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Compaction - Background

= Terzaghi's principle
— Constant volume compressibility
— Relationship between void ratio and effective stress independent of time
— Compression one-dimensional
— Empirical volume compressibility
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Compaction - Geometry

= Contact interfacial area

= Ellipsoid grain with log-normal
size distribution
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Compaction - Dynamics

= Redistribution of mineral atoms near contact area
= Diffusion of elastic strain
= Creeping flow tied to Stokes law & effective stress
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Compaction - Dynamics

= Drag coefficient tied to
Reynolds number &
hydraulic radius
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Compaction - Dynamics

= (Geometrical constraint ‘
— Thickness of the solid under strain is assumed to be the ‘

indent in the original grain, b AL = b
— Constant solid volume Videntation = Vgrowtn
— Porosity tied to packing 1—¢ n 1

T 6(1-2b/80)°

= Rock stress & over burden op = (1 —¢P)o, +Pp

_Gob_(pp
0, = 1_¢
oy Tob = PP =P+ PP _ Top — P
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Compaction - Dynamics
= QOrdinary differential equation for grain size evolution

ds, o,6(89—2b) o
d—tp=—e (5 ) f(6,,b) :ffHR(‘Sp'b)

£ (8)’
‘ (53 - 20)°((8)° - 35, (5 + 2 5°%)

fur(8p, b) = 12”(53)3b ((5p)2 — (8 - Zb)z)
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Compaction - Data

. L . , u==Grt
= \Viscosity tied to shear modulus, dislocation frequency E
& temperature G = 20T
= Arrhenius type dislocation frequency 1
. , . T=—
= Activation energy from Wood’'s compensation law k
= e (77)
1.E+26 = —_ ex
e P\RT
5505 i\n\ E, = 5505 log 4
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Compaction - Data

= Porosity versus depth for varying sedimentation rates

Poro vs Depth [m]
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Compaction — Basin Modeling

= Porosity Subsidence profile
= Porosity - Depth profile
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Phase Equilibrium - Background

= Empirical data
— Capillary pressure-saturation curves
— Critical/Connate saturation
— Adsorption (Freundlich/Langmuir)
— Equation of State (Peng-Robinson)

=  Multi-component phase distribution (two phases)
=  Compositional grading
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Phase Equilibrium - Geometry

= Cap-deformed ellipsoid solid phase
= 2 adsorbed film & 3 free fluid phases
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Phase Equilibrium - Dynamics

= Phase internal & external molecular interaction

= |nteraction potential tied to polarizability, dipole
moment, & charge

Interaction - structural elements

o

Fixed dipole ’;

Freely rotating dipole

Induced dipole ‘

Electric charge (ion) @

o
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Molar Specific Energy & Interaction Potential

= |nteraction between induced dipoles of molecule / & /
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= a;a;h Jinn = Z N;@p35dV = z - N
PB TS Gme? R f T T L | T T Ligrea(si ) Rt A
v jk
Vr%in
vk -
. V.V, AniAniT, 1 re 41
l ciVcl Ni/*Nl*cl _ _
P33 = AN AN j —dV = 4t —dr = -
(N,)? %r6 AniTei + AnTe) Lk re . re 3(6]?,()3
min St
jk
ko —VeiVa2rn  AnidniTa
gNi,33 - aNiaNlNl

7 (NA)2(6jik)3 (ANiTci + ANchl)

123D
Technology
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Phase Equilibrium — Interaction Potential ||
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Pressure & Molar Specific Energy

- p
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PVT Single Phase — Single Component

RT
p (p) = —alp? — a‘p*/3 — — log(1 - Bp)

1 gtyagcna + gtyigcyn + gtnngcnt + gtvadena
44 44
15 9tNi9Cni
ac _ _ZRTC 6k
p=7

_RT log(1 — Bo) al  af RT a
P=""p 99 Py T yas Ty — g2 v
_ RT a der Waal
P=5—7 "3 van der Waa

)

123D
Technology



PVT Single Phase — Single Component
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Phase Equilibrium — Fluid Components

Fluid NIST database Fluid Derived
Methane ch4 C3-C5 c4h10
Ethane c2h6 i-Pentane c5h12-i
Propane c3h8 m-Xylene c8h10
n-Butane c4h10 Aro C6-C14 c10h8
i-Butane c4h10-i Sat C6-C14 c10h22
n-Pentane c5h12 n-Undecane cl1h24
Benzene c6h6 n-Tridecane c13h28
n-Hexane c6h14 n-Tetradecane c¢14h30
Toluene c7h8 n-Pentadecane c15h32
n-Heptane c7h16 n-Hexadecane c16h34
n-Octane c8h18 n-Heptadecane c¢17h36
n-Nonane c9h20 n-Octadecane  c18h38
n-Decane c10h22 Aro C15+ c18h12
n-Dodecane c12h26 Aro C15+ A c18h12
Carbon Dioxide co2 Aro C15+ B c18h12
Hydrogen Sulfide h2s Sat C15+ c19h40
Nitrogen n2 n-Nonadecane ¢c19h40
Oxygen 02 n-Eicosane c20h42
Water h2o Resin c38h59.50.3n.4s.2
Asphaltene ¢53h62.60n.7s.6
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Phase Equilibrium - Data

