Multiphysics of Fractured Reservoirs in
a Unified Modeling Environment

Nancy Bannach
Comsol Multiphysics GmbH



NB COMSOL

The platform product for simulating real-world designs, devices,
and processes. One user interface for all engineering applications.
— MODEL BUILDER: Combine physics phenomena in one model

— APPLICATION BUILDER: Build simulation apps from models
— MODEL MANAGER: Collaborate and organize models and apps

COMSOL Server™

Host and administrate your

COMSOL Compiler™

Compile simulation apps into
executable files. Run them

simulation apps. Run them

freely on any computer. through a web interface.

ADD-ON PRODUCTS

ELECTROMAGNETICS

AC/DC Module

RF Module

Wave Optics Module
Ray Optics Module
Plasma Module

Semiconductor Module

FLUID & HEAT

CFD Module

Mixer Module
Polymer Flow Module
Microfluidics Module
Porous Media Flow Module
Subsurface Flow Module
Pipe Flow Module
Molecular Flow Module
Metal Processing Module
Heat Transfer Module

STRUCTURAL & ACOUSTICS

Structural Mechanics Module
Nonlinear Structural Materials Module
Composite Materials Module
Geomechanics Module
Fatigue Module
Rotordynamics Module

Multibody Dynamics Module

MEMS Module

Acoustics Module

CHEMICAL

Chemical Reaction Engineering Module
Battery Design Module

Fuel Cell & Electrolyzer Module
Electrodeposition Module

Corrosion Module

Electrochemistry Module

MULTIPURPOSE

Optimization Module

Uncertainty Quantification Module
Material Library

Particle Tracing Module

Liquid & Gas Properties Module

INTERFACING

LiveLink™ for MATLAB®

LiveLink™ for Simulink®

LiveLink™ for Excel®

CAD Import Module

Design Module

ECAD Import Module

LiveLink™ for SOLIDWORKS®
LiveLink™ for Inventor®

LiveLink™ for AutoCAD®

LiveLink™ for Revit®

LiveLink™ for PTC® Creo® Parametric™
LiveLink™ for PTC® Pro/ENGINEER®
LiveLink™ for Solid Edge®

File Import for CATIA® V5
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WHY ARE WE HERE?

Motivation
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WHAT ARE WE TALKING ABOUT?

Fractured
Reservoirs
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Fracture Reservoirs

Faults & Large
Structures

Very few large structures
with significant impact
for overall properties.

Explicit resolution is
required.

Large number of fractures
where individual
characteristics is not
relevant but the impact of
the whole system needs to
be taken into account

Faults in Fracture
Network

Combination of the
previous two scenarios: A
large structure where
details are important but
also a network model is
required.
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WHAT CAN WE DO
Multiphysics
Modeling

Combination of multiple physical
effects for simulations of real-world
phenomena
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Multiphysics

Nonisothermal Flow

Interaction of flow in
porous media with heat
transport.

Geothermal Applications.

Mass Transfer Structural Mechanics

Transport of chemical Interaction of fluid flow
species including with mechanics in
adsorption, reactions and poroelastic materials.
dispersion.
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MODELING FRACTURED
RESRVOIRS WITH

COMSOL

Multiphysics

How can all this be combined in a
simulation model?
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Explicit Modeling

% At

Geometric

Representation Physical Model

The underlying equations
that are solved
correspond to a realistic
representation of reality.

Faults and Fractures are
resolved in detail as 3D
objects or 2D surfaces
with all irregularities.
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Homogenized Properties

Fractured System

Almost uniformly
distributed fractures

Averaged properties

Porosity and (anisotropic)
Permeability of the
fracture-matrix system
can be averaged over
large domains.
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the porous matrix and one in the
freacture system

Interaction of both systemsvia a
mass source term.

IR g1 )
Application Model Component Add Parameters More . . . Image Animation
Builder  Manager 1~ Component - - Geor:\etry Matfr\als Attributes - Second Point for Cut Line =
Workspace Model Definitions Attributes Select Export
Model Builder ~ 1| Settings ~ & Graphics Convergence Plot 1
=
- + &=y Bl B~ Mass Source Qa@~B L~ O S~@e

4 % dual_poresity.mph (root)
b (£ Global Definitions
4 9 Component1 (comp1) {comp1}
4 = Definitions
d= Variables 1 {vari}
20 Analytic 1 {ka) fan1}
A Piecewise 1 (pw1) {pw1}
|| Boundary System 1 {sys1) {sys)
b= View 1 {view}
I E Geometry 1 {geom1}

I iz& Materials
4 [H) Richards' Equation- Matrix (dl) {41}
b 2B Unsaturated Porous Medium 2 {usporous
25 No Flow 1 {nf1}
2B Initial Values 1 {init1}
@ Mass Source 1 {ms1}
= Pressure Head 1 {ph1}

