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Significance and background of reservoir simulation



REIRAE =

\2
Jlrz

=

i/J

P,

Ll —
K /

X E A

HERmH
56,000
49,000
42,000
35,000
28,000
21,000

14,000

7,000 I
0

N

8

o

S66T m

DR ESXIMKEE

NN
o o
N oW

—TIMKTE

8TO7 I

6T0T

STO7 —

910T

LTO7 | —

OTO7 —
TTO7 I

T

T
7107 I

0zoz

1202

80.0%

70.0%

60.0%

50.0%

40.0%

30.0%

20.0%

10.0%

0.0%

Sources U S Enargy iormanon Admeatatan and U S Geongeal Sevey

S 5tiHiEL.

B

Eiﬁﬂf_\ ﬁiﬂ?

R E KM

{h ('55:
- -
. R -
A

20604 “EF A" ERHBE

= 120 | [
IA—B! 00 | 8% [ 0%
'[ 1y \ 39% [ So%
B e | 28% f %
. a0 1;" s ) :g:
S8 ' [ 10%
. 0%

'w‘.{/t

ﬂmﬁ£\

FAERNATSR  =E—TTHR.

X T
b, A 2K of Ao 4k o1, 8% o Fo
—
\ o 49
! /.
e
EE X AT e
AR ) P v
AR AT T I B

140 7%  70% [ 80%

80

20

o
2019 202S5€ 2030E 203S5E 2040E 20S0E 2060

RIS (12) — AL LR &

v zmEFHE

Vm qy&/ iy VAw “j

EEmETH -

Nyﬁv

® 00 185

_ﬂﬂzﬁz—ﬁ?—

ML,

Nes _\&@

KIS

NCMIS

\__;$:IEJIEE

c2()

ca(¥)
ﬂ

Qo ===
C3( )

UL, ZEFHER

. FHTIRIAIEE

April 23, 2023 )



SHEFF A TRt RIN A >

TOTAL WELL PLACED INTO HPC PERFORMANCE (TOP 500) TOTAL APPLICATION: MOLECULAR SIMULATION g:;:ﬁ;:z:'lxn:‘lalr::iw

Projected Performance Development Monte Carlo & Molecular Dynamics
Dynamic Density Functional Method

10 EFlop/s Novermber 2017
: 5 : Finite Element Analysis
Dlﬁerentlatlrﬁrqaturatlon " .
TOTAL:Z YEARS 35 i S Engineering
. design

Unit process design

| EFlop/s
100 PFiop/s

10 Priop/ls
Finite element

1 PFicpie analysis

- om ¥ ¥
100 TFiop/s » 3 = 2 Sl Ps Process simulation Calculal’*ed
anaa “fws? properties:
. 2R RS
10 TFiopk: L P ks ., }ﬁ 3{3}}‘?\
(o .".
- >

1 TFiop/s

PeTormance

Mesoscale
modeling
:i“; (Segments)

Densityof . Mechanical
Segments

0.1 PF 2008 Ml Molecular " Segments * Morphology
¥ :
10 GFlcoss 23PF 2013 g mechanics QSAR
«f 6.9PF 2015 (Atoms) M D

! Coarse Grain «————— Structure, Density,
30 PF in 20XX? i3 Quantum kMC Diffusion

(";/ed;amcj MD, CPMD Thermo (Total EP)
ectrons Qv/Mm ~————  Energetics,
Spectroscopy,Chemre

Energy, Aeronautics , Automotive ...: European Companies - § § Lo actions

MR SN SRE. SYE. FHEE. BoE.
RANSEREUFEEEFSYENERE , E5=E. BE , BT SR EARNEF T
KA HSENRT A EEUREENEERENNZ—

EfFAER A RAEHHB A —RAHPCHERIR (. 4. AF)

i
130 GFiprs. *

2005 2010 2015

Philippe Ricoux (TOTAL R&D Senior Scientist) 2018 FEEPRITITE I F VRS

April 23, 2023 4



ap: s 5
iﬂ_j:;:\jf‘\’ = EIEJ:FE I:I:l E/\J}Ezﬁa NEMIS
o 2020595220 , EFAPITRE | “ELBHINNSTF2030ERATIEE , iy
ENTF2060FgysCH AR FF] ; 2030 BinEBUER L SME_SUIRHEELL
2005 FR65%LL
o 2021515280 , EREMELLENTET (2020 ER BALSERERE)
® IR RIRE—FE MRV ARER | 2R ERIENA TR , A AFBEAS
WEELe. . BR. SIRFREZ N , o{EEMEER R s85%

d ¢ WAFAFTERUSENR (WRENRSZFMR) F
. ZHDSRSREIEE ( ZEZESIE- )
® [E5aI TR R4 EESEERYTough, fEEIRYOGS

FOFEFLOW, INEXKAICMG, ImBERYCOMSOLE:
® EANELHAN. TE2BFMAEUEEIE |, XTI
’ REUERIAN G EET P ER =R S HEYIIEA R
THMCTOIZHE S BEAT AT EES (JAFBOGSIRIR |, ANBErA )

April 23, 2023 5



— SRR RSP RN >

18 CO MR EF R AR W 7 R A
RRfMA® 000 I 00000000000090000 HEACO,
FIFACO , (34 R

SR (517C0,
AL PR LK AR 2 A ‘ 2

AN AT B2
fEHICO ftpt Il
ol (XA, WhiTE. EH

il
2.
3.
4.
5.
6.

3 H i\ ..ﬁ
i 73 =70e :

CCUSHEFER R /%)

—SUERRETEAFESEKN. FENER. BRSRTER. IS5 "SHERABEESFIR
EREFHIRE KN EEFENRIXGE | FEASHERNHITXENAL |, FrdtTH Rl

CCSHMICCUSIRAZ R PFI IR T T RINEENIE |, BRdRESHIFRMNNM BRITERES
SEVE | XHE (MHFFIEF) | 2021

April 23, 2023 6




SRAIARE SRR zS,

&
BiRN®  EEHNY  EEIE O HERE GeIE
ZHSSHARESANRE SASERFMEBELZERE, HBHSEFRIE. BHIRE. NBAHE. i‘l'%%ﬂl%“— Bz ERri. i &P 5

(FL. . HE) FRORE IR, RET RS IKNER. EF-ilHE itE. IR . AEOF

R

fiivy

April 23, 2023



HUERE PR S >

o RImREREN SRS (ERRS. FhUliK , CNPC& ADNOC) : FEMEH| , Wiaith , (BFliER ( ZFSIN) |
JRERER , SFUES | fIBRSEBILRIEFL. RS, RIEESL. fUREFLAE

° E)JIU\E’*”XHH’JF— EFRAFEENEE , SEENREERMERIR - /ISR~ , & HESH. 27K

%%Lf“‘*ﬁu 3&%% #FEIJHJ_ SEITRES ;&BT,LJLEMEY_ ERARE

* Phi (frac) *

PPN b OO SN

e et hfwu -

zojf

2006

April 23, 2023 8




4:‘E.J' ﬁﬁggj: ;JZIT-?J NCMI.‘;

