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SOLUTION DEPENDENT OUTPUT TIME MARKS FOR MODELS OF DYNAMIC
SYSTEMS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Application No. 62/218341, filed

on September 14, 2015, which is incorporated herein by reference in its entirety.

BACKGROUND

[0002] Modeling and simulation techniques are widely used to analyze and evaluate
various dynamic systems. For example, simulations are utilized in the energy industry to
design, monitor and evaluate energy industry operations such as drilling, exploration,
reservoir evaluation, stimulation and production operations. Models of formations, reservoirs
and production systems can be utilized for planning as well as utilized in conjunction with
downhole and/or surface measurements to assist in predicting and forecasting stimulation and

production performance, which is important for effective reservoir management and control.

SUMMARY

[0003] A method of simulating a dynamic system includes receiving input data and
applying the input data to a numerical forward model, and executing the forward model to
simulate the dynamic system and generate solution data values. The method also includes,

during execution of the forward model, comparing the solution data values to a pre-
selected criterion. The method further includes, in response to at least one solution data value
satistying the pre-selected criterion, automatically generating a time mark for a time at which
the at least one solution data value satisfied the pre-selected criterion and automatically
outputting one or more solution data values associated with the time mark.

[0004] An embodiment of a system for simulating a dynamic system includes a data
collection device configured to receive input data related to the dynamic system, and a
processing device. The processing device is configured to perform a method that includes
applying the input data to a numerical forward model, executing the forward model to
simulate the dynamic system and generate solution data values, and, during execution of the
forward model, comparing the solution data values to a pre-selected criterion. The method
also includes, in response to at least one solution data value satisfying the pre-selected

criterion, automatically generating a time mark for a time at which the at least one solution
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data value satisfied the pre-selected criterion and automatically outputting the one or more

solution data values associated with the time mark.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The following descriptions should not be considered limiting in any way.
With reference to the accompanying drawings, like elements are numbered alike:

[0006] FIG. 1 depicts an embodiment of a processing system;

[0007] FIG. 2 depicts an embodiment of a stimulation and/or hydrocarbon production
system;

[0008] FIG. 3 depicts an example of variable values calculated via a modeling or
simulation system, and exemplary time marks used for generating output data;

[0009] FIG. 4 depicts an example of highly dynamic behavior calculated by the
modeling or simulation system of FIG. 3;

[0010] FIG. 5 is a flow diagram depicting aspects of a method of modeling or
simulating a dynamic system; and

[0011] FIG. 6 depicts solution-dependent time marks generated in response to highly
dynamic behavior of a variable calculated via a modeling or simulation system according to

embodiments described herein.

DETAILED DESCRIPTION OF THE INVENTION

[0012] Systems and methods are described herein for performing aspects of numerical
forward simulations or other types of simulations or models of dynamic systems. An
embodiment of a method includes running or executing a forward simulation or model of a
system and generating outputs in response to highly dynamic events. The simulation or
model is run over a selected time window, and time marks or time stamps are set that cause a
set of data (e.g., a variable value or set of variable values) to be output from the simulation.
The method includes automatically generating a solution-dependent time mark or stamp in
response to detection of a highly dynamic event, such as a variable that exceeds a selected
value and/or changes at a rate exceeding a selected threshold or satisfying some statistical
criteria. The solution-dependent time marks are not pre-set prior to running the model, but
are generated in response to occurrence of the highly dynamic event.

[0013] Embodiments described herein increase the efficiency of simulation or
modeling systems by identifying and outputting simulation data that is targeted to highly

dynamic events or changes. Such embodiments avoid generating irrelevant data and reduce
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or eliminate the need for performing subsequent simulations, which represents a significant
improvement in computing time and performance of computer systems running simulations
and models.

[0014] FIG. 1 illustrates an embodiment of a data collection, processing and/or
analysis system 10, which can be used to perform aspects of modeling and simulation
according to embodiments described herein. The system 10 includes a processing device or
unit 12 such as a computer (e.g., desktop or laptop PC, smartphone, tablet, etc.), which
includes suitable display and interface components to allow a user to input data for
processing, modeling, simulation and/or analysis. For example, the processing unit 12
includes a processor 14, memory 16, a display unit 18 and input/output interface(s) 20. The
memory 16 stores input data and programs or instructions for executing various processing
operations, such as a modeling or simulation program or program suite 22. The processing
unit 12 may be connected to a host processor 24, such as a server or mainframe.

