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Motivation

e Pore-scale dynamics that govern multiphase flow and distributions under variable
stress conditions are not well understood. This lack of fundamental understanding
limits our ability to quantitatively predict multiphase flow and fluid distributions 1n
natural geologic systems.
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A schematic of pressure profile in a well cross section. Variable effective stress
\ conditions may create different compaction configurations in geologic formations.

Objectives

e Study the impact of varying confining conditions on compaction and its impact on
multiphase distribution in porous media using X-ray microtomography (micro-CT)

e Develop a new 3D contact angle algorithm to automatically measure in-situ contact
angles and apply the algorithm to multiphase flow experiments imaged by micro-CT
under different wettability conditions

Multiphase flow experiments
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Permeability (k) and Tortuosity (7) Estimations

» Lattice Boltzmann simulations with segmented data

- LB solver (Palabos, 2013) with a 3-D, 19 velocity (D3Q19) model &
multiple relaxation time (MRT)

- Segmented image stack to establish internal boundaries (walls of porous medium)
where simple bounce-back boundary conditions were used

- Fixed pressure at inlet and outlet boundaries and no flux over the rest of boundaries

> Permeability & tortuosity (Darcy’s law under the laminar flow regime)

U I (‘ ‘) e [/ = average velocity; u = fluid viscosity (=pv)
U Vi) o= length in the main flow dir.; AP = pressure gradient
K=—7,T=—"—+ o|v|= absolute value of the local flow velocity
(Ux) e 1, = Velocity in the main flow direction
e < > = spatial average over the sample volume
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Image Analys

Is and Granular Compaction

Segmentation of solid phase Segmentation

Original image Final segmented image

of oil phase

Normalized image (range from O

to1)

Contrast-limited adaptive
histogram equalization (CLAHE)
or histogram equalization

Histogram equalization

Identify binary gradient mask

between solid and liquid

Imerode and Imreconstruct to
Segmentation using the increase the contrast of oil phase

threshold value based on the
average value corresponding to
the binary gradient mask

Segmentation

threshold value of 0.25

using the

Dilate the segmented image to
match the quality of CT image

Combine two segmented images to construct 3-p

hase distribution

= Ring artifact removal — Wavelet-

followed by additional filtering (median,

convolution, sharpening filters)

FFT filtering
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» Porosity and oil saturation profiles along the
column depth under different confining

pressures (10ps1 to 200psi)

s CT mmages (left) and cross-sectional velocity
fields with segmented data (right) after single-
phase brine injection (top) and the first
imbibition of multiphase cycles (bottom)

e Major Achievement

Observing multiphase flow at the pore scale reveals the effects of wettability and confining pressure
on sweep efficiency and residual o1l and water distributions 1n porous materials

e Significance and Impact

Different wettabilities lead to different displacement mechanisms at the pore scale, resulting in
different contact angles. Understanding residual trapping in reservoirs under varying confining
pressures has significant implications for emerging geoscience problems (CO, sequestration, EOR)

e Research Details

- X-ray microtomography (CT) reveals pore-level details of wettability and the distribution of o1l and
water phases after imbibition and drainage
- In four different wettabiliby conditions, in-situ contact angle hysteresis was observed using a newly

developed 3-D contact angle anal

ysis algorithm

- A notable compaction 1s observed by porosity change at 200 psi and residual o1l saturation becomes

more homogeneous after multip]

e drainage and 1imbibition cycles
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Automated 3-D Contact Angle Analysis

¥ € j . 1. Define the interface along with contact points

? 2. Fit a plane to each interface within a search
: @ e VOlUmMeE (SV: a sphere with a radius of 3 voxels)

. Glass / Brine Interface
— e 3 Compute contact angle by taking dot product
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s Two-dimensional view of interface identification,
contact points and contact angle calculation

A) 14 voxel diameter B) 28 voxel diameter C) 56 voxel diameter = Test cases Wlth Spherlcal bead at
three different voxel resolutions:

. 14, 28, 56 voxel diameters.
= Diagonal plane represents the brine
phase, at a theoretical contact angle
s @ @ * of approximately 160°

| Brine Kerosene

A) 14 voxel diameter B) 28 voxel diameter C) 56 voxel diameter

w o (I ~ = Theoretical contact angle compared
e N i ~ | to the calculated contact angle.
' fu = Mean contact angle — black line
= - - | m STD - gray region.
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