High-Performance Numerical Simulation for Flow in Porous Media
ST RER R EEEEEREI

R DR SRR SR o I

Chensong Zhang, AMSS

Version: 2026/04/24 FadtoahiLy



01

GEE:

Application
Background

05

Tt
Flash
Calculation

RERE

02

HFER
Mathematical
Modeling

06

HiTitE
Parallel
Computing

03

BRI
Discretization
Methods

Wy

T

Neural Network
Methods

04

(LECKR
Algebraic
Solution

08

EXHFIRE

Software
Projects



01

GE2lE:

Application
Background

05

Tl e
Flash
Calculation

RERE

02

o' i
Mathematical
Modeling

06

HiTitE
Parallel
Computing

03

BRI
Discretization
Methods

"y

LT

Neural Network
Methods

04

(&K
Algebraic
Solution

08

ERHFIRE

Software
Projects



iR NFaRRAY BB N FYSIE S

SMANFENREEE 2, NigRGESA N ERiRgSs, EaLEEIERY
{49

HSEFFEFA hubdepirelle: “RWRIEE KIS ELAE ZIEFIEE

RASE: ZESZHER. ENARENE. BESMHERE. IRIREFEFEME. SYIEZESHHE

Chensong Zhang, AMSS 3



\

¥
)

— MBS RN

%ﬁbﬁ aahF i L= iTHEREF T

L |
--

ZHPZHEREZSILN aASRANYBAZERE, HSEFALRE. AFILRE. NEZE. iJr%%'ﬂz%ﬁ BZ BFRRI. k. #IP. 5
(L. A, &) EPE!’JU.LEJJ FUBEETH, R4ET ESE KAEH. EF=HZE HE., HTrE i, AVEOE
Ve

XERA

Chensong Zhang, AMSS 4




ERERSIE TIEPRINA
ERES |

SESOTR

B

N : AL E_
REAHHOSESIMKEE 20604 “B A" i HM I :
AR 8 a0l g
56,000 80.0% z
49,000 70.0% i fie WAk b, Ay 3K A Ao 4F o, 2K Ao
42,000 60.0% Sy - vye
. J .\ B sse
35,000 50.0%
= KL LRL
28,000 40.0% CE YR Y B
“"E’am AL AL S AL W) RIS
21,000 30.0% fif LA R AN 5 I B
14,000 20.0% 10 e 7% | :::
|
60%
7,000 I I I I | | 10.0% i i
o nmfinl I 0.0% o
B R R R R NNNNNNNNNNNNNNNN ]2“
BB BB88888888888R_R_R_RRR o
NV O N 0 WO R NWDPUOGONOWOWORNWHMWM Py Arrv 0 " " " " i " 0%
sh = s x_- - = = f_ 2019 20256 2030 203S€ 20406 20S0E 2060E
e AEEOR (A1)  e—XMEEE . o R N . SRR (Ld) LT R 5
nergy, SREAZIMEER, HEAFIATED

xxxxx e REHE )

-
T5es 9e0 08 200 2908 2970 2678 2020 <—{(;’,)

T

Sources U5 Enargy iformanon Admeetiatan and U 5. Geoogeal Sevey

Eotimm. TalS. BT AR, —SWIRIEE HTNKISRAE, ZEREE

BN AERNAESS, =E— TR, W, S FTRIREGE

Chensong Zhang, AMSS 5




O
CO29 /water [ M
=% injection LA HSD

I e
{XH solated oil a
PR o

”.

® ComponentfH%3: BEW (Ebalia
&) PRSI

® Phasefl: HRANFZRFZFRI—
X, EIxXEA, EAIFEYD
BMREA LEYYR

o HMBINH: HMSHEFEHA. AR
GFIA, EYMETRARSE

Chensong Zhang, AMSS 6



\

FEARNFIERI T RSEE

¥
)

<
H-N--E-

WEEAT N+ B aEdE EHRRE
SP DP, DPDP IVIINC DPDP DFM DFM, EDFM
Easy Investigation Effort Difficult
General Practical Applicability Specific
Limited ability to handle heterogeneity Good
Low Computational Cost High

Chensong Zhang, AMSS



FEARRERRIIES

€O, Injection

Region
Scale
(10km-1,000km)

Micro fractures and
joints are present
throughout the
Fractured Basement
and Fault Zones

oiligas well
Site
Scale
(100m-10km)

COzPlume

therefore improved regervoir characteristics. Fault
Zones are associated With seismically-resolvable faults

Ditferential equations descriding

3 fow and transport of CO,
Reservoir M‘g ve =k

.V’I
Scale
(10cm-100m)

Pore
Scale
(10nm-10cm)

Bench Scale Experiments and Lattice Boltzmann Modeling

\
Anticline Traps

RN P
hhh."’adi

s R rrdalidiedesaoie

e 4 A
Scale og(];,,c
(A-10am)

Mineral Fluid Experiments and Theoretical Geochom&y

Center for Petroleum & Geosystems Eng, UT Austin

Chensong Zhang, AMSS 8



FEARRENHEBRE

81t (Fingering) RIZALSENHTEENFIFIETIRIXER NS
5, ZE/NMERIVIEAE. R RAER IS
(o))
RE=FmEEDFRED K, HMmEEiEHE >
0 T T T i T T T —
1 ' Viscous = VF E SFabIe 3
- __Fingering (VF) ¢ CZ E : Displacement - 8 i
2 "o 2|5
i T
~ ~ 301 ks == | Crossover o
§ ?IU/ am /E/Zone (C2) g o
o (-?3 ol : SRR s 0
E{\I_]\Jﬂ 8 S f C g N~ -
S ‘. /,/ g o_
_6 | .’" Py ,/ - T
7| 5 £
i : .’ e Capillary Fingering (CF) N : =
LA I g . =
-8.6 5 4 3 2 1 0 1 2 3 4 {g 1/1000 1/500 1/100 1/50 _ %
*EEL (M) log,, M (-) 3 increasing M o

Chen, Y-F et al. Visualizing and quantifying the crossover from capillary fingering to viscous fingering in a rough fracture, Water Resour Res, 53, 2017

Chensong Zhang, AMSS 9



SERRIFCR OB A SR %

PIREREREN S R (FRES. FH2lK, CNPC&ADNOC) : f2iERl, MiEme, iR (&85IN) |, Rl

B, 5fE2: FLESBLAIERL., RAFL. REEFL. RIREAAE
SISRERIARIRIERIERENEE, SHENERERMERIR: EE/BR T, SilR=HE.
SEIIEHRE, ARAESEITEESIRUEFERARE

X

K (mD)

%7 Phifrac) T ¢ @ 4

N
S
o
d
G
i o
23
G
o
o
3
o
o
Y
n

Watercut, fraction

Liquid Rate, th. stb/day

e e U (U “'“H"‘“wumum”w

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Chensong Zhang, AMSS 10



(Vé

Dy

RIXIE TR RN

ERISIERZME

et SRl T Dee o £ RS S i
BRI IE R RIS =l L e e e 0 °

O----- RO o RS o [ERASR

o SCERMFEFR, WIEIRAEZ: SRS, PEBIRIE. TEMMIE, BEPNEMIE, BEMNIEE

¢ FHGERIZENHSHEMISRIINAJEZEENNAIEARA— (FJEES, tHAEED)

Chensong Zhang, AMSS 11



Z3 A
i —uﬁ #ﬁ' #W.léi:ﬁmu{zlsvl'% /s
SR s ol ags el SR
g J . J
Y Y
il R4t (Reservoir) HEZRS (Wellbore) itEmEM (Surface Network)
SXRZHANEPRISRIEE, A Ban), ESER, B, R SEmEMNTPRIREN, SETIRE.
B AEAFESR BT, ARE DEE. R. EEINFRS

Chensong Zhang, AMSS



SR B T VEAYEE s
91
BAMERHAOR, YREIE, EEHARYE

e BAhERNIATEHHENRLEER LIEY R

M FAEERBAINE (h/NIIE)
——BEEHRLTEIPINZE | o amEHiERiS s R T EE

BEREAMMESEE, NERASICHRI ] - ?*25224‘265; \E’?%ﬂ @H&Uﬂgﬁfﬁzﬂ
&/ < \ CPU. GPU., DCU
SEEENKENE, MESES. DER s =

mEBR/K, | EREFIK | MR | ESEE | REKER EEMEE O RSHA
SXREEE | &4, R | REsZE, | HE AR | BEE § 0 kSR, AEETE

ANEHE | 8. ®EE | KRirEE | BE. ’7'&7(\ LEELE | YRR,  morEx
R ARER | EES AENRE | BfEE BHEREI AMEEMERE —SYERIRE

fEEAIsSERIARRE, (PETERACEEIEREH, BHl2UAkRERLegacy Code A EEMRES

Chensong Zhang, AMSS 13



01

i

Application
Background

05

Tl e
Flash
Calculation

RERE

1y,

e
Mathematical
Modeling

06

HiTitE
Parallel
Computing

03

BRI
Discretization
Methods

"y

LT

Neural Network
Methods

04

(&K
Algebraic
Solution

08

ERHFIRE

Software
Projects



sl b == \\\
SESENSRDPER s

EOSIRSHTE

R Bfg e I AR B

YIRTESTE BE

=N i) =0 aFERE
BmEEE RS

tziRR
1877

¥ RRE

Chensong Zhang, AMSS 15



np np 57%/\31 -|+;:;|;|2
_6 ¢ ) xi;£;8;)+V -F; — Sirii = Q, i=1:n, YESFE ZEI TR
ot A iTij F

