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Porous Media Flow and GeoEnergy Applications
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Porosity and Permeability: Two Important Concepts
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Our Mathematical Models need to Adjust to the Scale of Interest
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PERMEABILITY: INPUT FROM SMALLER SCALES
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Desafios na
Caracterizacao de Fluxo
de Fluidos em Fraturas
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Outcrops across the globe
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Fractures and Faults are Everywhere!
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Cap Rock Leakage - Faults
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Cap Rock Leakage - Faults

Damage zones (fractures) associated to faults pose a serious leakage risk to underground
gas storage
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Fault outcrop, Cratd Basin, Northeast Brazil
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Multiscale Modelling is Needed

Fracture Plane Scale
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Multiscale Modelling is Needed

Fracture Plane Scale

£

g?
X'\I/'Y 800
600 - i
Increasing
correlation
length scale %< 400 -
200 ¢
0
1500 1000 500 0

y
Fracture Network Scale

©2022 Halliburton. All rights reserved. 11



Multiscale Modelling is Needed

Fracture Plane Scale

Basin/Reservoir Scale
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Fracture Network Permeabillity is Sensitive to In-Situ Stresses
(Forces)
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Workflow to Compute Stress-Sensitive Network Permeabillity
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Fracture Meshing and Contact Mechanics

Fractures modelled as internal boundary conditions require
proper treatment of contact mechanics in the fracture walls
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Fracture Meshing and Contact Mechanics
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Fractures modelled as internal boundary conditions require
proper treatment of contact mechanics in the fracture walls
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Fracture Meshing and Contact Mechanics
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Comparison against Abagqus (Commercial Software)

Experiment 1 (Abaqus results)
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Comparison against Abaqus (Commercial Software)
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Comparison against Abaqus (Commercial Software)
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Application to Realistic 3D Fracture Network

Low density case Medium density case High density case
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Fracture Plane Stress-Permeability Model
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Results for o,

o_=1MPa
zz
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Results for o,

o_=1MPa
2z
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Fisica de Rocha
Digital

Como a matematica e tecnologias digitais
ajudam no entendimento e caracterizacao

das rochas
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PARA- MARANHAO

Digital Rock Physics as a Tool to Characterize a Reservoir
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Digital Computation of Permeability Tensors

= Permeability is an anisotropic property, and it is mathematically described by a symmetric
second order tensor

= Anisotropic permeability behavior exists at all scales
= Typical upscaling workflows consider only the principal components of the permeability tensor

* Here we analyze the full-tensor behavior of small carbonate rock samples and suggest a
workflow to upscale full-tensor permeability to larger samples

Cores Darcy’s Law

kV
u=-—-—Vp
U

kxx kxy kxz
k=|sym. k,, ky
sym. sym. k,,
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Digital Computation of Permeability Tensors

= Permeability is an anisotropic property, and it is mathematically described by a symmetric
second order tensor

= Anisotropic permeability behavior exists at all scales
= Typical upscaling workflows consider only the principal components of the permeability tensor

* Here we analyze the full-tensor behavior of small carbonate rock samples and suggest a
workflow to upscale full-tensor permeability to larger samples
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Subsamples under Analysis

Sample A
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Numerical Procedure to Determine Full-Tensor Permeabillities

= We use the SIMPLE method to solve the steady-state Stokes-Brinkman Equations
= We use the algebraic multigrid method (AMG) to solve the momentum and pressure correction

linear systems
» The systems are solved in parallel using the HYPRE library
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Boundary Conditions

No-flow BCs Linear Pressure BCs
Full permeability tensor
BUT might not represent

in-situ reservoir conditions

Diagonal permeability
tensor
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no flow
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Periodic BCs

Full permeability tensor BUT
might not be representative
of a real rock




Results

Linear
Pressure BCs

Periodic
BCs

k [mD]
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Upscaling to larger scales

» Typical reservoir simulators: Darcy flux between two cells are approximated by a transmissibility multiplied by a
potential difference between the cells

= This assumes: the grid is aligned with the principal directions of the permeability tensor
» This method is typically called “Two-point flux approximation”
= The Multipoint Flux Approximation considers a larger stencil and uses more neighbor cells

Present solver Improved solver
TPFA MPFA Flux between two cells computed Flux between two cells computed
using two pressure values using all neighboring cells
aij = Tij(Pj — pi) aij = Zi7(pj — py)
=" |mplemented in = Complexto
most reservoir implement - .
simulators ( K, ) ( ko k)
) k,, ke,
= Considers only two : Cons[ders a larger - -
cells for flux VS stencil for flux /
approximation approximation a0 | Y
l | Il
= Cannot have a full = Can have a full
tensor as an input tensor as input lqijl




MPFA Fundamentals
Transmissibility

N N matrix
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/ pressure
f =Tu

T=CA 1B+F




Preliminary Results

= Validation in a small (5x5x5) 3D volume against manufactured analytical solution

V-kVp =0Q(x,y,2)

If we assume pressure is a given

function, we can compute the k ZZZ 1+
derivatives and obtain the source: / RxxY \
] 2,2
RyyX“Z* +
] 2,2
K, X°y* +

— XYZ — eXVZ.
p=eY"=Qkxyz)=e kay(z+xyzz) +

2Kk, (v + xy%2) +
2Kyy (X + x%y2) /




Preliminary Results

= Validation in a small (5x5x5) 3D volume against manufactured analytical solution

Case 1: ky, = 107 m?, kyy, = 107, k,, = 10~* (isotropic, base case)
Case 2: kyy = 107" m?, kyy, = 107", k,, = 107! (change of k in y dir.)
Case 3: ky, = 107" m?, kyy, = 107, k,, = 107" (change of k in z dir)
Case 4: kyy = 107" m?, kyy = 107'*, k,, = 107'° (change of k in z dir)

Case 1 Case 2 Case 3 Case 4
"(p - pan)/p”oo = 0-4‘% ”(p - pan)/p“oo =~ 0-6% ”(p - pan)/p”oo = 1-4‘% "(p - pan)/p”oo = 1-8%




Next Step ?

kxx kxy kxz
k=|sym. k,, ky
sym. sym. k,,
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