Undersaturated Oil Gas Condensate Dry Gas
p “Initial Pressure | Reservoir p p D
Isothermal CP P
"/Poi[:;‘lfine Qua!ity Lines or
— iso-vols |
Conditions ] Represent constant
liquid volume
T T T T T i
Laboratory and Field Characteristics
T T T T T T
Y ! . . Initial GOR | Oil Gravity | Initial B, [C, Fraction
i I 1 1 I i ; RC o |7+ :
7 : ! o Fluid Type T scf/STB AP RB/STB | Mole % Phase Behavior
— I I I 1 I I
H: E i i i E i i DryGas > Tere -- - - - Single phase at all pressures and temperatures
© = N Vs | [ Gas phase i iratall P&T
1K 32338 o Wagas | 51 | ssoo0 | - | - | - ST
o I 1 1 I |
= @© | | e | | | Gas All gas initially; As pressure falls below
E 'g @ : > e : ‘S $ : : g: Condensate T¢—T¢|3300 —50000| 40— 60 - <125 dew point a liquid phase forms
c - —
- N: (©] : E ‘6 : qC, : N: g Volatile Oil c TRC close to T¢. Key difference between volatile and black
o : g: g : 8 2 l'?l : Cc): ] olatile U1 <T 2000 —3300 | 42-55 |1.7-3.0( 12520 oils is that the gas phase can produce liquid at surface.
—( § : g : E : é g @ : ﬁ : oy . As reservoir pressure falls below
) o : %; g : © o ; : %: - Black 0il <T* 200 — 2000 15-45 [11-17] 25-50 bubble point, gas phase forms.
o i |: ; i © i ': i Undersaturated c 0Oil phase in reservoir atall P & T.
*m‘K | 1 ! | 1 0il <T 200 — 2000 15-45 (11-17 25-50 Separator within two-phase region.
e 7 i i Lo
*E E (—5 : { : : : : Dead 0il < T¢ - 5—15 1.0-1.1 > 50 Single phase at all pressures and temperatures.
] ] I I I i
O : : : : : : T = cricondentherm
28 ) I | o . . Specific Gravity
T 5 R : | I i API Classification 10 0934 0876 0.825 0.78
’r~ n - I ] b ] . | |
Va2 P Fluid Type | °APIGravity Dead Oil ! ™ LighrCrudeonn |
| I | 1 | | | | | i
! ! ! ! ! ! Light Crude Oil >31.1 : Black Oil E
Temperature Medium 0il_| 223 - 31.1 | i ediumoil | | |
Heavy Crude Oil | 10.0 — 22.3 Heavy Crude 01 E E —
Ref: Thermodynamics and Phase Behavior, J. Riddle, Univ of Texas at Austin Extra Heavy Oil | <10.0 m zi 3i .
10 0 0 40 0
°API Gravity

April 23, 2023 9



ARIRERRIES Newmis

Region

Scale
(10km-1,000km)

- CO, Injection

%) . T; 4
o P
7= B 5
¥
. >
Slte £ T o ok PP @ e
L1 N
Scale :
= Fault Zones
(100m-10km) Eﬁ )‘/ 74, ] Represent pervasively fracturgll volumes of rock, that
/ ki include preferentially enhanj aperture fractures and

therefore |mpruved rese charactenstlcs Fault
Zones are -1 faults

“rerential equations descriding
Bow and transport of CO,

- kpa dh

Reservoir

Scale
(10cm-100m)

Pore

Scale
(10nm-10cm)

""'""!\\* P

Lol S AF 2 B B

Nano
5 crF I AN -
Scale CLLI L3

(..\-lﬂnm)

Mineral Fluid Exp and Th jcal hemistry

3RiR : Center for Petroleum & Geosystems Eng, UT Austin

April 23, 2023




ENELEEg bt LF

NCMIS
YWEN N+ BEESE ﬁ%& J%_
SP DP, DPDP MINC DPDP DFM DFM, EDFM

Easy Investigation Effort Difficult
Wide Practical Applicability Narrow
Limited Capability to handle heterogeneity Good
Low Computational Cost High




AEIZREIRYITH R RIS e
= — 7Y = NCMIS
Well1 Well2 HE [ |
N2 EEE B
—{1 @, _© 7 8 9 EEE B
= == HE EEE
HE EE u
—(4) (5) =__:_<6) 4 5 6 HE EEN
u mE
E:'(?) (8) 9) . * Wi ) 3 [ II.E
S =
= [
e - 5 u
/T'f\.'fL,' 7 8 9 [ B
S HEH, .
o A [
e T a " 1 5 6 ]
: 'X—IU.;‘;;;;;?.\.. - " u
P ....}:::: 1 2 3
S8 Dt t 1 e 1 m | = O
= 0 T S T s < [ WR WWwW —
=== L ] (@) —7E 2 51 5 5 Mg R ITEH KN EFH (b) X . F R B 2 P S5 44

o SCERM AT , MISRANEZ | Mg, PEBINIE. ToEMIMIE. BEBINEMIE. RBEMISE
® HHEREENHSHEMERITNAYZEE N AT EEA—E

April 23, 2023



About CPGE  ContactUs  People  CPGENews  Feature Stories  Links

» Simulators

Simulators
Reservoir Simulators

MPS

The objective of this project is to develop a reservoir simulator with the capability of s\mulaung
various recovery processes under ane framewaork. This new simulator is designed t

miscible gas flooding, chemical flooding, and thermal flooding processes for tonventional and
unconventional reservairs. The simulator will also have the capability of executing on parallel
computers. The main goal of the project is development of a unified simulator capable of
performing simulations for large complex reservoirs operating under various recovery processes.

UTCHEMRS

UTCHEMRS is a three-dimensional, chemical flooding reservoir simulator capable of modelling up
to four-phase flow, namely, an a microemulsion phase, and a gas
phase. An adaptive implicit method (AIM) with switching criteria based on stability analysis is
implemented to improve both time-step size selection and performance. Reservoirs can be
discretized using Cartesian and Corner-Point grids. A stable third order high resolution scheme is
implemented for Cartesian grids, reducing the need for very fine grids and the effects of grid
entation.

aqueous phase, and oleic phase,

» Read more

UTCOMPRS

UTCOMPRS is a three-dimensional, EOS Compositional reservoir simulator capable of modelling
up to four-phase flow, namely, an aqueous phase, and oleic phase, a gaseous phase, and a second
nonaqueous liquid phase. An adaptive implicit method (AIM) with switching criteria based on
stability analysis is implemented to improve both time-step size selection and performance.
Reservoirs can be discretized using Cartesian, Corner-Point or Unstructured grids. Stable high
resolution schemes are also implemented for both Cartesian and Unstructured grids, reducing the
need for very fine grids and the effects of grid orientation

» Read more

Texas at Austin

& IInldLbrand kaar\mg nt of Petroleum
and Geosystems
Cockrell School of Engineering

ngineering

Simulators

The Reservoir Simulation Joint Industry
Project has developed simulation
software (including MPS, UTCHEMRS, and
UTCOMPRS) for the industry. For more
information about our software and our
computer resource lab, click here.

How To Join The
Project

To become a sponsor of the Reservoir
simulation Joint Industry Research
Project, please contact Dr. Kamy
Sephernoori to receive a copy of the
research participation agreement to be
executed by your company and The
University of Texas at Austin. The
membership fee for the project is USD
$50,000 per year. As with all Industrial
Affiliates programs at The University of
Texas at Austin, intellectual property
rights cannot be granted, and no specific
reporting requirements may be imposed
However, we will host an annual
workshop and provide papers, student
theses and dissertations, and reports of
our research accomplishments resulting
from the project. RS-JIP members will
have access to our computer codes upon
their release. Members also receive
updates as new versions of the codes
become available

HAEUERLERAT

GSM

cnnu-r- FEREGLEGACe Modeting

NCMIS

Stanford
SCHOOL OF EARTH, ENERGY
& ENVIRONMENTAL SCIENCES

[ Introduction [

Documentation
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+ Flow
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students.

AD-GPRS

Reactive Transport

RESEARCH

AFFILIATES

SUPRI-B: Reservoir Simulation

Compositional Simulation

A

Optimization

A

Fracture Modeling

ﬁ

PUBLICATIONS

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
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TOUGH

Software v Licensing & Download v

Research Papers

AZINDEX | DIRECTO

v NewsandEvents v  User Support v

TOUGH: Suite of Simulators for Nonisothermal Multiphase Flow and Transport

in Fractured Porous Media

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

numerical models for simulating the coupled transport of water, vapor, non-condensible gas,

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

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

arganizations, and private industry for applications to nuclear waste disposal, e

problems, energy production from geothermal, oil and gas reservoirs as well as gas hydrate deposits, geological

carbon sequestration, vadose zone hydrology, and other uses that iny

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

and heat in porous

onmental remediation

ve coupled thermal, hydrological

implemented into the TOUGH framework (see the overview of the TOUGH development history). Notably, EOS property modules for mixtures of

water, NaCl, and CO; has been developed and is widely used for the analysis of geologic carbon sequestration processes.