[0015] The processing unit 12 and/or host 24 are connected to various data storage
locations, which may be internal or external to the processing unit 12 and/or host 24. For
example, the processing unit 12 is connected to data sources from which input data relating to
dynamic systems can be collected. In one embodiment, the data sources relate to energy
industry operations, such as hydrocarbon exploration and production operations. For
example, the processing unit 12 is connected to one or more databases 26 that store energy
industry data such as reservoir data, information regarding various oil rigs or other systems,
well logs and other measurement data, production data and others. In another example, the
processing unit 12 is connected to a dynamic system 28 such as a drilling, measurement
and/or production system. The processing unit 12 and/or host 24 may also be connected to a
network 30 such as the Internet to allow for retrieval of information from any suitable
external sources that can be used to collect data useful for modeling or simulation.

[0016] Data collected from such sources may be considered input data used in a
modeling or simulation method. The data may be pre-existing stored data relating to a
dynamic system such as a hydrocarbon reservoir, earth formation and/or borehole during
drilling, measurement and/or production. In one embodiment, the data is real time data
collected from an operation and/or formation that allows for modeling, simulation, updating
simulations or calibrating simulations in real time. As described herein, “real-time” or “real
time” refers to performance during or proximate in time to an energy industry operation
system or other dynamic system, which may include receiving data generated upon or shortly

after detection and/or acquisition by sensors or other monitoring devices. The received data
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may then be used in order to assess performance of the operation and/or modify operational
parameters during the operation.

[0017] It is noted that although embodiments are described herein as related to energy
industry operations and systems, the embodiments are not so limited, and can be used in
conjunction with processing, simulation and/or modeling of any dynamic system. A
“dynamic” system is any system in which one or more parameters or properties change over
time. A dynamic system has a state that may change over time and can be modeled or
simulated (at least approximately) by calculating values of one or more variables representing
the state of the system at a plurality of times. The embodiments described herein are
applicable to any kind of dynamic system for which modeling or prediction is desired.

[0018] FIG. 2 illustrates an example of a dynamic system that can be simulated or
modeled according to embodiments described herein. In this example, a hydrocarbon
production and/or stimulation system 40 is configured to produce and/or stimulate production
of hydrocarbons from an earth formation 42. A borehole string 44 is disposed in a borehole
46 that penetrates the formation 42. The borehole 46 may be an open hole, a cased hole or a
partially cased hole. In one embodiment, the borehole string 44 is a stimulation or injection
string that includes a tubular, such as a coiled tubing, pipe (e.g., multiple pipe segments) or
wired pipe, that extends from a wellhead 48 at a surface location (e.g., at a drill site or
offshore stimulation vessel). As described herein, “string” refers to any structure or carrier
suitable for lowering a tool or other component through a borehole or connecting a drill bit to
the surface, and is not limited to the structure and configuration described herein. The term
"carrier" as used herein means any device, device component, combination of devices, media
and/or member that may be used to convey, house, support or otherwise facilitate the use of
another device, device component, combination of devices, media and/or member.
Exemplary non-limiting carriers include casing pipes, wirelines, wireline sondes, slickline
sondes, drop shots, downhole subs, BHAs and drill strings.

[0019] In one embodiment, the system 40 is configured as a hydraulic stimulation
system. As described herein, “hydraulic stimulation” includes any injection of a fluid into a
formation. A fluid may be any flowable substance such as a liquid or a gas, and/or a flowable
solid such as sand. In this embodiment, the string 44 includes a stimulation assembly 50 that
includes one or more tools or components to facilitate stimulation of the formation 42. For
example, the string 44 includes a fracturing assembly 52, such as a fracture or “frac” sleeve
device, and/or a perforation assembly 54. The string 44 may also include additional

components, such as one or more isolation or packer subs 56. One or more of the stimulation
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assembly 50, the fracturing assembly 52, the perforation assembly 54 and/or packer subs 56
may include or be connected to suitable electronics or processors configured to communicate
with a surface processing unit and/or control the respective tool or assembly.