— 4 [ Richards' Equation - Fracture (di2) {di2}
i & Unsaturated Porous Medium 2 {usporous

25 NoFlow 1 {nf1}
& Initial Values 1 {init 1}
@ Mass Source 1 {ms1}
3 Pressure Head 1 {ph1}

L =) Pressure Head 2 {ph2}

b A Mesh 1 {meshl}

b~ Study 1 {std 1}

4 [@ Results

© Datasets

- Views

Derived Values

B Flownet (dl) {og 1}
W Pressure (dl) {pg2}
\l 3D Plot Group 3 {pg3}
5 2D Plot Group 4 {pg4}
& Export

[# Reports

il

Label: Mass Source 1
¥ Domain Selection

Selection: All domains >

:

B

3’ P ) &

Override and Contribution
Equation
¥ Mass Source

Mass source:

Qn  (Gamma_w*dl.rho)/w_m kg/(m*s)

m

Pressure Distribution and Flownet
T T T T

1.8+

16 1

1al \ N

1.2+

—

1 1 L L L
0 0.5 1 1.5 m

Messages Progress Log

=

COMSOL Multiphysics 6.0.0.405

[May 11, 2022, 1:34 PM] Your COMSOL 6.0 installation is up to date,
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Discrete Fracture Networks

2D DfFN with random fracture 2D DFN with 3 different fracture sets
distribution and power law distribution 3D DFN with 2 different fracture sets.

= Simple shaped fractures (lines, ellipses, polygons)

= Position, size, orientation and aperture follow different
distribution functions

= Create DFN models to analyze reservoirs with different
characteristics
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Settings
Discrete Fracture Metwork — 30

Discrete Fracture Network

* Data

Component: Component 1 (compl) {compl} Ad d - I n
Interface: Mew Darcy's Law interface
¥ General

e Use a ready-to-use Add-in to add a discrete fracture
Bounding box: From geometry network fO”OWing different diStribUtiOn fU nCtionS fOr
Selection: All domains fracture size, orientation and aperture.

* Size

Distribution: Power law -

Minimum axis length: 1

Maximum axis length: 3 m
2

Power law exponent:

[] Use random seed:

* Orientation

Distribution: Fisher -
Strike: 60 =
Dip: 45 =
Dispersion coefficient: 0.1

[] Use random seed:

* Properties
Porosity: 0.7
Roughness factorn: 1

Aperture distribution: Size proportional =

Proportionality factorn: 0.001
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Discrete Fracture
Network Add-In

= Create onor multiple
fracture sets with different
distribution functions

= |mports the fracture sets
into an existing or new
geometry

Fracture Sets

- ® Stw Elv = -

4 4% Flow in a Fractured Reservoir (high fracture density) (root)

4 -@I Global Definitions
Fi Parameters 1 {default]

j‘ 'E" Geometry Parts
> [ o 3D Fracture Network 1 {dfnpart1}
[* e 30 Fracture Metwork 2 {dfnpart2}
{Q’ Default Model Inputs {cminpt}
[ (=) Materials

Add-In

Fracture Sets
in Model
Geometry

= Definitions
Geometry 1 {geom T}
_.-_"_r'" Parametric Surface 1 {ps7) {ps1}
_.-_"_r'" Parametric Surface 2 (psd) {ps2]
_.-_"_r'" Parametric Surface 3 [ps3) {ps3]
"'|'" Block 1 (blk1) {bik1}
T Partition Demains 1 (pard 1) {pard1}
E Delete Entities 1 {d=!1) {del}
= Top (sell) {seli}
= Middle (sel?) (sel2]
= Bottom (sel3) {sel3)
LT_{:. 3D Fracture Network 11 {dfnpil) {dfnpil}
= Partition Demains 1a (dfnparl) {dfnparl}
LT;‘- 3D Fracture Network 21 (dfnpid) {dfnpi2}
B Partition Dorains 2 (dfnpard) {dfnpard)
|;|'| Form Unien (fin) {fin}
Remowve Details 1 (rmd 1) {rmd 1}
[+ 528 Materials
b B8 Darcy's Law (dl) {dl}
[ A Mesh 1 {mesh 1}
[ oo Study 1 {std i}
b @ Results

4 [ Component 1 {comp 1) {comp 1}
I+
4

[ Discrete Fracture Metwork — 3D 1 {settingsform i}
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Discrete Fracture
Network Add-In

= Create onor multiple
fracture sets with different
distribution functions

= |mports the fracture sets
into an existing or new
geometry

= Assigns aperture value to
each fracture

= Setsup aFracture Flow
feature using Cubic's law

- FEt Bl

4 4% Flow in a Fractured Reservoir (high fracture density) (root)

4 -@I Global Definitions
Fi Parameters 1 {default]
b 'E" Geometry Parts

& Default Model Inputs {cmingt]

