Open-source
sharing of code
enables Shell
partners to interpret
experimental results
using best-practice
methodology,

for accurate and
consistent results.
(Image created
with Microsoft
Copilot.)

Stimulating collaborative research through
open-source sharing of methodology

Reservoir modelling is an essential tool in subsurface engineering activities ranging from hydrocarbon
recovery to underground storage of carbon dioxide (CO,) and hydrogen. It relies on inputs which,

in addition to parameters such as porosity and permeability, include flow functions for multiphase flow,
such as relative permeability and capillary pressure. These are typically obtained from core flooding
experiments in special core analysis (SCAL), which consists of laboratory-based flow experiments to
measure flow rate and pressure drop, and a subsequent interpretation step involving inverse modelling.
However, robust first-principles inverse modelling tools are not easily accessible, and therefore Shell’s
partners do not always follow best-practice methodology for interpretation. To provide access to
appropriate interpretation methodology that follows fundamental principles, an internally developed set
of Python code, which was already available within Shell, has been made open source.

Interpretation of core floodin
experiments by inverse mode?ling

Over the past 30 years, Shell has developed a
rigorous first-principles methodology, based on
numerical interpretation by the inverse modelling of
core flooding experiments, which provides accurate
and consistent results. However, not all Shell’s
industrial and academic partners have access to the
relevant tools or full awareness of the shortcomings
of more simplified interpretation methods, such

as closed-form analytical expressions. There is a
general lack of awareness of exactly how many and
what types of data are required for an adequate
interpretation of such experiments, that is, what data
are required to properly constrain an inverse model.

This is illustrated in the example shown in Figure 1,
which reflects a situation sometimes encountered in
the literature or from external parties, where both
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relative permeability and capillary pressure are
determined from a single unsteady-state core
flooding experiment. This is not recommended,
according to Shell SCAL best practices. Instead,
steady-state core flooding experiments and the
independent measurement of capillary pressure
by, for example, the centrifuge method would be
recommended [Ref 1, 2]. However, external parties
may not follow Shell recommendations, because
of either a lack of instrumentation, for example, an
ultracentrifuge to independently measure capillary
pressure, or other experimental considerations,
such as, for CO, sequestration, obtaining a
consistent data set for relative permeability and
capillary pressure measured with, for example,
supercritical CO,, which is impossible or extremely
difficult to do in a centrifuge.

The example in Figure 1, which is described in more
detail in Reference 3, illustrates that such a workflow
can result in an acceptable interpretation with

an acceptable uncertainty range only under very
specific conditions, and only if the inverse model is
properly constrained by adequate experimental
data. If only pressure drop and a production

curve obtained at a single flow rate are used, the
interpretation-based uncertainty (shaded region) in
the so-obtained relative permeability is unacceptably
high and significantly larger than the experimental
error, indicated by error bars. Only when adding
in-situ-measured saturation profiles along the core,
and conducting the experiment at multiple flow rates,
does the interpretation-related uncertainty arrive at a
similar range to the experimental error [Ref 3].

Although the flow code is equivalent to best
practice at Shell, the assisted inverse modelling
workflow, which includes the flow code and
optimisation methods, goes beyond the best-
practice standard workflow recommended in
special core analysis at Shell. In the standard
workflow, relative permeability is only interpreted
in the saturation range after breakthrough of the
displaced phase. This is a physical constraint for
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cases where the displacement front is very sharp,
that is, in the viscous limit (Buckley-Leverett shock
front), but for situations at lower capillary numbers
the displacement front is more elongated and
controlled by both relative permeability and
capillary pressure, with a saturation range
accessible by in-situ saturation monitoring.

Using the saturation profiles in the inverse
modelling workflow also provides access to the
saturation range before the Buckley-Leverett
breakthrough. The main benefit of the methodology
is that, by using analytical functions in the inverse
model, the uncertainty range of the fit parameters
is also obtained. The example in Figure 1
demonstrates that the more data are used, the
better the inverse model is constrained and the
smaller the uncertainty envelope. It may not be
entirely obvious why a bump flood - traditionally
used to extend the saturation range closer to the
residual saturation - also reduces the uncertainty
in the saturation range below that. This is because,
via the capillary end-effect - which is mapped out
better in the bump floods - the data constrain the
capillary pressure-saturation function better.
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FIGURE 1
Advanced

interpretation of

an unsteady-state
experiment aimed
at obtaining relative
permeability and
capillary pressure
functions
simultaneously.

