THUﬂDE'w‘HEAD

403 Poyntz Avenue, Suite B
Manhattan, KS 66502

USA

+1.785.770.8511
www.thunderheadeng.com

TOUGHREACT Examples

PetraSim 5



TOUGHREACT Examples







Table of Contents

[T ] 11 4 =T viii
ACKNOWIEAZEMENTS ...ciiiiiiiiniiiiiiiiiiiiiiiiiiieiiiieinsississettitesssssssssessttesssssssssssssssesssssssssssssssesssssssssssssssssnnns ix
L. OVEIVIEW ..ceuiiiiieiiiiiineiiiireeiiieeesistennssistensssseensssssennsssssennsssssensssssssnsssssssnsssssennssssssnsssssssnsssssssnssanans 1
(O 1 Lo T= 0 @ 10 ] o 2 = 2 o SRR 1

T oYU o] L= TP 1
ThermodynNamic Database .....ueiii e e e e e et e e e e e e e st ae e e e e e e eeennrareneaaaeas 1
2. Aqueous Transport with Adsorption and Decay (EOS9) .......ccccerirerremnnccceeereeeenmnnnceeeseeeeennnssssessseeeens 2
DTl T o1 o PPN 2
Create the TOUGHREACT MOUEI......ueiii ettt ettt e e e ete e e e s etr e e e e enbaee e eenbaeeesenbaeeeeenseeeeenns 2
SPECITY the SOIULION IMESN ..o e e et e e et e e e et e e e e s aaaeeesnsaaeeeeneeeeas 2

Y o Lol L YA A DAV 1Y [ o PSP 3
CrEate TNE IMIESH ..t e et e e et e e e e ba e e e e abteeeesabaeeeeaasteeeeanstaeeeansteeeeannens 3

(€] o] oF- |l o o 1T o A =T3PPSR 3
Y1 0] A oY T V- [ o1 TS PSPPI 3

(O S D - | - T PP P PP PP PO P PPPPPPPPPPPPRPPPRPRPRt 4

Y YT o |l o o 1T o A =TSRRI 4

Y YT o F |l D) - IR USRS 4
Relative PermEability ....ciiiciieee ittt e e st e e st e e st ae e e e sbaeeeenreeeenan 4

(07 o1 Y AV =T U RSP 4

Ta T =Y K @oT o [ o] o T3PS 5
(] T a1l 2 oYU Ta Yo -1 A @foT o o [ 4 o] o T3PS 5
WAt SOUICE ...ttt e e e e e et e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeaeaeaeaaaaaeaaaens 5
oo 1¥ Tt o [o] o USRS 6
T o A=Y O =Y G O] | B B - | = SR 6
Yo (W1 a1 o I @] oo o -3 SRR 6
T T3PS 6

L YT T =4 o T = PRSP 7

(0001 01V 7=T = 1= T4 (ol - 7

(@ UL UL 00T 4o ] 3SR UPPRR 7
TOUGHREACT SOIULION PArameEterS .. .cueiiiieicciiiiieiee e eesciiiireeee e e sessieteeeeesessssnsstaeeeessesssssssseessssssssnssssnneeeses 8
TOUGHREACT OULPUL OPTIONS ...eitiiiriieiiieitreteteierereeeteterererereeeeeeeeeeeeee...—...—.—.—.————————————————————.—.—.—.—.—...—.———. 8
TOUGHREACT Chemical COMPONENTS. ....cciiciieeeiiieeeeiiteeeeciteeeesireeeestreeeesbaeeessbaeeeesabaaeessssseeesessesesansens 8
TOUGHREACT ZONE DALA ..eteuveeiiiiiniieeiieeeiieesieeesiteesitee sttt esiteesabeessabeesabaeesaseesabaesssseessseessaessasessssseessses 10
AsSOCIate ZONES WIth IMESN ... e et e e et e e e et te e e e s rae e e e e nbreeeeennees 11
Y= V73 T2 o I 2 (U 1o SRR 12
VIBW 3D RESUIES...eeiiiiiiiii ettt ettt e et e e et e e e ettt e e e e abae e e e abtee e e ssaeeeeassaeeeeansseaeesnsseeesansens 12
LV A =Y | o 1y e VA o o £ PSR PSPR 13
3. €02 Disposal in Deep Saline Aquifers (ECO2N) ......ccccevieeeemmerreeerrreeeennssrseeeeeeeesnnsssssseseesessnnnssssssssens 15
D LT Yol g o) [ ] o PP PP PPPPP PP 15
Create the TOUGHREACT MOEI .....uviiiiiiiiieiiiie ettt ettt e st e st e e s sata e e s sntaeessnnnnees 15
(€] lo] o F- | I o o 1T A =T3P 15

Y Y oY =Y I o o =Y o 1SRRI 16

Y Y Y A=Y N D | = SRR 16
Relative PermeEability .........uuiiiiiee e e e e e e e e e e e e e e e e anraaeeeaeeeeenanes 16
(0T o111 =TV o T VT SRR 16




IVIISCRIIANEOUS ...ovvvvviiiiiiiiiiiiieieeeeeeeeeeeteeeeee et et eea e eee e ee et e e et e eaeaeaeaeaeaeaeaeaeaeseaesaaeaeseseaessaesasasesesasesesesernsasnrnnes 16

T F= Y @oT o [ 4] o T3 USSR 17
TOUGHREACT SOIULION PAramMELEIS ... .uiiiiiciiieeiiiieeeciieeeeeeiteeeeeteeeeesataeesssataeeesataeesestaeessnsseeessssesesansses 17
TOUGHREACT OUETPUL ParamEters....cuuueueueiiiiiiiiieiiiiiiititteieteteteeeeeeeeeeereeeeeeereeererereresaeererar——————————————————————. 18
TOUGHREACT Chemical COMPONENTES....cciiiiiiiiiciiie e ccieee ettt e eeiee e eetee e e s satee e e sbe e e e sstee e e ssaeeeessseeeesnsees 18
AL TRV o L= Tol [T S PP PSPPSR PP PP P PPPPPPPPPPPPRPPPPRt 18
AGQUEOUS COMPIBXES.....uurrrieieeiiieiirireeee e eeecctrre e e e e e eeesetbereeeeeeeeesttbareeeeeseeasssbasaeeeesesssssraseeasesesansssreees 19
TR T=T =Y T 19
GASEOUS SPECIES . neiiiteeete e ettt et e e ettt e e e e s e bttt e e e e e e e s abebeeeeeeeesaasbabaeeeeesesaanbbbaeaeeesansnnraaeaeeeens 22
TOUGHREACT ZONE DALA ....uveiiieiiiee e ettt e ettt eetee e e ettt e e eetteeeeeetbeeeeeetteeeeeeabaeeesnaseeaeesreeeeensseeesensresesannres 23
Saving the Geochemical Data File as a Starting Point for a New Analysis......ccccccvevviieieiiiieeeeniieee e 25
Create the MOdel BOUNAIY ......iiiiiiiee ettt e st e e s s abe e e s sabaeessssaeessnseeesssreeeas 25
EAit the DEfaUIL LAYET ..viiiiiieee ettt et e e e et e e s st e e e sabe e e e ssbeeesssteeessnneaeeeennees 25
SPECIfY the SOIULION IMESH ... e e e e e e e e s e e snnt e e e e e e e e e esnannreeeeeaaeas 26
Y o T=Toi 1 AV DTNV 1 o o 13RS 26
Create the IMIESI ... e e e e e e e e e e e s e s st ate e e e e e e e esasttaaeeeeeeensnnstaneeeeanas 26
Define Boundary CONITIONS ...cciiie ettt e e e e e s e e ae e e e e e e s e nantaeeeeeeesennnrnennes 27
Y o] [ ¥ a T o JK e T o ¥ o -3 R 28
1T LR PRPRPRPRPRRt 28
Y] 1Y USSR 29
(0101 oo TV A 00} { o1 U 29
ASSOCIate ZONES WIth IMESN ...t et e e et e e e ab e e e e e aateaeeeasteeeeennees 29
Y YL Lo Lo I 20T o PR 30
VIBW RESUILS .. eeiteieeiieee ettt ettt e st e e st e e e ettt e e e s abaeeesasbaeeeesbaeee e sseaeeassaeeeassaaeeesnsseaeesnseaeesansees 30
The Continuation RUN (RESTAM) ...cccciviieiiei ettt ee et e e e e e eeetbre e e e e e eeeeeetabeeeeeeeesesnassaaseeeeeesssnssreees 31
Vo ol 2 UT - Al D - | - ISR SRPSR 32
SEE A NEW ENG TIME .utiiiiiiiii ettt et e e e et e e s eatt e e e sanbaeeessataeeeeansaeeesantaeeesansseeenns 32
Start the ContiNUAtioN RUN ...ttt e e e e e et rr e e e e e e e e e atabaeaeeeeeeenassraees 32
VIBW RESUIES «.utvvieiieeieiciiitiee ettt e e e e et r e e e e e e ee et abeeeeeeeeeeaababaaeeeeeeesastsbasaeeseeesssrssaeeeeseeesssrasaeaeanns 32
L= £ =T TR TR 34




