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Abstract.: At present, the main methods used in reservoir numerical simulation, such as the finite element
method and the finite volume method, require long calculation times, which limit their implementation in the
real-time prediction and the reservoir production. An efficient data-processing method that based on the POD
( proper orthogonal decomposition) was proposed to obtain the empirical coefficients and eigenfunctions of the
oil-water 2-phase flow in the reservoir, and build a new low-order Galerkin calculation model. The numerical
calculation indicates that, with the POD, the calculated eigenvector energy has proper features. Only a small
number of eigenvalues can capture most of the energy, completely describe the reservoir characteristics ( pres-
sure, saturation), and help reduce the order of the partial differential equations. The calculation results of the
low-order model are in good agreement with those from the IMPES, with much time saved. The proposed meth-

od applies well to history matching in numerical simulation of reservoir injection and production.
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IR Z A RAERUE AT E B L )L S 28 2056 13 POD 7 ik 80 T AS R 406 O ) ) 8 pe s 1
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POD J2 X} & AT EH 50T PR RS AR A 2, RIVKE v 2 i s o0 () 1 8 18 FH S AR G BUR I 1 O X, e e — 4
WA AR AL, TR B O — 1~ REAE v 6 3 oo A B AR AR AT R L, 3@ i POD ] LUK — S8 52 2 4 4 2L 5
FERE IR I — 4 H 5 A R A0S A R AR R B R B 1] PR & .

SR I A A S RS - QBB R G P A A DG I SR AR R AR AR A5 e B pR AL 1
{U(x,0):1 <i<Njyx € Q51 € T} ERUEHENETEIXIB Q PRFESE T RN AP B, dny
DRI SR U (oo, o) BETT DB 2k B30 B R A 1l 5 RS20 , R T L s S ol e 4 QA5 30 % 1R i AS [
(IR, x R AR R G A AR, T I AT L 7R AN ) R el 1] ol s 2 AN TR AR S S 40
1.2 REEZEMNERK

B IEAS L BREL @ (SR AR AR pR B B A B AE M, SRAS B — L IE S BE R B AE L D, () |1 ), (7S
BUEARE (U (,0) |1} 7S BRBR IR R R, P

1 .
max{ﬁg‘(Uﬂ@)‘}, (1)
XBE(@,@)= [|@|*=1, (-, )F - || FHFREXIL QT L 2[R L 54
% POD 3L pREL @ 7] LIFR/R A E A 5 Al RE 2t 41 6, B
® = Zai(t)Ui(x,t), (2)

A o, (1) FoRTERREL
TR (1) B ECR AR, 2 X

R® ==£}K(x,x')®(x')dx’, (3)

XHE R NHT, R:L(02) — L(2), Hrp
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K(x,x") Z%Z U(x)U(x") . (4)
I RAEFRIE (1) TR DA s B N B IR U Ak A5 2]
(R®,®) =£}R<P(x)<15(x)dx =%2 (U, ®) |2 (5)

HIENFRE FRE L ST TEEN Q e I #FE(RD,P) = (D ,RD) , H R ZAEXE L(0) FIEER
F AL, (1) PR ERKRME R AR AR, v USR] TR AT R A R AR )

RD =AD. (6)
B (4) () RARI(6) o IS BIEIEH R C FFIER A FIRFAE ) B V iR e R,
CV=M\V, (7)

X AR C SRR E I EAERE VoA
- %fﬂUindﬂs V=lea a,, ,aw}'r .
MR C #Y5E SCATHT C N RFRIIE E R, U (7) ARt m AR V B 4HIE ) & o, a;
P IERS , M ICRAGASIEARE A, = A, = - = A, = 0 R/ LR FFMEAR [RI B 343 AR A — 4L RE 7]
ETRETE R ) LRET IR/, T L BRT B LU
E=<fnU<x,t>U'(x,z)dQ>= > (8)

XY E 8 n AMRFIEARFT RESRTHE 21937 P RE R 1R/
XF(2) #4 B B L PR SR N R

(D, . @, >=qu () D (x)dx =

jza U(x)ZajUj(x)dx= za NZC al = NVAL (9)

0=
I TRIER A (a1 < k< N} E’JIEﬁcf% IJH:
1

VeVt = 2 aZ"a? = N)\"’ ’ (10)
e 0, m#n
[
1, m=n,
<¢m’¢n) :{
0, n#n.

