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Abstract 

In Engineering studies, the flow through porous media is an active subject of research 

due to its practical applications. The applications include liquid composite moulding 

techniques, industrial wicks, hygiene products, industrial filtration etc. The 

computational modelling of flow through porous media is often based on a single-

phase or multiphase continuum using Darcy’s law under rigid or swelling conditions. 

The computational models of fluid flow through porous media help to design and 

optimise for different engineering applications such as industrial wicks, baby diapers, 

paper towels, liquid composite moulding processes and heat pipes. The swelling of 

porous media as a result of liquid absorption by solid particles considerably affects the 

fluid flow through porous media. As a result, the resistance to fluid flow through 

porous media increases due to a reduction in the porosity and permeability of porous 

media.  

Hence, the assumption of rigid porous media while developing the computational 

models is not always correct. The exclusion of swelling effects could lead to a serious 

error in the predictions from the developed computational model in terms of liquid 

front positions. Hence the inclusion of swelling effects in computational modelling is 

crucial and very few works are attempted to model such a flow condition. Further, for 

the computational modelling of capillary pressure effects, the available multiphase 

approaches are based on multiple fitting parameters. These parameters need to be 

measured experimentally or estimated analytically which makes it challenging to 

implement. The resulting computational model would not predict the liquid front 

accurately if the correct values of these fitting parameters are not known. 

In this study, a novel methodological approach is proposed which allows us to account 

for the swelling and capillary pressure effects within the porous media. The novel 

combination of the Finite Volume Method and Volume of Fluid method (FVM-VOF) 

is used for the first-time to model the liquid absorption and swelling effects within 

porous media. The proposed methodological framework allows us to model the 

swelling and capillary pressure effects within porous media precisely with lesser 

fitting parameters. The use of the volume of fluid method helped to track the liquid-

air interface accurately under different working conditions. 
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The computational models are developed for the different flow scenarios. For the case 

of flow-through non-absorbing swelling porous media, the modelling approach is first 

validated against the experimental data obtained from the literature. Further, 2D 

computational models for the liquid composite moulding process (LCM) are 

developed and studied. The results demonstrated the effects of permeability and the 

number of inlet gates on the mould fill times. The proposed methodology is further 

extended to model the flow through rigid porous media under absorbing conditions. A 

new analytical model predicting the liquid front locations under draining conditions is 

proposed. A novel boundary condition allowing us to model the liquid holdup within 

porous media is proposed. The effect of gravity and the size of the porous domain have 

a significant effect on the liquid front locations under different values of capillary 

pressures. The swelling behaviour of the cotton fabric is studied experimentally. A 

novel method of measurement of porosity changes as a result of swelling is proposed. 

The experimental results for the porosity changes highlighted the limitations of 

analytical models which are used to predict the porosity changes. The new correction 

factors for the existing analytical model are proposed and validated.  These factors 

account for the inter-fibre interactions within the woven fabrics The results related to 

liquid absorption performance tests revealed that gravitational effects along with the 

swelling effects considerably affect the liquid absorption performance of fabrics. 

Finally, the computational models are developed for the case of flow-through swelling 

porous media under absorbing conditions. The model is developed using the data 

obtained from experiments. The model is further extended for the case of the flow-

through single-layered and multi-layered diapers. It was observed that the changes in 

the permeability of layers considerably affect the liquid front shapes within the porous 

media. The outcomes from this study would help researchers to model the swelling 

and capillary pressure effects accurately with few basic input parameters. The 

proposed approach has demonstrated its ability to model the applications of forced 

imbibition in swelling conditions such as Liquid Composite moulding processes used 

to manufacture composites. The proposed approach can be used to model the 

applications such as industrial wicks, tissue papers, paper napkins, and hygiene 

products where flow is dominated by capillary forces and swelling effects in some 

cases.  
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Chapter 1 Introduction 

1.1 Introduction to Project 

Porous media is a broad term that refers to a wide variety of substances; the most 

common are fibrous aggregates such as cloth, catalytic supports and filter paper with 

micro-pores, Industrial wicks and filtration beds formed of granular porous media and 

porous rocks such as dolomite and limestone (Bijeljic, 2000). Porous materials are 

used in a wide range of engineering and science applications including textile, 

automotive, civil, geophysics, hydraulics, petroleum, and chemical engineering. They 

are also used in a variety of hygiene products such as diapers and wipes. The 

applications mentioned above are heavily dependent on the properties of porous 

materials such as porosity and permeability (Dullien and Brenner, 2012) (Liu and 

Chen, 2014). 

The spontaneous movement of liquids through porous materials is called 

“imbibition”. For nearly a century, the imbibition in porous media has been a topic of 

great interest for engineers and scientists due to its practical importance and inherent 

complexity (Bell and Cameron, 2002). The imbibition is also known as wicking, and 

this can also be aided by externally applied pressure as in the case of the liquid 

composite moulding (LCM) processes (Advani, 2018) (Bickerton et al., 2013). The 

best examples of wicking flow applications are tissue paper, industrial wicks, napkins 

and paper-based devices etc.(Patari and Mahapatra, 2020) (Beyhaghi et al., 2014). 

Natural fibres are now being used in a variety of engineering applications ranging from 

automotive industries to hygiene industries due to their cost-effective and 

environmentally friendly properties (Dhaliwal, 2019). The natural fibres undergo 

swelling upon absorption of the wetting liquid. Fibre swelling is an important 

parameter that effects on the imbibition through porous materials. As a result of 

swelling the porosity and permeability of porous materials reduces causing the 

increased resistance to flow (Melciu and Pascovici, 2016) . The swelling effect has 

opened a new dimension of research aiming at analytical and computational fluid 

dynamic (CFD) modelling of imbibition process. 

