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A B S T R A C T

The interfacial transport phenomena in free space and fibrous structure coupling regions appear widely in
energy and environmental systems. At the same time, the flow behavior at interfaces fails to be accurately
predicted by the previous models, which were essentially based on the granular porous structures. This work
examines the validity of the recently proposed Brinkman double-layer model by pore-scale simulations at
the interface between free space and 3D fibrous porous structures. The geometrical characteristics, including
anisotropy and tortuosity of fibers, and the flow conditions have been comprehensively studied utilizing a
random generation growth (RGG) method. The results indicate that the Brinkman double-layer model can
capture the fluid dynamics at the free-fibrous interface robustly and effectively, providing a powerful tool for
predicting flow behavior at free-porous interfaces.
1. Introduction

Complex fibrous structures have recently gained widespread ap-
plications across diverse fields, owing to their remarkable physical
properties [1,2]. Among the numerous challenges encountered in these
applications, a crucial issue arises concerning fluid flow interactions
between free space and neighboring fibrous porous structures. This phe-
nomenon finds extensive use in various scenarios, including compos-
ite material fabrications [3], underground contaminant transport [4],
food industry [5], fuel cells [6,7], heat exchangers [8], paper produc-
tion [9], and biological contexts [10]. Understanding the interfacial
transport dynamics between the fibrous network and the clean channel
is of paramount importance, as this interfacial transport significantly
impacts the flow behavior on both sides. Nevertheless, the inherent
complexity and variable anisotropy of these fibrous structures present
a formidable yet essential fundamental problem.

The interfacial transport phenomena in free-fibrous coupled systems
can be comprehended at three levels. At the microscopic level, fluid
flow throughout the domain is governed by the Navier–Stokes equation
(or the Stokes equation for the creeping flow). However, due to the
intricate geometry of the porous media, conducting microscale simu-
lations across the entire domain becomes computationally prohibitive.
As a result, macroscopic level models are necessary for most practi-
cal applications. In order to bridge the gap between the microscale
and macroscale levels, upscaling techniques are required to derive
mesoscopic descriptions, in which the porous media is treated as a
heterogeneous new phase. Among the upscaling methods available, two
commonly used approaches are the volume-average method [11,12]
and the asymptotic expansion method [13,14].
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In the literature, macroscale models designed for free-porous sys-
tems often lack the specificity to accommodate diverse porous struc-
tures. These models frequently rely on the simplifying assumption of
isotropic granular structures. These models can be broadly categorized
into one-domain [12,15] and two-domain approaches [16,17]. The
latter two-domain approaches are favored for their enhanced sim-
plicity, achieved by integrating interface conditions to link governing
equations within two distinct flow regions. This simplicity renders
them particularly attractive for various practical applications. Based
on the governing equations and interface conditions, they can be fur-
ther sorted into various categories, such as the Stokes–Darcy models,
Stokes–Brinkman models, velocity-continuous models, and velocity-
jump models. The first Stokes–Darcy model was introduced by Beavers
and Joseph [18] and Saffman [19] with a velocity-jump interface
condition. This model is the most famous and widely-used model
due to its simplicity. However, the applications of this model have
met more and more limitations as it suffers from severe dependence
on the posterior model parameter 𝛼 and ignorance of the existence
of a transition layer near the interface, which is the most critical
feature in this free-porous coupled flow system. After identifying a
transition layer near the free-porous interface instead of abrupt velocity
change [20,21], Bars and Worster [22] proposed a Stokes–Darcy model
incorporating a velocity-continuum interface condition by utilizing the
Stokes equation in the transition layer. The incompatibility of the
first-order Darcy term with the second-order Stokes equation in such
Stokes–Darcy models led to the development of the Stokes–Brinkman
model, which includes an additional second-order Brinkman term [23].
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The first Stokes–Brinkman model was proposed by Neale and Nader
[24], imposing continuity in both velocity and shear stress at the free-
porous interface. Subsequently, the Stokes–Brinkman model underwent
modification to include velocity-continuum but stress-jump interface
conditions, as undertaken by Ochoa-Tapia and Whitaker [25] and
other researchers [26]. However, despite ongoing research advocat-
ing for continuous velocity and discontinuous shear stress [27], these
models frequently necessitate empirical determination of at least one
model parameter or the solution of complex auxiliary problems [13,
28], potentially complicating practical applications. Furthermore, the
Brinkman equation has been deemed unsuitable for describing tran-
sition flow within the interface layer by numerous studies [29,30].
In response to these challenges, Kang and Wang [31] introduced a
Brinkman double-layer (BDL) model featuring a unique double-layer
structure and a stress-jump interface condition. They recommended us-
ing an alternative governing equation instead of the Brinkman equation
for modeling flow in the outer layer. They proposed a straightforward
linear expression for the model parameter denoted as 𝛾. While the
BDL model demonstrated remarkable accuracy and robustness when
applied to complex granular porous structures, its suitability for fibrous
structures warrants further investigation.

In contrast to the commonly assumed isotropic granular porous
structures, fibrous porous structures exhibit a notable diversity in
anisotropy and connectivity. A significant portion of fibrous structures
displays pronounced anisotropy, resulting in substantial variations in
flow resistance along different directions. Furthermore, fibrous struc-
tures can possess stronger connectivity due to the high aspect ratio of
fibers compared to granular structures with the same porosity, leading
to higher permeability. Previous investigations into various physical
properties, such as conductivity and diffusivity [7,32], have demon-
strated that fibrous porous structures manifest distinct characteristics
compared to traditional granular structures. Consequently, interfacial
transport dynamics in free-fibrous coupled flow systems likely exhibit
considerable deviations from granular structures in response to the
morphology of individual fibers and the fiber arrangement. Several
studies have examined commonly used models like the B-J model [18],
the Stokes–Brinkman model [24], and the O-W model [25] in the
context of fibrous porous structures, and none of these models yielded
satisfactory results: These models do not predict the flow behavior in
the interface region correctly, and their performance can vary dramati-
cally in structures with different porosity values. Furthermore, all these
models contain one posterior model parameter that is difficult to decide
in real applications [33,34]. While a limited number of experimental
and numerical studies have explored interfacial flow transfer in free-
fibrous coupled systems, these investigations often involve a narrow
range of fibrous media types with simple geometries. The majority
of these studies have focused on 2D fibrous structures that are either
aligned parallel or perpendicular to the flow direction [35–37], featur-
ing strong periodicity and regularity. These geometric limitations may
compromise the generalizability of flow patterns, particularly given
that the porosity of these structures is typically constrained to values
above 0.5. Additionally, wavy patterns in velocity profiles arising from
structural regularity can impede the precise quantification of flow
characteristics.