RO T A IEAC SR B (D, , D, , -+, @, ATLAH R (2) AT 2 AR i, Lo 75 450 firk A0 ST I i ik
PRI L R (R R

2 K AR B 2 A A= ik

21 RMERMNE

B RL A Ee 28 H 02 A FE PRSI D (x) HHRER M ANFERE (M < V) 24 M BYBUE S8 (8) g X
RERT 9%, ZRGE B il LU IEAME { F(x,t) :xv € 250 e T} B EFEE, AEd FEX(11) 1
THRIEA S5

F(x, t)—Zb(t)(D(x) =1,2,-- M. (11)

TEASCH, FTU%%/TVJ'Ji%’f@%ﬂf“#ﬁﬁ%iﬁ’iﬁﬂi%ﬂ%fii H F BRI @ (x) i =1,
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V kkrw V D a (i)SW
. — + =
B (p, —p,gD) | +q., a\B. )"

wi w ( 12)
S L, 0 (b,
: - + /0 = °
By, Py ~P.8 q, al B,
BBt p,,, =p, — p, [RATTERAL (12) B4 DI RIS 22 70 AL BE IR AR 7 7521
AR .
ap, 0s,
Vel Vp, ] =V [AV(pgD) ] +q, =B, =+ dp, (13)
TKAH .
ap“' asw'
VLA VP, ] =V (A V(pgD) ] +q, =B, "+ dp, 5 (14)
TR
Peow =Py ~Pys Sy +8, =1,
X
kkrw kkro
Aw: ’)\0: 7Bo :pod)so(cp+Co)’Bw:pw¢Sw(Cp+Cw)’
B, B,
P& ST SR 1 s,
R MBS U]
Table 1 The symbols of the reservoir model
symbol meaning symbol meaning
D /m elevation 1) reservoir porosity
p..p, 7 (kg/m?) density of oil, water PosPy /MPa pressure of oil, water
B,.B, volume coefficient of oil, water So 58Sy saturation of oil, water
¢,,C,,C, /MPa™! compressibility coefficient of oil, water, rock My, /(mPa-s) viscosity of oil, water
k /mD absolute permeability k. k., relative permeability
o /() volume of oil, water injected or produced per
unit time in ground conditions

BB R D7 oKk i (13) L (14) WK ARBE R B WY B pop, s, s, , IR0 Z AR R sRAS Y rp gy 2
IR RS TR AR NS ER SR AT L R RS AR BT AR R R B R, i 2K iy B T LA 30 AU e
WAF(x,t) 0 € Qi e T RFOR MR ES p,p, s, .5, WA HEM(152) ~ (15d) KER

p(x,t) = ﬁb?”(th’”(x), (15a)
p(x,t) = ibi"‘(t)@?‘”(x), (15b)
s,(x,t) = Lﬁ&"(t)@“(x% (15¢)
s, (x,t) = iw‘.bi“(t)@f“(x). (15d)

i=1

YA LR TR T A A BIR AR (13) (14) il
V- LY D @0 | - VLAV 0,8D) ] + g, (x) =

bt (Zrwer ) s o, L (Srrware ), (16)

i= i=1
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V- AV E @) | = VAV (0,eD) ]+, (x) =

) (s D (X s\ e
B (Zoraerc ) +ap, o (Soraer) ). (17)
H5J1 POD J7 i B SR MO B 782 (16) , (17) HE4T Galerkin B3, HETHT AT EIASR % 1 5
A A AR P R 0307 AL (12) BTV, 52 S bR A 3 B 7 R Ok T S W
ab7 (1)

dp, = (,(0,0), PI(x)) =120, (18)
ab:" (1) " ‘
¢pw at = (qw('x,t) ’Ql (x>) b 12 = 1’2"'.,M’ (19)
(1) X
B, == DA (VO (), @F(x)) + (q,(x,0) @F(x)), =120,  (20)
j=1
Bb?w(t) M
S DAL (VO (6), B () * (g, (0,0, B0 (x), i=1.2,0 M. (21)
j=1

K (18) ~ (21) BRI A M i 35 50 5 FEAE Galerkin 52 2504 T MO B 55 AL,

BT B 6™ (1) ,b:°(1) ,b™ (1) .63 (1) 5 POD J5 i R4S BRE s 8t &, M B A AR (11)
sk AT AT 9 R 00 37 5 00 R B 3 3R A (R T D7 R AR SRR AR R AT A > TR i — e ) 2 4% A
oM B AR E M TR T M <n 4 <n, RICHLS ) 52 44 B B8 378 /N D [ B R i — A s ) 2 24 K
o " I ARLME T R, P AR 2 AR A Y 2R A T 2 TR ],

