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= Injection of CO, into reservoir rocks is a
promising strategy of reducing greenhouse gas
emissions

= Modeling CO, migration and capillary trapping
at the pore scale is important in predicting the
permeability characteristics of reservoir rocks

= Heterogeneity at the pore scale can alter the
permeability of the rock by introducing slip at
the two-phase interface

= Use computational fluid dynamics to model
the multi-phase flow through heterogeneous
reservoir rock pores

= Extend models to account for wide range of
working fluids (oil extraction, fracking, etc.)
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Flow Geometry and Case Descriptions
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Injection of fluid through a
pressure gradient (periodic
Poiseuille flow)

Injected fluid slips at the two-
phase interface, another fluid is
trapped in a “pit” in the pore

Investigate how viscosity and
geometry affects the slip at the
interface, measured as an
effective permeability of the flow
(Ke)

= Change contact angle (0)

= Change spacing of pit (p=A/L)

= Change roughness (B=d/h)

= Change viscosity of fluids

(MR =k, /MT)
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= Utilize finite elements to discretize Navier-Stokes equation

= Arbitrary Lagrangian-Eulerian (ALE) method used to compute surface tension
and enforce boundary conditions

= Solved using Sierra multi-physics suite at SNL?

Navier-Stokes Equation
V-u=0

p(x) (?;; + (u-V) U) = —Vp+ V- (ux) (Vu+Vu'))

Interface Boundary Conditions
uja=0, x€eT (impermeability)

~

—pI+ p(x) (Vu+Vu')]a-A=—ykht, x€T (surface tension)
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= Surface roughness can change the Yiv (a)
contact angle between the liquid, gas Liquid
and solid

= Wenzel State?!
. Young
= (Cassie-Baxter State? cos =(y;, -7, /yLV

= Introduces slip flow at the liquid/gas
interface in the vicinity of the surface L
roughness
= Slip length (velocity) can change

depending on surface roughness and Wenzel State Cassie-Baxter State
fluid configuration
ou | — R
u, =b ‘—‘ Slip length |
ay I_,-" ."lll
_p}..-"' _:-}II."
K. — h2 /1 b\ Permeability of channel L./
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Effective Permeability and Slip ) fmas

du
u, =b ‘—‘ Slip length
dy
K'-hz 1 b Permeability of channel
i CR with slip
Koo = h? b0 Permeability of channel
NS =192 - without slip
K, = S 14 Effective permeability
Kys b+ h

= Effective permeability measures the relative importance of slip to the bulk flow
of the channel
= K =1
= b<<h
= b=0
= K< 1whenb<0

= K>1when b>0



Effective Permeability on fluid properties
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= Contact angle has large effect on permeability (slip) of the flow

= Local maxima in Ky when p,>1
"= When p, <1 increasing contact angle decreases permeability

= Decreasing viscosity ratio lowers permeability of flow for all contact angles

= Approaches a rigid wall solution as p, =0

= For zero contact angle and low viscosity ratio, K¢ = 1 (rigid wall solution)
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= Contact angle has large effect on permeability (slip) of the flow
= Local maximain Ky when p, >1
"= When p, <1 increasing contact angle decreases permeability
= Decreasing viscosity ratio lowers permeability of the pore for all contact angles
= Approaches a rigid wall solution as p, =0
= For zero contact angle and low viscosity ratio, K¢ = 1 (rigid wall solution)



Effect of geometry on effective permeability ) fmas
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"= As k >, K, —1 (rigid wall solution)
for all contact angles
= Decreasing K

= Increases permeability for negative
contact angles

= Decreases permeability for positive
contact angle (restricts flow)

= Roughness has a large effect on flow
physics



Effect of geometry on effective permeability ) fmas
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" As k >, K, —1 (rigid wall solution) = As ¢ —x, K, —1 (rigid wall solution) for
for all contact angles all contact angles
= Decreasing K = At slower rate than the roughness
As ¢ —>1

= Increases permeability for negative
contact angles = Increases permeability for negative

= Decreases permeability for positive contact angles
contact angle (restricts flow) = Decreases permeability for positive
contact angle (restricts flow)

= Pit spacing has slightly weaker effect on
flow spacing

= Roughness has a large effect on flow
physics



Summary and conclusions
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= Effective permeability is dependent on:

= Viscosity ratio of the fluids
= Protrusion angle
= Pit depth
= Pit spacing
Influences on the migration of CO,

= |mbibition scenarios (invading brine) allow for wide range of self-lubricating regimes
(b<0) and depending on geometry, large changes in permeability

= Drainage scenarios (invading CO,) more limited in maximum permeability, mostly
impeded by trapped fluid interface

Obtain geometrical parameters from experimental measurement of real rock pores.

Results can be used to predict deviations in permeability (Darcy’s law) of flows in rough
pore bodies.
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