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Barriers to Production: Multiple Gaps in Understanding Prevent
Predictive Design

What is really going on
Inside proppant packs
during production?

. How does micrescale
How does characterized

_ geochenigeomech
geochemgeomech What do geophysical influence production of
influencefrac growth? observations really tell us? hydrocarbon and waters?
Characterize geology Design and execut Monitor Produce
core/logdseismic/etc. stimulation stimulation from well

Predictive Simulation Framework to Enable

What are implications of Adaptive Subsurface Management

fracture swarms for frac

growth? How does welto-well What are implications of
Interaction affect fracture swarms for
performance? production?
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A Multi-Scale MulttPhysics MultiLab Project

HFTS Field Data
and Core

Extensive reservoir
scale data

9521 9522

4 hydraulic fractures
within 1 foot!



A Multi-Scale MulttPhysics MultiLab Project

Linked Two Powerful Simulators to Answer Complex Questions at the Reservoir Scale:
GEOS for Stimulation Behavior, TOUGH for Production

HFTS Field Data
and Core

Extensive reservoir

9521

scale data

9522

4 hydraulic fractures
within 1 foot!

GEOS

> TOUGH

A discrete fracture network (DFN) consisting of 1000 fractures

—)—
L]

=(JiR J
L‘ Lawrence Livermore
National Laboratory

GEOS Stimulation:

AFracture network evolution,
proppant placement,
permeability enhancement,
zonal isolation, etc.

ASimulate geophysical
observableg seismicity, fiber
optics, etc.

—

TOUGH Reservoir production
AFully compositional simulator
AFully nonisothermal
AMulti-well production, or
productioninjection
AExtensible: Can accommodate
microscale relations



A Multi-Scale MulttPhysics MultiLab Project

HFTS Field Data Linked Two Powerful Simulators to Answer Complex Questions at the Reservoir Scale:
and Core GEQOS for Stimulation Behavior, TOUGH for Production
; } “ \ \ A discrete fracture network (DFN) consisting of 1000 fractures
B I
! i :;§-,‘.":~,%§:"f
Extensive reservoir
scale data
9521 9522

New Constitutive Models for Shale Property Evolution from Geomechanics and Reactior
Based on Micro/corescaleExperiments/Simulations (Fundamental Shalynergies)
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4 hydraulic fractures
within 1 foot!




Our MultiscaleMultilab Collaboration Confronts Challenges
EnablingPredictive Optimization Multiscale: LLNELBNL

What is really going on
iInside proppant packs
during production?

Multiscale: SLACBNENETL
How doesmicro-scale

Multiscale: ALL

- Fieldscale: LLNL
How does characterized | geochemgeomech
| geochenigeomech What QO geophysical influence production of
influencefrac growth? observations really tell us?

hydrocarbon and waters?

Monitor
stimulation

Produce
from well

Characterize geology Design and execut
core/loggdseismic/etc. stimulation

Predictive Simulation Framework to Enable
Adaptive Subsurface Management

What are implications of
fracture swarms for frac

growth? How does welto-well What are implications of
Multiscale: LLNL interaction affect fracture swarms for
' performance? production?

Field-scale: LLNLBNL Multiscale: LLNELBNL
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Fieldscale Highlights: Fracturing and Reservoir Modeling

Upscaled Swarm Treatment

Cannot afford to resolve fracture swarms explicitly
A Developed upscaled approactu et al. SPE-199689-MS)

A Viscosity: #o=N°u A Leakoff: Co=NC
A Toughness k., = VNk,. A Proppant Dy = ND

GEOS Demonstration
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Readily implemented into =~ =
existing simulators =RESFRAE

Influence of Fracture Skin

Microscale Lab data indicatérac-fluid reactions with shale
induce lowperm zones on hydraulic fracture surface (skin
4SUGEOS stimulation +TOUGH production + low perm skin

10-1 4 — k face=1000nD
] —— k_face=10nD

5 1 —— k face=0.1nD
:c? 10_2‘§
g ]
& 1073 4
5 I

10'4—5

0 20 40 60 80 100 120 140

Days
Low face permeability impedes production

Future Work

Additional parametric studies

Reproduce observed trends for different wells and stages
Incorporate incoming results fromicro-scale studies
(stressdependent fracture perm, micreeaction impacts)




