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Resumo da Tese apresentada à COPPE/UFRJ como parte dos requisitos necessários
para a obtenção do grau de Doutor em Ciências (D.Sc.)

AVANÇOS NA MODELAGEM EM ESCALA DE POROS DO ESCOAMENTO
EM MEIOS POROSOS COM DISSOLUÇÃO MINERAL

Alex Vinicius Lopes Machado

Março/2026

Orientadores: Paulo Laranjeira da Cunha Lage
Paulo Couto

Programa: Engenharia Química

Esta tese desenvolveu um conjunto de metodologias para aprimorar a modelagem
do escoamento monofásico com dissolução mineral na escala de poros, tornando-a
mais eficiente computacionalmente, e para estimar parâmetros macroscópicos com
maior acurácia a partir de simulações em escala de poros. A primeira contribuição
introduziu a análise por subvolume (SVA) para a determinação do coeficiente de
dispersão longitudinal a partir de simulações em redes de poros. Em comparação
com métodos tradicionais, como o ajuste de curvas de breakthrough e o método dos
momentos espaciais, a SVA permite verificar simultaneamente se o regime assintótico
foi atingido e quantificar a incerteza associada ao parâmetro estimado. A segunda
contribuição corrigiu a modelagem microcontínua (MC) pela inclusão do segundo
termo de Brinkman na formulação, utilizando um método de discretização adequado.
O modelo microcontínuo corrigido (CMC) reduziu os erros na permeabilidade de até
54% para menos de 5% nos casos analisados, viabilizando acelerações computacionais
significativas em malhas mais grosseiras. A terceira contribuição estendeu o modelo
CMC para simular o transporte reativo com dissolução mineral na escala de poros. O
modelo permite obter resultados acurados com malhas menos refinadas e reproduziu
tendências previamente observadas na literatura no comportamento das curvas de
volume de poros até o breakthrough (PVBT), como a mudança do ponto ótimo ao
se variar a geometria de 2D para 3D ou ao se alterar o número cinético. Por fim, a
confiabilidade da modelagem por redes de poros foi avaliada por meio da comparação
com resultados do modelo CMC. Embora apresente menor acurácia quantitativa, o
modelo de rede de poros reproduziu adequadamente os padrões de dissolução e
identificou o ponto mínimo das curvas de PVBT.
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March/2026
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Department: Chemical Engineering

This thesis developed a set of methodologies to improve the modeling of single-
phase flow with mineral dissolution at the pore scale, making it more computa-
tionally efficient, and to estimate macroscopic parameters with improved accuracy
from pore-scale simulations. The first contribution introduced sub-volume analysis
(SVA) for determining the longitudinal dispersion coefficient from pore network sim-
ulations. Compared with traditional methods, such as breakthrough curve fitting
and the method of spatial moments, SVA enables the simultaneous assessment of
whether the asymptotic regime has been reached and the quantification of the uncer-
tainty associated with the estimated parameter. The second contribution corrected
the micro-continuum (MC) model by including the second Brinkman term in the
formulation and by employing an appropriate discretization method. The resulting
corrected micro-continuum model (CMC) reduced permeability errors from up to
54% to less than 5% across the analyzed cases, enabling significant computational
speedups with coarser meshes. The third contribution extended the CMC model to
simulate reactive transport with mineral dissolution at the pore scale. The model
yielded accurate results with coarser meshes and reproduced trends previously re-
ported in the literature for pore-volume-to-breakthrough (PVBT) curves, such as
shifts in the optimal condition when transitioning from 2D to 3D geometries or
when varying the kinetic number. Finally, the reliability of pore network modeling
was assessed by comparing results with those from the CMC model. Although the
pore network model exhibited lower quantitative accuracy, it adequately reproduced
dissolution patterns and identified the minimum point of the PVBT curves.
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(a)

(b)

Figure 4.2: Pieces of the statistically constructed pore networks: (a) C4, (b) CZ4.
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(a)

(b)

