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Benefit to Program

» Our approach to doubling recovery efficiency is to identify and enhance key
production mechanisms operating at multiple scales (10 year scope)
« We aim to develop software tools and new reservoir management strategies to

transform industrial practices (5 year scope) Natural and Stimulated Fracture System
\: “Tributary Fracture Zone" (TFZ)
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Hypothesis: Production curves reflect physical and chemical phenomena that change withtime



Our previous results show multiscale processes

are important for mid- & long-term production

Discrete Fracture Network

Production Curve simulations reveal:
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Simulations after adding matrix diffusion and

transport in tributary zone fractures
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Lovell, A.E et al., 2018. Extracting hydrocarbon from shale: An investigation of the factors that influence
the decline and the tail of the production curve. Water Resources Research, 54(5), pp.3748-3757.
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The Los Alamos effort is focusing on pressure-

management impacts on production

* Focus: Pressure Management
* Reservoir: Gas-dominated shale (Marcellus Shale)

—Samples of Marcellus shale outcrop (via D. Crandall)
—Samples of MSEEL-1 (via D. Crandall)

* Reservoir-Scale Analysis of Pressure Management—PI Karra
—Discrete Fracture Network Modeling—Physics-Based Prediction of Production
—Graph Theory and Machine Learning—Real Time Simulation
—Leveraging: LDRD on Machine Learning and Fracture Systems

* Fracture Response to Pressure—PI Carey
—Experimental fracture-permeability studies—Basic data
—Formulation of fracture-stress response—output to reservoir scale study
—Leveraging: Basic Energy Sciences study of fundamental fracture behavior

» Matrix Response to Pressure—PI Xu
—Experimental nanopore-hydrocarbon behavior—Basic data
—Simulation of matrix transport processes—Basic data

—Formulation of matrix-stress response—output to reservoir study g
—Leveraging: LDRD on impact of nano-confinement
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Discrete Fracture Network (DFN) Modeling of
Pressure Management

Large-Scale

Production Rate [Mcf/day]
o e a2 3%

Science Question:
How can experiments and field data be developed

into an effective predictive tool? Eé%ﬂty
DFN
Motivation
« Uncovering critical mechanisms requires modeling
at multiple scales in a physics-based framework
* Mechanism-interactions combined with evolving ) .y
pressure and chemistry create significant Graph o
challenges theory
« Atool facilitating real-time decision making is
needed
Objectives
« Develop DFN models with multi-scale, physical _5:
processes derived from field and experimental Rapid §
data Simulation 31
« Use graph theory and machine learning to allow 5{

rapid simulation and decision making tifne |
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Real-Time Decision Making Using Graph-Based -l Large-Scale
Representations of Discrete Fracture Networks £

 Discrete fracture networks allow physics-based simulation of fracture-matrix transport
« However DFNs are computationally expensive

« Thousands of realizations are needed to quantify uncertainty

« Speed is needed to permit real-time decision making

« Graph theory excels in capturing behavior of structured systems

« Machine learning is used to enhance fidelity of the graph-based representation

« Speed-up of 3-4 orders of magnitude achieved
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Impact of Pressure Drawdown on Production: -l Large-Scale

Incorporation in Discrete Fracture Networks

« As pore-pressure falls, effective stress increases 1600 N
— Potential for loss of fracture permeability and production 1400 0%,
. . . (ST
* Integrate Bandis et al. (1983) model into physics-based g‘m B | '3“"09,0%
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| Crossover
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« Observations 3
« Hydraulic aperture: 27
A =5794 %1075 B = 0.0136; bypax = 0.00342 2oaf
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* By including accurate, experimental-based geomechanics we avoid heuristic parameter fitting
and provide a robust modeling framework from which to build graph-based models
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Fracture Properties of Marcellus Shale:

Barton-Bandis Parameters—PI B. Carey

SCienCe QueStion. MS02-04: MSEEL 7452' Bedding Parallel
HOW Can fractures be Optimized to enhance Fractured at 30 MPa Confining Stress

ultimate oil and gas recovery?
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Motivation

» Unconventional oil and gas production is
made possible by rock fractures.

» Fracture storativity and permeability can
strongly affect recovery efficiency.

« Laboratory experiments provide data T
needed for predictive and diagnostic .
modelling of unconventional plays.
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Objectives

« Complete triaxial direct-shear testing on
Marcellus shale, characterizing fracture
aperture at reservoir conditions.