= j=1 EOSRATTTE

’ _

Brinkman 52

o= (wu&ws — $D;V(Eay)),  i=1lin, REHRE
j=1 HERMNTTE

KKy , Ny
u; = — 10 .J (VPj - ’)’jVZ), j=1:n, DarcyiElF Navier-Stokes /52
J
S S =1, miExs | R
> L j—1in, WESE R
#;;FIU \\In z:C ',I;’I,: . ]: ‘'n ‘I:TJ_’E -

E Eﬁf " Ti;g Y ’ IR BRI
T F TR IEIH P, — P, =P, j=2:m XMk o
B EEBHD ’ ! g _ SRR
LTl fij=Ffa, i=1:in,, j=2:n, HFELE  EEh¥sE

Chensong Zhang, AMSS 16



IFFRRENGEERTE

o "p Mp
n 6> &SiU+(1—@)U, | +V-> guH
j=1 j=1

ke =@ Y Sir;+ (1— ¢)ky,
=1

\

¥

N

— V- (kpVT) = Z gjwenH; — Quoss, BEEST[E
=1
UjZHj—P/éj, j:]-:np *Elj\]ﬁg
Ufr — Cr(T — Tref), %EW%E
gﬁl\\\g

T
Hy; = / (Cpgu + cpgait + cpgsit® + cpgait® + Cpg5it4)dt,
Tref

Hvi = {hvri (T'Crit % T)evia T < Tt J

O’ T 2 Tcrit )0
n,

szl g0 'uz ’ Hg = ingHg,i
5 Gas-based

T
H, = / (cplh- + cploit + cplsit? + eplyt + cpl5it4) dt,
T1ref

Chensong Zhang, AMSS

H, = Zwilﬂl,i, H, = sz’g(Hg,i + H,;), —
=1 =1 Liquid-based

T
Hl,z’ = / (Cplli + Cplzit + Cpl3it2 + cpl4it3 + Cpl5it4)dt,
T,

ref

T
H,; = / (cpgui + cpgait + cpgsit® + cpgait® + cpgsit?)dt,
T,

ref

H, = Z zig(Hy; + hvapr),
=1

e
= E zaH;,
i—1

Simple Hvap

17



ZE=1BEiM (Black Oil) #=B S

A FIA TR ARG HA S REER TR RHERE,
HES—RIREFESRRXI BRI R DR EIH TR

Xog Tag ITw = 0 1 0 |
T ° HEXER
i LOow TGw ITWw | i 0 0 1 | So"'Sg"'Sw:
%R : Trangenstein and Bell, SIAP 1989; SISC 1989 Peog = P, — F P.,,=P,— P,

Chensong Zhang, AMSS 18



SRR T e

O g

: ”OQOOJ : BB

§ 3

. JﬂOOﬁ : 8], Bxis
n

==

I SWC —I— fﬁﬁ’g Sw

B 1

EJip

Chensong Zhang, AMSS

HZKRRTE,

ERRE, RARATEE,
BER(ERERME, RLCIEM

0%%%@ T —

BRESENTX,

ZANENIE, REEES M

gb S +V-uy = qu NGB iy
LR BORB A 5

¢ S—I—V Up, = (o

o DarcyxEE
] S'w .
u; = _LR i )VP, j =o0,w
M
o HEXE I
S, +S, =1 S, RIS, HREE

ROLE TS EkAE R, 2020

19



SN lﬁ

ARREBABRNTE (FRRMIEES)

Chensong Zhang, AMSS

matrix

DD

F*HHEMEHEE%HI&E&

(Vé

Dy

Lo

iimicro-fracture

s !
~._.eave

macro-fra@ture

20



\\\

¥
o
O
.~
O
5T
SE
k8
Y
Dy

¢m/Pr : porosities

%*EDPDNE@FEZ Cint/Cmt - compressibilities
5 Pm/ Dy pressures
Pm Km . Km/Ks: permeabilities
PmCmi Ot —- V- 7me =0 p: dynamic viscosities
3p o qp: sink/source term
f .f OK
—-— V.- —Vp; = =2 (o — py): h
VUGS MATRIX FRACTURE MATRIX FRACTURES ¢fot Ot \Y% m Vp.f Q + dp Q u (Pm pf) Mass exchange
ACTUAL RESERVOIR MODEL RESERVOIR 0. Shape faCtor
/A a/4 I HE—ER
L7 7 7
L 7 72 7

< | y » I I 2h-RE I I

Chensong Zhang, AMSS 21



i
i
dn
B

RS9 RRYEFRE

Qp

4! Y2

o o] o
Iy

Chensong Zhang, AMSS

p

u=—KkVp,,
—pAu+ Vp, =f,
V-u=g,

u, -n=u,;-n,

r—2u(Vupn) -n=p,,
up -t =-28u(Vugn) -

u-n=0,

( u;=—kK;Vpi, 4, 1=12f,

V.-u =f;, Q;, i=1,2,f,
qur-n=uys-n, Y ¢ =1,2,
pi =Dy, Yi, 1 =1,2,

\  Pi=DpPp, Iy, i=12,f.

z

Qp, -V - (u(z)Vu) + kK 'u+ Vp=f, Q,
QF) V-u=y, Q,
Q, u=0, onN.
mass
L, conservation oy
I', normalstress
t, I', BIS
a0. I b2
( u; = —K4 sza in 1= ]-7 2
V'ui:fi, Qi,i=1,2
Ur = _K:f,Tdvaf7 7Y,
V:-up=fr+(u;-n;+uz-ng)ly, 7,
—&u; -ny +appr = appy — (1 —§)us - ny, s
(—&§uy -ny +aypy = aypy — (1 —&)uy - ny, Vs
22



ZHDERVERIBGE

sHEgSE 2]
IR RS (=]

HEEsEE B
IR RETE A
SERESE

HiERIHLRE ==

Chensong Zhang, AMSS

L) HiTiHERE

ez
o Rz
wumgnz €
) mnmite

fFREEE @

23



01

i

Application
Background

05

Tl e
Flash
Calculation

RERE

02

o' i
Mathematical
Modeling

06

HiTitE
Parallel
Computing

03

BRI
Discretization
Methods

07

LT

Neural Network
Methods

04

(&K
Algebraic
Solution

08

ERHFIRE

Software
Projects



A BBl EAIESRREIT

o ¥k MoEE (EN) BIUKRE, FREERINERHN

[Acs et al., 1985; Fernandes et al., 2014; de Araujo Cavalcante Filho et al., 2015]

o |fiFiEzlrGiE: MNEESHIEAREIUKEE

[Watts, 1986; Lu et al., 2007; Moncorgé et al., 2018; Jiang et al., 2021]

o £[EINHi%: WEIBEZERIUKE

[Coats, 1980; Qiao, 2015; Rasmussen et al., 2021; Schlumberger, 2022]

o HiEMNIENSGE: BENMEXTMIERTIRIUEEIKE

[Collins et al., 1992; CMG, 2015; Batista Fernandes et al., 2023]

& RS

\\\\

Dy

TR
RYIEIE KA

fafEtE
iRz

SRR

REIER
SCINMER

Bif: RITRE—HNEENKFESR, EXEIRETAUBENEEREDE, KEDESENNS

Chensong Zhang, AMSS

25



HKFEIRELRIIMPES TS i S

tZIL B R UKARESD,

DROIE, EXSSEENS RSO LRSI

® TENMEDarcyiRE

Ut := Uy, + Uy

Qt ‘= Quw + 4o
® TEN T iERE
Krw Kro
)\t = -+
bw Mo
Aw

fuw(Sw) = )\_t

® DarcyiE{EFENN
w = —K A\ (Sw)Vp

Chensong Zhang, AMSS

® [REFEHFIEEM

0
qb&(sw‘kso)'l'v'ut:@c

—V - (kX (Sw) VD) = q¢
—V - (kA (Sp) VP ) = 7t

+1
S+l _ gn

AtV (fw(Sp)ug™) =gt

¢

syt = 83— (V- (ulSTyurt) - i)

Ref: Coats, K. H. (1968). An implicit two-phase reservoir simulator (SPE-2263-MS)

26



¥

<1 \\\\\

'S

I

BRI HEERER

' | \
A— s PR e
T —>[ Xl ]—»[ HEER ]—»[ ;gmj@m ]—

nai { e }

;{ RS -
ASRITHE

KAFAELMEDIEE, (EEBERAEENI, 1ZKIEX A KA EIFEEU=:
o TEFTE (IrLtErniEd)

o MERGWMES (8E? FiE? 48?7 IRE? )
o WHARBRHITINZITE (IF&IERETIE)
o FNTE, BiAFENELRK (RIEEWIRE. IFELIMIHEURE. LEHERE. ...

Chensong Zhang, AMSS 27



RIS BiEMEFESE

EARBTSTEPKTETE

BEEBTUNING K E=E

FEE B IRERR T T

R IEERER

LA CIREY

Chensong Zhang, AMSS

ERAREE KA T
— RIEEERSEA 0= BURY
[BRIZE

IRERAIEE AL,

i

N1 S

pa=1:p| Elis SERWES R

MEBEAF LR, 6<1
MNER/NFFR, 6>1
ELETRRZIE, 6=1

N

Dy

At = min(8At,Atax)

FPHELSITEERE, #T
T—RIEZRIEE; o, JE

ZLMEERAWEL, tEBEYE/
BfE<, EFmE TEN.

