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&3] The Unive Texas at

xas ot A Stanford
‘& Iildebrand Department of Petroleum S .
and Geosystems Engineering cs Sowmomenmsoenees | SUPRI-B: Reservoir Simulation o

Cockrell School of Engineering cnnu-r- FEREGLEGACe Modeting

[ Introduction [ Source code [ Documentation [ Buid Run |
HOME ABOUT PEOPLE ACADEMICS RESEARCH  AFFILIATES  PUBLICATIONS
AboutCPGE | ContactUs | People | CPGENews  Feature Stories | Links =
Simulators
@ Integrated Parallel Accurate Reservoir Simulator Research

Simulators The Reservoir Simulation Joint Industry

Project has developed simulation We work in virtually all aspects of reservoir simulation, and our research program is constantly evolving to meet the changing needs of the industry, the wider community, and the interests of

Solvers

Reservoir Simulators software (including MPS, UTCHEMRS, and Sadsnts
MPE UTCOMPRS) for the industry. For more Boundary
information about our software and our -
The objective of this project is to develop a reservoir simulator with the capability of s\mulaung computer resource lab, click here. 5 - conditions AD-GPRS Compositional Simulation Fracture Modeling Geomechanics

various recovery processes under ane framework. This new simulator is designed t

miscible gas flooding, chemical flooding, and thermal flooding processes for tonventional and ) - ‘
unconventional reservoirs. The simulator will also have the capability of executing on parallel How To Join The Wells / -,_7,@:
computers. The main goal of the project is development of a unified simulator capable of Project % RS
performing simulations for large complex reservoirs operating under various recovery processes. 3
UTCHEMRS To become a sponsor of the Reservoir = |

Simulation Joint Industry Research 1 i J
UTCHEMRS is a three-dimensional, chemical flooding reservoir simulator capable of modelling up Project, please contact Dr. Kamy Processing —
to four-phase flow, namely, an aqueous phase, and oleic phase, a microemulsion phase, and a gas Sephernoori to receive a copy of the -
phase. An adaptive implicit method (AIM) with switching criteria based on stability analysis is research participation agreement to be Platfor Optimization Pore-Scale Simulation
implemented to improve both time-step size selection and performance. Reservoirs can be CRE by voUr Company Bhd The —
discretized using Cartesian and Corner-Point grids. A stable third order high resolution scheme is University of Texas at Austin. The =
implemented for Cartesian grids, reducing the need for very fine grids and the effects of grid membership fee for the project is USD. B
erlentadon, $50,000 per year. As with all Industrial

— Affiliates programs at The University of
Texas at Austin, intellectual property
Geomechanics e = ~/

rights cannot be granted, and no specific
reporting requirements may be imposed

UTCOMPRS However, we will host an annual
workshop and provide papers, student Reactive Transport Stochastic PDEs

UTCOMPRS is a three-dimensional, EOS Compositional reservoir simulator capable of modelling héses and dissertitions, and Leports of Tro— "

nonaqueous liquid phase. An adaptive implicit method (AIM) with switching criteria based on from the project. RS-J1P members will " s

stability analysis is implemented to improve both time-step size selection and performance. Bova Sccdss i Bur Compitar codas tpon Geomechanics Flow +Reactive

Reservoirs can be discretized using Cartesian, Corner-Point or Unstructured grids. Stable high thelr release. Members also receive + Flow Transport

resolution schemes are also implemented for both Cartesian and Unstructured grids, reducing the updates as new versions of the codes Bl I

need for very fine grids and the effects of grid orientation. becorne availablé

» Read more
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TOUGH: Suite of Simulators for Nonisothermal Multiphase Flow and Transport
in Fractured Porous Media

Commercialsupport for OPM Flow
Jamiary 27,2021

The TOUGH (“Transport Of Unsaturated Groundwater and Heat") suite of software codes are multi-dimensional Cestronalutors

numerical models for simulating the coupled transport of water, vapor, non-condensible gas, and heat in porous A Mass W*“" Parallel Reactive Flow and Tra ngpor Model for desc ”bmg Subsurface Processes —

and fractured media. Developed at the Lawirence Berkeley National Laboratory (LBNL) in the early 1980s primarily

The OPM neavs archiv

for geothermal reservoir engineering, the siite of simulators is now widely used at universities, government

organizations, and private industry for applications to nuclear waste disposal, environmental remediation OAK .. ~ ga,.mal
problems, energy production from geothermal, oil and gas reservoirs as well as gas hydrate deposits, geological . LOS,AlemQ_S RIDGE . OpenGoS Pacific Northwest e s
5 E penGoSim

carbon sequestration, vadose zone hydrology, and other uses that involve coupled thermal, hydrological, OFM Research

geochemical, and mechanical processes in permeable media. The TOUGH suite of simulators is continually

updated, with new equation-of-state (EOS) modules being developed, and refined process descriptions UTRAN SOVES 8
implemented into the TOUGH framework (see the overview of the TOUGH development history). Notably, EOS property modules for mixtures of multiphase, multicomponent and multiscale reactive flow and transport in porous materizls. The code is designed to run on massively parallel computing architectures as wel as workstations and