Figures

Figure 2.1:
Figure 2.2:
Figure 2.3:

Aqueous Transport with Adsorption and Decay Model, after (1) ....cccceeecveeeiicieeiicieee e, 2
The Create Mesh dialog. The values shown will create a regular 60x1x1 mesh. ......ccccceevuneeenn. 3
SOlUtiON CONTIOlS — CONVEIZENCE. ... uviieeiiieee ettt e eettee e et e e e et e e e s stae e e setaeeeesnbaeeessnbaeeeesnsaeeannns 7

FIGUIE 2.4 PrimMary SPECIES ...euuviiiiieieiieitieeeeeeeeeeeeeeeeeeeeeeeererarereeeereeer.ereereaeereerereeerrrnereerneernrereresessssresesssnsesnsnnes 9
FIGUIE 2.5: 3D RESUILS ..vviiiiiiiiiiiiiiiee sttt ettt ettt e e sttt e et e e s sbe e e e s s s teeeseasbaeessnsbeeessassaeeessseeessnsraeessnnseeeas 13
= U R I R O] | I Ty o Y P 14
Figure 3.1: SAND Material Data .........uueeieeiiiiciiieieee ettt e e e e e et e e e e e e e s snnrreeeeeeeseennntnnneeeenas 17
FIUIE 3.2 Primary SPECIES ...ceii ittt ettt et ettt e e e e e sttt e e e e e e s s bt beeeeeeeessnnbeaaeeeesssssasnreaaeaeeess 19
Figure 3.3: MINeral ZONE Data ......ueeiiciiiie ettt ettt e e et e e e et e e e eaae e e e sabaeeesnsaeeesssaeessnnaeens 24
Figure 3.4: Model after applying VIEW SCAl@. ......eeeieiii i e e e e ee e e e 26
FIUIE 3.5 COZ INJECTION . ...ttitiite ettt ettt et e ettt e e e e e s bbbttt e e e e e s st bbeeeeeeeessnnrbaaeeeessessasnraaaeaeeens 27
FISUIE 3.6: CO2 INJECTION . ..ceitititiiiietttttttttettteteteteteeerereree e et et aaae et eeaesesesaaesesesesaeesesesesesesesssesssessssnnsssssssnsnnns 28
Figure 3.7: Selecting a region in the Tre@ VIEW ...ttt e e e e e ne e e e 30
Figure 3.8: Zones Associated With IMESH .......coiiiiiiiiiie e s aaee s 30
Figure 3.9: Preparing @ LINE PIOT ... ittt e e et e e e e aae e e e e ata e e e e ataeeeearaeeeennnnees 31
Figure 3.10: Line Plot of CO2 Saturation (SG) .....cueeeiecuiiieieiiieeeeciieeeeecte e eeetee e e eeae e e e eeaae e e e enraeeeesasaeeeennaeeas 31
Figure 3.11: Preparing @ LINE POt . ..o ittt sttt e st e e s saae e e s s sraeessnnaee s 33
Figure 3.12: Line Plot of Total CO2 Sequestered in Minerals (SMCO2) ......ccocuveevcirieeeiiiiee e 33

Vi



List of Tables

Table 2.1:
Table 2.2:
Table 2.3:
Table 3.1:
Table 3.2:
Table 3.3:
Table 3.4:
Table 3.5:
Table 3.6:
Table 3.7:

Model BouNdary DIMENSIONS ........cciiiciiieiiiiiieeiiiiee e ectieeeeeite e e eetree e seteeeessbaeeessntaeeessnsaeesssnsseeesns 2
WAt ZONE Data ... s 10
Water ZONE Data .....eeiiiiiiiiieeeee e s e e s 11
Dissolution and Precipitation Data for Minerals..........cccuveiiie i 21
Additional Mechanism Data for MINErals ........cueiiieiiiiiiiiiies e e e s e e 22
Dissolution and Precipitation Data for PYrit€-2 ........ccceeeeiieeiciiiie e 22
Additional Mechanism Data for PYrite-2 ... e e e e 22
{0 LY (LT =1 ) 174 RS 23
IMIINEIAI ZONE 1.ttt st e s bt s bt e s bt e s bt e e s abe e s bt e e s bbeesabaeesabeesabaeennee 24
Model BouNdary DIMENSIONS .........uuuiiiiieeeiiiiiiiieeeee e e e ecctareeee e e e s esarreeeeeeeeeessnstaeeeeeessessnnssanneeeans 25

Vi



Disclaimer

Thunderhead Engineering makes no warranty, expressed or implied, to users of PetraSim, and accepts
no responsibility for its use. Users of PetraSim assume sole responsibility under Federal law for
determining the appropriateness of its use in any particular application; for any conclusions drawn from
the results of its use; and for any actions taken or not taken as a result of analyses performed using
these tools.

Users are warned that PetraSim is intended for use only by those competent in the field of multi-phase,
multi-component fluid flow in porous and fractured media. PetraSim is intended only to supplement the
informed judgment of the qualified user. The software package is a computer model that may or may
not have predictive capability when applied to a specific set of factual circumstances. Lack of accurate
predictions by the model could lead to erroneous conclusions. All results should be evaluated by an
informed user.

Throughout this document, the mention of computer hardware or commercial software does not
constitute endorsement by Thunderhead Engineering, nor does it indicate that the products are
necessarily those best suited for the intended purpose.
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1. Overview

Using TOUGHREACT

TOUGHREACT is an extension of the original TOUGH2 simulator that is available as a simulator mode in
PetraSim. The TOUGHREACT simulator supports a subset of the TOUGH2 EOS modules. The supported
EOS modules are EOS1, EOS2, EOS3, EQS4, EOS9, and ECO2N. You can perform a TOUGHREACT
simulation by selecting the TOUGHREACT simulator mode and one of the available EOS modules when
creating a new model.

In PetraSim, options relating to TOUGHREACT are presented under the Tough React menu item in the
main window. These options allow you to configure the reactive transport solver, simulation output,
chemical zones, and other TOUGHREACT-specific parameters.

It is also possible to disable reactive transport during a TOUGHREACT simulation. This will effectively
revert the simulator to TOUGH2 mode. This option is available in the Global Properties dialog, on the
Analysis tab.

Input Files
A TOUGHREACT simulation requires four input files. These files are listed below:

e flow.inp -- This is the standard TOUGH2 input file

e solute.inp -- The chemical "geography" of the analysis
e chemical.inp -- The chemical parameters

e thermodb.txt -- The thermodynamic database

PetraSim creates each of these files into your simulation directory. However, the filenames cannot be
changed. The naming scheme for the simulation output files follows a similar pattern. To avoid
overwriting previous simulation input and output data, you must run each analysis in a separate
directory.

