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 A B S T R A C T

Capillary-driven flow is a critical phenomenon in fibrous porous media, influencing a wide range of industrial 
processes such as filtration, drying, and biomass conversion. Understanding the interplay between material 
properties and fluid behavior is essential for optimizing these processes. This study aims to analyze capillary 
flow behavior in cotton fibers by combining numerical simulations with experimental data. An inverse analysis 
approach was employed to determine several unknown parameters associated with three different liquids: n-
heptane, water, and glycerol. Based on simulation data, the wicking velocity of each liquid in the porous 
medium was calculated, followed by the determination of the corresponding capillary numbers (𝐶𝑎). The 
results indicate that the capillary numbers for n-heptane, water, and glycerol are 4.91 × 10−5, 1.61 × 10−5, and 
1.42 × 10−4, respectively, highlighting the differences in infiltration behavior among these fluids. Subsequent 
simulations systematically examined the effects of porosity, surface tension, and dynamic contact angle on 
liquid transport. The capillary number was used as a quantitative measure to assess the influence of these 
parameters on infiltration behavior. Lower 𝐶𝑎 values were generally associated with faster liquid absorption, 
particularly in cases with higher surface tension and smaller contact angles, where capillary forces dominated. 
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This study provides a modeling framework to evaluate parameter effects on capillary flow in fibrous porous 
media, offering guidance for optimizing materials in filtration and drying applications. It also contributes to 
a deeper understanding of interfacial transport phenomena in porous structures.

Nomenclature

Latin symbols
𝑎 Coefficient related to fiber swelling, s−1
𝑏 Absorption coefficient, s−1
𝑐 A constant value accounting for the tortu-

ous path of liquid
𝐻 sample height, m
ℎ Distance traveled by the liquid front, m
𝐾 Permeability, m2

𝑚 Mass, kg
𝑃 Pressure, Pa
𝑄 Mass source, kgm−3s−1

𝑟 Radius of the capillary tube, m
𝑟̃ Mean capillary radius of a porous medium, 

m
𝑅 Inner radius of the sample holder, m
𝑆 Sink term due to liquid absorption by the 

solid matrix, s−1
𝑠𝑖 Saturation or volume fraction of each phase 

𝑖
𝑡 Time of flow, s
𝐮 Darcy velocity vector, ms−1

𝑢 Fluid velocity in porous medium, ms−1

𝑉𝑓 The original, untreated fiber volume, m3

𝑉𝑓𝑖𝑛𝑎𝑙 The final volume of the sample after 
compression, m3

𝑥 X-coordinate

Greek symbols
𝛾𝐿 Liquid surface tension, mNm−1

𝜆𝑝 Pore size distribution index
𝜇 Dynamic viscosity of the liquid, Pa s
∇ Gradient operator
𝜌 Density of the liquid, kgm−3

𝜃 Contact angle, rad
𝜀 Mean porosity
Subscripts

atm Atmospheric
a Advancing
cap Capillary
e Experiment
l Liquid
n Numerical
s Static

1. Introduction

Natural fibers, such as cotton, hemp, jute, and wood, have gained 
widespread attention as sustainable materials due to their biodegrad-
ability, cost-effectiveness, and potential for biogenic carbon storage [1,
2]. Their applications range from composite reinforcement to bioen-
ergy and filtration systems [3]. However, their inherent hydrophilic-
ity makes them highly sensitive to moisture, which affects their dis-
persion and interactions with liquid media [4]. The effectiveness of 

fiber impregnation directly influences the efficiency and quality of 
industrial processes such as composite manufacturing and chemical 
treatments [5]. An inadequate understanding of liquid transport in 
fibrous media can result in uneven wetting, void formation [6,7], and 
compromised material performance [8].

Capillary-driven flow governs liquid infiltration in fibrous porous 
media, and its behavior is influenced by various factors, including 
fiber geometry, liquid properties, surface wetting characteristics, and 
the medium’s overall permeability [9]. The arrangement and packing 
density of fibers determine the effective pore size distribution and 
affect the rate at which liquid spreads through the structure [10,11]. 
Additionally, the surface chemistry of the fibers influences wettability, 
while liquid viscosity and surface tension define the capillary forces 
driving infiltration [12].

Theoretical models, such as the Washburn equation [13,14], are 
widely used to describe capillary rise and liquid absorption in porous 
structures. These models provide a simplified mathematical framework 
by balancing viscous dissipation and capillary forces to estimate infil-
tration rates [15]. However, they often rely on idealized assumptions, 
such as uniform pore geometry, negligible inertia, and a fixed con-
tact angle. In practice, during the initial phase of infiltration, liquid 
acceleration cannot be ignored, and inertial effects play a role [16]. 
Dynamic wetting, including variations in the advancing contact angle, 
further complicates the process, particularly in fibrous porous media 
where surface roughness and chemical heterogeneity influence liquid 
spreading [6,17,18]. In later stages, gravity becomes more relevant, af-
fecting the final equilibrium position of the liquid front. Fibrous porous 
media also exhibit a high degree of heterogeneity due to variations 
in fiber orientation, diameter, and packing density [19]. These struc-
tural irregularities lead to deviations from classical capillary models, 
resulting in variations in local infiltration dynamics. Unlike rigid porous 
materials with well-defined pore networks, fibrous systems can undergo 
structural changes upon wetting, which further influences permeability 
and capillary transport. As a result, liquid infiltration in these materials 
does not always follow a straightforward or predictable pattern. Exper-
imental studies have provided insight into these infiltration behaviors 
by measuring parameters such as capillary pressure [9], dynamic con-
tact angles [17,20], and liquid front propagation [21,22]. However, 
directly observing the infiltration process in dense fiber networks re-
mains a challenge due to optical limitations and the complexity of 
tracking liquid movement in three-dimensional structures. Traditional 
measurement techniques, such as weight-based analysis and tensiome-
try [20,23], offer macroscopic data but lack spatial resolution, making 
it difficult to capture local variations in liquid distribution. These 
limitations highlight the need for complementary approaches, such as 
numerical simulations, to develop a more detailed understanding of 
capillary-driven flow in fibrous porous media.

Numerical simulations based on the Navier–Stokes equations are 
widely employed to model fluid flow, often relying on simplifying 
assumptions such as inviscid or incompressible flow [15,24]. To address 
these limitations, researchers have developed various computational 
methods. One such method is the Lattice Boltzmann Method (LBM), 
which models macroscopic fluid dynamics by simulating particle mo-
tion on discrete lattices. Raiskinmaki et al. [25] applied the Shan–Chen 
model to study capillary rise, demonstrating its applicability in larger 
capillary tubes and analyzing the relationship between dynamic contact 
angle and capillary number. Wolf et al. [26] further investigated the 
characteristics of capillary rise, focusing on the evolution of the dy-
namic contact angle. Additionally, Lu et al. [27] examined the initial 
stages of capillary rise and highlighted the limitations of the Lucas–
Washburn (L–W) equation in describing this phase accurately. Another 
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well-established tool is COMSOL Multiphysics, which employs the finite 
element method (FEM) to solve continuum mechanics problems. It 
can also be coupled with wetting dynamics models — such as the 
Cahn–Hilliard equation [28] or Gibbs free energy models [29] — to 
track interface motion and contact angle variations. Patari et al. [21] 
used a numerical method to study liquid wicking in a porous medium 
(paper strips), integrating the L–W equation and evaporation effects 
to explain the underlying physics of capillary rise. Similarly, Masoodi 
et al. [30] applied Darcy’s law to simulate liquid infiltration into a 
swelling porous medium composed of cellulose and superabsorbent 
fibers. Their model coupled the flow equation with the mass con-
servation equation, incorporating additional source and sink terms to 
account for matrix swelling and liquid absorption. Furthermore, Open-
FOAM, an open-source finite volume method (FVM)-based CFD solver, 
simulates free-surface flows and large-scale fluid absorption processes. 
Horgue et al. [31] developed a numerical model and integrated it into 
OpenFOAM to extend its capabilities for modeling absorption phenom-
ena. Liu et al. [32] further utilized this model to investigate fluid 
transport in absorbing materials, demonstrating that capillary forces 
govern internal fluid movement within the medium. These studies 
highlight the advantages of different numerical approaches in mod-
eling capillary-driven flow and wetting dynamics. However, further 
research is needed to refine the understanding of flow mechanisms in 
multiphase systems, particularly in scenarios involving heterogeneous 
porous structures, dynamic wetting behavior, and the coupling between 
capillary forces and other transport phenomena. Such advancements 
would improve simulation accuracy and provide deeper insights into 
experimental observations.

