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Introduction

name: Annette Fugl

education: MSc ME - fluid/solid mechanics

PhD - circulation fluidized bed

OJT - basin modeling

Post Doc - 3D basin modeling

experience: Development of basin models
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▪ Outline
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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

𝑢 =
𝑑𝛿𝑝
𝑑𝑡

=
1

2𝜇
𝑅𝐻
2
𝜎𝑟 − 𝑝

𝛥𝐿
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Compaction - Dynamics

▪ Drag coefficient tied to 
Reynolds number & 
hydraulic radius

𝑅𝐻 =
𝐴𝑆𝐹
𝑝𝑆𝐹

𝑝𝑆𝐹 = 12𝜋𝑎

𝐴𝑆𝐹 = 𝜋 𝛿𝑝
2
− 3𝜋𝛿𝑝 𝑏 + 𝑑

𝑎2 =
𝛿𝑝
0

2
+ 𝑑

2

−
𝛿𝑝
0

2
− 𝑏

2

⇒ 𝑅𝐻 =
𝛿𝑝

2
− 3𝛿𝑝 𝑏 +

𝛿𝑝 − 𝛿𝑝
0

2

12
𝛿𝑝
2

2

−
𝛿𝑝
0

2
− 𝑏

2
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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

– Constant solid volume 

– Porosity tied to packing

▪ Rock stress & over burden 𝜎𝑜𝑏 = 1 − 𝜙 𝜎𝑟 + 𝜙𝑝

𝜎𝑟 =
𝜎𝑜𝑏 − 𝜙𝑝

1 − 𝜙

𝜎𝑟 − 𝑝 =
𝜎𝑜𝑏 − 𝜙𝑝 − 𝑝 + 𝜙𝑝

1 − 𝜙
=
𝜎𝑜𝑏 − 𝑝

1 − 𝜙

𝛥𝐿 = 𝑏
𝑉𝑖𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = 𝑉𝑔𝑟𝑜𝑤𝑡ℎ

1 − 𝜙 =
𝜋

6

1

1 − 2 Τ𝑏 𝛿𝑝
0 3
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Compaction - Dynamics

▪ Ordinary differential equation for grain size evolution

𝑑𝛿𝑝
𝑑𝑡

=
𝜎𝑒
𝜇

6 𝛿𝑝
0 − 2𝑏

3

𝜋 𝛿𝑝
0 3 𝑓 𝛿𝑝, 𝑏 =

𝜎𝑒
𝜇
𝑓𝐻𝑅 𝛿𝑝, 𝑏

𝑓𝐻𝑅 𝛿𝑝, 𝑏 =
𝛿𝑝
0 − 2𝑏

3
𝛿𝑝

2
− 3𝛿𝑝 𝑏 +

𝛿𝑝 − 𝛿𝑝
0

2

2

12𝜋 𝛿𝑝
0 3

𝑏 𝛿𝑝
2
− 𝛿𝑝

0 − 2𝑏
2
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Compaction - Data

▪ Viscosity tied to shear modulus, dislocation frequency 
& temperature

▪ Arrhenius type dislocation frequency

▪ Activation energy from Wood’s compensation law

𝜇 = 𝐺𝜏

𝐺 =
𝐸

2 1 + 𝜈

𝜏 =
1

𝑘

𝑘 = 𝐴𝑒𝑥𝑝
−𝐸𝐴
𝑅𝑇

𝐸𝐴 = 5505 𝑙𝑜𝑔
𝐴

𝐴𝑟𝑒𝑓
A = G/𝜇ref

Aref = Gref/𝜇ref

𝜇 = 𝜇ref
𝐺

𝐺𝑟𝑒𝑓

5505
𝑅𝑇
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Compaction - Data

▪ Porosity versus depth for varying sedimentation rates
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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

▪ Interaction potential tied to polarizability, dipole 
moment, & charge
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Molar Specific Energy & Interaction Potential