The CFD modelling of flow through porous media is an effective tool to analyse, 

optimise and verify the performance of different industrial applications. A variety of 

methodological frameworks are used to model the flow through porous media under 
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different conditions. Various deserialization methods for flow governing equations 

such as Finite element Method (FEM), Finite Volume Methods (FVM) Finite element 

Control Volume (FE-CV) etc. have been used to model single and multiphase flow 

through porous media. For example, for modelling the swelling effects the Finite 

Element Control Volume method (FE-CV) has been used with in-house-built codes 

(such as PORE-FLOW by the University of Wisconsin -Milwaukee (Raoof et al., 

2013), LIMS© by the University of Delaware (Simacek et al., 2004), PAM-RTM© by 

ESI group etc) with limited availability (Masoodi et al., 2012a). Further, Finite 

Volume Based solvers are widely used to model the flow at the pore-scale to 

understand the interaction between liquid and porous structures (Pinilla et al., 2021) 

(Liu and Wu, 2016) (Jeong et al., 2017) (Molins et al., 2012). Numerous other 

examples of CFD modelling of flow through porous media can be found in the 

literature such as Li et al. (2016a) simulated the flow of heat pipe using, Pooyoo et al. 

(2014) modelled the interaction between waves and perforated plates using Finite 

Volume based methods. The CFD can be used as a tool to design and optimise 

engineering applications that use porous media. For example, the CFD modelling of 

liquid composite mould filling is used to design the moulds, and the modelling of 

wicking flow through industrial wicks would help engineers to analyse the delivery of 

a specified amount of liquid to the top of the wick (Tan and Pillai, 2010) (F. Zarandi 

and Pillai, 2021). The flow of liquid through absorbing porous media can be viewed 

as a system of multiphase flow where non-wetting fluid gets displaced by wetting 

fluid. This flow scenario is mostly modelled by the two well-known multiphase 

approaches based on the Richards Equation and Eulerian-Eulerian method. The 

models based on these two approaches are popular in the computational modelling of 

capillary-driven flow in porous media (Pachepsky et al., 2003) (Zarandi et al., 2018) 

(Azhar and Sanyal, 2019). These two models are based on several fitting parameters 

which make them challenging to implement to model even a simple flow scenario.  

The present study focused on the development of a new methodological framework to 

model the flow through a porous medium under the following different flow scenarios; 

a) the flow through non-absorbing swelling porous media b) the flow through 

absorbing porous media under rigid conditions c) flow through absorbing porous 

media under swelling conditions. The Volume of the fluid method along with the Finite 

volume method (FVM-VOF) is used for the first time to model the above cases. Firstly, 
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to model the flow through a swelling porous medium under non-absorbing conditions, the 

work conducted by Masoodi et al. (2012a) is extended. Chapter 6 includes 

computational models for a 1D flow scenario where the liquid front moves in only a 

single direction (rectilinear flow case). The developed models are validated against 

the experimental data from the literature. In real-world LCM applications where the 

liquid injection takes place from a point source within the mould results in the circular 

liquid front pattern. This case of mould filling is treated as a 2D flow scenario. Further, 

the validated models are extended to simulate the mould-filling process. The 

combination of FVM-VOF is further extended to model the flow through absorbing 

porous media under rigid conditions. The computational models for 1D,2D and 3D 

flow cases are developed and validated. A new boundary condition to mimic the liquid 

holdup within porous media is proposed as presented in Chapter 7. The experimental 

investigation of the swelling performance of the cotton fabric is conducted as 

presented in Chapter 4. Finally, to extend the method for the case of flow-through 

absorbing porous media under swelling conditions, the computational models are 

developed using the experimental data and extended for the case of flow-through 

diaper-like geometries presented in Chapter 8. 

1.2 Motivation for the study 

The swelling effect is one of the major key parameters that affect liquid imbibition in 

porous media. As a result of swelling, the pore size reduces which results in increased 

resistance to flow. In other words, the capillary pore radius, porosity, and permeability 

are the function of location and time. The exclusion of this effect leads to serious errors 

in the prediction of liquid front locations. Only a few researchers have studied this 

effect by analytical and experimental approaches. Masoodi et al (2011) (2012a) 

(2012b) in their efforts modelled the flow through a swelling porous medium under 

absorbing and non-absorbing conditions. The overall study included the modelling of 

the 1D flow (rectilinear flow) cases only. The assumption of 1D flow simplifies the 

mathematical models governing the process However in practice, the flow scenarios 

are not limited to a 1D scenario which makes it limited to use. The liquid mould filling 

process is more complex than just 1D flow scenario. The mould sometimes consists 

of multiple injection ports which results in circular flow front patterns (2D flow case) 

at beginning. Moreover, the series of experiments need to conduct to design and 

optimise moulds which is time consuming and costly. For the case of flow-through 
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non-absorbing swelling porous media, the literature review highlighted the need for 

computational modelling by considering the 2D flow scenario which resembles the 

actual mould-filling process in LCM applications. Besides, the assumption of single-

phase flow limits its application where heat transfer between two fluids needs to be 

included in the model. Single-phase assumption limits the extension of the model for 

the cases of multifluid systems. 

Further, for the case of flow-through absorbing porous media under rigid conditions, 

several researchers modelled the liquid absorption process in porous media using 

either a single-phase or multiphase approach. As mentioned in the reviewed literature, 

to model the flow using the multiphase approach using existing frameworks based on 

Richard’s equation and the Eulerian-Eulerian method, the resulting computational 

model requires a lot of fitting parameters such as relative permeability, relative 

viscosity, entry pressure for wetting phase. Hence, one cannot model the liquid 

absorption process accurately if one of these parameters is missing. To get these 

parameters one needs to conduct a series of complicated experiments (Diersch et al., 

2011). Also, there is still a gap in knowledge when the liquid is being absorbed in 

porous media for the following conditions: 1) Where capillary forces act in the 

direction of gravity 2) Where capillary forces are acting in both directions (the 

combination of wicking and drainage flow). The study of these flow scenarios would 

help to understand the details of flow within real-world applications such as diapers, 

napkins, sanitary products etc which is hard to study experimentally. Also, limited 

data is available for the case of flow-through absorbing porous media under swelling 

conditions. The data includes changes in fibre diameter, porosity and permeability as 

a result of swelling. The literature showed that to model all these different flow 

scenarios, mostly the Finite Element Method based modelling approaches are adopted. 