= Polarizability vs temperature & phase (a, aN r, aN i, alpha)
= Final molecule size correction vs temperature & phase (b, B, omega)
= Gibbs free energy term vs temperature & phase (F, psi)
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Phase Equilibrium - Data

= NIST fluid database & dimensionless type curves

LOPA - liquid #0 LOPA - vapor #1 LOPA -sc liquid #2 LOPA - sc vapor #3
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Phase Equilibrium — Basin Modeling
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Phase Equilibrium — Basin Modeling

= Capillary & disjoining pressure Pm =Dj —lj—m

jm jm | amj o amyj
(Gil,pq Giipg t Glipg Gu,pq)

Gl = f f ol NN, dvdV

V3 Vs
2 .
caar=={ [.awa  Capillary bubble
00

Vy Vs
*W:Dio f f .avav  Film thickness

Ayz = Anwawr: 51l
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Phase Equilibrium — Basin Modeling

=  Multi-component & multi phase distribution

= Fugacity
p
p ' Z x;jB;j(T) mole arithmetic average of B;;
?; v/’ RT i
RTlOg @ = F IT,nlii - ? dp B](T) = < Z xl-jva-
tref ) n; T L . critical volume hyperbolic average of B
L

1 ~w;(T)

— l l l \ &~ Pi
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1 1 _ i
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1/3 B wij
Cc 3 Cc Cc 1
—(af; + (3 = xij)ai_j; + xijaf;_j;) v
B. V.
—RTlog <1 - 7’) (1+V; Byerm) — RTlog (%) 123D
J Technology



Phase Equilibrium — Basin Modeling

=  Multi-component & multi phase distribution
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Phase Equilibrium — Basin Modeling

= TJransport properties

— Viscosity
— Thermal conductivity
T RN
k=TS S b=l = )
viscosity f tconductivity g

Liquid 2exp (%(TC/T — 1)) 12 (1 +3(T/T. - 1))

Vapor 1 1

— Thermal expansivity
— Compressibility
— Heat capacity

_a_P| - op
a'aTv[; ﬁ'l/v/avT

ds 1 dop 2 1
Cy= a_TvW Cp=Cv+Tv(§ v) ﬁm
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Phase Equilibrium — Basin Modeling

= Free phase viscous drag
= Hydraulic radius

. L 1 2 Tj _
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RIWF Vnwr __ V2 Thor = Lsurf% 1-¢6] \31-—¢
Awrnwr Az )
BF Ver 4} -2/3 -2/3\ 2
RE =7 = . _ LourrAr 1 Ty _ (lAr >
NWFBF 2,1 vert — T _ - —
Lsurf7 1-¢6 31—-¢
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Organic Kinetics - Background

= Pseudo components
— Inconsistent stoichiometry
— Kinetic data vary with paleo environment
— No intermediary solid component
— Little connection to present day biochemistry
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Organic Kinetics — Minerals

Lipid
Protein
Carbohydrate
P-Coke

Coke

Lignite
Graphite
Coal Vitrinite
Humin

Phenol
Lignin
Cholesterol
Humic Acid
Fulvic Acid
Amino Acid
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HOOC ( CH2 ) 14CH3
C408H620N1800126PS
(CEH1805)n

CH.685.04

CH.67

CH.849N.0150.211

C

C192H78018N2
C56.1H5.5034.7N3.750.4
CEHSOH

C16H1203

C27H460
C187H186089N9S
C135H182095N552
H2NCHRCOOH (R - C5H11)
C5HANAO3
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Organic Kinetics — van Krevelen Diagram
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Organic Kinetics - Kerogen

Initial H/C vs O/C

= Kerogen components =0 = aigee

_ I_i id 1.5 = marif\e

p . orsanusm
— Protein 10 -+ »—tvoody
plants

— Carbohydrate -

Q.0 - T T 1
0.0 0.1 0.2 0.3

o Anthropogenic mix % Kercgen

marine woody

algae organism plants
Lipid 76% 53% 35%
Protein 14% 4% 0%
Carbohydrate 10% Aa43% 65%
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Organic Kinetics - Reactions