𝜑33
𝑖𝑙 =

−3

2𝑟6
1

4𝜋𝜀0
2 𝛼𝑖𝛼𝑙ℎ

𝑓𝑖𝑓𝑙
𝑓𝑖 + 𝑓𝑙

𝑔𝑖,33
𝑗𝑘

=෍

𝑙

඲

𝑉𝑚𝑖𝑛
𝑖𝑖

∞

𝑁𝑙𝜑33
𝑖𝑙 𝑑𝑉 =෍

𝑙

−ℎ𝛼𝑖𝛼𝑙

8𝜋𝜀0
2 𝛿𝑗𝑘

𝑖 3

𝑓𝑖𝑓𝑙
𝑓𝑖 + 𝑓𝑙

𝑁𝑙

𝑔𝑁𝑖,33
𝑗𝑘

=෍

𝑙

−𝑉𝑐𝑖𝑉𝑐𝑙2𝜋

𝑁𝐴
2 𝛿𝑗𝑘

𝑖 3

𝜆𝑁𝑖𝜆𝑁𝑙𝑇𝑐𝑙
𝜆𝑁𝑖𝑇𝑐𝑖 + 𝜆𝑁𝑙𝑇𝑐𝑙

𝛼𝑁𝑖𝛼𝑁𝑙𝑁𝑙

න

𝑉𝑚𝑖𝑛
𝑗𝑘

𝑉𝑗𝑘

1

𝑟6
𝑑𝑉 = ඲

𝛿𝑗𝑘
𝑖

∞

4𝜋
𝑟2

𝑟6
𝑑𝑟 =

4𝜋

3 𝛿𝑗𝑘
𝑖 3

▪ Interaction between induced dipoles of molecule i & l

𝜑𝑁33
𝑖𝑙 =

−𝑉𝑐𝑖𝑉𝑐𝑙

𝑁𝐴
2 2
3 𝑟

6

𝜆𝑁𝑖𝜆𝑁𝑙𝑇𝑐𝑙
𝜆𝑁𝑖𝑇𝑐𝑖 + 𝜆𝑁𝑙𝑇𝑐𝑙

𝛼𝑁𝑖𝛼𝑁𝑙
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Phase Equilibrium – Interaction Potential I

p q Interaction potential term ൗ−𝐺𝑁𝑖𝑙,𝑝𝑞
𝑗,𝑚

𝐴𝑗,𝑚 ൘−
𝜕𝐺𝑁𝑖𝑙,𝑝𝑞

𝑗,𝑚

𝜕𝑛𝑖
𝑗

𝐴𝑗,𝑚 −𝑔𝑁𝑖,𝑝𝑞
𝑗

[kTci – J/molecule] [N/m] [Jm/mol] [J/mol]