Thermodynamic Database

A thermodynamic database listing the composition of many different species and minerals has been
included with PetraSim. PetraSim will automatically load this database. A valid database must be
loaded prior to the inclusion of species or the definition of reactive zones. This is because the species
used to build up the zones are loaded from the thermodynamic database. If you choose to use a custom
database, you must ensure that it is loaded before configuring any species or zones. To load a custom
thermodynamic database:

1. Onthe Tough React menu, click Thermodynamic Database...
2. Select your custom thermodynamic database.
3. Click OK.




2.Aqueous Transport with Adsorption and Decay (EOS9)

Description

This problem is the first example in the TOUGHREACT manual. Itis a 1-D problem, 12 m in length, with a
unit area, divided into 60 blocks of 0.2 m thickness, as shown in Figure 2.1.

~

e \\
Boundary water / Initial
: nitia
— — >
water
V = 0.1 m/day
N ) - L P 4
< - —
12m -

Figure 2.1: Aqueous Transport with Adsorption and Decay Model, after (1)

The completed PetraSim file for this example problem may be found in a resources archive on
PetraSim's support web site. The file is located in the t2react_examplel folder of the resources archive
and is named t2react_examplel.sim.

Create the TOUGHREACT model
We first will create a new model using TOUGHREACT and EOS9 and specify a default model boundary:

1. On the File menu, click New....

2. For the Simulator Mode, select TOUGHREACT.

3. Forthe Equation of State (EOS), select EOS9.

4. For the Model Bounds (Default), enter the values from Table 2.1.
5. Click OK.

Table 2.1: Model Boundary Dimensions

Axis Min(m) Max(m)

X 0.0 12.0
Y 0.0 1.0
z 0.0 1.0

The Simulator Mode and Equation of State will be remembered for the next time a new model is
created.

Specify the Solution Mesh

Specifying the mesh takes two steps. First we must enter the Z divisions per layer. Then we create the
mesh.




Specify Z Divisions
We must first specify the Z divisions for the default layer. To open the Edit Layers dialog: on the Model
menu, click Edit Layers....

1. Inthe layers list, select Default.
2. For Dz, select Regular.
3. Inthe Cells box, type 1.

Click OK to apply the changes and close the Edit Layers dialog.

Create the Mesh
Next we will create the actual mesh using the Create Mesh dialog as shown in Figure 2.2. To open the
Create Mesh dialog: on the Model menu, click Create Mesh....

1. For the Divisions, select Regular.
2. Inthe X Cells box, type 60.
3. IntheY Cells box, type 1.

Click OK to create the mesh.

Create Mesh @

Mesh Type: |Regular

Divisions: (@ Regular  (7) Custom

¥ Cels: |60 ¥ Factor: 1.0

¥ Cells: |1 ¥ Factor: |1.0

Mote: Z-divisions are set by layer.

[ OK H Cancel J

Figure 2.2: The Create Mesh dialog. The values shown will create a regular 60x1x1 mesh.

Global Properties
Global properties are properties that apply to the entire model. In this example, the only thing we will
change is the analysis name. To edit global properties, you can use the Global Properties dialog.

On the Properties menu, click Global Properties....

Simulation Name
1. Inthe Global Properties dialog, click the Analysis tab.
2. Inthe Name box, type TOUGHREACT Example 1.




EOS Data
The EOS (Equation of State) tab displays options for EOS9.

1. Inthe Global Properties dialog, click the EOS tab.
2. Inthe Reference Pressure (Pa) box, type 1.0E5.
3. Inthe Reference Temperature (C) box, type 4.0.

Click OK to close the Global Properties dialog.

Material Properties
To specify the material properties, you use the Material Data dialog. This example requires one
material.

To open the Material Data dialog: on the Properties menu, click Edit Materials....

Material Data
1. Inthe materials list, select ROCK1.
In all three Permeability boxes (X, Y, and Z), type 6.51E-12.
In the Wet Heat Conductivity box, type 0.0.
In the Specific Heat box, type 952.9.
Click Apply to save the changes.
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In addition to the physical rock parameters, we also need to specify the relative permeability and

capillary pressure functions for this material. These options can be found in the Additional Material

Data dialog. To open this dialog, click the Additional Material Data... button.

Relative Permeability
To specify the relative permeability function:

Click the Relative Perm tab.

In the Relative Permeability list, select Linear Functions.
In the SImin box, type .333.

In the SImax box, type 1.0.

In the Sgmin box, type -0.1.

o vk wWwN e

In the Sgmax box, type 0.0.

Capillary Pressure
To specify the capillary pressure function:

Click the Capillary Press tab.

In the Capillary Pressure list, select Linear Function.
In the CPmax box, type 9.7902E3.

In the A box, type 0.333.

In the B box, type 1.0.

vk W e




Click OK to exit the Additional Material Data dialog.

Click OK again to save your settings and exit the Material Data dialog.

Initial Conditions

The initial state of each cell in the model must be defined. The Default Initial Conditions dialog is used
to define initial conditions that will be applied to the entire model. You can also specify initial conditions
by cell, by region, by layer, or by importing the results of a previous analysis. For any analysis, the
specific initial conditions will depend on several factors including EOS selection, simulator mode, and the
initial state of the simulation.

Correct specification of initial conditions is essential for proper convergence and obtaining a correct
result. In general, the initial conditions need to be physically meaningful. Often this requires an initial
state analysis in which a model is run to obtain initial equilibrium conditions before the analysis of
interest (geothermal production, VOC spill, etc.) is run.

To edit global initial conditions: on the Properties menu, click Initial Conditions....
To set the initial conditions:

1. Inthe list, select Pressure.
2. Inthe Pressure box, type 1.001E5.

Click OK to exit the Default Initial Conditions dialog.

Define Boundary Conditions
Boundary conditions can be defined for individual cells. We will define conditions for injection and
production cells.

Water Source
We will inject into the cell on the left and produce from the cell on the right. Click on the leftmost cell in
the mesh (cell #1). To edit the properties of this cell, on the Edit menu, click Properties....

Click the Properties tab. Then, in the Cell Name box, type Input.
Click the Sources/Sinks tab. To define the source:

1. Under Injection, select Water.
2. Inthe Rate box, type 1.16E-4.
3. Because EOS9 is an isothermal analysis, the enthalpy value need not be set.

Next click the Print Options tab. Select Print Cell Time Dependent Flow and Generation (BC) Data. This
will output data for this cell at every time step, which can then be used to make detailed time history
plots.

Click OK to close the Edit Cell Data dialog.




Similar steps are followed to define production in the model.

Production
We will produce from the cell on the right. Click on the rightmost cell in the mesh (cell #60). To edit the
properties of this cell, on the Edit menu, click Properties....

Click the Properties tab. Then, in the Cell Name box, type Output.
Select the Sources/Sinks tab. To define the production:

1. Under Production, select Mass Out.
2. Inthe Rate box, type 1.16E-4.

Next, click the Print Options tab. Select Print Cell Time Dependent Flow and Generation (BC) Data.

Click OK to close the Edit Cell Data dialog.

Print Center Cell Data
We will also choose a cell in the center of the model for which time history data will be printed. Right-
click on a cell near the center (for example, cell #30) to edit the cell properties.

Click the Properties tab. Then in the Cell Name box, type Center.
Unlike the Input and Output cells, do not set any boundary condition data for the Center cell.
Click the Print Options tab. Select Print Cell Time Dependent Flow and Generation (BC) Data.

Click OK to close the Edit Cell Data dialog.

Solution Controls
We will now define the solution options. Options relating the time step and other solution controls can
be found in the Solution Controls dialog.

To open the Solution Controls dialog: on the Analysis menu, click Solution Controls....

Times
1. Inthe Solution Controls dialog, click the Times tab.
2. In the End Time box, type 100 days.
3. Inthe Time Step box, type 10.0.
4. Inthe Max Num Time Steps list, type 1000.
5. Inthe Max Time Step list, select User Defined.
6. Inthe Max Time Step box, type 8.64E3 s.

! Most input boxes taking a time input will allow the user to enter the time in seconds (s), minutes (min), hours (h),
months (month), and years (yr). If no unit is specified, seconds will be used.




