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ABSTRACT

environmental consulting companies.

larger amount of data to be managed.

the numerical model, and the results can be queried through GRASS GIS.

reduction.
\

As well know, TOUGH2 [1] is a flexible and robust numerical simulator used all over the world mainly in the field of high enthalpy geothermal reservoirs studies. It is designed to work with non
iIsothermal flows of multicomponent, multiphase fluids in one, two and three-dimensional porous and fractured media.

GRASS [2] is a Free & Open Source Geographical Information System, currently used in academic and commercial area around the world, as well as by many governmental agencies and
An irregular grid with several blocks could enhance simulation prediction accuracy, but represents a limiting factor during the History Matching process and the sensitivity analysis because of the

Thanks to the creation of advanced scripts in GRASS GIS environment, it's possible to generate irregular grids (according to the geometrical rules required by Integrated Finite Difference
Method), and to populate automatically the numerical model with proper parameters previously determined, through the generation of an attribute table. This is then exported to be processed by
AMESH [3] (a Free & Open Source Code distributed by Lawrence Berkeley National Laboratory, that has been properly adapted for our purposes) in order to create the mesh input file for
TOUGH?2. In particular we are referring to the TOUGHZ2 embedded in the iTOUGH2 code [4]. Finally, by means of a specifically developed software, the simulation’s output file is reconnected to

We are successfully applying these tools to the full field simulation of an Italian high enthalpy geothermal reservoirs, with a substantial reduction of pre-processing times.
Further developments will include raster cross — sections, map algebra and voxel models to reduce population errors.
Preliminary tests are encouraging, showing that the new GIS approach effectively improve the creation, population and management of complex numerical models in terms of time and error
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INTRODUCTION

In some areas of interest, and this means that we need to refine the grid locally.

calculation errors.
refinement areas and greater ones outside, better fitting model complexity.
groups all over the world use them, thanks to home — made tools.

ideal tool to win the limits of such complex discretization work.

Independently of the grids dimension).

GIS — BASED PRE — PROCESSING

geological maps, etc) and choose the useful ones.

bash script called “v.refine”.

automatically performed by another bash script, called “v.t2irr”.
attribute table through SQL gueries with the GRASS command “v.db.update”.

the dedicated AMESH program, the user obtains the geometrical input file for TOUGH?2.

for each grid node.

SOFTWARE ARCHITECTURE

selected refinement areas.

Khave been installed to be run in background through GRASS scripts.

~

The Integral Finite Difference Method (IFDM) used by TOUGH2 requires that the segment
connecting two contiguous nodes to be perpendicular to the interface between the nodes
themselves. This condition is generally satisfied by regular 2D polygons and by Voronoi Regions /
Thiessen Poligons. A smart discretization of a spatial domain usually requires higher resolution only

With regular grids the refinement involves also areas outside the interesting one, generating
redundant useless blocks that have the only effect of both increasing computational time and

Irreqular grids overcome this problem, generating IFDM compliant grids with smaller blocks inside
Generation and management of such grids are not so easy, and this is why only few research
GIS software, combining geographical representation and database management systems, is the

The use of a set of four dedicated GRASS-scripts with graphical user interface and AMESH is all the
user needs to generate the geometrical input file for TOUGH2 in about one hour of work (almost

All pre — processing activities are executed through GRASS GIS, under Linux operating system.
This let the user easily control and visualize all the available information (e.g. geographic domains,

Once selected the information required, it's necessary to create a “refinement map”, that is a vector
map specifying domain’s boundary and refinement areas. This operation has been automated in a

The second step is the most important one, and concerns the creation of the 3D grid vector map
and its associated attribute table containing geometrical and structural information of the numerical
model. The user has to select the areal constraints for the blocks generated inside and outside the
refinement areas, the vertical bounds of the 3D domain and the layer's number for vertical
discretization. The sequence of commands required to reach the goal (more than 40) are

Once created the default numerical model, the user can update the information stored in the
Finally, thanks to a third bash script called “g.amesh” that both manage the specific input and run