11

𝑉𝑐𝑖𝑉𝑐𝑙
𝑇𝑐𝑙
𝑇𝑐𝑖

𝛿𝑁𝑖𝛿𝑁𝑙 ሻ2cos(𝛩𝑖)cos(𝛩𝑙)−sin(𝛩𝑖)sin(𝛩𝑙)cos(𝜑𝑖𝑙

3

8𝜋
𝑁𝐴

Τ2 3 𝑛𝑖
Τ5 3 5

8𝜋
𝑁𝐴

Τ2 3 𝑛𝑖
Τ2 3 3

8𝜋
𝑁𝐴

𝑛𝑖

13 𝑉𝑐𝑖𝑉𝑐𝑙𝛿𝑁𝑖𝛼𝑁𝑙 1+ 3 cos2(𝛩𝑖) 1

32𝛿𝑗𝑘
2 =

𝜋

8𝐵𝑎

𝑛𝑖𝑛𝑙 1

32𝛿𝑗𝑘
2 =

𝜋

8𝐵𝑎

𝑛𝑙 1

2𝛿𝑗𝑘
3 =

2𝜋𝑁𝐴
3𝐵𝑉

𝑛𝑙

14

𝑉𝑐𝑖 𝑉𝑐𝑙
1
6

𝑇𝑐𝑙
𝑇𝑐𝑖

𝛿Ni𝜏Nlcos 𝛩𝑖

3

8𝜋
𝑁𝐴

Τ2 3 𝑛𝑖
Τ4 3 1

2 3𝜋
𝑁𝐴

Τ2 3 𝑛𝑖
Τ1 3 0 -

22
𝑉𝑐𝑖𝑉𝑐𝑙

𝑇𝑐𝑙
𝑇
𝛿𝑁𝑖𝛿𝑁𝑙

1

64𝜋𝛿𝑗𝑘
2 =

1

16𝐵𝑎

𝑛𝑖𝑛𝑙 1

64𝜋𝛿𝑗𝑘
2 =

1

16𝐵𝑎

𝑛𝑙 1

4𝜋𝛿𝑗𝑘
3 =

𝑁𝐴
3𝐵𝑉

𝑛𝑙

23 𝑉𝑐𝑖𝑉𝑐𝑙𝛼𝑁𝑙𝛿𝑁𝑖 1

16𝛿𝑗𝑘
2 =

𝜋

4𝐵𝑎

𝑛𝑖𝑛𝑙 1

16𝛿𝑗𝑘
2 =

𝜋

4𝐵𝑎

𝑛𝑙 1

𝛿𝑗𝑘
3 =

4𝜋𝑁𝐴
3𝐵𝑉

𝑛𝑙

24
𝑉𝑐𝑖 𝑉𝑐𝑙

1
3
𝑇𝑐𝑙
T
𝛿𝑁𝑖 𝜏𝑁𝑙

2
1

64𝜋2
𝑁𝐴

Τ2 3 𝑛𝑖
2 1

32𝜋2
𝑁𝐴

Τ2 3
𝑛𝑖 𝑁𝐴

Τ2 3

8𝜋𝛿𝑗𝑘
=

𝑁𝐴
3
384𝜋2𝐵𝑉

𝑛𝑙

31
𝑉𝑐𝑖𝑉𝑐𝑙𝛿𝑁𝑙𝛼𝑁𝑖 1+ 3cos2(𝛩𝑙)

𝑇𝑐𝑙
𝑇𝑐𝑖

1

32𝛿𝑗𝑘
2 =

𝜋

8𝐵𝑎

𝑛𝑖𝑛𝑙 1

32𝛿𝑗𝑘
2 =

𝜋

8𝐵𝑎

𝑛𝑙 1

2𝛿𝑗𝑘
3 =

2𝜋𝑁𝐴
3𝐵𝑉

𝑛𝑙

32
𝑉𝑐𝑖𝑉𝑐𝑙𝛼𝑁𝑖𝛿𝑁𝑙

𝑇𝑐𝑙
𝑇𝑐𝑖

1

16𝛿𝑗𝑘
2 =

𝜋

4𝐵𝑎

𝑛𝑖𝑛𝑙 1

16𝛿𝑗𝑘
2 =

𝜋

4𝐵𝑎

𝑛𝑙 1

𝛿𝑗𝑘
3 =

4𝜋𝑁𝐴
3𝐵𝑉

𝑛𝑙
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Phase Equilibrium – Interaction Potential II

p q Interaction potential term ൗ−𝐺𝑁𝑖𝑙,𝑝𝑞
𝑗,𝑚

𝐴𝑗,𝑚 ൘−
𝜕𝐺𝑁𝑖𝑙,𝑝𝑞

𝑗,𝑚

𝜕𝑛𝑖
𝑗

𝐴𝑗,𝑚 −𝑔𝑁𝑖,𝑝𝑞
𝑗

[kTci – J/molecule] [N/m] [Jm/mol] [J/mol]