Weighting
1. Inthe Solution Controls dialog, click the Weighting tab.
2. Asthe Density at Interface option, select Average of Adjacent Elements.

Convergence
1. Inthe Solution Controls dialog, click the Convergence tab.
2. Inthe Relative Error Criterion box, type 1.0E-6.

Solution Controls
Times | Sohver | “Weighting | ““onvergence | Options
Relative Errar Criterion - REL: 1E-06
Absoluke Error Crikerion - REZ: 1.00000

[ Ok l [ Cancel

Figure 2.3: Solution Controls — Convergence

Click OK to exit the Solution Controls dialog.

Output Controls

By default, the simulation will print output every 100 time steps. We can change the resolution of the
output in the Output Controls dialog.

1. On the Analysis menu, click Output Controls....
In the Print and Plot Every # Steps box, type 500.
In the Additional Output Data group, select Fluxes and Velocities, Primary Variables, and
Additional TOUGHREACT Variables.

In addition to printing output every 500 steps, we can also specify times for which we want to view data
in the Additional Print Times dialog.

To specify additional times for output:




1. On the Output Controls dialog, click the Edit button to open the Additional Print Times dialog.
2. Inthe Times table, type 4.32E6 and 8.64E6.
3. Click OK to exit the Additional Print Times dialog.

Click OK to exit the Output Controls dialog.

TOUGHREACT Solution Parameters

We will now set the TOUGHREACT parameters. In this example, we are doing this last, since the entire
model will lie in the same zone. However, if we wanted to define different zones in the model, we
would specify the TOUGHREACT parameters first.

TOUGHREACT solution parameters can be entered on the Solution Parameters dialog.
To open the Solution Parameters dialog: on the Tough React menu, click Solution Parameters....

Select Advanced from the list on the left to display the Advanced Options pane. Under the Advanced
Options, select Print Porosity, Permeability, Capillary Pressure Changes.

Next, select Times and Convergence from the list on the left to open the Time Stepping and
Convergence Options pane.

In the Max Iterations to Solve Geochemical System box, type 300.
In the Relative Sorption Concentration Tolerance box, type 1.0E-6.

Click OK to exit the Solver Parameters dialog.

TOUGHREACT Output Options
TOUGHREACT output options can be changed on the Output Options dialog.

On the Tough React menu, click Output Options....

In the Grid Block Output Frequency(s) box, type 40.

For Aqueous Concentration Output, select Write Total Aqueous Component Concentrations.
For Aqueous Concentration Units, select mol/L Liquid.

vk wNoe

For Mineral Abundance Units, select Change in Volume Fraction.

Click OK to exit the Output Options dialog.

TOUGHREACT Chemical Components

TOUGHREACT chemical components can be specified in the Chemical Components dialog. To open the
Chemical Components dialog: on the Tough React menu, select Chemical Components....

To define the primary species:

1. Inthe list on the left of the Chemical Components dialog, select Primary Species.




In the Thermodynamic Database list in the middle of the dialog, select h+, h20, na+, skdd1,

skdd2, and skdd3.

Click the --> button to move the selected species into the Current Simulation list on the

right, as shown in Figure 2.4.

Chemical Components

- Primary Species
-Ag, Complexes
-Minerals

-Qaseous Species
-Surface Complexes

T - F

|Primary Species: Add/Remove

Thermodynamic Database

Current Simulation

b+ ~ b+
rend- h2o
rraq) na+
rucd-2 skdd1
sbioh)3{ag) skddz
sc+3 skdd3
se0d-2
sin2iaq)
sn+z2
s04-2
sr+2
tb+3
beod-
th+4
Fif b ol

[ Apply ][ (o] 4 ][ Cancel

Figure 2.4: Primary Species

4. Click Apply to add the selected species to the analysis.

The parameters specific to each type can be viewed and changed by clicking on that type in the subtree
under Primary Species in the list on the left.

To edit parameters for na+:

1.
2.

Select na+ in the list under Primary Species.
In the pane on the right, select Output Concentration History at Selected Cells. This will output
additional data for cells that have previously been identified for printing time history data.

To edit parameters for skdd1:

1
2
3.
4

Select skdd1 in the list.

In the pane on the right, select Output Concentration History at Selected Cells.

Select Enable Kd and Decay.

In the Decay Constant box, type 0.0.

To edit parameters for skdd2:

1.
2.

Select skdd2 in the list.

In the pane on the right, select Output Concentration History at Selected Cells.




3.
4.

Select Enable Kd and Decay.
In the Decay Constant box, type 4.0113E-7.

To edit parameters for skdd3:

1. Select skdd3 in the list.
2. Inthe pane on the right, select Output Concentration History at Selected Cells.
3. Select Enable Kd and Decay.
4. Inthe Decay Constant box, type 4.0113E-7.
Click OK to exit the Chemical Components dialog.
TOUGHREACT Zone Data

The next task is to create the zone data, which can be done in the Geochemical Zones dialog. To open

the Geochemical Zones dialog: on the Tough React menu, click Zone Data.... Initially, there will not be

any zones in the model.

To create the initial water zone:
1. Select Water (Initial) in the list on the left.
2. Click Add.
3. Inthe Create a New Zone dialog, type Water Zone and click OK.
4. Click Apply.
5. Inthe list on the left, click + beside Water (Initial) to expand the subtree.
6. Inthe subtree under Water (Initial), click Water Zone to display the zone parameters in to the
right of the list.
7. Enter the data that is shown in Table 2.2.
Table 2.2: Water Zone Data
Species Constraint CGUESS CTOoT
h+ Amount (mol) 1.0e-7 1.0e-7
h20 Amount (mol) 1.0 1.0
na+ Amount (mol) 1.0e-10 | 1.0e-10
skdd1 Amount (mol) 1.0e-10 | 1.0e-10
skdd2 Amount (mol) 1.0e-10 | 1.0e-10
skdd3 Amount (mol) 1.0e-10 | 1.0e-10

To create the boundary water zone:

1. Select Water (Boundary) in the list on the left.

2. Click Add

3. Inthe Create a New Zone dialog, type Water Boundary Zone and click OK.
4. Click Apply.

5.

In the list on the left, click + beside Water (Boundary) to expand the subtree.
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6. Inthe subtree under Water (Boundary), click Water Boundary Zone to display the zone
parameters to the right of the list.
7. Enter the data that is shown in Table 2.3.

Table 2.3: Water Zone Data

Species Constraint CGUESS CTOT

h+ Amount (mol) 1.0e-7 1.0e-7
h20 Amount (mol) 1.0 1.0
na+ Amount (mol) 1.0e-4 1.0e-4

skdd1 Amount (mol) 1.0e-4 1.0e-4

skdd2 Amount (mol) 1.0e-4 1.0e-4

skdd3 Amount (mol) 1.0e-4 1.0e-4

To create the permeability porosity zone:

In the list on the left, click + beside Permeability Porosity to expand the subtree.

In the subtree under Permeability Porosity, click Perm/Por Zone to display the zone parameters
to the right of the list.

7. Select Modified Cubic Law.

1. Select Permeability Porosity in the list on the left.

2. Click Add.

3. Inthe Create a New Zone dialog, type Perm/Por Zone and click OK.
4. Click Apply.

5.

6.

To create the linear Kd zone:

In the list on the left, click + beside Linear Kd to expand the subtree.

1. Select Linear Kd in the list on the left.

2. Click Add.

3. Inthe Create a New Zone dialog, type Linear Kd Zone and click OK.
4. Click Apply.

5.

6.

In the subtree under Linear Kd, click Linear Kd Zone to display the zone parameters to the right
of the list.
7. For skdd1 and skdd3, in the Density box, type 2.6 and in the Kd box, type 4.2735E-2.

Click OK to exit the Geochemical Zones dialog.

Associate Zones with Mesh

The last task is to associate zones with the mesh. This can be done in two ways: by region or by cell.
Initially the model is one layer with one region, but the default layer can be subdivided into more
regions by using internal boundaries. This can be useful, since it is also possible to assign material data
and initial conditions by region. In this case, the model will remain a single region.