However, the majority of researchers used inhouse built code with limited features, 

and the flow is assumed as single-phase flow only which limits the applicability of 

their method. For the case of liquid absorption modelling, the available multiphase-

based approaches are hard to implement due to their complexity. There is still a gap 

in knowledge about the applicability of other multiphase modelling approaches such 

as the Finite volume and Volume of Fluid methods to model the above-mentioned 

flow scenarios.  
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The major advantage of modelling these scenarios would help engineers to design and 

optimise real-world applications such as composite moulding processes, industrial 

wicks, tissue papers and hygiene products such as diapers, and sanitary napkins whose 

computational modelling is rarely done, in the reviewed literature. The development 

of computational models helps to minimise the reliance on on-field experiments to test 

the products under different working conditions. The computational modelling would 

save both time and costs associated with product design Hence, the present work will 

focus on the modelling of the flow in liquid absorbing and non-absorbing swelling 

porous media using the combination of Finite Volume and Volume of fluid method. 

The use of the volume of fluid method will allow us to model and track the liquid-air 

interface efficiently. The modelling of these scenarios would help us to understand 

and study the factors which are experimentally hard to determine such as pressure and 

velocity distribution throughout the domain. This is the first time when the Volume of 

Fluid method is used to model the different flow scenarios through swelling porous 

media. The assumption of multiphase flow would help to understand the interactions 

between phases in isothermal conditions and it can be easily extended to model non-

isothermal conditions as well. Another important advantage of the proposed approach 

is that any commercial software based on the Finite Volume Method can be used to 

model swelling and capillary pressure effects. 

1.3 Aims and Objectives 

The swelling of fibrous porous media opened a new dimension in the modelling of 

liquid transport in porous media. The swelling mechanisms occur during the 

interaction of water or bio-resin with environmentally friendly fibres such as bamboo 

etc. During the liquid absorption process, the porous materials may undergo some 

morphological changes due to fibre swelling. The exclusion of this effect from 

numerical simulations could lead to serious errors. Hence, gaining a possible clear 

picture of fluid motion through a swelling porous medium is a prerequisite for different 

applications such as the development of Liquid Composite Processes, hygiene 

products and the paper industries to determine the liquid hold-up capacity. 

The first aim of this research is to develop computational models to accurately capture the 

liquid-air interface in different flow conditions such as flow-through non-absorbing and 

absorbing porous media under a) rigid and b) swelling conditions. The second aim is to 

investigate the performance of the porous material experimentally for different working 
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conditions that are not evident in the literature. The obtained data then will be used to 

validate the numerical models wherever required. Finally, the validated models will be 

used to investigate the performance of porous media under different conditions that are 

similar to real-world applications such as paper towels or diapers. 

The following are the objectives to reach the aims: 

1. To identify the current gaps of different methods used to model the flow 

through porous media under swelling conditions. 

2. To develop the computational models for the different flow scenarios and 

validate them using the analytical approaches and experimental data obtained 

from the literature. 

3. Experimentally investigate the performance of liquid-absorbing materials 

according to a set of experiments. The main aim of this part is to obtain the 

experimental data to validate the computational models. 

4. Extending the validated modelling framework to model the different case 

studies which deal with real-life applications such as flow inside a mould, 

diapers etc. 
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1.4 Statement of the Distinctiveness and Contribution to the Area of 

the Study 

This research, for the first time, uses the combination of Finite Volume and Volume 

of Fluid method to model the flow-through liquid absorbing swelling porous media. 

The research proposed a novel methodological framework to model the flow through 

swelling porous media under non-absorbing and absorbing conditions. The proposed 

methodology is employed to model real-world applications such as Liquid composite 

moulding, Industrial wicks and diapers. Unlike other available simulation tools, the 

proposed methodology can be applied to any commercial software based on finite 

volume methods. In this research, a new experimental method to measure porosity 

reduction is proposed. The proposed method allows us to track real-time changes in 

porosity as a result of swelling. This is followed by image processing that includes 

tracking the changes in the pore area of the unit cell at different time values This is the 

first time when real-time changes in porosity as a result of swelling are recorded and 

analysed. 

This research will present extensive numerical simulations, experimental work, and 

an in-depth analysis of the results. The work proposes a novel approach which can be 

used to model the flow in swelling porous media under absorbing and non-absorbing 

conditions. The application of the proposed approach would allow us to track the 

liquid-air interface, pressure, and velocity distribution throughout the entire domain. 

Experimentally, these details are sometimes difficult or impossible to obtain. The 

comparison between numerical and experimental data will provide reliable and 

verified results which would help computational fluid dynamics to predict the 

performance of porous media accurately under different flow scenarios. 

The outcomes of this research have applications in several areas. Firstly, in the 

industries such as pulp and paper industries where the understanding of the wicking 

performance of porous materials leads to a cost-effective way to increase the 

performance of the products. The different aspects of the wicking are important 

depending upon the applications such as mass/volume of liquid absorbed within the 

wicks, rate of wicking, wicking height and so forth. Hence computational modelling 

of such processes is an effective tool to study wicking performance. Secondly, the 

modelling of the swelling effect would help engineers design and optimise the liquid 



 

8 

 

Composite Moulding (LCM) processes. In LCM processes, the number of inlet and 

outlet ports needs to be decided based on the flow front location of impregnating fluid 

and designing the liquid injection system based on the changes in working pressure 

within the system and similar aspects. Further, for the case of hygiene products such 

as diapers, paper towels, and sanitary pads the modelling of the swelling effect would 

be helpful to investigate liquid absorption performance which would help engineers to 

optimise the existing design of these products. 
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1.5 Overview of thesis  

The thesis starts with an introduction in Chapter 1 and a current-state-of-the-art 

literature review in Chapter 2. The review is mainly focused on present models and 

approaches used to model the flow through swelling porous media. The conclusion of 

chapter 2 identifies the current research gaps in the modelling and simulation of flow 

through swelling porous media. 