33
𝑉𝑐𝑖𝑉𝑐𝑙

𝜆𝑁𝑖𝜆𝑁𝑙𝑇𝑐𝑙
𝜆𝑁𝑖𝑇𝑐𝑖 + 𝜆𝑁𝑙𝑇𝑐𝑙

𝛼𝑁𝑖𝛼𝑁𝑙
𝜋

8𝛿𝑗𝑘
2 =

𝜋2

2𝐵𝑎

𝑛𝑖𝑛𝑙 𝜋

8𝛿𝑗𝑘
2 =

𝜋2

2𝐵𝑎

𝑛𝑙 2𝜋

𝛿𝑗𝑘
3 =

8𝜋2𝑁𝐴
3𝐵𝑉

𝑛𝑙

34
𝑉𝑐𝑖 𝑉𝑐𝑙

1
3𝛼𝑁𝑖 𝜏𝑁𝑙

2
𝑇𝑐𝑙
𝑇𝑐𝑖

1

16𝜋
𝑁𝐴

Τ2 3 𝑛𝑖
2 1

8𝜋
𝑁𝐴

Τ2 3
𝑛𝑖 1

2𝛿𝑗𝑘
𝑁𝐴

Τ2 3 =
3 𝜋

6

𝑁𝐴
3 𝐵𝑉

𝑛𝑙

41

ቍ𝑉𝑐𝑙 𝑉𝑐𝑖
1
6

𝑇𝑐𝑙
𝑇𝑐𝑖

𝛿Nl𝜏Nicos(𝛩𝑙

3

8𝜋
𝑁𝐴

Τ2 3 𝑛𝑖
Τ4 3 1

2 3𝜋
𝑁𝐴

Τ2 3 𝑛𝑖
Τ1 3 0 -

42
𝑉𝑐𝑙 𝑉𝑐𝑖

1
3
𝑇𝑐𝑙
T
𝛿𝑁𝑙 𝜏𝑁𝑖

2
1

64𝜋2
𝑁𝐴

Τ2 3 𝑛𝑖
2 1

32𝜋2
𝑁𝐴

Τ2 3
𝑛𝑖 1

8𝜋𝛿𝑗𝑘
𝑁𝐴

Τ2 3 =
𝑁𝐴

3
384𝜋2𝐵𝑉

𝑛𝑙

43 𝑉𝑐𝑙 𝑉𝑐𝑖
1
3𝛼𝑁𝑙 𝜏𝑁𝑖

2 1

16𝜋
𝑁𝐴

Τ2 3 𝑛𝑖
2 1

8𝜋
𝑁𝐴

Τ2 3
𝑛𝑖 1

2𝛿𝑗𝑘
𝑁𝐴

Τ2 3 =
3 𝜋

6

𝑁𝐴
3 𝐵𝑉

𝑛𝑙

44

𝑉𝑐𝑖
1
6 𝑉𝑐𝑙

1
6

𝑇𝑐𝑙
𝑇𝑐𝑖

𝜏𝑁𝑖𝜏𝑁𝑙

−1

8𝜋
𝑁𝐴

Τ2 3
𝑛𝑖 −1

8𝜋
𝑁𝐴

Τ2 3
1 −1

8𝜋
𝑁𝐴

𝑛𝑖
Τ1

55

𝑉𝑐𝑖𝑉𝑐𝑙
𝑇𝑐𝑙
𝑇𝑐𝑖

𝛿𝑁𝑖𝛿𝑁𝑙

3

4𝜋
𝑁𝐴

Τ2 3 𝑛𝑖
Τ5 3 5

4𝜋
𝑁𝐴

Τ2 3 𝑛𝑖
Τ2 3 3

8𝜋
𝑁𝐴

𝑛𝑖

66
𝑇

𝑇𝑐𝑖
𝑒𝑥𝑝 −

1

𝜅𝑁𝑖

𝑁𝑖𝑉𝑐𝑖
𝑁𝐴

Τ−1 3 36𝑁𝐴
Τ2 3

𝑛𝑖
Τ2 3 12𝑁𝐴

Τ2 3 𝑔66−𝐴 288𝜋𝑁𝐴 𝑔66
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Pressure & Molar Specific Energy

𝑔 =෍

𝑖

𝑥𝑖
𝑗
𝑔𝑖 + 𝑘𝑇 𝑙𝑜𝑔

𝜌

1 − 𝐵𝜌
+෍𝑥𝑖𝐹𝑖

𝑝 = ඲

0

𝜌

𝜌
𝜕g

𝜕𝜌
𝑇

𝑑𝜌 = න

0

𝜌

𝜌
𝜕

𝜕𝜌
෍

𝑖
𝑥𝑖
𝑗
𝑔𝑖 𝑇

𝑑𝜌 −
𝑘𝑇

𝐵
𝑙𝑜𝑔 1 − 𝐵𝜌

𝑝 =෍
𝑖
𝑅𝑇𝑐𝑖𝑥𝑖

𝑗𝑘
෍

𝑙
෍

𝑝
෍

𝑞

𝑛 + 𝑚

𝑛 +𝑚 + 1
𝑥𝑖
𝑛𝑥𝑙

𝑚𝜌𝑛+𝑚+1
𝑔𝑡𝑁𝑖𝑙

𝑝𝑞
𝑔𝑐𝑁𝑖𝑙

𝑝𝑞

𝛿𝑘
−
𝑘𝑇

𝐵
𝑙𝑜𝑔 1 − 𝐵𝜌

𝐵𝑗 𝑇 =
4𝜋

3
𝛿3 = 2𝑏𝑣𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙 =

෍

𝑖

𝑥𝑖𝑗𝐵𝑖𝑗 𝑇 𝑚𝑜𝑙𝑒 𝑎𝑟𝑖𝑡ℎ𝑚𝑒𝑡𝑖𝑐 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝐵𝑖𝑗