We will associate the zones with the default region. The association will trickle down to the region’s
cells. To select the region and assign the Zones, in the 3D View:
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In the tree view, under the Layers subtree, select Default.

Under the Edit menu, click Properties... to open the Edit Layers dialog.

Click the Chemical Zones tab.

Select Set Zone Data.

From the Initial Water Zone, Boundary Water Zone, Permeability/Porosity Zone, and Linear Kd
Zone lists, select the respective zones that have previously been created.

ik wnN e

Click OK to exit the Edit Layers dialog.

Save and Run
The input is complete and you can run the simulation. If you haven't already, you may want to save
your model in a directory specifically intended for the simulation results. For example:

1. On the File menu, click Save As....
2. Inthe File Name box, type C:\t2react_example1\t2react_examplel.sim.
3. Click Save.

To run the simulation: on the Analysis menu, click Run T2REACT.

View 3D Results
To view the 3D results for a simulation: on the Results menu, click 3D Results. The data for the current
simulation will be automatically loaded and displayed.

Because this is a 1-D model, the isosurfaces do not display the data well. To turn off the isosurfaces: on
the View menu, click Show Isosurfaces.

We will instead define a slice plane through the model to better display the output data. To create a

slice plane:
1. Onthe Results menu, click Slice Planes....
2. Inthe topmost Axis list, select Z.
3. Inthe topmost Coord box, type .5.
4. Click Close to close the Slice Planes dialog.

To view 3D results, as shown in Figure 2.5:

1. Inthe Time(s) list, select 4.32E06.
2. Inthe Scalar list, select na+.
3. Use the mouse to rotate the model to a good viewing perspective.
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Figure 2.5: 3D Results

On the File menu, click Close to close the 3D Results dialog.

View Cell History Plots

You can view time history plots with the Cell Time History dialog. On the Results menu, click Cell History
Plots....

The Cell Time History dialog will be displayed. In this window, you can display time history data using a
plotting parameter and a list of cells. For example, to view the isosurfaces for the Center cell, as shown
in Figure 2.6:

1. Inthe Variable list, select na+.
2. Inthe Cell Name (Id#) list, select Center.
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Figure 2.6: Cell History

In the File menu, click Close to close the Cell History window.
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3. C02 Disposal in Deep Saline Aquifers (ECO2N)

Description

This problem is example five in the TOUGHREACT manual. It is a 1-D radial problem in which CO2 is
injected into a well field 100 m in depth and extending with a 100,000 m radius. CO2 is injected at a rate
of 90 kg/s, which is approximately equivalent to that generated by a 300 MW coal-fired power plant.
The CO2 injection continues for 100 years. This problem demonstrates the restart feature to run for an
additional 900 years with no additional CO2 injection.

Entering some parameters for the geochemical system in this example problem can be time-intensive. A
partially completed PetraSim file containing only the parameters for chemical components can be found
in the resources archive on the PetraSim support website. It is located in the
t2react_co2_disposal/partl/geochem_basic.sim. If this file is loaded, the example problem can be
continued from the section Create the Model Boundary. In addition, completed PetraSim files for both
parts of this problem may be found in t2react_co2 disposal/part1/co2_disposal_p1 and
t2react_co2_disposal/part2/co2 _disposal_p2.

Create the TOUGHREACT Model
We first will create a new model using TOUGHREACT and ECO2N and specify a default model boundary:

1. On the File menu, click New....
2. For the Simulator Mode, select TOUGHREACT.
3. Forthe Equation of State (EOS), select ECO2N.

Click OK to create the new model.

Global Properties
We will first define all material and chemical properties, beginning by defining analysis options related
to the equation of state (ECO2N).

To edit global properties: on the Properties menu, click Global Properties....

Click the Analysis tab.

In the Name box, type CO2 Injection.

Click the EOS tab.

Select Isothermal.

In the Brine Density in CO2 box, select Independent.
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Click OK to exit the Global Properties dialog.
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Material Properties
We next define the material properties. Since this problem uses only one material, we will simply
modify the default material.

To edit material properties: on the Properties menu, click Edit Materials....

Material Data
1. Inthe Name box, type SAND.
In the Porosity box, type 0.3.
In the three (x, y, and z) permeability boxes, type 1.0E-13.
In the Wet Heat Conductivity box, type 2.51.
In the Specific Heat box, type 920.

vk W

Relative Permeability
1. Click Additional Material Data... to open the Additional Material Data dialog.
Click the Relative Perm tab.
In the Relative Permeability list, select van Genuchten-Mualem Model.
In the RP(1) box, type 0.457.
In the Slr box, type 0.3.
In the Sls box, type 1.0.
In the Sgr box, type 0.05.

Nk wnN

Capillary Pressure
1. Click the Capillary Press tab.
In the Capillary Pressure list, select van Genuchten Function.
In the CP1(1) box, type 0.457.
In the Slr box, type 0.0.
In the 1/P0 box, type 5.1E-5.
In the Pmax box, type 1.0E7.
In the Sls box, type 0.999.

No vk wN

Miscellaneous
1. Click the Misc tab.
2. Inthe Pore Compressibility box, type 4.5E-10.

Click OK to exit the Additional Material Data dialog.
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Figure 3.1: SAND Material Data
Click OK again to exit the Material Data dialog.

Initial Conditions
To open the Default Initial Conditions dialog: on the Properties menu, click Initial Conditions....

In the dropdown box, select Two Fluid Phases (P, Xsm, Sg, T).
In the Pressure box, type 2.0E7.

In the Temperature box, type 75.0.

In the Gas Saturation box, type 0.0.

In the Salt Mass Fraction box, type 0.06.
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Click OK to exit the Default Initial Conditions dialog.

TOUGHREACT Solution Parameters

TOUGHREACT solution parameters can be set in the Solution Parameters dialog. To open the Solution
Parameters dialog: on the Tough React menu, click Solution Parameters....

Click Standard.
1. Click to select Enable Gaseous Species Transport.
Click Advanced.

1. Click to de-select Ignore Mineral Dissolution/Precipitation Effects on Flow.
2. Under Effect of CO2 and H20 Reactions on Flow, click to select CO2 and H20.

Click Validation.
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1. In the Max Stochiometric lonic Strength box, type 6.0.
Click Times and Convergence.

1. Inthe Relative Transport Concentration Tolerance, type 1.0E-6.
2. Inthe Relative Sorption Concentration Tolerance, type 1.0E-6.

Click Diffusion Coefficients.

1. Inthe Aqueous Species Diffusion Coefficient box, type 1.0E-9.
2. Inthe Gaseous Species Diffusion Coefficient box, select User Defined and type 1.1E-5.

Click OK to exit the Solver Parameters dialog.

TOUGHREACT Output Parameters
TOUGHREACT output parameters can be set in the Output Options dialog. To open the Output Options
dialog: on the Tough React menu, click Output Options....

1. Under Aqueous Concentration Output, select Write Total Aqueous Component
Concentrations.
2. Under Mineral Abundance Units, select Change in Volume Fraction.

Click OK to exit the Output Options dialog.

TOUGHREACT Chemical Components

TOUGHREACT chemical components can be specified in the Chemical Components dialog. To open the
Chemical Components dialog: on the Tough React menu, select Chemical Components....

The thermodynamic database contains the master list of chemical components. To use a species (of any
type), we first add the species to the simulation, then configure the simulation-specific properties for
that species.

Primary Species
To define the primary species:

In the list on the left of the Chemical Components dialog, select Primary Species.
In the Thermodynamic Database list in the middle of the dialog, select alo2-, ca+2, cl-, fe+2, h+,
h20, hco3-, k+, mg+2, na+, 02(aq), sio2(aq), and so4-2.
3. Click the --> button to move the selected species into the Current Simulation list on the right.
4. Click Apply to add the selected species to the analysis.
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Figure 3.2: Primary Species

The parameters specific to each type can be viewed and changed by clicking on that type in the subtree
under Primary Species in the list on the left. For this simulation, there is no need to edit any additional
parameters.