Numerous investigations have explored the influence of fiber mor-
phology on the permeability of fibrous porous media. These studies
could serve as a valuable foundation for inspiring further inquiries into
the impact of structural anisotropy on interfacial transport phenomena
within free-fibrous coupled flow systems [38,39]. While prior research
has primarily focused on three categories of fibrous structures: layered,
neatly aligned, and nearly isotropic configurations [40–42], the inte-
gration of these intricate fibrous networks into the free-fibrous coupled
flow system can broaden the spectrum of structures under investigation.
This expansion might provide valuable insights into the influence of
2

structural anisotropy on interfacial transport phenomena. i
In summary, a significant research gap exists in quantitative investi-
gations into macroscale modeling of the interfacial transport within the
free-fibrous coupled flow system, with particular emphasis on complex
3D fibrous structures. A critical assessment of existing macroscale
models is still needed, alongside a comprehensive exploration of the
effects of structural anisotropy.

In this work, we strive to contribute valuable insights into the
applications of the Brinkman double-layer model in predicting flow
behavior in free-fibrous coupled flow systems (Fig. 1), shedding light
on the geometrical influences and advancing understanding of the
interfacial transport dynamics. To achieve this, distinct types of fi-
brous structures with varying anisotropy and porosity are generated
by a stochastic–statistic method. Pore-scale simulations are conducted
in the free-fibrous domain comprising these diverse structures, and
the interfacial flow dynamics are analyzed using several quantitative
parameters. Ultimately, we thoroughly examine the validity and ro-
bustness of the Brinkman double-layer (BDL) model for the free-fibrous
systems.

The organization of this paper is as follows: In Section 2, we provide
a concise overview of the previously proposed Brinkman double-layer
(BDL) model and the four quantitative parameters. A comparison is
conducted between the BDL model and existing experimental data. Sec-
tion 3 is dedicated to outlining the methodology employed in this study.
We introduce the random generation growth(RGG) and pore-scale sim-
ulation methods, elucidating the processes involved. In Section 4, we
present the diverse morphology of the generated fibrous structures and
compare the BDL model with pore-scale simulation results. The validity
of the BDL model is addressed by additional in-depth discussions of the
influence of flow parameters. Finally, the conclusions are provided in
Section 5.

2. Brinkman double-layer model

Recently, a Brinkman double-layer (BDL) model has been proposed
for the free-porous coupled flow system. This model was proposed
under the common Stokes flow assumption, and it has displayed re-
markable efficacy when applied to complex 3D granular porous struc-
tures [31]. This model incorporates a velocity-continuity boundary
condition, a stress-jump boundary condition, and a novel double-layer
structure near the free-porous interface. Within these two interface
layers, distinct governing equations are utilized to seamlessly connect
the Stokes flow in the clean channel and Darcy flow in the bulk porous
medium. In this framework, velocity and shear stress are assumed to
be continuous in between.

2.1. Mathematical description

The stress-jump condition contains a model parameter 𝛾, which was
introduced by a linear assumption of the shear force 𝑓

(

𝑢𝑠, 𝐾, 𝜀
)

=
𝜇 ⋅ 𝛾(𝜀) ⋅ 𝑢𝑠

√

𝐾
, in which 𝑢𝑠 stands for the average fluid velocity at the

free-porous interface, 𝐾 stands for the permeability, 𝜇 stands for the
fluid viscosity, and 𝜀 stands for the porosity. A semi-empirical linear
expression for 𝛾 was proposed for granular porous structures as 𝛾 = 2𝜀.
This straightforward expression for the model parameter gains great
advantages compared to other models since the model parameter can
be easily calculated priorly, and no fittings or auxiliary equations are
needed.

One key issue in applying this model to anisotropy porous media is
how to deal with the permeability tensor. Since it is almost impossible
to measure all the components of this permeability tensor in irregular
porous structures, we suggest using the two scalar permeability values
along the flow direction and perpendicular to the flow direction(also
perpendicular to the free-porous interface) denoted as 𝐾∥ and 𝐾⟂,
espectively. The 𝐾∥ is used to characterize the stream-wise structural
amping resistance and the corresponding viscous resistance, appearing
n the governing equations. The 𝐾 , on the other hand, represents
⟂
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Fig. 1. Schematic diagram of (a) the free-fibrous coupled flow system and (b) the Brinkman double layer (BDL) model.
the ability of the porous structure to transfer mass and momentum
vertically and decides how deep the two interface layers penetrate
the porous medium. These two permeability values are much easier to
measure in applications. The complete mathematical description of this
BDL model for anisotropic porous media is as follows.

At the upper solid wall

𝒖 = 0, at 𝑦 = 𝐻, (1)

Flow in the clean channel

0 = −∇
⟨

𝑝𝛽
⟩𝛽
𝜂 + 𝜇𝛽∇2 ⟨𝒖𝛽

⟩

𝜂 , 0 < 𝑦 < 𝐻. (2)

At the free-porous interface
⟨

𝒖𝛽
⟩

𝜂 =
⟨

𝒖𝛽
⟩

𝜔1
, at 𝑦 = 0. (3)

𝜕
⟨

𝒖𝛽
⟩

𝜂

𝜕𝑦
− 1

𝜀

𝜕
⟨

𝒖𝛽
⟩

𝜔1

𝜕𝑦
= 𝛾(1 − 𝜀)

𝒖𝑠
√

𝐾∥
, at 𝑦 = 0. (4)

Flow in the inner Brinkman layer

0 = −∇
⟨

𝑝𝛽
⟩𝛽
𝜔1

+
𝜇𝛽
𝜀
∇2 ⟨𝒖𝛽

⟩

𝜔1
−

𝜇𝛽
𝐾∥

⟨

𝒖𝛽
⟩

𝜔1
. (5)

At the interface between inner and outer Brinkman layer
⟨

𝒖𝛽
⟩

𝜔1
=
⟨

𝒖𝛽
⟩

𝜔2
, at 𝑦 = −

√

𝐾⟂, (6)

𝜕
⟨

𝒖𝛽
⟩

𝜔1

𝜕𝑦
=

𝜕
⟨

𝒖𝛽
⟩

𝜔2

𝜕𝑦
, at 𝑦 = −

√

𝐾⟂. (7)

Flow in the outer Brinkman layer

0 = −∇
⟨

𝑝𝛽
⟩𝛽
𝜔2

+
𝜇𝛽

𝜀
√

𝐾∥
∇
⟨

𝒖𝛽
⟩

𝜔2
⋅
𝒖𝜷
|𝒖𝜷 |

−
𝜇𝛽
𝐾∥

⟨

𝒖𝛽
⟩

𝜔2
. (8)

Flow in the bulk of porous medium
⟨

𝒖𝛽
⟩

𝜔2
→ 𝒖Darcy , when 𝑦 → −∞. (9)

In the above equations, we follow some commonly adopted nota-
tions: 𝐻 stands for the channel height, 𝛽 refers to the fluid phase (in
both subscripts and superscripts), 𝜂 refers to the clean channel, 𝜔 refers
to the porous media (subscripts 1 and 2 stands for different layers of
porous media), and triangular brackets stands for the averaged value of
certain fields. More detailed definitions can be found in many previous
works employing the volume-averaging technique [25,31]. When 𝐾∥ =
𝐾⟂, the above model is then simplified to the BDL model for isotropic
porous media [31].