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

TOUGH and its various modules are documented in a series of manuals.

es, conference proc:

cedings, and project reports.

[multiphase, multi

laplops. Parallelization is achieved through comain decomposition using the PE

=

PFLOTRAN

PFEOTRAN

Model for describing Sub

A Massively Parallel Reactive Flow and Transport M

-Los Alamos

OAK
Rn)\(‘ ) ..‘

‘OFM Research

TR SONES 8

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

mponent and muliscale reative flow and transport in porous materils. The code is designed to run on massively parallel omputing architectures
St (Portable Extensible Toolkit for Scientific Computation) libraries. PFLOTRAN has been developed from the ground up

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

Walinglist

NTEF Digital
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Ceetron Solutions

Irface Processes

Sl Sandia
7 National
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itten in object oriented, free formatted Fortran 2003, The
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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

April 23, 2023

1)

2)

3)

4)

5)

6)

7)

8)

9)

i Ltz iSRS

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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Year: 10

IMPEC
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Total: 1.57s
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Grid: 70*70*30

Well: 1
Year: 2

FIM
NR: 214 (+19)

LS: 798 (+75)

LStime: 429s (50%)
Total: 855.7s




4.4

4.2

4.0

FPR (PSIA)

3.8

3.6

2.00

1.75

1.25

1.00

FOPR (STB/DAY)

0.75

0.50

7ZB-CO2=LC

- = OCP_FIM_50
s OCP_FIM_100
= = E300_50
= = E300_100

—~—
“--

0 2500 5000 7500 1000012500 15000 17500

Days
le3
- = OCP_FIM_50
s OCP_FIM_100
= = E300_50

== = E300_100

~
S

0 2500 5000 7500 10000 12500 15000 17500
Days

April 23, 2023

4.8

4.6

WBHP INJ79H (PSIA)

FGPR (MSCF/DAY)

4.4

~

o

w

S

=

le3

= OCP_FIM_50
s OCP_FIM_100
= = E300_50
= = E300_100

-~
Ty

0 2500 5000 7500 10000 12500 15000 17500
Days

le3

= OCP_FIM_50
e OCP_FIM_100
= = E300_50
= = E300_100

~

F : =0OF

WBHP PRO81H (PSIA)

FWPR (STB/DAY)

0 2500 5000 7500 10000 12500 15000 17500
Days

4.00

3.75

3.50

3.25

3.00

15.0

12.5

10.0

7.5

5.0

2.5

0.0

le3
B I s OCP_FIM_50
s OCP_FIM_100
L = = E300_50
= = E300_100

0 2500 5000 7500 10000 12500 15000 17500
Days

= OCP_FIM_50
e OCP_FIM_100
[ = = E300_50
= = E300_100

0 2500 5000 7500 1000012500 15000 17500

Days

v

NCMIS

Grid: 16x15x75

Well: 3
Year: 50

FIM(100)

NR: 757 (+66)

LS: 1385 (+129)
LStime: 197s (45.8%)
Total: 430s
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Well: 1
Year: 3
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NR: 399 (+32)

LS: 2936 (+258)
LStime: 0.03 (36%)
Total: 0.08s
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Numerical methods for porous media flows
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April 23, 2023



SIRSE B TR X 5

April 23, 2023



SHREZES B TRZTE S

EOSIRSHTE
HFRF
A&

R Bfg e I AR B
—=|
A
MEF

ERELIPRTES
HARET a0 aHHRE

BB e HRERMEISK /IR EY

=aFhiE

tziRR
1877

JFEEEE

¥ RRE

April 23, 2023



A
£28

YR~ 1E

MEIE

Darcy E(E

AR R

- AR R

Bix . AIREFOR

ST S | =2:n, REKS]
JERA i) ]

e

April 23, 2023

g

NCMIS

ZENM =R

EOSIRSHTE
Brinkman/5 &

WFERMNITHE

Navier-Stokes 5 &

JFERIREY
IFDarcyt=Es
R B e iR B
=g T
EANFHE




fesg ey K R A R 5

7~ N\
ASE
15
N——
|
|
<
|
c
<
4_
Y
S
Injection well
ﬂﬂ_p
00;
VO
PR
Production well

DarcyiEfE

u; = —KZ;j (VPj — ’ijz), ] =o0,w
HEXEL

Sw+ S, =1

Peow = Po — Py

FTERVEIS R - Trangenstein, Bell SINUM 1989; SISC 1989
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KRR EZEAXY
1
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1
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[ Su\ 1 )
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DarcyEE
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. Van der Waals / Redlich—-Kwong / Redlich—-Kwong—Soave EOS:
B18E : A{ER il -
a;

LA E P, e _ . j=o,g¢ v HEREE
NSEA=g7iliNEY) J V;—b;  V;(V;+b;)

wEREHETTESE

v EFRRAEAINZITE

BT+ 44 v EFcibbsEEAER MY
Peng—Robinson EOS: [Peng, Robinson 1976]
[?EEZD
P RT B a; .
1‘5757:%3: J'_V'j_bj va(‘/vg"‘bg)‘i‘bj(‘/‘;—bj)’ J =09
RERFER Change of variables:
AN ? — B a;P; b.: P P.V.:
& 2 H—Eh A WP g WB B,

R2T?2’ A R

HHETEET : - - —

= e [ 7% — (1— B;)Z2 + (4; — 2B, — 3B%)Z; — (4;B; — B? — B3) = 0 ]
LIRBETZ Fugacity: l BRI
IMZHDIR ? fii=Figivn: 0= Yoy o =i05g (@4 i fupacity coctlicicnt)
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j=1

U, = C\(T —

) + V- ZﬁjujHj - V- (I‘&TVT)
Jj=1

JiE

NCMIS

=Y GuenH; — Quss,  BEEFHE
j=1
Uj=H;—P/¢, j=1:n, mEpyse
Tret), aflEe
1 — @)k, B

Ny
KT = ¢ Z th‘,j +
=1

T
Hy; = / (cpgi; + cpgait + cpgsit® + cpgait® + cpgsit?)dt,
T;'ef

H.. = hor; (Tcrit i T)evi7 T < Tt i
! 0, T 2 Tyt

Ne

N
Hy =) za(Hys — Hy), Hy=) migHy,
- r Gas-based

T
H,; = / (cplli + eply;t + eplait? + eplyt + cpl5,-t4)dt,
ﬂef

H, = ZwilHl,i, H, = Z zig(Hyi + Hy;),
i1 i1

Liquid-based

April 23, 2023

(Cplli + Cplzit + Cpl3it2 + cpl4it3 + cpl5it4)dt,

T
H; = /
fZ—1ref
T
Hg,i — /
T'ref

H, = Z ziq(Hyi + hvapr),
i=1

Ne
H; = E zyH, ;,
=1

(cpgui + cpgait + cpgsit® + cpgait® + cpgsit?)dt,

Simple Hvap
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\_ — ¢m /Py : porosities
55,0 SV P ( £7%H ) DPDPRREL : Cone/Coe : cOmpressibilities
ap,, k., Pm/Dy: pressures
O Cime Fra V- 7 Vo, = —0Q km/ks: permeabilities
w: dynamic viscosities
é?}?f I?f .
b5 Cre = V-—Vp;=Q+gq, qp: sink/source term
VUGiCT::ZR;XESERVOFI:ACTURE MATRIX FRACTURES M Q — %k (pm - pf):maSS exchange
o: shape factor
H2ER—ER
Y/ A/ & o
Wy a7 i () () ()
L 7 7 7
£=954
= [ | | T | [ |
BU4%
RUE—RE
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2E—) 151IR=F) | = NCMIS
»»,,,l‘j — ( u; = —K; VPu Qia 1= 17 27 f) ( u=—kK va, QP,