3 WA o

ARSCHE T A TR R GE M — A 500, AR T vk 5 e S A (IMPES ) 7 36 SR A3 S o0 19 15 47 LA
SARFIEE S5 A 06 L. LA 25K PR iR B BEA TR 1 2l 45 i 1 2R 0 S KO R B R T

200 m

production|well

0.8+ —=— water
oil

~
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injection well saturation of water , oil s, s,

1 R O JEAKSE A fi B2 il KA S ER ML
Fig. 1 Positions of production well O and Fig. 2 Relative permeability curves of oil and water

water injection well A

T AR A AR RS Al 48, BAT & Darcy Bfi07 #2. S0 200 m, HUZERE 10 m, 45305 5
FA 1 pm® LB N 0.25, 256 K48 R0 1.0x107 MPa™" % E 4 5.0 mPa-s, /KEEE R 1.0 mPa-s, J5ih
(HEZ T2 12.0 MPa, JEIR SR R 0.8 FEKIFIRIE T Py, = 14.0 MPa, A 72 JF IR ) P, = 10.0 MPa .
FEATT RGBS 0.2, 48 7 JF IR 4R S M A RN EE S 0. 8. JHIFBL I AH X153 26 S IR EE DG R AN I&T 2 .

BRAL R SP-1ET o J7 [)_E 54 50 AT RISy 7 T BRI 43 50 AT, B3R A 1B A Bk - 50x 50
=2 500.
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3.1 ERHBAEK

A POD e pR B A HE S 5 AR , 1T LUK R R AU SR B AR 4 AR

1) FEAEE (1 4R H

PEAR I 2 3 3 S50 B AU ) VAR B0 6T TR o i W B R AR AR 19 3 R 280 B POD i
AbFRAEHE X SR F T B T X SRl o [ T 5 s 5 A SRS () B 220 e Tl e o AR S
K F IMPES 73 , 6 BT -8 B3 2R FE K R —4F (365 d) Y8 Bl N AR R B g AT SR A 4 — 4 Rsf 1) 2
K (At =10 d) BT GHZK RIS 3 RE Rl LAZRAS 36 diFEAR.

2) IR C i CRTA

1
¢, =+ U0 U dr. (22)

3) W BIEEEFE C AR A DLW LAY RAIE ) i o
B AREAE ] S O, A AR AE AR AR IR, A, = A, = - = Ay = 0,N = 36.% 2 45 R 1 LU R AR AN
AR IR AR S L ) BE S 0 A1 3%, AR PP Al LA Hh R (3t Dl P . DR G U5 P 7 ) LA R A BT 402 20 4y 2L
HETT R B2 R S AT P A SR A A B T A 05 23R 2 20l iy H i SR E 5 A L R R T
6 MRAIEEL R 2N B8 BRI A RFEAE P, 56 1 AN RR (e BTl B2 2 ) SCRE Bk, REHl i 1) %
W) SCRET Y 97% LA LT 5 MRFIEAR B 2 L SR 2V 3 TR R R (99.9%)
R2 R BN RA AER”

Table 2 Eigenvalues and the “energy”

No. saturation eigenvalue Ao “energy” E /% pressure eigenvalue A2w “energy” E /%
1 9 282.27 97.11 398.22 99.999 65

2 197.92 99.18 1.28x1073 99.999 97

3 46.07 99.67 1.08x107* 100

4 15.77 99.84 3.95x107¢ 100

5 7.79 99.92 9.44x1077 100

6 3.93 99.96 8.07x1077 100

4) POD FpREL )T

Wi 2 FTLAE W TR A7 SRR 2 k(s BT RT 5 N ERAE (5 B e 3 5 S B3 b 99.9% 1515
BB TEARGI AR R R AT R SR ERUY N (36) A3k pR A BT AL PR AL (M = 5) fERE R
T A T DA R A S R

A I SR TS AT SE 2 (2) A3 BN [R] Y SE R K

N
@ = bU,. (23)

3.2 {REEBEAYKER

BN R GRS 5 W PI IR B 201 R RE | 7 DL Rl 2 268, I Runge-Kutta J7 325K ff =X (18) ~
(21) 28R 8 1ol o0 T RR AL SR AAS 30 45 A G5 B0 LA T SRR 10 3o 5 DX 3018 5 S 0 0 B8 L2 B3 7K 45 A 7 1)

FEFHE I AR B R b (1) , b2 (e) 0™ (1) , b2 (1) T2 A AR A BIR (15) , HE1iT AT DL SRS
I ] [F0] R 7 4D b g 55 X ) 5 T AR A LA B R 7, DT A5 380454 AR Tl s il g 7 3k e DA R 3 K