General analytical solutions can be derived from solving the gov-
erning equations of the three distinct flow regions. Once all boundary
conditions, the porosity and permeability values specific to the struc-
ture in question, and the linear expression 𝛾 = 2𝜀 are taken into
account, it is feasible to compute the precise velocity distribution
3

along the 𝑦-axis. This calculated velocity profile can be compared with
simulation or experimental results for validation and assessment.

In this study, we will examine the BDL model with the linear equa-
tion 𝛾 = 2𝜀 in free-fibrous coupled flow systems comprising complex
3D fibrous structures by the following four parameters:

• 𝑢s: slip velocity: the planar average velocity at the free-fibrous in-
terface. It is calculated by averaging the pore-scale velocity along
the x-z plane at the free-fibrous interface. The magnitude of this
velocity characterizes the intensity of the mass and momentum
transfer at the free-porous interface and is strongly related to the
structure morphology near the interface.

• 𝛿: interface layer thickness. This interface layer is defined by the
magnitude of the macroscale filtration velocity 𝑢, which should
meet the following inequality inside this layer:

𝒖s − 𝒖 ≤ 0.95
(

𝒖s − 𝒖Darcy
)

, (10)

where 𝒖Darcy is the Darcy filtration velocity and 𝒖𝑠 is the slip
velocity. To determine the thickness, we start by calculating
the fluid velocity at the boundary of the interface layer us-
ing the equation provided. Subsequently, we identify the two
nodes whose velocities bracket this calculated value. The precise
position of the edge of the interface layer is then determined
by interpolating the fluid velocities of neighboring nodes. The
thickness of this interface layer, which is the major feature of
this coupled flow system, represents the penetration depth of the
outer flow impact and is closely related to the transverse mass
and momentum transport ability of the porous matrix.

• 𝜏channel: shear stress at the free-fibrous interface calculated from
the side of the clean channel. This parameter is calculated by
𝝉channel = 𝜇𝜕

⟨

𝒖𝛽
⟩

𝜂 ∕𝜕𝑦|𝑦→0+ , and characterizes the force on the
outer flow exerted by the porous matrix.

• 𝜏dif: shear stress difference between two sides at the free-fibrous
interface defined by 𝝉dif = 𝝉channel − 𝝉porous. This parameter
characterizes the force balance at the free-porous interface, which
is the deeper cause behind this interfacial transport phenomenon.
This parameter is the most important one, reflecting whether a
model can correctly capture the underlying dynamics of the flow
phenomenon.

These four parameters can be calculated from the cross-sectional
velocity profile and provide more quantitative and comprehensive
characterizations of the interfacial transport phenomena than a single
velocity profile. More detailed descriptions of these parameters can be
found elsewhere [31].

2.2. Experimental validation

To validate the BDL model, we first compare it with two of the
few existing experimental studies utilizing fibrous structures as porous
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Fig. 2. (a) Performance of the BDL model in random fibrous porous media compared to experiments by Wu and Mirbod [43]. The subfigure illustrates the morphology of the
fibrous structure utilized in the experiment. (b) Performance of the BDL model in regular fibrous porous media compared to experiments by Rosenzweig and Shavit [44]. Different
symbols stand for different pieces of porous media, and the solid lines represent the BDL model.
media. Both studies placed a clean channel on top of a piece of porous
media to form the free-fiber coupled flow system and used the particle
image velocimetry (PIV) technique to measure the fluid velocity. In the
first study conducted by Wu and Mirbod [43], the porous media was
made of polyester and silk had random fibrous structures, and three
pieces of these porous media with different porosity values were tested
under pressure-driven flow conditions. In these three experiments, the
total height of the channel remains consistent, and the thickness of the
porous media varies, leading to different interface locations marked
by dash lines and arrows in Fig. 2(a). The morphology of the fibers
is shown in the subfigure. In the second experiment [44], regular
arrays of vertical square columns presenting Sierpinski patterns were
used as porous media. Two structures with the same permeability and
porosity value of 0.79 but different thicknesses were tested in gravity-
driven flow conditions with an oblique flume. The results of these two
experiments are shown in Fig. 2. The 𝑦-axis is nondimensionalized by
the channel height 𝐻 , while the fluid velocity is nondimensionalized
by the maximum velocity in the pressure-driven flow and the Darcy
velocity in the gravity-driven flow, respectively.

In the comparisons, we mainly focused on the velocity profiles in
the interface region, which is the prominent feature of such free-fibrous
coupled flow systems. The results demonstrate commendable alignment
between experiments and the BDL model in both random and regular
fibrous porous structures.

Further validation of the BDL model with experimental data has met
some formidable challenges, primarily due to the limitations of avail-
able observation and measurement techniques. Historically, most prior
experiments relied on porous structures composed of neatly aligned pil-
lars, essentially 2D granular structures with wavy velocity distribution
patterns. The porosity values of the fibrous structures in experiments
are close to 1 to provide a clear vision for velocity measurement
techniques like the PIV, imposing further restrictions.

Given the above constraints posed by the available structures and
observational techniques in experimental studies, there is a pressing
need for further numerical investigations, particularly concerning di-
verse fiber morphology, anisotropy, and a wider range of porosity
values and flow conditions. Sequentially, we conduct pore-scale simu-
lations within free-fibrous coupled flow systems, encompassing various
types of fibrous structures. We aim to thoroughly assess the Brinkman
double-layer (BDL) model by quantitatively analyzing its performance
through the four key parameters and provide a more comprehen-
sive understanding of its applicability under diverse conditions and
structures.

3. Methods

This section outlines the methodologies utilized for conducting
4

pore-scale flow simulations within the free-fibrous coupled systems. We
focus on two critical aspects: techniques for generating complex 3D
fibrous porous structures and the direct numerical simulation method
for fluid flows at the pore scale.

3.1. Fibrous porous structure generation

To create complex 3D fibrous porous structures, we utilize a stochas-
tic method known as the Random Generation Growth (RGG) method
[45], which emulates the natural growth process of real-life fibers. The
generation process commences by randomly selecting seeding points
within the spatial domain. The exact density of the seeds in each case
is random, but the expected value is pre-defined. Following this, two
orientation angles, denoted as 𝜃 (polar angle) and 𝜙 (azimuthal angle),
are randomly assigned to each seeding point.