In our previous study, we conducted experimental investigations 
on the spontaneous capillary impregnation of cotton fibers, utilizing 
tensiometric methods to quantify key parameters such as fiber ge-
ometric products, apparent advancing contact angles, and capillary 
pressure [20]. While the experimental results provided an understand-
ing of the impregnation dynamics, they had limitations in resolving 
the internal fluid distribution within the porous medium. To overcome 
these constraints, the present study incorporates numerical simulations 
using COMSOL Multiphysics to complement the experimental findings. 
A 2D axisymmetric model was developed to simulate capillary infil-
tration in compressed cotton fibers, accounting for porosity, density, 
permeability, and dynamic wetting behavior. This approach enables 
a detailed analysis of the transient evolution of liquid penetration, 
helping to identify the limitations of theoretical models and improve 
predictive accuracy. The numerical results are systematically compared 
with experimental data to assess model reliability and further refine key 
parameters such as permeability.

The structure of this paper is as follows: Section 2 introduces the 
theoretical framework for describing capillary-driven flow in fibrous 
porous media. Section 3 provides a brief overview of the previous 
experimental setup and details the numerical modeling approach based 
on COMSOL. Section 4 presents a comparative analysis between the 
numerical simulations and experimental results, examining the influ-
ence of various parameters on wetting behavior during fluid transport 
through porous media. Finally, Section 5 summarizes the key findings 
and outlines potential directions for future research.

2. Theoretical framework for capillary-driven flow in porous me-
dia

This section presents the theoretical basis for capillary-driven flow 
in fibrous porous media, divided into two parts. The first part dis-
cusses wicking in rigid porous media, while the second focuses on 
wicking in nonrigid, swelling porous media. For each case, two funda-
mental models are examined: the Washburn equation (also known as 
the Lucas–Washburn equation) and Darcy’s law, which describe fluid 
transport under different conditions.

2.1. Capillary flow in rigid porous media

2.1.1. Washburn equation
In rigid fibrous porous media, fiber dimensions, and pore structure 

remain unchanged during the wicking process. The Washburn equation 
describes capillary rise in a tube, which can be extended to porous 
media [33]. To provide context, examining the capillary rise of a liquid 
in a tube is useful. Numerous studies have addressed this topic. Con-
sidering the balance between viscous and capillary forces and assuming 
initial conditions of 𝑡 = 0 and 𝑑ℎ∕𝑑𝑡 = 0, the height of the rising liquid 
front and its corresponding mass can be described as follows: [9,30,34]. 

ℎ(𝑡) =

√

𝑟𝛾𝐿𝑐𝑜𝑠𝜃𝑎
2𝜇

𝑡 (1)

𝑚(𝑡) = 𝜌 ⋅ ℎ(𝑡) ⋅ 𝜋𝑟2 = 𝜌

√

𝑟𝛾𝐿𝑐𝑜𝑠𝜃𝑎
2𝜇

𝑡𝜋𝑟2 (2)

where ℎ(𝑡) and 𝑚(𝑡) represent the height and mass of the rising liquid 
front, respectively. The parameters include 𝑟, the capillary tube radius; 
𝜃𝑎, the apparent advancing contact angle; 𝜇, the liquid viscosity; and 𝑡, 
the flow time. The term 𝛾𝐿 denotes the liquid surface tension.

Taking into account only capillary and viscous forces, an ideal 
porous medium, packed into a column and represented as a collection 
of individual capillary tubes with an average radius 𝑟, follows the 
Washburn law, which can be written as [9,23]: 

ℎ(𝑡) =

√

𝑐𝑟𝛾𝐿𝑐𝑜𝑠𝜃𝑎
2𝜇

𝑡 (3)

𝑚(𝑡) = 𝜌 ⋅ 𝜀 ⋅ ℎ(𝑡) ⋅ 𝜋𝑅2 = 𝜌𝜀

√

𝑐𝑟𝛾𝐿𝑐𝑜𝑠𝜃𝑎
2𝜇

𝑡𝜋𝑅2 (4)

where 𝑐 is a geometric constant that accounts for the liquid’s tortuous 
path and is inversely related to tortuosity. 𝑟 represents the average 
capillary radius. 𝑅 denotes the inner radius of the sample holder (see 
Fig.  1), while 𝜀 refers to the mean porosity of the medium.

2.1.2. Darcy law
The flow of a Newtonian liquid through an isotropic and rigid 

porous medium is governed by Darcy’s law and the continuity equa-
tion [30]. Originally formulated to predict the pressure drop of water 
through sand beds, Darcy’s law has been extended to relate the Darcy 
velocity vector 𝐮 to the pressure gradient ∇𝑃 , incorporating permeabil-
ity tensor 𝐊 as a parameter that defines the medium’s ability to transmit 
a liquid of viscosity 𝜇. 

𝐮 = − 1
𝜇
𝐊 ⋅ ∇𝑃 (5)

∇ ⋅ 𝐮 = 0 (6)

Pucci et al. [9] demonstrated that, based on the one-dimensional 
form of Eqs.  (5) and (6), capillary wicking in a porous medium within 
a cylindrical holder leads to an equation for the liquid-front position: 
𝑑ℎ
𝑑𝑡

= 𝑢
𝜀
= − 𝐾

𝜀𝜇
𝑑𝑃
𝑑ℎ

= − 𝐾
𝜀𝜇

(𝑃𝑎𝑡𝑚 − 𝑃𝑐𝑎𝑝) − 𝑃𝑎𝑡𝑚

𝑑ℎ
= 𝐾

𝜀𝜇
𝑃𝑐𝑎𝑝

𝑑ℎ
(7)

where the capillary pressure (𝑃cap) characterizes the wicking behavior 
in an equivalent homogeneous porous medium. Integrating the equa-
tion over time yields expressions for the liquid front height ℎ(𝑡) and 
mass 𝑚(𝑡) as functions of time 𝑡, with initial conditions of 𝑡 = 0, ℎ(𝑡) = 0, 
similar to Eqs.  (3) and (4). 

ℎ(𝑡) =

√

2𝐾𝑃cap

𝜀𝜇
𝑡 (8)

𝑚(𝑡) = 𝜌 ⋅ 𝜀ℎ(𝑡) ⋅ 𝜋𝑅2 = 𝜌𝜀

√

2𝐾𝑃cap

𝜀𝜇
𝑡 ⋅ 𝜋𝑅2 (9)
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Fig. 1. Experimental images and schematic diagram of the sample holder.

By comparing the expressions for the absorbed mass 𝑚(𝑡) in Eqs. 
(4) and (9), a new relationship for the capillary pressure 𝑃cap can be 
derived. 

𝑃cap = (𝑐𝑟)𝜀
𝛾𝐿𝑐𝑜𝑠𝜃𝑎
4𝐾

(10)

Unlike the conventional expression obtained through the Laplace equa-
tion 𝑃cap = (2𝛾𝐿𝑐𝑜𝑠𝜃𝑎)∕𝑟 [30], this new formulation incorporates ad-
ditional parameters, including the tortuosity factor 𝑐, mean capillary 
radius ̃𝑟, porosity 𝜀, and permeability 𝐾, as well as fluid-porous medium 
interaction parameters such as liquid surface tension 𝛾𝐿 and apparent 
advancing contact angle 𝜃𝑎. This relationship has also been validated 
by Pucci et al. [9,23].

2.2. Capillary flow in swelling porous media

Unlike rigid porous media, swelling porous media exhibits time- 
and space-dependent changes in pore radius, porosity, and permeability 
during capillary wicking. As these parameters evolve dynamically with 
the wetting process, modifications to the previously discussed mod-
els are necessary. The following discussion is structured around the 
Washburn equation and Darcy’s law.