* Formulate Barton-Bandis relations

* Integrate measurements into a fracture
network modelling workflow.
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Barton-Bandis Results: ol Medium-
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Barton-Bandis Results:

Medium-
Fracture Aperture and Drawdown Pressure [ NGREEIE
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Lab-to-Field Integration: Scale Dependence El Medium-
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Literature studies and laboratory experiments are combined to
R LIRS provide scaling relationships for field applications




Prossure Manad el IREl ~\ Small-Scale
Production from Matrix—PI H. Xu

Science Question:
How can pressure be manipulated to

optimize production from the matrix?
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« The majority of oil and gas left in the 0 deroll ranster, g~
ground is trapped in the matrix. " 10 Profile

 Laboratory experiments and simulations Small-angle neutron scattering schematic

] . . from Castellanos et al. Comput Struct Biotechnol J, 15, (2017)
determine mobility and production

hydrocarbon

Objectives

« Complete small-angle scattering neutron
experiments for in situ measurement of
hydrocarbon in nanopores

« Simulate transport processes using
experimentally determined matrix : : “
geometries. - -

* Formulate matrix-pressure-permeability CN‘R’T\”ST
relations for DFN models

=N
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Drawdown Pressure Effects on 2 Small-Scale
Methane Retention 2
Pore radius (nm) Pore radius (nm) o
60 6 1 60 6 1
i — s
— —— 3000 PSI — gggg E::
< 100 4 —_— 150Q PSI (after) ‘e - after
8 — Ambint e § 4200 P (e
> = 1500 PSI (after)
g 10 - S —— Ambient (after)
g =
£ 1 1 4
01_4 68 2 4 68" 2 4 ) 6I%)I.IO1 ’ ) 68(;!1 ’ )
0.01 0.1 Q (%-1)
Q (A
3000 PSI Peak Pressure Cycle 6000 PSI Peak Pressure Cycle
0.4 -
3 e 3000Ps| A MSEEL sample was pressurized with CD, twice:
£ 0'3'.,,‘_ s 1. Inalow P cycle, the pressure was increased to 3000
o & .
E 021 Syt . PSI| and decreased to ambient.
5 ’\f_} i 2. Ina high P cycle, the pressure was increased to 6000
g o o *,.:.M;‘“'.,. PSI and decreased to ambient.
2 - ¥
R BOEERERE « More methane gas retention in nanopores for the
Pore radius (nm) lower pressure cycle (3000 PSI).

Los Alamos National Laboratory 8/25/19 | 14



Small-Scale

Pressure-Induced Methane

Condensation in Nanopores
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« At high Q values or small pore sizes, increasing pressure increases the scattering

intensity due to capillary condensation of methane in nanopores.
» Decreasing pressure returned intensity to ambient values for 3000 PSI cycle, but not

for 6000 PSI cycle.

« Methane condensation in small pores (< 3 nm) is reversible for lower
pressure cycle, but not for higher pressure cycle.
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Impact of Pressure Gradients on Matrix Gas Production: LBM

Simulation of Two-Phase Flow

uCa:1><10’5 2 Ca=1x10"*

Y

Sandstone

Kerogen

A lower pressure gradient (left) leads to capillary fingering and higher
sweeping efficiency than the case of viscous fingering caused by a
higher pressure gradient (right) at breakthrough
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Accomplishments to Date

(Baselined dfnWorks with high resolution single continuum
representation of fracture network—LANL LDRD)

Developed machine learning to enable rapid, graph-based
models of full discrete fracture network results

Enabled assessment of matrix contributions to production
from discrete fracture networks

Expanded discrete fracture network to include aperture
response to changes in pressure (Barton—Bandis approach)

Developed “cross over” analysis approach to quantify time
required for a lower production rate to exceed cumulative
production from a rapid draw-down
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Accomplishments to Date

Measured pressure—stress—aperture relationships for carbonate
and clay facies in 11 samples of Marcellus shale

Established a framework for scaling fracture aperture and
permeability relations

Determined using neutron experiments that pressure cycles

control trapping of methane and is associated with irreversible
changes of nanopores

Used lattice Boltzmann simulations to show that moderate
pressure gradients improved sweep efficiency of hydrocarbon
compared with high gradients
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Lessons Learned

Accurate simulation of fracture flow requires computationally
accurate meshes that capture fracture topologies

MIL-enabled graph-theory produces accurate results with a
speed-up of > 1000X

Most of the production (60—80% over a 20-yr period) in a gas-
dominated system originates adjacent to fracture network

Demonstrated that tradeoffs between rapid & moderate
pressure drawdown can be assessed by determining crossover
time in cumulated production