Aqueous Complexes

A similar process is used to define the aqueous complexes:

In the list on the left of the Chemical Components dialog, select Aq. Complexes.

For Specify Secondary Species, select Select Species Individually.

In the Thermodynamic Database list in the middle of the dialog, select acetic™~acid(aq),
al(oh)2+, al(oh)3(aq), al+3, aloh+2, cacl+, cacl2(aq), caco3(aq), cahco3+, caoh+, caso4(aq),
ch4(aq), co2(aq), co3-2, fe+3, fecl+, fecld-2, feco3(aq), fehco3+, h2(aq), h2s(aq), h3sio4-,
halo2(aq), hs-, hso3-, kcl(aq), kso4-, mgcl+, mghco3+, mgso4(aq), naalo2(aq), nacl(aqg), naco3-,
nahco3(aq), nahsio3(aq), naoh(aq), naso4-, oh-, and so2(aq).

4. Click the --> button to move the selected species into the Current Simulation list on the right.
5. Click Apply to add the selected species to the analysis.
Minerals

A similar process is used to define the minerals:

In the List on the left of the Chemical Components dialog, select Minerals.

In the Thermodynamic Database in the middle of the dialog, select albite~low, ankerite-2,
calcite, chlorite, dawsonite, dolomite-2, hematite, illite, k-feldspar, kaolinite, magnesite,
oligoclase, pyrite-2, quartz, siderite-2, smectite-ca, and smectite-na.

Click the --> button to move the selected species into the Current Simulation list on the right.
Click Apply to add the selected minerals to the analysis.
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The parameters specific to each mineral can be viewed and changed by clicking on that type in the
subtree under Minerals in the list on the left.

Each mineral has unique dissolution, precipitation, and additional mechanisms properties. The values
for each of these properties for each mineral are shown in Table 3.1 and Table 3.2. Pyrite is a bit
different than the other minerals and its properties are shown in Table 3.3 and Table 3.4. This section
will demonstrate how to specify the properties for albite~low, then you should be able to enter the
remaining mineral properties by following the same pattern and referring to the tables.

Please note, if table entries are blank, then those parameters should not be set. The mineral calcite is
considered to be at equilibrium and no parameters for dissolution, precipitation, or additional
mechanisms should be specified. The mineral quartz has no additional mechanisms. Several minerals
have only 1 additional mechanism. There is no table column for Initial Volume Fraction, as all minerals
should be given the same value for that parameter, 1.0e-6.

Select albite~low in the list under Minerals.
To edit dissolution rate parameters for albite~low:

1. Under Specify Kinetic Constraints, click to select Dissolution.

2. Click Edit.... This will open the Edit dissolution Rate Parameters dialog.

3. Inthe Activation Energy — EA box, type 69.8 (from Table 3.1).

4. In the Rate Constant k25 box, type 2.7542e-13 (from Table 3.1).

5. Click OK to save changes and exit the Edit Dissolution Rate Parameters dialog.

To edit precipitation rate parameters for albite~low:

1. Under Specify Kinetic Constraints, click to select Precipitation.

2. Click Edit.... This will open the Edit Precipitation Rate Parameters dialog.

3. On the Options tab, in the Initial Volume Fraction box, type 1.0e-6.

4. Click the Energy tab.

5. Inthe Activation Energy — EA box, type 69.8 (from Table 3.1).

6. Inthe Rate Constant k25 box, type 2.7542e-13 (from Table 3.1).

7. Click OK to save changes and exit the Edit Dissolution Rate Parameters dialog.

To add additional mechanisms for albite~low:

Under Rate Constant Dependence on pH, click to select Specify Additional Mechanisms.
Click Edit.... This will open the Edit Additional Mechanisms dialog.

Click New. This will create Mechanism (1).

In the Weighting Factor box, type 6.9183e-11 (from Table 3.2).

In the Activation Energy box, type 65.0 (from Table 3.2).

In the table, in the Species list, select h+ (from Table 3.2).

In the table, in the Exponent box, type 0.457 (from Table 3.2).
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8.
9.

10.
11.
12.
13.
14.

Click Apply to save the changes to Mechanism (1).

Click New.... This will create Mechanism (2).

In the Weighting Factor box, type 2.5119e-16 (from Table 3.2).

In the Activation Energy box, type 71.0 (from Table 3.2).

In the table, in the Species list, select h+ (from Table 3.2).

In the table, in the Exponent box, type -0.572 (from Table 3.2).

Click OK to save changes and exit the Edit Dissolution Rate Parameters dialog.

All other selected minerals should be edited in this fashion, using the values shown in Table 3.1 and
Table 3.2. Data for pyrite-2 can be found in Table 3.3 and Table 3.4. Empty table cells indicate that the
existing data is already correct and that new data need not be entered (i.e. if there is no entry for a

particular option, do not enable that option).

Table 3.1: Dissolution and Precipitation Data for Minerals

Mineral Activation Energy | Rate Constant k25
albite~low 69.8 2.754E-13
ankerite-2 62.76 1.260E-09

calcite

chlorite 88 3.020E-13
dawsonite 62.76 1.260E-09
dolomite-2 52.2 2.951E-08

hematite 66.2 2.5119E-15

illite 35 1.660E-13
k-feldspar 38 3.890E-13
kaolinite 22.2 6.918E-14
magnesite 23.5 4.571E-10
oligoclase 69.8 1.4454E-13
quartz 87.7 1.023E-14
siderite-2 62.76 1.260E-09
smectite-ca 35 1.660E-13
smectite-na 35 1.660E-13
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Table 3.2: Additional Mechanism Data for Minerals

Mechanism(1) Mechanism(2)
Mineral Weighting Activation n(H+) Weighting Activation n(H+)
Factor k25 Energy Exponent Factor k25 Energy Exponent
albite~low 6.918E-11 65.0 0.457 2.512E-16 71.0 -0.572
ankerite-2 6.457E-04 36.1 0.500
calcite
chlorite 7.762E-12 88.0 0.500
dawsonite 6.457E-04 36.1 0.500
dolomite-2 6.457E-04 36.1 0.500
hematite 4.074E-10 66.2 1.000
illite 1.047E-11 23.6 0.340 3.020E-17 58.9 -0.400
k-feldspar 8.7096E-11 51.7 0.500 | 6.3096E-22 94.1 -0.823
kaolinite 4.898E-12 65.9 0.777 8.913E-18 17.9 -0.472
magnesite 4.169E-07 14.4 1.000
oligoclase 2.138E-11 65.0 0.457
quartz
siderite-2 6.457E-04 36.1 0.500
smectite-ca 1.047E-11 23.6 0.340 3.020E-17 58.9 -0.400
smectite-na 1.047E-11 23.6 0.340 3.020E-17 58.9 -0.400
Table 3.3: Dissolution and Precipitation Data for pyrite-2
Dissolution Precipitation
Mineral | Activation Rate Activation Rate Constant
Energy Constant k25 Energy k25
pyrite-2 0.0 0.0 56.9 4.0e-11
Table 3.4: Additional Mechanism Data for pyrite-2
Mechanism(1) Mechanism(2)
Mineral Weighting Activation Exponent Weighting Activation Exponent
Factor k25 Energy Factor k25 Energy
pyrite-2 3.02e-8 56.9 [h+, -0.5] 2.8184e-5 56.9 | [02(aq), 0.5]
[fe+3, 0.5]

To save these changes: click Apply.

Gaseous Species
1. Inthe list on the left of the Chemical Components dialog, select Gaseous Species.

2. Inthe Thermodynamic Database list in the middle of the dialog, select co2(g).
3. Click the --> button to move co2(g) into the Current Simulation list on the right.
4. Click Apply to add the selected species to the analysis.

22




Click OK to exit the Chemical Components dialog.

TOUGHREACT Zone Data

Geochemical zones describe the initial chemical composition of the model. You can define geochemical
zones using the Geochemical Zones dialog. To open the Geochemical Zones dialog: on the Tough React
menu, click Zone Data.... Initially, there will not be any zones in the model.

To create the water zone:

In the list on the left, click + beside Water (Initial) to expand the subtree.