The high degree of coupling and nonlinearity of
the multiphase flow equations also enable the
reduction of uncertainty in saturation ranges

that depend on both capillary pressure and
relative permeability, such as the profile of the
displacement front before breakthrough; therefore,
the uncertainty of relative permeability is reduced.

Additionally, the interpretation methodology is
flexible in terms of exactly which measured data
are available. If, for instance, as Shell best practice
recommends, the relative permeability at the
saturation endpoint is measured experimentally,
then these data can be used as a constraint and
the respective endpoint saturation and endpoint
relative permeability are fixed. If, however, this
data point is not measured, it can be allowed to
vary in the inverse modelling workflow, which -
while not recommended - still allows an
interpretation of the data, although with the
consequence of increased uncertainty.

Going open source

Because of a lack of awareness of how large the
actual uncertainty range of an improperly 132
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constrained inversion workflow can be, and a

pen-source lack of access to appropriate interpretation tools,
CoreZRelperm external parties and partners may use inadequate
f;gﬁitpoenn. methodology, which may lead to an incorrect
interpretation and underestimation of uncertainties.
This can become a problem in joint projects where,
for instance, partners do not follow Shell best
practices, which makes the resulting data more
difficult to use within Shell. Therefore, it is in Shell’s
This project is a great example of an open-source release from Shell

adhering to the following principles:

1.

Transparency: whether developing software or solving a business
problem, everyone has access to the information and materials
necessary for doing their best work. When these materials

are accessible, people can build upon each other’s ideas and
discoveries, to make better decisions and understand their effects.

. Collaboration: when people are free to participate, they

enhance each other’s work in unanticipated ways. When they can
modify what others have shared, they unlock new possibilities. By
initiating new projects together, solutions are possible to problems
that no one can solve alone. And, when open standards are
implemented, it enables others to contribute in the future.

. Inclusive meritocracy: good ideas can come from anywhere, and

the best ideas should win. Only by including diverse perspectives
in conversations can decision-makers be certain they've identified
the best ideas.

.Release early and often: rapid prototypes can lead to rapid

discoveries. An iterative approach - “learning by doing” - leads to
better solutions faster. When people are free to experiment, they
can look at problems in new ways and seek answers in new places.

. Community: communities form when different people unite

around a common purpose. Shared values guide decision-making,
and community goals supersede individual interests and agendas.
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interest to make reliable methods, which are
first-principles-based and have already been
published for many years, readily accessible.

The Python code for inverse modelling of core
flooding experiments - which had already been
published in a set of publications [Ref 1, 2, 4],
presented in a previous TechXplorer Digest article
[Ref 5] and was accessible as the Core2Relperm
project in Shell’s innerSource GitHub sede-x - has
now been made accessible as an open-source
project in the publicly accessible sede-open
platform, following Shell’s OpenSource release
process. This code is available at github.com/
sede-open/Core2Relperm, and a screenshot of the
location is shown in Figure 2.

The open-source release is accompanied by a
publication in a peer-reviewed academic journal
[Ref 3] that explains the function of the code and
provides details of the example shown in Figure 1.
Respective Jupyter Notebooks reproduce two key
figures from the journal publication.

Reaction of the community

After the initial release of the code, an
announcement on LinkedIn received more than
10,000 impressions within a week and reached
20,000 impressions a few weeks later. The project
has been forked multiple times and the code is
already actively used in PhD projects. The
community began interacting with the code;

33 users saved it as a “starred” repository, in
addition to creating several forks and reporting
issues, which the team successively addressed.
Some revealed issues and subtle details in the
underlying Python libraries. In the meantime, the
release was extended by adding more benchmarks
for the flow solver.

Summary and conclusions

The authors have provided a useful tool which has
been well received in the community. The open-
source format addresses a specific aim, from the
Shell side, for partners to provide results consistent
with the Shell recommended interpretation
workflows. They have also successfully
demonstrated the open-source release route,
according to the Shell process. It is expected that,

in the future, this will become relevant more often, as
more and more journals adopt the requirement to
make code used in journal articles publicly available.

Next steps

As a next step, the team plans to provide a more
parallelised version of the Markov Chain Monte
Carlo (MCMC) optimiser. The current version uses
a gradient-based optimiser, which runs in seconds,
whereas a full MCMC with 10,000 iterations would

require several hours.
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While this interpretation methodology is strictly
one-dimensional (1D), that is, it does not take into
account unstable displacement and/or channelling
in heterogeneity - which should be excluded by
the design of the experiment and upfront inspection
of the sample - it can, in principle, be extended

to a 3D interpretation. This is subject to ongoing
research and not yet at a stage where an
automated workflow could be considered.
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