St (Portable Extensible Toolkit for Scientific Computation) libraries. PFLOTRAN has been developed from the ground up

water, NaCl, and CO; has been developed and is widely used for the analysis of geologic carbon sequestration processes. laplops. Parallelization is achieved through comain decomposition using the PE

for parallel scalability and has been run on up to 2418 processor cares with problem sizes up to 2 billion degrees of freedom. PFLOTRAN is v
eedings, and project reports i

LA

LA

itten in object oriented, free formatted Fortran 2003, The

TOUGH and its application have been the subject of more than 500 peer-reviewed jou es, conference proc

of Fortran aver (/C++was based primarily on the need to enlist and preserve tight collaboration with experienced demain scientists, without which PFLOTRAN's sophist cated process models

Jwiould not exisLThe reactive lransport equations can be sclvec using either a fully implicit Newten-Raphson algorithm or the less robust operator splitting methed.

TOUGH and its various modules are documented in a series of manuals.
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TOUGHZEA 315G/ 48

@ TOUGH2 I citation

@ Carbon Storage
@ Geothermal

® TOUGH-FLAC
@ Nuclear Waste @ TOUGHREACT 100
® General ® iTOUGH2
@ 0il & Gas TOUGH+ 50
Environmental Re... @ TOUGH-MP
@ Fracture Hydrology @ m2voc
® other ® TMvocC
B o ® T2Well 0 &
? o ® others ,\q%q’ ,\q‘bb \qg() A9 ,\qq?’ qu’?« ,LQQQ’ ,.LQ'\0 qp\b‘ ,LQ'\%
® others
LR :
Citation @ « Journal TOUGHM... Year @ +
1.  Pruess, K. and Narasimhan, T.N., (1982). On fluid reserves and the production of superheated steam from fractured, vapor-dominated Journal of Geophysical Research  TOUGH2 1982
geothermal reservoirs, J. Geophys. Res., 87:B11, 9329-9339.
2. Pruess, K., Bodvarsson, G.S., Schroeder, R.C., and Witherspoon, PA., (1982). Model studies of the depletion of two-phase geothermal SPE Journal TOUGH2 1982
reservoirs, Society of Petroleum Engineers (SPE) Journal, 22:2, 280- '290.
3. Bodvarsson, G.S. and Lippmann, M.J., (1983). Numerical studies of the heat and mass transport in the Cerro Prieto geothermal field, Water Resources Research TOUGH2 1983
Water Resource Res., 19(3), 753-767.
4.  Lippmann, M.J., Tsang, C.-F,, Mangold, D.C., and Doughty, C., (1983). Prediction of reinjection effects in the Cerro Prieto geothermal Geothermics TOUGH2 1983 —— =t —— S
system, Geothermics, 13, 141-162. Hﬁ-{E U . 3/-’—( S H/\—\g —
~ 7& AV
5. Lippmann, M.J., and Bodvarsson, G.S., (1983). Numerical studies of the heat and mass transport in the Cerro Prieto geothermal field, Water Resources Research TOUGH2 1983
Mexico, Water Resources Research, 19, 753-767.

2B | BIEZ
6. Pruess, K., (1983). Heat transfer in fractured geothermal reservoirs with boiling, Water Resources Research, 19(1), 201-208. Water Resources Research TOUGH2 1983 /. U 1L E A I y

7. Pruess, K., Weres, 0., and Schroeder, R.C., (1983). Distributed parameter modeling of a producing vapor-dominated geothermal Water Resources Research TOUGH2 1983
reservoir - Serrazzano, Italy, Water Resources Research, 19(5), 1219-1230. *EIJ E O 81; j:% E%% a:i.m
E 73\
8.  Pruess, K., Wilt, M., Bodvarsson, G.S., and Goldstein N.E., (‘I 983). Simulation and resistivity modeling of a geothermal reservoir with Geothermics TOUGH2 1983

waters of different salinity, Geothermlcs 12 no. 4,291-307

' =MIQ r v T VAN 71
9. Bodvarsson, G.S,, Pruess, K., Stefansson, V., and Eliasson, E.T,, (1984). The Krafla geothermal field, Iceland: 2. The Natural State of the ~ Water Resources Research TOUGH2 1984 *D 1:?( &*;I’iﬁ ?EH j L, H JJ A
44.