The sequential generation process consists of numerous discrete
growth time steps, during which each fiber extends towards both ends
with a specified probability by a unit length. More specifically, every
fiber is assigned a random number within the range of 0 to 1 in each
time step. The fiber is extended if this randomly generated number is
smaller than a designated probability. Different fibers are allowed to
overlap to maintain growth orientations, which will not make much
difference to the morphology of the entire fiber network. This growth
process continues iteratively until the overall porosity of the structure
reaches a predefined threshold.

This stochastic approach enables the random growth of fibers and
serves as a foundation for incorporating multiple tunable parameters.
These parameters can be adjusted to further manipulate the fibers’
morphology, including orientation tendencies, length distributions, cur-
vature, cluster formation, and more. Consequently, this method allows
for the generation of complex 3D fibrous porous structures with varying
degrees of anisotropy and tailored characteristics.

Through meticulous parameter manipulation within this method,
we successfully generated five unique types of fibrous porous me-
dia. Each type comprises numerous structures characterized by vary-
ing porosity and permeability values. To ensure the validity of our
simulations, the domain size of these structures is selected to sat-
isfy Brinkman’s screening length criterion, a well-established standard
widely used in prior research [39,42]. The grid resolution is set to
400 × 160 × 400 for the porous medium and 400 × 200 × 400 for
the whole flow system containing the clean channel. In all of these
structures, the diameter of the fibers was consistently set to 4 lattice
units.

3.2. Pore-scale simulation method

For the incompressible fluid flow in the free-fibrous coupled sys-

tems, the governing equations, i.e., the Navier–Stokes (N–S) equation
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a

Fig. 3. Flowchart of the organization of the methods utilized in the present work.
nd the continuity equation, are as follows:
𝜕𝐮
𝜕𝑡

+ (𝐮 ⋅ ∇)𝐮 = −1
𝜌
∇𝑝 + 𝜈∇2𝐮,

∇ ⋅ 𝐮 = 0.
(11)

The N-S equation can be fully recovered from the following lattice
Boltzmann equation (LBE) by Chapman–Enskog expansion:

𝑓𝑖
(

𝒙 + 𝒄𝑖𝛥𝑡, 𝑡 + 𝛥𝑡
)

= 𝑓𝑖(𝒙, 𝑡) +𝛺𝑖(𝒙, 𝑡). (12)

With this equation, the time and velocity space are discretized
in the lattice Boltzmann method (LBM). Due to the locality of the
LBE, the LBM is highly amenable to parallel computing, rendering it
suitable for large-scale simulations [46,47]. Furthermore, the highly
efficient implementations of boundary conditions in LBM make it well-
suited for modeling flow in porous structures [48–50]. In the present
work, single-relaxation-time (SRT) and multiple-relaxation-time(MRT)
schemes are employed with a D3Q19 velocity set. The relaxation time
of the SRT scheme has been set to one, and the multiple relaxation
times of the MRT scheme are subject to specific constraints to maintain
consistent truncation errors across different viscosity values [51]. The
fluid–solid interfaces in this system are treated as no-slip boundaries
by the bounce-back approach. The pressure boundaries at the en-
trance and exit of the channel are implemented using the Zou & He
approach [52–54]. This LB solver has been successfully used in our
previous studies [7,55–57].

The methods are organized as follows: stochastic methods are used
to generate realistic, complex 3D fibrous porous structures, which are
then combined with a clean channel to form free-fibrous coupled flow
systems. Within these systems, pore-scale simulations are conducted us-
ing LBM. To determine the permeability of these fibrous structures, we
performed additional LBM simulations incorporating periodic boundary
conditions. Then, the macro-scale flow field is obtained from the pore-
scale simulation results by upscaling technique (average along the
x-z plane) and is then utilized to calculate the four key parameters,
which are subsequently compared with the results obtained from the
model(Fig. 3). Throughout our study, gravitational effects have been
disregarded.

It is worth pointing out that the stream-wise permeability (de-
noted as 𝐾∥) is measured along the same direction as the flow in the
free-fibrous coupled systems(z-axis). In porous structures with strong
anisotropy, additional pore-scale simulations are performed to mea-
sure the transverse permeability (denoted as 𝐾⟂) along the vertical
direction, and this permeability is only used for deciding the Brinkman
layer thickness in the BDL model. Unless otherwise specified, the
permeability 𝐾 referred to in the following text and figures exclusively
denotes the stream-wise permeability.

This combination of realistic fibrous structures and pore-scale flow
simulations enables us to study a wide range of scenarios, effectively
capture the intricate and varied flow dynamics in these systems, and
conduct comprehensive examinations of the macro models.
5

4. Results and discussion

This section presents the results of the five types of fibrous struc-
tures generated by the RGG method: two types of isotropic fibrous
structures, two types of anisotropic fibrous structures, and one type
of tortuous fibrous structures. The morphology of these structures is
illustrated and further characterized by their permeability patterns.
The results of the four parameters are summarized for each type of
fibrous structure, and the predictions of the BDL model are compared
with the results of the pore-scale simulation. Moreover, we engage in
a discussion that delves into the influence of flow conditions beyond
structural morphology to emphasize the validity of the BDL model.

4.1. Isotropic fibrous structures

Initially, we focused on generating isotropic fibrous porous struc-
tures, including randomly grown straight fibers with varying and uni-
form lengths. The first type consists of naturally grown straight fibers
produced using the RGG method (as shown in Fig. 4a). To ensure
isotropy, we distributed the azimuthal angle 𝜙 uniformly within the
range of [0, 2𝜋], while for the polar angle 𝜃, cos 𝜃 was evenly distributed
within the interval [−1, 1]. This approach prevents fiber aggregation
along the 𝑧-axis and maintains isotropy in the flow direction. For
these naturally grown fibrous structures, 6 different values have been
set for the maximum fiber length: 𝑙max = 40, 80, 120, 160, 200, 240. For
each value of 𝑙max, ten distinct structures with porosity values ranging
from 0.2 to 0.99 have been generated. By manipulating fiber density,
the fiber length distribution shows similar Gaussian patterns for each
structure (Fig. 4e).

The second type of isotropic fibrous structure comprises randomly
piled cylinders with the same aspect ratio (AR). The generation pro-
cesses of these structures follow the same seeding rules as the complete
RGG method, but the lengths of the fibers are restricted to the same
value. We also applied the same rules described above to select the
two orientation angles 𝜃 and 𝜙 to avoid anisotropy. The aspect ratios
were set to 10, 20, 30, 40, 50, and 60, ensuring that the mean fiber lengths
of these structures were roughly equivalent to those of the naturally
grown isotropic fibers. Fig. 4(b) presents one example of this type of
isotropic fibrous structure.