Chapter 3 describes the analytical models of forced and natural imbibition. In this 

chapter the analytical models of wicking flow for 1D,2D and 3D are studied and 

corrected wherever needed.  

The performance of the cotton fabric is experimentally investigated in Chapter 4. The 

measurement of changes in fibre diameter, porosity and permeability are described in 

detail. This is followed by a detailed analysis of liquid absorption within the cotton 

sample under a constant liquid head whose computational models are developed in 

Chapter 8. 

Chapter 5 outlines the proposed novel numerical framework used in this study. The 

governing equations of fluid flow through porous media are described in detail. The 

methodology for modelling swelling effects and capillary pressure effects is described 

in detail.  

Chapter 6 presents the computational results obtained for the case of non-absorbing 

swelling porous media. The boundary conditions along with the physical domain for 

validation and case studies. The chapter compares the effect of swelling on the liquid 

front in isotropic and orthotropic conditions. Additionally, it analyses the effects of 

inlet position on the total mould fill time. Chapter 7 presents the computational results 

for the case of rigid absorbing porous media. The chapter describes the results for the 

1D, 2D and 3D wicking flow. Finally, the chapter describes the details of the newly 

proposed boundary condition. 

Chapter 8 presents the computational results from a developed model for the case of 

absorbing swelling porous media. The developed model is based on the combination 

of methodologies used for chapters 6 and chapter 7. Interesting case studies are 

presented in this chapter that focuses on the flow-through hygiene products. 



 

10 

 

Finally, the thesis is concluded in chapter 9 using the results from the proposed 

numerical framework, and limitations. The suggestions for future studies are provided 

lastly. 

  



 

11 

 

Chapter 2 Literature Review 

2.1 Fundamentals of flow through porous media 

A porous material is a structure containing pores (voids). These pores are filled with 

single or multiple fluid phases (gas or liquid). The porous media are most characterised 

by their porosity (ε). The porosity is the fraction of the bulk volume within porous 

media that is occupied by void space or pores. The other properties of the porous media 

(e.g., permeability, capillary pressure) are usually derived using the media porosity 

and pore structure and its respective constitutes (fluid and solid matrix) (Aboukhedr, 

2019). Some practical applications where flow through porous media is important are 

listed below in Table 2.1. 

Table 2.1 Practical applications where imbibition plays an important role 

Application Description 

Textiles Interaction of liquids and garments 

Absorption Removing liquids from a surface 

Oil recovery Displacement of oil by another immiscible liquid 

Polymer composites Invasion of voids in a preform by a resin 

Hydrology Moving groundwater from wet to dry areas of the soil 

Printing process Ink penetration into paper or coating a paper 

Surface chemistry Contact angle measurement 

The flow-through porous media is described by the well-known Darcy’s law which 

relates the flow rate to the pressure drop (∆p) for the one-dimensional single-phase 

flow through a porous medium with a length of (∆x). Darcy learned that the flow rate 

through the porous medium is proportional to the pressure gradient along the length. 

Darcy’s equation to calculate the flow rate q for horizontal, linear, single-phase flow 

is, 

 
𝑄 =  −

𝐾 𝐴

𝜇
 
∆𝑝

∆𝑥
 

2.1 

Where K is permeability, A is the cross-sectional area of the porous sample, µ is the 

viscosity of a fluid, p is pressure, ∆x is the length of the porous sample and Q is the 

volumetric flow rate. The flow of the fluid through a porous medium depends on the 

cross-sectional area A that is normal to the flow direction, the pressure difference ∆p 
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across the length of the flow path. Darcy’s velocity is defined as v= Q/A. Darcy’s law 

later generalised for three-dimensional flow as: 

 
𝑣 =  

𝐾 

𝜇
 . (∇𝑝 − 𝜌𝑔) 

2.2 

 

Figure 2-1 The different types of porous materials  

The proportionality constant K in above Eq. 2.2 is called permeability. If the above 

equation is rearranged and dimensional analysis is performed, we see that unit of the 

permeability has the dimensions of area (L2), where L is the unit of length. The area-

related unit (L2) is related to the cross-sectional area of the pore throat that connects 

two pores within porous media. Hence, a relatively larger pore throat relates to the 

larger values of permeability (Aboukhedr, 2019). The permeability of the porous 

media is a function of the geometry and porosity (ε). of the porous media. An extensive 

set of works can be found in the literature to predict the permeability of the porous 

media theoretically. Table 2.2 shows the empirical formulas available to estimate the 

permeability. These formulas are generally in the following form, 

 𝐾 = 𝐷2𝜑(𝜀)  2.3 

where φ(ε) is the function of the porosity of porous media. 
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Table 2.2 The relations for φ(ε) for porous media made up of packed fibres, where c is a constant that depends on 

the structure of porous media cited in Masoodi and Pillai (2010) 

Author and Year  Proposed relation for φ(ε) 

Davies (1952) 𝑐
1

(1 − 𝜀)1.5[1 + 56(1 − 𝜀)3]
 

Chen (1955) 𝑐
𝜀

(1 − 𝜀)
 ln

0.64

(1 − 𝜀)2
 

Bruschke and Advani (1993) 

𝑐
(1 − 𝜂)2

𝜂3

(

 
3𝜂 ⋅ tan−1√

1 + 𝜂
1 − 𝜂

√1 − 𝜂2
+
𝜂2

2
+ 1

)

 

−1

 

where 𝜂 =
4

𝜋
(1 − 𝜀) 

Gebart (1992) 𝑐 (√
1 − 𝜀𝑚𝑖𝑛
1 − 𝜀

− 1)

5/2

 where 𝜀min = 1 −
𝜋

2√3
 

 

2.2 Imbibition in porous media 

Imbibition through heterogeneous porous media has gained importance due to its 

practical importance and inherent complexity in engineering applications. Imbibition 

is defined as the displacement of one fluid by another fluid within porous media. It is 

observed in a variety of everyday processes ranging from textile and paper treatment 

to groundwater and oil recovery (Melciu and Pascovici, 2016). If the imbibition 

happens as a result of the capillary effect, then it is called absorption or wicking. 