2.2.1. Washburn equation
Schuchardt and Berg [35] introduced a modified Washburn equa-

tion incorporating swelling dynamics to predict capillary wicking in 

natural fiber bundles: 

ℎ(𝑡) =

√

𝑟0𝛾𝐿𝑐𝑜𝑠𝜃𝑎
2𝜇

√

𝑡 − 𝑎
𝑟0
𝑡2 + 𝑎2

3𝑟02
𝑡3 (11)

In this model, fiber swelling reduces the hydraulic radius behind the 
flow front, expressed as: 𝑟 = 𝑟0−𝑎𝑡 where 𝑟 is the hydraulic pore radius, 
𝑟0 is its initial value, and 𝑎 represents the swelling effect. When swelling 
is neglected (𝑎 = 0, Eq. (11) simplifies to Eq. (1), recovering the original 
Washburn equation for rigid porous media.

2.2.2. Darcy law
For swelling porous media, Masoodi et al. [30] have reviewed the 

modified forms of Darcy’s law; thus, only a brief discussion is provided. 
The modified continuity equation is given as: 

∇ ⋅ 𝐮 = −𝑆 − 𝜕𝜀
𝜕𝑡

(12)

where −𝑆 represents the sink term due to liquid absorption by the solid 
matrix, while 𝜕𝜀∕𝜕𝑡 accounts for liquid generation within the pores. As 
swelling progresses, porosity gradually decreases, contributing to this 
effect. To simplify the analysis, the wicking flow can be assumed to be 
one-dimensional (𝑥-direction), allowing Darcy’s law and the continuity 
equation (Eq. (12)) to be reduced to the following form. 

Darcy’s Law: 𝑢 = −𝐾
𝜇

𝑑𝑃
𝑑𝑥

(13)

Continuity Equation: 𝑑𝑢
𝑑𝑥

= −𝑆 − 𝜕𝜀
𝜕𝑡

(14)
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Table 1
Parameters used in simulations for different liquids based on experimental methods.
 Name Value Description  
 H (mm) 31 Sample height  
 R (mm) 6 Inner radius of the sample 

holder
 

 𝑐𝑟̃ (μm) 6.97 Geometric products  
 𝐾 (m2) 10−10–10−13 Permeability  
 𝜌𝑔 (kg∕m3) 1 Air density  
 𝜇𝑔 (Pa s) 1.76 × 10−5 Air viscosity  
 𝑃cap (Pa) (𝑐𝑟)𝜀 𝛾𝐿𝑐𝑜𝑠𝜃𝑎

4𝐾
Entry capillary pressure  

 𝜀 0.53 Porosity  
 n-heptane Water Glycerol  
 𝛾𝐿 (mN/m) 20.10 72.75 63 Liquid surface tension [36]  
 𝜃𝑎 (◦) 0 72.8 69.55 Advancing contact angle [20]  
 𝜌𝑙 (kg∕m3) 684 1000 1261 Liquid density  
 𝜇𝑙 (Pa s) 0.402 × 10−3 1.002 × 10−3 1.490 Liquid viscosity  

Finally, under a set of assumptions — such as the liquid absorption 
rate being linearly related to the change in solid volume fraction 
and porosity and permeability depending only on time — Masoodi 
et al. [30] derived the following expression for the liquid front height: 

ℎ(𝑡) =

√

2𝑃𝑐𝑎𝑝

𝜀0𝜇
𝑒(𝑏−1)

𝜀𝑡
𝜀
∫

𝑡

0
𝑒(1−𝑏)

𝜀𝑡
𝜀 𝐾(𝑡′) 𝑑𝑡′ (15)

where 𝑏 represents the absorption coefficient: 𝑏 = 0 indicates no liquid 
absorption by the solid matrix, Eq. (15) simplifies to the form of Eq. (8). 
While 𝑏 = 1 corresponds to the rate of solid matrix growth. 𝜀 denotes 
the initial porosity, and 𝜀𝑡 is the surface porosity at the liquid front.

3. Experimental setup and numerical modeling

This section provides a brief overview of the previous experimen-
tal setup [20] and outlines the numerical modeling approach using 
COMSOL. The objective is to validate the experimental results through 
numerical simulations and further analyze key parameters required in 
the simulations and their specific effects.

3.1. Overview on experiment setup

In our previous work, the behavior of natural fibers (cotton fibers) 
during capillary impregnation was experimentally investigated using a 
dynamic approach [20]. Three different liquids — n-heptane, water, 
and glycerol — were used. The experimental materials and setup are il-
lustrated in Fig.  1, where a series of photographs and diagrams provide 
a visual overview of the sample preparation and loading process. Fig. 
1(a) shows the rolled cotton fiber porous medium. Fig.  1(b) presents 
photographs of the experimental components used in the capillary test. 
Fig.  1(c) shows the process of inserting the prepared sample into the 
Washburn cell. Fig.  1(d) displays the Washburn cell mounted on the 
test instrument. Fig.  1(e) illustrates the structure and dimensions of the 
sample holder. Finally, Fig.  1(f) compares the sample volume before 
and after compression.

The sample preparation procedure consists of the following steps: 
(1) The cotton fiber bundle is first tightly rolled, with care taken to 
align the fiber orientation along the vertical axis of the Washburn cell 
(Fig.  1(a)). (2) A filter paper is placed at the bottom of the Washburn 
cell to separate the sample from the base (Fig.  1(b)). (3) The rolled 
sample is carefully inserted into the cell to ensure a snug fit (Fig.  1(c)). 
(4) The maximum recommended weight is applied five times to pre-
compress the sample and eliminate air gaps. (5) A small metal cylinder 
is placed on top of the sample to ensure uniform pressure distribution. 
(6) The spacer is screwed down to its minimum height to hold the 
sample firmly during testing. (7) Finally, the spacer is fully secured, 
completing the preparation. The resulting compressed sample and its 
dimensions are shown in Fig.  1(f). 

The surface tension of each liquid was measured first. Fiber sam-
ples were then placed in the sample holder for wicking tests. Test 
curves were obtained using a tensiometric method, and the modi-
fied Washburn equation was applied to determine parameters such 
as the geometric products 𝑐𝑟, apparent advancing contact angles 𝜃𝑎, 
and surface free energy. Experimental results included the geometric 
products of cotton fibers within the sample holder, 6.97 ± 0.86 μm, and 
the apparent advancing contact angles for water and glycerol, 74.93 
±2.20◦ and 69.55 ±1.83◦ under a porosity of 0.53. Detailed results are 
presented in Table  1, and a more in-depth discussion is provided in the 
simulation part.

The purpose of reviewing the experimental setup here is to pro-
vide specific structural parameters and experimentally obtained values, 
which will be used in the following simulations. Detailed information 
can be found in our previous work [20].

3.2. Numerical modeling approach using COMSOL

3.2.1. Numerical modeling
This part describes the numerical methods used in this work. Specif-

ically, COMSOL Multiphysics, based on the finite element method 
(FEM), was employed to simulate wicking flow in a porous medium 
(cotton fibers). The simulation involved multiphysics coupling using 
the porous media and subsurface flow module, combining the Darcy’s 
Law interface with the phase transport in the porous media inter-
face [21]. Darcy’s Law was applied to model liquid movement within 
the porous medium, while the transport of diluted species interface 
governed the independent equations for the volume fraction 𝑠𝑖 of 
wetting (liquid) or non-wetting fluid 𝑖 (air), as shown below [21]: 
𝜕
𝜕𝑡

(

𝜀𝜌𝑠𝑖𝑠𝑖
)

+ ∇ ⋅
(

−𝜌𝑠𝑖𝐾
𝐾𝑟𝑠𝑖
𝜇

(

∇𝑃𝑠𝑖 − 𝜌𝑠𝑖𝑔
)

)

= 𝑄𝑚 = 0 (16)

