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Two-fluid flow in porous media

Å In a common approach, we use  Ὧ Ὓ and 
macroscopic ὖὛ .

ὺ ​ὴ, ‌ ύȟὲ

ὖὛ ὖ ὖ

ÅPore scale phenomena affect the Ὧ and 
macroscopic flow.

Å However, they are not well represented in the 
common approach (for ex. dependency of Ὧ
on microscopic flow regimes).

Ref. PetroWiki

Darcy (1856), Wycoff & Botset (1936), Leverett (1941), Avraam and Payatakes (1995) 
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Recent advances in imaging

ÅFrom black-box coreflooding to fast X-ray micro-tomography

core sample

injection production

pressure 
measurement
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Intrinsic volumes in integral geometry

ÅFor a 3D set of objectsὑ, ὠ + ὠ + denote the 
intrinsic volumes.

ÅExample of ὑ: an assembly of fluid clusters 

Åὠ + ὠ+

Åὠ + ὃ+ ᷿ Ὠὃ

Åὠ + Ὄ+ ᷿ ‖ ‖ Ὠὃ

Åὠ + ʔ+ ᷿ ‖‖Ὠὃ

ὑ
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Characterization theorem in integral geometry

ÅUnder certain conditions, a function ‘on ὑcan be 

written as a linear combination of intrinsic volumes of ὑ
(Hadwiger 1975).

ʈ+ ὧὠ+

ὑ
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Free energy (F) of a fluid

ÅF of a fluid confined by a complex boundary fulfills the 

requirements of the Hadwiger theorem. 

ÅTherefore, F can be described by a linear combination 

of intrinsic volumes (Mecke & Arns 2005).

Mecke& Arns2005

Ὂ+ ὧὠ+
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Free energy of a 2-fluid flow system

(by integral geometry)

bulks (h , ̡ , s) interfaces (h ,̡ h s, ̡ s) contact lines (h s̡)

Interfaces and lines 

have volume.

KŬɓ

interfacial 

thickness (‐)

Ὂ Ὂ Ὂ Ὂ Ὂ Ὂ Ὂ Ὂ
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Dependencies of intrinsic volumes

set intrinsic volumes

╚♪ ὠ, ὃ , Ὄ and ʔ
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Dependencies of intrinsic volumes

ÅSimplifications (area)

ÅOnly 2 of ὃ,ὃȟὃ , ὃ , ὃ ) are independent.

ὃ ὃ ὃ ὃ

ὃ ὃ ὃ ὃ

ὃ ὃ ὃ ὃ
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Simplifications (interfaces)

ὠ ,‐ײַ ‐O π

ὠ ὃ

╥ ♪♫ ὠ ȟ ὠ ȟ ὠ ȟ ᷿
ᴼ
Ὠὃ ᷿

᷿
Ⱬ
╛♪♫▼

ὠ ʔ

KŬɓ

interfacial thickness (‐)

Dependencies of intrinsic volumes
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Simplifications (contact lines)

ὠ ‐ײַ , ‐O π

ὠ ,‐ײַ ‐O π

ὠ ᷿
ᴼ
Ὠὃ ᷿ ᷿ ╛♪♫▼

ὠ ᷿
ᴼ
Ὠὃ π

line thickness (‐)

Dependencies of intrinsic volumes
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Dependencies of intrinsic volumes

ÅF is a function of 7 intrinsic volumes:

ÅUnder extreme wetting conditions:

Ὂ Ὂ ǶὧὛ Ƕὧ ὃ Ƕὧ Ὄ Ƕὧ ʔ Ƕὧ ὃ Ƕὧ ʔ Ƕὧ ὒ

Ὂ Ὂ ǶὧὛ Ӷὧ ὃ Ƕὧ Ὄ Ӷὧ ʔ
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Free energy (F) of a 2-fluid flow system

(by thermodynamics)

Ὠὠ Ὠὠ

Ὠὡ ὖὨὠ ὖὨὠ ὖ ὖ Ὠὠ ὖὨὠ ‰ὠὖὨὛ

Ὠὡ ὨὊ ὨὉ

ЎὊ ‰ὠ ὖὨὛ Ὁ
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Efficiency (E)

Imbibition Ὁ ‰ὠὖ

Drainage Ὁ

Imbibition

Drainage
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Efficiency (E)

ÅAccording to Morrow (1970), the 

imbibition had an efficiency of 

92.5%, whereas the drainage had 

a lower efficiency.

Imbibition

Drainage

ЎὊḗ πȢωςυὖὨὛ
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Free energy (F) for spontaneous 

imbibition (SI)

Ὑ πȢωωσ
ÅLinear regression of 330 data 

points for five SI with 

macroscopic capillary number 

of 10-10 showed a good fit.

ÅEfficiency of 1 had similar 

results.

Å ЎὊὛ πȢωςυ᷿ ὖὨὛ

Å ЎὊὛ ǶὧὛ Ƕὧ ὃ Ƕὧ Ὄ Ƕὧ ʔ Ƕὧ ὃ Ƕὧ ʔ Ƕὧ ὒ Ὂ
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Efficiency for a PD-MI-MD experiment

Å1-1 lines represent no 
dissipation.

Å Early PD and MD have less 
dissipation (fewer irreversible 
processes, e.g. Haines 
jumps).

ÅLate PD and MD show a 
decrease in F when external 
work is applied.

ὡ ὖὨὛ

ὊὛ ǶὧὛ Ƕὧ ὃ Ƕὧ Ὄ Ƕὧ ʔ Ƕὧ ὃ Ƕὧ ʔ Ƕὧ ὒ Ὂ