/ 1 \\\ V.- u; = f,,,, Qi, 1= 1, 2, f, —,LLAu + va = f, QF)
l O Q 0 “] {u;-n=usn, v, i=1,2, V-ou=g, Q,
\\ n=mnm =-ny | L7 ¢ e
r, N ) f% - /’ Ds by, Yiy 17 27 uF n = uP -1, ]__"
\ bi =Dp, I, i=1,2,f. pF—2’u,(VuF n)-n:pp, ]__‘,
r (V- (u@)Vu) +xutVp=£f, Q up -t=-26u(Vupn)-t T,
< v'u:g7 Q> \ u-n=0, 8Q
\ u=20, on.
Qp
( u; = —kK; Vp;, Q, 1=1,2
v Kial V. u; = fz’a Qia 1= 17 2
11 Y2 2 Ps A 2
‘,,/ \ / ’ \ ur =—kydV.py, Y
oY QO 0, \ [' o 0, VS
\ ] Y | V'r "Uf = ff + (ul 'n; + Uy - n2)|77 Y
\ ’ n=n; = —1‘12/" \\ n=n; = —ng//,»
N>~ n>~—_ |  — —&uy -y +agpr = agpy — (1 —§)us - ny, 7,
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p
N, =9 Z Ti;€55 Overall Molar Density

n Pressure
z kk,
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____________________________________ (J
[ :\ Critical
Melting — '
<— Freezing ' point
Vaporization —> E
Triple point <— Condensation :
--------- o |
Sublimation —> | GAS :
<— Deposition : !
(C f :
Ttp e
Temperature —
Phase Diagram

SE ik : 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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® Downscaling: The fine-scale behavior of solution
Downscaling
4—- . . .
is captured by solving local flow equations at the
Upscaling interior of the macro elements
| >
Upscaling: The fine-scale properties are
Micro elements Macro elements transferred to a small global problem associated
(0.9) No-Flow 9.9) 0.9) No-Flow 9.9) 0.9) No-Flow (9.9) 0.9) No-Flow 9.9)
6.9 with the fluxes

45.7) @7 .7 (5.7 ‘
— =3
- (=] I Il - (=3 'T
| @ss 745 [ 1~ = i
(2.3)
@5.2) 2.2) (1.2) (6.2)

P
P

P=
P=

1.6122 1.6081 2.54e-3
1.2724 1.2661 4.95e-3
' . E1EZ& : P. Devloo (Univ of Campinas), Bz #8 LA Loy e
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ZF R+
fl_ufﬁ A

)

—V - (W(Vur + VTuF) —prpl) =f

in QF,
~V - (kVpp) = fp in Qp,

-V- (thchj) fr+[-6kVpp|-ns in 7,
up-n=up

on I,
\ pPF—n- (‘/I(Tu/: +V6iup )-n) =pp on I,

—t - (Bu(Vup + Viup) n) =t up
Ur-7f =ufp -1l

on I,

on oOyelr,
—2{kVpp} ny =« f[pp] on 7,
| —[kVpr] -y = 22 ({pr} - pp)

@) AfEE TR, B FEE
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[ Complex Physical Problems - Obtaining Information from Physics J
e} H-1N | == s J 1|
o IS BT R A ] I
® K%ﬂ*ﬁ@*ﬁ#/_i)ﬁ*ﬂ g J\E}_‘\_ UBZEEIgj:i*}TEZﬁ ( Computable Mathematical Models N::::::)r Preconditioning Continuous Problem |

2ENIEEY @ SRR RERRNERRERA [
® *%QEEM‘EJL‘ U\ %KEE’J*&(}E ﬁ%%ﬁﬁ% N LEE*[M?EHU : Discrete Lir:ar Systems :E_—:*I{ Multilevel IteZﬁve Methods
o HPCEMHERIVE , HARISBBLITIN r | | \
General Algebraic Solvers —+Y  General-purpose Preconditioners

0 U

11
11
11
|
Sparse Linear z\lgebra Libraries
1
|
I

|
]
Hardware |Arch1tecture

® RIRLIEREZREIN AR TETRIEEMM , BN, B, I RIS ESRREE— TR
® RIRLIEEZRREANEIERNNEER M | T—LNAEAIERUF S T 80%LA ERYATIE]

® YEFMEFAIMEBEHER ( WIHPC TOP500 ) FRFAZIE#EZ2S{EIBenchmark ( 40HPL, HPCGSE )
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NCMIS

o XTHEEME(FAYMEEEHER ( WIHPC TOP500 ) Hi
FRZ ez HEEEEE)

o SRR E KA ERURVEES |

o [EiY , LA EFITITEPEEMRI , XaEN. B, Y BRISGMER ESSTIEFR— DA IARIYER
&9 64x64x64 128x128x128 256x256x256 512x512x512
[BJRRAR

BN 274,625 2,146,689 16,974,593 135,005,697
WImER AR HERE 8x1 16x1 | 3211 16x8 16x64 16x512
Intel MKL Pardiso
ItFRBE=ER SKRERRT{E] 5.38s 3.865 3.265s 59.78s 999.46s AEARE
JUAIZERIEE e 1x1 1x1 1x1 1x1
FASPARIAZEIR —
PMAEICAREBEK SKERRTE] 0.030s 0.303s 2.815s 23.54s

=#pPoisson/5TE ( IIMIBLRESIEI ) N IERRILEEXTILL , HIMEE LPardiso ( ALRBR=EE ) FlJ LA EMIEE
D RIEBHTEEL,
TOP100FEEE = MIBHACPUE NS —45. BT AEFEEAMD EPYC74523t6442(')256GBATE,

FASP ( £ ICAEE A )
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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
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5 ((f’zlijﬁjsj) +V-F; - Zsj"'z‘j =Q;
i=1

j=1

Fi=) (%‘Ejuj = SijV(ﬁjmij)),
Jj=1

u; =~ (VP; — 3 Vz),

Hj

fii=fa, i=l:n,
Z;‘lil S] = 17
Yic i =1,

P, — P; = Py,

it STRHERAN | EREHErERRe | ERsasEbERs | RETEO0EREHE | RitRERRM4SE
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OIL PRODUCTION
WELL

S MR ARSI

NCMIS

GAS INJECTION
100 MM SCF/D

A X RY7K 5 [ 9181 10000ftB9IE S 72 | A

BT SPEIATMERFIFE1E

¢ W, FT. Kx Ky (unk) Sw So @ 8325 FT.
LAVER 1 3 | 20 500|500 . 12 .88 | § ¢8335FT. Eg% 100ft %JJ!ZL\,{kIU\ %%;}T&F ( 8400ft ) EI\J:HHJ:TEjQZI'SOOpSIa %)JQA:HHT«’@
' o | 70088 , ¥EAZKIBANREO.12 ; PEPRRSIHKSFRE 98500ft , JHSFREI7000ft
R A A R R R E I ( eshl ; 20x20x10 , mesh2 : 40x40x20 , mesh3 : 80x80x40 )

I=d=1 2 3 4 5 6 7 4 8 9 10

KAy | MR BETEIDE RERMEEAS LMoRkgRE (B BIURTE (BD)
1 145 (356) 16100 (45.2) 18.801 (87%) 21.543
BILU(O) | 2 173 (629) 50406 (80.1) 652.123 (94%) 693.709
3 272 (1227) 141763 (115.5)  14799.249 (96%) 15360.906
1 143 (337) 1781 (5.3) 9.681 (81%) 11.956
MSP 2 167 (547) 3008 (5.7) 141.640 (80%) 178.143
3 275 (1244) 7239 (5.8) 2788.746 (83%) 3344.826
WisHE | WA p it ANL f#AH ABF f#H SEM fi##s
1 16781 (609 #5) 2327 (6.232 #5) 2343 (7.846 F) 2326 (6.229 #)
CPR | 2 x 5466 (144.1 #5) 4807 (121.6 ) 5666 (137.3 #)
3 x 13747 (2722 F5) 13834 (2694 #) 13642 (2726 1)
1 X X 1781 (9.681 #5) 1404 (7.259 #)
SKEN | HEREUERIAPRIZLIE R AR MSP | 2 x x 3008 (138.0 #) 2798 (140.0 #)
HUETTESITEANAG, 2022, 43(1): 1-26. 3 x x 7239 (2789 £5) 7049 (3007 )
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FELMIA%
Algorithm (Twogrid method in operator form)

Given an initial guess u(®) € V.