෍
𝑖
𝑥𝑖𝑗𝑣𝑐𝑖

෍
𝑖

𝑥𝑖
𝜔𝑖 𝑇

𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 ℎ𝑦𝑝𝑒𝑟𝑏𝑜𝑙𝑖𝑐 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝐵𝑖𝑗
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PVT Single Phase – Single Component

p ρ = −𝑎𝑙𝜌2 − 𝑎𝑐𝜌 Τ4 3 −
𝑅𝑇

𝐵
𝑙𝑜𝑔 1 − 𝐵ρ

𝑎𝑙 = −1
2𝑅𝑇𝑐

𝑔𝑡𝑁𝑖𝑙
22 𝑔𝑐𝑁𝑖𝑙

22 + 𝑔𝑡𝑁𝑖𝑙
23 𝑔𝑐𝑁𝑖𝑙

23 + 𝑔𝑡𝑁𝑖𝑙
32 𝑔𝑐𝑁𝑖𝑙

32 + 𝑔𝑡𝑁𝑖𝑙
33 𝑔𝑐𝑁𝑖𝑙

33

𝛿𝑘

𝑎𝑐 = −1
4
𝑅𝑇𝑐

𝑔𝑡𝑁𝑖𝑙
44 𝑔𝑐𝑁𝑖𝑙

44

𝛿𝑘

ρ = 1
𝑉

𝑝 = −
𝑅𝑇

𝐵
𝑙𝑜𝑔 1 − 𝐵ρ −

𝑎𝑙

𝑉2
−

𝑎𝑐

𝑉 Τ4 3
≈

𝑅𝑇

𝑉 − Τ𝐵 2
−

𝑎

𝑉2

𝑝 =
𝑅𝑇

𝑉 − 𝑏
−

𝑎

𝑉2
𝑣𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙
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PVT Single Phase – Single Component

𝑝𝑟 =
𝛢 𝑇𝑟
𝑣𝑟

2 −
𝑇𝑟

𝛺 𝑇𝑟
𝑙𝑜𝑔 1 −

𝛺 𝑇𝑟
𝑣𝑟

𝑔𝑟 = 2
𝛢 𝑇𝑟
𝑣𝑟

− 𝑇𝑟 𝑙𝑜𝑔 1 −
𝛺 𝑇𝑟
𝑣𝑟

− 𝑇𝑟 𝑙𝑜𝑔 𝑣𝑟 +𝛹 𝑇𝑟

𝑇𝑟 =
𝑇

𝑇𝑐
𝑝𝑟 =

𝑝𝑉𝑐
𝑅𝑇𝑐

𝛺 𝑇𝑟 =
𝐵

𝑉𝑐

𝑣𝑟 =
𝑉

𝑉𝑐
𝑔𝑟 =

𝑔

𝑅𝑇𝑐
𝛢 𝑇𝑟 =

𝑓

𝑅𝑇𝑐𝑉𝑐

𝑎𝑟 =
𝑎

𝑅𝑇𝑐
𝑠𝑟 =

𝑠

𝑅
𝛹 𝑇𝑟 =

𝐹

𝑅𝑇𝑐
− 𝑇𝑟 𝑙𝑛 𝑉𝑐
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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 c11h24

Benzene c6h6 n-Tridecane c13h28

n-Hexane c6h14 n-Tetradecane c14h30

Toluene c7h8 n-Pentadecane c15h32

n-Heptane c7h16 n-Hexadecane c16h34

n-Octane c8h18 n-Heptadecane c17h36

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 o2 n-Eicosane c20h42

Water h2o Resin c38h59.5o.3n.4s.2

Asphaltene c53h62.6on.7s.6



123D

TechnologyD
1 2

3

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
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Phase Equilibrium – Basin Modeling