The parameters used in the equations are defined as follows: 𝑄𝑚
represents the mass source. 𝜀 denotes the porosity of the medium. 𝐾
is the permeability of the medium, measured in m2, 𝐾𝑟𝑠𝑖  refers to the 
relative permeability, which depends on the saturation of the given 
fluid. 𝜇 is the dynamic viscosity of the fluid, expressed in Pa ⋅ s. 𝑃𝑠𝑖
indicates the pressure of phase 𝑖, measured in Pa. 𝜌𝑠𝑖  represents the 
density of the fluid in phase 𝑖, given in kg∕m3. The volume fractions of 
each phase add up to 1, expressed as: 𝑠1 + 𝑠2 = 1. The equations for 
the wetting phase in the Brooks and Corey model [37] are expressed 
as follows: 
𝑃𝑐 = 𝑃𝑐𝑎𝑝 ⋅ 𝑠1

−1∕𝜆𝑝 (17)

𝐾𝑟𝑠1 = 𝑠
(3+2∕𝜆𝑝)
1 (18)

𝐾𝑟𝑠2 = 𝑠2
2 ⋅ (1 − 𝑠1

1+2∕𝜆𝑝 ) (19)

where 𝑃𝑐 is the capillary pressure, and 𝑃𝑐𝑎𝑝 represents the entry capil-
lary pressure, as shown in Eq. (10) ((𝑐𝑟̃)𝜀 𝛾𝐿𝑐𝑜𝑠𝜃𝑎

4𝐾 ). 𝜆𝑝 denotes the pore 
size distribution index.

3.2.2. Parameter selection and implementation
The two-dimensional axisymmetric model, developed to correspond 

to the experimental structure, is shown in Fig.  2. The geometry repre-
sents the sample holder with a height of 𝐻 = 31 mm and a radius of 
𝑅 = 6 mm. This model is designed to simulate the wicking process in 
a porous medium under similar conditions to the experimental setup.

The porous medium (cotton fibers) is initially filled with air, with 
the water saturation set to 0.01. A time-dependent simulation is carried 
out using the Brooks and Corey model, which describes capillary pres-
sure and relative permeabilities. In the two-dimensional axisymmetric 
structure, the right-hand side boundary is defined as impermeable, 
meaning no fluid flow is allowed across it. The Darcy’s Law boundary 
conditions are as follows: At the bottom boundary, the water phase 
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Fig. 2. Model geometry and boundary conditions.

is set to atmospheric pressure. At the top boundary, the pressure is 
specified as the hydrostatic atmospheric pressure minus the capillary 
pressure. For the phase transport boundary conditions: At the bottom 
boundary, no flux is assumed for the air phase, representing the absence 
of air movement through the bottom of the porous medium. At the top 
boundary, a mass flux is applied for the air phase. This flux is driven by 
the pressure gradient determined by Darcy’s Law, ensuring consistency 
between the phase transport and the flow model.

The initial conditions specify that the cotton fibers are saturated 
only with air, and the liquid phase starts infiltrating from the bottom 
boundary. The boundary and initial conditions are carefully set up to 
simulate the capillary-driven wicking process realistically. The porosity 
and permeability of the cotton fibers are assumed constant during the 
simulation, while the pressure and saturation fields evolve dynamically 
over time to capture the interaction between the air and water phases 
within the porous medium.

The parameters used in simulations for different liquids, based 
on experimental methods, are summarized in Table Table  1. These 
parameters include fixed geometric properties of the model, such as 
the sample height 𝐻 and radius 𝑅, as well as constant physical prop-
erties of the fluids and air, such as viscosity 𝜇 and density 𝜌. The 
geometric products of the sample 𝑐𝑟, porosity 𝜀, liquid surface ten-
sion 𝛾𝐿, and advancing contact angle 𝜃𝑎 were obtained from previous 
experiments [20]. Permeability values 𝐾 refer to the flow resistance 
along the axis of cotton fibers, assuming a regular hexagonal packing 
arrangement. The estimation is based on the following theoretical 
relationship [10,38]: 

𝐾 =
8𝑟𝑓 2

53
𝜀3

(1 − 𝜀)2
(20)

where 𝑟𝑓  is the diameter of an individual fiber and 𝜀 is the material 
porosity. The fiber diameter 𝑟𝑓  typically ranges from 5 to 24 μm, as 
reported in the literature [10]. A porosity value of 0.53 was used, as 
shown in Table  1. Based on this relation, the estimated permeability 
falls within the range of 10−12 to 10−10 m2. To account for possible 
variations in fiber deformation and non-ideal arrangement, a more 
conservative order of magnitude range of 10−13 to 10−10 m2 was 
considered for further analysis.

4. Results and discussion

In this section, the simulated results are compared with experi-
mental data, and the specific values of solid permeability for different 

Fig. 3. n-heptane saturation in the cotton fibers after 1, 5, 10, 20, and 40 s, (𝐾 =
6.3 × 10−12 m2, 𝑐𝑟̃ = 6.97 μm, 𝜀 = 0.53, 𝛾𝐿 = 20.10 mN∕m, 𝜃𝑎 = 0◦, 𝜌𝑙 = 684 kg∕m3, 
𝜇𝑙 = 0.402 × 10−3 Pas).

liquids are determined using an inverse analysis approach. Addition-
ally, the fluid flow behavior within the cotton fibers is analyzed. 
Subsequently, the influence of various parameters listed in Table  1 
on the flow behavior is examined. Specifically, the effects of different 
parameters on the distribution of liquid saturation and the variation of 
absorbed liquid mass over time are analyzed. Each aspect is discussed 
in detail below.

4.1. Comparison of simulated and experimental results

In the experiments, three different fluids — n-heptane, water, and 
glycerol — were used. This subsection focuses on analyzing the cases 
corresponding to each fluid.

4.1.1. n-heptane - cotton fibers
First, the case with n-heptane as the fluid is examined. Since the 

exact permeability value is unknown, an estimated value derived from 
theoretical equations, 6.3 × 10−12 m2, is used. Other parameters corre-
spond to the n-heptane case listed in Table  1.

A transient simulation was conducted for 100 s. Actually, after 40 s, 
the cotton fibers are fully saturated with n-heptane. Fig.  3 presents the 
spatial distribution of n-heptane saturation (the volume fraction of n-
heptane) in the cotton fibers at selected time steps: 1, 5, 10, 20, and 
40 s. The saturation variable is dimensionless and ranges from 0 to 1, 
divided into ten levels in the colormap. A value of 0 indicates that 
the liquid has not yet penetrated the cotton fibers, while a value of 
1 corresponds to complete saturation. The saturation field over time 
demonstrates the progression of n-heptane infiltration into the cotton 
fibers. At 𝑡 = 1 s, the liquid saturation front is localized near the bottom 
boundary, indicating the initial stage of infiltration. By 𝑡 = 5 s, the 
liquid has advanced further, and a distinct transition zone between 
the saturated and unsaturated regions is observed. At 𝑡 = 10 s and 
beyond, the saturation becomes more uniform, with the fibers nearing 
full saturation by 𝑡 = 40 s. This progression highlights the efficiency of 
n-heptane in quickly saturating cotton fibers due to its low viscosity 
and surface tension. Although the contour plots at 𝑡 = 10 s, 20 s, 
and 40 s appear visually similar due to the system approaching full 
saturation, this trend is quantitatively confirmed in Fig.  5(a), where the 
squared mass of absorbed liquid remains almost constant after 𝑡 = 10 s 
(to be discussed in detail later). However, Fig.  5(b) shows that when 
material parameters such as permeability are varied, the absorption 
process may continue beyond 10 s. Therefore, to maintain consistency 
with the subsequent parametric analysis and to support comparative 
discussions, the result at 𝑡 = 40 s is retained in Fig.  3.

To further improve clarity in the presentation of spatial saturation 
fields, a supplementary figure has been included in Appendix  A. This 
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Fig. 4. n-heptane pressure field in the cotton fibers after 5 and 40 s.

figure provides the saturation distribution of n-heptane at a single time 
step (𝑡 = 1 s) with fully labeled X and Y axes, which correspond to 
the width and height of the computational domain, respectively. While 
composite figures such as Figs.  3, 7, and others omit the horizontal 
axis labels to allow for side-by-side comparison across time steps, the 
Appendix figure serves as a reference to help readers interpret the 
spatial dimensions involved. More detailed information regarding the 
axis definition and colorbar labeling is provided in Appendix.