28



FEMTRANEIRS S

—N+V F,—Ri—Qi=0, i=1,...,n, MRSHES RS

/a Ndv+/v FydV — /Rdv /dev—o R TR

N,; = qﬁwaﬁj J Overall Molar Density

njzl Darcy

P kk, ;

Fi=7) [%jgjuj - Sijv(gjxij)} uj = - /Lj] (VP +VF;j —7;Vz)

j=1
b = Z; 55T ne+1 NEKFEE mmmp n.+1 NESE

J:

. YIRRSFIE + AR FERTLES

Qi = q;

Chensong Zhang, AMSS 29



BIRPRIE=EEEY

\

»
v, Ot Vi Vi Vi
ﬂ GreenAT, (BUEFR)
9 [ Nav s / F, -ndS— | Rdv— | Qv =0 #sepEiat
|8t Vi Sk Vi Vi

ﬂ SRRTRTERSEL

ik T+ Z Fis—Rip— Qir =70

SEEk
Ak & kyj
Fz',s = (7) Z (wZJ€]M—J> AS(P +ch - ’YjZ)
s J s

i
=Tos > Njs(2i&5)s As(P + Poj — v, Z)

Chensong Zhang, AMSS

TSR (FEF)
2

Tc,s — 71

Tc,k

+
1 Tc,kz

matE. BE (LEiFX)

Aj’s — Aj,’ll:p)

{zi€i}s = {745& tup.

30



SIS BRI

X 393

\

¥

N

GRID FOR COMPARATIVE SOLUTIONS Y 393 4 X393
Y 393
INJECTOR
L2 = VL X393
L Z ///j/i :/ : Y 393
t PRODUCER
IEZMIE (RHgH)
block size = 8
N °
1x785 o
Y 394 X 785
1Y 394

X785
Y 394

Chensong Zhang, AMSS

31




A N

ISV SRV AERF S8 SR s

. (@ apy, Gy, ) (o b
=t e ;
EE | i o A= 1\;110 NI: M . Nl:Nnc S = : ,gi = Itjl

s [ | SR R O I P
N N : Ll A A e Aqn T b

wn fog e, (N (s (8
gﬁ ...==-.- ‘ .I.==l.l. ‘ : : .. :n . - .
N EEN 4t H EEE Z—tE : : . : : :

xE0% .'.=Ef })Eajj& i :.I==. e \ 4, A, - A, ) \z ) \& )

o ffim: ERTRMMIERE, BiEFERVEls, BELNEETZFH—

o R: HRESHNAE, BIUERSFEFIMNTE ()
o iEEl: ERTHERERIRIER, WRARERSE (RENHEMN) , NFEZEHEFHEL

Chensong Zhang, AMSS 32




01

i

Application
Background

05

Tl e
Flash
Calculation

RERE

02

o' i
Mathematical
Modeling

06

HiTitE
Parallel
Computing

03

BRI
Discretization
Methods

"y

LT

Neural Network
Methods

04

ﬁli&??ﬁﬂ

08

ERHFIRE

Software
Projects



KA BSOS AR 5 Ve

o KRS REAEINERRRMENEIASIE
® KHEMIEHTEMNAN BEN R E R AR

n
Complex Physical Problems 1) Obtaining Information from Physics

J 11\
ﬂModel ing/simplification/: reducﬁon: : ﬂ
N 11 (

Computable Mathematical Models [=I=T){ Preconditioning Continuous Problem
J .

~

11
11
Stabilization | | Linearization/discretization
o SRR ARERVEIEFEF0E. MG SIF
Discrete Linear Systems = Multilevel Iterative Methods
® HPCERFRREIUER, EAREHMELFTN —
Vlterauve/dlrectSoluuon \ : : ( -
General Algebraic Solvers ) General-purpose Preconditioners

J | \

11

[ t |
I

Sparse Linear z\lgebra Libraries

LI

¥ = ¥
11

Hardware Architecture

1

R ARRE RS AR ETNEEMMN, FaEd. ER. T RAVSERZSGR— TR

RIERZ MR LS R ANMESERIEE ARG, LA AIEMEEIIS 58 T 80%LA EAYARTIE]
o IJHEEMEFRYIEEEHER ( WIHPC TOP500 ) o RFBZMREAES/E/9Benchmark (Y0HPL, HPCGE)

Chensong Zhang, AMSS 34




A IMRZERPAPRIFSFERA

Original Matrix

LU Decomposition
O
Ay

oo £ A \- = 100
7 S 3=
Oy
00 - ~i ~ 200
¥ ~
-*; ?' -
00 = - H 300
— - J
— - [=
- -
00 . 400
i ~
E a
100 200 30 0
=18

01.
LU, ILU, SA, ...

SEE, BRI, TR
B, BPRE WE—BF
B, FTATRIRE,

Chensong Zhang, AMSS

BF ARG

EF RIS w7

02.
DDM, RAS, FETI-DP, ...

AJLETMIgHT, MRS,
BAERE, I RIERE,
MELGRBUE R S&IIE.

(Vé

Dy

EFYIENTGE

03.

Block Preconditioners

BERE, BETHRRAEEHT
&, BED, wi BERE;

BRESS, BRRFEE.

35



\\\

¥

Dy

2RAEHPIERIEERR

o £[RIVERINDIZERME, BRESIENEDIERETHRIL, SRR KENEEEEII80%!

EREARESHTE AR HEENSEREN RIS FFLRIL BATRYEEX

=1

P ny np
5% (¢Zlij§jsj) +V-Fi- ) Sirij = Qi
j=1

F; = Z (z,-jfjuj - SijV(szij))’
j=1

b}
Np
ijl S;=1
n,
Yis T =1
0315628 0.43670& OlLsan 0.557804 0.6
Py — P; = P,y S ——

RiItSMEHALZEREH | EREUEPEREE | EMFELERERLE | REALTEWRIEREE | RITERMNMEEGE,

PN

BARETE, ERYE | RERESEREE, 18 | (HUTERGEH R | fExesk, BE—IEH | FEAAMEHTIHE

E B FEERREE RAEXEE N ERSUR Y RARSITERER

Chensong Zhang, AMSS 36



\\\

¥

Dy

53 Iiﬁﬂli %I!)"Ezﬁi%#

RERFER X KrylovFZE[E 5% -
RS T 8« 9 wa 75 o 17 1388
B, SRR WA W I
FRROLEEAR LS. S 45 6
SIS, BB NN -
2022, 43(1): 1-26 AT AL SEM IEIREL B BiCGS tab GMRES

Chensong Zhang, AMSS 37



ZEENZE: T ISENEE

HLRIA%

Algorithm (Twogrid method in operator form)

Given an initial guess u(®) € V.
Q Pre-smoothing: u(!) = u(® + S(f — Au(®);
@ Coarse-grid Correction: u® = () + (ZB.IT)(f — Au);
@ Post-smoothing: u® = u® + ST(f — Au®).
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RS E TTEZEL | 8x1 | 16x1 | 32x1 16x8 16x64 16x512 16x1024
@JtmTEE . .

Sf#ERGA) | 5.38s | 3.86s | 3.26s | 59.78s 999.46s / /
GMG@CPU | KfERT(E] 0.030s 0.303s 2.815s 23.54s /
GMG@GPU | KEZHT[A] 0.013s 0.026s 0.045s 0.097s 0.715s

=4EpPoissonFFE (BITMIBLREDIE) HNEMRLEESSXLL, BB ZI{SIntel MKL Pardiso (ItFRBRAEE) F1ILAIZEMIGE
CAEEDGHFESL, 20208, dtEEBR=ITEFIOAS XEALinpackili48E3.74PFlops, BTS
RFREN32FZAMD EPYC7452, 256GBRTE., 2024%F, SKMNMIRGPURRAN, Intel Xeon8358+A100,

FASP (ZEICZNFEAX, nvidia A100, 80GBRTF) :

Ref: C. Feng et al. Numerical study of geometric multigrid on CPU-GPU heterogenous computers, Advances in Applied Math and Mech, 2014.
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[REIFIRFAZTF, NMBRIAREE
Z [BRYEREE S TURNAE A& Al

o HMIBEHHE: /3. R&;

o fHEEFRHIEF:

o WEIBEERLXI, - HEHER

® TfTETRENAREL- X5 P (and R)
o (HT[EfRAES:
o TRE/KIE _ERYKERART
o ZEEM:Vv, W, AMLL K, ...
o FE T PHTRENDGEERD
o FHEEABHYEET
® (KHAIRAHI BT
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o PEREZBEFFUERR, ETREZNIAMGHA
HIEEREER, MWHITERE!

o JLEREFAMGHIRER FEEIRCARREZAMGHIEESR
FHIEM Eosk— M EXE T

______________________ ". . Relaxation
________________ O Exact solving
/ \ \ Restriction

/ Prolongation

Aj-1 = Pl A;P;

== Addition
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¥

Dy

AEAFE

SEYEN

FNFIORER BT KR

ABF 3, ZHURRABRER IR,
BEREEEBENAERE
MEKAR, BENHEHT
SRR A BEIRIBIRE
NEELEN R

IECRER

Accumulation Flow o
77 : (XA
 Term Term apAEE, S5ER,
¥ ¥ e % 0 O . 0
be) Yo = | TR
origina 010 N ek BN/, EEEA
0o : =~ be) Yo [
B fERYER,
I 00 -1 * *
Ref: Qiao, Wu, Xu, Zhang. JCP 2017
[ * O * 0 * * MAX Ratio = 5
o1 -0 * *
ANL +
0 : :
L O 0 o 1 ™
SEM —
o o
5 01«0
- . ABF _
e E - 0 : :
|0 0 - 1
[EH 0
Method Time Steps Nonlinear Linear AMG rLlnea.r Solver
P Iterations Iterations Iterations T1me
ABF 60 352 2505 37235 7756
0 IRHES Analytical 57 332 2209 16212 3149
Semi-analytical 56 320 1338 13813 \ 2464
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FERMAS (HER) SEETIZR: SimFastiih| SEAREASRL
o IR T FRERE IS AENISE D, WITORFTR
o IINBIEANE, SMIUFRFAAISAERE, .., BEFRTIE0EHE
FEAHERIT AR MEFH RIS KBRS S,
® EITHMBERAZAYIndustrial ConsortiumIX{S A tRHAZSA LD
o 18H1TRIE, HXLRBIEY, FEENE: BEARSEE EA RT_,H
o —LLEIfIRALE, —ENARAE; REM—BRAEGN, EHERIE.... & ENVIRONMENTAL SC ECES
=LY H58

GKFFHII
il s o o ®)

2034.765 107

Dy

Stanford

EL T 1705.188 192

E = 7.815 72 2194 94.475 37 224

AR R0 (FHBT0E, EX—TIE)  RIRITEIRERIE
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ZIEMERRA T EE=

Ax=0»>b

~N

\ 4

X = x+B(b—Ax)) -

One size does not fit all!