[0020] In one embodiment, an injection system 58 is employed to stimulate the
formation 42. The injection system 58 includes an injection device such as a high pressure
pump 60 in fluid communication with a fluid tank 62, mixing unit or other fluid source or
combination of fluid sources. The pump 60 injects fluid into the string 44 or the borehole 46
to introduce fluid into the formation 42, for example, to stimulate and/or fracture the
formation 42.

[0021] A variety of sensors or measurement devices may be incorporated into the
system 40 at surface and/or downhole locations for measurement of properties of the
formation, borehole string and the stimulation and/or production operation. For example, one
or more flow rate and/or pressure sensors 64 are disposed in fluid communication with the
pump 60 and the string 44 for measurement of fluid characteristics.

[0022] Other examples of sensors or measurement devices include parameter sensors
configured for formation evaluation measurements relating to the formation, the borehole,
geophysical characteristics and/or borehole fluids. These sensors may include formation
evaluation sensors (e.g., resistivity, dielectric constant, water saturation, porosity, density and
permeability), sensors for measuring geophysical parameters (e.g., acoustic velocity and
acoustic travel time), and sensors for measuring borehole fluid parameters (e.g., viscosity,
density, clarity, rheology, pH level, and gas, oil and water contents).

[0023] A processing and/or control unit 66 is disposed in operable communication
with the sensors 64, the pump 60, the stimulation system 50, other sensors and/or other
components of the system 40. The processing and/or control unit 66 is configured to receive,
store and/or transmit data generated from sensors and components, and includes any number
of suitable components, such as processors, memory, communication devices and power
sources.

[0024] A processor or processing system, such as the processing unit 12 or the surface
processing unit 66, is configured to perform a forward simulation or modeling process that
estimates or predicts various aspects of a dynamic system. The embodiments described
herein may be applicable to any kind of dynamic system for which modeling or prediction is
desired. The dynamic system may be a system related to energy industry operations, but is

not so limited.
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[0025] For example, the processor executes instructions or algorithms to simulate
aspects of an earth formation and/or hydrocarbon production operation, such as reservoir
properties (i.e., formation properties), operational parameters and production properties. An
exemplary simulation includes one or more forward models that incorporate partial
differential equation models for, e.g., subsurface multi-phase flow, which can be used to
estimate formation, borehole and production properties (e.g., oil, gas and/or water rates from
single and multi-zonal well systems) and predict or forecast such properties based on
measurement data.

[0026] The simulation is used to collect information such as production performance
characteristics, bottomhole pressures, formation pressures, transient reservoir pressure-
temperature response, permeability and water saturation. The simulation may provide
information related to tool or component performance, such as strain, directional
characteristics, temperature, vibration, tool wear and others.

[0027] Input data used for executing the simulation may incorporate information from
industry databases, data collected from previous measurements of the formation or a similar
formation, and data from an operator specifying parameters such as the type of operation,
borehole geometry and trajectory, equipment setup, expected formation fluids and operational
parameters such as injected fluids, pumping schemes and operational times. Real time
measurement data may be input to the simulation from surface and/or downhole sensor
devices such as permanent downhole gauges, distributed temperature sensors, distributed
acoustic sensors and/or production logging tools.

[0028] When the simulation is executed, one or more variables representing the state
of a system or parts of a system are calculated over various time frames. The time frames
may be pre-selected time frames or variable time frames. The values of such variables over
time are calculated and may be presented to a user or processor as output data. Output data
may be produced not only at the end of a simulation (e.g., at the end of a time window for
which simulation is performed), but also during the simulation. Typically, output data is
generated at multiple pre-selected time points during the simulation. The pre-selected time
points denote a time during the simulation for which a value or values of the one or more
variables (are output so that the simulation can be monitored and/or utilized prior to
completing simulation over the entire time window.

[0029] The processor may also select solution-dependent output data at time points in
response to changes in the one or more variable values. In contrast to the pre-selected time

points, solution-dependent time points are not selected prior to running the simulation, but are
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instead automatically generated in response to one or more variable values satisfying a
selected criteria. Exemplary criteria include a threshold value of the one or more variables, a
value of a mathematical operation performed on the one or more variables, and a rate of
change of the one or more variables. The one or more variables may be periodically or
continuously compared to the selected criteria, and when a variable satisfies the criteria, an
associated time point (or range) is selected and the values associated with that time point are
automatically output to a user. The user may be a human user or another processor or device.
Time points selected for output data (whether pre-selected or solution-dependent) are referred
to herein as “time stamps” or “time marks.”