Fig.  4 displays the pressure field (in Pa) of n-heptane within the 
cotton fibers at two representative time steps: 𝑡 = 5 s and 𝑡 = 40
s. Streamlines of the velocity field are superimposed to illustrate the 
direction and distribution of the overall flow. The pressure values 
are visualized using a colormap, where the maximum and minimum 
values are indicated in the colorbar. At 𝑡 = 5 s, a large pressure drop 
(around 1.98 × 104 Pa) is evident near the advancing front, driving 
the liquid into the porous medium. By 𝑡 = 40 s, the pressure drop 
diminishes (around 212 Pa), and the pressure field stabilizes, reflecting 
the equilibrium condition as the cotton fibers become fully saturated.

In our experiments, the exact permeability of the cotton fibers was 
not directly known. By comparing simulation results with experimental 
data, the permeability was determined using an inverse analysis ap-
proach. Additionally, in the experiments, filter paper was placed at the 
bottom of the sample holder to prevent leakage, which introduced an 
additional effect. To account for this, the initial time in the experimen-
tal data was redefined. Fig.  5 shows the comparison of simulation and 
experimental results across different permeability values.

In Fig.  5(a), the simulation results under theoretical permeability 
conditions (𝐾 = 6.3 × 10−12 m2) are shown. The simulation shows no-
ticeable differences from the experimental results, especially during the 
early stages, suggesting that the theoretical value does not accurately 
represent the actual permeability. Fig.  5(b) presents simulation results 
for four different permeability values (𝐾 = 1.0 × 10−11, 5.0 × 10−11, 
8.0×10−11, 9.0×10−11), chosen to define the upper and lower bounds of 
the permeability range. The variation in these curves shows that perme-
ability affects the mass increase. To refine the permeability estimation, 
a Python script was developed to automatically adjust the permeability 
parameter and compute the relationship between the square of the mass 
and time. An error function was defined to determine the permeabil-
ity value corresponding to the minimum error. The error function is 
expressed as: 

Error =

√

√

√

√

√

1
𝑛

𝑛
∑

𝑖=1

(

𝑚2
𝑛,𝑖 − 𝑚2

𝑒,𝑖

𝑚2
𝑒,𝑖

)2

(21)

where 𝑚2
𝑒,𝑖 is the squared mass measured in the experiment at time step 

𝑖, 𝑚2
𝑛,𝑖 is the squared mass from the simulation at the same time step, 

and 𝑛 is the total number of time steps (data points every 0.2 s were 
used for comparison). Fig.  5(c) shows the variation of the defined error 
as a function of permeability, with the minimum error occurring at 
around 𝐾 = 7.0 × 10−11, with an uncertainty of ±0.5 × 10−11. Finally, 

Fig.  5(d) shows the simulation results corresponding to the minimum 
error. The simulated curve aligns closely with the experimental data, 
confirming that the estimated permeability accurately describes the 
capillary wicking behavior of the cotton fibers.

To nondimensionalize the results, the time evolution of capillary 
rise height and velocity was further analyzed. Fig.  6(a) shows the 
variation of capillary rise height ℎ over time, exhibiting a rapid initial 
rise followed by a gradual approach to equilibrium. The data in this 
figure is based on the simulation results presented in Fig.  5(d). Fig. 
6(b) shows the corresponding rise velocity 𝑑ℎ∕𝑑𝑡, which decreases over 
time as the driving capillary forces balance with viscous resistance. A 
threshold velocity of 0.0001 m/s was defined, and the time at which 
this threshold was reached was determined to be 13.50 s, marking 
the practical equilibrium of the capillary infiltration process. Based on 
this, the average velocity over the time interval from 0 to 13.5 s was 
calculated as 0.002453 m/s.

Using this average velocity, the capillary number 𝐶𝑎 was computed, 
as shown in Eq. (22).

𝐶𝑎 = viscous forces
surface tension =

𝜇(𝑑ℎ∕𝑑𝑡)
𝛾𝐿

= 0.402 × 10−3 × 0.002453
0.02010

= 4.91 × 10−5 (22)

The resulting 𝐶𝑎 = 4.91 × 10−5 represents the balance between viscous 
forces and surface tension, indicating that capillary forces dominate in-
filtration while viscosity affects the rate. The low 𝐶𝑎 suggests minimal 
viscous resistance, enabling rapid liquid uptake. This value serves as 
a reference for comparing capillary-driven infiltration and optimizing 
fiber materials for liquid transport [39].

4.1.2. Water - cotton fibers
The analysis now transitions to the case where water is used as 

the infiltrating fluid in cotton fibers. Similar to the simulation con-
ducted for n-heptane, a transient simulation was performed to study 
the infiltration dynamics of water. Water, as a polar liquid with higher 
viscosity (0.001 Pa s) and surface tension (72.75 mN∕m) compared to n-
heptane, is expected to exhibit different infiltration behavior. Besides, 
the apparent contact angle (𝜃𝑎) of water, experimentally measured at 
around 72.8◦, is higher than that of n-heptane (0◦), indicating reduced 
wettability on the fiber surface, which may slow down the infiltration 
rate. Other relevant parameters are listed in Table  1.

Fig.  7 shows the water saturation (the volume fraction of water) 
in cotton fibers at various time steps during the simulation, provid-
ing a comparative perspective on how fluid properties influence the 
infiltration process. The saturation variable is dimensionless, ranging 
from 0 to 1, and the colormap is divided into ten discrete levels. A 
value of 0 indicates regions that have not yet been wetted by the 
liquid, while a value of 1 corresponds to complete saturation. At 𝑡 = 1
s, the water saturation front is localized near the bottom boundary, 
indicating the initial stage of infiltration where water starts to penetrate 
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Fig. 5. Comparison of simulation and experimental results across different permeabilities (n-heptane).

Fig. 6. Evolution of wicking height and velocity over time (n-heptane).

the cotton fibers. By 𝑡 = 5 s, the water has advanced further, and a 
noticeable transition zone between saturated and unsaturated regions 
appears, highlighting the gradual progression of the liquid front. At 
𝑡 = 10 s and 𝑡 = 20 s, the saturation continues to increase, with the 
transition zone moving upward and becoming less distinct as the fibers 
absorb more water. By 𝑡 = 40 s, the cotton fibers are nearly fully 
saturated, showing a uniform saturation distribution across the domain. 
This progression demonstrates the influence of water’s higher viscosity 
and surface tension than n-heptane, resulting in slower infiltration. 
These results highlight the importance of fluid properties in influencing 
infiltration rate and saturation distribution.

For the case of water as the infiltrating liquid, the analysis was 
carried out following the same methodology as for n-heptane. Transient 
simulations were performed to compare experimental and simulated 
results and determine the optimal permeability for water. Fig.  8(a) 
shows the simulation results under the obtained permeability (in the 
case of n-heptane) value of 𝐾 = 7 × 10−11, which was based on 
the initial assumptions. However, similar to the n-heptane case, a 
clear mismatch is observed between the simulation and experimental 

Fig. 7. Water saturation in the cotton fibers after 1, 5, 10, 20, and 40 s, (𝐾 = 7.0×10−11

m2, 𝑐𝑟 = 6.97 μm, 𝜀 = 0.53, 𝛾𝐿 = 72.75 mN∕m, 𝜃𝑎 = 72.8◦, 𝜌𝑙 = 1000 kg∕m3, 
𝜇𝑙 = 1.002 × 10−3 Pa s).
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Fig. 8. Comparison of simulation and experimental results across different permeabilities (water).

results, particularly during the initial infiltration phase. This suggests 
that the input permeability does not align well with the experimental 
conditions. To address this, Fig.  8(b) presents the simulation results for 
different permeability values, ranging from 𝐾 = 1.0 × 10−11 to 𝐾 =
9.0 × 10−11. This analysis helps establish the lower and upper bounds 
of the permeability that best represent the experimental data. Next, Fig. 
8(c) shows the variation of the defined error (Eq. (21)) with permeabil-
ity. The error function, calculated as the squared difference between 
experimental and simulated mass at different time steps, identifies the 
minimum error at a permeability value of around 𝐾 = 6.5 × 10−11. 
This value represents the most accurate permeability for the water 
infiltration within the cotton fibers. Finally, Fig.  8(d) demonstrates the 
simulation results at the optimal permeability (𝐾 = 6.5 × 10−11).