Robust, resilient, and reliable

Chensong Zhang, AMSS

Efficiency

Efficient, optimal, and scalable

Q: How to choose or
develop a solution

algorithm in practice?

Usability

Applicable, user-friendly, and portable
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A B YIRRIESZE

SOLID

LIQUID

>
-4

N

=4

=g

o

.

Melting —
<— Freezing

Vaporization —>

Pressure

Triple point <— Condensation :
Prp — 0
Sublimation —> | GAS :
<— Deposition : i
(C 3 | ]
Ttp [
Temperature —

Reference: General Chemistry -- Principles,

Patterns, and Applications
http://saylordotorg.github.io/text_general-chemistry-
principles-patterns-and-applications-v1.0/index.html
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v g
5 = T=const
Z &
g . . 2
2 isobaric
4
e
7’
. /, 7’
solid , , critical point
critical point ’ L, .
’ v / N
/~ / // \\
liquid e R / \
,/ ,, J \\
g , liquid / N\
= boiling ’ ! AN
7’
triple point ,/' /_\\\ vapor
cavitali ; ‘ -
cavitation _  vapor - /17\/ — \\\
~~o_ . R -
--- isotherm a ~
temperature / volume
bubble/dew points
) Number True but not ideal gas
in of moles Temperature
Pascal (Pa) in Kelvin (K) =
I / 2 [l
§ Liquid
V=nRT -]
/ ' \ T
Volume in Gas constant ¢
m3 =8.314 JK'mol"
0 k
0 Volume, V
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pevronar Y\\$\\£:::::E \ G, WIKETTREATES
E _— ///; S TR
PVHIZRIT SR EHERM IEFR R A BEAXI N B R &L ERIERKIES]

ZHEPBRR: PFEIEESIERINZE, MPHAZFRERAEL
® HSEUENNRT, RHERGEMNER, MUBRFETRIERIINT, MEEESSBERME

® ZHMAHDHIRSMATRIERESE, AEMESFENEE, BlIJLURRSHSS (FERE)
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RSB SENS SR S

A
l@/\\\f% (BUbble PO'nt Llne) /:E}EL_I1Q{Z'K1jHj-9:F [ o \E}iz 1Z'KEIJ O jj = \ 55 Single Phase Liquid >I< |Sing|e Phase Gas
Black Oil Volatile Oil
\ S \ >l Plwet Gas! Dry Gas
2 (Dew Point Line) EHASIAMAIRTFFIRERLE R R ERIR I FIh5R Pmax} - = — = == ==~ — 2 M
BRENERSKTESYNENDTIERE, EAENEADT, B—ESYIE I
,\ﬁ“ﬂﬁm\lmr EIEZEEG0 ﬂ E)IE, /\ﬁ AEEMKSHREESIEERENTHESR B
|
|
:  tillats Chemical % : : !
-9 Oil & Gas @ Distillation Bl Refrigeration e 5
P4 £ Condenser Determine Vaporization and Refrigerant SPE3
: F"af-rt(')‘;;‘:rt'"g . Condensation Process Parameters - 1o
S S e ﬁ
Pressure | o - 0l 7 ! = 3500 .
Zone /"Pure Gas , ' ,
@ ’,’ Zone 3000
/’Gas-l.iquid 3 o5
Depth | - Two-Phase Zone i §
IS : | : N ide / ) a
) e l Process Plant ' LN 1000
‘L:;—‘ ? % A @) * 500 ’
Tower  Bottoms ;gp Ethanol-Water cﬁf:rt&f;?m : h (Enthalpy) L — T — -

0 200 9
Temperature(R)
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FHIE

Undersaturated il Black Qil Gas Condensate Dry Gas
P “Initial Pressure | Reservoir p | Bubble p P p
Isothermal Point Line™Ng CP g
Dew e
‘/F;oini‘[\_ine Quality Ln;es o
iR iso-vols |
Conditions™ Represent constant
liquid volume
T T T T T T
2 ; T = Laboratory and Field Characteristics
i ] I 1 i ]
| l I 1 | | . RC Initial GOR | Qil Gravity | Initial B, |C5,. Fraction .
: : : : : : Fluid Type T scf/STB °API RB/STB Mole % Phase Behavior
o | I I 1 | |
g : : : C : : : DryGas > Tere - - - - Single phase at all pressures and temperatures
— = | | | | | l
= O ! ! ! H ! ! Gas phase inreservoir atall P& T.
F § -5 : : : : : : WetGas >Tee > 50,000 - - - Separator within two-phase region.
K 3888 A i el
) = | [ G nitially:
1 smiig” 5 o N\ I8 e |71 [3300 50000 400 |~ [ <aas | M e
c LA < - I ® 1 Ol
= N, O | © I c I N @ TRC o <. Key di ;
© o o close to T¢. Key difference between volatile and black
E g : g : < : 8 2 NO : g: (V] Volatile Oil <T* 2000 — 3300 42-55 |1.7-3.0] 12.5-20 oils is that the gas phase can produce liquid at surface.
| =1 = [~ [
3 I ‘5 1 E ) E § '6 | -‘ﬁnl Z" Black Oil c 200 — 2000 1 4 11-17 25 As reservoir pressure falls below
@ : C: g : o S ; : C: (m] <T 5-45 I =50 bubble point, gas phase forms.
. © o
o = - (@] 1 Undersaturated i i i
= | I A il <T¢ | 200-2000 | 15-45 |11-17| 25-50 Separator within wo-phas region
| 1 ! | 1 -
-+ | 1 1 | | |
¢MK : : : : : : Dead 0il <T¢ -- 5—-15 [1.0-1.1 > 50 Single phase at all pressures and temperatures.
Th te¢3008 A e p——
O Lo : ! . . . Specific Gravity
*ﬁ 3 8 (7 H | T API Classification 1.0 0.934 0.876 0.825 0.78
9 ]
o 5 w7 : I L FluidType | °APIGravity Dead ON ! \ .
w I I I 1 I i | | i 0
{7 { : : : Light Crude 0il >31.1 ' Black Oil i
< s I Medium 0il_| 223 - 31.1 : i edimoil ] :
Temperature Heavy Crude 0il| 10.0 - 223 |_Heavy CrudeQil_ :
Ref: Thermodynamics and Phase Behavior, J. Riddle, Extra Heavy Oil | < 10.0 | Extrateayy | |
10 20 30
Univ of Texas at Austin °API Gravity
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Dy

van der Waals / Redlich—Kwong / Redlich—-Kwong—Soave EOS:

¥ & a
i — —
V—-b V(V+0b
Peng—Robinson EOS [Peng, Robinson 1976]: PR EQOS: 40 years
P i a through cubics (2017)
TV —-b V(V4+b)+bV —b)
22 2
a:= O.45724RPTC a(T), b:= 0.07780}336, a(T) = (1 +m(w)(1 — \/T/Tc))

Change of variables:
aP bP _ Py

A=——, B: 7 = ——
R RT

" RT’
[ 73— (1-B)Z%2+ (A—2B—-3B2)Z - (AB—- B2 - B3) =0 E}ﬂ%ﬂ}
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® Cubic EOS models (like the PR EQS):

)

aP bP PV V,
A= Bi=— Z2:=——=—
R2T?’ RT’ RT  Vjideal
[Z3—(1—B)Z2+(A—ZB—3Bz)Z—(AB—Bz—B3):O J

® Cubic models in terms of Z (or the volume V, equivalently, in fact)

® The compression factor (Z-factor) Z=1 =» ideal gas
Example:

73— 7?2 +0.089Z —0.0013=0

pressure

Z1=0.018301 liquid phase
Z, =0.078661  discard
Z3z = 0903038 vapor phase

Chensong Zhang, AMSS

&/MY.Gibbs B g
J' ! J' A

0
\ JO
0
O

0 VA A

° l 0\ ] b
O OIO’QO: 0 0 O \0 O O 0:
Y Y] I,

Vapor—quwd Equmbrlum (VLE)
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Vapor-like system

Search for liquid
phase

VL

Modified from “Phase-splitting
prediction in isothermal flash
calculations”, by A.A. Romero,

PhD thesis, 1989

Chensong Zhang, AMSS

Check initial Gibbs free energy of
mixing base on (P, T, z)

Liquid-like system

Additional
L search

S
S

= Modified Michelson Method
= Rachford-Rice Check

Search for vapor and
liquid phases

= SRK/PR Models
= Mathias Modifications

= Additional phase searches

Y%{DO\N

Additional

W

VL

L search

Ymﬁonal

Phase removal tests

VL LL VLL

V found

LL
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Amdahl’s Law 1967

SNEREBITERD S ETIEIAY10%, BRFHATINEELL AT RE EOEars ity St CE ez cfi e oL I ek
Bt 1015 rEfRMECHIAY !