[0030] FIGS. 3 and 4 illustrate examples of pre-selected time marks associated with a
numerical forward simulation that solves partial differential equations to advance the initial
state of a system through time. In this example, the simulation calculates solution data as
values of a variable (Y) representing a state of the simulated system as a function of time (t).
The values of the variable Y relative to time are shown as a curve 70. Fixed time marks 72
are selected prior to running the simulation according to various criteria, such as the number
or frequency of time steps (e.g. output in N equally spaced marks or output every Nth step) or
the simulation time (e.g. output on specific time marks or output every time a certain model
time has passed). In these examples, the time marks 72 are pre-selected at constant time
intervals, so that a portion of the solution data is output at each time mark.

[0031] The pre-selected time marks 72 may be sufficient for simulations of physical
systems that exhibit no extreme dynamical behavior, i.e. systems in which the state only
varies evenly or predictably. For example, the variable Y of FIG. 3 varies according to a
predictable and gradual curve without any highly dynamic events.

[0032] However, an approach that utilizes fixed time marks may not be sufficient to
capture highly dynamic behaviors in a timely fashion. The highly dynamic behavior (e.g.,
relatively rapid and/or extreme changes that occur over a smaller time frame than intervals
between pre-selected time marks) is often of interest, thus simulation outputs that focus on
these variations without extraneous data may be very useful, e.g., to allow for identification
and analysis of such behavior in as little time as possible, which allows a user or system to
rapidly respond to predictions related to such behaviors if desired.

[0033] For example, the variable Y in some instances may exhibit highly dynamic
behavior corresponding to state variations that may be of interest. Such behavior can occur
during a very small time window, and the exact occurrence of such behavior often cannot be

known beforehand. An example of a highly dynamic event or events is shown in FIG. 4. In
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this example, highly dynamic variations 74 in the variable Y are shown that occur over one or
more small time windows relative to intervals between pre-selected time marks. The fixed
time marks do not capture the dynamic episode of the simulated system. This can be
disadvantageous for a number or reasons. First, the dynamic behavior may occur prior to a
subsequent time mark, which would result in data being output at a significant time after the
dynamic event occurs and could result in missing the event entirely. Second, the time
window of the dynamic event may be significantly smaller than the interval(s) between pre-
selected time marks, and thus capturing the event would require outputting large portions or
the entire solution, which would result in an unnecessarily large amount of data being output
that would require processing or analysis.

[0034] For example, in order to capture the simulation output during these highly
dynamic moments, one can either capture all simulation output between pre-selected time
marks (which can result in generating a potentially large amount of useless data) or run a
simulation a second time after the relevant time window has been identified (which wastes
computing power and time).

[0035] Embodiments described herein address the disadvantages of pre-selected
and/or constant time marks. The processor is configured to generate time marks during the
simulation time that are not pre-selected, but are rather selected in response to the occurrence
of highly dynamic variations or events. These time marks are dependent on the actual
variations that occur during the simulation, and are referred to herein as “solution-dependent
time marks.”

[0036] Highly dynamic events are detected by comparing a value and/or rate of
change of one or more solution variables to a selected criterion or criteria over the course of
the simulation. The criteria may include, for example, a threshold value of the variable(s), a
selected rate of change of the variable(s), a threshold statistical value (e.g., an average or
running average), a selected statistical distribution, a result of a mathematical operation on
one or more values of the variable(s) or any other criteria sufficient to detect a significant
change in the variable(s) that would not otherwise be captured using pre-selected time marks.

[0037] FIG. 5 shows an embodiment of a method 80 that includes various aspects of
simulating or modeling a dynamic system. The method may be used in conjunction with any
numerical forward models. Examples of simulations and models used in the energy industry
are discussed above, however the method 80 is not limited to the simulations and models
described herein. The method 80 may be performed on any suitable processor, processing

device and/or network (e.g., the processing unit 12 or surface processing unit 66) or
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components thereof. The method 80 includes one or more stages 81-85. In one embodiment,
the method 80 includes the execution of all of stages 81-85 in the order described. However,
certain stages may be omitted, stages may be added, or the order of the stages changed.