The permeability values of the two types of isotropic fibrous struc-
tures are plotted against porosity in Fig. 4(c) and (d). The permeability
values have been nondimensionalized with the square of the radius of
the fibers following conventions by previous studies. The dash and solid
lines represent the naturally grown fibers and randomly piled cylin-
ders, respectively, with different symbol sizes and shades representing
distinct fiber lengths. Both types of fibrous structures show identical
inverse ‘‘S’’ patterns, which can be divided into three stages:

• Pre-linear stage (0.2 < 𝜀 < 0.4): In this stage, the increasing speed
of permeability decreases with increasing porosity.

• Linear stage (0.4 < 𝜀 < 0.8): As porosity values increase within

this range, the permeability shows a proportional response.
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Fig. 4. Schematic diagram of the naturally grown straight fibers (a) and randomly piled cylinders (b) having the same porosity(𝜀 = 0.95). (c) and (d) show the relationship
between permeability and porosity for the naturally grown straight fibers and randomly piled cylinders, respectively. 𝑟 stands for the radius of the fibers. (e) The corresponding
fiber length distribution of the structure illustrated in (a). (f) The permeability ratio of the two types of isotropic fibrous structures(naturally grown straight fibers over randomly
piled cylinders) versus porosity.
• Post-linear stage (0.8 < 𝜀 < 1.0): In this stage, the increasing speed
of permeability intensifies as porosity approaches its maximum
value.

It is worth pointing out that the fiber length appears to have mini-
mal influence on permeability for both types of isotropic structures.

Since the average fiber length is approximately half of the maximum
fiber length for the naturally grown fibers, the two types of fibrous
structures represented by symbols with the same size and color have
roughly equivalent average fiber lengths. Accordingly, we compare the
permeability of these two types of structures with roughly the same
mean fiber length and plot the permeability ratio (naturally grown
fibers over randomly piled cylinders) against porosity in Fig. 4(f). Gen-
erally, naturally grown fibrous structures exhibit higher permeability
than randomly piled cylinders by an average of 14%. This difference
becomes more pronounced as porosity increases. This result highlights
the systematic variation in fiber morphology between these two types
of structures, underscoring the importance of considering the fiber
length distribution pattern when analyzing flow problems involving
fibrous structures, especially sparse ones.

Results of the four parameters in free-fibrous coupled flow systems
comprising the naturally grown straight fibers generated above are
shown in Fig. 5. Results of fibrous structures with the porosity of
0.99 are neglected because the porosity value is too high, leading to
over-scattering in the interface layer thickness. Blue squares of distinct
shades and sizes represent fibers with different lengths, and the red
solid line represents predictions of the BDL model.

The slip velocity is nondimensionalized by the average velocity in
the Poiseuille flow with the same pressure gradient and channel height.
6

Concurrently,
√

𝐾 is nondimensionalized by the channel height 𝐻 . De-
spite the striking differences in porosity and permeability among these
fibrous structures, the slip velocity reveals remarkable consistency. For
structures with relatively large permeability values (

√

𝐾∕𝐻 > 0.05),
the slip velocity exhibits a linear relationship with the square root of
permeability. In contrast, for less permeable structures (

√

𝐾∕𝐻 < 0.05),
the slip velocity tends to surpass the values predicted by this linear
trend. This deviation becomes more pronounced as the permeability
decreases. Predictions from the BDL model with the linear equation
𝛾 = 2𝜀 align well with the simulation results. Nevertheless, predictions
from the BDL model turn a little smaller for structures with relatively
low permeability values than the simulation results, which could be
attributed to the interpolation error when calculating slip velocity.
Since the slip velocity was calculated by interpolating the velocity of
neighboring nodes, it may deviate more from the actual slip velocity in
less permeable structures with smaller slip velocity values.

The interface layer thickness also demonstrates a linear relationship
with the square root of permeability, consistent with the predictions
of the BDL model. However, larger scatterings are observed in struc-
tures with higher permeabilities, which can be attributed to random
variations in the microstructure introduced by stochastic factors in the
growth algorithm. The interface layer thickness, being highly sensitive
to microstructures in the vicinity of the interface, is more susceptible
to contingencies in sparser fibrous structures. Consequently,accidental
fiber clusters or cavities are more likely to lead to observable scatterings
in the interface layer thickness for structures with high permeability
values.

The two shear stresses are nondimensionalized by the shear stress
at the wall in a Poiseuille flow with the same channel height and
pressure gradient. The shear stress from the channel side exhibits the
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Fig. 5. Variations of (a) slip velocity, (b) interface layer thickness, (c) shear stress from the channel side at the free-fibrous interface, and (d) shear stress difference at the
free-fibrous interface against the square root of permeability for naturally grown straight fibrous structures. Symbols of different sizes and shades represent different fiber lengths.
The red solid lines represent the BDL model with 𝛾 = 2𝜀. 𝑈0 and 𝜏Poiseuille stand for the average velocity and shear stress at the wall in Poiseuille flow with the same channel
height and pressure gradient, respectively. 𝐻 stands for the channel height.
most pronounced linearity among all four parameters studied (Fig. 5c),
and predictions by the BDL model also maintain the best agreement.
As the permeability increases, the corresponding shear stress decreases.
When the permeability tends to zero, the dimensionless shear stress
approaches unity, signifying a scenario where the fiber network be-
haves like a solid wall effectively. As the permeability of the fibrous
porous structures increases, the data points in the shear stress plot
become slightly more dispersed. This increased scattering is attributed
to the heightened sensitivity of interfacial properties to the inherent
randomness in sparser fibrous structures.

The results concerning the shear stress difference, denoted as
𝜏difference, have yielded remarkably consistent findings for all naturally
grown straight fibrous structures. As depicted in Fig. 5(d), the dimen-
sionless shear stress difference initially exhibits a rapid decline from 1,
followed by deceleration, and eventually converges towards zero with
increasing permeability. Even in high-permeability cases, data points
representing different structures cluster closely together, highlighting
the robustness of this parameter in capturing the underlying dynamics
within complex fibrous porous structures. Moreover, the shear stress
from the channel side consistently surpasses that from the porous side
in these free-fibrous coupled systems (the difference remains above
zero), revealing the force balance at the free-porous interface. Predic-
tions of the BDL model also show good agreement with the simulation
results, although they tend to underestimate it a little bit. Given the
sensitivity of this parameter, the BDL model still provides satisfactory
results.

Results of the structures comprising randomly piled cylinders of the
same aspect ratio are illustrated in Fig. 6, in which green triangles
represent individual structures and red solid lines represent the BDL
model. The results of structures with the porosity value of 0.99 were
also neglected due to the over-scattering in interface layer thickness.