Add-In [+ (2% Materials

|:| Discrete Fracture Metwork — 30 1 {settingsform1}

4 [ Component 1 {comp 1) {comp 1}

4 = Definitions

Aperture Values 2. Interpolation 1 (int1) {int 1}

I+ g Selections
[
[ = Shared Properties
> View 1 {view}
[ Geometry 1 {geom T}
[+ 528 Materials
4 [ Darcy's Law (dl) {d1}

I ium Porous Medium 1 {porous 1}

%= Mo Flow 1 {nf1}
B Gravity 1 {gr1}

o= Initial Values 1 {init1}

kv v % %%

v

feature I S Aperture 1 {ap T}

S Equation View {info)

5 Equation View {info)

[ A Mesh 1 {mesh 1}

b g Study 1 {std 1}
b @ Results

[:13] Boundary System 1 (sys1) {sys 7}

= Precipitation 1 {preci}

mw Hydraulic Head 1 {hh 1}

mw Fracture Flow 1 {dfni}

Fracture Flow [» S Fluid and Fracture Properties 1 {dim}
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Model Builder ¥ 1 Settings
. — >t | FEt~Y Bl =~ Discrete Fracture Network — 3D
Modeling Workflow £ 4 tncused s fomgh (ot it Ui [ Deetl
4 () Global Definitions

Fi Parameters 1 {default] e
= Create the geometry and DFN 4 (B) Geometry Parts " General

[ @; 3D Fracture Metwork 1 {dfnpart 1} - Size

[+ @ 30 Fracture Metwork 2 {dfnpartd}

Distribution: Power law -

5 Default Model Inputs {cminpt}
b () Materials Minimurn axis length: 200
|:| Discrete Fracture Metwork — 30 1 {settingsform 1}

Maxi is length: 500
4 Component 1 {romp 1) {comp 1} aximuUm axis feng
[ = Definitions Power law exponent: 2.2
4 Geometry 1 {geom1} [ ] Use random seed: 19220308
.C? Parametric Surface 1 {ps1) {ps1}
/7 Parametric Surface 2 (ps2) {ps2} ¥ Orientation

IF Dararmetric Sifare 2 medl faedl
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Modeling Workflow

= Create the geometry and DFN

= Assign material properties

Model Builder

~—>t |l FEa- =

-

4 G fractured_reservoir_flow.mph {root)
b () Global Definitions
4 [ Component 1 {comp 1) {fcomp T}
[ = Definitions
B Geometry 1 {geom 1}
4 25z Materials
4 @ Highly permeable {pmat1) {pmat}
22 Fluid 1 (pmat ] fluid 1) {fluid 1}
im Solid 1 (ematilsolid ) {solid 1}
i2s Basic (def) {def}
[+ i@ Weakly permeable {pmatl) {pmat2)
4 =E= Fracture [mat2) {mat2}
ii: Basic (def) {def}
4 B8 Darcy's Law (dl) {dl}

D Dermire Bdardinmme 1 Fmmemmr e 11

Settings

Forous hMaterial

Label: Highly permeable

Mame: pmat]
Geometric Entity Selection

Geometric entity level: Domain

Selection: Top {geom1_sell}
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Modeling Workflow

= Create the geometry and DFN
= Assign material properties

= Set up the physics interfaces

Model Builder

— —+ t | &=t Elv S~

4 4 fractured_reservoir_flow.mph (root)
b () Global Definitions
4 [ Component 1 fcomp 1) {foomp 1}
[ Definitions
Geometry 1 {geom 1}

T m

iz Materials
Darcy's Law (dl) {di}
I fam Porous Medium 1 {porous 1)
%= Mo Flow 1 {nf1}
25 Gravity 1 {gr1}
fas Initial Values 1 {init?)
4 (gm Fracture Flow 1 {dfn1}
S Fluid and Fracture Properties 1 {dlm1}
iz Aperture 1 {ap 1}
e Precinitatinn 1 frres 1]

B
4
4

¥ #|| Settings

Fluid and Fracture Properties
Label: Fluid and Fracture Properties 1
I Boundary Selection

[ Cwverride and Contribution

* Equation

Show equation assuming:
Study 1 {std1}, Stationary {stat}
W {dFP“) = diQn,
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Modeling Workflow

= Create the geometry and DFN
= Assign material properties

= Set up the physics interfaces

= Create the mesh

Model Builder

« >t | =t El -

-

4 & fractured_reservoir_flow.mph (root)
I+ ) Global Definitions
4 [ Component 1 fcomp 1) {foomp T}
[ = Definitions
B Geometry 1 {geom 1}
I* 225 Materials
b @8 Darcy's Law (dl) {d1}
4 S Mesh 1 {mesh)
Al Size {size]
4 [ZF Free Triangular 1 {fri?}
Af Size 1 {size ]
[ & Free Tetrahedral 1 {ftet?}
Free Tetrahedral 2 {ftet2]
[+~ Study 1 {std T}
[ =" = J