▪ Interfacial tension

𝛾𝑗,𝑗+1 =
1

2
෍

𝑚

𝐽

𝑠𝑖𝑔𝑛𝑗,𝑚
𝑢𝑝

෍

𝑖

𝐼

෍

𝑙

𝐿

෍

𝑝

𝑃

෍

𝑞

𝑄
𝜕𝐺𝑖𝑙,𝑝𝑞

𝑗,𝑚

𝜕𝐴𝑗,𝑚
+෍

𝑚

𝐽

𝑠𝑖𝑔𝑛𝑗+1,𝑚
𝑑𝑜𝑤𝑛 ෍

𝑖

𝐼

෍

𝑙

𝐿

෍

𝑝

𝑃

෍

𝑞

𝑄
𝜕𝐺𝑖𝑙,𝑝𝑞

𝑗+1,𝑚

𝜕𝐴𝑗+1,𝑚

𝑠𝑖𝑔𝑛𝑗,𝑚
𝑢𝑝

= ቐ
1 ∀𝑚 > 𝑗 ∵ 𝑎𝑐𝑟𝑜𝑠𝑠

−1 ∀𝑚 ≤ 𝑗 ∵ 𝑠𝑎𝑚𝑒 𝑠𝑖𝑑𝑒
𝑠𝑖𝑔𝑛𝑗+1,𝑚

𝑑𝑜𝑤𝑛 = ቐ
1 ∀ 𝑗 + 1 > 𝑚 ∵ 𝑎𝑐𝑟𝑜𝑠𝑠

−1 ∀ 𝑗 + 1 ≤ 𝑚 ∵ 𝑠𝑎𝑚𝑒 𝑠𝑖𝑑𝑒

𝛾𝑠,𝑗,𝑚 = 𝛾𝑗,𝑚𝑐𝑜𝑠 𝛩𝑠,𝑗,𝑚 = 𝛾𝑠,𝑚 − 𝛾𝑠,𝑗

𝐺𝑖𝑙,pq
𝑗𝑘,𝑚𝑛

= න

𝑉𝑗𝑘
𝑚𝑖𝑛

𝑉𝑗𝑘

න

0

𝑉𝑚𝑛

𝜑pq
𝑖𝑙 𝑁𝑖𝑁𝑙 𝑑𝑉𝑑𝑉

න

𝑉𝑗𝑘
𝑚𝑖𝑛

𝑉𝑗𝑘

න

0

𝑉𝑚𝑛

1
𝑟6
𝑑𝑉𝑑𝑉 = 𝐴𝑗𝑘,𝑚𝑛

𝜋

12 𝛿𝑗𝑘
𝑖 2
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Phase Equilibrium – Basin Modeling

▪ Capillary & disjoining pressure

𝐺𝑖𝑙,pq
𝑗𝑘,𝑚𝑛

= න

𝑉𝑗𝑘
𝑚𝑖𝑛

𝑉𝑗𝑘

න

0

𝑉𝑚𝑛

𝜑pq
𝑖𝑙 𝑁𝑖𝑁𝑙 𝑑𝑉𝑑𝑉

𝑝𝑚 = 𝑝𝑗 − 𝛱𝑗−𝑚

𝛱𝑗−𝑚 =
𝜕

𝜕𝛿𝑖𝑙
෍

𝛼

𝑥𝛼
𝑣𝑜𝑙඲

0

∞

𝑓𝛼 𝛿𝑝

2𝐴𝑗,𝑚
𝑑𝛿𝑝෍

𝑖

𝐼

෍

𝑙

𝐿

෍

𝑝

𝑃

෍

𝑞

𝑄

෍

𝑗≠𝑚

𝐺𝑖𝑙,𝑝𝑞
𝑗,𝑚

− 𝐺𝑖𝑖,𝑝𝑞
𝑗,𝑚

+ 𝐺𝑙𝑖,𝑝𝑞
𝑚,𝑗

− 𝐺𝑙𝑙,𝑝𝑞
𝑚,𝑗

𝐴3,2 = 𝐴𝑊𝐹,𝑁𝑊𝐹 :
𝜕

𝜕𝛿𝑖𝑙
න

0

𝑉3

න

0

𝑉2

∗ 𝑑𝑉𝑑𝑉 =
2

𝑟𝑐𝑖
න

0

𝑉3

න

0

𝑉2

∗ 𝑑𝑉𝑑𝑉

𝐴4,3 = 𝐴𝑁𝑊𝐴,𝑊𝐹 :
𝜕

𝜕𝛿𝑖𝑙
න

0

𝑉4

න

0

𝑉3

∗ 𝑑𝑉𝑑𝑉 =
4

𝐷𝑜
න

0

𝑉4

න

0

𝑉3

∗ 𝑑𝑉𝑑𝑉

Capillary bubble

Film thickness
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Phase Equilibrium – Basin Modeling