[0038] In the first stage 81, input data is collected for use in a forward model or
simulation. Input data includes any data or information used to build the model.

[0039] For energy industry operations such as stimulation and/or production
operations, examples of input data include formation properties (taken from measurements of
a current or similar formation), equipment setup information, injection fluid properties,
known or estimated downhole fluid properties and expected operational parameters (e.g.,
injection fluid type, flow rate and pressure).

[0040] In the second stage 82, one or more variables calculated using the forward
model are selected for use in calculating solution-dependent time marks, and one or more
criteria are selected for detection of highly dynamic behavior.

[0041] Any suitable variable or combination of variables may be selected to allow
determination of when a highly dynamic event occurs. The choice of variable may depend on
the model at hand; rates of energy (kinematic or dissipation) may likely be relevant for a
multitude of models. For example, for production models, a selected variable or combination
of variables can include production pressure and flow rate, production volumes (e.g., barrels
per day), downhole pressure, permeability and/or others. For fracturing models, a selected
variable or combination of variables can include damage, strain, volume, permeability and/or
others.

[0042] The variable can be a primitive variable (i.e., an unknown in the partial
differential equation). In addition, the variable can be derived from one or more simulation
variables, e.g., by summation or averaging or other mathematical operations.

[0043] The one or more criteria are selected to allow for detection of a change in a
variable that occurs over a small time window relative to the overall time of a simulation
and/or relative to a time interval between pre-selected time marks. The one or more criteria
may be any measure or prediction of a value and/or rate of change of the variable. For
example, the criteria include a value of a derivative or partial derivative of the variable, or
statistical criteria such as a selected statistical distribution.

[0044] In one embodiment, the one or more criteria are the absolute value of the
derivative of the variable, which is calculated continuously or periodically during the
simulation (e.g., at each time step of the simulation). The absolute value is compared to a

pre-determined threshold value to determine whether a highly dynamic event has occurred.
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[0045] In the third stage 83, the simulation is executed, and solution data is generated.
The solution data is any information or data relating to properties of the system modeled, and
include a number of variables including the selected variable or combination of variables
discussed above. The solution data may be generated over any time period, such as a pre-
selected or variable time window. For example, the simulation is executed and stopped at a
subsequent time point that is not pre-selected but may be dependent on one or more factors or
conditions. The simulation may be stopped based on the results of the simulation and/or
simulation data generated at one or more pre-selected or solution-dependent time marks. For
example, the simulation may be stopped in response to the solution data and/or operator
experience indicating that continued simulation would not bring further meaningful data or
that further significant change is not expected.

[0046] In the fourth stage 84, the solution data is monitored to determine whether a
highly dynamic event has occurred. The solution data is compared to the one or more criteria
during execution. If a variable value or rate of change exceeds a threshold or meets the
selected one or more criteria, a solution-dependent time mark is generated for the time at
which the dynamic event occurred, and solution data at least at the time denoted by the time
mark is output to a user (e.g., human and/or processor) as output data. The output data may
be a single value of each selected variable at the time mark, or a range of values over a time
period associated with the time mark. For example, the output data may include results
occurring between the current solution-dependent time mark and an immediately preceding
time mark (pre-selected or solution-dependent). In another example, the output data includes
results occurring during any selected time period surrounding or terminating at the solution-
dependent time mark.

[0047] In the fifth stage 85, the output data is analyzed and various actions are
optionally performed. For example, the highly dynamic event is analyzed and aspects of a
planned operation (e.g., stimulation and/or production) are adjusted as necessary. In another
example, the forward model is adjusted, updated or calibrated if desired based on the highly
dynamic event. In yet another example, if the simulation is executed during an operation,
(e.g., using real time measurement data inputted to the model), operational parameters such
as injection rate or pressure can be adjusted in response to the highly dynamic event (e.g., to
avoid an event predicted by the simulation).

[0048] An example of an application of the method 80 is discussed with reference to
FIG. 6. Inthis example, a simulation of a dynamic system such as a system for performing

hydraulic fracturing and/or hydrocarbon production is performed using a fracturing or
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production model. The model may calculate multiple variables, such as pressure, fluid flow,
fluid volume, permeability and others. A variable Y is selected, which may be a single
variable or a combination of variables.