Remarkably, the four parameters exhibit precisely the same trends
with respect to permeability as the naturally grown fibers, and the
BDL model also maintains good agreement with the simulation results.
7

However, larger scatterings are observed for highly permeable struc-
tures in the first three parameters in comparison to the naturally grown
fibers, highlighting the influence of the fiber length distribution on fluid
transport.

In summary, the BDL model with the linear equation 𝛾 = 2𝜀 accu-
rately captures the interfacial flow dynamics in both types of isotropic
fibrous porous structures, regardless of porosity, permeability, or fiber
length.

4.2. Anisotropic fibrous structures

In addition to the above isotropic fibrous porous structures, we
generated two types of anisotropic fibrous structures, including the
layered and aligned variants.

In the layered fibrous structures, we constrained the polar angle
within the range [𝜋∕2−𝛥𝜃, 𝜋∕2+𝛥𝜃] to create anisotropy. Smaller values
of 𝛥𝜃 correspond to more neatly layered structures, thus higher degrees
of anisotropy (Fig. 7a) and vice versa (Fig. 7b). Six different values for
𝛥𝜃 have been selected: 𝜋∕4, 𝜋∕5, 𝜋∕6, 𝜋∕8, 𝜋∕16, 𝜋∕32. The azimuthal
angle 𝜙 was evenly distributed within the range [0, 2𝜋]. For each value
of 𝛥𝜃, we generated nine individual structures with varying porosity
values, ranging from 0.2 to 0.95. The fiber length distributions also
exhibit Gaussian patterns with a maximum of 120 lattice units.

The permeability of the layered fibrous porous structures also fol-
lows a three-stage curve against porosity, akin to the isotropic fibrous
structures. The anisotropy has a minor influence on permeability by
increasing the longitudinal permeability with larger 𝛥𝜃 values. This
increment turns larger for denser fibrous structures (Fig. 6d).

The four parameters characterizing the interfacial transport have
also been studied, and comparisons between the BDL model and pore-
scale simulations are shown in Fig. 8. The yellow diamonds with
different shades and sizes represent the layered fibrous structures of
various anisotropy, and the solid red lines represent the BDL model.
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Fig. 6. Variations of (a) slip velocity, (b) interface layer thickness, (c) shear stress from the channel side at the free-fibrous interface, and (d) shear stress difference at the
free-fibrous interface with respect to the square root of permeability for randomly piled cylinders. Symbols of different sizes and shades represent different fiber lengths. The red
solid lines represent the BDL model with 𝛾 = 2𝜀. 𝑈0 and 𝜏Poiseuille stand for the average velocity and shear stress at the wall in Poiseuille flow with the same channel height and
pressure gradient, respectively. 𝐻 stands for the channel height.
Fig. 7. Schematic diagram of layered fibrous structures with (a) 𝛥𝜃 = 𝜋∕32 and (b) 𝛥𝜃 = 𝜋∕4. Variations of permeability with respect to porosity (c) and 𝛥𝜃 (d). 𝑟 stands for the
radius of the fibers.
Though the morphology of the layered fibrous structures differs
significantly from the isotropic ones, the four parameters show the
same linear and nonlinear trends against permeability. Scatterings of
results in large-permeability structures are much less than those ob-
served in isotropic structures, owing to the strong structural anisotropy.
8

Nevertheless, the BDL model again offers satisfactory predictions in all
four parameters. The shear stress difference turns a little larger than
predicted due to the decreased shear force in layered fibrous structures
compared to isotropic ones, but the trend stays the same.



International Journal of Heat and Mass Transfer 228 (2024) 125621J. Kang and M. Wang
Fig. 8. Variations of (a) slip velocity, (b) interface layer thickness, (c) shear stress from the channel side at the free-fibrous interface, and (d) shear stress difference at the
free-fibrous interface with respect to the square root of permeability for layered fibrous porous structures. Symbols of different sizes and shades represent different anisotropy. The
red solid lines represent the BDL model with 𝛾 = 2𝜀.
Regarding the aligned fibrous structures, fiber orientations were
deliberately set to remain parallel (or nearly parallel) to the flow
direction (z-axis), achieved by assigning a maximum polar angle value
denoted as 𝜃max. By changing this value, we created aligned fibrous
structures with varying degrees of anisotropy. When reducing 𝜃max, the
fibers became more aligned, and vice versa. Illustrated in Fig. 9(a,b)
are two examples ranging from fully parallel structure (𝜃max = 0) to
weakly aligned structure (𝜃max = 𝜋∕3). We selected five values for
𝜃max: 0, 𝜋∕12, 𝜋∕6, 𝜋∕4, 𝜋∕3. For each value, nine distinct fibrous porous
structures were generated, with porosity values varying from 0.2 to
0.95. By limiting the maximum fiber length to 120 (lattice units) and
choosing moderate fiber densities, fiber length distributions of these
structures also show Gaussian distribution patterns. To ensure isotropy
in the x-y plane, the azimuthal angle was evenly distributed within the
range [0, 2𝜋].

The permeability of aligned fibrous structures also shows a three-
stage inverse ‘‘S’’ pattern against porosity but exhibits more significant
variations under low-porosity conditions (Fig. 9c). The degree of align-
ment of fibers directly impacts the permeability of the network. For
instance, the permeability of the fully parallel fibrous structure with a
porosity of 0.2 is nearly ten times larger than that of the least aligned
structure with the same porosity value. However, for high-porosity
structures, the difference in permeability between the aligned fibrous
structures becomes negligible. By plotting against the maximum polar
angle (demonstrated in Fig. 9d), the correlation between permeabil-
ity and the degree of fiber alignment is more explicitly highlighted,
revealing the drastic changes in fiber morphology.

Even with such diverse microstructures, the results of the four
parameters almost remain unchanged. As illustrated in Fig. 10, stars
with distinct shades and sizes stand for aligned fibrous structures
of different anisotropy, and the red solid lines stand for the BDL
model. The first three parameters exhibit strong linearity regarding
the square root of permeability, while the last one shows a hyperbolic
curvature. Predictions by the BDL model still maintain good agreement
9

with simulation results. However, a decrease is observed in interface
layer thickness for highly permeable structures, suggesting the aligned
structure could decrease 𝛿 in sparse fiber matrixes.

In general, despite the strong anisotropy and diverse microstruc-
tures displayed in both types of anisotropic fibrous structures, the four
parameters show the same trend, and the BDL model reveals great
consistency in comparison with simulation results.

