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Evidence for dynamic permeability from data
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
How to model dynamic permeability during flow in a reservoir?
The porosity wave model: captures opening and closing of porosity
as a response to variations in effective pressure (and reactions).
At which parameters do we expect porosity waves to occur in CO,
storage operations?
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Dynamic permeability: evidence from data
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Dynamic permeability: evidence from data
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Opening of pore space: permeability increase
(Micro)fracturing
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Radial microfractures Upper Devonian reServoirs, — Guisiiiti G s iy v
deep Alberta basin (Marquez and Mountjoy, 1996). Wilkinson et al.. 1997
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Closure of pore space: permeability decrease

Flow-reaction-deformation experiments
show closure of pores/fractures by pressure 2

solution creep and compaction
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Change in hydraulic aperture with time for a circulation test on a fracture in novaculite. Test is conducted
at incremented temperatures but constant stress (POLAK er al., 2003).

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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Porosity waves: fluid flow in a deformable medium

deformable 0
pipe O
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cork

<
const water flux
const water flux

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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Equations (and assumptions)

dp, _dp;
dt dt
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solid fluid

oG, oc? _op, _
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ox,  Ox; Ox
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Darcyslaw (0(Vf—vs)=—%V(pf+pfgz)
f
1 d(D_ Peff 1 dPeﬁ

Rheology Yarushina, 2010

o-p) dt  n(p.Fy) +é((ﬂ) dt
visco-blastic elaic,tic
Simplified and in 1D: 2 equations, 2 unknowns

op (k) (oP oP, _ 1 ((%0_ P j
or 62( Hy (c’ﬁz +Apgn "o Ao o )

k(<0)=ko-(£} ,n=3, flp)=¢"- B, b=1/2and n(¢)=%m, m=1.
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Modeling deformation and fluid flow

_ initial condition
effective pressure

P, [MPa], t=0 days
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Rheology: opening of pores much easier than closure

Viscous bilinear
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Modeling deformation and fluid flow

Porosity ¢
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Modeling deformation and fluid flow
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Porosity waves: relevant for CO, storage?

Dimensional analysis and parameter-check

Characteristic length-scale: compaction length  [* — @

. : - PoH s
Characteristic pressure  p- = Apg L

Characteristic time f = @y*
P

with k, =10 m*, ¢, = 0.1, u, =10~ Pa-s we need
n ~10°Pa-s
toget L' =100m and ¢* = 21years

I 7,40c0mp=0.1-0.0001 7,.,,,.,, and/or p* is higher than buoyancy pressure,
timescales will reduce significantly.
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Reaction-induced viscosity from experiments
Le Guen et al., 2007
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Figure 5. Vertical axial strain deformation measured for Lavoux W526 sample in the absence of fluid
and during injection of high P, saline fluid (cyan curve). Time periods with no data represent non-stable
conditions associated with parameter changes. The red time period ¢ includes a short flow period. Note
that the renewed injection of high P, saline solution caused a large increase in ¢, but after time lag of
~40 days. The end of the experiment was marked by a sudden, rapid increase in strain and strain rate.
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Reaction-induced viscosity from experiments
Le Guen et al., 2007

Table 2. Experimental Parameters During Compaction

Rock sample Estaillades Lavoux W526 Lavoux W520 Sandstone
Fluid P, low P, high P, high P, low Peo, high P,
8.9 10.0 163 163
o3 (MPa) 7.3 8.5 12.0 11.6 10.2
pe (MPa) 5.9 7.8 7.9 7.9 8.3
o. (MPa) 3.0 2.2 8.4 8.4 7.7
P, (MPa) ) 7.8 7.9 | 8.3
T (°C) 25 80 40 40 40
[NaCl] (mol 1" 1) 0 0 102 102 1072
Fluid flow (m® s7') 8.33 x 107" 833 x 107" 833 x 107" 8.33 x 107" 8.33 x 107"
Residence time (h) 20.5 20.5 12.8 14.0 10.0
Fluid velocity (m s ") 6 x 1077 6 x 107’ 1 x 107°¢ 9 x 107’ 14 x 10°°

Table 3. Average Strain Rates With Indicated Time Ranges

Dry (s7) Low P, fluid flow (s ') Low P, no flow (s ') High P, fluid flow (s ™) High P, no flow (s ')
Estaillades 1.0 x 10712 19 x 107! 1.0 x 107'° 3.0 x 107"
days 35-58 days 198-221 days 366370 days 475-495
Lavoux-W526 ~0 : 45 x 1071 1.0 x 107"
day 53-74 day 209258 day 120175
Lavoux-W520 11 x 10 2.6 x 10710 8.1 x 107"
day 2641 day 231-282 day 200-230
Sandstone : 23 x 107" 4.6 x 10712
day 59134 day 153 - 161
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Reaction-induced viscosity from experiments
Le Guen et al., 2007

Table 2. Experimental Parameters During Compaction

Rock sample Estaillades Lavoux W526 Lavoux W520 Sandstone
Fluid P, low Pco, high P, high P, low P, high Pe,,
T 163
a3 (MPa) 73 . . . . 11.6 10.2
pr (MPa) 59| LInear viscosity:. 79 83
o. (MPa) 3.0 . 8.4 1.7
P, (MPa) 107* 10743 8.3
T(L) 25 40 40
[NaCl] (mol 17 1) 0 10-2 10-2
Fluid flow (m® s7") 8.33 x 8.33 x 107" 8.33 x 107"
Residence time (h) 20.5 14.0 10.0
Fluid velocity (m s~") 6 x 1 9 x 10”7 1.4 x 10°°

Table 3. Average Strain Rates With

Dry (s7) Low fluid flow (s ") High P, no flow (s ')
Estaillades 1.0 x 10712 x 10710 3.0 x 107"
. weae fgs 35-58 t 40°C f d t 36?0 3]10 dzlly[;‘. 4?150 4]?’5

VOoux- L b4 X

day 5374 a Or Sandastone 209258 day 120175
Lavoux-W520 }ilx 0™ .0 21U g 17

day 2641 day 231-282 day 200-230
Sandstone : 23 x 107! 4.6 x 10712

day 59134 day 153 - 161
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summary

* Permeability is expected to change dynamically in a reservoir
during flow, in particular if reactive CO,-rich fluids are involved.

o 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 deformatlon and comparison to
reservoir data.
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