A Multi-Scale MulttPhysics MultiLab Project

HFTS Field Data Linked Two Powerful Simulators to Answer Complex Questions at the Reservoir Scale:
and Core GEOS for Stimulation Behavior, TOUGH for Production
; } “ \ \ A discrete fracture network (DFN) consisting of 1000 fractures
N } liry
‘.“‘ 2 ::..'r —
! ) F;i-,‘fj:%‘»
Extensive reservoir :
scale data A
9521 9522

LB

New Constitutive Models for Shale Property Evolution from Geomechanics and Reactior
Based on Micro/corescaleExperiments/Simulations (Fundamental Shalynergies)
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4 hydraulic fractures
within 1 foot!




A Multi-Scale MulttPhysics MultiLab Project

HFTS Field Data

and Core Impact of . i
P Impact of micro Impact of _reactlve
proppant/shale : weakening of
| : scale reactions on
| ] | mechanical fracture faces on
- | : . fracture and shale :
e niy Interactions on ermeabilit mechanical
—— e fracture permeability P y behavior

Extensive reservoir
scale data

9521 9522

LB

New Constitutive Models for Shale Property Evolution from Geomechanics and Reactior
Based on Micro/corescaleExperiments/Simulations (Fundamental Shalynergies)

¥ ¥ B @

4 hydraulic fractures
within 1 foot!




Micro- and Meso-scaleObservations of Propped Fracture Behavior

Micro- andmesamechanical behaviaat reservoir conditionss translated into understanding propped fracture behavior over time

WolfcampSample
Analysis/Selection

Least clay

Quartz
+Feldspars

Clays

Most clay

Wolfcampsamples in preparation
vary in composition

Micro-scale Wolfcamp) Meso-scale (Marcellus)

Quantitative 4D analysis of shale deformation M(.a.som'echamcal
P ——— Local Fedial displaGEmEnt (permeability/displacement) tests
EE : ) _ T=0/196 psi T=15 days
BT 4 EREE R ; ‘ S RiL 1 Brittle
R Ry QAL s S B ot R R U S Marcellus shale
ek e e L R (from outcrop)
' st LR N T ey aiid B _' ey T=0/3984 psi  T=31days
. MR ’ Lomier Ductile
‘ 3 Marcellus shale [SSS

~1/permeability data
Simulation of the displacement fields & permeability change~ 10 - | | Y |

Relative permeability evolution
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(MSEEL, with proppant)

1 - -
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Impact of Microscale Reactions on Fracture and Shale Permeabilli

SLAC: Characterization of shale
matrix pre- and post injection

LBNL: poreand continuum scale
reactive-transport modeling

Pressure T
(g m's?) | R A

Develop onstitutive laws
that describe permeability
and diffusivity evolution
due to coupled physical
chemical alteration

10 cm

m—

NETL: Fracture flow experiments

ll l'fl'f(fl'

Experimental conditions relevant to the field practice (e.g., pH and salinity
across the stimulated rock volume), and samples from the HFTS site
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Chemical Reactions in Fractures:
Impact on Flow Properties and Controlling Factors

Chemical Reactions in Realistic Fractures CFD simulations with experimental inputs
_ show sl ower fl ow a+c¢c
Channel Flow Propped Flow 1. Euhedral barite : L
o — along surface leading to enhanced precipitation
] _'IV/I_II;]/_gh T ! Resu|ts from AR T )5’ Surface: Velocty magnitude (ms) Streamiine: Velocty fieid »
Marcellus Shale
test case 3 10
Prereaction Postreaction '
2. Proppant
cemented by barite . :
AYy GRSER Sy )
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Chemical Reactions on Fracture Walls and in Shale Altered Zon:«
Image Fluid Penetration to Understand Skin Effects

Use chemistry to image fluid movement and manipulate porosity/permeability

X-ray microprobe

| Imaging T o
B r A ”}; h/2
tracer J
. — Planar
S i Fracture
Schema of Reactive \
Imbibition I AY
f T v, Production
b oS A B Models

aw.:.;o‘; Q)