System, Water Resources Research, 20:11, 1531-15

1.. Bodvarsson, G.S., Pruess, K., Stefansson, V., and Eliasson, E.T., (1984). The Krafla geothermal field, Iceland: 3. The generating capacity Water Resources Research TOUGH2 1984 - : S
of the field, Water Resources Res., 20:11, 1545-1559. E 1)) ~F M P I D

1.. Pruess, K. and Bodvarsson, G.S., (1984). Thermal effects of reinjection in geothermal reservoirs with major vertical fractures, J. Pet. Journal of Petroleum Technology =~ TOUGH2 1984
Tech., 36:10, 15671578. /,—
OpenMPF1T,
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Linear solvers and data structures for sparse systems
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Melting —> \ Critical
<— Freezing ' point
Vaporization —> E
Triple point <— Condensation :
--------- o |
Sublimation —> | GAS :
<— Deposition : !
G f :
Ttp e

Temperature —

Phase Diagram

£E it : 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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KEFAFLIEHIEE | (BIEREEHIGTEEMIL , I EZ KANEIFFEEUR
o [IEFTE (IFLMEHTEH)
o MERSYIES (BH?RWE?ZHRIRE? )

o MZBIFRHITINZITE (IFZENETTE )
o FEITE  BHalFENELK (RIERIIRE. IFEMBEMIREL. ZBEREL ... )
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FH T HEERIARIEREHRIN

Require
communication

Local and easy
to parallel

secondary unknowns

Given initial primary and
(x,s) and time stepsize k

E Construct Jacobian
E matrix J

® LU TSR

o FTEUHRTIFERD
o FHTIHEEEMM

l

Solve Jacobian
system J6x =1

I
I
I
I
I
I
I
I
1

\ ’

\ ’

N 7’
o 1 R =

Calculate residual r

Update secondary
unknown s |
T = +\
| ; o IHTEITERENLS
Update primary ! .
i unknown ! o JEZM B TsTEkAE
e N EY-T
I [ \ j

step, update stepsize k,

Finish the current time J

and then continue

® IHERIARIERFTHRIN « LB E KA. FFEMEA(S. JacobianfBFFZRL. MHEES

® SKAFIARAES K , MATESKE/N. FFEBEUREES | FERERITFHIE !
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Amdahl’s Law 1967 ’,

WREBITERD G RRTEIAN10% , ABHATINELLATTEE Bepars it cE=e 31 IR e LS e s [l T =
BT 104=Z RMESCINRY !

Gustafson-Barsis’'s Law 1988 ,’

HWFRSMAFKR , ERENE TR ERSXIIRN ERETI S a/EE 4= pNel i I EIx -1
=8 ! FEEETY BT, MARETl R HLAJIA0.9S+0.1

Gabriel Wittum: HPC Paradox ,,

HWZTK10EHEHRSR , FEEERMKEKX10 B PI0E a2 3 e e s EC R
SRR ; (BISCIRIAES  WIRBARMEEZI AL EEEN

— )) )) >
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[ Complex Physical Problems ﬁ)[ Obtaining Information from Physics J

11
o KR SREINENEET NG AIE ﬂ”“‘: i ﬂ
¢ j(;%*%@j‘%#?fi}ﬁ*ﬂ g jﬁ}ﬁzﬂ} %Egiiﬁﬁﬁéﬁ [ Computable Mathematical Models \ZII:Z:)( Preconditioning Continuous Problem j

11
el N st i 1
Stablhzzmonvhneanmtmn/dlscrenzanon : : U
v o *%5251:%*1&%%*%59;&}E %gﬁﬁ% N %EE*D1§¢EA‘.] Discrete Linear Systems Z:__:':) Multilevel Iterative Methods
- S%E/ . HPCEE{q:EElﬂJE ; HEEE%X&L)\%}&;}H“ Vlterative/directSolution : : 3 \
. I ~\!

General Algebraic Solvers ——_— General-purpose Preconditioners
W

| U

® RIRG KRB ANMETTETRIEEMM , BN, B, i RISIEKRESRREE— TR

o HURLGMKFI R ANESERINEZERY , TSN BRERIEERI A 5B T 80%LA_EAYRTE]
o XYEEMEHHIMEREHER ( WIHPC TOP500 ) XAk KkEEs{F/mBenchmark ( ZIHPL, HPCGS)
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5 AR PN ) W BN T

BRIt ARRRIMERE(F/9tRE (AIHPL, HPCGS)

o XTEEME(FAYMEEEHER ( !0HPC TOP500 ) Hi,

® HtHASREANEEERINEELD |, HRZ22EzUAEEERIIE A 5 7 80%LA_ERIATIE]
o [Ei , &ML EHTTETIEERM , XE. BA. a1 BRI LSRITEGE— 1N AIABIHER

RIFZE 5> 64x64x64 128x128x128 256x256x256 512x512x512

[EJ AR

ENE 274,625 2,146,689 16,974,593 135,005,697
MImER AR e 8x1 16x1 | 32x1 16x8 16x64 16x512
Intel MKL Pardiso
ItRBKkEE SKEERT(E] 538s | 3.86s | 3.26s 59.78s 999.46s REARE
JUAZEMIEIE HEI 1x1 1x1 1x1 1x1
EASPRERSEREE | P - > ” -
PMAEICAEX KERATE 0.030s 0.303s 2.815s 23.54s

