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ABSTRACT

PetraSim is a new interactive, cross-platform, pre-
and post-processor that can be used to create reser-
voir models and display simulation results through
time. It providesthe analyst atool to rapidly develop
models and create the input files needed for the ex-
isting TOUGH2, TETRAD, and STAR simulation
programs. Key design decisions used in the devel-
opment of PetraSim include: (1) high level geometric
feature definition of the model to allow relative inde-
pendence from any particular simulator, (2) use of
Java for the graphical user interface to alow cross-
platform execution, (3) automatic writing of the ap-
propriate ssimulator input file, and (4) trandation of
the simulator output files to a common visualization
format that is used for integrated 3D and time history

display.
MOTIVATION

A significant hurdle for new users of a reservoir
simulator is developing the infrastructure to create
valid meshes, select the appropriate solution controls,
and display results. Possible ssimulator options are
often activated by flags that are confusing and may
appear in unrelated locations in the text-based input
file. It ishard enough to solve nonisothermal, multi-
component, multiphase problems without the addi-
tional difficulty of preparing complex and lengthy
input files. While experienced users will have
learned the idiosyncrasies of their favorite simulator
and will have gathered their own toolkit for its use,
even they may need additional help to exploit models
with tens of thousands of cells or to enable rapid
remeshing for convergence studies.

The solution to this problem has four key features:
(1) use of a high level model description based on
geometric features of the reservoir (stratigraphy, well
coordinates), (2) presentation of the required input
options grouped in a logical format with appropriate
default options activated, (3) automatic writing of the
simulator input file in the correct format, and (4)
rapid access to visualization of results. Such a pro-

gram should be interactive, with immediate visual
confirmation of any user actions.

PetraSim is a new pre- and post-processor for
TOUGH2 (Pruess, 1999), TETRAD (ADA, 2000),
and STAR (Garg, 2001) that incorporates these fea-
tures into an integrated program for model creation
and results display. In the remainder of this paper,
we describe the most significant features of PetraSim
and give an example of its use.

PETRASIM FEATURES

Problem Description/Conceptual M odel

A significant difference between PetraSim and the
input file to a simulator is that PetraSim uses a geo-
metric model to store the problem description rather
than a grid-based description. A geometric model is
a high-level, geometry-based representation of an
object. This representation provides a natural and
convenient location to store all of the necessary in-
formation associated with a numerical analysis prob-
lem, such as material properties and boundary condi-
tions. Combining the geometric model with the pa
rameters of the analysis creates a problem description
unique to the problem at hand, but independent of
any given analysis method. Conceptually, this also
means that the same model description can be used
for different simulators.

The advantage of such an approach is clear. When
the grid serves as the fundamental carrier of informa-
tion, any change in geometry, material properties, or
initial conditions requires identification of the associ-
ated cells and a change to their properties. Refine-
ment of a mesh may require the user to essentially
dtart the analysis over from the beginning, redefining
all associated cell conditions.

In contrast, if a high level geometric description is
used, the grid may be changed at will and all proper-
ties and boundary conditions will automatically be
applied when the simulator input fileis written. Asa
particular example, in PetraSim a well is defined by
its trgjectory, open interval, and associated flow rates



or pressures. This description is independent of the
mesh. Obvioudly, at some point the well must be
associated with the particular cells of a grid, but this
is handled automatically when the ssmulator input file
iswritten. Before then, the user can change the mesh
at will and PetraSim will correctly identify the cells
intersected by the well trajectory. Figure 1 shows a
simple model in which there are three wells and ma-
terial boundaries that separate the reservoir into re-
gions. Materia properties and boundary conditions
can be applied to this model even though a grid has
not yet been defined.
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Figure 1: Simple model with wells and material
boundariesthat defineregions

Figure 1 also illustrates several options for high level
interaction with the model. On the left of the window
is a tree that displays features in the model. Using
the tree, the user can select a specific feature. Alter-
nately, the model can be manipulated in the 3D dis-
play and features selected with the mouse. In either
case, once a feature is selected all associated proper-
ties can be modified. Asillustrated, the top region of
the model (highlighted in yellow) has been selected
so that a new material can be assigned to the region.
When the grid is created, all cells in that region will
inherit the region material data.