B PTG
Fluid ’2'.?".;3’1'32 . NS
penetration SsBe:Brelsts 2
=
(Br tracer)
Br- _
X-ray microprobe: Fracture skin
o Fluid penetration nodel
@ - v resetanpren (diffusion tests ongoing) €
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A Multi-Scale MulttPhysics MultLab Project: Progress To Date

Reservoir Stimulation || GEOSTOUGH Interface| Reservoir Production

A New understanding of A Fully automated A Investigated impact of
TN Ol dzNBE Gag procedure for TOUGH fracture/well interference
paradigm shift reservoir simulations and other sensitivities

A Developed new upscaling| based on GEOS outputs || A Demonstrated impact of
techniques now adopted nearfracture skin effects
by industry

Micro-Mechanical Studies Micro-Reaction Studies

A Demonstrated microandmesocscale A Developed new testing methods for
testing procedure and handver to shale alterations due to interaction
GEOS/TOUGH with fracturing fluids

A Conducted first experiments on A Initiated reactive transport models and
proppant behavior in HFTS core development of upscaling methods




Using the HFTS Opportunity 1o

aiddie WOl

A+l £ ARI US-paforraacée capuihfional { z ﬁ
capabilities for fracturing and production against
a unique higkguality field and lab data set

and concentrating facilities along
production corridors

A Develop and test a framework for reservoir
simulations informed by micrecale processes
for adaptive subsurface management

A Utilize tested framework for other field test sites
and industry collaborations
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Publications and Conference Contributions

Fu, W, Morris, J., Fu, P., Huang, J., Sherma®etijast w®X 2 dzZ | @ weSNARA2Yy X wodX dadzZ G6§AaOFtS { AYd:
| @RNJ dzZf AO CNI OldzNAyYy3a ¢Said {A08%B. 61 C¢{véxX 'D! Wwnmegp CHff aSSGAy3IZ ¢ow
Fu, W., Morris, J., Fu, P., Huang, J., Shermdet®jast R., Wu, H., Ryerson, R., Developing Upscaling Approach for Swarming Hydraulic Fractures Obs
Fd 1 @RNI dzZf AO CNIF Ol dzNA Y33 ¢Said -1996888S (présdnidiza 20205 BE Hydraalio Fréctringndéogydgonfetencd ghd ¢ >
Exhibition).
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CNJ} OUdzNAY 3 ¢&#005 { AGSZe ! wa! M

Moridis, G.J., Reagan, MQueirugZ ! ®CHSTFaYVABK2Y ! yIfeara yR 9@Ftdza GdA2y 2F DIFa 5Aal
IPTE19276, Proc. Int. Petroleum Technology Conference, Beijing, Chi28, K&rch 2019.

Morris, J.Birkholzer J. Bargar J., Crandall, D., Deng, H., Fu, O., Hakala, A., Hao, Y, BewalkeyT. Lopang C. Moridis, G., Reagan, MSettgast R.,

SteefeE / ®3X a! bS% CNI YSg 2 NJScaldeSMulatianONEdhiadi2 EdictOringiadd ProSuttio i I &tingN\ith Coengiee Data from
GKS | 8RN} dzZf AO CNYOGdzNAYy3a CASEtR ¢Said -ovy 0KS tSNNALY . laAyzé ! DI HAN
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CN} Ol dzNAYy 3 ¢X2069. { AGS>Z¢ ! wa! Mo

Noél, V., Fan, WBargay J.R.Druhan J., Jew, A.D., Li, ®gvscekA., Brown, Jr., G.E. (2019) Synchrotreaydmaging of Reactive Transport in
Unconventional Shales. American Chemical Society. SSRL annual users meeting, Sept 25, 2019, Menlo Park, CA, USA [Poster].

Noél, V., Fan, WQruhan J., Jew, A.D., Li, ®gvscekA., Brown, Jr., G.Bargar J.R. (2019)-kay Imaging of Tracer Reactive Transport in Unconventional
Shales, CMOF All hands meeting, Stanford University, Oct 24, 2019, Palo Alto, CA, USA [invited talk].

Noél, V., Fan, WBargay J.R.Druhan J., Jew, A.D., Li, Q., Brown, Jr., G.E. (2019) Synchragaptmxaging of Reactive Transport in Unconventional Shales.
AGU Fall Meeting, symposium H44B: Porous Media Across Scales: From Interfacial Properties to Subsurface Processd®,Baa F2agfisco, CA, USA
[contributed talk].