=#PoissonF12 ( WEMETREDTET ) NEIEFESENLL , BiREE EPardiso ( {tFRBR=EE ) FJLAIZEMISE
LRIBEIIATREL. 2020 |, StFRERAITEFOASD XEALinpackilliz48E3.74PFlops , 3RHREHPC

TOP100tEBAEE =Z MBEHACPUE HE—R., BT AR ERAMD EPYC74521E644%' 256 GBATE,

FASP ( SEICAEERN )
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1) TSR RS AL

FEGMAS (4R ) BB IER : SimFastiEiSeaTsRARSEMI

o R T ARSI S RID | T RTTA

o ENFISANE. SMIUFRAMETEERS | BEEETIEERET
FEBHEHRF AR © DMECHRIZ T KR ERENH S UL

® EITHMBERZHIndustrial Consortium3X{SHEIRIIZSEED E A RT H

o 1851FRED , IR R , FEENE | BEABSEE -,

o —UUE[IRALE | —LENETALE ; BN —ESRTIAIRT , SNENEMRIE. . & ENVRONMENTAL 11GES

AMGREREHE 1A &E51B
FERS ()

2034.765 107

Stanford

(EL ] 1705.188 192

EL 7.815 72 2194% 94.475 37 22(%

MR ERBEN ( HP—17) RiaHTEIRERIY
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o RTUEIF , MR EKFN B EEEE80% !
o £feIVRINGERE. TRRKHNNELZK , BEeSIEREnEXRETRESEE

RV HEERNSRIEN PIESEFRFLERIL BATRYEEX

EREARNESHE

9 ny np
5 (¢z‘:1ij£jsj) +V.F; - Z:lsj"'z'j =Q;
j= j=

Fi=) (%‘Ejuj = SijV(ﬁjmij)),
Jj=1

u; =~ (VP; — 3 Vz),

;=
Hj
fii=fa, i=l:n,
Np _
Z]‘:l S] - 17
Ne s
it =1,
OILSAT
0315628 ~ 0.436708 0.557804 0.6
P, — P;=P,y; T

RITRMAFHESIE
HEGAMEFTIHE
RARSITERER

ARSI =R | REREHEREE
raTEkaEitsE | SR , AG—wE

EFRE AT AP ERES
RERBZENEEL , 18
HEEREE

RitSMEHLEERGH

EXEEEIE  EREE
E S

RAEXEE VNS B
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BEFRIGSRNSE

00
00
300
00

p @ N =
8 8 8 8 o
. TR T

01. 02. 03.
LU, ILU, SAI, ... DDM, RAS, FETI-DP, ... Block Preconditioners
EREL , BRAMRE  REMYE AR TMIgHIT RS | BIERE  BETRREEFF
=, BPRYF ; E—RA BAMREE , I BHREE ; &, BEE , Oy Bt

BT R RE, ML ITE A S S EAESS , APRIFEE,
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B=3242

ILUZSI&

K& BREE KrylovFZ=EaEiE
20659
47a 795 2544 1637 1388
A Y N kN 74
IEUIREL
BFES
ﬂ%@ﬁ%ﬁiﬁ
En| o = = 21] SPE9 SPE10 sty
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ccumulation Flow S A ==
= D e WESEEE , SRER  ASFBES
[ ¥k eee X% i [ 0 0 -.-0 | . \ N
15 DO o 2= , BEEATRASNEMEAT
Original + ~ ~ 1 S 7]
& | s €1 5 . R BRI , 8NFIARRER "5 T KR
o 8 N TN b et Qiao, Wu, Xu, Zhang. JCP2017
ﬂ gBﬁJ\%ﬁﬁif - O 7 MAX Ratio = 5
* k ok * S ~
_ 0 1o o ABF 75 ARIMERBRE |
: 0 / =
e s 4| T BRLFEEENSRE
& |07 0 41 % N B R KRR |, FEXNHEHT
4o | eHEF SEM " B e
® a0 5 IR BBk B RS
0 10 BB
ﬂ SOWEE e | .
EEIRES
£ 0 |0 0 - 1|
g Nonlinear Linear AMG { Linear Solver
Teslioe s abens Iterations Iterations Iterations Time (s) i
ABF 60 352 2505 37235 7756
0 |t Analytical 57 332 2209 16212 3149 B e B
Semi-analytical 56 320 1338 13813 L 2464 ABF ANL SEM
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WEAET

FELMIA%
Algorithm (Twogrid method in operator form)

Given an initial guess u(®) € V.