@ Pre-smoothing: v = 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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New data structures

Permutation

Predicting number of nnz
Transpose

Software prefetching

Prolongation Aggregation

Inner Product Fusing operations

Restriction Injection

Avoid branching

Smoother Better

® Scalable algorithms Comm. avoiding / hiding

® [ow complexity
Coarsest solver

Mixed precisions

® Fast convergence

April 23, 2023
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o © SESMIEREMMES , FIGMG, HB, BPX, AMGE
o JLAZ EEMERIBEE S AT ERT LU AR
LIS * 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 ...”

® ME{fi(Optimal FREGEFEIEE (Idea/fRIEFF

* 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 ...”
- IREWNFK2018FINRITBEHFFLMBETFLONN—FK

o {LEITERRIEIEIESYT | LB EFRE

* Y. Notay, SINUM, 2007

* X.Xu & Z., SINUM, accept; SIMAX accept
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A lati Flow N Y =5
i Term BpIAER  SRER  ABAFEWE
D% % e % 00.-0 R \ s
DU o st , BEERTRASNEMALSE
Original + > ¥ « > ”
0 i - . RBERINE , 8 FRlER 2T KR
100 -1 ¥ x A Qiao, Wu, Xu, Zhang. JCP2017
- . 0 0 * * * MAX Ratio=5 . N
0 1.0 . ABFTS i AHYRERESISRAE |
ANLT o s T, HREEFEEENLREE
001 X ko kiR |, FEXNHEFT
SEM —
e TR A TR RS
R HOEERERE
I D BEORER
(00 - 1
. Nonlinear Linear AMG { Linear Solver
. Time Steps Iterations Iterations Iterations Time (s) i
ABF 60 352 2505 37235 7756
Analytical 57 332 2209 16212 3149 | Ll R 21 |
Semi-analytical o6 320 1338 13813 \ 2464 ABE ANL SEM




F:

Sl = | - N N > ,
-] HRTEIAR £ R LA AL
REGHAS: (4R ) ERIIER | SimFastiEi SERIAR RS,
o R T ARSI S RID | T RTTA
o INEISHIE. SHIFRIFIEIAEREG ., BERETIEERET
FEBHEHRF AR © DMECHRIZ T KR ERENH S UL
® EIIHBEARZFAYIndustrial ConsortiumiX{S AEIEIIZs 2 EIE E A RT H
o 185TRAD , IR RER , FEENE | BEABSEE 3.5,
o —UUEGIRAEE  —LENATALE ; SREH AN , REMERIE. K ENVIRONMENTALS121CES
R =07 &8
FEAS ()

2034.765 107

Stanford

EL T 1705.188 192

ED = 7.815 72 219(= 94.475 37 22

MR ERBEN ( HP—17) RiaHTEIRERIY
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FASPZ%'

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)

Fluid Structure
Interaction
y A 4 b 4
fasp4blkoil fasp4elastic °

Petroleum Smoothed

Particle
Hydradynamics

Reservoir
Simulation

vector sparse matrix | Adaptive solver

| Adaptive
VEC MAT &'\&] - | Al smoother | Solver

Interface
I Al param finder |

Developers

—

ﬁ-

f'

April 23, 2023

Abstraction Level

% P EmRE R

: I
I
, I
: I
I
> 1
S | I = | FASP Basic Solvers/Preconditioners
s |linear operator: | Direct methods || ILU methods | I
0 - )
= ; 1 v s
= LOP ; ‘rl SOL I‘ | Basic methods || Schwarz methods | I Standard Preconditioning Methods
S — GMG, AMG, ILU, Schwarz, ...
E’ I solver _l Krylov methods || Multigrid methods | : L i Schwarz )
Sl o e e e mm omm omm e mm e mm e mm e o e e e e e o mm
o parallel ! I .
E , Approximate Coarse problem constructor ] - D) | - - A
3 MAP : et Interface to | ! Standard Iterative Methods
- : o Restriction Prolongation basic ! CG, MINRES, BiCGstab, GMRES, GCR, GCG, ...
: factorization constructor constructor sparse : \ 4
—————————————————————— A linear I
] . . 1 algebra | ( B
[ Multilevel Iterative method Midware Layer (MIML) ] : | Basic Sparse Linear Algebra Modules TN
! . . Serial, OpenMP, MPI, CUDA ’
J

http://www.multigrid.org/fasp

https://github.com/FaspDevTeam/faspsolver

https://github.com/FaspDevTeam/faspxx
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E IS NI A HHiSimiBEHES

Monix Energy : Blackoil, Volatile, DPDP ( 8 tests ) : o pigl: == [JHiSim

SOCF, CNOOC : Blackoil, Polymer Flooding ( 10 tests )
Simfast, CUP Qingdao : Blackoil ( 16 tests)

KarstSim, Sinopec : Carbonate ( 5 tests )

Ennosoft : Blackoil, DFN, DPDP ( 5 tests )

XXSim, PEClouds : Blackoil, Thermal, Vapor ( 70 tests )

PennSim : Compositional ( 10 tests ) BEibhEiE. BliEIl. Aol RERIL. CFEIKERL
ZE1+AIEeRR , EEERIMBERNEBXRPEEINA T
BB EE3ZIT, 201758 , BRETIX (FImEINE
HiSim, PetroChina : Blackoil, Compositional ( 40 tests )| & , FPFEGEHT—CREEUEERIER RS ) !

OpenCAEPoro : Compositional ( 10 tests )
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No Name Properties Ecl100 HiSim
Model # Total Cells |# Active Cells | Peroid (day) Newton | Time (min) [ Newton Time (min)
1 |SPE10-2 Two-phase 1122000 1094422 2000 e —— 295 41.82
2 |SPE9-9k Black-oil 9000 9000 900 339 0.12 269 0.20
3 |SPEl 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 - e 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 |Dagingl Field test (black-oil) 1453248 466913 15616 S e 5227 338.00
14 |Dagqing2 Field test (black-oil) 847895 241474 15096 8562 92.46 3072 88.05
l 5 SPE10-10M |Two-phase (large-scale ) 11220000 10944220 2000 S S 592 962.12
SPE9-9M Black-oil (large-scale) 9000000 9000000 2460 10932.81
RIS m BRE | @EeoBEE | REAMsBLS
JE5ERREE! 7623 61/)\B 245/)\AF
PEClouds SPE10 1095 0.8/)\BYf 5.5/\BF
PEClouds 22N S| 1475 0.28/\BF 0.78/\BF

&1F& : =18 (¥8e.l ) . Eamon Zhang ( PEClouds ) &
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X o ftiERaE:

a = [h, At]

ML max HSolve(Pa) ‘ < €
Feature Parameters = = = = = = [ Autotuning Model P,eP
Sampling ® E }_‘_ 1*:/ £

AT RS R EER =

v

Free Parameters s Prediction Model ® 1"]5\_@/@%5’\] |‘$ ﬁjl)sﬁi
8= (] ® R EIENFISENEEE RS

=4ICFEH ( 2020FEHHR LERIFENRET , S1FE : ahslE. /I, ENFE)
EHEMY EHIERE

Graph Subgraph | 6 =0.25 0 =0.5 Optimal AutoAMG

6.29M 4.91M 51.3 466.6 23.1 27.7
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BANERRAR , Y RBEE , EEHAIE

——BEEMELETSE Il o (o E RS EE R TRNES

OREEIU | R o s, EERAOE, EREReE

S ————— 2 BRI (G0, €, DED)
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&

e 7K. {ERHFIX SRR EPFE IRENER fEEMES ST A
EXREEE &7, xR BEHSZIE | RE AR EiEE | % MMRSZR | REFTE
RYXN=iHE a¥). FRME MR Sa BE. K. FEEHR JELIfEsE , | ORISR
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Stone Ridge/IBM

T2
{ERED

OpenCAEPoro

Scale-up

Echelon, 2017

30 X (2 Powers8 + 4 P100)

ExxonMobil

Saudi Aramco EM Powers, 2017
Schlumberger

GigaPowers, 2011 22400 X 32 cores
Intersect, 2014 .
470 X 12 cores B. Gropp: Half-Million Challenge