Dy

Gustafson-Barsis’s Law 1988

7
WFRSMAXIR, EREMNETREEREAIIMRN BRI Bl p NS == I ELs 6
B! FEESEUT RIE, MASETY RE =LAJIX0.95+0.1

7
LML T RIENEERS, FLEETIRMKERI0 Bl A=FI0EiPe -2 L8 7 ey 8L E gL
SR, (BEISCIRGER:, WRERMEAZ AL TSt

ey » BEEEET > »> EELEE
57

Chensong Zhang, AMSS

Gabriel Wittum: HPC Paradox




ST A PR s

Require Local and easy i& £ -
communication to parallel e s
N\ BIE+BES + kIS
Given initial primary and ! . : ; |
secondary unknowns Const::ttrjiz;oblan ‘_r_ Upd:r:: ::;:vcz]n:afv " >
(x,s) and time stepsize k : L | o HYENTEKEHED
' l - T e dEEHREUSIERE
Solve Jacobian | | Updatke primary i ® SEIMIREITITE
system J6x =1 t unknown ! . ’
x=x+0x

o ZEUREMITIERE T l --------- g
o TEIHETIFRESH
o FHTITETEMM

Calculate residual r step, update stepsize k,

and then continue

Finish the current time J

FREN: CECKRE. HEHEITE. JacobianfBFFZRE, SR K, RIEISIKE/ND, FEEHIBERHES

Chensong Zhang, AMSS 58




HiTRER D 52D %

AR,
KKK

RSt

s
X

=1

9IT{E

LI1

HIE

i

£
=~

S

£

EiRtR/AN, %
A
AEEXE,......

Ghost[X
i T

e

SEMETE

59

Chensong Zhang, AMSS



Ee K AFRRIY)(EiERY

o) 6.7e-01 o 7.0e-01
6.0e-01 6.3¢.01
200] 200)
5.4e-01 5.60.01
4. 4
) o010l 9e.01
4.0e-01 4.2e.01
600} 3.4001  600) 3.50.01
2.7e.01 2.8e-01
800} 800}
2.0e-01 2.1e.01
1000| 1301 1000) L4e01
6.7¢.02 7.0e.02
1200] 1200) 1
0 200 400 600 8OO 1000 1200 002400 0200 400 600 8O0 1000 1200 ' 0-0e+00

(a) 750 day (b) 2000 day

o) 6.8¢-01 o 7.0e-01 o,
6.1-01 6.3¢-01

200] 200) 200)
5.4.01 5.6e-01

P sse01 49e01
4.10.01 4.2¢.01

600) 34001 600 35001 600
2.70.01 2.80.01

800} 800)

2.0e-01 21001

1000| 1.4e:01  1000) 1.4e:01  1000)
6,802 7.0e-02

1200] 1200) 1200)

0 200 400 600 800 | 1000 1200 " 0-0e+00 0 200 400 600 800 1000 1200 0-0€+00 o

(f) 1800 day

(c) 2600 day (d) 3000 day

200 400 600 800 1000 1200

(e) 900 day

(8) 2400 day (h) 3000 day

o, 7.0e-01 o 7.06-01
6.3e.01 6.3¢.01
200] 200]
5.6e.01 5.60-01
4. 2
%) 9e01 9e.01
4.2¢.01 l4.2¢.01
600} 35001 600 3.5e-01
2.8e.01 2.8e-01
800|
21001 21601
000} 14001 1000 1.4e-01
7.0e.02 7.0e-02
200) 1200f
0200 400 600 800 1000 1200 ' 0:0e+00 0200 400 600 800 1000 1200 | 0-0e+00

N
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AT RRREIFEMESERIERMgE, RETFRIDESEMG
ExEH. RER. RERHIFER

AMAERIS BT AIHIETE?
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KRR (REPOAS AR, DX AR,
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o o o o
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~ = @

* (a) domain partitioning by 784 processes
using ParMetis

* (b), (c), and (d): field average pressure (FPR),
field gas production rate (FGPR) and field
water production rate (FWPR)
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o™ ™ e Increasing number of domains could
deteriorate convergence
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»

Standard/ASM_ADDM

Standard/ADDM

1.31 1.33

1.922 1.24

1. 86

1.76

1. 49 L-47

192

768

1536 6144

Number of Processes

Ref: S. Li, L. Zhao, C.-S.
Zhang, An adaptive
subdomain coupling
approach in domain
decomposition for
multiphase porous media
flow, Journal of
Computational and Applied
Mathematics, 117644
(04/2026).
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ADDMZSEHAT T Bt Mist T

S5AIi RRIE sEA]i RRIE

= {E R R A ZHSIREER
B AMIEEE/1,001,089,600 RIAREE5921 934 464
R ABHEREI4,004,358,400 EHRELE175,475,712
# 6-20 JUAI S 1 s TGN 13 51 58 T 37 S A % 6-16 BAIE 4 5 JETEBI 2 WA nl o™ e v
Table 6-20 Inter-node parallel weak scalability test for the refined Case 1 Table 6-16 Parallel strong scalability test for the second extended case of Case 4

PARAIAE PR NS AR AR KRR W () ALK () MHAR () BRHE () || HEEEC M AURAR AMEREC METEH ) EEAR ) BESRG B )

15,642,025 192 41 137(+0) 534(+0) 7.76 20.3 146 (75.3%) 194 512 20 68(+0) 225(+0) 24.1(16.7%)  11.6(8.06%) 96.1(66.7%) 144
62,568,100 768 42 154(+0) 643(+0) 8.44 233 207 (79.3%) 261 1024 20 68(+0) 226(+0) 12.2(14.5%)  5.75(6.84%) 58.4(69.4%) 84.1
125,136,200 1536 41 192(+0) 851(+0) 11.0 28.8 364 (83.7%) 435 2048 20 67(+0) 229(+0) 6.19(10.0%)  2.82(4.56%) 47.2(76.3%) 61.9
500,544,800 6144 47 247(+16)  1215(+89) 16.8 43.8 927(90.4%) 1025 4096 20 67(+0) 232(+0) 3.19(5.66%) 1.40(2.48%) 46.7(82.8%) 56.4
1,001,089,600 12288 50  290(+36) 1518(+218) 20.8 50.0 1824 (944%) 1933 8192 20 67(+0) 243(+0) 1.68(1.69%) 0.71(0.71%)  91.3(91.9%) 99.4

=1, BHEX (SRSEDERNFHTRELT Z5RHEHE) | EPiFSLf?—B%ij?—, 2024

2t (SR EBE) SREERETLGRE? SHELss "fogE=
® 7ECPRETNFMTZR, AMGHIILURF TIERIMNRTE RN, TEH—TUUHEUL
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W, 9 4 1.416
W, 8 4 1.478
Wy 11 X 12.348
W, 13 X 11.841
Wan 8 4 1.481
Waso 7 4 1.480
il R 1 None | QI ANL | SEM
W, 3715 3757 3619 3906
Wao 3567 3551 3475 3637
ERIRER > E | 4.15% | 5.80% | 4.14% | 7.40%
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1
1
1
1

1
1
1
1

\Ve
W
:Ib?‘%‘i#ﬁ%J:ElgE seRnl{ RN
B CPR mBAMG
12.5
10.0 >
. 7.4
;?q
| 50
2.2 9200s 6643s 1.31.4 I- L l l
0o W l_
1
L&?ﬁl
Ref: &%, {H1ieX (FMEHEIERAIZSKEMFG S EH
%) ., lEXE, 2023
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Dy

BAMGTRSFZAHAIBE IS MR

BAMGHYF{THRINZEMIAHIER (Setup) TMEEATE | ah i e A T4 BT
o FIFEMFRIEHMEMIINE, SRMEE. REl. BMEERES (BEHSSPE5, 14.7FRHE, 8AES)

S > A : S /;\ . Ve /_
R BEN G AR AR A Ty B 50
[ ] E4BAMG
1 ] BAMG- F13& i1 e
404 [C] BAMG-F &2 ]
Ry Ag Py Ry @ Py Ry A Py ]
K|
R, Al Py R, By By R, AL P % 307
& V7 L E ” 024_325_1
& _
Asy A A :ﬁ: 20 -
(a) £4:111 BAMG-Sctup (b) BAMG-Sectupl (c) BAMG-Sctup2 |
1 £545 BAMG-Setup job 7 % 5 R 45 R T HI SEWS (40 €59 A S M 20 o 34 69240 1 o W97 K6 6 ) 5380. 8 112427
10 5321. 2
A SA . 4687.9 6.26.16.1
Eﬁmlﬁmu ] 4( T 3.8 3.8 4.0
2.12.12.2
1.0 1.0 1.0
AMG-Setupl B{ AMG-Setup2, #7 IT < IT™ + q, Tref _ Tshare 0 T T T 1 T T T
BF = o=—T "D 1 2 4 8 16 32 64
AMG-Setup, 743 ). Tsolve_single i&%%i&
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BAMGHITZFHRAFIRL AL