4.3. Tortuous fibrous structures

Moreover, another type of fibrous porous structure featuring ran-
dom tortuosity was generated, simulating the presence of curved fi-
brous structures in natural systems. These tortuous fibrous structures
were generated based on the randomly grown straight fibers but were
decorated by adding random deflections in the orientation angle dur-
ing each growing time step. The degree of fiber tortuosity could be
manipulated by controlling the maximum deflection angle denoted as
𝜁 . Fig. 10(a) and (b) showcase two example structures with the same
porosity and maximum fiber length but different fiber tortuosity. Larger
maximum deflection angles correspond to more curved fibers and vice
versa.

We set the maximum length of the fibers to 𝑙max = 40, 80, 120, 160,
along with four values for the maximum deflection angle: 𝜁 = 𝜋∕4, 𝜋∕8,
𝜋∕16, 𝜋∕32. For each combination, nine distinct structures with porosity
ranging from 0.2 to 0.95 were generated. All structures exhibit Gaus-
sian fiber length distribution patterns by manipulating fiber density.

The permeability of the tortuous fibrous structures also exhibits the
three-stage inverse ‘S’ pattern in the 𝐾−𝜀 plot. In Fig. 11(c), each color
represents a different maximum deflection angle, while varying shades
and symbol sizes correspond to different fiber lengths. As anticipated,
the fiber length has no discernible impact on permeability in these
structures.

However, an unexpected increment in permeability with fiber tor-
tuosity was observed. The permeability of structures with the largest
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Fig. 9. Schematic diagram of (a) aligned fibrous structures with 𝜃max = 0 and (b) 𝜃max = 𝜋∕3. Variations of permeability with respect to porosity (c) and 𝜃max (d). 𝑟 stands for the
radius of the fibers.
Fig. 10. Variations of (a) slip velocity, (b) interface layer thickness, (c) shear stress from the channel side at the free-fibrous interface, and (d) shear stress difference at the
free-fibrous interface with respect to the square root of permeability for aligned fibrous porous structures. Symbols of different sizes and shades represent different anisotropy. The
red solid lines represent the BDL model with 𝛾 = 2𝜀.
tortuosity is approximately 10% higher than those with minimal tortu-
osity, which is a noticeable difference.

To provide a deeper insight into this phenomenon, we explored the
alteration of anisotropy within the tortuous fibrous structures quan-
titatively. For this purpose, we adopted the following definition of
the second-order fiber orientation tensor, which has been described
10
elsewhere [58]:

𝛺 = 1
𝑙tot

∑
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⎡
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Fig. 11. Schematic diagram of (a) tortuous fibrous structures with 𝜁 = 𝜋∕4, 𝑙max = 120, 𝜀 = 0.95 and (b) tortuous fibrous structures with 𝜁 = 𝜋∕32, 𝑙max = 120, 𝜀 = 0.95. (c) Variations
of permeability with respect to porosity. 𝑟 stands for the radius of the fibers. (d) Various degrees of anisotropy induced by different maximum deflection angle 𝜉.
Table 1
The anisotropy property and the range of the polar and azimuthal angles for the five
types of fibrous structures generated.

Name Anisotropy 𝜃 𝜙

Aligned structure Anisotropic [0, 𝜃𝑚𝑎𝑥] [0, 2𝜋]
Layered structure Anisotropic [𝜋∕2 − 𝛥𝜃, 𝜋∕2 + 𝛥𝜃] [0, 2𝜋]
Naturally grown straight fibers Isotropic [0, 𝜋] [0, 2𝜋]
Randomly pile cylinders Isotropic [0, 𝜋] [0, 2𝜋]
Tortuous fibers Anisotropic [0, 𝜋] [0, 2𝜋]

where 𝑙𝑖 stands for the length if the 𝑖th fiber, 𝑙tot stands for the total
fiber length. The three diagonal elements should equal 1∕3 if the fibrous
structure is perfectly isotropic in 3D. To further quantify the anisotropy
of fibrous structures, we proposed an anisotropy index, defined as the
standard deviation of the three diagonal elements. A larger anisotropy
index indicates a more anisotropic fiber network and vice versa. The
anisotropy of curved fibrous structures with a porosity of 0.5 has been
evaluated by this index. As shown in Fig. 11(d), the structure anisotropy
increases with the increase of fiber tortuosity. Moreover, the fiber
length also influences anisotropy to a certain extent, as longer fibers
have greater chances of having curvatures and, thus, are more likely to
be anisotropic.

The findings in Fig. 10(d) demonstrate that random curvatures
during the growth process significantly contribute to the anisotropy
in initially isotropic fibrous structures. As many fibrous structures
encountered in real-life applications exhibit tortuous characteristics,
avoiding oversimplifications and accounting for the inherent anisotropy
is crucial to obtaining reliable and accurate results.

Results of the four parameters for tortuous fibrous structures are
presented in Fig. 12, in which different shades stand for different fiber
lengths and distinct shapes and colors stand for various tortuosity.

The four parameters in tortuous fibrous structures still show the
same patterns as all four types of structures above, and predictions of
the BDL model maintain good agreement with the simulation results.

The anisotropy property and generation parameters of the above
five types of fibrous structures are listed in Table 1. The outcomes
related to the four key parameters reveal a striking consistency across
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all five types of fibrous porous structures, each characterized by diverse
microstructures. Both linear and nonlinear patterns observed in these
fibrous structures closely resemble those reported in common granular
porous structures [31]. One may notice that there are stepwise behav-
iors in the results of the shear stress difference, which are mainly due
to the randomness of the fibrous structures grown by our stochastic
method. Two structures having the same porosity value may have
different permeability values, while predictions by the BDL model tend
to be similar owing to the limitation of the number of input model
parameters. This phenomenon is more evident in fibrous structures
grown more arbitrarily. However, the model still provides satisfying
predictions in that the shear stress difference is very sensitive to the
boundary morphology of the porous media. In general, the above
results suggest that these parameters can unveil underlying mechanisms
in free-porous coupled flow systems, possibly regardless of the structure
types. Notably, the BDL model with the linear expression for model
parameter 𝛾 = 2𝜀 offers accurate and stable predictions of all four
parameters in all types of fibrous structures, revealing its robustness in
capturing the interfacial transport dynamics even in complex fibrous
porous structures with diverse anisotropy.

4.4. Influence of other factors

In addition to the dominant factor of structural morphology, we
conducted further investigations to explore the impact of other po-
tential factors. Specifically, the influence of pressure gradient, flow
shear rate, and fluid viscosity has been examined to find out whether
the BDL model is still valid when altering these flow conditions. To
investigate these effects, pore-scale flow simulations were carried out
in five selected fibrous structures, each belonging to a distinct type. The
detailed properties of these structures are presented in Table 2.

To investigate the impact of pressure gradient, we conducted sim-
ulations by varying the original pressure gradient, denoted as ∇𝑃0,
within the range of [0.01∇𝑃0, 10∇𝑃0]. Results of the four parameters
are presented in Fig. 13.