Fumic Acid > 0.20* CVitrinite+ 2.32 * Humin+36.22* C1+ 0.07 “H2S+ 6.35 * H20
Fulvic Acid > 2335 *Coke + 0.56 * Humic Acid + 7.76 * (024 15.88 * H2S+4 273 * H20
Amino Acid > 0.07* Cholesterol + 0.05* ASPH4 043 * Nz + 280 * H20

CVitrinite 58318 *Coke + 385*C1+ 5.00*COZ+ 1.0O* N2

Fumin ->35.42 * Graphite= 0.39 * Lignin+ 16.76 * (02 < 0.40 * H2S+ 185 * N2

Phenal > 150 * Graphite+ 0.02 * ARO15+ + 0.14 * SAT15++ 0.50 * CO2

Lignin > 7.03 * Graphite+ 0.29 * Pagnol+ 1.21* C14 271 * K20

Cholesterol > 1.00 * Phenol+ 0.24 * AROIS4 =+ 0.8 * SATLS5+

Lipid > 042 * Phenol+ 0.43 * Cholestercl + 183 * CL+ 115 % K20

Protein 36,77 *Phenol + 9.59 * Amino Acid+ 1.15 * NSO+ 132 * ASPH +44.71 " N2+ 62.85 * H20
Cerbohydrate > 0.01* CVitrinite+ 0.04 * FulvicAcic +0.002 * C1+ C.08 *CO2+0.005 * N2+ 132 *H20
W) > 050 * Graphite+ 1.50 * Ct

(35 > 086* Coke+0.007 *Cl+ L57* Q2

ARO6-14 > 387 * Coke+ 003*CL+ 054*C2+ 107%C35

SATE-14 > 060* Coke+ 140*CL+ 0577 C3-5+ 0.62 * AROE-14

ARQLS4 > 11,88 * Coke + 0.10*C1+ 0.3 * (354 0.42 * AROS-14

SAT15- > 0.60* Coke+ 240 CL+ 1.39* SATE-14 + 0.18 * ARO1S+

NSO > 1.60* AROE-14 + 0,49 * SAT6-14 + 0.95 * ARO1SH + 0,08 * SATIS++ 0.23* CO2+ 0.16 * H2S+ C.19 * N2 123D
ASFH > 1075 *Coke + 1.37 * ARCIS++ 046 * NSO+ 0.26* CO2+ 0.55* H25- 073 * W2
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Organic Kinetics — Basin Modeling
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Issues

= Data refinement
= Speed
= Stability
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Issues — Data Refinement

= Fuid data
— Substitute dimensionless type curves (21) with NIST type fluid database (19)
— Kinetics (xi, E & A)
= Mineral data
— LN dist (o & B2)
— Elasticity (G & v)
— Viscosity (u & T)
— Electrical (u & €)
— Kinetics (xi, E & A)
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sSsues — Speed

Precision 7740° West Greenland | DCG DCG 1AJK-24 1AJK-24 Ravn-1 Ravn-1

16 proc 2.4 Ghz 128 | Gen&Mig 2P Gen&Mig MP Gen&Mig 2P Gen&Mig MP Gen&Mig 2P Gen&Mig MP | Gen&Mig 2P

GB

Study area 312 km * 432 km | 90 km * 65 km 90 km * 65 km 50 km * 1 km 50 km * 1 km 1D 1D

(~135000 km?) (~6000 km?) (~6000 km?) (50 km?) 2D (50 km?) 2D

Components 8+5 21+13 9+5 21+13 9+5 21+13 9+5

(solid+fluid)

Horizontal gridcells 20x20=400 21x19=399 21x19=399 40 40 1 1

Avg. cell size 16 km * 22 km 43km*3.4km | 43km*3.4km | 1.25km*1km | 1.25km*1km | 1km* 1km 1km*1km

Basin thickness 1-7km 4-7km 4-7km 4 -7 km 4 -7 km 4.4 km 4.4 km

Vertical gridcells 26 74 74 74 74 73 73

Study time 152 ma 290 ma 290 ma 290 ma 290 ma 290 ma 290 ma

Execution time 5.6 hours 9.1 days 8.5 days 1.7 days 1.9 hours 1 hour 8 min
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ssues — Task Timin

= Hardware
— Parallel
= CPU
= GPU

= Key task
— Compaction
— Phase density
— Phase distribution
— Transport properties

Ta=sk Timing:

TT_MODELINI
TT_GRIDSEN

TT_GRIDVAR

TT_GRIDADMIN

TT_SETUE
TT_S0LVE_EXCES3ERESSAT
TT_S0LE EXCESIFRESSAT
TI_S0LE FLUIDFRES
TT_SOLVE ROCEEOS
TT_SOLVE ROCESYSTEM
TT_S0LE ROCESYSTEM
TT_SOLVE_TEMEERATTRE
TT_S0LE TEMEERATURE
TT_MF ANTE