Preliminary assessment using prototypical pressure—stress
relationships suggest cross-over times will likely range from
month to years
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Lessons Learned

Ditferent Marcellus facies have distinct aperture-stress
responses, showing importance of site-specific data

Scaling relationships for fracture apertures can be developed
from a combination of field data and experiments

Transport of hydrocarbon out of nanopores depends on
magnitude of DP, methane condensation at higher P, and pore
properties

Lower pressure gradients (e.g., moderate drawdown) leads to
higher sweep efficiency due to shift from viscous fingering to
capillary fingering

20



Synergistic Opportunities

Production Rate [Mcf/day]

/ LBNL (Primary Fracture Creation and Geometry: Moridis)

— LANL (Primary Fracture Production: Karra)
LBNL (Propped Fracture Behavior: Nakagawa)

«—

LANL (Secondary Fracture Mechanics and Perm: Carey)
NETL (Shear Fracture Geometry and Perm: Crandall)

SLAC (Geochemical Impacts of Hydraulic Fluids: Barger)
NETL (Geochemical Impacts of Formation Water: Hakala) 1
LBNL (Water Imbibition Impacts: Tokunaga)]
LANL (Matrix Porosity and Transport: Xu)

;SNL (Matrix Structure and MD: Wang)
Middle

Mechanisms Late Mechanisms

Early
Mechanisms

1 2 3 4 5 6 7
Time [Years]

>

100 m 10 cm Tmm Tnm

Scale

— Strong synergy already
exists across DOE-FE
national lab portfolio in
the fundamentals of

shale (see tigure)

— Los Alamos portfolio also heavily synergistic with internal

(LANL) investments through LDRD
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Synergistic Opportunities

R&D 100 Joint Entry Los Alamos National Laboratory and Oak Ridge National Laboratory

3
™« Models flow and transport in fractured rock af scales
vanging fom mllimeles fo kilomeers

* Uses unique meshing algorithms o represent realistic and

Transforming simulations ! e e

of flow and transport
through fractured rock

* Runs on laptops and supercomputers
« Enables safer nudear waste disposal, greener hydraulic
fracturing, and more efficient mitigation of greenhouse gses

<Los Alamos

R&D 100 Winner

-

FracMan, Golder associates Inc.

~

Field Data Analysis & Processing Fracture Characteristics
Seismic Fracture size distributions
Acoustic * Fracture orientations
Image Logs Fracture intensities

Well tests DFN conductive properties

Discrete

Fracture

Network
Generation

»

o.

R 1k
[

Probability

3 4 5 6
Fracture Length [m]

Producing Computational Grid Accurate Flow & Transport Modeling
HPC tools

» Multiphase flow solver
Reactive transport
Lagrangian particle tracking

FRAM algorithm
Conforming Delauney
Triangulation

Control Volume mesh

T+

lz.ne+n7 i
1.9e+07 |
180407

[1.7e+n7

pressure [Pall}

FracMan / dfnWorks Continuous Workflow

From
Field
Observations

To
Flow & Transport
Predictions

DOE Investments in Fractured Systems

New TCF Commercialization Project linking FracMan fracture (FE-20)
Characterization to meshing, flow and transport algorithms of dfnWorks
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Organization Chart

Los Alamos Shale Project (HFE-954-18-FY18)

Technical Strategy &
Integration
Project Lead: Hari Viswanathan

Matrix Properties Fracture Fracture-network
Hongwu Xu Properties Modeling
Qinjun Kang Bill Carey Satish Karra

Matrix Properties

» Characterize matrix transport properties using neutron methods and other
methods to probe nanoscale

» Quantify multiphase transport behavior of various matrix types via combination of
experiment and LBM

Fracture Properties

» Characterize fracture behavior for various shale properties and fracturing conditions

» Quantify multiphase transport behavior of various fracture types via combination of
experiment, theory, and simulation

Fracture-Network

» Develop platform for capturing the critical physical (and chemical) processes that control
hydrocarbon production based on a system of discrete fractures and shale-matrix

|

Real-time Pressure
Management
LANL+WVU Team



Bibliography Reservoir-scale

M. Sweeney, C. Gable, S. Karra, P. Stautfer, R. Pawar, and J. D. Hyman. Upscaled discrete
fracture matrix model (UDFM): an octree-refined continuum representation of fractured porous
media. Computational Geosciences, 2019 (under review)

H. S. Viswanathan, . D. Hyman, S. Karra, D. O’Malley, S. Srinivasan, A. Hagberg, and G.
Srinivasan. Advancing graph-based algorithms for predicting flow and transport in fractured rock.
Water Resources Research, 54(9):6085-6099, 2018