▪ Multi-component & multi phase distribution

▪ Fugacity

𝑅𝑇𝑙𝑜𝑔
ො𝜑𝑖

ො𝜑𝑖 𝑟𝑒𝑓
= ඲

0

𝑝

𝜕𝑉𝑡
𝑗

𝜕𝑛𝑖
𝑗
|𝑇,𝑛𝑙≠𝑖 −

𝑅𝑇

𝑝
𝑇

𝑑𝑝

= − 𝑎𝑗𝑗
𝑙 + 1 − 𝑥𝑖𝑗 𝑎𝑖−𝑗𝑗

𝑙 + 𝑥𝑖𝑗𝑎𝑖𝑖−𝑗𝑗
𝑙 1

𝑉𝑗

+
1

𝑉𝑗−1
𝑎𝑖−𝑗𝑗−1
𝑙 +

1

𝑉𝑗+1
𝑎𝑖−𝑗𝑗+1
𝑙 𝑙𝑜𝑔 𝑉𝑗

− 𝑎𝑗𝑗
𝑐 + 3 − 𝑥𝑖𝑗 𝑎𝑖−𝑗𝑗

𝑐 + 𝑥𝑖𝑗𝑎𝑖𝑖−𝑗𝑗
𝑐 1

𝑉𝑗

Τ1 3

−𝑅𝑇log 1 −
𝐵𝑗
𝑉𝑗

1 + 𝑉𝑗 𝐵𝑡𝑒𝑟𝑚 − 𝑅𝑇log
𝑝𝑗𝑉𝑗
𝑅𝑇

𝐵𝑗 𝑇 =

෍

𝑖

𝑥𝑖𝑗𝐵𝑖𝑗 𝑇 𝑚𝑜𝑙𝑒 𝑎𝑟𝑖𝑡ℎ𝑚𝑒𝑡𝑖𝑐 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝐵𝑖𝑗

෍
𝑖
𝑥𝑖𝑗𝑣𝑐𝑖

෍
𝑖

𝑥𝑖
𝜔𝑖 𝑇

𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 ℎ𝑦𝑝𝑒𝑟𝑏𝑜𝑙𝑖𝑐 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝐵𝑖𝑗

𝐵𝑡𝑒𝑟𝑚 =

𝐵𝑖𝑗 − 𝐵𝑗

𝐵𝑗
2 𝑚𝑜𝑙𝑒 𝑎𝑟𝑖𝑡ℎ𝑚𝑒𝑡𝑖𝑐 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝐵𝑖𝑗

𝜌𝑐
𝑣𝑐𝑖
𝐵𝑗

−
1

𝜔𝑖𝑗
𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 ℎ𝑦𝑝𝑒𝑟𝑏𝑜𝑙𝑖𝑐 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝐵𝑖𝑗
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Phase Equilibrium – Basin Modeling

▪ Multi-component & multi phase distribution
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Phase Equilibrium – Basin Modeling

▪ Transport properties

– Viscosity

– Thermal conductivity

𝛼= ቚ
𝜕𝑝

𝜕𝑇 𝑣
𝛽 𝛽= ൗΤ1 𝑣 ቚ

𝜕𝑝

𝜕𝑣 𝑇

𝑐𝑣=𝑇 ቚ
𝜕𝑠

𝜕𝑇 𝑣

1

𝑚𝑤
𝑐𝑝=𝑐𝑣 + 𝑇𝑣 ቚ

𝜕𝑝

𝜕𝑇 𝑣

2

𝛽
1

𝑚𝑤

– Thermal expansivity

– Compressibility

– Heat capacity

Phase 𝒗𝒊𝒔𝒄𝒐𝒔𝒊𝒕𝒚 𝒇 𝒕𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒊𝒗𝒊𝒕𝒚 𝒈

Liquid 2𝑒𝑥𝑝 3
2

Τ𝑇𝑐 𝑇 − 1 12 1 + 3
2

Τ𝑇 𝑇𝑐 − 1

Vapor 1 1

𝜇=5𝜋
32

𝑙𝑘 ത𝑣

𝑣

1

𝑚𝑤
ҧ𝑣 = 8

𝜋

𝑅𝑇

𝑚𝑤
𝛿 =

3 3𝐵

4𝜋

𝑘𝑡=
1

3
𝑇 ቚ
𝜕𝑠

𝜕𝑇 𝑣

𝑙𝑡 ത𝑣

𝑣
𝑙𝑘 =

𝑣

2𝜋𝑁𝐴𝛿
2𝑓𝑗 𝑙𝑡 =

𝑣

2𝜋𝑁𝐴𝛿
2𝑔𝑗
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Phase Equilibrium – Basin Modeling