Bl 3 4 45 5T 5.(25,25) AbaK S i AR A3 Rl AS [ ARRAE 1] 52 (R 20800 (M 4] T BUS AS TR] 1)
JK R B ] 4728 Ak X E T A& BR, AR BB A EL AT 5 e %) T e, 1T L it 25 R A i S 5 M 388, (R A
TP SR AR 0 25 SRR B T IMPES FT A5 20 A 25 5 YRR AE 1) B M = 3 B, FE TS O A MW & 5 i 24 M =
5 BsF, SR B A AR AT AR B A S W A

A IR ATR BB F A BB | S UM R 22

=104 -fu /1A x 100%, (24)
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X HL £, 278 H IMPES AR BIMEER , £, Fs FIREE BT 2 A9 45 2R i i 3t He T RUA B, (R i R i
BAFTHIA AR JF HANX R 22 B BT HUHE R R 5 38 i e f1K.

12 800 o eean F
B J:,L/u W"‘E‘ﬁ%\)j oeny 08
e agay
£ 12600 o
~
> s 206
2 12400 — IMPES =
s I —— M=1 E]
& o M=2 G
2 —— M=3 =04
£ 12200 —— M=4
—— M=5
—— M=6
12 O()O 1 L 1 1 1 1 1 J 02 1 1 | | 1 ! 1 )
0 100 200 300 400 0 100 200 300 400
time ¢/ d time ¢/d
3 MK Bl 4 s S b i R A
Fig. 3 Reservoir water pressures Fig. 4 Oil saturations of the reservoir
T RRRRE R, 1 W] DA S A SO LT T RRCAR.
F3 MBI R
Table 3 Low-order model errors
number of basis 40 d error 6 /% 184 d error 6 /% 355 d error & /%
functions M 5 Py 5 Py 5 Py
1 11.72 0.356 18.64 0.784 15.872 0.562 8
2 7.34 8.49x1072 6.43 9.74x1072 6.794 0.984
3 4.33 1.09x1072 3.36 3.34x1072 3.748 2.10x1072
4 1.38 5.96x107* 2.01 4.76x107* 1.758 2.32x107*
5 1.07 4.93x107° 0.92 3.36x107° 0.98 7.80x107°
6 0.94 5.03x107° 0.87 4.01x107 0.898 4.80x107°

Xf bEER 3 ARBTRC R TS B A 45 2R IMPES THE A5 R AR 3R 25 0] LUA Y, 24k s B B0t M= 5 1, i
WAL B S AR A RE BT H AR IR ZE AN 1%, TR BT RARZEAE M = 1 RFE 2N T 1%, IR ZEE I 2 T2
BUARI R OR.

R4 AR TR

Table 4  Calculation time required for different calculation amounts

grid type IMPES ¢ /s order model ¢ /s
40x40 5.42 0.26
50%50 9.77 0.27
80x80 50.94 0.30

100%x100 170.17 0.37

150%150 260.45 0.41

K JH FORTRAN i 5 oK i, 3% 4 45 tHAREI RS E T TR AR B0 B (IRBA AL 5 IMPES J5 %1t
BT EY CPU T AL E A2 2 4 1T LUE ARG F T A 2 o A% H5 e 50 A8 A 4 ) 38 [ i A 4o
S AR H TN T 1 s FIRHE] I IMPES J7 86 O35 ] 2 5.42~260.45 s A3 HLUIG B
T B R TS T A A48 i I SR AEAE AR Bt B TSR i o SRR IR AR 25 T 75 22 () 115 e [

4 4 ik

1) ZR3CH POD J7 ik S B e w4 AR L e 7 45 35 il A0 A E B 5 Ak eR %, 9 Galerkin $0582 77 1A M 2%
PRI SRR ARSI TS R 5 IMPES 75 75 T A48 RAT 5 B4



898 [ 55 I = < | A B 2021 4E

i 42

2) M POD J5iE Bt B nl LAFE Y, %05 IL el S B h Wy s ) SO B ok, A SO ok
REAHE R 97% LA LT L RE” , & BT IO 14 5 R K5 HE 47l B2 81 B 10 17 ) LA AL, 229 {1 I e 22 5 ol 50 11

M =5 B EIMAR R 5 R DT THRERZE AR 1% A AR 2E O R TR B TR R

3) ARSI AR ISR TRy o 1 B LR TR RO RS 10 5 R 1 O B N )G A S B

e T LA LB T OF R 00904 ) 550 069 s L4 - .
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