A. E. Lovell, S. Srinivasan, S. Karra, D. O’Malley, N. Makedonska, H. S. Viswanathan, G.
Srinivasan, J. W. Carey, and L. P. Frash. Extracting hydrocarbon from shale: An investigation of
the factors that influence the decline and the tail of the production curve. Water Resources
Research, 54(5):3748—-3757

J. D. Hyman, S. Karra, J. W. Carey, C. W. Gable, H. Viswanathan, E. Rougier, and Z. Lel.
Discontinuities in effective permeability due to fracture percolation. Mechanics of Materials,
119:25-33, 2018

N. Makedonska, J. D. Hyman, S. Karra, S. L. Painter, C. W. Gable, and H. S. Viswanathan.

Evaluating the effect of internal aperture variability on transport in kilometer scale discrete
fracture networks. Advances in Water Resources, 94:486—497, 2016

J. D. Hyman, G. Aldrich, H. S. Viswanathan, N. Makedonska, and S. Karra. Fracture length and
trans- missivity correlations: Implications for transport simulations in discrete fracture networks.

Water Resources Research, 52(8):6472—6489, 2016
26



Bibliography Reservoir-scale

S. Karra, N. Makedonska, H. S. Viswanathan, S. L. Painter, and J. D. Hyman. Effect of advective flow in
fractures and matrix diffusion on natural gas production. Water Resources Research, 51(10):8646—-8657, 2015

M. Sweeney, C. Gable, S. Karra, P. Stauffer, R. Pawar, and J. D. Hyman. Upscaled discrete fracture matrix
model (UDFM): an octree-refined continuum representation of fractured porous media. Computational
Geosciences, 2019 (under review)

H. S. Viswanathan, J. D. Hyman, S. Karra, D. O’Malley, S. Srinivasan, A. Hagberg, and G. Srinivasan.
Advancing graph-based algorithms for predicting flow and transport in fractured rock. Water Resources
Research, 54(9):6085-6099, 2018

A. E. Lovell, S. Srinivasan, S. Karra, D. O’Malley, N. Makedonska, H. S. Viswanathan, G. Srinivasan, J. W.
Carey, and L. P. Frash. Extracting hydrocarbon from shale: An investigation of the factors that influence the
decline and the tail of the production curve. Water Resources Research, 54(5):3748-3757

J. D. Hyman, S. Karra, J. W. Carey, C. W. Gable, H. Viswanathan, E. Rougier, and Z. Lei. Discontinuities in
effective permeability due to fracture percolation. Mechanics of Materials, 119:25-33, 2018

N. Makedonska, J. D. Hyman, S. Karra, S. L. Painter, C. W. Gable, and H. S. Viswanathan. Evaluating the
effect of internal aperture variability on transport in kilometer scale discrete fracture networks. Advances in

Water Resources, 94:486—497, 2016
J. D. Hyman, G. Aldrich, H. S. Viswanathan, N. Makedonska, and S. Karra. Fracture length and trans-

missivity correlations: Implications for transport simulations in discrete fracture networks. Water Resources

Research, 52(8):6472—-6489, 2016

S. Karra, N. Makedonska, H. S. Viswanathan, S. L. Painter, and J. D. Hyman. Effect of advective flow in
fractures and matrix diffusion on natural gas production. Water Resources Research, 51(10):8646—8657, 2015

27



Bibliography Fracture-scale

Triaxial Direct Shear Fractured Marcellus (MSEEL) Shale - Peak and Residual Shear Strength,
Permeability, and Hydroshear Potential. https://doi.org/10.105530/urtec-2019-435.

Frash, L. P., Carey, J. W., and Welch, N. J. (2019). Scalable en echelon shear-fracture aperture-
roughness mechanism: Theory, validation, and implications. Journal of Geophysical Research:

Solid Earth, 124(1):957-977. https://doi.org/10.1029/2018]B016525

Carey, J. W, Pini, R., Prasad, M., Frash, L. P., and Kumar, S. (2019). Leakage processes in
damaged shale: In situ measurements of permeability, CO2-sorption behavior and acoustic
properties. In Vialle, S., Ajo-Franklin, J., and Carey, J. W., editors, Geological Carbon Storage:
Subsurface Seals and Caprock Integrity, volume 238 of Geophysical Monograph, chapter 10,
pages 207-224. American Geophysical Union and John Wiley & Sons, Inc.