£ EERBRE R

288 X 2 cores SE[E TR0kt , IEEE Comp. Soc. &

Computing Power Scale-out
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FH T HEERIARIEREHRIN

Require Local and easy
communication to parallel

Given initial primary and " . ‘1 :

' | Construct Jacobian | _ ' | Update secondary @ _ _ Y

secondary unknowns * matix) [T ] unknowns o IEFHIHEREHEY

(x,s) and time stepsize k ! : !

| l i T ® IR MNEUTIEKEE

| : ® SERMISEITIHR

: Solve Jacobian Upia:\t:n?::lv:ary e ——

: = o =] 1 >

' system J6x =1 gy K IRMECRUE S F T 1y j

® LU ISR

o TEHRTIFERD
o FTIHHEEEMM

1
1
1
I
I
1
I
I
I
\ /
\ ’
N 7’
P _ -

Calculate residual r

step, update stepsize k,

Finish the current time
and then continue

o AR ERFTRIN | LIESTEENRME. IFEMEIA(C. JacobianfBFFZRL. MIHESF
® KRN K , NBSESIKE/N, IFERMEEREEZ | FRERFEKIE !
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Amdahl’s Law 1967 ’,

WNEREB1TERD & SATEIRY10% , ARFHTIIERLLADIBERE BeE e -3t 3 I (C el = e S G e S
4101 RESCIAY !

Gustafson-Barsis’s Law 1988

HWFRSMAFKR  EFRENE TR EREXIRN ERETE SR 4=y = i el é--{
[ | FEREAT R , MARETH Rt HLAJ1£0.95+0.1

Gabriel Wittum: HPC Paradox ,,

ST KIBFHEHRSR , FLEEFERMKFER10 B=FISEF P p 2L ey 8 =1 S
SRR ; (BISCIRIAES  WIRBARMEEZI AL EEEN

vy »EEEET »EEES » L
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Q = Q = kp1 T

FERA— A | B ERET ABIRRA kS, SEAEINE « 5 ?

il

EXHITHEE = S/k , BIFLERE100% !
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R AR

000000 R 000000
- 000000 - 000000
e —=—000000 = —==0/0/0/0/0/0 I N
000000 000000
; DOOiOOO, \ ) DOOiOOO,
( Main Memory j ( GPU Memory ) ( Main Memory j ( GPU Memory )

High-speed Inter-connecting Network

ELANSSERIATT R, TS HCPURTRIFIR, XIABIDE-RIFIFE, HUR(EHMATE. ..
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R4 AR I S 2 & 5

E D El—RBEmNEEBT

® fF Y& Load Balancing ( E/DEIET )

® E/MUYIENAERRRRYEIE Minimum Cuts (EZEHHT )
ZRFFICIXEN BiRE N EE5E ( Balanced Graph Partitioning ) Al , EFTITERIEAHIEIF

ZEDEIEE ( Multi-level Partitioning ) #Z/>EBFEE -
1) WERESAHITHRE (WNEVITE. EAESEEE ) | F
(EIREIRIAR/)N

) R ETRRE R R RENESITTAE (R
\ / K. REEEKEEF)

3) A EIEN ) ER R A RSN FE e
i AVEE - UBEERA ( FEGHAS , 1657 @
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BET—RESREIER , SUEH
SEPERBNFE—LE , Tl TH
PIREZHAFETERNLN , JF
SRR AR IS RIIaIE
ZH R IR RS EH D R EIELE
TRYE RMEFIERME SR IEIE
SeR LM TIT RS 28I

| OpenMP5SCUDANMEXSLY, 2108

223s

April 23, 2023

MEESET MRS HER T T

TRAVPISHEFHITI (THEEFRRLSSC-IVHES )

HFEZEL 1 2 4 8 16 32
NewtonsEZ£{ 165 165 166 166 167 162
R RER LR 905 912 926 927 940 911

FEESeAdE) ()  9992.0 52595  2686.1  1377.7 947.9 360.0
RitERfE (#) 21023.4 10285.1  5179.1 2661.1 1616.9 717.3

HITHEE (%) 100 100 101 98.8 81.3 91.6

LT ERE CPU vioo  pEBEE  MEEFD
#RJE Pk AERS (A (D) 10.97 0.97 4.41 7.37
hnizEEl (#RIEA ) - 11.3 2.5 1.5
BXERSKAERTE (7)) 10.34 0.36 0.84 1.33

o | IMELL (BIRVER ) - 28.5 12.4 7.8

CPU-GPU/DCURFIFH{TMMlit ( pkEREBE. RIZEHI419H125 )
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4500 - _ pu
4000 7 7
3500
3000
2500
2000
1500
1000
« fminimin

0

1 2 4 8 16 32
TR

] MNEE-3M/241% KEBEE-2.4M/24t%
m FRIGEEE-1.5M/361% B JLEBEZ=-1.5M/321%

2500

2000
1500
1000
- ] 1
0
1 2 4 8 16 32
REl=t

m | NEE-3M/241% KEBEE-2.4M/24t%
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SPE10 (60x220x85=1.122M , FG#8)

R T RAZSHIEF TN

SPE124 (384X320X64=7.864M , —#H

NCMIS

PR | AU | SMBEK | WIEEG) | FBREELS(s) | SlbkiRGs) | SRTE)s) | HHEER | AR | A | WIEEER() | FEREEES(s) | ZetEKER(s) | /SEYTEIS)
. 126 2087 1(()11).8 75(;;;).3 28(?3.2 38(415;.6 . ’s Los 108?.7 45(212);.4 278}.1 10(??)4.7
2 233 2229 v | mep I B 2 28 103 T o | el
d 242 2329 | e I R 4 28 103 e . | eso
: 238 2647 v | paen WDV 8 28 103 R i | s
16 245 2528 (1;;) (1537.680) (376?‘7‘50) (4;2.72) 16 28 104 (1741.544) (ig.%i) (igg;) (Zg.l_r;(z))
32 241 2782 (215‘:25) (2269.2177) (ﬁ.gig) (i(z).l%z) 32 29 119 (2387.503) (3?7'3) (12.35; (gig)
64 237 3120 (13:;6) (3215.513) (29?250) (iﬁg) 64 27 124 (3359506) (590().520) (12.5&2)) (35.14'(1))

April 23, 2023
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SPE5million (400x400x6=0.96M , 82H%3") SPESEY (767X767X6=3.530M , 7¢48%3)

RS | AU | ZMBA | KSR | ARREERR(s) | LeMEKER) | SETIEs) | HHREER | FURAT | MBS | RIRSEEE) | AEREEER(s) | ZutERiRs) | SRTIENS)
. » a3 1?;1).8 3?12).9 16(4;5);.9 23(11.;,.1 ) 20 157 89(01()).0 64(15.9 56(31?.4 25?;1)6.1
2 " o | g6 | ues | use ) s |, 20 13 | By | wom | (en | s
I I O P R
o e R I I - I P B B T O T
16 33 145 (12223) (1177.;198) (13.37'2) (1223) 1 3 190 (iz.%cl)) (is.zé;) (ﬁgg) (117411-51%i7)
32 34 140 (3;:58) (32225) (197?'273) &3.85'3) 32 39 192 (gg.lég) (;:05'2) (ii-lég) (2%(1))
64 32 129 (432?9) (43:21) (2802.634) (;cz).lfg) o4 3 192 (111?1.87.2) (;gg) (ii%g) (21.22.1)
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Table 2
Y . £ >
® 1: EXYI-:_FFT:‘?&I!EA#F ( le]tNawgato rf—'_'% ) ﬁ):l: '@E}Eﬁ E"J*ﬁ SetupCalls, SetupRatio, Iter, Time (s), Speedup®, and Speedup for the two-phase SPE10 problem.
o o o . .y u 1 2 4 8 16
)i KA RS TFESR
i, 7% = 0 239 239 239 239 239
S M (AN 3 A EEa 26 4 20 188 188 188 188 188
o ENEMNIRE) , WANRAME—EREEEN T = ~ i - = -
B = Ab2otE TN 40 33 33 33 33 33
# | BEFTREEEEX (ILVFIAMGHITA{L.
0 11.08% 14.59% 20.63% 29.34% 41.38%
\s < o
GSEEYL. FEIm—fRfR. SR 20 9.45% 12.46% 17.55% 25.45% 38.14%
30 5.19% 6.52% 9.20% 14.05% 26.09%
40 4.05% 4.99% 6.62% 11.03% 21.83%
[ (Initialize)Sotup: B \ 0 5823 5822 5818 5822 5827
. 20 5855 5854 5853 5855 5857
30 6309 6308 6315 6317 6319
S RE 5| B4R = BEH 40 7033 7034 7037 7041 7044
In w4 etu /A - obtain it™";
P 0 4753.00 2593.07 1491.97 970.26 829.24
. 20 4821.98 2606.18 1488.95 949.98 804.56
@ 30 4919.81 2617.66 1444.92 877.85 718.13
No 40 5475.72 2880.97 1570.72 946.35 769.34
Yo
” 0 1.00 1.83 3.19 4.90 5.73
B+ = B Setup: B*+1); 20 0.99 1.82 3.19 5.00 5.91
Dpeedip 30 0.97 1.82 3.29 5.41 6.62
o N ) ; : : , ;
BE{ESetupfLl) < 40 0.87 1.65 3.03 5.02 6.18
—1 0 1.00 1.83 3.19 4.90 5.73
| il 20 1.00 1.85 3.24 5.08 5.99
Speedup