@ Pre-smoothing: u™) = u© + S(f — Au(®);

@ Coarse-grid Correction: u? = u® + (Z.B.ZT)(f — AuV);
@ Post-smoothing: u(®) = u? + ST(f — Au?).
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o REZENEABIRIEMIGE Fomin B
RAFIRFET , ATIEHFE R:¥’ﬁ“Awl TH 3
WiEE ZEmEsmEstm 0 0 ifieA, 001 :
ARSI ;
o MERISHHE : CFHZ. BEE o HE%,%E*;’%%EI’JE{E%%EE T
® FHEEFIRHIET : B , ERZHT
e 0 "%%%%AMGEI’JE{E§¥ET3E‘ SRR AMGHIEEEF

® IfETERENARE- %18 P (and R)
® H=SAIKfFES

o TR HARIRITRE \ ./ '\

o ZEIE(:V, W, AMLI K, .

® FEHF . [FERERD ':'%‘% va) .\ C/.\ C/ C/.\ C/ \ T
o HEERINET P .
® (KIMEIRRAVSEF T V-1EFF
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* SERARIKEBUE , MGMG, HB, BPX, AMGZ
® Az EEERIMER IS T ERTEL A B
WL « J. Xu & L. Zikatanov, Acta Numerica, 2017: “a rigorous multilevel

convergence theory for AMG without using geometric information is still

very much an open problem ...”

® MEfi(Optimal fREEFEIEE (Ideal fHEEF
« X. Xu & Z., SINUM, 2018. Math Review: “This interesting and clearly

written paper establishes new characterizations (including a sufficient

condition, a necessary condition, and an equivalent condition) of the so-

called ideal interpolation operator ..

. BB R A R i — S
o JEIEHFEMEISIED T | [HEW E TG

* Y. Notay, SINUM, 2007
* X. Xu & Z., SINUM, accept; SIMAX accept
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FASPZ I w8

FaspRetCode LOP :: Solve(VEC& b, VEC& x) Petroleum A Smoothed
FaspRetCode LOP :: Solve(VEC& b, VEC& x, SOL& pc) ;};f:gt‘l’;; Interaction o d‘r’:(‘l";;‘:m -
FaspRetCode MAT :: Solve(VEC& b, VEC& x, SOL& pc, Param& par)
. A 4 b 4 b4
______ e s Gy | fasp4blkoil fasp4elastic °
vector : sparse matrix : | Adaptive solver | Adaptive I
VEC | 1 = MAT |5 1 [ AML | [Atsmooter | | Solver |/
I I ‘ A ncr | Interface :
> param finder . .
S| ' I = | FASP Basic Solvers/Preconditioners
s |linear operator: I | Direct methods || ILU methods | I
o | e N
= ; [ o
= LOP H f Jl SOL I‘ | Basic methods || Schwarz methods | I Standard Preconditioning Methods
'% : : solver | Krylov methods || Multigrid methods | 1 L GMGRAMG, LTS chivarzye )
t e e L I
3 parallel ! I .
E : Approximate Coarse problem constructor ] A N | - - S
3 MAP : et Interface to | Standard Iterative Methods
- : o Restriction Prolongation basic ! CG, MINRES, BiCGstab, GMRES, GCR, GCG, ...
factorization constructor constructor sparse ' \ /
I P I
---------------------- A linear I
. . . e )
[ Multilevel Iterative method Midware Layer (MIML) ] ' [EideE R | Basic Sparse Linear Algebra Modules ,
' | ) 10, Conversion
1 ] Serial, OpenMP, MP], CUDA
Developers Abstraction Level N /

http://www.multigrid.org/fasp
https://github.com/FaspDevTeam/faspsolver
https://github.com/FaspDevTeam/faspxx
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i A HRUERIABRS R AN A

B PO SN ERTRE R 1 ch T HiISimiE28
Monix Energy : S, RS, WAL ( 87 E0)
hYSIMSOCFAEISE - B, BRAYIR (107ME0))
ch A EHISImAEHLISE - ,;EE (404Ef) )
BHAS (%2R ) SimfastiEEe : B (16 E0 )
et KarstSimiE LSS : BBSEN T (51511 )
JbERERRet) | B, BEENELAE. WALWS (54NEf) ) | L
PEClouds : 21, £A%. #eR. ZSIKE (70020)) N NI I L L . B HiSim'
PennSi % (104 & ) v 7 e
Lt RS A -
»  RPKRRIHER, FHTIEMEM E%iiﬂﬁﬂ‘% Tl AL ﬂéiﬁ;;u 1 IR
. FEIUSETIRCE (RETIEEASIEIELITN ) L KThEsER , EEERIIES NERKRPERIRE , 35
+ FERHXAZE. #iRAE. FEBRAF. Gl ) SRHwEEE@EsZT. 20178F , BEETIX (FIRENE
% (4tm) W7, ShEA T — A R E AR BB R Th )

|| S 2] O Bl [s |X | (S HiSim’o
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— BRIV PRINIVER