Wicking is considered a major factor contributing to the performance of industrial 

absorbing materials, such as diapers, wipes, and commercial wicks (Masoodi et al., 

2010) (Chatterjee and Gupta, 2002). Figure 2.2 below shows an example of the 

wicking in the fibrous wicks. 
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Figure 2-2 Wicking in industrial wick (Zarandi and Pillai, 2021) 

 

Figure 2-3 Injection of resin in a mould filled with fibres  

The imbibition may also be the result of the application of the externally applied 

pressure. As shown in Figure 2.3, an example of liquid imbibition due to the 

application of external pressure is the liquid composite moulding process (LCM) used 

for manufacturing the polymer composites in which the resin at a prescribed pressure 

is forced into a fibrous preform. In this case, sometimes, the effect of the capillary 

pressure is neglected as the range of working pressures is higher than the resulting 

capillary pressure (Pillai, 2002) (Pillai, 2004) (Roy and Pillai, 2005). 

2.2.1 Capillary pressure  

The capillary pressure is a result of the partial negative pressure created at the liquid 

flow front as a result of the wicking phenomena. The difference in the surface energies 

of wet and dry solid matrices results in the generation of the capillary force at a solid-

liquid interface. As a result, the liquid is pumped/pulled within the porous materials. 

The capillary forces arise due to the mutual attraction of liquid molecules and the 
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adhesion of these molecules to the solid medium. The wicking happens when the 

adhesion of dominates over the mutual attraction (Kissa, 1996) (Roy and Pillai, 2005). 

When the wetting fluid comes in the contact with non-wetting fluid, the capillary 

pressure at the interface is taken as the difference between the pressures across the 

interface between two immiscible phases, it is given by (Masoodi et al., 2007), 

 𝑝𝑐 = 𝑝𝑛𝑤 − 𝑝𝑤 2.4 

Where pc is capillary pressure, pnw is the pressure within a non-wetting fluid, pw is the 

pressure within a wetting fluid. The forces arising due to pressures within both phases 

are balanced as, 

 𝜋 𝑅𝑐
2 𝑝𝑛𝑤 =  𝜋 𝑅𝑐

2𝑝𝑤 + 𝛾 cos 𝜃(2𝜋𝑅𝑐) 2.5 

Where γ is the surface tension, Rc is the radius of the capillary tube. Combing equations 

2.3 and 2.4 leads to the well-known Young-Laplace expression to calculate the 

capillary pressure in a tube, 

 𝑝𝑐 =
2𝛾 cos 𝜃

𝑅𝑐
 2.6 

The estimation of the capillary radius is one of the biggest challenges when applying 

the Young-Laplace equation to calculate the capillary pressure within porous media 

(Masoodi and Pillai, 2010). This equation assumes that the porous media is a bundle 

of identical aligned capillary tubes of radius Rc. However, real porous materials with 

interconnected tortuous paths are not like bundles of identical capillary tubes. Hence, 

some assumptions must be made to calculate the equivalent capillary radius for the 

real porous media. The accurate method to calculate the equivalent capillary radius is 

the capillary rise experiment, in which the capillary forces are balanced by the 

hydrostatic forces acting in opposite directions. Once the value of the capillary 

pressure is known, the equivalent radius can be calculated using Equation 2.5 

(Masoodi and Pillai, 2012a). 

The equivalent capillary radius can also be estimated by analysis of the microstructure 

of the porous materials. Some researchers used the approach that is based on fitting 

the circles in the pore spaces and suggested taking corresponding radii to equivalent 

capillary radius. Masoodi and Pillai (2012a) used the energy balance approach to 

propose the generalised form to estimate the capillary pressure as a function of the 
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microstructure of porous media. The proposed expressions to estimate the capillary 

pressure are given by, (Masoodi and Pillai, 2012a) 

i. Flow across a Bank of the same Radius Fibres 

 𝑝𝑐 =
1 − 𝜀

𝜀

γ cos 𝜃

𝑟𝑓𝑏
 2.7 

where rfb is the radius of fibres. 

ii. Flow across a Porous Medium made of spherical particles 

 𝑝𝑐 = 3
1 − 𝜀

𝜀

γ cos 𝜃

𝑟𝑠𝑝
 2.8 

where rsp is the radius of particles. 

2.2.2 Swelling porous media 

In the past few decades, industries have started to use natural fibres because of their 

environmentally friendly advantages such as biodegradability, enhanced energy 

recovery, and reduced tool wear in machining operations. The application of natural 

fibres ranges from hygiene industries to composite manufacturing industries (Rowell 

et al., 1997) (O’Dell, 1997). 

The fibre swelling phenomenon is an important factor that affects the 

wicking/imbibition rate in many industrial applications such as diapers, papers, wipes, 

and napkins. The swelling happens due to the absorption of the liquid by constituent 

particles of fibrous porous media when they come in contact with water or organic 

liquids. The swelling changes the wickability and wettability of the porous media. The 

swelling behaviour is an important factor and useful property in pulp and paper 

industries since it leads to liquid absorption within porous media. The amount of 

absorbed water by fibres varies from 6% to 100% of weight in dry conditions 

(Chatterjee and Gupta, 2002). This absorbed water changes the porosity, capillary 

radius, and permeability of the porous media. Swelling initiates when fibre starts to 

get wet and ends when the equilibrium state is reached. Hence, this is a transient 

process that causes the above-mentioned properties to change with location once the 

liquid front passes through it. In other words, the capillary pore radius, porosity, and 

permeability are the function of location and time. As a result, the governing equations 

(Darcy’s law, continuity, or momentum equation) should be modified to include the 
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swelling effects. In the thesis, modifications are made to the momentum equations to 

include the swelling effects.  