Similarly, as a reference, the capillary number (𝐶𝑎) was determined 
based on the simulation data from Fig.  8(d) using Eq. (23). The average 
velocity was calculated as 0.00117 m/s (as shown in Fig.  9), resulting 
in a capillary number of 1.61 × 10−5. 

𝐶𝑎 =
𝜇(𝑑ℎ∕𝑑𝑡)

𝛾𝐿
= 1.002 × 10−3 × 0.00117

0.07275
= 1.61 × 10−5 (23)

Although Fig.  8(d) shows the best agreement between the simula-
tion and experimental results, some discrepancies remain. While the 
simulated time required for water to fully saturate the cotton fibers 
aligns well with the experimental findings, the final absorbed liquid 
mass in the simulation is lower than that observed in the experiments. 
These discrepancies may come from uncertainties in the estimation 
of porosity during the experiment. In particular, ensuring that the 
porous material was uniformly compressed to the intended position 
may not have been feasible, resulting in a true porosity different from 
the assumed value of 0.53. To address this, we adjusted the porosity 
input in the simulation and conducted further analysis.

Fig.  10 compares the simulation and experimental results for dif-
ferent porosity values. The results indicate that when the porosity 
is set to 0.63, the simulated liquid absorption closely matches the 
experimental data under the same permeability conditions. However, 

while increasing the porosity improves the agreement between sim-
ulation and experiment, some deviations persist. This suggests that 
adjusting a single parameter, such as porosity, may not be sufficient 
to fully reconcile the simulation with the experimental results. A more 
comprehensive analysis incorporating additional factors is necessary for 
a more accurate representation of the physical system.

To better understand these deviations, factors such as structural 
deformation and transient flow effects must also be taken into account. 
The deviation observed in the water infiltration results compared to 
simulation can be attributed to several factors. First, cotton fibers may 
swell upon absorbing water, which reduces local porosity and effective 
permeability. Prior studies (e.g., Testoni et al. [40]) have shown that 
natural fibers such as flax can swell by over 30% in diameter, absorbing 
up to 39% of their own weight. While swelling was not explicitly 
included in the model, it may lead to changes in the capillary pathways, 
particularly in compressed fiber networks. Second, the assumption of 
uniform pore structure with fixed porosity may not fully capture the 
local heterogeneity in real cotton samples. Structural irregularities, 
compounded by swelling, could contribute to non-uniform flow. Fi-
nally, although the simulation is time-dependent, it does not include 
early-stage transient effects such as entrance resistance or inertial 
acceleration [21], which may influence the dynamics for low-viscosity 
liquids like water.

4.1.3. Glycerol - cotton fibers
Glycerol, compared to n-heptane and water, exhibits a really higher 

dynamic viscosity of 1.490 Pa s, around 1490 times that of water and 
3457 times that of n-heptane. Such a high viscosity creates unique 
challenges in modeling its infiltration behavior. Specifically, during 
simulations, the extremely slow flow rate can lead to singularity is-
sues in numerical solutions, which occur due to abrupt gradients or 
instability in the computed values. To address this, an initial glycerol 
saturation condition of 0.9 was applied to the cotton fibers. This 
adjustment avoids sharp discontinuities in the saturation field near the 
initial time step, ensuring numerical stability.
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Fig. 9. Evolution of wicking height and velocity over time (water).

Fig. 10. Comparison of simulation and experimental results across different porosities 
(water).

Fig.  11 shows the saturation distribution of glycerol in the cotton 
fibers at five time intervals: 0, 400, 800, 1200, and 1500 s. The satu-
ration variable is dimensionless and ranges from 0.9 to 1, divided into 
ten discrete levels in the colormap. Although the minimum value is set 
to 0.9 for numerical reasons, it corresponds to an initially unsaturated 
state and can be interpreted as a dry region in the simulation context. 
A value of 1 represents full saturation. At the initial time (𝑡 = 0 s), the 
saturation value is set to 0.9 throughout the domain, which serves as a 
numerical approximation rather than an indication of actual saturation. 
This initial condition ensures numerical stability during the simulation 
and can be interpreted as the fibers being unsaturated. Over time, 
the glycerol front progresses slowly upwards due to its high viscosity, 
as shown by the gradual color transition from blue (unsaturated) to 
pink (saturated). By 1500 s, the fibers have achieved near-complete 
saturation, though the saturation front advancement is much slower 
compared to n-heptane or water.

To further analyze the case of glycerol, the initial permeability value 
was estimated based on simulation results from n-heptane and water, 
around 𝐾 = 6.5×10−11. However, as shown in Fig.  12(a), the simulated 
curve differs in shape from the experimental results. To explore further, 
three different permeability values (𝐾 = 1 × 10−11, 𝐾 = 5 × 10−11, 𝐾 =
6.5 × 10−11) were tested. Among these, the permeability 𝐾 = 1 × 10−11

showed a curve shape closest to the experimental data, suggesting that 
the permeability of glycerol may be lower than that of other liquids. 
Nevertheless, differences remain in the total liquid mass absorbed. Ex-
perimentally, the advancing contact angles for glycerol were measured 
as 68.41◦, 71.38◦, and 67.71◦. The variation in these measurements 
indicates potential experimental errors, likely due to the sensitivity of 
contact angle measurements to experimental conditions, such as surface 
preparation or measurement techniques. For this numerical analysis, an 
average contact angle of 69.55◦ was used. Based on these observations, 
the advancing contact angle was hypothesized to also contribute to the 
observed differences. Keeping the permeability fixed at 𝐾 = 1 × 10−11, 

Fig. 11. Glycerol saturation in the cotton fibers after 0, 400, 800, 1200, and 1500 s, 
(𝐾 = 6.5 × 10−11 m2, 𝑐𝑟̃ = 6.97 μm, 𝜀 = 0.53, 𝛾𝐿 = 63 mN∕m, 𝜃𝑎 = 69.55◦, 𝜌𝑙 = 1261 
kg∕m3, 𝜇𝑙 = 1.490 Pa s).

the contact angle was varied between 60◦ and 80◦, as shown in Fig. 
12(b). The results indicate that the contact angle could influence the 
infiltration rate and saturation distribution. A smaller contact angle (𝜃𝑎
= 60◦) results in faster infiltration, whereas a larger contact angle (𝜃𝑎
= 80◦) slows down the liquid absorption process.

As a reference, the data corresponding to 𝜃𝑎 = 69◦ in Fig.  12(b) 
was analyzed to determine the average velocity. A threshold velocity 
of 1 × 10−6 m∕s was set, and the results indicate that within a 1800 s 
timeframe, the computed velocity values remained above this thresh-
old. The average velocity was calculated as 6×10−6 m∕s, corresponding 
to a capillary number of 1.42×10−4 (Eq. (24)), which is nearly an order 
of magnitude higher than the values observed for n-heptane (4.91×10−5) 
and water (1.61 × 10−5). 

𝐶𝑎 =
𝜇(𝑑ℎ∕𝑑𝑡)

𝛾𝐿
= 1.490 × 6 × 10−6

0.063
= 1.42 × 10−4 (24)

Unlike the previous cases, detailed error analysis to determine the 
optimal permeability and contact angle parameters was not performed 
here. However, this approach remains feasible for future studies. By 
defining error metrics based on the squared mass curves from simula-
tion and experiments over time, a systematic method for optimizing 
permeability and advancing contact angles could be developed. The 
current analysis highlights the combined effects of permeability and 
contact angle on the infiltration process, emphasizing the complexity 
of modeling high-viscosity liquids like glycerol in porous media.