Overall, all four parameters remained largely unaffected by the
pressure gradient across the selected fibrous structures. However, a

minor decrease is observed in cases with large pressure gradients for
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Fig. 12. Variations of (a) slip velocity, (b) interface layer thickness, (c) shear stress from the channel side at the free-fibrous interface, and (d) shear stress difference at the
free-fibrous interface with respect to the square root of permeability for tortuous fibrous porous structures. Symbols of different shades represent different fiber lengths, and different
colors and shapes represent different tortuosity. The solid lines represent the BDL model with 𝛾 = 2𝜀.

Fig. 13. Influence of the pressure gradient on the four key parameters: (a) slip velocity, (b) interface layer thickness, (c) shear stress on the channel side, and (d) shear stress
difference at the free-fibrous interface. ∇𝑃0 stands for the original pressure gradient value.
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Fig. 14. Influence of the fluid shear rate on the four key parameters: (a) slip velocity, (b) interface layer thickness, (c) shear stress on the channel side, and (d) shear stress
difference at the free-fibrous interface. 𝐻0 stands for the original channel height.
Table 2
The value of porosity, cluster size, and permeability of the porous structures in the five
selected coupled systems.

Name Porosity Type Permeability (D) Mean fiber length

Struct.1 0.8 Naturally grown 128.9 60
Struct.2 0.8 Piled cylinders 108.8 60
Struct.3 0.8 tortuous 138.7 60
Struct.4 0.8 Layered 105.6 60
Struct.5 0.8 aligned 210.7 60

the interface layer thickness and shear stress from the channel side.
This phenomenon can be attributed to the increase in the Reynolds
number (𝑅𝑒) under such conditions. As the permeability of the selected
structure is considerably large, the 𝑅𝑒 approaches the Stokes limit un-
der large pressure gradients. Nonetheless, since this reduction is barely
noticeable(< 1%), and the present study was conducted under the
Stokes assumption, it can still be concluded that the pressure gradient
does not significantly influence the interfacial flow behavior, and the
BDL model should still be valid under different pressure gradients as
long as the Reynolds number is not too large(model assumption).

The fluid shear rate has been considered as a potential factor
because the 𝑢s∕𝛾̇

√

𝐾 has been reported as a key dimensionless pa-
ameter in some previous studies [59,60]. To clarify this, we con-
ucted simulations of shear-driven flows with fixed wall velocity but
arying channel heights while keeping other simulation parameters
nchanged. The shear rate at the interface was estimated by the ratio
f wall velocity over the channel height. The results are presented in
ig. 14.

In the logarithmic plot shown in Fig. 14(a), the slip velocity exhibits
n inverse linear relationship with the channel height, indicating it is
13
proportional to the fluid shear rate. Conversely, the other three pa-
rameters remain relatively unchanged except in the cases of the lowest
channel height. This phenomenon can be attributed to the violation of
the length constraint on such free-porous systems — the channel height
should be significantly larger than the pore sizes [25,61]. Since the
porosity values of the chosen structures are large, the equivalent ‘‘pore
diameters’’ are also substantial, approaching the decreasing channel
height. This deduction is verified by the fact that the results of Struct.4,
with the smallest "pore diameter’’, show the smallest derivation when
𝐻 = 0.5𝐻0 while the results of Struct.5, with the largest "pore diam-
eter’’, show the largest. This phenomenon is more obvious with the
shear stress from the channel side, as illustrated by Fig. 14(c). The
results indicate that the fluid shear rate primarily influences the slip
velocity, while the other parameters remain relatively unaffected. In
the derivation of the stress-jump condition of the BDL model, the shear
stress has taken the form of a linear function of slip velocity, which
coincides with the above findings. This suggests that the BDL model
should be valid with varying fluid shear rates.

Finally, the impact of the fluid viscosity was studied by varying the
dimensionless viscosity from 0.01 to 10 (the origin value 𝜇0 = 1∕6
corresponding to the viscosity of water) in pressure-driven flows. The
results are presented in Fig. 15. Generally, all four parameters remain
unaffected by fluid viscosity, with only a few isolated points deviating
from this trend, likely owing to the specific characteristics of certain
structures. This suggests the BDL model would be valid with a large
range of fluid viscosity values.

In summary, our investigations demonstrate that only the fluid
shear rate exhibits a proportional relationship with the slip velocity,
while the other parameters have little impacts on the interfacial flow
behavior in the coupled system. The Brinkman double-layer (BDL)
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Fig. 15. Influence of the fluid viscosity on the four key parameters: (a) slip velocity, (b) interface layer thickness, (c) shear stress on the channel side, and (d) shear stress
difference at the free-fibrous interface. 𝜇0 stands for the original fluid viscosity.
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odel, validated across various types of fibrous structures, can accu-
ately capture the interfacial transport behavior irrespective of the flow
onditions, as long as the flow system meets the constraints on length
cale and Reynolds number. Despite the fact that the linear expression
or the model parameter 𝛾 was initially derived for granular porous
edia, the results above highlight its effectiveness in complex fibrous
orous structures. These findings further broaden the applicability of
he Brinkman double-layer (BDL) model, suggesting its robustness in
odeling interfacial flow dynamics in fibrous porous structures with

ntricate microstructures and varying degrees of anisotropy. However,
he applicability of the BDL model in much more complex scenarios like
omplex interface patterns, transient flow, etc., remains to be further
tudied.

. Conclusions

This study has conducted a comprehensive numerical investigation
n the interfacial transport behavior and an assessment of the Brinkman
ouble-layer(BDL) model in free-fibrous coupled systems comprising
D fibrous structures with complex geometries.

Various fibrous porous structures have been regenerated by the Ran-
om Generation Growth (RGG) algorithm, encompassing both isotropic
nd anisotropic features with diverse porosity values. The substantial
ariation in permeability underscores the pronounced differences in
iber morphology among these structures. A free-fibrous coupled flow
ystem is created with each fibrous structure by parallelly bounding

straight, clean channel on top. High-performance pore-scale sim-
lations have been implemented within the pores and the channel.
ompared with the other previous models for the interfacial transport,
he BDL model with a linear expression for the model parameter 𝛾 =
𝜀 exhibited the best consistency across all types of fibrous struc-
ures, accurately agreeing with the results of pore-scale simulations,
egardless of structural anisotropy. Moreover, the influence from other
otential influential factors has also been examined, further affirming
14
he applicability of the BDL model with diverse pressure gradients, flow
hear rates, and fluid viscosity values.

In conclusion, the BDL model can successfully capture the essential
ynamics and demonstrate general validity and robustness in free-
ibrous coupled flow systems. The linear expression for the model
arameter 𝛾 has proven to be applicable in fibrous structures with
iverse degrees of anisotropy despite being originally derived from
ranular porous structures.
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