▪ Free phase viscous drag

▪ Hydraulic radius

ഥ𝑣𝑗 − 𝑣𝑚 = −
1

2
𝑅𝐻 𝑗,𝑚
2

𝜏𝑗

𝜇𝑗
𝛻𝑝𝑗 − 𝜌𝑗 ҧ𝑔

𝜏 =
𝐿

𝐿𝑠𝑡𝑟𝑒𝑎𝑚𝑙𝑖𝑛𝑒

2

𝜏ℎ𝑜𝑟 =
𝐿𝑠𝑢𝑟𝑓𝐴𝑟

Τ1 3

𝐿𝑠𝑢𝑟𝑓
𝜋
2

1

1 − 𝜙

𝜋

6

2

=
1

3

𝐴𝑟
Τ1 3

1 − 𝜙

2

𝜏𝑣𝑒𝑟𝑡 =
𝐿𝑠𝑢𝑟𝑓𝐴𝑟

Τ−2 3

𝐿𝑠𝑢𝑟𝑓
𝜋
2

1

1 − 𝜙

𝜋

6

2

=
1

3

𝐴𝑟
Τ−2 3

1 − 𝜙

2

𝑅𝐻
𝑊𝐹 =

𝑉𝑊𝐹

𝐴𝑁𝑊𝐴,𝑊𝐹
=

𝑉3
𝐴4,3

𝑅𝐻
𝑁𝑊𝐹 =

𝑉𝑁𝑊𝐹

𝐴𝑊𝐹,𝑁𝑊𝐹
=

𝑉2
𝐴3,2

𝑅𝐻
𝐵𝐹 =

𝑉𝐵𝐹
𝐴𝑁𝑊𝐹𝐵𝐹

=
𝑉1
𝐴2,1
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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
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Organic Kinetics – van Krevelen Diagram
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Organic Kinetics - Kerogen

▪ Kerogen components

– Lipid

– Protein

– Carbohydrate
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Organic Kinetics - Reactions
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Organic Kinetics – Basin Modeling

▪ Mineral evolution

– Protein

– Phenol

– Coke
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Issues  

▪ Data refinement

▪ Speed

▪ Stability
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Issues – Data Refinement

▪ Fluid data

– Substitute dimensionless type curves (21) with NIST type fluid database (19)

– Kinetics (xi, E & A)

▪ Mineral data

– LN dist (a & b2)

– Elasticity (G & n)

– Viscosity (m & T)

– Electrical (m & e)

– Kinetics (xi, E & A)
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Issues – Speed
Precision 7740®  

16 proc 2.4 Ghz 128 

GB

West Greenland 

Gen&Mig 2P

DCG

Gen&Mig MP              

DCG

Gen&Mig 2P              

IAJK-24 

Gen&Mig MP        

IAJK-24 

Gen&Mig 2P        

Ravn-1 

Gen&Mig MP        

Ravn-1 

Gen&Mig 2P        

Study area 312 km * 432 km 

(~135000 km2)

90 km * 65 km

(~6000 km2)

90 km * 65 km

(~6000 km2)

50 km * 1 km 

(50 km2) 2D

50 km * 1 km 

(50 km2) 2D

1D 1D

Components 

(solid+fluid)

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

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

Avg. cell  size 16 km * 22 km 4.3 km * 3.4 km 4.3 km * 3.4 km 1.25 km * 1 km 1.25 km * 1 km 1 km * 1 km 1 km * 1 km

Basin thickness 1 - 7 km 4 - 7 km 4 - 7 km 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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Issues – Task Timing

▪ Hardware

– Parallel 

▪ CPU

▪ GPU

▪ Key task

– Compaction

– Phase density

– Phase distribution

– Transport properties
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Issues – Stability

▪ Loss of mass balance

▪ Remedies

– Suppressing activity 

▪ Flow path fraction of cell length

▪ Cracking fraction of component

Mass balance report 

MMtons pr 1 km2:
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Conclusion

▪ First principles model

– Compaction

– Phase equilibrium

– Kinetics

▪ Issues

– Data

– Speed

– Stability

▪ Remedy

– Cooperation with stakeholders
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