N
o MEFHU=H: FEmEf. MR, MBEkiy BAMGHIRAZFHEE LM
. == )
® EXPLICIT: BXLEFF ( roll-out) (§ZﬂﬁSPE5, 14.775@1;%' 84‘2&5})
® SIMD: BIESEZHIERAENS A
160. 1 [ np=64
. const REAL = a@*a3 - al*a2; 1907 | 16, 5
A 1= __—_4* REAL = 1.0 / det; St 1328, 2%
lAl a[e] = ; a[l] = * 5 122.7
a[2] = ; a[3] = ae * ; Chag
=
A x o y :;
EEE - =
[ Ry [y [y E.E EDE E.E mul reduce iy
' | ! (. | —
B E E 1 ¥ ANk ¥ add” 40 -
sees  m §m -
- A _____ _B_ ______ - b d __________________ _C: ______ 0
DD H = rl... rD — DDDD r.... LAPACK EXPLICIT EXPLICITHSIVD
SRS EEEERE 0 oo EEENE RSP TN
[0 [ EENEN LA EEEN A — = —p NPT
BEEEE EEEN lfmadd EEENR '—5*@&‘J§§ELAPACK$HIJB, &uﬂ@ﬂ'?i]ﬁ]i’
TR RN} 16.5%, EXNEFE+HEENFITIRIER28.2%
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{CRpatEiliat: tERG)

EhiE L ERISS AT R 1Mzt
(BHISPESIEI100K, SN HIET.ABMEE, 84MES)

Traditional Adaptivel-Opt2
np Mesh
IT  SolverTime PE IT  SolverTime (PI) PE

64 390x390x6 345 103.29 100.00% 396  60.42 (41.50%)  100.00%
128  552x552x6 315 105.24 98.14% 373  58.58 (44.34%) 103.14%
256  781x781x6 316 118.77 86.96% 359  60.00 (49.48%) 100.70%
512 1104x1104x6 295 124.58 82.91% 353 62.72(49.66%)  96.33%
1024 1561x1561x6 281 119.74 86.26% 340 64.22 (46.37%)  94.09%
2048 2208x2208x6 288 134.73 76.66% 361  74.53 (44.68%)  81.07%
4096 3123x3123x6 291 157.34 65.65% 359  78.15 (50.33%)  77.31%
102 _sa16-ano-o (355 HOT IO 0NN GO

® I EAJEHRIE: 57.63%

PE: H/7340%, Pl: MEEEEFH,  ® FHTHEIEF: 38.06%

1.2 {ZkE

Chensong Zhang, AMSS

250

Do
(=}
(=}

—_
ol
f=]

Solver time (s)

120%

80% -1

40% 4

Parallel efficiency
=
=

20%

0%

—

(=}

(=}
1

[ ] Traditional
[ ] Adaptivel-Opt2

8. 18

74,53
%WZ %Ws ‘T ?WZ = W W
64 128 256 512 1024 2048 4096 8192
Traditional
103, 14 - Adaptivel-Opt2
100% —{{22e40%% a5, 14y !
' 963 gy ooy
86. 96%| . 86. 26%|
82914 8L.07%
76. 66%) 77.31%
68526
65. 65%]
19,63
64 128 256 512 1024 2048 4096 8192

np

66




1Z¥&W.I’I’§ﬂﬂii\f: LR

230 220000
Traditional Traditional
9o — - Adaptivel-Opt2 200000 7 — - Adaptivel-Opt2
- = Adaptive2-Opt2 180000 = = Adaptive2-Opt2
160000
=
= 140000
~
[an)
5 120000
&% 100000
S
(&3
80000 1
PORO 60000 -
0 0.0875 0.176 0.2626 0.35 0.4375
[ —— T
40000 4
sl 1
® %588 X 328 X 560, REHE1{Z, FEHIEE . . .
0 6 12 18 24 0 6 12 18 24
/\° ?:m\z& ;I;*j: l:EH—H— }:Z—;}JBAER 9% Time (DAY) Time (DAY)
® {HFE3072MHTEEN, BRILHRISEoINER24
T 1600 2000 8000
o T ittt
— .= Adaptive2-Opt2 14007/= - Adaptivel-Opt2 4 18007 = - Adaptivel-Opt2 70004 — + Adaptivel-0pt2
950 4 & £ — = Adaptive2-Opt2 16004 (== Adaptive2-0pt2 —-— Adaptive2-Opt2 -7,
4 7 7, .
1200 , gt 6000 P
P 00 ~ .. T 14007 LT - .’.’
) 4 741000 .2 R = .72 5000 | . s
2 .,.~~ . ’/- ',.’ ®12°°' T ’,' ’_/‘
S 1504 -~ 7 E 8007 L= ,"" 51000- =~ -7 £ 4000 - L2 =
2 Pha L= 'S 6001 ,‘.,-’ = 800 7 -/_,-’ 3000 1 7
100 . Ve A .
.o ] i 600 - -
e 45.97% 3.72% 10.88% i +0.73%
’ w0 LA 7 | .
35. 39% 5z 16. 47% . 19.68% 0 2 -8.59%

*Eiﬁ?HmmEF'EI’J BT ERTIER #FTJ‘ %, BiEN F‘E)JBAMGT;‘%_E’?E’%‘ 20%AIMERENNIR, HERIRTEIBARAT LASRIGRIERERT TS
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n 4N
Ba

SR A IR =

7

2019

seseeessssees

features k

input feature map a
(e.g. 5 channels)

output feature map b
(only 1 channel shown)

CNN7Ti% (FIRRBBREMER)

| L fumenot ston o i , |

Mumerica soluton by FEM

-

Flatien |—»| Dense | Resnape —

Upsacaling o
ot !
Locally Roshape
comected

\pnimg \ E Fﬁ?‘ E“\\ DEL
4L -

. Downsacaiing
Convolm\un/ ——

— Flatten — > Dense
Ko )

Coarse grid solver

REFIREE

0, 0 04 04 e
o s o
. . s
502 os 05 o 1 CarraraT—
Experimental data Regression Analysis: 1st crder polynomial
e iy 720.% A
» N o aso r
d
) 07, +ﬁ Z ([mﬁ +pt k] m-(rpﬂ)) os azs
“ ohysical M
WY o o
P A du d*u o .
e 0 ' da®’
" e /
g\ Compite deratiesand o
training data minimise underying B
& 2 @ e L T T g g T g o T
R T e RPINN
-grad(p) -grad(p)
lysis: 2nd order polynomial Regre: nalysis: 3rd order pelynomial Regression Analysis: DNN
B 55x55 x96 27x27 %96 27x27 %256 13x13 %256
bt 227%227x3

Cgradp) ' Coradlp) " gradp)

FI-PINN

133x384 133384 1313x256

Gexase 5216 4096 4036 1000

NEOHAE IR, REFBRERMSER
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) N P
Neural Operator Learning v &
4 h
pata { (5, )} - =, =15 .
709375 5=1 NN function space =, = Za,-o*(w,-x + b)) a;,b;,w; R, i=1,...,n
=1
fr e ' N
1
X y ; NN ._ h N — w2
NN function approx /" : argmin ez, Z‘ [llf(x,) vill ]
\ - J
) _ K u
- Classical model-based numerical methods

® Require a-prior knowledge of the underline PDE

® Model might not be accurate enough

® Model might be too complicate for computing

- Data-based NOL methods
Iy oy Uj = J j=1 ’U,(ZE) = 0, x € 0D
® [nfinite dimensional regression Resolution Invariance: Trained at low resolution and
® Treat input and output as elements in function spaces perform zero-shot super-resolution without retraining
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e e

FNO Neural Operator Architecture \\\\\ﬁ

U Fourier Neural Operator

v Resolution invariant due to

¥

Size: S1 X 853 Xd, s1 X 852 Xd, S1 X Sz Xdy

Mesh grid: s1 X s; — ; - S
Size: sy Xs;X1 s;Xs,X%xd, @/S—:stxdv sy X85y %1

Iterative updates

(latent) Fourier transform in

the convolution layers

Fast implementation using

FFT operations

v' Fourier transform can be
replaced by other transforms

vesr(@) = o(Woi(@) + (K(a;@)u) (2)), Ve eD
such as wavelet (MWT)

| .
S . .
AN

Ref: Zongyi Li et al. Fourier Neural Operator for Parametric Partial Differential Equations, ICLR 2022
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MgNO Neural Operator Architecture

Input: (f, u%:=0) output: u

= teration output: u

Input: f

skip

I restriction

| prolongation

Q add&layer normalization

v

AN

AN

\

NN

(

N

u Multigrid Neural Operator

Implement a neural network
version of the multigrid
method by defining Mglte
Make use of multi-channel V-
cycles in Mglte instead of one
Incorporate parameterization
of linear operators and the
ability to handle given
boundary conditions, ensuring

accurate simulation

Ref: He, Juncai, Xinliang Liu, and Jinchao Xu. MgNO: Efficient parameterization of linear operators via multigrid, ICLR 2024

Chensong Zhang, AMSS
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. . \
Extension to Multiphase Flow Problems v

Two-phase oil-water model on a uniform grid 128x1x128

Neural Operators VN, and N
with step length of 10 inches. The initial porosity is 0.3,

|
| ) N, (K.1:0,) i and the initial water saturation is 0.2. The simulation runs
. EE— | for 60 days. The distribution of absolute permeability K

follows Equation A*|N(O, (-A +91)-2)|, where A = 10

input K output P(t) represents the jump magnitude.