No Naine Properties Ecl100 HiSim
Model # Total Cells |# Active Cells | Peroid (day) Newton | Time (min) | Newton Time (min)
1 |SPE10-2 Two-phase 1122000 1094422 2000 —_— — 295 41.82
2  |SPE9-9%k Black-oil 9000 9000 900 339 0.12 269 0.20
3 |SPE1 CO2 flooding 300 300 3656 536 0.04 445 0.08
4 [SPE2 Three-phase coning 150 150 900 209 0.01 538 0.14
5 |SPE10-3 Black-oil 1122000 1094422 2000 — — 1462 354.12
6 |SPE6 Dual porosity 100 100 7300 306 0.01 322 0.02
7 |DPSP Dual porosity 60984 40294 360 545 2.64 116 0.81
8 |SPE7 Horizontal wells 488 488 1500 120 0.01 75 0.02
9 [Voliatle Extended black-oil 2100 2100 0.694 67 0.03
10 |Zaoyuan Field test (black-oil) 417480 143786 10653 3302 105.49 5204 66.20
11 |Jidong Field test (black-oil) 335664 154598 10587 1091 139.69 161 441
12 |Chengbei Field test (black-oil) 1646500 585123 2191 1971 155:57 420 28.47
13 |Dagqingl Field test (black-oil) 1453248 466913 15616 — 5227 338.00
14 |Daqing2 Field test (black-oil) 847895 241474 15096 8562 92.46 3072 88.05
15 SPE10-10M |Two-phase (large-scale ) 11220000 10944220 2000 —_— S 592 962.12
SPE9-9M Black-oil (large-scale) 9000000 9000000 2460 10932.81

BIFBE(E | BB | BXME | (EFEFASPRRAE | K{EFFASPRRILE

JtEREER! naes 7625 6 1/)\Ad 245/)\8
% || PEClouds SPE10 1095 0.8/)\FF 5.5/)\B%
PEClouds JHSCA 145 0.28/)\dg 0.78/)\i
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e 7K. {ERHFIX SRR EPFE IRENER fEEMES ST A
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OpenCAEPorozkf#;

» > ‘%’*/J ﬁﬂu
FERRE E=2]7

£fRz057% + BieEulerlI[AIEET + BEMNATIEIZ K + NewtonZZ (Y + Foatapites

+ TPRAPRMARLE + _EHEAMR + SiNewtoni% + SARITARETS A + SMETASRM + FOMRES
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OpenCAEPorotf {4ttt

LinearSystem

\ 4

& ‘ TR
MIgRILLIE ~——————— Gmsh
> Grid ,
B RRA SRR
> Buk |l msm=ran
QrenCAEPara » Reservoir \ 4
> BulkConn A3 ——— | equinor/ecl e ™\
FASP/fasp4blkoil UMFPACK
» WellGroup
~ — FASP/faspxx — MUMPS SuperLU
> OCPControl > LinearSystem s s
hypre PETSc
OpenCAEPoro > FluidSolver >  IMPES , Y ' \_ yP L)
‘ &3 Tough3 EOS
> FIM
» OCPOutput
PhreeqC
I
>  Solver AR equinor/ecl
- ( OPM/ReslInsight Vislt
BIRET M
L ParaView
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TABLE 17.1—SPE COMPARATIVE SOLUTION PROJECT PROBLEMS

SPE1

SPE2

SPE3

SPE4
SPE5

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

9x9x 6 486-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

2022/1/6
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1)

2)

3)

4)

5)

9)

Odeh, A.S. 1981. Comparison of Solutions to a Three-Dimensional Black-Oil Reservoir
Simulation Problem. J Pet Technol 33 (1): 13-25. SPE-9723-PA.

Weinstein, H.G., Chappelear, J.E., and Nolen, J.S. 1986. Second Comparative Solution Project: A
Three-Phase Coning Study. J Pet Technol 38 (3): 345-353. SPE-10489-PA.

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

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.

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, 1-4 February. SPE-16000-MS.

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.

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, 17-20 February 1991. SPE-21221-MS.

Quandalle, P. 1993. Eighth SPE Comparative Solution Project: Gridding Techniques in Reservoir
Simulation. Presented at the SPE Symposium on Reservoir Simulation, New Orleans, Louisiana, 28
February-3 March 1993. SPE-25263-MS.

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,
12-15 February. 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.

https://petrowiki.spe.org/Reservoir_simulation
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o SHEI LTRIMI=EE10MEE ] , CASE 2 ( KHUER )

o EIEIRHKFRIEIRE

o PIIEHIAE : 60 X 220 X 85 , BHXMIEEL : 1,094,418
o —FIUR , 1EHI2000KEK

days

TTEFERT2486%1)  S3PMTIAEIE | 217 NewtonzE |, 1334 EMEAE ( B RIEIAY86% )
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Permutation

Transpose SpGEMM

Prolongation Aggregation
Inner Product

Restriction Injection

Smoother St

® Scalable algorithms

® [ ow complexity

Coarsest solver Mixed "
® Fast convergence Ixed precisions
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CSR 3 FRTRIRIERE IS =,
Data structures for sparse matrices
I FREFF N p