TT_MF SETUE

TT_MF INITIAL

TT_MF DENSITY
TT_MF KL _DIST_CCEF
TT_MF_DIST_CCEF
TT_MF 1M DIST_COEF
TT_MF IM SIJ FUN
TT_MF_IM FUN
TT_MF 1M DEUN
TT_MF_IM 3CL
TT_MF_IM DIST

TT_MF EBOST

TT_UFDATE ITE_ANWTE ROCE
TT_UFDATE 30L_EFRE3SAT
TT_UFDATE 30L_TRANIEROE

TT_UFDATE_30L_FETROFLOWEROE

TT_UFDATE EOST_ITE
TT_CTUPETT

Jolve time [(==c] — Total:

Elapsed time (=ec) — Total:

230.00
1408.00

[mec]
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[mec)
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[mec]
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[=m=e)
[mec)
[=m=e)
[=m=e)
[=ec)
[=m=e)
[=m=e)
[=m=e)

[=m=e)
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ssues — Stability

Loss of mass balance

Remedies
— Suppressing activity

Flow path fraction of cell length
Cracking fraction of component

Mass balance report
MMtons pr 1 km?:

Rock

quarts
Feldspar
Albite
Chlorite
Illite
Imectite
Faolinite
Caloite
Dolomite
Siderite
Eyrite
Anhydrite
Humic Acid
Fulvic Acid
Amino Acid
Coke
Graphite
C Vitrinite
Humin
Fhenol
Lignin
Cholesterol
Lipid
Protein
Carbohydrate

Eerogen

Carbon
fae

cz

Ca-5
AROE-14
SATE-14
ARDIS+
SATI15+
Hao

ASFH

HzO

Inside =
9502
JBEI_E
5E€1.15
275.71
S5€.105
523.7%
721.81
115%.3
11€1.6
E6_38
39E._04
B_B3Z5
105. &2
5. 01&62e-07
1.27€0e—05
0.o01@4z
0.&9454
1.2777
1.3242e-0€
5.87E2=—08
1_7azE
2._0457=-10
1.2521
3a.1187
0.025582
2.758€
7.2
B.3
0.1949€
0.0&327€
0.2445%
0. 017067
0.1B025
1_5718
1_5HE8
0.027782
0.031&45
0.77€41
0.0E3E25
i.8a07
€14 42

Eoundary
g502

JEEI_E
5€1.15
275.72
S5€.105
523.7%
721.82
1i155.3
11€1.€
€B_3H
S5€._05
B_BAaZE

105. €2

o

a

€.344=—07
1.3€33=-12
a

a

o
1.5881e-0€
o
1_EB43Be-0%
5_z2002
13a.50%9
2.7581

21.5

1z.5
-1.1871e—12
a

o
=7.4B22e-1H
-2.1124=-1H
=1_EE2e-17
-3 .2008=-20
-5.7154=-13
-5.128&6=—13
-1.0114=-15
—1.644%=—15
—2.€887=—0%
21073

+ Jource

o D DD D DD Do oD

[

S . BTEE=—0T
1.4253e-03
2.1003
0.&6549€3
1.2777
1.7856e—0€
€_518%=—08
5.7a78
3.4592%=-10
1._775€

[

[

0

4.6
0.2431¢
0.1&0€1
0.E20B2
1.314€
0.45€17
a.7208
2.0513
2.54835

= 3ink
a
a
a
1}
1}
1}
1}
1}
a
a
a
a

B.€121=-08
1.5257e-0€
2.0821

1}

1}
4.€151e-07
£_4324e-0%8
4.0044
4_4185=-11
0.5232
2.0804%
13.4283
1.5213e-05
i8.2

1}
1.5308€e—0€
1_8134e=-05

0.€3775
5_Z2€12e-05
7.5834e-05
0.003€E087
1.7128
2.4574

1}

1}
1}
a

Diff_ &
—4e-13
-5.%e-05
-0.00028
-0.0012
—0.00017
5.5e-13
-0.000342
-7.3e-13
—5.1le-10
Z2.5e-11
-0.00043
—0.0005
Se-12
0.008%
o.aa7?
—0.00085
-0.013
—0.00057
0.0074
o.o08
-0.013
-0.15
-0.001%
-0.021
-0.004%
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Conclusion

= First principles model
— Compaction
— Phase equilibrium
— Kinetics

= |ssues
— Data
— Speed
— Stability
= Remedy

— Cooperation with stakeholders
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