2.3 Multiphase flow through porous media 

The term multiphase flow covers a broad set of flow regimes and patterns, Such as the 

flow of two or more immiscible fluids through porous media. The fluid-solid tortuosity 

interaction within porous media can affect the flow behaviour of immiscible fluids. 

The co-existence of the immiscible fluid within porous media is differentiated by the 

terms wetting and non-wetting phase (Aboukhedr, 2019). The multiphase flow in 

porous media is driven by gravitational, viscous, and capillary forces. The 

gravitational force due to gravity causes the movement of the phases along the 

direction of the gravitational field. An example of the influence of gravity is the 

thermosolutal convection flow in the gaseous phase as a result of the density variations 

due to concentration and temperature gradients within the multiphase system. The 

capillary forces play a significant role in phase distribution within heterogeneous 

porous media. Finally, the viscous forces affect the relative motion of phase within 

porous media; the fluids with lower viscosity tend to move faster through porous 

media due to less viscous resistance to flow. Problems involving multiphase flow, 

mass and heat transfer in porous media occur in several engineering and scientific 

disciplines. Important technological applications include fluid separation in fuel cells, 

flow through textiles, heat pipes, enhanced oil recovery and carbon dioxide storage 

within porous media (Shams, 2018).  

The multiphase flow through macroscopic porous media is described by using the 

extended version of Darcy’s law introducing the saturation dependant parameter called 

Relative permeability. For the multiphase flow, the situation is complicated due to 

presence of the more than one phase. The secondary phase, depending on the structure 

of the porous medium, hinders the flow of the primary phase. Due to the co-existence 

of multiple phases within porous media, the interactions between phases and pore 

surfaces impose the restrictions on the amount of pore space a given phase can occupy 

(Baker et al., 2015). These interactions affect the flow behaviour within porous media 

see Figure 2-4 
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.  

Figure 2-4 Cross-section of pore highlighting the effect of the presence of two phases on the surface area and 

cross-sectional area for flow through a pore (Ahmed, 2019) 

The extended version of Darcy’s law for two-phase flow is given by, (α=nw for the 

non-wetting phase and α=n for the wetting phase) 

 𝑣𝛼 = 
𝐾𝛼
𝜇𝛼
. (∇𝑝𝛼 − 𝜌𝛼𝑔) 2.9 

where Ka is the saturation dependant effective permeability of the αth phase. This 

extension of Darcy’s law is established as the standard approach to calculating the 

specific fluxes in porous media. The effective permeabilities are measured directly 

with a set of experiments using small core plugs.  

To account for the effect of the presence of multiple phases within porous media, the 

term relative permeability is introduced. Relative permeability is the ratio of effective 

permeability to absolute permeability, 

 𝐾𝑟𝛼 = 
𝐾𝛼
𝐾

 2.10 

where krα is the saturation dependant permeability of αth phase for given saturation of 

phase Sα and K is the absolute permeability. The phase saturations of wetting and non-

wetting phase are given by, Sw and Sn. The phase saturations are related as, 

 𝑆𝑤 + 𝑆𝑛 = 1 2.11 

The relative permeability of the fluid depends on the saturation of the other fluids 

within the porous media as shown in Figure 2-5. At the residual water saturation (Sw 

= Swi), only oil will flow through the given pore. As the water saturation starts to 

increase, the flow of water will start causing the relative permeability to water will 



 

19 

 

increase and the relative permeability to oil will decrease. Finally, at residual oil 

saturation, the flow within the pore will be dominated by water causing a negligible 

flow of water causing the relative permeability to oil is zero. At this stage, the relative 

permeability of water will be maximum. In many cases, the relative permeability data 

for a given porous media may not be available. Hence, researchers proposed different 

analytical models for different scenarios. The details can be found in the literature 

(Ahmed, 2019). Also, based on the relative permeability formulation, the capillary 

pressure can be expressed as a function of the phase saturations. The analytical models 

can be found in the literature, among those, the Brooks-Corey model is the most 

commonly used to estimate capillary pressure, it is given by,  

 𝑝𝑐 = 𝑝𝑒(𝑆𝑒𝑞)
−1/𝑛𝑏   2.12 

where pe is entry pressure, Seq is a saturation of the wetting phase and nb is the pore size 

distribution index. 

 

Figure 2-5 The effect of water saturation on the flow and distribution of oil through a pore (Ahmed, 2019). 

2.4 Review of Experimental works related to swelling porous media 

There is some evidence of the experimental work that has been done to study the 

changes in permeability as a result of swelling. Rodríguez et al. (2008) experimentally 

studied the steady state and transient permeabilities of the jute fibre mats. The 

unidirectional flow setup was used to estimate the permeabilities in both rigid 

conditions and swelling conditions. During the experiments, it is observed that the 

permeability decreases in unsaturated conditions for the samples that have porosity 

values less than 0.75.  

There is a variety of experimental work done that focuses on the performance of 

fabrics, such as wettability tests, vertical and horizontal wicking tests, horizontal 
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spreading tests, moisture management, and forced flow tests. All these tests are used 

to predict the absorption and transport properties of woven fabrics. Wettability and 

vertical wicking test are the most common methods used for testing the fabrics (Tang 

et al., 2017). The permeability testing of the fabrics is studied by a few researchers, 

Oğulata and Mavruz (2010) proposed an analytical model to determine the 

permeability and porosity of the knitted fabric and conducted a series of permeability 

tests with an air permeability tester for a constant pressure drop of 100 Pa. Shih and 

Lee (1998) studied the effect of different arrangements of fibre on permeability. The 

study included the measurement of in-plane permeability for different structures of 

fabrics. Further, a microscale image analysis is done to observe the flow patterns. Xiao 

et al. (2012b) focused their work on the prediction of dynamic permeability. A series 

of experiments were done using an arrangement similar to an air permeability tester. 