Figure 4.3: Berea sandstone pore networks: (a) extracted from the microtomography
images, B, and (b) built by mirroring, B4.
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Figure 4.5: Sub-volume thickness analysis for the first realization of the CZ4 network
using the (a) σ(⟨cp⟩V ) profile, (b) its mean, and (c) its standard deviation for several
values of L at T = 0.7 for simulation of tracer injection with Pem = 1.0.
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Figure 4.6: Sub-volume thickness analysis for the B4 network using the (a) σ(⟨cp⟩V )
profile, (b) its mean, and (c) its standard deviation for several values of L at T = 0.7
for simulation of tracer injection with Pem = 1.0.
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Figure 4.7: Determination of Dv from the profiles of the average concentration at
different instants during the simulation of the mass transfer with Pem = 1.0 on
the networks: (a) evolution of Dv and (b) e(Dv) for C-type networks with different
lengths using L = 9. (t in hours).
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Figure 4.8: Determination of Dv from the profiles of the average concentration at
different instants during the simulation of the mass transfer with Pem = 1.0 on the
networks: (a) evolution of Dv and (b) e(Dv) for CZ-type networks with different
lengths using L = 13. (t in hours).
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Figure 4.9: Determination of Dv from the profiles of the average concentration at
different instants during the simulation of the mass transfer with Pem = 1.0 on
the networks: (a) evolution of Dv and (b) e(Dv) for Berea sandstone networks with
different lengths and using L = 7. (t in hours).
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Figure 4.10: Determination of Dv from the profiles of the average concentration at
different instants during the simulation with Pem = 1.0 of the mass transfer on ten
different realizations of the C4 network: (a) evolution of Dv and (b) e(Dv).
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Figure 4.11: Determination of Dv from the profiles of the average concentration at
different instants during the simulation with Pem = 1.0 of the mass transfer on ten
different realizations of the CZ4 network: (a) evolution of Dv and (b) e(Dv).
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Table 4.4: Effect of network length, time interval, and number of realizations in
the determination of Dv in the asymptotic limit for C-type networks. Different
realizations are denoted by R-numbers.

T range [0.4,0.6] [0.5,0.7] [0.6,0.8]
Network Dv

(∆t) ± e
(

Dv
(∆t)
)

C1 0.8651 ± 0.0032 0.8595 ± 0.0024 0.8549 ± 0.0022
C2 0.8723 ± 0.0009 0.8703 ± 0.0014 0.8690 ± 0.0005
C3 0.8616 ± 0.0017 0.8590 ± 0.0009 0.8580 ± 0.0003

C4 - R01 0.8558 ± 0.0006 0.8559 ± 0.0007 0.8545 ± 0.0010
C4 - R02 0.8612 ± 0.0007 0.8609 ± 0.0003 0.8618 ± 0.0004
C4 - R03 0.8584 ± 0.0004 0.8586 ± 0.0003 0.8584 ± 0.0003
C4 - R04 0.8548 ± 0.0004 0.8556 ± 0.0008 0.8565 ± 0.0005
C4 - R05 0.8591 ± 0.0008 0.8589 ± 0.0005 0.8590 ± 0.0005
C4 - R06 0.8626 ± 0.0004 0.8621 ± 0.0004 0.8618 ± 0.0003
C4 - R07 0.8572 ± 0.0009 0.8569 ± 0.0006 0.8565 ± 0.0002
C4 - R08 0.8574 ± 0.0003 0.8577 ± 0.0004 0.8575 ± 0.0005
C4 - R09 0.8589 ± 0.0007 0.8601 ± 0.0004 0.8607 ± 0.0002
C4 - R10 0.8553 ± 0.0006 0.8548 ± 0.0006 0.8543 ± 0.0003

Dv
(∆t,r) ± e

(
Dv

(∆t,r)
)

0.8580 ± 0.0019 0.8591 ± 0.0015 0.8585 ± 0.0019
⟨Dv⟩S ± e (⟨Dv⟩S) 0.8581 ± 0.0017 0.8581 ± 0.0016 0.8581 ± 0.0019

Table 4.5: Effect of network length, time interval, and number of realizations in
the determination of Dv in the asymptotic limit for CZ-type networks. Different
realizations are denoted by R-numbers.

T range [0.4,0.6] [0.5,0.7] [0.6,0.8]
Network Dv

(∆t) ± e
(

Dv
(∆t)
)

CZ1 0.8505 ± 0.0023 0.8506 ± 0.0021 0.8491 ± 0.0035
CZ2 0.8534 ± 0.0034 0.8460 ± 0.0054 0.8311 ± 0.0060
CZ3 0.8450 ± 0.0035 0.8367 ± 0.0029 0.8307 ± 0.0024

CZ4 - R01 0.8221 ± 0.0022 0.8204 ± 0.0014 0.8256 ± 0.0030
CZ4 - R02 0.8349 ± 0.0026 0.8301 ± 0.0023 0.8268 ± 0.0009
CZ4 - R03 0.8402 ± 0.0021 0.8389 ± 0.0008 0.8369 ± 0.0017
CZ4 - R04 0.8481 ± 0.0028 0.8397 ± 0.0045 0.8335 ± 0.0024
CZ4 - R05 0.8265 ± 0.0017 0.8248 ± 0.0020 0.8248 ± 0.0016
CZ4 - R06 0.8299 ± 0.0031 0.8341 ± 0.0021 0.8331 ± 0.0021
CZ4 - R07 0.8206 ± 0.0014 0.8185 ± 0.0018 0.8176 ± 0.0015
CZ4 - R08 0.8310 ± 0.0018 0.8285 ± 0.0018 0.8273 ± 0.0015
CZ4 - R09 0.8455 ± 0.0017 0.8421 ± 0.0019 0.8388 ± 0.0030
CZ4 - R10 0.8272 ± 0.0012 0.8276 ± 0.0007 0.8262 ± 0.0007