[0049] Fixed time stamps 72 are entered to the model for automatic generation of
output data at each time represented by a respective fixed time stamp 72. Typically, the fixed
time stamps represent substantially equal time intervals, but are not so limited.

[0050] In addition, one or more criteria are selected to define a highly dynamic
change in variable values over time. In this example, the derivative of the variable Y is
calculated as the solution data (represented by the curve 70) is generated, and the derivative is
compared to a selected threshold.

[0051] As shown in FIG. 6, the variable Y generally increases and then gradually
flattens out, but is interrupted by a highly dynamic event (or series of events) represented by
strong fluctuations in the variable Y. The highly dynamic event may not be able to be
predicted beforehand to enable pre-selecting a time mark for that event.

[0052] During the model run, the derivative of Y is calculated periodically (e.g.,
repeatedly over small time intervals relative to the pre-selected mark intervals) or
substantially continuously (e.g., at each simulation time step) as solution data is calculated.
The values of the derivative of Y at multiple times during the time window are shown as
curve 90. The values of curve 90 are compared to a threshold value 92. At each point in time
for which the derivative exceeds the threshold value 92, a solution-dependent time mark 94 is
generated and the Y value (or set of Y values) is output. As shown in FIG. 6, a plurality of
highly dynamic fluctuations occur in rapid succession, resulting in a plurality of
corresponding outputs. Thus, data is output for each fluctuation over a small time window
that captures the fluctuation without extraneous data unrelated to that fluctuation. Each
fluctuation is captured by a solution-dependent output. Using only the pre-selected time
marks, output at each time mark would not capture the dynamic events.

[0053] Although the embodiment of the method of FIG. 6 is discussed in conjunction
with comparing a rate of change of a variable, the method is not so limited. The criteria may
be a value of the rate of change as discussed above, or may be another criteria, such as a
threshold value of the variable or the result of a mathematical or statistical operation
performed on the variable. For example, the highly dynamic events shown in FIG. 6 may be
detected by comparing the values of Y to a threshold value (e.g., 1.01 or greater than 1). In
response to detecting the value of Y meeting or exceeding the threshold, a solution dependent

time mark and the corresponding variable value (or values) is output.
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[0054] The systems and methods described herein present numerous advantages
relative to prior art systems and techniques. Embodiments described herein overcome
inefficiencies inherent in prior art methods of detecting and analyzing highly dynamic events.

[0055] For example, solution-dependent output time marks according to embodiments
described herein have a crucial benefit over prior art methods when highly dynamic systems
are simulated, because the simulation output is automatically obtained at time points of
interest. In the absence of such solution-dependent time marks, either too many time steps
must be output (which can quickly fill any hard disk for 3D models), or not enough will be
output, which requires the simulation to be executed again in the hope of better time mark
selection. This is very time-consuming, wastes computing power and, for commercial codes,
wastes licensing time. In addition, without output at the appropriate times using
embodiments described herein, dynamic behavior can be missed altogether.

[0056] Embodiment 1. A method of simulating a dynamic system, the method
comprising: receiving input data and applying the input data to a numerical forward model;

executing the forward model to simulate the dynamic system and generate solution
data values; during execution of the forward model, comparing the solution data values to a
pre-selected criterion;  in response to at least one solution data value satisfying the pre-
selected criterion, automatically generating a time mark for a time at which the at least one
solution data value satisfied the pre-selected criterion and automatically outputting one or
more solution data values associated with the generated time mark.

[0057] Embodiment 2. The method of any prior embodiment wherein comparing
includes calculating a rate of change of the solution data values, the pre-selected criterion
including a threshold rate of change.

[0058] Embodiment 3. The method of any prior embodiment wherein executing the
forward model includes outputting solution data values at a plurality of fixed times
designated by a plurality of pre-set time marks.

[0059] Embodiment 4. The method of any prior embodiment wherein the generated
time mark designates a time value that is different than the time values associated with the
pre-set time marks.

[0060] Embodiment 5. The method of any prior embodiment wherein outputting one
or more solution data values includes outputting results calculated over a time period defined
by the generated time mark and an immediately preceding pre-set time mark.