\ j 30 1.00 1.88 3.40 5.60 6.8! Som®
40 1.00 1.90 3.49 5.79 7.1:'@'
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6000 6500

BN IR ITEER

Commercial Commercial
Ours,mu=0 Ours,mu=0
5000+ Ours,mu=20 60004 —— Ours,mu=20
Ours,mu=30 2 —— Ours,mu=30
—~ - Q — =
Q4000 | Ours,mu=40 e Ours,mu=40
g 5 5500
@ 2
=~ o
© 3000 e
2 s
x S 5000
O 2000 4 5
>
<
4500 4
1000 -
0 T T T T 4000 T T T T
0 400 800 1200 1600 2000 400 800 1200 1600 2000
Time (days) Time (days)
10000 1200
1000
8000
o E 800
@ 6000 | 5]
= 1]
@ =3
o 600
% 2
o 4000 &
o) @ 400
U]
2000 ~
200 4
0 T T T T o T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Time (days) Time (days)

=HEER

1= 3
2 55; I]rﬁ.l NCMIS

NumTSteps, NumNSteps, Iter, Avglter, Time (h), and Speedup comparisons of the OpenMP version of
commercial and our simulators for the two-phase SPE10 problem.

Simulators u NT 1 2 4 8 16
NumTSteps 671 785 891 1031 1100
NumNSteps 1115 1244 1328 1458 1515

Coninicial . Iter 150152 160254 161432 167757 175452
Avglter 134.7 128.8 121.6 115.1 115.8
Time 14.62 8.45 4.71 2.72 1.54
Speedup 1.00 1.73 3.10 5.37 9.49
NumTSteps 164 164 164 164 164
NumNSteps 239 239 239 239 239

0 Iter 5823 5822 5818 5822 5827
Avglter 24.4 24.4 24.3 24.4 24.4
Time 1.48 0.88 0.57 0.43 0.39
Speedup 1.00 1.68 2.60 3.44 3.79
NumTSteps 164 164 164 164 164
NumNSteps 239 239 239 239 239

20 Iter 5855 5854 5853 5855 5857
Avglter 24.5 24.5 24.5 24.5 24.5
Time 1.50 0.88 0.57 0.42 0.38

Ours Speedup 1.00 1.70 2.63 3.57 3.95
NumTSteps 164 164 164 164 164
NumNSteps 239 239 239 239 239

30 Iter 6309 6308 6315 6317 6319
Avglter 26.4 26.4 26.4 26.4 26.4
Time 1.52 0.88 0.56 0.40 0.36
Speedup 1.00 1.73 2.71 3.80 4.22
NumTSteps 164 164 164 164 165
NumNSteps 246 246 246 246 247

40 Iter 7033 7034 7037 7041 7064
Avglter 28.6 28.6 28.6 28.6 28 “ )
Time 1.68 0.96 0.60 0.42 0.55
Speedup 1.00 1.75 2.80 4.00 4.5
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8000 6500 1200 10000
w— Commercial Commercial —a— mu=0 ——mu=0
Ours,mu=0 e QUIS, MU=0 ~—e—mu=10 —e—mu=10
5000 Ours,mu=20 —~ 6000 Ours, mu=20 1000+ ——mu=20 80004 —— mu=20
Ours, mu=30 k. Ours,mu=30 s —v—mu=30 —v—mu=30
—_ —, o = = -
2 4000 Ours,mu=40 4 e Qurs, mu=40 S 800 —+— mu=40 & —— mu=40
o - g
3 3 5500 . @ 6000 -
= 8 = %)
o 2000+ s S 600+ b s i
T = - “—te—
o & 5000 & & 4000
o) jud @ 3
C 2000 1 @ 400 o
z (U]
4
4 p 4
1000 - 00 200 2000
0 T T T T 4000 T T T T 0 T T T T 0 T T T T
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000 0 20 40 60 80 100 0 20 40 60 80 100
Time (days) Time (days) Time (days) Time (days)
FITEESR =tB45
Table 5

NumTSteps, NumNSteps, Iter, Avglter, Time (h), and Speedup (compared with the commercial simulator)
comparisons of the GPU version of commercial and our simulators for the two-phase SPE10 problem.

Simulators W NumTSteps NumNSteps Iter Avglter Time Speedup Ref: Li Zhao, Chunsheng Feng, Chen-
Commercial - 1004 1431 170276 119.0 3.070 _ Song Zhang, Shi Shu, “Parallel multi-
r nditioners with iv
0 164 239 5525 23.1 0.387 7.93 stage preconditio ers : afapt €
Oure 20 164 240 5659 23.6 0.358 857 setup for the black oil model”,
30 165 240 6182 25.8 0.280 10.97 Computers & Geosciences, 168, .
40 167 244 6740 27.6 0.278 11.05 2022. _@_
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GPUREERIAIMAM, : AR <0

Table 7 SetupCalls, SetupRatio, Iter, Time (s), and Speedup of the different p for the 14000 — -
SPES5 problem. ' - -oﬁ'f;f?fﬁ'g
12000 - - -8urs,mujg,
Solvers ¢ | SetupCalls | SetupRatio | Iter Time Speedup 5 — - - Ours.mu=20
E 10000
ASMSP-GMRES-SEQ | 0 389 16.30% | 3747 | 260111 | — o ] ‘\
0 389 51.43% | 3969 | 341.25 | 7.62 = ] \
10 186 34.59% 4064 | 324.76 8.01 6000 -
ASMSP-GMRES-CUDA ’ | N
15 44 21.72% | 4508 | 313.23 | 8.30 oo ™
20 12 18.01% | 4747 | 314.50 | 8.27 0 0 2o X0 40 0 w0 700
Time (davs)
Table 8 NumTSteps, NumNSteps, Iter, Avglter, Time (s), and Speedup comparisons of 4500 ——
the commercial and our simulators for the SPE5 problem. 1000 - -oﬁgfﬁfg |
- = +Ours,mu=10
2 — - Ours,mu=
Simulators | g | NumTSteps | NumNSteps | Iter | Avglter Time Speedup S %0 \ —--Ours,mu=;g’
Commercial | — 382 748 47027 62.9 2339.00 — 2 w000 \\
0 147 389 3969 | 10.2 | 2178.78 1.07 5 = \—
2 2000- \\\
10 147 389 4064 10.4 2159.22 1.08 - ——
Ours 1500 ]
15 147 389 4508 11.6 2142.22 1.09 1
1000 T v - v r . .
20 147 389 a7a47 | 12.2 | 214347 | 1.09 om0 o -@-
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spel0fBfEsweep10)% ( ILETHBEZBSCC-T6 )

iRl A fErem CWPHA sovelE)  BEIAl g
(B)  (Bb)  (B)

