 I & ,2020,39(4) : 53-58.

LIANG Wenfu. Optimization and adjustment method of water
drive injection-production structure in ultra-high water cut peri-
od of Sanan Oilfield, Daqing [J]. Petroleum Geology & Oil-
field Development in Daqing, 2020, 39(4): 53-58.

AR, T, R — 2R 2 S PR AN AR AR A 1 TR R AL

[19]

[20]

[21]

[22]

SR [9] 3L 7 TR AR R 2224l A SR BLA2 I, 2016, 35
(10):1168-1173.

LI Xujia, WANG Huashan, LI Nan. Correction coefficient of
one-dimensional flow field uniformity evaluation index and its
application [J]. Journal of Liaoning University of Engineering
and Technology: Natural Science Edition, 2016, 35 (10) :
1168-1173.

CHEN Hongwei, FENG Qihong, ZHANG Xianmin, et al. Well
placement optimization using an analytical formula-based objec-
tive function and cat swarm optimization algorithm [J]. Journal
of Petroleum Science and Engineering, 2017, 157: 1 067-1 083.
KIM J, YANG H, CHOE J. Robust optimization of the loca-
tions and types of multiple wells using CNN based proxy models
[J]. Journal of Petroleum Science and Engineering, 2020, 193:
107424.

JANSEN J D, FONSECA R M, KAHROBAETI S, et al. The
egg model-a geological ensemble for reservoir simulation [J].
Geoscience Data Journal, 2014, 1(2): 192-195.

RIOS LM, SAHINIDIS N V. Derivative-free optimization: a re-
view of algorithms and comparison of software implementations

[J]. Journal of Global Optimization, 2013, 56: 1 247-1 293.

e I 2



