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Simulation study on reduced-order model and optimal control of
water flooding reservoir
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Abstract: Optimal control of water flooding reservoir production is a large-scale optimization problem accompanied
with a great number of control variables and grid blocks, the relationship between control variables and objective function
is governed by a set of nonlinear partial differential equations, it is a great challenge to directly numerically calculate the
optimal control solutions with the current speed and storage space of computer. In this paper a reduced-order model based
optimal control of water flooding reservoir is proposed using proper orthogonal decomposition (POD), the relationship
between the control variables and objective function is transformed into analytic function, thus, only a small amount of
POD coefficients are considered as optimization variables and are determined only using a nonlinear programming method,
which considerably reduces the difficulty and the amount of calculation. The new methodology is approved on a well
group of two dimensional five point well pattern. The results show that the net-present-value (NPV) obtained by the new
methodology is approached to within 97.5% of the NPV obtained by the adjoint-gradient based method, besides, it is quite
fast, where the achieved increase in calculation speed is more than 30 times when the number of grid is 40x40, and the
larger number of grid is, the more obvious the computational speed advantage is, the calculation speed can be increased by
more than 60 times when the grid number is 70x70.
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trol problem of water flooding reservoir)
2.1 £ (Full-order model)
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i1 & (Reduced-order model based optimal

control problem of water flooding reservoir)
4.1 KR (Reduced-order model)
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er model based optimal control problem)
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5.1 |9 H5A (Problem formation)
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Fig. 1 Locations of wells and permeability fields Fig.
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Table 1 Rock and fluid properties data

ZH IE A7
FLBRE 0.25 —
ARG 7.0 mPa-s
IR S 1.0 mPa-s
A 830  kg/m®
KA BE 1000 kg/m?

WRAKMME 0.2 —

FR AN 0.8 —

JRUEHZ K 6.2 MPa
FUASMMAE 0.8 —
HARHEANTEEL 12
PR 10

HEKFE I BRI AKIR R 360 m3/K, A=

JE L 1 B /N5 B R ABL 43 31290.2 MPa54.5 MPa; it

Ab, T 7 AR HIKE I KRR I F S K TR

KARNRBUEE A5 A, BB R il 2640
BN SR

kvo = 1.874exp(—s,/0.77) — 0.663, (25a)

Erw = 0.109exp(54,/0.557) — 0.155.  (25b)

T B AR I AR R R S At R A A
B, A SRR A (A B — 2K RS B
B 7 VK FFLS AR P2 P2, IX AR AN A2 7= i R ()
R SHGHAT AR ), WEZK — B 18] 548 2 A2 K
HIFEIEELG, R 7K RN P22, oA X 3
K JFUM AR, B & ™ B RS K T R 4R 5F
WM. W E— N AR ST I IE R I 5%
AR R, BV KE R HUE [H260 m?/K, A= HH)E
TEIIEUE(E 2.0 MPa, 4771000 dJ& (18 7K R 4
it ER2FTR, TR HE HK I FR LS. DR A
SCHTHR TR R S EOA T I LA ).

MmQ-m

LU,I'Ilz'IIl

400 T T Sy
| 0.80
350 0.73
300 0.67
550 0.60
£ 0.53

2
= 00 0.47
150 0.40
100 0.33
0.27
50

0.20

0
0 50 100 150 200 250 300 350 400
x/m

2 RIACHIS AT 5 R RIS KR o3 AR
Fig. 2 Final water saturation for the non-optimized

reference case

5.2 Pifbss B (Optimization results)

ASCH, AN A 178070/m3, 77 H 7K Ab B Rl A K
3300/m®, {E KA 165 76/m?, FEEFTBLH R 0.1.
TR 10K, S HIAE I )29 1000 K. X T2
AR RS HOAT BRI S R T &,
SR IUE92.180x 108 .

5.2.1 PODZ: g8 $ 1) 3K fi# (Solutions of POD basis
functions)

ASCH, FEAKEFELEO m®/ R ~360 m®/ KU P LA
50 m?®/ R NIAIRE G B 1 78, 8447 R
(i=1,---,4)7£0.2 MPa~4.5 MPayt [ P§ J\0.6 MPa
THELL0.6 MPay[a] kit | 74ME. v T (EPODEE &
OS] Re A A B F A B 1) 30 D0 R, BR
AR R R R, (R TR S EUR 2 1
DA BRI TAER. i iR A 45 240
A FIREAR, W FREEEAT 75 IR M i A E AL,
BIRAYISERR. 4T BERE MR FE b SR BURE A T
YR, XA H i 42 21 R Y B 1K 8 77 R 1k,
AR SR IEAE 5 B vk i 7 R PSR B 4% i 2 40
M T IRBUREA. 3T A SCHIS B 77K i), K
TAIN RIS S, R2FR. i &6 2
K A TR BT I [R] K R 3 A0 7K LA S
YERFEAR, SREASEPODHA, F 5 MR M F
AL RE &7 A 3 .