1. Select Water (Initial) in the list on the left.

2. Click Add.

3. Inthe Create a New Zone dialog, type Water Zone and click OK.
4. Click Apply.

5.

6.

In the subtree under Water (Initial), click Water Zone to display the zone parameters to the
right of the list.

7. Edit each cell in the table, setting the Constraint, CGUESS, and CTOT values for each species as
shown in Table 3.5.

Table 3.5: Water (Initial) Zone

Species Constraint CGUESS CTOoT
alo2- Amount (mol) | 1.078E-08 1.361E-08
ca+2 Amount (mol) | 4.479E-03 4.737E-03

cl- Amount (mol) 0.9109 1.001
fe+2 Amount (mol) | 2.615E-07 3.022E-07
h+ Amount (mol) 8.48E-08 0.0432
h2o Amount (mol) 1 1
hco3- Amount (mol) | 1.841E-08 4,562E-02
k+ Amount (mol) | 5.805E-03 5.980E-03
mg+2 Amount (mol) | 2.348E-05 2.669E-05
na+ Amount (mol) 0.9006 0.9905
02(aq) Amount (mol) | 2.763E-66 | -8.646E-02
sio2(aq) Amount (mol) | 9.203E-04 1.034E-03

)

so4-2 Amount (mol 1.443E-16 1.324E-09

8. Click Apply.
To create the mineral zone:

Select Mineral in the list on the left.

Click Add.

In the Create a New Zone dialog, type Mineral Zone and click OK.
Click Apply.
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In the list on the left, click + beside Mineral to expand the subtree.
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6. Inthe subtree under Mineral, click Mineral Zone to display the zone parameters to the right of
the list.

7. Edit each cell in the table, setting the Vol. Fraction, Grain Radius, Surface Area, and Units values
for each mineral as shown in Table 3.6.

Table 3.6: Mineral Zone

Mineral Vol. Fraction | Grain Radius | Surface Area Units
albite~low 0 0.001 9.8 | cm®/g mineral
ankerite-2 0 0.001 9.8 | cm®/g mineral

calcite 0.01929

chlorite 0.04556 0.001 9.8 | cm®/g mineral
dawsonite 0 0.001 9.8 | cm®/g mineral
dolomite-2 0 0.001 9.8 | cm?/g mineral
hematite 0.00497 0.001 12.87 cmz/g mineral

illite 0.00954 0.001 151.63 cmz/g mineral
k-feldspar 0.08179 0.001 9.8 | cm?/g mineral
kaolinite 0.02015 0.001 151.6 cmz/g mineral
magnesite 0 0.001 9.8 cmz/g mineral
oligoclase 0.19795 0.001 9.8 | cm?/g mineral
pyrite-2 0 0.001 12.87 | cm?/g mineral
quartz 0.57888 0.001 9.8 cmz/g mineral
siderite-2 0 0.001 9.8 | cm?/g mineral
smectite-ca 0 0.001 151.63 cmz/g mineral
smectite-na 0.03897 0.001 151.63 cmz/g mineral
8. Click Apply.
Geochemical Zones
= -4ater (Iniial) [Edit Mineral Zone Composition: Mineral Zone |
#-Water (Boundary)
5-Mineral Mineral Yal, Fraction Grain Radius Surface Area Units
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Figure 3.3: Mineral Zone Data

To create the permeability porosity zone:

1. Select Permeability Porosity in the list on the left.
2. Click Add.
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3. Inthe Create a New Zone dialog, type Perm-Pore Zone and click OK.

4. Click Apply.

5. Inthe list on the left, click + beside Permeability Porosity to expand the subtree.

6. Inthe subtree under Permeability Porosity, click Perm-Pore Zone to display the zone
parameters to the right of the list.

7. For Permeability Law, select Cubic Law.

8. Click Apply.
9. Click OK to exit the Geochemical Zones dialog.

Saving the Geochemical Data File as a Starting Point for a New Analysis
All of the problem data that is not specific to a particular geometry and loading condition has now been
defined. At this point, save the data by clicking Save As... on the File menu, and typing
geochem_basic.sim as the file name. We can now open geochemical data and click Save As... on the File
menu, giving the new name as co2_disposal_p1.sim. Anytime you want to create a model that uses the
same (or similar) geochemical data, you can open the geochem_basic.sim file and save it as a different
file as a starting point for a different analysis. In this manner you can avoid repeating all the data input.

In continuing this example, model specific data will now be entered and simulated.

Create the Model Boundary

To create the boundary for this model, use the Edit Boundary dialog. To create the model boundary:

1. Onthe Model menu, click Edit Boundary....
2. Click the Quick Set Min/Max button (C£#) from the toolbar to open the Set Boundary dialog.
3. Enter the values from Table 3.7.

Click OK to close the Set Boundary dialog and preview the new model boundary.
Click OK to close the Edit Boundary dialog and commit the changes.

Table 3.7: Model Boundary Dimensions

Axis | Min (m) Max (m)

X 0.0 | 100000.0
Y 0.0 1.0
Edit the Default Layer

We will now set the Z bounds of the default layer. Under the Model menu, select Edit Layers... to open
the Edit Layers dialog:

1. Select the default layer from the list on the left.
2. Forthe Top, enter 0.
3. For the Base, enter -100.

Click OK to commit the changes and close the Edit Layers dialog.
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To make this model easier to visualize, we will change the view scale. On the View menu, click Scale
Axes... to open the Scale Axes dialog:

1. Forthe X Factor, enter .005.
2. FortheY Factor, enter 100.0.

Click OK to set the view scale. The model should now appear as shown in Figure 3.4.

Petrasim - Untitied - [E=ERs)
e Edit Model Properties Tough React Analysis Results View Help |I

GeHxDeSAReB L CROEE

REB(¢ > NEF QX & RO E | ©[E]8 |Reoon corlpyiare

TOUGHREACT | ECON

Figure 3.4: Model after applying view scale.

Specify the Solution Mesh
Specifying the mesh takes two steps. First we must enter the Z divisions per layer. Then we create the
mesh.

Specify Z Divisions
We must first specify the Z divisions for the default layer. To open the Edit Layers dialog: on the Model
menu, click Edit Layers....

4. In the layers list, select Default.
5. For Dz, select Regular.
6. Inthe Cells box, type 1.

Click OK to apply the changes and close the Edit Layers dialog.

Create the Mesh
Next we will create the actual mesh using the Create Mesh dialog. To open the Create Mesh dialog: on

the Model menu, click Create Mesh....

1. For the Mesh Type, select Radial.
2. For the Divisions, select Regular.
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3. Inthe Radial Cells box, type 100.
4. Inthe Factor box, type 1.1096251.

Click OK to create the mesh.

This 100 mesh grid used here is different than the 130 cell meshmaker mesh used in the example
problem write-up from the TOUGHREACT user's manual. The style of the mesh used in TOUGHREACT
user's manual would require a logarithmic capability in PetraSim's meshmaker mesh creator that is
currently not supported. The 100 cell logarithmic mesh used in this example problem appears to be
sufficient based on a sensitivity analysis (Figure 3.5) of the Sg parameter after 100 years of simulation
with different mesh sizes.

CO2 Gas Saturation Grid Sensitivity Analysis
(value of Sg after 100 years)

——25cells

05 k\‘ ——50cells
04 100 cells
\ ——200cells
03 1
\ —— 130 cells (xu)
- N

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

R (distance from injection point)

Figure 3.5: CO2 Injection

To use a 200 cell mesh, change the value of the Radial Cells parameter to 200 and the value of the
Factor parameter to 1.04950055. The running time of this simulation is linear in the number of cells. It
takes approximately 10 minutes to run the first 100 years of the simulation with 100 cells. This time
would be doubled for 200 years.

Define Boundary Conditions
To edit cells, you can use the 3D View. In this case, we will use the 3D View to define boundary
conditions in the model.

In this model, CO2 is injected into the center at 90 kg/s. Since this is an RZ grid, the center cell is the min
x cell (far left). Since this is an isothermal simulation, it will not be necessary to specify an enthalpy for
the injected CO2 - we will leave this value at 0.0.