A fourth and last script, called “v.t2out”, thanks to a dedicated software, let the user catch simulation
results from the output file, and creates an attribute table for each data set printed at every time
step, all linked to the 3D grid vector map. In this way, the user is able to query all the available data

The official release of GRASS GIS 6.4.0 svn has been enriched with “v.trimesh” [5], a GRASS
module which embeds “Triangle” [6] to generate a Delaunay triangles grid with smaller entities Iin

Several dedicated software (mainly coded in C++) developed by the research team and AMESH
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Comparison between regular and irregular 2D grid. The first one presents several unuseful small blocks
outside refinement area (red line). Yellow boxes represent referring data for refinement.

\?\f\ "Creates the refine map for TOUGHZ simulator all fields must ke filled.”
)

Buffer | Boundary | Options |

Yectar map with referring elemerts: (map: string, reguired)

\éﬁzlldata_map

Buffer distance from referring elenents: (digtance: integar, required)

1000 |
Eg | ¥refine map=data_map distance=1000

Run | Cloge |

g MUreates the refing map for | OUGHS simulator All elds must Ce filled.”
&

Buffer ~ Boundary Ciptions

Daomain's boundary northern edoge: (narth: integzr, reguired)
4996000
Damain's boundary southern edge: (south: integar, regquired)
4774000

Daomain's boundary eastern edge: (east: integzr, reguired)
1eTe000

Daomain's boundary western edge: fwest integar, reguired)
1652000 |

Y.refine map=refine_map distance=1000 north=4336000 south=4774000 east=1676000

west=1REZNNMN
Run | Close |

ERS

Screenshots from  “v.refine” GUI and
refinement map obtained (after a sharpening
operation with GRASS vector digitizer). An
accurate sharpening is fundamental to create
a good refined grid.
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CONCLUSIONS

numerical model is substantially simplified;

days to hours).

\nuclear waste disposal, environmental assessment and remediation) .

Pre — processing for TOUGH2 input file has been improved, thanks to GRASS GIS, in particular:
 The analysis and the correct use of all the data available for the creation and population of the

» the generation and management of 3D numerical models with irregular grid are easier and faster;
 the total time necessary to manage the large amount of data has been significantly reduced (from

Thanks to these tools, our work for the full field geothermal reservoir simulation has been greatly
optimized. They could be applied also within other TOUGHZ2 application fields (e.g.CO2 storage,

~
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w s “Creates an irregular 30 mesh for TOUGHZ source code. &1l fields must be filled.”
&l

2D Grid editing | 3D Grid edifing | Options |

Yector map with refinement areas: (map: string, reguired) i

\'.'\{ﬁ: ||refine_map

Refined areas cat value:

1

Rrfined areas areal cnnstraint valug-
1000000

Mot refined areas areal constraint value:
100000000

20 grid name:

gridZD

(areacatl: integer, required)

(arFamax1- intrger, refuired)

[areamaxz: integer, regquired)

(mridz0: string, reguired)

YIZitr map=refine_map areacatl =1 areama<1=1000000 areama=Z=100000000 gridZD=gridZD

topedge=10C0 bottomedge=-"500 layer=5 grid3D=grid3D
Cloge |

. — 4|
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w s “Creates an irregular 30 mesh for TOUGHZ source code. &1l fields must be filled.”
&l

2D Grid editing 30 Grid editing | Options |

30 grid top edge 2 coor:
1000

30 grid bottom edge 2 coor:
-1500

Mumber of [ayers for 30 grid:
5

30 grid name: (rid30: string, reguired)
grid3g |

ERS

(topedge: float, required)

(hottomedge: float, required)

(layer: integzr, reguired)