The experimental results revealed the dynamic permeability is larger than the static 

permeability for loose textiles, and lower for tight fabrics. Patanaik and Anandjiwala 

(2009) conducted falling head permeability tests on non-woven flax fabrics and 

measured the pore size with a capillary flow porometer. The obtained results for 

velocity are then compared with a developed FEA model. Huang and Qian (2008) 

(2007) compared different test methods to measure the water vapour permeability of 

fabrics. The main objective of the work was to determine the thermal comfort 

properties of clothing systems. In their work, the results from the upright cup method, 

inverted cup method, dynamic moisture permeation cell method etc. are compared 

with a newly proposed method. The most of work related to permeability testing of 

fabrics is focused on air permeability testing to determine the comfort and air-

breathing characteristics. Although, some people studied the moisture absorption and 

wicking performance of the fabrics but there is a gap in knowledge of actual 

permeability of these fabrics. 

There are few studies on swelling measurement reported in the literature. Moore et al. 

(1950) investigated the swelling of cotton in water. The study included the 

microscopic investigation of changes in the cross-section of raw cotton fibres as a 

result of swelling. Also, their work includes a study of the changes in the circularity 

of the single fibre as a result of swelling. It is seen that for a single raw fibre the 

percentage change in the circularity ranges from 3.1 to 10.1% for mature and immature 

cotton fibres. This study is focused on the swelling performance of raw cotton fibres. 
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Hence, this work may not be useful to predict the porosity or permeability changes in 

the case of woven cotton fabrics. A few investigators, however, reported the prediction 

of changes in permeability as a result of fibre swelling. Masoodi and Pillai (2012b) 

experimentally characterised the effect of swelling on the jute fibres under different 

test liquids. The swelling of jute fibres is examined under the microscope to capture 

the changes in fibre diameter. Based on this work, Masoodi et al. (2012a) in their other 

efforts estimated the changes in the volumetric porosity and permeability with suitable 

analytical models. Further, to measure the changes in the permeability experimentally, 

a constant volume flow test setup is developed and changes in the inlet pressure are 

analysed to predict the real-time permeability changes. Later it is observed that for the 

shorter times the models based on estimated porosity and permeability changes 

showed good agreement with experimental results but for the longer times, the 

associated error increased. Similar work is done by Francucci et al. (2010) by 

considering humidity absorption. All these works mentioned above are done on the 

natural or conventional fibres used in composite materials. Also, there is limited data 

available for the changes in porosity as a result of swelling. Further, there are very few 

studies focused on the swelling measurement of cotton fabrics; the majority of the 

studies are focused on the reaction of cotton fibres with different chemicals. Cuissinat 

and Navard (2006) analysed the behaviour of the cotton cellulose fibres in water 

mixtures to observe the swelling and dissolution mechanisms such as ballooning. 

Ramadevi et al. (2017) investigated the swelling of cotton fibres as a result of 

treatments with aqueous glycine solutions. They analysed the effect of glycine solution 

treatments and their influence on the regain properties and cross-section morphology 

of cotton fibres. Their analysis included factors such as the effect of PH values of a 

solution on ribbon width, cross-sectional area and moisture regain.  

2.5 Review of Numerical modelling 

2.5.1 Numerical modelling of the flow-through non-absorbing swelling porous 

media  

The numerical modelling of LCM processes has been used by many researchers to 

determine the optimal process parameters such as inlet gates and vents and to minimize 

the total mould-filling time (Zade and Kuppusamy, 2019). Researchers adopted 

different numerical methods to study the different LCM processes. The LCM mould-

filling process is usually considered as the moving boundary problem while numerical 
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modelling. The LCM mould-filling process can be modelled by using two basic 

approaches. The first approach is the moving mesh approach, in which the domain 

near the liquid flow front is re-meshed during each time step (Saad et al., 2018). 

Coulter and Guceri (1988) developed the numerical code based on the boundary-fitted 

coordinate finite difference method and on the homogenized porous media approach 

to simulate the two-dimensional isothermal resin flow. A numerical model based on 

the boundary element method is proposed by Yoo and Lee (1996) and Um and Lee 

(1991) to simulate the mould-filling process. Chang and Hourng (1998) proposed the 

numerical model based on the Finite Element Method to study the non-isothermal and 

isothermal mould filling but the applications were limited to the rectangular mould 

geometries. All these numerical models mentioned above are based on the moving 

mesh approach. The accuracy of the moving mesh approach is good, but the major 

barrier in numerical modelling was the huge computational cost because, the 

numerical model with few thousand elements required many hours of the calculation. 

Also, it became difficult to handle cases where multiple injection gates and inserts are 

used (Saad et al., 2018).  

The second approach is the fixed mesh approach, where the liquid flow front tracking 

is done on the fixed unique mesh throughout the simulation. It is based on the finite 

element (FE) and control volume (CV) method. This method becomes 

computationally efficient for modelling the mould-filling process because of recent 

developments in computing one does not need to re-mesh the domain since the fixed 

mesh is used. Trochu et al. (1993) developed a numerical model based on 

nonconforming finite elements to simulate the mould-filling process. The flow front 

tracking in this method has been done using a fixed mesh scheme. The work included 

the development of numerical models for different mould designs such as rectangular 

mould, mould with inserts and obstacles and mould tested with multiple injection 

ports. The predictions from the proposed numerical models are validated against the 

experimental data for total mould filling time. Shojaei et al. (2003) used the Finite 

element control volume (FE/CV) method for the mould-filling simulations. In their 

work, the pressure equation was solved using finite element formulation while the 

flow front tracking was done using control volume formulation. The proposed method 

is extended to model the resin flow in different mould geometries to study the different 

injection strategies. The results showed switching injection methods lead to the 
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maximum reduction in total mould filling time and a minimum number of vents. The 

FE/CV method became the base for commercial software packages such as PORE 

FLOW, LIMS, RTM-Worx and PAM-RTM which have been applied to non-

isothermal flow (Bruschke and Advani, 1994). Lately, Saad et al. (2018) adapted the 

fixed mesh approach to model the Resin Transfer Moulding (RTM) process including 

the heat transfer effects and concluded that the optimisation of the locations for the 

injection gates is the practical way to minimise the mould fill time. Similar work is 

conducted by Boyard (2016), the work included a numerical simulation methodology 

that involves multiphysics and multiphase flow modelling using Finite difference and 

Finite volume methods.  