® K is independent of time; If expressed as a time series,

____________________

’., .. N (K.1:0g)| it can be written as K(x,t0) = K(x,t1) = ... =K(x)
) ?— ® In each cell, K i is a diagonal matrix (assuming the
. absolute permeabilities in the x, y, and z directions are
input K output S1(t)

Kx_i, Ky_i, and Kz_i, respectively)

Ref: Liu, X., Yang, X., Zhang, CS., et al. (2025). Proceedings of the 16th Annual Meeting Conference on Porous Media

Chensong Zhang, AMSS 73



Training Parameters

Same
settings for

FNO &
MgNO

Chensong Zhang, AMSS

ntrain = 1600 * 25
loss_type: ‘L2" or ‘H1’
epoch: 500
weight_decay: 1e-5

Dataset size: 2000 * 25
Timesteps: 0-24
Resolution: 128*1*128

A H@ . y“z
L2:9) = ",

Loss Functions

N

H1(y,9) = lly — 4lz, + Vy — VilIz,

K-S Model: input K and Ti, output water saturation at timesteps 0-24

K-P Model: input K and Ti, output pressure field at timesteps 0-24

N
ntest = 400 * 60
batch_size: 50
learning_rate: 1e-4
scheduler: Adam
74



Numerical Results: FNO vs MgNO

m Parameter Count | Relative L2 Error Time (s) per Sample

MgNO-L2 18,500,124
MgNO-H1 18,500,124
K-P
FNO-L2 11,989,761
FNO-H1 11,989,761
MgNO-L2 18,500,124
MgNO-H1 18,500,124
K-S
FNO-L2 11,989,761
FNO-H1 11,989,761

7.88E-03

7.92E-03

9.51E-03

9.34E-03

2.28E-02

2.40E-02

4.60E-02

4.08E-02

1.34E-03

1.48E-03

7.99E-04

7.87E-04

1.45E-03

1.48E-03

9.07E-04

7.98E-04

&

Comparison: Classical simulation requires 0.164s for each sample step (125 times speedup)
Hardware: 2 * Huawei Kungpeng-920 @ 3.0GHz, 4 * Nvidia A100 PCle 40GB

Chensong Zhang, AMSS
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MgNO: K-S Model Results

MgNO-L2-KS: Simulation Results, Predictions, and Errors at Different Time Steps

t=50d Simulation

Input K t=10d Simulation t=20d Simulation

v"“ o0
. |

¥
Permeability (mD)

t=10d Prediction t=20d Prediction

t=10d Relative Error Mean 0.01 t=20d Relative Error Mean 0.01

Chensong Zhang, AMSS

t=30d Simulation t=40d Simulation
t=30d Prediction t=40d Prediction

F

t=50d Prediction

t=60d Simulation

|

t=60d Prediction

3 o o
Water Saturation

o
Y

0.0

t=30d Relative Error Mean 0.02 t=40d Relative Error Mean 0.04 t=50d Relative Error Mean 0.05 t=g0d Relative Error Mean O. 09

=

o o
F
Relative Error

0.2

0.0

Water Saturation
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Recurrent Neural Operator

0.4
0.3
0.2 1
0.1

0.0 -

D

(

u ® How to enhance the predictive capability of neural operators for evolution equations
under the constraint of limited observational data?
® Align the training and inference processes to reduce distribution shift in the NO

predictions

L2 error per time

—— obversion_time = 10
—— obversion_time = 15
—— obversion_time = 30
—— obversion_time = 40
—— obversion_time = 45

(I) 1‘0 2'0 3IO 4I0 5I0 6'0
Long-term prediction
requires sufficient data

Chensong Zhang, AMSS

( .
Teacher Forcing

I
I
I
\

0.005 0.010
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° \\
Error Estimates on RNO &(\%

u Error Bound Comparison: Teacher Forcing vs. Recurrent Training

® Recurrent training is likely to reduce the worst-case exponential error growth (typical
in teacher forcing) to linear growth.
Let oI and 4/*V° be predictions from models trained using o {5
Teacher Forcing and Recurrent Training methods, respectively.
Assume that approximation error of NO is bounded by e.
Teacher forcing error grows exponentially with time:

Maximum absolute L2 error

~TF CT || n cT —1
pax |in " — un|| < € ||do — uol| + (7 — 1) C7" (e + O(AL)) 165 - |
Recurrent error grows linearly with time: 160 | -
~RNO N
oax [y — unH < ||tg — wol| + 7T (e + O(At)) 155 - %’

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
At

Ref: Ye Z, Zhang C S, Wang W. Recurrent Neural Operators: Stable Long-Term PDE Prediction. arXiv:2505.20721, 2025.
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Numerical Results on RNO

Comparison of mean relative L2 error for rollout predictionatn =5
(interpolation) and n = 50 (extrapolation) steps. Models were
trained up to n = 10. Lower is better.

Model Heat Allen—-Cahn Cahn-Hilliard Navier-Stokes
(Param) n=5 n=50 n=5 n=50 n=>5 n=560 n=>5 n = 50
Refiner 3.7e-03 5.1e-02 1.7e-03 2.9e-02 1.5¢-03 6.1e-03 3.8e-02 1.4e-01

(9.1M) (£32e-04) (£3.8e-02) (£22e-04) (£6.7e-03) (£2.4e-04) (£4.5¢-04) (£4.8¢e-02) (41.8e-01)
tf-FNO  3.9e-02 1.8e-01 1.0e-02 3.3e-02 3.7e-02 1.6e-01 5.7e-02 2.4e+02
(1.1M) (£8.9¢-04)  (+13e-01) (+£8.6e-04) (+£54e-03) (£5.3e-03) (£7.0e-03) (£2.6e-03) (£3.0e+02)
tf-MgNO 7.4e-03 2.9e-02 6.0e-03 5.8¢-03 1.3e-03 3.4e-03 2.2e-02 1.4e-01
(0.8M) (£1.9e-04)  (£2.2e-03) (£8.5¢-04) (£1.1e-03) (£2.4e-04) (£84e-04) (£1.7e-02)  (£9.5¢-02)
r-FNO  3.2e-02 1.2e-01 9.7e-03 3.0e-02 3.2e-02 2.1e-01 5.5¢-02 3.7e-01
(1.1M) (£3.1e-03)  (£6.1e-02) (£1.3e-03) (£7.4e-03) (£5.6e-03) (£3.2e-02) (£2.9e-03) (£3.5¢-01)
r-MgNO 3.6e-03 1.1e-02 3.1e-04 6.0e-04 1.2e¢-03 2.9e-03 3.4e-03 8.9e-02
(0.8M) (£33e-04) (£1.4e-03) (£1.2e-04) (£3.8e-05) (£2.4e-04) (£62e-04) (£6.6e-04)  (&5.4e-02)

Error accumulation during the

long-term rollout process base
on the Allen-Cahn problem.

4.0 1

3.5 4

b
=}

Mean relative L2 error

4 =
n o
L

o
o
L

x10°

[N
W
L

g
o
L

n
!

T
m— -MgNO
e tf-MgNO
m—— -FNO
== f-FNO

| ww= Refiner

=== observation stop

Rollout Time Index

Ref: Lippe P, Veeling B, Perdikaris P, et al. PDE-Refiner: Achieving accurate long rollouts with neural PDE solvers. Advances in

Neural Information Processing Systems, 2023, 36: 67398-67433. PDE-Refiner serves as a strong baseline method.

Chensong Zhang, AMSS
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OpenCAEPoro¥R {4 FF4Z Z1RA

OpenCAEPoro

i)
.HE
HEC
=
=
P
®’
=
iz

Chensong Zhang, AMSS

SKEFR, FRIBEE R

ZMIE, TR

X

BEE, HEXFE
SORLL, IR REIEA T

=
=

2, PRBEE R

i
)
HES
=p
=
St
&
X
R
sy

In, BRAAIMERE

https://github.com/opencaeplus

7,
SRISHT,
R,

z I,

IR,

T =
mF,

XIES,

PARI=TN
BT,

=BT,

\

Dy

ENINIZAREFE
EININIZAREFE
sl e
HHERZ
IE=KZE
HHERZ
HHERZ
B

B

, EMNIZRE

PRIBTEE B
A REIE 5B
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OpenCAEPoro3K 3 /5 iERY17EEE

Ay 30 (BRI

£fRZV% + FSEulerB A + BIEMNATIAIZK + NewtonZ (Y, + ToEERIMIAE
+ TPFERRIMRIE + LI + ANewtoniX + FRITRERETTIE + ZBERTRSEM + FGMRES

Chensong Zhang, AMSS 82



OpenCAEPoro EfEFRUITRIRIE

PIRSEIHRIEN
SriktiE

PreParamGridWell: : InputFileQ) // EHIFENRRIECRISE
PreParamGridWell: : SetupQ) // BETERRE, 1SEEINEECER
Partition: :SetPartition() // EB Metis/ParMetis XRt#{THITEIS
Partition: :SetDistribution(Q) // ENDTNRRETTEZMNEE

Domain: :SetupQ // 1HBBIEER

ParamRead: : InputFile() // PiBEIRENNMISTSEISE
Reservoir: :Setup() // ZEREEE, eUERYIEiRE
Control: :Setup(O /] FEECKREH=HRER