Storage cost

CSC

/o SEEBE (SRR )
DIA
- [ | o SRR (1515, R
=l Computing effiency TR /| ® fEREEE (SpMV. SpGEMM)
COO = /’I ® AEIX (Jacobifzik. GSTIi%)
o UEEX (LU, ILU, SAIFTIE)
HYB I EaEm -
Suitable for various algorithms
CSR5
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CSRx
Compatible with CSR

0@©@® 2 2 2 3 3|rowindices

0@@W® 0 2 3 1 3]columnindices Easy to handle rows of matrix

D@2 ® 5 3 9 6 4|values Easy to find diagonal entries

> Y < Easy to find lower triangular entries

# entries

Easy to find upper triangular entries

Do not increase storage requirement

A
4 A\

rowPtr 0 2 4 7 9

0 2 4 7 9 row offsets
0] @ﬂ)@ 0 2 3 1 3| columnindices colind 11202313 CSR

@@ @ 5 3 9 6 4| values values /2 8 5 3 9 6 4

> Y 4 diagPtr (ARSI

# entries
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RIET T EA8FhE8 =0

# rows + 1 " MRS ROW, COL, NNZ (number of nonzero sub-blocks);
. | nb (size of the square sub-blocks);
4 ; Storage format of sub-blocks (0: row-maijor, 1: column-maijor).
5
. 2 - _
7 B Size of the INT vector IA;
8 2 - Values of the INT vector IA.
9
0 :
1 Size of the INT vector JA;
f; Values of the INT vector JA.
# entries 2
20
4.00
-0.50
ROW=3 -g-gg
a = 0.00
NN% g 0.00
no= -0.50 . . .
—0.25 The first number gives the size of VAL;
- - 0.00 a From the second line, the numbers are the
Bl Ar0,00- g'gg values of the nonzero blocks of the matrix.
7) +4.0000000000E+00 -5.0000000000E-01 -2.5000000000E-01 +4.0000000000E+00 - 4'00
3 A[0,1]= .
4 -5.0000000000E-01 +0.0000000000E+00 +0.0000000000E+00 -5.0000000000E-01 _ggg
O A[1,0]= e .
6 -E.sogmmoo&m +0.0000000000E+00 +0.0000000000E+00 -2 .5000000000E -01 :-gg IA, JA, VAL are all stored in
7 Al1,1]= < . q 0
O+ .0000000000E+00 -5.0000000000E-01 -2.5000000000E-01 +4.0000000000E+00 -0.50 generic vector format which is
Ol A[2,2]- -0.25 . _ .
10 +4.0000000000E+00 -5.0000000000E-01 -2.5000000000E-01 +4.0000000000E+00 4.00 - the same as the rlght hand Slde'

2022/1/6



_E_ OpenCAEPorofx{4ig11E A8

FEH=EANEE "HE"
w \x iR

OpenCAEPore Balancing between three costs
Balance

FA&RLE

ARSI ALRA

0202 (ERRA

"a‘\
jj FIFSERBFRIZ= S A

2022/1/6




1) OpenCAEPorofk & BltR

o SIESHEERIEAIER | o BRI T BTN

o FHEES IR o EERIEORIEN , RARENTRFHTIHR
o J5{EEHREOSHAL | o FER RIS R AR E TR
o FHESTHAFIMIERR o XTEEERIEE

o SIEEIRINEIT B o 1EIRTE R AT R A

o FSEREIANE A% o EFGIHRIBEE

o SSEREHAEEDSE o EHGIH TR

o SSERERERIR % o HEHNAAEAISIRY

o FE TR o FIFC+ L TANKED

2022/1/6



® ZEEA ( KREZENR )
® ZENRE (/NREXRENR )

® JEZMENREMIIE ( 20, ANRIE. ML) ® %2822 GPU/DCURH1T
o Eaeitiras (IAMUEATIEMESSEN) ® (R KEEMPI+GPURSFT
® ZIMEFFEM AT E (\BE. AM)

2022/1/6 67



-} A B R RSRAR S

NV R SRR D ERITE | RERES. NMAOSH. HEEE ESiRE

itEE#= e o EPTEIEIMETC BaEE

2022/1/6



A=Vl

IZHEERST , BIAREP TNV TN LS EAY)

I\\\

(ZEREIEE | HIANMZEIRR BAREREL

(ZAREEREY , HIANPEREL. D DS

EREES MK D E , BlaNg{E. SSM, NR, TRZFH

(BRI | BI9ILU, LDU, Cholesky<F

ap o C o I A8 T NEURIR RIS REIER RBHE

2022/1/6



-}

2022/1/6

HiTHE

SUEUKETT A

BEE ST E(TRTKAE

LIS o R

e o AEPEE BT

B FEIRT0 -

PSRN A

S N F IR ERITRSRA TS

: AIM R R EFE K %

CSRx1&T(. BSRx#&Z=

R IESHHT. HHAEMFTRE

= 17. FEFT




OpenCAEPoro {4 7L X!