[0061] Embodiment 6. The method of any prior embodiment wherein comparing

includes calculating a rate of change of the solution data values, the pre-selected criterion
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including a threshold rate of change, wherein the threshold rate of change is a rate of change
of the solution data values over a time window that is less than a time window defined by
successive pre-set time marks.

[0062] Embodiment 7. The method of any prior embodiment wherein the pre-selected
criterion is the absolute value of a time derivative of the solution data values.

[0063] Embodiment 8. The method of any prior embodiment wherein the dynamic
system includes properties of at least one of a borehole and an earth formation during an
energy industry operation.

[0064] Embodiment 9. The method of any prior embodiment wherein the energy
industry operation includes injection of fluid into at least one of the borehole and the earth
formation.

[0065] Embodiment 10. The method of any prior embodiment further comprising
adjusting one or more operational parameters of the energy industry operation based on the
one or more solution data values associated with the generated time mark.

[0066] Embodiment 11. A system for simulating a dynamic system, the system
including: a data collection device configured to receive input data related to the dynamic
system; and a processing device configured to perform a method including: applying the
input data to a numerical forward model; executing the forward model to simulate the
dynamic system and generate solution data values; during execution of the forward model,
comparing the solution data values to a pre-selected criterion; and in response to at least one
solution data value satisfying the pre-selected criterion, automatically generating a time mark
for a time at which the at least one solution data value satisfied the pre-selected criterion and
automatically outputting the one or more solution data values associated with the time mark.

[0067] Embodiment 12. The system of any prior embodiment wherein comparing
includes calculating a rate of change of the solution data values, the pre-selected criterion
including a threshold rate of change.

[0068] Embodiment 13. The system of any prior embodiment wherein executing the
forward model includes outputting solution data values at a plurality of fixed times
designated by a plurality of pre-set time marks.

[0069] Embodiment 14. The system of any prior embodiment wherein the generated
time mark designates a time value that is different than the time values associated with the

pre-set time marks.
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[0070] Embodiment 15. The system of any prior embodiment wherein outputting one
or more solution data values includes outputting results calculated over a time period defined
by the generated time mark and an immediately preceding pre-set time mark.

[0071] Embodiment 16. The system of any prior embodiment wherein comparing
includes calculating a rate of change of the solution data values, the pre-selected criterion
including a threshold rate of change, wherein the threshold rate of change is a rate of change
of the solution data values over a time window that is less than a time window defined by
successive pre-set time marks.

[0072] Embodiment 17. The system of any prior embodiment wherein the pre-
selected criterion is the absolute value of a time derivative of the solution data values.

[0073] Embodiment 18. The system of any prior embodiment wherein the dynamic
system includes properties of at least one of a borehole and an earth formation during an
energy industry operation.

[0074] Embodiment 19. The system of any prior embodiment wherein the energy
industry operation includes injection of fluid into at least one of the borehole and the earth
formation.

[0075] Embodiment 20. The system of any prior embodiment wherein the method
includes adjusting one or more operational parameters of the energy industry operation based
on the one or more solution data values associated with the generated time mark.

[0076] In support of the teachings herein, various analyses and/or analytical
components may be used, including digital and/or analog systems. The system may have
components such as a processor, storage media, memory, input, output, communications link
(wired, wireless, pulsed mud, optical or other), user interfaces, software programs, signal
processors (digital or analog) and other such components (such as resistors, capacitors,
inductors and others) to provide for operation and analyses of the apparatus and methods
disclosed herein in any of several manners well-appreciated in the art. It is considered that
these teachings may be, but need not be, implemented in conjunction with a set of computer
executable instructions stored on a computer readable medium, including memory (ROMs,
RAMs), optical (CD-ROMs), or magnetic (disks, hard drives), or any other type that when
executed causes a computer to implement the method of the present invention. These
instructions may provide for equipment operation, control, data collection and analysis and
other functions deemed relevant by a system designer, owner, user or other such personnel, in

addition to the functions described in this disclosure.
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[0077] Further, various other components may be included and called upon for
providing aspects of the teachings herein. For example, a sample line, sample storage,
sample chamber, sample exhaust, pump, piston, power supply (e.g., at least one of a
generator, a remote supply and a battery), vacuum supply, pressure supply, refrigeration (i.e.,
cooling) unit or supply, heating component, motive force (such as a translational force,
propulsional force or a rotational force), magnet, electromagnet, sensor, electrode,
transmitter, receiver, transceiver, controller, optical unit, electrical unit or electromechanical
unit may be included in support of the various aspects discussed herein or in support of other
functions beyond this disclosure.