To select and edit the injection cell:

1. Inthe Find box, type 1, then press Enter. Cell 1 will be selected and centered in the 3D View.
2. On the Edit menu, click Properties. This will open the Edit Cell Data dialog.

To specify the properties for the injection cell:
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1. Click the Sources/Sinks tab.
2. Under Injection, click to select CO2.
3. Inthe Rate box, type 90.0.

¥ -
Edit Cell Data =)
| Praperties || Sources|Sinks §| nitial Conditions | Zenes | print Options |
Heat
[7] Heat In: Constant Rate (1fs): 0.0
Production
[] Mass Out: Caonstant Rate (kg/s): 0.0

|:| Well on Deliv.:  Productivity Index - PI (m3): 0.0
Pressure (Pa): 0.0
[] well From File: =

Productivity Index - PI (m"3):  [0.0

Injection
[] water: Caonstant Rate (kg/s): 0.0
Enthalpy (Jfleg): 0.0
[] macl: Constant Rate (lg/s): 0.0
Enthalpy (Jflag): 0.0
co2 .Constant - Rate (lg/s): a0.0

Enthalpy (Jflag): 0.0

[ oK ] [ Cancel

Figure 3.6: CO2 Injection
Click OK to close the Edit Cell Data dialog.

Solution Controls
We will now define the solution options. Options relating the time step and other solution controls can
be found in the Solution Controls dialog.

To open the Solution Controls dialog: on the Analysis menu, click Solution Controls....

Times
1. In the Solution Controls dialog, click the Times tab.
2. Inthe End Time box, type 100 years.
3. Inthe Time Step box, type 1.0.
4. Inthe Max Num Time Steps list, click Infinite.

28



5. Inthe Max Time Step list, select User Defined.
6. Inthe Max Time Step box, type 30 days.

Solver
1. Click the Solver tab.
2. For the Conjugate Gradient Solvers, select Stabilized Bi-Conjugate Gradient.
3. Inthe Max CG Iterations (Frac. Of Eqns.) box, type 0.8.
4. Inthe CG Convergence Criterion box, type le-7.

Click OK to exit the Solution Parameters dialog.

Output Controls
By default, the simulation will print output every 100 time steps. We can change the resolution of the
output in the Output Controls dialog.

1. On the Analysis menu, click Output Controls....
2. Inthe Print and Plot Every # Steps box, type 9999 (we will specify specific output times).

To specify specific times for output:

On the Output Controls dialog, click the Edit... button to open the Additional Print Times dialog.
In the Times table, type 3.15576E7, 3.15576E8, 1.57788E9, 3.15576E9, 1.57788E10, 3.15576E10,
6.31152E10, and 1.57788E11.

3. Click OK to exit the Additional Print Times dialog.

Click OK to exit the Output Controls dialog.

Associate Zones with Mesh

The last task is to associate zones with the mesh. This can be done in two ways, either by region or for
individual cells. Initially the model is one region, but it can be subdivided into more regions by using
internal boundaries. This can be useful, since it is also possible to assign material data and initial
conditions by region. In this case, the model will remain a single region and we will specify zones for the
entire domain.

To specify zone data:

1. Inthe Tree View at the left, under Layers, under the Default layer, click to select the Default
region as shown in Figure 3.7.

Under the Edit menu, click Properties... to open the Edit Region Data dialog.

Click the Chemical Zones tab.

Select Set Zone Data.

vk W

From the Initial Water Zone, Mineral Zone, and Permeability/Porosity Zone lists, select the
respective zones that have previously been created.
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Figure 3.7: Selecting a region in the Tree View
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Figure 3.8: Zones Associated with Mesh

Click OK to exit the Edit Region Data dialog.

Save and Run
The input is complete and you can run the simulation. To retain the geochemical data as a reusable
starting point, save this model as a different file in a separate directory. For example:

1. On the File menu, click Save As....
2. Inthe File Name box, type C:\t2react_co2_disposal\parti\co2_disposal_p1.sim.
3. Click Save.

To run the simulation: on the Analysis menu, click Run T2REACT.

View Results

The best way to view results for this problem is to use the Line Plot feature in PetraSim. Line plots allow
us to view the data in 2D as a function of distance from a point. In this case, we will view the data as it
radiates from the center of the model (as a function of R). Line plots are available in the 3D Results
view.

To create a line plot:

1. On the Results menu, click 3D Results.
2. Inthe 3D Results view, on the File menu, click Line Plot....
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3. Inthe Line Plot dialog, enter the following two points: Point1=(0.0, 0.5, -50), Point2=(8000, 0.5,
50), then click OK.

e T ==
N -

¥ Coordinate ¥ Coordinate 7 Coordinate
Ii Point 1t |o.p 0.5 .50
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Figure 3.9: Preparing a Line Plot

In the Line Plot dialog, to show CO2 saturation (Sg):

1. Inthe Variable list, select SG.
2. Inthe Time list, select 3.156E9.

This result is shown in Figure 3.10.

5 Line Plot - C:\Documents and Settings\warkentin\My Documents\Testlexamples-toughreact\co2_dispesalico2_disposal_p1ico2_... [C |8/
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Mark Style: Distance (A-B)

Figure 3.10: Line Plot of CO2 Saturation (SG)

The Continuation Run (Restart)

During the first part of this simulation, we injected 90 kg/s of CO2 into the aquifer for 100 years. During
the second part, we will stop injecting CO2 and monitor the aquifer out to 1,000 years. Before
proceeding, create a second folder on your computer for the restart run - otherwise the continuation
run will overwrite the results from the first run.
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1.
2.
3.

On the File menu, click Save As....
In the File Name box, type C:\t2react_co2_disposal\partl\co2 disposal_p2.sim.
Click Save.

Next, turn off the CO2 injection.

ik wN e

In the Find box, type 1, then press Enter. Cell 1 will be selected and centered in the 3D View.
On the Edit menu, click Properties. This will open the Edit Cell Data dialog.

Click the Sources/Sinks tab.

Under Injection, click to de-select CO2.

Click OK to exit the Edit Cell Data dialog.

Add Restart Data
We will use the initial conditions and geochemical data from the end of the previous simulation, to start
the continuation run. To enable the simulation restart feature:

P wnN e

5.

On the TOUGHREACT menu, click Restart Options....

In the Restart Options dialog, click to enable Activate Simulation Restart.

For Initial Conditions (SAVE), click Browse... and select the SAVE file from the previous run.
For Geochem Data (savechem), click Browse... and select the savechem file from the previous
run.

Click OK, to save changes and close the Restart Options dialog.

Set a New End Time
To specify the new 1,000 year end time for the simulation:

1.
2.
3.

On the Analysis menu, click Solution Controls....
In the Solution Controls dialog, in the End Time box, type 1000 yrs.
Click OK, to save changes and close the Solution Controls dialog.

Start the Continuation Run
On the Analysis menu, click Run T2React....

View Results
To look at the total amount of sequestered CO2 after 1,000 years, we can create another line plot.

To create a line plot:

On the Results menu, click 3D Results.

In the 3D Results view, on the File menu, click Line Plot....

In the Line Plot dialog, enter the following two points: Point1=(0.0, .5, -50), Point2=(8000, 0.5, -
50), then click OK.
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Figure 3.11: Preparing a Line Plot

In the Line Plot dialog, to show total CO2 sequestered in minerals (SMco2):

1. Inthe Variable list, select SMco2.
2. Inthe Time list, select 3.156E10.

This result is shown in Figure 3.12.

Line Plot

Eile Miew

EEEs
o e A s S -

Frimary Data

SMco2

Varizble:

SMco2 - 250

Time

1.578E10

3.156E10

Mark Style: 00 10000 20000 30000 40000 50000 60000 70000 80000 90000
1 Distance

|| |pane

Figure 3.12: Line Plot of Total CO2 Sequestered in Minerals (SMco2)

You can also look at the mineral abundance as a function of x (R), using the Line Plot dialog.
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