Dv
(∆t,r) ± e

(
Dv

(∆t,r)
)

0.8305 ± 0.0064 0.8306 ± 0.0053 0.8271 ± 0.0033
⟨Dv⟩S ± e (⟨Dv⟩S) 0.8326 ± 0.0064 0.8305 ± 0.0055 0.8291 ± 0.0044
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Table 4.7: Asymptotic dimensionless dispersion coefficient, D, for three different
Pem and for sets of ten network realizations using the SVA and the method of
moments using the T ∈ [0.5, 0.7] range, and the breakthrough curve fitting.

Method D
Pem

0.1 1.0 10
set of C4 network realizations

SVA Dv
(∆t,r) 0.5142 ± 0.0003 0.8591 ± 0.0015 8.175 ± 0.042

⟨Dv⟩S 0.5141 ± 0.0004 0.8581 ± 0.0016 8.160 ± 0.037
Breakthrough Db

(r) 0.5135 ± 0.0013 0.8588 ± 0.0042 8.159 ± 0.083
curve ⟨Db⟩S 0.5148 ± 0.0018 0.8568 ± 0.0069 8.171 ± 0.084

Moments

DM1
(∆t,r) 0.5129 ± 0.0099 0.8393 ± 0.0854 8.076 ± 0.733

⟨DM1⟩S 0.5016 ± 0.0118 0.7564 ± 0.1207 7.073 ± 1.204
DM2

(∆t,r) 0.5087 ± 0.0057 0.8462 ± 0.0564 7.971 ± 0.530
⟨DM2⟩S 0.5178 ± 0.0084 0.8946 ± 0.0827 8.446 ± 0.810

set of CZ4 network realizations

SVA Dv
(∆t,r) 0.2191 ± 0.0007 0.8306 ± 0.0053 10.068 ± 0.076

⟨Dv⟩S 0.2190 ± 0.0005 0.8305 ± 0.0055 10.058 ± 0.077
Breakthrough Db

(r) 0.2182 ± 0.0020 0.8321 ± 0.0089 10.060 ± 0.172
curve ⟨Db⟩S 0.2195 ± 0.0025 0.8315 ± 0.0090 10.160 ± 0.210

Moments

DM1
(∆t,r) 0.2358 ± 0.0098 1.0111 ± 0.0973 14.457 ± 0.935

⟨DM1⟩S 0.2366 ± 0.0119 0.9618 ± 0.1497 14.225 ± 1.527
DM2

(∆t,r) 0.2224 ± 0.0236 0.5415 ± 0.2954 11.701 ± 2.905
⟨DM2⟩S 0.2103 ± 0.0194 0.7889 ± 0.2511 12.559 ± 2.495
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Unlike the breakthrough curve fitting method, the SVA has the advantage of
checking if the pore network is long enough to reach the asymptotic dispersion
regime. Furthermore, unlike the other methods, the SVA determines the uncer-
tainty of the longitudinal dispersion coefficient from a single pore-network tracer
simulation, which is no more than one order of magnitude larger than the uncer-
tainty calculated from a set of realizations of statistically built pore networks, which
is a significant advantage for applications that use pore networks extracted from
microtomographic images where only images of a single sample are available.

Although we applied the SVA in this study to tracer solute transport determined
from pore-network simulations using the Eulerian MCM, one can apply the proposed
method to simulation results from more intricate models, such as the STM. Further-
more, SVA is not limited to the ADM and can be used to determine parameters of
other macroscopic models in other mass transfer processes, such as solute transport
with chemical reactions.
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(a)

(b) (c)

Figure 5.1: Two-dimensional particle bed: (a) full domain, (b) voxelized and (c)
smoothed meshes with mesh edge size of 20µm in the same domain region.

(a) (b) (c)

Figure 5.2: Berea sandstone sample: (a) three-dimensional image of the micro-CT
with 4003 voxels and resolution of 5.3µm, (b) a slice of it normal to the X-axis, and
(c) the same slice in the resulting voxelized mesh.

Figure 5.3: Comparison of the voxelized mesh, boundary-fitted mesh, and STL
surface on a slice perpendicular to the X-axis for the Berea 3D micro-CT image.
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