AR iR[EIESEN
SRS SRBEIEN EFFREI

NZITHE BN ETE EllES =)

FENZEN HETFMPIgY
WM EE DT

2022/1/6



BNEIH
FTHE
MBEE
et

AR
iIEIESE
2t

EMERIE
e

2022/1/6

OpenCAEPoro {5 A HE

1B SR NG HAS T,
FHTXIELID

FEea\giE e
BRI AR ER

TPFERRIFTNE

AfSEulerftaEER iR]EIEZ NS ET
AR
fRiE = SRR

SEESENERSE

FATIEIE

BEEEREMHMTT

FemAREEI AALERAET
DHE-RFTHAL TRAFTIHA PRIEFHTIN
EHEEIVTIE BE&EMNTE BELEE
ZENTEEAINRN | | BEEEREDRL
ZENTRARFRE B EEERETT ERREESTT
FEHTEA AR IBI IR HEZREURA
#ANewtonjx
RINKESEILE A EAE
WERMSAERE FeEROTE e i

I

ZHRSED B RIVRANIEEERI BN

1A R
— 5




1) IS ST

o FEFRREZIT , HETEER , SIEEHER MR RS
o MIEEENL , IBEHIEEE | (HPSIERS
o SCHIFIE. T, BT , ST aaBEtt =X) =

® T ERIHIREaILimATH RS
® TLHEBILDERAVIRIE IS
o I BEARERETIN , WA TIERERN

® LUESCRYR D , SEB NNt e

10

=it .
P& Hi

o RIHSIEMNE. RiFLiELE o IR R AP REFIRF AR

o IRHSMEEITERIR (CPU, GPU%E )‘ o RS EEEIRTT &Y

o IR EER R TR ® (IR S ERYEEE( =

o IR IREEMHIRIARS o (REFSXTIE L ERIGRA M

2022/1/6




3-51N X iR

S RIEE ERESHSRET A
EhERREEE# G EhERIEEAHEREE m
WEIE TN R SRS R i BB TR 5 5 AT R L &
i
i

EEHFQEJHQ ,ﬂ%):' _LJ:FZQ
ERELERAEASE K. IBK T RERERES
SRR KR FI2-34 SERATIFABERI
KR SERENRE2- 3 PA

ARERREFEGHAWM. R, EHNEREELRA
2022/1/6




BRENE—IERZL

== ‘;ﬁg i)
RS TIHISRERIS TR RS TR

T SRR RIEE A AOIEEN

wREANEHEXHE
HITTIIRERRTE

KHEIFIEEARBRIZE

= = = ==

2022/1/6







FES= 2wk

1. Convergence analysis of inexact two-grid methods: A theoretical framework, X. Xu and C.-S. Zhang, SIAM Journal on Numerical Analysis, to appear.

2. Multiscale hybrid-mixed finite element method for flow simulation in fractured porous media, P. Devloo, W. Teng, and C.-S. Zhang, Computer Modeling in
Engineering and Sciences, 119, 145-163 (04/2019)

3. On the ideal interpolation operator in algebraic multigrid methods, X. Xu and C.-S. Zhang, SIAM Journal on Numerical Analysis, 56, 1693—-1710 (06/2018).

4. Analytical decoupling techniques for fully implicit reservoir simulation, C. Qiao, S. Wu, J. Xu, and C.-S. Zhang, Journal of Computational Physics, 336, 664—
681 (05/2017)

5. An error-resilient redundant subspace correction method, T. Cui, J. Xu, and C.-S. Zhang, Journal of Computing and Visualization in Science, 18, 65-77
(01/2017)

6. On Robust and Efficient Parallel Reservoir Simulation on Tianhe-2, W. Guan, C. Qiao, H. Zhang, C.-S. Zhang, et al., SPE Reservoir Characterization and
Simulation Conference and Exhibition, SPE-175602 (08/2015)

7. A multilevel preconditioner and its shared memory implementation for a new generation reservoir simulator, S. Wu, J. Xu, C. Feng, C.-S. Zhang, et al.,
Petroleum Science, 11, 540-549 (10/2014)

8. Numerical study of geometric multigrid on CPU-GPU heterogenous computers, C. Feng, S. Shu, J. Xu, and C.-S. Zhang, Advances in Applied Mathematics
and Mechanics, 6, 1-23 (01/2014)

9. Application of auxiliary space preconditioning in field-scale reservoir simulations, X. Hu, J. Xu, and C.-S. Zhang, Science China Mathematics, 56, 2737-2751
(12/2013)

10. Combined preconditioning with applications in reservoir simulation, X. Hu, S. Wu, X.-H. Wu, J. Xu, C.-S. Zhang, S. Zhang, and L. Zikatanov, Multiscale
Modeling and Simulation, 11, 507— 521 (08/2013)

2022/1/6