User Input

A properly designed user interface can guide the user
through the model definition process, organizing into
logical groupings input that may appear in many lo-
cations in a simulator input file. The interface can
ease learning for a beginning user and act as a re-
minder for an experienced user.

As an example, the TOUGH2 code has the capability
to model a fracture bounded by a confining bed that
only conducts heat. To activate this option, the user
must activate the MOP(15) flag, insert an artificial
element at the end of the ELEME data, ensure that it
is initialized to the confining bed initial conditions,
and insert a material that is referenced by the artifi-

cia element to define the confining bed material
properties. Finaly, each element of the fracture must
have its contact area with the confining bed defined
as input. Undoubtedly there are historical reasons
why the input fileis organized in such away.

The user interface, however, can be much simpler.
Figure 2 shows how the required information is pre-
sented in PetraSim. A box is checked to indicate that
this boundary condition is active, then initia tem-
perature and material properties are specified, with
reasonable default values given. When the TOUGH2
input file is written, PetraSim handles the details of
creating the artificial element, specifying the contact
areas, etc. Asaresult, thereisamuch greater chance
that the user will actually solve the problem as in-
tended.

=
[ Confining Beds |
[¥] Enable Heat Exchange with Canfining Beds - MOP(15)
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Density (kg/m*3): 2500.00

Figure 2: Dialog used to specify TOUGH2 con-
fining bed data

Two other examples of organizing data will be illus-
trated. The first is the definition of material proper-
tiesin TOUGH2. Figure 3 shows the dialog used to
input this data. The left pane allows the user to select
any existing material or create a new one. In the
right pane, the user can edit properties of the selected
material. Thisincludes MINC data (only activated if
the MINC option has been enabled) and, under the
Advanced button, the capability to customize relative
permeability and capillary functions.
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Figure 3: TOUGH2 material definition



The TETRAD material dialog is similar to that in
Figure 3, but, since TETRAD allows property data to
vary for every cell, PetraSim allows global property
definitions as functions or contours for which the
dataisthen calculated for each cell.

Figure 4 illustrates the organization of the solution
parameters of TOUGH2. Again, common parameters
have been grouped in an arrangement that helps the
user understand and specify all parameters from one
location. Similar organization is used for the solver
and other solution parameters.
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Figure 4: Solution controlsdialog

Grid Definition

An appropriate grid for an analysis must satisfy sev-
era congtraints: (1) it must be able to capture the
essential features of the reservoir, such as strati-
graphic layers with different material properties, (2)
it must be sufficiently refined to accurately represent
regions of high gradient in the solution, and (3) it
must satisfy the requirements of the simulator. The
simplest grid to construct and that will satisfy all
simulator requirementsis a prismatic 3D grid. At the
time of this paper, a 3D prismatic grid and a match-
ing radial RZ grid are the two grid types supported
for TOUGH2. TETRAD has the additional capabil-
ity to allow different elevations and thicknesses for
each cell.

The grid is created by specifying the number of divi-
sions in each direction. Figure 5 illustrates a ssimple
grid. Thereis no limitation on grid size, and, as will
be discussed, the grid can be locally refined and
modified using disabled elements so that stratigraphy
and non-uniform elevations can be adequately repre-
sented even using a uniform grid.
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Figure5: Prismatic grid defined on model

In the future, more general grids will be developed
for TOUGH2, since it uses the integra finite differ-
ence method. However, for convergence to the cor-
rect solution, the integral finite difference method
requires that the mesh satisfy the Voronoi condition
(that is, boundaries of the elements must be formed
by planes which perpendicularly bisect the lines be-
tween volume centers). Generation of such grids is
relatively ssimple in 2D, but algorithms are much
more complex for ageneral 3D Voronoi grid.

Gridlines can be edited, deleted, or inserted interac-
tively. Figure 6 shows an example of a grid in which
the grid has been edited to be more refined in the
center. This editing is performed in the Grid Editor
window.
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Figure 6: Example of non-uniform grid

It isimportant to remember that the model has a grid,
but the grid is not the model. The model is a higher
level, grid independent, description of the reservoir.