Queiruga A.F., Reagan, M.MoridisD dW® 3 & Ly i SNRS LEGee$ghiodBrocesses Durirgy heoding IO ng Term Gas Displacement EOR

t N2OSaasSa Ay CNJI Ol dzNBIR421, Rroct I8, Pétraldum Te2hNatoby(Chrieseicg, Beijingt @hias, ard 2019.

Voltolini, M., Barnard, HCreux P. andAjo-Franklin, J., 2019. A new miniaxial cell for combined highressure and highemperature in situ synchrotron-X
ray microtomography experiments up to 400 and 2#MPa Journal of synchrotron radiation, 26(1).
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Resolve individual fractures:

Aperture (m)
Var: Facefields/Aperture,
0.0006000

— 0.0004500

' 0.0003000

— 0.0001500

N

Sigma_min (Pa)

Var: Region/sigma.y
.ns 780e+07

—-3.810e+07

—-3.840e+07

Iuvsme‘w
—-3.900e+07

Enables existing simulators to predict realistic fracture growth with

physical parameters.

== RESFRAC

FromResFrac
Tech. Manual:

An Upscaled Approximation for Swarms

=

V Viscosity; #o =Nk
V Toughness Kico = VNK;¢
V Leakoff: ¢,=nc,
V Proppant. p,=nD

ADVANTAGES

18. Correlation fomultistrandedfracture swarms
Inspired by the recent cot@rough studies, Fu et al. (2020) propose a
correlation for modifying constitutive equations to handle the occur

renceof mult-d G NI Y RSR  F NI Ol dzNB
ducedtoResFrad y al e

HAHAO® X

agl NYaxe ¢KAaA

lfaz2sy GKS cCcdz S

ties together elevated toughness, viscous pressure drop, through a single
parameter, N, which is the num. of fracture strands in each swarm. o

Without Scaling

Aperture (m)
Var: Facefields/Aperfure
0.003000

- 0.002250
H 0.001500
— 0.0007500

- 0.000

Sigma_min (Pa)
Var: Region/sigma_y

' 3.7800+07
—-3.810e+07
-3.840e+07

lra 870e+07
-3.9000+07

Upscaled fastunning, monolithic approximation:

(Fu et al. SPE-199689-MS)

400 &
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4
Horizontal Fracture Extension

With scaling
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GEOS TOUGH+ Simulation Workflow Is Complete and Automate

Developed automation for TOUGH+ simulations using GEOS outputs and production data

[ Userdefined data ]

[ Production data ]

Fracture geometry &
aperture from GEOS

Leverage development of the TOUGH+ family of unconventional reservoir simulato

Build mesh ]

|

Adjust mesh to
match aperture

(

.

N
Create boundary

conditions from
data

J

}

NATIONAL

TECHNOLOGY
LABORATORY

Create initial
condition from
GEOS

TOUGH initial Run simulations,
conditions and inputs visualize outputs

=

-

.

Core & micro-scale
results and data
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Hydraulic Fracturing Test Site (HFTS)

X c cn
i 2 28 2 3
1 ¢ 28 I §or
“@ e~ g 3 88~ * FE W S
g s g% ¥

A Over 240 GB, hosted in an EDX
Workspace
i A Raw geophysical logs
A Fiberbased temperature data
o~ A Extensivemicroseismicatalog
A Production and tracer data
A Multitude of reports and
presentations

Iﬁ 25

.

A Identified prevalence of

4 hydraulic fractures “fracture swarms"
within 1 foot!

A Special thanks to GTI and the
rest of the HFTS consortium for
facilitating access, navigating
the dataset, and providing
feedback to our project!



ChemicalMechanical Coupling: Impact of Weakening of Fracture
Faces on Mechanical Behavior

ReactWolfcampshale Characterize microscale Indentation
with fracture fluid chemical alteration measurements
SLAC SLAC LBNL

Reaction Sample Characterization

2 e Load
e Fe(lll) map

15%HCI

HFF + Br tracer
(hydraulic
fracture fluid)

Microscale Assess
alteration of geomechanical Unaltered
fracture face alteration matrix
SLAC LBNL
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GEOS: Hydraulic Fracturing Simulation Tool

APredict the growth of fracture network,
proppant placement, permeability
enhancement, production forecasting,
zonal isolation, etc.