k2 ATHRBEAGERARKBESTE
Table 2 Control parameter combination scheme for
selecting samples

i qw! Pwit!  Pwt2!  DPwts/  Pwial
(m®-K"') MPa MPa MPa MPa
1 50 06 06 06 06
2 50 12 36 30 30
3 50 18 24 12 12
4 50 24 12 36 36
5 50 30 42 18 18
6 50 36 30 42 42
7 50 42 18 24 24
8 100 06 18 18 42
9 100 12 06 42 24
10 100 18 36 24 06
11 100 24 24 06 30
12 100 30 12 30 12
13 100 36 42 12 36
14 100 42 30 36 18
15 150 06 30 30 36
16 150 12 18 12 18
17 150 18 06 36 42
18 150 24 36 18 24

(T 50)
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BE 1T, 4:32) 5.2.2 K B B BY A 0 1 K 56 (Accuracy test for
reduced-order model)

o= qw/ pwit!  Pwia!  Pwis!  Pwial jﬂTﬁ%fE&ﬁﬂ*ﬁ@E@/ﬁﬁﬁ@, 1X L2 fe— AN i)
(m®*-K7') MPa MPa MPa MPa STE AR B AT AR A 07 4, I3 R

19 150 30 24 42 06 K AR A 20 5 4 [ 42 i) 5 A2 (R I B H0L % A8 72 07 6

20 150 36 12 24 30 FL TS 45 R 12 5.

21 150 42 42 06 12 400

22 200 06 42 42 30 251

23 200 12 30 24 12 T 00

24 200 18 18 06 36 }f o

25 200 24 06 30 18 E 200

26 200 30 36 12 42 B 150

27 200 36 24 36 24 g 1w

28 200 42 12 18 06 c:: S|

29 250 06 12 12 24 ol o

30 250 1.2 4.2 3.6 0.6 0 200 400 600 800 1000

31 250 18 30 18 30 LS

32 250 24 18 42 12 (@) TR

33 250 30 06 24 36

34 250 36 36 06 18

35 250 42 24 30 42

36 300 06 24 24 18 s

37 300 12 12 06 42 S

38 300 18 42 30 24 i

39 300 24 30 12 06 E

40 300 30 18 36 30 #

41 300 36 06 1.8 12

42 300 42 3.6 4.2 3.6 0'00 I 2(I)O I 4(I)0 I 6(I)0 I S(I)O I10IOO

43 350 06 36 36 12 ‘

44 350 12 24 18 36 e P2N'ﬂ__/__j_ép3 b

45 350 18 12 42 18

46 350 24 42 24 42 (b) A=A 2

47 350 30 30 06 24 ‘ -

48 350 36 18 30 06 K 3 AR T e () 2 2 &R

49 350 42 0.6 12 30 Fig. 3 Production case to examine the accuracy of

K 3 TR BAKNA ER AT SAMHIEAEL A
SYSLE R

Table 3 The first five eigenvalues and corresponding

energy distribution of pressure and water

saturation
k 1 2 3 4 5
k JE71 2744059 60.41 59.26 839 0.28

EIKMIAIEE 354.84 348

122 025 0.13

Em/% 4

J&71

99.534 99.75399.967 99.998 99.999
JKUIFTEE 98.559 99.526 99.864 99.935 99.971

3T L, AT S5 R B fl e 2 1 B B

FEAEEE99.9% DL FHIREE.
JIFIE 7K MR (I POD s ek ekl M 4 HYS.

£ LR BT,

reduced-order model

N EEMATISRETREE, & SHXHRZEER
p= = Irl 100, (26)
| f2
[ |- PAFERI2-TEEL, fam il T R AT K iR
IVIEEY, fr RBERL BTSRRI 2.

4 45T MR ZE B R AR phR, P 4
AL, TEREAN A2 7 FE AN, AP ) 7 FE S8 e o th s
T PR SRR B KT 2 K VAN B, S R R AR 2 N
1.631%, T 1 & 77, ~F 2R %R Z A 81.030%. bt
B 22 428 1) 2 BT W] A 5 [ AT R AR AR, B SR A 1)
PODZJ s H 75 7] 22 Y A A8 . 181545 tH 71000 dif
KRB 2 5 FR B R AR 00 S K B A B 3% 5 R A 4
B4 5 R T A 4 SR ok B, el R AL, A1 AR
EHEZER.
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Fig. 4 Relative error of pressure and water saturation
400 S, <
0.80 E
' =}
300 0.67 =
=
250 0.60 £
g 0.53
;’ 200 0-47 0.0 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000
150 0.40
i mFa) / R
100 . — P1 -—P2 . P3 -.—.P4
5 0.27
i 0.20 (b) EEAFIHHRRIE
0 [T e
0 50 100 150 200 250 300 350 400 Kl 6 mitizhlzH
x/m Fig. 6 The optimal well controls
(a) =Mzl RER gL R 400 S.
0.80
00 0.80 350 0.73
350 0.73 300 0.67
300 0.67 250 0.60
0.53
250 060 § 200
= 0.53 > 0.47
< 200 0.47 150 0.40
150 0.40 100 0.33
100 0.33 - 0.27

5.2.3

0.27
0.20

50

0
0 50 100 150 200 250 300 350 400
x/m

(b) IR A A R
5 BT KMMEIZHIRT

Fig. 5 Comparison of final water saturation

At 45 B (Optimization results)
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Fig. 7 Final water saturation for the optimized case
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53 KM 52&p g BT (Comparison of op-
timization results for reduced-order and full-
order models)
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