4.2. Effects of parameters on liquid saturation distribution

In this subsection, the impact of various parameters listed in Table  1 
on the flow behavior is thoroughly investigated. Specifically, the effects 
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Fig. 12. Comparison of simulation and experimental results across different permeabilities and advancing contact angle (glycerol).

of these parameters on the spatial distribution of liquid saturation 
within the porous medium and the temporal evolution of absorbed 
liquid mass are analyzed. The analysis aims to isolate and evaluate the 
role of each parameter in influencing the infiltration process. To ensure 
clarity and focus, the baseline physical properties of n-heptane are used 
as a reference, with only one variable altered at a time for analysis.

4.2.1. Liquid surface tension
The influence of liquid surface tension (𝛾𝐿) on the infiltration pro-

cess was analyzed by considering four different surface tension values: 
20.10, 40, 63, and 72.75 mN∕m, while keeping all other parameters 
consistent with the properties of n-heptane. It is important to note that 
these surface tension values may not reflect actual physical properties 
but were chosen specifically to isolate and investigate the effect of 
surface tension on the infiltration behavior.

Fig.  13(a) to (d) use a consistent colormap to represent the liquid 
saturation (the volume fraction of liquid) in cotton fibers under differ-
ent surface tension conditions. The saturation variable is dimensionless 
and ranges from 0 to 1, divided into ten discrete levels. A value 
of 0 indicates that the region is completely dry, while a value of 1 
corresponds to full saturation. The progression of the saturation front 
across the four subfigures highlights the influence of surface tension 
on infiltration behavior. Fig.  13(e) presents the simulated evolution of 
the squared liquid mass absorbed over time. Fig.  13(f) further shows 
the variation of wicking velocity as a function of time, along with the 
precise stopping time.

As shown in Fig.  13, the infiltration rate is primarily influenced 
by capillary pressure rather than solely determined by the capillary 
number (𝐶𝑎). Higher surface tension (𝛾𝐿) enhances capillary pressure, 
significantly accelerating the infiltration process. Although the capillary 
number (𝐶𝑎) represents the balance between viscous and capillary 
forces, numerical data indicate that its value does not exhibit a strictly 
monotonic relationship with infiltration time. This is because the pri-
mary driving force for liquid penetration arises from capillary pressure, 
which is directly proportional to surface tension. As 𝛾𝐿 increases, 
capillary pressure correspondingly strengthens, leading to faster liquid 
propagation even when the variation in 𝐶𝑎 is minimal. Consequently, 
the infiltration behavior should be analyzed mainly in terms of capillary 
pressure rather than relying solely on the capillary number to predict 
infiltration rates.

4.2.2. Advancing contact angle
To analyze the effect of advancing contact angle (𝜃𝑎) on the in-

filtration process in cotton fibers, simulations were conducted under 
four different contact angles: 𝜃𝑎 = 0◦, 30◦, 60◦, and 80◦, while other 
parameters were kept consistent with the properties of n-heptane.

The results, presented in Fig.  14, display both the spatial distribu-
tion of liquid saturation at various time points and the evolution of the 
absorbed liquid mass squared over time. In Fig.  14(a) to (d), the liquid 

saturation profiles show a clear dependence on the advancing contact 
angle. The colormap represents the dimensionless liquid saturation, 
ranging from 0 (dry) to 1 (fully saturated). At 𝜃𝑎 = 0◦ (Fig.  14(a)), 
the liquid infiltrates the cotton fibers most efficiently, achieving nearly 
complete saturation by 𝑡 =10 s. The absence of a significant contact 
angle promotes strong capillary forces, driving rapid infiltration. As the 
contact angle increases to 𝜃𝑎 = 30◦ (Fig.  14(b)), the infiltration rate 
decreases slightly, with the saturation front advancing more gradually 
over time. At 𝜃𝑎 = 60◦ (Fig.  14(c)), the infiltration slows further, as 
the increased contact angle reduces the effective capillary force acting 
within the fibers. By 𝜃𝑎 = 80◦ (Fig.  14(d)), the liquid’s progression 
is markedly slower, with incomplete saturation observed even after 
𝑡 =40 s. The higher contact angle diminishes the wettability of the 
fiber surface, which restricts the infiltration process. The absorbed 
liquid mass squared over time, shown in Fig.  14(e), further supports 
these observations. The black curve (𝜃𝑎 = 0◦) exhibits the fastest rise, 
reaching saturation quickly, followed by the blue (𝜃𝑎 = 30◦), red (𝜃𝑎 =
60◦), and green (𝜃𝑎 = 80◦) curves, which demonstrate progressively 
slower infiltration rates. The differences in the curves highlight the 
sensitivity of the infiltration dynamics to variations in the advancing 
contact angle.

Fig.  14(f) further shows the evolution of wicking velocity under 
different advancing contact angles. For 𝜃𝑎 = 0◦ (𝐶𝑎 = 5.93 × 10−5), 
infiltration occurs rapidly, with velocity dropping below 0.0001 m/s 
within 10.8 s. As the contact angle increases to 𝜃𝑎 = 30◦ (𝐶𝑎 =
4.56 × 10−5), the infiltration rate decreases, extending the cutoff time 
to 14.0 s. At 𝜃𝑎 = 60◦ (𝐶𝑎 = 1.36 × 10−5), the infiltration rate slows 
significantly, with the cutoff time reaching 39.8 s. However, at 𝜃𝑎 = 80◦
(𝐶𝑎 = 1.40 × 10−5), while the infiltration rate is the lowest, the cutoff 
time shortens to 13.5 s due to the definition of the threshold velocity 
(<0.0001 m/s).

These findings confirm that the advancing contact angle directly 
influences both the rate and extent of liquid infiltration. Smaller contact 
angles facilitate rapid and complete saturation, whereas larger con-
tact angles weaken capillary action, slowing infiltration and leaving 
portions of the fiber structure unsaturated. To further explore the 
sensitivity of infiltration dynamics to contact angle, a supplementary 
simulation study was performed across a wider range of 𝜃𝑎 values. The 
results, including quantitative trends and the non-linear response of 
absorbed mass, are presented and discussed in Appendix  B.

4.2.3. Porosity
To analyze the effect of porosity (𝜀) on the infiltration process, 

simulations were conducted using four different porosity values: 𝜀 =
0.1, 0.3, 0.7, and 0.9. All other parameters were kept consistent with 
the baseline properties of n-heptane. The results are presented in Fig. 
15, which shows both the spatial distribution of liquid saturation at 
different times and the squared liquid mass absorbed over time.
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Fig. 13. Simulation results of liquid saturation in cotton fibers under four different surface tension conditions, (𝐾 = 7× 10−11 m2, 𝑐𝑟̃ = 6.97 μm, 𝜀 = 0.53, 𝛾𝐿 = 20.10-72.75 mN∕m, 
𝜃𝑎 = 0◦, 𝜌𝑙 = 684 kg∕m3, 𝜇𝑙 = 0.402 × 10−3 Pa s).

Fig.  15(a)–(d) demonstrate the liquid saturation profiles for the 
selected porosity values. The colormap illustrates the liquid saturation 
(volume fraction of liquid), which is a dimensionless variable ranging 
from 0 to 1. A value of 0 indicates completely dry regions, while a value 
of 1 corresponds to full saturation. At a lower porosity (𝜀 = 0.1, the 
liquid front advances slowly, and the saturation remains relatively low 
across the fiber domain, even at later times. This slow infiltration is due 
to the reduced void space available for the liquid to fill, which limits the 
overall fluid transport. As the porosity increases, the liquid infiltration 
becomes faster. For 𝜀 = 0.3 and 𝜀 = 0.7, the saturation profiles show 
a more uniform distribution at earlier times, with the liquid front 
advancing more rapidly compared to 𝜀 = 0.1. At the highest porosity (𝜀
= 0.9), the liquid quickly permeates the fiber domain, achieving near-
complete saturation within a much shorter time. This is attributed to 
the larger void spaces that facilitate higher liquid mobility. Fig.  15(e) 
plots the squared liquid mass absorbed over time for all cases. The 
curve corresponding to 𝜀 = 0.9 reaches the highest mass within the 
shortest time, highlighting the direct relationship between porosity and 

liquid absorption capacity. Conversely, the curve for 𝜀 = 0.1 remains 
lower throughout the time range, reflecting the limited liquid uptake 
due to low porosity.