1 7 9.27E-04 | 5.2847 | 3.7803 | 9.0650 -
2 7 9.27E-04 | 2.6924 | 2.9536 | 5.6460 1.61
- - . — 4 7 9.27E-04 | 1.6642 | 1.5923 | 3.2565 2.78
Algorithm 2: Fine-Grained Parallel Incomplete Factorization
1 Set unknowns l;; and u;; to initial values 8 7 | 9.276-04 | 09427 | 09902 | 1.9329 | 4.69
2 for sweep = 1,2,... until convergence do
3 parallel for (i,7) € S do
. if i > j then 16 7 9.27E-04 | 0.7441 | 0.5898 | 1.3339 6.80
i—1
5 li~=<ai~— 7 l-kuk')/u~
! ! k=1 "R TR ) LI 32 7 9.27E-04 | 0.6717 | 0.4421 | 1.1138 8.14
6 else
i—1
7 u. . pr— a[‘ . -— l. u .
ij = @ij = 2ip= LikUkg 48 7 9.27E-04 | 0.6498 | 0.4246 | 1.0744 8.44
8 end
9 end
10 end 64 7 9.27E-04 | 0.7738 | 0.5747 | 1.3485 6.72
. . ) L] &
Ref: Edmc.)nd'Chow and Aftéb Patel. 2015. Fine-Grained Parallel Incomplete _ - 96 7 927604 | 2.6111 11632 3.7743 5 40
LU Factorization. SIAM J. Sci. Comput. 37, 2 (2015), C169-C193.

April 23, 2023



~/

SRISIE Lo

‘)Zr
I+
T
W
ml

BT HRFNSHI RIS

4 NCMIS
(b-1) oil setup time (b-2) oil solve time (single) (b-3) oil total time (b-4) oil # of GMRES iterations
Cci (b3) 10! 10° 30
(@) A*(ij)..--- -t P
- R 0 o T ] o )
R " = L et
(b) N A £ 2,
it Af(u,v 102 & : - -
(b1) (b4) ry 0
240 480 960 1920 3840 240 480 960 1920 3840 240 480 960 1920 3840 240 480 960 1920 3840
# of cores # of cores # of cores # of cores

1 \ (e-1) 0il-4C setup time (e-2) oil-4C solve time (single) (e-3) 0il-4C total time (e-4) oil-4C # of GMRES iterations

2
. 107 = 10 2 30
(b2) (b5) @ ol T = 220
(] —~ — =
g - _ 5 t:t:t:t:t:t:t
i= 107 - =1
— —_— o
| \ 107 " ' ; . - S- 102! =
120 480 1920 7680 120 480 1920 7680 1 20 480 1 920 7680 1 20 480 1 920 7680
# of cores # of cores # of cores # of cores
w. ® © 1o (b-1) oil setup time 100 (b-2) oil solve time (single) (b-3) oil total time , 30 (b-4) oil # of GMRES iterations
| /‘ ) i S + Step 3 == <
H —~ — o
T D W | | Step 2 :> Sparsify 2-hop © 100 - _ 220l o N N * *
HAA 11 ki 4 T Nl g _ A e e S——
2 il el ——
7= -2
- 102]_, X ’ — . ) . . ° . . ) ¢ — * ol ) ) .
ESE 5 7 4 240 480 960 1920 3840 240 480 960 1920 3840 240 480 960 1920 3840 240 480 960 1920 3840
I # of cores # of cores # of cores # of cores
3 Step 4
* Sparsify (e-1) oil-4C setup time (e-3) 0il-4C total time (e-4) oil-4C # of GMRES iterations
intra-thread 10" » 30
dependency — g
: g 10° T~ g% P — — — — ——
Thread 2 £ 10 ~ — _ o o
= - =
kS
1072 . +*+ * 0
120 480 1920 7680 120 480 1920 7680 120 480 1920 7680 120 480 1920 7680
# of cores # of cores # of cores # of cores
———4—— StructMG(uniform) =———@—— StructMG(mix) hypre-SMG ~——#—— hypre-PFMG/SysPFMG ——+—— hypre-AMG — — — - perfect scaling
,
S &
ol S N N o L - A 74
BIFEE | TR, BESE (B%) s|ali RN ( BRITSEZI3T A &
= - 7T”"F. BFER~F \ IB+ I X OxX=

April 23, 2023



04

R

Development plans and conclusion remarks



W opencarrorottitIngEFRME 0 <D

BB AR RS RIS
FT3IE FHTRAGLIS FTEE SR THA B RRFFTIT T
BALE R B BAIES A
I B\ EASEIINANY, ARisEmris Il sENRERDEA BB AR EIA,
ZS|aEaEg SE N RERR BREERAT

iRIEIESEN [[fSEulerAtiBIESAY i [E1a N =D AV HEZRBUA (UACRT E]5 1108 REFTEE

el 53R BN NewtonZL (4 AR fANewtonj%

LMK i b ZMERIMFMATTE KrylovFZSiE)733% RIRES 0GR AIMBERIAEE

reite I SRR RS TR
\ ' J
SoasAn by gy N N SR
ZHRZEDE IR ANIREUERIARERA —— EEms

April 23, 2023 100




-E_ OpenCAEPoro¥ {4 &K >

AR

iR[EIESTE

L RER

SRBEIEN EFFREI

1e] REEIE BN ERHEME

Hal

Hi7
ﬁ%/ Saz
 mEEEE

53k
f#i%eE

FENZEN EFmrIgy
WM EE DT

April 23, 2023



v KA TRA R =9,

23 4FER O
Eﬁﬁﬂj‘bgﬁtﬂ E’*E"“Iﬂz Nonhydrostatic =~ Atmospheric  DyCore,

HERFOpenMPHITIL: WS R Sumnit, 46007555 ( 27600 V100GPU )

GPU/DCUFF{ TR, D TR EHERZ R FRIERTHRA LRSS (8
Bk, SNEIRELE.
ZEERE. BIEMEE
R AR AT (PR ST PES) | ENERER

B M. ERREE
MR RSB AR A2 5 EREE EATAEE |

BRIV DKATE B |

A CPU A ZF TN I E-NZFSEFHITERIER

JR IR ARSI ERREREREA

S B KRR BRI N AR B AR SRR % |
e GEAMBESR® o s

April 23, 2023



1% <2

NCMIS

1) IS4

® TIERME , HETIE(ER , SURRIFAIEN ERMERE

o MESEMNE , IRSNERE , (RIFEIELE A
o tilFlim. e, HUELESRE BT Sr%E

o n{ERH AR aIEuR LAt EiRSS
o “TRENTRE RS
B TRERPE R o EEIR SRS
o HEELTER , A TIBSEN

® HUESLHIRD | SEBEN D ATIBENTE

=itHE .
8 iR
o RtEEMLS. (RIFHIERE o R RTFHIR PR EM AR
o RS MRETEAIR (CPU. GPUTF) ‘ o RS EEEIEIT BN
o IRIHIRIRHIEHFI R TR ® R S ERYARRR (HE O
® FRARIEB AT ® (RIFSXIEEM-FERIFREME

April 23, 2023




24 4t 5

1GN=[] NCMIS

57 157 !

HBRENE—NEFRZL

REEenmEnsn ©
ERITE A R MR

© BiaRAIEE(FIEEERYIEDN T

SIEAFTIIRERIR A

T REATIEHE X Q

O HTIM R RRE
KHEFIE EATERIZE T

April 23, 2023



TESE 5

1. Linear solvers for petroleum reservoir simulation, C.-S. Zhang, Journal on Numerical Methods and Computer Applications, 43, 1-
26 (03/2022), in Chinese.

2. Convergence analysis of inexact two-grid methods: A theoretical framework, X. Xu and C.-S. Zhang, SIAM Journal on Numerical
Analysis, 60, 133—-156 (01/2022)

3. 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)

4. 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).

5. 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)

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)

April 23, 2023



