
23 September 2023

POLITECNICO DI TORINO
Repository ISTITUZIONALE

From Computational Fluid Dynamics to Structure Interpretation via Neural Networks: An Application to Flow and
Transport in Porous Media / Marcato, A.; Boccardo, G.; Marchisio, D.. - In: INDUSTRIAL & ENGINEERING CHEMISTRY
RESEARCH. - ISSN 0888-5885. - ELETTRONICO. - (2022). [10.1021/acs.iecr.1c04760]

Original

From Computational Fluid Dynamics to Structure Interpretation via Neural Networks: An Application to
Flow and Transport in Porous Media

Publisher:

Published
DOI:10.1021/acs.iecr.1c04760

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2966664 since: 2022-06-10T14:09:38Z

American Chemical Society



From Computational Fluid Dynamics to Structure Interpretation via
Neural Networks: An Application to Flow and Transport in Porous
Media
Agnese Marcato, Gianluca Boccardo,* and Daniele Marchisio

Cite This: https://doi.org/10.1021/acs.iecr.1c04760 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The modeling of �ow and transport in porous media is of the utmost importance in many chemical engineering
applications, including catalytic reactors, batteries, and CO2 storage. The aim of this study is to test the use of fully connected
(FCNN) and convolutional neural networks (CNN) for the prediction of crucial properties in porous media systems: the
permeability and the �ltration rate. The data-driven models are trained on a dataset of computational �uid dynamics (CFD)
simulations. To this end, the porous media geometries are created in silico by a discrete element method, and a rigorous setup of the
CFD simulations is presented. The models trained have as input both geometrical and operating conditions features so that they
could �nd application in multiscale modeling, optimization problems, and in-line control. The average error on the prediction of the
permeability is lower than 2.5%, and that on the prediction of the �ltration rate is lower than 5% in all the neural networks models.
These results are achieved with at least a dataset of �100 CFD simulations.

� INTRODUCTION
The study of �ow and transport in porous media is of the utmost
importance in chemical engineering.1 Many �elds of application
in the traditional chemical industry are impacted by the
understanding of these phenomena, such as packed beds
catalytic reactors,2,3 and �ltration devices.4,5 Other examples
can be found in large-scale environmental applications, such as
groundwater extraction and remediation6,7 or enhanced oil
recovery.8 Apart from the importance of porous media in these
established sectors, it is apparent how the study of transport
phenomena in dispersed and random structures will play an
increasingly important role in the transition toward a sustainable
and carbon neutral economy. The consensus is that true carbon
neutrality will not be achieved without the employ of carbon
capture and storage solutions on a global scale.9,10 As it is and
was true for oil prospecting and extraction in the pretransition
economy, it thus remains clear how a deep understanding of
�uid permeation and mass transfer in porous rocks will be
essential both to bene�t carbon storage sites exploration and for
planning safe and long-term CO2 capture. One other prominent

example of the pivotal importance in the energy transition is the
growing attention to the study of energy storage systems,
speci�cally batteries (both in their current Li-ion and future
beyond-lithium incarnations). Indeed, electrodes, in their
microscale reconstruction, are modeled as porous media
impregnated by the electrolyte. The long-term safety of battery
operation, energy density, and battery cycle life (which
constitute the main areas of improvement inasmuch their limits
constitute the main barriers to overcome toward a more
pervasive grid electri�cation) are being investigated by means of
detailed studies of the transport of electrochemical species inside
the electrodes.11�13
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Traditional modeling is based on fundamental laws obtained
from analytical and experimental methods resulting in
expressions of dimensionless numbers and macroscale param-
eters that characterize the geometry of the porous media. The
con�dence of these laws is a�ected by uncertainties due to the
nonlinear correlation between the de�ning features of the
geometries and the resulting macroscale parameters, respec-
tively, the input and output features of these models.14 As a way
to improve the con�dence of these models and spurred on by the
increasing availability of computational resources, in recent
years a host of microscale models have been developed that
completely describe porous media behavior at the pore
scale.15�18

Computational �uid dynamics (CFD) can be employed for
the microscale solution of the transport equations; in this way, a
detailed model can be obtained for the investigated phenomena.
CFD models were proposed for �ltration,19 reactors,20,21

gasi�cation processes,22 and batteries23 applications. The main
issue related to CFD simulations is their computational cost; in
fact, they are time-consuming and cannot easily be used in wide-
ranging optimization work�ows, multiscale modeling, or in-line
control.

Even if chemical engineering is not traditionally a big-data
�eld, at least by the standards dictated by the current arti�cial
intelligence “explosion”, by the use of simulations it is possible to
obtain a dataset suitable for the training of a data-driven
model.24 In the past decade, machine learning algorithms spread
in scienti�c research, since they are able to deal with highly
nonlinear problems that would be di�cultly described by �rst-
principles methods.25�28 In this way, data can be processed in an
optimal way extracting information from them, moreover a
trained data driven model can be easily used for optimization
and multiscale modeling thanks to its immediate response.
Neural networks are one of the most commonly employed
machine learning techniques in last years.29,30

Datasets obtained from CFD simulations can be used for the
optimization of devices31,32 and for the prediction of �uid

dynamics properties and performances.33�35 In the porous
media �eld, neural networks models can be developed to deal
with the randomness of geometries at the pore scale as proposed
by Partopour et al.36 The majority of recent works developed
neural networks models and work�ows for the prediction of the
permeability or geometrical parameters starting from data
extracted from Lattice�Boltzmann simulations. Fully connected
neural networks (FCNN) were employed for the prediction of
the permeability37,38 and geometrical parameters39 from integral
and hand-selected input features. Convolutional neural net-
works (CNN) can be used for the prediction of the same
objectives. In the latter case, the training of the model is
performed by providing the CNN with an image of the entire
geometry of the porous medium,40,41 in this way, the network
autonomously extracts the most e�ective features for the
prediction of the output, and it is not necessary to hand-select
the integral parameters. In recent years, CNN for the prediction
of the �ow �eld were proposed, and the permeability can be
extracted from the predicted �elds.42�45 At the moment, little
was done to use these modeling techniques to deal with more
complex problems, such as reaction and transport in porous
media, which is fundamental for chemical engineering
applications. Albeit of central importance, the geometry is far
from being the only de�ning factor, and neural networks should
be able to deal with both geometrical description and operating
conditions information together.

In our work, we test the use of FCNN and CNN for the
prediction of the permeability and the �ltration rate, which is an
integral parameter related to the transport of a chemical species
in a porous medium. This work applies (and expands) the
work�ow that we proposed in our previous article46 and that is
summarized in Figure 1. At �rst porous media geometries are
created in silico, then the computational grids are built for the
CFD simulations, that are in turn solved so as to prepare a
dataset for the training. While for the FCNN case the neural
network is provided with integral descriptors of the porous
media geometries,47 in the CNN case the entire geometry

Figure 1. Work�ow for the construction of neural networks models for porous media applications: (1) in silico creation of the geometries, (2) setup and
solution of the CFD simulations, and (3) preparation of the dataset for the FCNN (integral descriptors as input and output) and for the CNN (entire
geometry and integral descriptors as input and integral descriptors as output).
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