2#

¥ ®|| Settings

Size
= Build Selected [E8 Build All

Label: Size 1

I Geometric Entity Selection
Element Size

Calibrate for:

General physics
® Predefined Extra fine
i) Custom

[ Element Size Parameters

]
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Modeling Workflow

= Create the geometry and DFN
= Assign material properties

= Set up the physics interfaces

= Create the mesh

= Solve

Model Builder

— =+t | & Et- El~

-

4 4 fractured_reservoir_flow.mph (root)
i ) Global Definitions
4 [ Component 1 {comp 1) {foomp T}
[ = Definitions
[ Geometry 1 {geom ]
I* 5za Materials
b @8 Darcy's Law (d) {dl}
b Mesh 1 {meshi)
4 rdb Study 1 {std 1}
E Step 1: Stationary {stat!
@ Step 2: Time Dependent {time}
[ |'|'|-|. Solver Configurations
b JE Results

2#

Settings
Time Dependent
= Compute (¥ Update Solution

Label: Time Dependent
¥ Study Settings
Tirme unit: d

Output times:  range(0,0.1,10)

Tolerance: Physics controlled

[ Results While Solving

» Physics and Variables Selection
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Modeling Workflow

= Create the geometry and DFN
= Assign material properties

= Set up the physics interfaces

= Create the mesh
= Solve

= Postprocessing

Model Builder v 1

>t | TE. B

-

4 4 fractured_reservoir_flow.mph {root)
I () Global Definitions
I Compeonent 1 {comp 1) {comp 1}
[+~ Study 1 {std 1}
4 [ Results
b EE Datasets

A5 .
4 257 Derived Values

oo

¢ Volurme Average 1 {favl)
av Surface Average 2 {avd]
[T Volume Integration 1 {int 7}
i EH Tables
4 i Velocity {pg 1}
3 Surface 1 {surfl}
b IS volume 1 fval 1}
= B Valume 2 funl?

Settings
3D Plot Group
Plot

Label: Velocity
* Data

Dataset: Study 1/5clution 1 (sol1) {dset1}

[ Selection

¥ Title

Title type: Manual
Color: From theme
Murnber format: Default
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Further Steps

= Make it Multiphysics:

— Add other physics interfaces to
consider heat transfer as well

= Modify the Add-in:

— The code of the add-in is accessible and
you can modify it using the Application
Builder

— Basic programming skills are helpful

= Send feedback

Application Builder
ot lzst-a-8
] |E| discrete_fracture_netwark_3d.mph (root)
I Bz Add-in Definition
A Inputs
% Themes
b [ Main Window
4 [ Forms
[ D main
D data
[ D general

[ D fractureSizeDistribution

[ D fractureOrientationDistribution

P D properties

E]in&

Events
[ = Declarations
4 [ Methods
updateComponentsChoicelist
updatelnterfaceChoicelist
updateBoundingBox5electionCho
createPartGeometrySequence
sizeDistribution
orientationDistribution
createFractureFlowFeature
createApertureData
createApertureValue
getBoundingBox
Litility methods {grp 1}
ibraries

8 )t ] ) ] ]

A
=R
—

-1 @Preview orientationDistribution X

."- Ex

Strike directicn lies between @ and 368
Dip direction between @ (horizontal) an
:;:l.,-

out = new double[]{8, 8F};

double rn[] = new double[]{l, 1};

if (lorientationDistribution.equals(“co
rn = new double[ ]{createRandomlumber

T

[/ Temporary variables
double strike_temp = model.parami).eval
double dip_temp = model.param().evaluat

if (orientationDistribution.equals("con
out[@] = model.param().evaluate(“dn_
out[1] = model.param().evaluate( dfr_

} else if (orientationDistribution.equa
out[@] = rn[@]*188;
out[1l] = rn[1]%*98;

} else if (orientationDistribution.equa
[FInverse CDF
-acosi(loglexp(K))-random* (expiK)-exp(
#* ."-
double dev_strike = -Math.acos(Math.1l
double dev_dip = -Math.acos(Math.log(

out[@] = strike_temp+Math.signum({rn[@
out[1] dip_temp+Math.signum({rn[1])*
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Summary & Outlook

The COMSOL Multiphysics Software - where are
we now and what

From Geometry to

Postprocessing Versatile & Specialized
Complete Modeling Workflow General-purpose software based on
integrated in one software advanced numerical tools.

environment. o )
Specialized features for modeling

fractured reservoirs.

Where to go next
Improve functionality of DFN add-in.

Enhance underlying methods for more
stability.

Therefore we need your feedback!



Thank You for Your Attention

See you at our virtual booth or visit us at www.comsol.com.