YIZitr map=refine_map areacatl =1 areama<1=1000000 areama=Z=100000000 gridZD=gridZD

topedge=10C0 bottomedge=-"500 layer=5 grid3D=grid3D
Cloge |

Run |

cat | block_name sfrato mat x Y z spessore area volume

2 A211 1 ATMOS 1652000 4774000 500.0005 0.001 4485086.616626 8 2242543306313

3 A3U1 1 ATMOS 1652000 4796000 500.0005 0.001 1718433662835 4 8502168314175

4 Ad411 1 ATMOS 1676000 4796000 500.0005 0001 6019919.612224 3009959906.112

5 A5 1 ATMOS 1676000 4774000 500.0005 0.001 1506940.8573 754470426.65

6 AB11 1 ATMOS = 1657636.266593 4790159.380865 500.0005 0.001 317371.325491  15B685662.7455
7 AT 1 ATMOS 1658344395834 4790294605809 500.0005 0.001 442183.747251 ) 221091873.6255
8 AB11 1 ATMOS 165912033195 476979253112 500.0005 0.001 570770.15665 2B5365076.325
9 A1 1 ATMOS = 1659576.763485 4788925.311203 5000005 0.001 296160.561908 14B080280.954

10 AATH 1 ATMOS | 1660398.340249 4788786.361743 500.0005 0.001 307802762313 153901381.1565

11 AB11 1/ ATMOS | 1660991.701245 4788468.879668 500.0005 0.001 393535.644261  196767922.1305

screenshots from “v.t2irr” GUI, 2D irregular
grid obtained and related nodes (black dots),
attribute table linked to 3D numerical model.
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. "Export 30 grd for TOUGHZ and creates mesh file for simulation®
@

Map Export | Options

30 grid to expod in csy format:

%llgrid?ﬂ

Loweer-left grid boundary carner =,4) coordinate:

1652000, 4774000

Upper-left grid boundary corner i<, coordinate:

1652000, 4796000

Upper-right grid boundary corner («,4) coordinate:
1676000, 4796000

Lowe-right grid boundary corner (%40 coordinate: (Ir: multiple float, reguired)
1676000, 4774000 |

(map: string, reguired)

(l: multiple float, required)

(ul: multiple float, required)

[ur: multiple float, required)

g.amesh mag=grid30 [1=1652100,4774000 ul=1652000,4736000 ur=1676000,4736000
Ir=1676000,£774000

Eleme

A1 1 ATMOS 2 885e+50 2 995e+05 1.652e+15 4 7742408 5.000e+02
1.662e+16 4 796e+06 5.000e+02
1.676e+15 4.795e+06 5.000e+02
1.676e+15 4. 774e40F 5.000e+02
1.668e+16 4 790e+06 5.000e+02
1.658e+15 4. 790406 5.000e+02
1.661e+15 4 7859408 5.000e+02
1.662e+165 4.788e+06 5.000e+02
1.663e+15 4. 788e+0F 5.000e+02

A311 ATWOS 1.672e+50 1.672e+H16
Ad1 1 ATMOS 3787 e+00 3.767e+HlB
AST 1 ATWMOS 1.454e+450 1.454e+16
ABT 1 ATWOS 4.786=+50 4.786e+H15
AT ATWMOS 59932450 5.99353e+H15
AT ATWMOS 4. B90e+50 4.690e+H15
ADT1 ATWOS 3.518e+50 3.518e+15
AR 1 ATWMOS 3.593e+450 3.553e+H15
AB11 ATMOS 3. 217450 3.217e+H15
ACT 1 ATWOS 1.156e+50 1.156e+H16
A0 1 ATWMOS 9.448e+50 9.448e+05
AET1 ATMOS 5.619e+50 5.619e+H15
AF11 ATMOS B.056e+50 6.056e+05
AGT 1 ATMOS 51428450 5.142e+05

1.664e+16 4.78%+06 5.000=+12
1.664e+16 4.790e+15 5.000=+12
1.665e+05 4.790e+06 5.000e+02
1.666e+16 4.758e+06 5.000e+12
1.667e+1E 4.788e+16 5.000e+02
1. BEge+HlE 4.787 e+H06 5.000e+02
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Screenshot from “g.amesh GUI and mesh file
obtained from g.amesh. This file report material,
volume, area, (X,y,z) coordinates for each grid’'s
node, contiguous blocks node distance from
common interface and interfaces area request by

- Y, = L] e | TOUGH2 input format.
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