[0078] One skilled in the art will recognize that the various components or
technologies may provide certain necessary or beneficial functionality or features.
Accordingly, these functions and features as may be needed in support of the appended
claims and variations thereof, are recognized as being inherently included as a part of the
teachings herein and a part of the invention disclosed.

[0079] While the invention has been described with reference to exemplary
embodiments, it will be understood by those skilled in the art that various changes may be
made and equivalents may be substituted for elements thereof without departing from the
scope of the invention. In addition, many modifications will be appreciated by those skilled
in the art to adapt a particular instrument, situation or material to the teachings of the
invention without departing from the essential scope thereof. Therefore, it is intended that
the invention not be limited to the particular embodiment disclosed as the best mode
contemplated for carrying out this invention, but that the invention will include all

embodiments falling within the scope of the appended claims.
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CLAIMS

1. A method (80) of simulating a dynamic system (28), the method (80)
comprising:

receiving input data and applying the input data to a numerical forward model,

executing the forward model to simulate the dynamic system (28) and generate
solution data values;

during execution of the forward model, comparing the solution data values to a pre-
selected criterion;

in response to at least one solution data value satisfying the pre-selected criterion,
automatically generating a time mark (92) for a time at which the at least one solution data
value satisfied the pre-selected criterion and automatically outputting one or more solution
data values associated with the generated time mark (92).

2. The method (80) of claim 1, wherein comparing includes calculating a rate of
change of the solution data values, the pre-selected criterion including a threshold rate of
change.

3. The method (80) of claim 1, wherein executing the forward model includes
outputting solution data values at a plurality of fixed times designated by a plurality of pre-set
time marks (72).

4. The method (80) of claim 3, wherein the generated time mark (92) designates
a time value that is different than the time values associated with the pre-set time marks (72).

5. The method (80) of claim 3, wherein outputting one or more solution data
values includes outputting results calculated over a time period defined by the generated time
mark (92) and an immediately preceding pre-set time mark (92).

6. The method (80) of claim 3, wherein comparing includes calculating a rate of
change of the solution data values, the pre-selected criterion including a threshold rate of
change, wherein the threshold rate of change is a rate of change of the solution data values
over a time window that is less than a time window defined by successive pre-set time marks
(72).

7. The method (80) of claim 1, wherein the pre-selected criterion is the absolute
value of a time derivative of the solution data values.

8. The method (80) of claim 1, wherein the dynamic system (28) includes
properties of at least one of a borehole (46) and an earth formation (42) during an energy

industry operation.
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9. The method (80) of claim 8, wherein the energy industry operation includes
injection of fluid into at least one of the borehole (46) and the earth formation (42).

10. The method (80) of claim 8, further comprising adjusting one or more
operational parameters of the energy industry operation based on the one or more solution
data values associated with the generated time mark (92).

11. A system (10) for simulating a dynamic system (28), the system (10)
including:

a data collection device configured to receive input data related to the dynamic system
(28); and

a processing device configured to perform a method (80) including:

applying the input data to a numerical forward model,

executing the forward model to simulate the dynamic system (28) and generate
solution data values;

during execution of the forward model, comparing the solution data values to a pre-
selected criterion; and

in response to at least one solution data value satisfying the pre-selected criterion,
automatically generating a time mark (92) for a time at which the at least one solution data
value satisfied the pre-selected criterion and automatically outputting the one or more
solution data values associated with the time mark (92).

12.  The system (10) of claim 11, wherein comparing includes calculating a rate of
change of the solution data values, the pre-selected criterion including a threshold rate of
change.

13.  The system (10) of claim 11, wherein executing the forward model includes
outputting solution data values at a plurality of fixed times designated by a plurality of pre-set
time marks (72).

14. The system (10) of claim 13, wherein the generated time mark (92) designates
a time value that is different than the time values associated with the pre-set time marks (72).

15.  The system (10) of claim 13, wherein outputting one or more solution data
values includes outputting results calculated over a time period defined by the generated time

mark (92) and an immediately preceding pre-set time mark (92).
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