AEvaluate the influence of geologic
conditionsand engineering controls

ASimulate geophysical observables, e.g.,
time-series of seismic events

AGain insight unify existing data
suggest new experiments, tools and
methods

Alatest version (GEOSX) is open source

I GEOS is a unified code framework providing a common data structure that can be sha
various physics solvers and material models




What are implications of

| S “swar mi n g " t he roi g ht fracture swarms for

production?

Al LILIF NBY G Gagl NXYA yaaeHFsmbecorm Ks Yzau
striking feature common to HFTS and am
similar experiment in Eagle Ford
(Raterman et a., 2018)

Alf true swarming

AHas implications for the underlying |
mechanisms. E.g.: individual fractures in “°—,

one swarm may have a common root.

504 9524 9544 9564 9584
Location of HFs in Core 3 (ft,MD)

[te) —————

Statistical testing

Alf apparent swarmings aPoisson

process
AlIndividual fractures within apparent swarn
may not be "related"
AMechanism might be more chaotic?

I ed probability
o

Z

Spacmg between HFs Count per 4 ft



GEQOS is the Perfect Tool for Exploring Hypotheses
ldeas from HFTS Consortium and others have profguoduction implications!

Well

The branching hypothesis:
ACan natural fracture cause branching

Core

ACan branches survive?
AAIll fractures connect to well

Theporoelastichypothesis:

A Can the mismatch between stress shadd
and pressure shadow cause tensile crac

A Most fractures NOT connected to well!

A Shell has a simple conceptual model

—=

AWe are collaborating to develop a definit|
understanding using GEOS

Less “arm waving’

and

) N

GEOS model
Indicates branches

tend to die off
Pressure
N Tensile stresses
D\
In-situ min stress

In-situ pore pressure

Normal distance from the fracture surface



An Upscaled Approximation for Swarms

Resolve individual fractures:

Aperture (m)
Var: Facefields/Aperture,
0.0006000

— 0.0004500

' 0.0003000

— 0.0001500

N

Sigma_min (Pa)
Var: Region/sigma_y
780e+07

.—o

—-3.810e+07

—-3.840e+07

Iuvsme‘w
—-3.900e+07

Enables existing simulators to predict realistic fracture growth with

physical parameters.

Upscaled fastunning, monolithic approximation:

=

V Viscosity; #o =Nk
V Toughness Kico = VNK;¢
V Leakoff: ¢,=nc,
V Proppant. p,=nD

== RESFRAC

ADVANTAGES

FromResFrac

Tech. Manual:

18. Correlation fomultistrandedfracture swarms
Inspired by the recent cot@rough studies, Fu et al. (2020) propose a
correlation for modifying constitutive equations to handle the occur

renceof mult-d G NI Y RSR  F NI Ol dzNB
HAHAOO® X

ducedtoResFrad y al e

rtazz

agl NYaxe ¢KAaA

iKS Cdz S

ties together elevated toughness, viscous pressure drop, through a single

parameter, N, which is the num. of fracture strands in each swarm.

3

Without Scaling

Aperture (m)
Var: Facefields/Aperfure
0.003000

- 0.002250
H 0.001500
— 0.0007500

- 0.000

Sigma_min (Pa)
Var: Region/sigma_y

' 3.7800+07
—-3.810e+07
-3.840e+07

lra 870e+07
-3.9000+07

(Fu et al. SPE-199689-MS)
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Investigating Factors Controlling Connection to Reservoir



TOUGH Family of Codes: A Massively Parallel Reservoir Simula
for Porous and Fractured Media

multi-dimensional
multi-phase
multi-component
non-isothermal
flow and transport
fractured-porous

