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Outline
1) Evidence for dynamic permeability from data
2) What causes dynamic permeability?

1) Permeability variations in space: pre-existing heterogeneity
2) Permeability changes in time (and space):

1) Fracturing/rock failure
2) Dissolution
3) Elastic response to stress changes
4) Compaction: elastic, plastic, viscous
5) Precipitation

3) How to model dynamic permeability during flow in a reservoir?
4) The porosity wave model: captures opening and closing of porosity 

as a response to variations in effective pressure (and reactions).
5) At which parameters do we expect porosity waves to occur in CO2

storage operations?



Slide 3 / 21-Jun-11

Dynamic permeability: evidence from data
5 km3 km2 km

Ingebritsen & Manning, 2010
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Dynamic permeability: evidence from data
5 km3 km2 km

difference
2-4 log k!

Ingebritsen & Manning, 2010



Opening of pore space: permeability increase

Radial microfractures Upper Devonian reservoirs,
deep Alberta basin (Márquez and Mountjoy, 1996).

(Micro)fracturing Dissolution

Wilkinson et al., 1997

30 m

100 m

Slide 5 / 21-Jun-11



Flow-reaction-deformation experiments
show closure of pores/fractures by pressure
solution creep and compaction

Closure of pore space: permeability decrease

Polak et al., 2003; Yasuhara et al., 2004; Elsworth and Yasuhara, 2006
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What is the effect of coupled fluid flow, 
deformation (elastic and microfracturing) and 

reactions (chemical compaction)? 
 dynamic opening and closure of pores and 

therefore permeability changes
 dynamic reorganization of flow

How can we model all this in ONE continuum
model? 
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const water flux

deformable 
pipe

cork

const water flux

Porosity waves: fluid flow in a deformable medium

Flow is driven by a pressure difference (in the simplest case 
buoyancy) and by compaction of the pores. Non-linear coupling 
between porosity and permeabilty and permeability and pressure 
leads to instabilities and focusing of flow.
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Force balance

Mass balance

Rheology

(1 ) ((1 ) ) 0svt
  

  


( ) 0fvt
 
 


0fs dd

dt dt


 

ˆ(1 )
eff

ij ij f
s f

j j i

p
g z

x x x
 

  
  

        

Darcy’s law  ( )( )f s f f
f

kv v p gz 


    

Equations (and assumptions)

eff fP P P 

1 1
(1 ) ( , ) ( )

eff eff

eff

P dPd
dt P dt


     
 



visco-plastic elastic

solid fluid

Yarushina, 2010

( ) e

f

Pk g
t z z
  


               

Simplified and in 1D: 2 equations, 2 unknowns
1
( ) ( )

e eP P
t t


   

  
    

I II

0 0
0

( ) ,  3;  ( ) ,  1 / 2 and ( ) ,  1.
n

b s
mk k n b m        

 
        

 

Slide 9 / 21-Jun-11



Modeling deformation and fluid flow
visco-elastic porosity waves, 2D

porosity

porosity
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effective pressure effective pressureporosity porosity
initial condition
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Modeling deformation and fluid flow

fluid

Porosity 

porosity
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Modeling deformation and fluid flow

fluid

Porosity  effective pressure Pe
start

end



porosity

porosity
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Porosity waves: relevant for CO2 storage?
Dimensional analysis and parameter-check
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Characteristic length-scale: compaction length
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If ηdecomp=0.1-0.0001 ηcomp, and/or p* is higher than buoyancy pressure, 
timescales will reduce significantly.



Reaction-induced viscosity from experiments

porosity

porosity
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Le Guen et al., 2007



Reaction-induced viscosity from experiments
Le Guen et al., 2007

porosity
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Reaction-induced viscosity from experiments
Le Guen et al., 2007

porosity
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porosity
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Summary
• Permeability is expected to change dynamically in a reservoir 

during flow, in particular if reactive CO2-rich fluids are involved.
• Coupling between flow, reactions and deformation leads to 

effectively visco-elasto-plastic rheology.
• Fluid focusing due to non-linear coupling leading to instabilities can 

be modeled as porosity waves.
• Preliminary results indicate that porosity waves/ fluid focusing and 

enhanced tranport may occur in reservoir operations, in particular in 
low-permeability rocks.

 This may enhance injectivity, but also increase the risk for leakage.

 We need more theoretical and experimental investigations of 
coupled fluid flow, reactions and deformation, and comparison to 
reservoir data.