Nguyen, P., Carey, J. W., and Viswanathan, H. S. (2018). Effectiveness of supercritical-CO, and

N, huff-and-puff methods of enhanced oil recovery in shale fracture networks using microfluidic

experiments. Applied Energy, 230: 160-174. https://doi.org/10.1016/j.apenergy.2018.08.098

Frash, L. P., J. W. Carey, T. Ickes, and H. S. Viswanathan (2017) Caprock integrity susceptibility
to permeable fracture creation, International Journal of Greenhouse Gas Control, 64, 60 — 72.

https://doi.org/10.1016/j.ijggc.2017.06.010

28


https://doi.org/10.1016/j.apenergy.2018.08.098

Bibliography Fracture-scale

Frash, L. P., J. W. Carey, T. Ickes, M. L. Porter, and H. S. Viswanathan, Permeability of fractures
created by triaxial direct shear and simultaneous x-ray imaging, in 51th US Rock Mechanics /
Geomechanics Symposium held in San Francisco, CA, USA, 26-28 June 2017, p. 5, 2017.
https://www.onepetro.org/conference-paper/ ARMA-2017-0717

Carey, J. W, Frash, L. P., and Viswanathan, H. S. (2016). Dynamic Triaxial Study of Direct Shear

Fracturing and Precipitation-Induced Transient Permeability Observed by In Situ X-Ray
Radiography. In 50th US Rock Mechanics/Geomechanics Symposium held in Houston, Texas,
USA, 26-29 June 2016. https://www.onepetro.org/conference-paper/ ARMA-2016-566

Frash, L. P., Carey, J. W., Ickes, T., and Viswanathan, H. S. (2016). High-stress triaxial direct-
shear fracturing of Utica shale and in situ X-ray microtomography with permeability
measurement. Journal of Geophysical Reseatch. https://doi.org/10.1002/2016]JB012850

Jiménez-Martinez, J., Porter, M. L., Hyman, J. D., Carey, J. W., and Viswanathan, H. S. (2016).
Mixing in a three-phase system: Enhanced production of oil-wet reservoirs by CO2 injection.
Geophysical Research Letters, 43:196-205. https://doi.org/10.1002/2015GL066787.2018.08.098

29



Bibliography Pore-scale

Hjelm, R., Taylor, M., Frash, L., Hawley, M., Ding, M., Xu, H., Barker, J.G., Olds, D., Heath, J., and
Dewers, T., 2018, Flow-Through Compression Cell for Small-Angle and Ultra-Small-Angle Neutron

Scattering Measurements. Review of Scientific Instruments, 89(5):055115, available at:
https://aip.scitation.org/doi/abs/10.1063/1.5022678.

Zhao, J., Kang, Q., Yao, J., Viswanathan, H., Pawar, P., Zhang, L., Sun, H., 2018, The Effect of
Wettability Heterogeneity on Relative Permeability of Two-phase Flow in Porous Media: A Lattice
Boltzmann Study. Water Resources Research, 54 (2), 1295-1311, available at:
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017WR021443.

Wang, J., Kang, Q., Chen, L., Rahman, S.S.; 2017, Pore-scale lattice Boltzmann simulation of micro-
gaseous flow considering surface diffusion effect. International Journal of Coal Geology, 169:62—73,
available at: https://www.sciencedirect.com/science/article/pii/S0166516216304360.

Wang, J., Kang, Q., Wang, Y., Pawar, R., Rahman, S.S., 2017, Simulation of gas flow in micro-porous
media with the regularized lattice Boltzmann method. Fuel. 205:232—240, available at:
https:/ /www.sciencedirect.com/science/article/pii/S0016236117306658.

Wang, J., Chen, L., Kang, Q., Rahman, S.S.; 2016, The lattice Boltzmann method for isothermal
micro-gaseous flow and its application in shale gas flow: A review. International Journal of Heat and
Mass Transfer, 95:94—108, available at:
https://www.sciencedirect.com/science/article/pii/S0017931015306566.

Wang, J., Chen, L., Kang, Q., Rahman, S.S.; 2016, Apparent permeability prediction of organic shale
with generalized lattice Boltzmann model considering surface diffusion effect. Fuel. 181:478-490, 30
available at: https://www.sciencedirect.com/science/article/pii/S0016236116303477.



https://aip.scitation.org/doi/abs/10.1063/1.5022678
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017WR021443
https://www.sciencedirect.com/science/article/pii/S0166516216304360
https://www.sciencedirect.com/science/article/pii/S0016236117306658
https://www.sciencedirect.com/science/article/pii/S0017931015306566
https://www.sciencedirect.com/science/article/pii/S0016236116303477