Fig.  15(f) further shows the evolution of wicking velocity under 
different porosity conditions. For 𝜀 = 0.1 (𝐶𝑎 = 3.2 × 10−5), infiltration 
occurs at a slower rate, with a cutoff time of 7.0 s, indicating that 
the limited pore space restricts fluid transport. As porosity increases 
to 𝜀 = 0.3 (𝐶𝑎 = 2.3 × 10−5), despite a lower capillary number, the 
infiltration process is prolonged, with the velocity dropping below the 
threshold only after 24.8 s, suggesting a more complex interaction 
between capillary flow and pore structure. When porosity is further 
increased to 𝜀 = 0.7 (𝐶𝑎 = 6.5 × 10−5), the infiltration rate improves, 
reducing the cutoff time to 9.5 s. At the highest porosity, 𝜀 = 0.9
(𝐶𝑎 = 7.2 × 10−5), liquid transport is the most efficient, with the cutoff 
time further decreasing to 8.5 s.

These findings confirm that porosity plays a crucial role in govern-
ing both the infiltration rate and the overall saturation distribution. 
Higher porosity enhances liquid transport within the porous medium 
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Fig. 14. Simulation results of liquid saturation in cotton fibers under four different advancing contact angles, (𝐾 = 7 × 10−11 m2, 𝑐𝑟 = 6.97 μm, 𝜀 = 0.53, 𝛾𝐿 = 20.10 mN∕m, 𝜃𝑎 =
0◦–80◦, 𝜌𝑙 = 684 kg∕m3, 𝜇𝑙 = 0.402 × 10−3 Pa s).

by increasing the available void space, whereas lower porosity restricts 
infiltration and reduces absorption capacity.

In this subsection, while other parameters such as fluid density and 
viscosity, have not been explicitly analyzed, a systematic approach has 
been proposed to evaluate the impact of various factors on the infil-
tration process. This method enables both qualitative and quantitative 
assessments of the influence of individual parameter changes on the 
results. By isolating and examining each parameter individually, the 
approach provides a clear framework for understanding their effects. 
This framework can be extended to study additional physical and 
material properties in future analyses.

5. Conclusions

Using a numerical framework combined with experimental data, 
this research explores capillary-driven flow behavior in fibrous porous 
media. Through an inverse analysis approach, it determines the perme-
ability values for various liquids and analyzes the effects of multiple 

parameters on liquid saturation and mass absorption dynamics. The 
findings are summarized as follows:

1. The simulations were compared with experimental data, and 
permeability values for different liquids were determined using 
an inverse analysis approach. For example, the permeability 
values for n-heptane and water were estimated as 𝐾 = (7.0 ±
0.5) × 10−11 m2 and 𝐾 = (6.5 ± 0.5) × 10−11 m2, respectively. 
These differences reflect variations in liquid transport within the 
fibrous porous medium.

2. Based on simulation data, the wicking velocity of different liq-
uids in the porous medium was calculated, followed by the 
determination of the corresponding capillary numbers. The re-
sults show that the capillary numbers for n-heptane, water, and 
glycerol are 4.91×10−5, 1.61×10−5, and 1.42×10−4, respectively.

3. The effects of liquid surface tension, advancing contact angle, 
and porosity on infiltration behavior were individually examined 
through simulations, with the capillary number used for quanti-
tative analysis. Lower 𝐶𝑎 values generally correspond to faster 
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Fig. 15. Simulation results of liquid saturation in cotton fibers under four different porosities, (𝐾 = 7 × 10−11 m2, 𝑐𝑟 = 6.97 μm, 𝜀 = 0.1–0.9, 𝛾𝐿 = 20.10 mN∕m, 𝜃𝑎 = 0◦, 𝜌𝑙 = 684 
kg∕m3, 𝜇𝑙 = 0.402 × 10−3 Pa s).

liquid absorption, particularly under higher surface tension and 
smaller contact angles.

In conclusion, this study presents a comprehensive analysis method-
ology that integrates experimental and simulation approaches, shed-
ding light on the multi-factor interactions driving capillary flow in 
fibrous porous media. By quantitatively linking interfacial properties 
(e.g., surface tension and contact angle) to saturation dynamics via the 
capillary number, this work offers a physicochemical perspective on 
capillary transport phenomena. These findings contribute to a broader 
understanding of liquid–solid interactions at the microscale and provide 
theoretical support for future studies in colloid and interface science. 
Beyond its practical relevance to material design and process optimiza-
tion, the work also advances fundamental insights into wetting-driven 
flow behavior in porous structures.
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Appendix A. Example of saturation distribution at a single time 
step (with axis labels)

To provide a clear representation of the spatial distribution of 
saturation, Fig.  16 shows the n-heptane saturation (volume fraction of 
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Fig. 16. Spatial distribution of n-heptane saturation (volume fraction) in cotton fibers 
at 𝑡 = 1 s.

liquid) in cotton fibers at 𝑡 = 1 s. This corresponds to one of the selected 
time points shown in Fig.  3 and is presented here separately with full 
axis labels for clarity. The horizontal axis (X) and vertical axis (Y) 
represent the width and height of the computational domain, respec-
tively, with units in meters (m), consistent with the geometry shown 
in Fig.  2. The colorbar indicates the volume fraction of liquid, which 
is a dimensionless variable ranging from 0 (dry) to 1 (fully saturated), 
divided into multiple color levels for improved visual resolution.

In this study, Figs.  3, 4, 7, 11, 13, 14, and 15 display side-by-side 
subplots at multiple time steps to highlight the temporal evolution of 
saturation. As the horizontal axis in these composite figures does not 
correspond to a physical dimension, 𝑋-axis labels are omitted. Fig. 
16 provides a representative field plot at a single time point to assist 
readers in understanding the actual spatial dimensions of the saturation 
field.

Appendix B. Influence of contact angle variation on capillary in-
filtration

To further assess the sensitivity of the model to variations in contact 
angle, a series of numerical simulations were conducted, with the 
advancing contact angle 𝜃𝑎 systematically varied from 0◦ to 80◦, while 
all other parameters were kept constant. The entry capillary pressure 
boundary condition used in the simulations is defined as: 

𝑃cap = (𝑐𝑟)𝜀
𝛾𝐿𝑐𝑜𝑠𝜃𝑎
4𝐾

(25)

This expression shows that capillary pressure decreases as the contact 
angle increases, due to the cos 𝜃𝑎 term. As 𝜃𝑎 increases from 0◦ to 90◦, 
cos 𝜃𝑎 decreases monotonically from 1 to 0, which directly reduces the 
driving force for infiltration.

The simulation results are presented in Fig.  17, showing the evolu-
tion of the square of absorbed mass (Mass2) over time for each contact 
angle. Several key trends can be observed: (1) When the contact angle 
is below 30◦, infiltration behavior remains relatively consistent, with 
similar absorption rates and final liquid uptake; (2) For angles greater 
than 40◦, the infiltration slows significantly, and a saturation plateau 
appears earlier in the simulation; (3) At 𝜃𝑎 ≥ 70◦, the liquid barely pen-
etrates the fiber structure, and the absorbed mass curve rapidly flattens, 
indicating near non-wetting behavior. Additionally, an increase of just 
10◦ in 𝜃𝑎 results in noticeably different curve trajectories, highlighting 
a magnified dynamic effect of the capillary pressure change.

These results demonstrate a nonlinear sensitivity of the infiltration 
process to contact angle. Although the general trend follows the cos 𝜃𝑎
dependence, the effect accumulates over time, leading to substantially 
inhibited capillary uptake once a threshold angle (around 50◦–60◦) is 
exceeded. This finding also suggests that even small local variations in 
contact angle (e.g., 2◦–5◦), as may occur in real fibrous materials, can 
result in differences in local wetting behavior and absorption efficiency.

Fig. 17. Simulated evolution of square of absorbed liquid mass for different advancing 
contact angles 𝜃𝑎 ranging from 0◦ to 80◦.

Data availability

Data will be made available on request.
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