Output: : Setup() // FEEREHIREER

Solver: :SetupQ /] EEKERE: PENE, IREEIHEKRESIRIR

s

Solver: :InitReservoir() // EHERIRSRIE NS
[ Begin each time segment: // IREMANESE, ISELRHRSER
Control : :ApplyControl) // SRS AES R RAR IS
Reservoir: :ApplyControl() // RBEPTNEIS ERASHHSEISRES
Time stepping within segment: // TE4EI9SERPI(ERERTEE AR
Solver: : GoOneStep() // RENEIREEEAEERIATS
Output: :SetValAtTimeStep() // (MEMEIREEA TSR

Output: :PrintAtPeriod()

//  EEAREEREERAMSERITENEIGRI S 4R

SR

Chensong Zhang, AMSS

Output: :PostProcess() /] EHEHTENEREE
OpenCAEPoro: :PrintTimeInfo() // FIESiEfTaEtEEEE

\\\

¥

Dy
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OpenCAEPoro R {FEE (R 2544

TB{EER

;-1 VTK #8530

OpenCAXPlus|<--

Chensong Zhang, AMSS

ECL 80 [--:-> SEUZEAN

Gmsh & | --1-» RIELER

ParMetis ---- > MIEEID

€

le e e e ===

:—[ AU IEIRIR ]4-
<

{OpenCAE Poro}

| e |

> s

*[*ﬁﬂiﬁﬁﬂﬁﬂé]—

Y VY VvV ¥

v

v

->[ KEER

i |

—>

RO ER TR R

P ERR

FHEHR

TB{EER

AiEIERT

BRI BN A

KAETT A=

FmKAFE=S

FERFHRIR
FIM

IMPEC

LR GIER
FIM

)

S
S
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OpenCAEPoro3X{HRIRIZ T

-- Ecl Format
1

OpenCAEPoro

—> PreProcess

—> Reservoir

—» ParamRead <« -~+

—> Partition

—){ Domain ‘

» OCPControl

—ﬁ BulkConn
*>{ AllWells

Time

> Solver

NR

IsothermalSolver

Chensong Zhang, AMSS

-— Vtk Format
1
1

1
—> OCPOutput = = = =«
1

1
- Ecl Format

Ji

ThermalSolver

> Grid <~---

- Gmsh Format

*ﬁ LinearSystem

FIM

AIM

—4 IMPEC
LinearSystem

FIM

——> OpenCAXPlus

U RIRFNERLSE
/

PVT funcs

saturation funcs
rock property
initialization
accumulation term

flux term

S y

BiTHE

Em%?%m
4 yheEREmED B
N
=D A

KERIRREE |
K '

J

D

(

i RARIRNERLSHE

boundary condition
heat conduction
surface tension
miscibility
end-point scaling

accelerating PVT

IDRERTH RRTE

(1) TR TSN
(2) HMLigit: TEHRMYE
(3) KExI%iZit: aItMEME
(4) H—tigit: TEREMNE
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— N . s EEESER i E
ATl BNRIEXHE > preparamGridwell _— YIBELE Y STRBSRET: K75
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_'I]}eK | REERAS [ i
\ 4 : ‘~~~~
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_ ; ; SEIEER
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_ _ map<int, set<int>> send_element_loc; // EZEHETEUREN
o E—D#HQ%?;LﬁEEMT%ETEﬁJ\ map<int, vector<int>> recv_element_loc; // EaTEUREEN
Z= Bl —iHF2 MPI_Comm global_comm; // ERE(EEE
FozR—itiz int glocal_rank; /7 SEHENLRES
k= HEE T4 A
® M*gy&i&gﬁ%f|§]ﬂ Eigg MPI_Comm cs_comm; // BEKRBREREESE
" int cs_rank; // HEIHHEE cs_comm HBHRS
® ziﬁzﬂ%ﬂ%/ MY, set<int> cs_group_local_rank; // cs_comm Hi#ERIEERRE
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FASPEHERE I BRIR A T

FaspRetCode LOP :: Solve(VEC& b, VEC& x)
FaspRetCode LOP :: Solve(VEC& b, VEC& x, SOL& pc)
FaspRetCode MAT :: Solve(VEC& b, VEC& x, SOL& pc, Param& par)

1
vector : sparse matrix | | Adaptive solver | e
|
VEC | ' | MAT |5 1 | AML |{[Alsmooter | | Solver
I I Interface
2 I | 1 I Al param finder |
G =
s |linear operator: I | Direct methods || ILU methods
2 |
::: LOP } i -(l SOL I I Basic methods || Schwarz methods
"‘% : : solver _I Krylov methods || Multigrid methods
Sl L e e e omm omm omm mm e e e e e o o e e e e e e
S parallel |
%E; MAP : Approximate Coarse problem constructor ] flnterface o
E
- : s gxaqt Restriction Prolongation basic
: factorization constructor constructor sparse
T e e e e e e ey A linear
. . . [ algebra
Multilevel lterative method Midware Layer (MIML) | |

Petroleum
Reservoir

Simulation

b 4

b 4

Fluid Structure Sll:loo'ﬂied
Interaction article .
Hydradynamics

. 4

b 4
fasp4elastic fasp4SPH e

. 4 A4 A4

[~

[,
Developers

EA
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Abstraction Level

% PR BRI

FASP Basic Solvers/Preconditioners

http://www.multigrid.org/fasp

https://github.com/FaspDevTeam/faspsolver

https://github.com/FaspDevTeam/faspxx

@ ™
Standard Preconditioning Methods
GMG, AMG, ILU, Schwarz, ...
. /
A 4
Ve ™
Standard Iterative Methods
CG, MINRES, BiCGstab, GMRES, GCR, GCG, ...

- J
5 )
Basic Sparse Linear Algebra Modules .

Serial, OpenMP, MP], CUDA 10, Conversion
\ J
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TABLE 17.1—SPE COMPARATIVE SOLUTION PROJECT PROBLEMS

SPE1

SPE2

SPE3

SPE4
SPES5S

SPE6

SPE7

SPE8

SPE9

SPE10

Three-phase black oil

10x10x3 300-block grid 3,650-day depletion with gas injection
Three-phase black oil

10x1x15 150-block r-z grid 900-day single-well coning depletion
Nine-component retrograde gas

9x9x4 324-block grid

5,480-day cycling and blowdown

Cyclic steam injection and steam displacement of heavy oils
Six-component volatile oil

7x7x3147-block grid

20-year WAG injection

Three-phase black oil

Single-block and cross-sectional dual porosity with drainage and gas and water injection
cases

Three-phase black oil

9x9x6 486-block grid with horizontal wells
Eight 1,500-day injection-production cases
Two-phase gas-oil black oil

10x10x4 400-block grid

Comparison of 2,500-day 400-block grid results with 20-block unstructured and locally
refined grid results

Three-phase black oil

24x25x15 9,000-block 25-well grid with geostatistical description

900-day depletion

Model 1: Two-phase gas-oil case with a 2,000-block 100x1x20 grid and gas injection to
2000 days

Model 2: Two-phase water-oil case with a 1.12-million block 60x220x85 grid and water
injection to 2,000 days

Both models have geostatistical descriptions

Chensong Zhang, AMSS

3) Kenyon, D. 1987. Third SPE Comparative Solution Project: Gas Cycling of Retrograde Condensate
Reservoirs. J Pet Technol 39 (8): 981-997. SPE-12278-PA.

4) Aziz, K., Ramesh, A.B., and Woo, P.T. 1987. Fourth SPE Comparative Solution Project: Comparison of
Steam Injection Simulators. J Pet Technol 39 (12): 1576-1584. SPE-13510-PA.

5) Killough, J.E. and Kossack, C.A. 1987. Fifth Comparative Solution Project: Evaluation of Miscible Flood
Simulators. Presented at the SPE Symposium on Reservoir Simulation, San Antonio, Texas, SPE-16000-
MS.

6) Firoozabadi, A. and Thomas, L.K. 1990. Sixth SPE Comparative Solution Project: Dual-Porosity
Simulators. J Pet Technol 42 (6): 710-715, 762-763. SPE-18741-PA.

7) Nghiem, L., Collins, D.A., and Sharma, R. 1991. Seventh SPE Comparative Solution Project: Modelling of
Horizontal Wells in Reservoir Simulation. Presented at the SPE Symposium on Reservoir Simulation,
Anaheim, California. SPE-21221-MS.

9) Killough, J.E. 1995. Ninth SPE Comparative Solution Project: A Reexamination of Black-Oil Simulation.
Presented at the SPE Reservoir Simulation Symposium, San Antonio, Texas, USA. SPE 29110.

10) Christie, M.A. and Blunt, M.J. 2001. Tenth SPE Comparative Solution Project: A Comparison of Upscaling
Techniques. SPE Res Eval & Eng 4 (4): 308-317. SPE-72469-PA.

Source: https://petrowiki.spe.org/Reservoir_simulation
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HUEMERER "TF" 15 3

L EicEEHE, WeEZA; SCISEEEE, MEEZA.

N

A theory is something nobody believes, except the
person who made it. An experiment is something
everybody believes, except the person who made it.

V[ (FEEHE, WHREHHEE? ... Rers, (RERIHEEEAE!

[ PENARDEFAETIRERS, METIZEESA. YIWAR
a1T (ITFBR. 8T, dTFek. ReLesEy) i, hE
eElRMEIEN DT FER—HITHRIGIER N TIREPL "X
TEE" IETTRRRNR AT !

\u M oErsE, WFESEEY,; REEE, WHESALA; Tir
Albert Einstein /) ¥, NFEIRE™.
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