Editing of Cell Properties

After the grid is defined, cell properties may be ed-
ited directly. The goa of PetraSim is not to encour-
age cell editing. However, during the transition from
legacy models, and until features of every simulator
can be implemented at a high level, there may be
times when individual cell editing isrequired. Thisis
accomplished in the Grid Editor window, which al-
lows the user to select agrid layer and edit any cell in
that layer, Figure 7.
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Figure7: Grid editor

In the Grid Editor the user can display any editable
value and then select a cell or group of cells to edit
that value. The user can also select cells to define
sources and sinks, Figure 8. Again, the preferred
approach is to define a high level well, but if desired,
the user has control at the cell level.
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Figure 8: Defining a source or sink in the Grid
Editor

Writing a Simulator Input File

The whole point of a pre-processor is to automati-
cally write the simulator input file in a correct format
and without intervention by the user. In PetraSim,
this task is performed by a function that accesses the
model, the grid, and all other data necessary to write
thefile.

A portion of an example file is shown in Figure 9.
Since the TOUGH2 program has not been modified,
the input file written by PetraSim is in standard
TOUGH2 format. Since the computer is writing the
file, there is no need to keep the file small. Each
element, connection, and initial condition is written
explicitly. It can also be seen that the elements are
given sequential numerical names. It isintended that
the user never need to know or examine these names.
Any type of data, such as the definition of a source or
sink, knows the associated cell and correctly writes
the cell name when the simulator input file is written.
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Figure 9: Portion of TOUGH2 input file created
by PetraSim

Solution

The eventua goal is to integrate simulator execution
into PetraSim. At the present time, the user can keep
the PetraSim window open, but needs to execute the
analysis separately in the standard way. When the
solution is complete, the user may post-process the
results.

Visualization

After the solution is completed, either 3D or time
history plots of the results may be made. Figure 10
shows an example of an iso-surface plot of tempera-
ture from a TETRAD analysis. PetraSim uses a
common results display component for all simulators,
with different trandators to read the data from the
simulator-specific results files. For TOUGH2, the



standard printed output file is parsed to extract the
cell data. For TETRAD, the GridView format file is
read.

As shown in Figure 10, once the data is read, the user
can select any available variable and time for plot-
ting. The user can rotate, pan, and zoom the image
interactively. Image details, such as the number of
iso-surfaces and the data range can be controlled.
Also, cutting planes can be defined on which the re-
sults are contoured. Finally, the user can export the
datainasmple X, Y, Z, value format for import into
other presentation quality graphics programs, such as
TECPLOT. In PetraSim, results are readily accessi-
ble to rapidly evaluate the analysis.
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Figure 10: Iso-surface plot of temperatures (from
TETRAD GridView data file)

In asimilar manner, time history plots of results may
be made, Figure 11.
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Figure 11: Time history plot (from TOUGH2
FOFT file)

Similar to the 3D plots, a common time history dis-
play component is used, with different trandators to
read the different simulator results files.  For

TETRAD, the time history results are read in FPLOT
format and for TOUGH?2, the FOFT fileisread.

As illustrated in Figure 11, the user can select any
saved data and make atime history plot. If acell was
given a user-defined name, this name will be avail-
able for selecting the plot data Once any plot is
made, the data can be exported in a format that can
be read in a spreadsheet or other presentation quality
graphics program.

EXAMPLE

To demonstrate PetraSim features, we give instruc-
tions to solve a variation on Problem 4 — Five-spot
Geothermal Production/Injection (EOS1) described
in the TOUGH2 User’'s Manual (Pruess et al., 1999).
This problem models a five-spot pattern of injection
and production from a geothermal reservoir.

The geometry of the problem is shown in Figure 12.
Water is injected in the center well and produced at
the four corner wells. We use a half-symmetry
model.
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Figure 12: Five-spot well pattern with grid mod-
eling 1/2 symmetry domain

M odel Creation

Start PetraSim by selecting Start/Programs/PetraSim.
To define the boundary of the model, select
Model/Define Boundary... and create the model
boundary with the values X min = -500, X max =
500., Y min = 0.0, Y max = 500., Z min = -305., and
Z max = 0.0. We create the grid on the model by
selecting Model/Create Grid... and specifying 21 X
divisions, 11 Y divisions, and 6 Z divisions. The
resulting mesh is displayed in Figure 13.