TOUGHZ2

0D, 1D, 2D, 3D
liquid, gas, NAPL, solid

water, NGG, VOC RN, X

heat
multi-phase Darcy law

dual-f, dual-k, MINC, EOM, DAN

I TOUGH?2

MPTOUGHZ2
iITOUGH2-PVM

parameter estimation
sensitivity analysis
uncertainty analysis

II:’w

data-worth analysis

e A4
TOUGHREACT TOUGH-HAC
+reactive TOUGH-ROGMECH
geochemistry + geomechanics
N A4 4
TOUGH+ TOUGHS T2WHL
+ hydrates + parallel +wellbore
+shale gas simulator

PEST
Protocol

external
simulators

[mlﬂmnu "mwllll_

1

0

0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
TTTTTT D LA L L

Gas Saturation

08
06
04

02

Suite of NoAsothermal, Multiphase, Multicomponent Subsurface Flow and Transpo

Simulators Integrated into thB OUGHnNversion and Optimization Framework

LBNL




TOUGH Family of Codes: A Massively Parallel Reservoir Simula
for Porous and Fractured Media

multi-dimensional
multi-phase
multi-component
non-isothermal
flow and transport
fractured-porous

TOUGH2
0D, 1D, 2D, 3D
liquid, gas, NAPL, solid

water, NGG, VOC, RN, X

heat
multi-phase Darcy law

dual-f, dual-k, MINC, EOM, DAN

I TOUGH?2

MPTOUGHZ2
iITOUGH2-PVM

parameter estimation
sensitivity analysis
uncertainty analysis

data-worth analysis

—

Z

+reactive
geochemistry

TOUGHREACT

TOUGH-HAC
TOUGH-ROCOM ECH

+ geomechanics

A 2 A4

TOUGH+ TOUGH3 T2WHL
+ hydrates + parallel +wellbore
+shale gas simulator

PEST
Protocol

external
simulators

TOUGH+OIlGasBrine (T+OGB):

A Conventional and tight/shale oil/gas

A Fully compositional simulator, fully non-isothermal
A Qil (live or dead), H,0, Salt(s)

A Up to 11 gas components (C, .5, CO,, N,, H,, etc.)

A Enhanced oil physical properties relationships
(viscosity, etc.)

A Parallel computing capabilities (features merged with
PTOUGH+)

A Simulate stencils (irreducible reservoir sub-unit)
A One, two, or multiple wells
A Multi-well production, or production-injection

Suite of NoAsothermal, Multiphase, Multicomponent Subsurface Flow and Transpo

Simulators Integrated into thB OUGHnNversion and Optimization Framework




GEOS TOUGH Simulation Workflow Is Complete and Automatec

Developed automation for TOUGH+ simulations using GEOS outputs and production data

Leverage development of the TOUGH+ family of unconventional reservoir simulato

[ Production data

Adjust mesh to v Fs St |

match aperture » ‘ e’ Fewe
N

Create boundary
conditions from

Fracture geom;
aperture from {

Run simulations,
visualize outputs

Create initial
condition from
GEOS

Core & micro-scale
results and data

L lri)" ) 1 A [N=[Nanona \
‘ e | Ny \ Y3 TL TECHNOLOGY

LABORATORY




Preliminary GEOS TOUGH Simulations for HFTSChister Case

Pressure

One well, five fractures

Pressure Pressure

Two wells, five fractures each (offset)

HFTS Simulation Case
A 5-fractures from GEOS test proble
A One wellandtwo wells (3SU/4SU)

A Matrix and fracture properties from
HFTS dataset

A Variable well BHPs from HFTS dat:

Processes Studied

A Depressurization, fluid production,
exsolution of gas

A Interference between fractures

A Interference between wells

Current Focus Due to Delays in
Micro-Scale Studies

A Sensitivity studies

A Numerical experiments




Preliminary Modeling of the Reaction Experiments

AFracture flow experiments: captured the key features in fracture aperture change

ABatch experiments: explored different reaction networks to reproduce the measured fluid chemis

ADiffusion experiment: evaluating the effective diffusivity across altered (skin) layer
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Development of Upscaling Framework

A Conduct modeling efforts with expanded parameter space of fluid chemistry, mineralogy and flow patterns
A Develop constitutive relations for (relative) permeability and diffusivity for use in reseswale models

Example: Porascale reactive transport simulations to quantify the evolutic
of diffusivity/permeability of the matrix following mineral precipitation

Fluid chemistry, mineral composition, ...
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