Solution Controls

We next specify the information that will control the
solution by selecting Properties/Solution Controals... .
The Times tab allows us to specify parameters asso-
ciated with the start and ending of the analysis and




the time steps used for the calculation. In this case,
we will start at 0 sec, end at 1.5E9 sec (approxi-
mately 50 years), and specify an initial time step size
of 100 sec. We allow a maximum of 200 time steps
and select the Automatic Time Step adjustment op-
tion.
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Figure 13: Five spot model after creating thegrid

We will change the solver to the stabilized bi-
conjugate gradient solver by selecting the Solver tab,
then selecting that solver, Figure 14.
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Figure 14: Selecting the solver

Material Properties

To define the material properties, select Proper-
tiesMaterials... . Change the materia name to
POMED, the rock density to 2650 kg/m3, the poros-
ity to 0.01, the permeabilities to 6.0E-15 m?, the con-
ductivity to 2.1 W/m-C, and the specific heat to 1000

Jkg-C. We need to specify both the relative perme-
ability data and the capillary pressure data. To do
this, select Advanced and then the appropriate tabbed
pane. Use Corey’'s Curves for the relative perme-
ability, with constants of 0.30 and 0.05 and use a
Linear Function for the capillary pressure with con-
stants of 0.0, 1.0, and 0.0.

Initial Conditions

To specify the default initial conditions, select Prop-
ertied/Initial Conditions.... Select the Two-Phase (T,
Sg) option and then specify the temperature to be 300
C and the gas saturation to be 0.01.

Sources and Sinks

Sources and sinks are defined by selecting cells indi-
vidually in the Grid Editor. Select Model/Edit Grid
to display the Grid Editor. There are atotal of 6 lay-
ersin the Z direction. We will inject in layer 5 (the
second from the top). To define the injection, first
click on the layer spin-box on the tool bar to layer 5.
Then, right click on the center lower cell and select
the Source/Sink... menu option. Select the Injection:
Water/Steam option with a flow rate of 15.0 kg/s and
an enthalpy of 5.0E5 Jkg. We will produce from
layer 3, so click on the layer spin-box arrow until
layer 3 is selected. Next, right click on the top right
cell and select the Source/Sink... menu option. Select
Production Mass Out, then specify the mass flow rate
at 7.5 kg/s, Figure 14. Repeat this for the top left
cell. At this point, we have defined one injection cell
and two production cells.

Write PetraSim and TOUGH?2 Files

We have now completed the input necessary for the
solution. First save the PetraSim file by selecting
File/Save... and save the file with the name
3d_five_spot.sim (the .sim extension will be added
automatically if you do not giveit).

We will also save a TOUGH?2 input file by selecting
FilelWrite TOUGH2 File... and giving the name
3d_five_spot.dat (the .dat extension will be automati-
cally added if not specified).

Perform TOUGH2 Analysis

At the present time, TOUGH2 execution is planned
from within PetraSim. At present, the user must
manually execute the TOUGH2 analysis. Typicaly
thiswill be done in a command window.

View Results of the Analysis

Results can be displayed using 3D iso-surfaces, as
contours on 3D planes, or as time history plots at the
cells selected by the user for time history output.
Data for the 3D views are obtained from the output
file (in this case 3d five spot.out). Data for time
history plotting is obtained from the FOFT file.




To view the results in 3D, select Results/3D Con-
tours... . This will display a window in which the
user can select the display variable, the time, and
options on the number of isosurfaces, the grid, the
plot range, and slicing planes. Figure 15 shows a plot
of temperature at 1.5E9 sec. This view shows the
grid and uses two dice planes on which matching
contours are drawn.
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Figure 15: Display of calculated temperatures at
t=1.5E9 sec

To view time history plots of cell data, select Re-
sultg/Cell Results..., Figure 16. In this window the
user can select the plot parameter and the cell for
which results are to be plotted. This plotted data can
be written in column format to a file by selecting
File/Export Data... in the time history menu. This
data can then be imported into another program for
additional plotting or comparison with data.
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Figure 16: Cell results

STATUSAND ACCESS

Development of PetraSim is continuing, with a first
commercia release scheduled for mid-2002. How-
ever, sufficient capability has been implemented for
PetraSim to be a useful tool and an early access re-
lease is available. Implementation is most complete
for the TOUGH?2 version, with nearly al TOUGH2
capability accessible through the interface. The
TETRAD version includes grid editing, 3D visuali-
zation, and time history plotting. The STAR version
has not yet been completed, but should progress rap-
idly using the foundation already completed. The
early access release can be downloaded at
www.thunderheadeng.com under the software sec-
tion.
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