An alternative to the FE/CV approach is the Eulerian free surface modelling 

techniques to specify the flow front advancement. The volume of fluid method (VOF) 

is another method used by researchers to simulate the LCM processes. Porto et al. 

(2012) developed a CFD model based on the VOF method to simulate the RTM (Resin 

Transfer Moulding) and LRTM (Light Resin Transfer Moulding). The study is focused 

on the mould-filling times in both processes. The results showed that due to a higher-

pressure gradient, the LRTM process has less mould-filling time than RTM. Yang et 

al. (2015) developed a 3D model for compression resin transfer moulding (CRTM) 

using VOF and a dynamic mesh model. The resin flow is modelled employing source 

terms to the standard code. In addition to that, the deformation of the cavity is 

modelled as well. The developed model is used to analyse the relation between resin 

injection times and clamping forces. The results showed that while designing the 

mould for the CRTM process, the open gaps lead to lower clamping forces and fewer 

injection resin times. Using a similar approach, Yang et al. (2016) proposed a 3-D 

model for the resin infusion process. In both studies, the thickness of the preform is 

taken as a variable in the process, which leads to the use of the dynamic mesh method 

to account for the changes in preform porosity and permeability.  Zade and 

Kuppusamy (2019) recently developed 2D CFD models to simulate the mould-filling 

processes. The combination of the Finite Volume Method and Volume of Fluid 

Method is used to model the process. The main purpose of this work is to demonstrate 

the possibility of Ansys Fluent to perform mould filling simulations and to quantify 

the sensitivity of flow front propagation and mould filling time with respect to 

variation in raw material parameters. The results suggested using lower velocities of 
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resin during mould filling to avoid the micro voids also the mould fill time is directly 

proportional to the viscosity of the resin. Finally, the study highlighted the need for 

user-defined functions to model the advanced flow scenario during LCM mould 

filling.  

The adoption of the swelling effect into numerical simulation is rarely studied. 

Masoodi et al. (2012b) used FE/CV-based numerical simulations to study the effect of 

fibre swelling on the fluid flow in porous media. In their first efforts, a computer 

programme (based on the FE/CV approach) is used to model the wicking process in 

swelling porous media. The simulation utilised a novel form of the continuity 

equation, which included the effect of liquid absorption and fibre swelling in 

conjunction with Darcy’s law to track the flow front. They proposed a new method for 

estimation of the time-varying permeability which was used to modify the 

permeability of the element behind the moving flow front. The numerical model is 

used to predict wicking heights for the case paper strips with a different weight 

percentage of carboxymethyl cellulose (CMC). The results showed good agreement 

with experimental data with a maximum error of 10%. However, the study is limited 

to a 1D flow case, and the authors highlighted the need for a suitable numerical 

approach to reduce the errors. In this case, the thickness of the porous media (paper) 

was not constant as a result of swelling; however, the thickness of porous media is 

constant in LCM. Also, the permeability is assumed to be a function of time only. This 

limits the application of these approaches while simulating the LCM mould-fill 

process. 

Masoodi et al. (2012a) in further efforts, assumed constant thickness of porous media 

and a non-homogenous form of permeability to simulate the LCM mould fill process. 

The non-homogeneous local permeability and porosity functions are proposed which 

are based on the wetting time of fabric (porous media) that is K=K (x, t). The two 

common LCM cases (constant flow rate and constant injection pressure) are studied. 

The time dependant permeability was found using both indirect estimation and direct 

measurement. The numerical results obtained for isothermal; non-reacting conditions 

showed that the numerical models based on a measured value of permeability 

predicted accurate liquid front locations. The results demonstrated assumption of rigid 

porous media is not always correct. The limitation of their studies is the assumption 

1-D flow scenario, however, in practice, the flow scenarios are more advanced. Also, 
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the study lacks do not include the effect of orthotropic permeabilities on flow front 

propagation. A similar study is conducted by Francucci et al. (2014) using the finite 

element and volume of fluid method, but it was also limited to a 1D constant injection 

pressure case.  

2.5.2 Numerical work on the wicking in rigid and swelling porous media 

Wicking is the spontaneous absorption of liquid in a porous matrix under the action of 

capillary pressure. This flow scenario can be called the system of multiphase flow as 

it involves at least two phases: a wetting phase, which is the liquid that enters the 

porous domain, and a non-wetting phase, which gets displaced by the wetting phase. 

During the wicking process, the difference in surface energies of dry and wet porous 

matrix causes the generation of a capillary force at the fluid interface that moves the 

liquid or wetting phase into the porous matrix (Masoodi and Pillai, 2012a). Wicking 

performance is an important factor in absorbent porous materials, where the primary 

goal of the products is to absorb and retain the maximum amount of liquid (Masoodi 

et al., 2012c). 

There are two main mathematical models available to study wicking. The first and 

oldest approach is the Lucas-Washburn approach, which assumes the porous media as 

the bundle-aligned capillary tubes of the same radius. As a result of this model, a linear 

relationship is obtained between the absorbed liquid mass and the square root of the 

time when the gravity effect is negligible (Lucas, 1918). Szekely et al. (1971) proposed 

a modified version of the Lucas-Washburn equation based on the energy balance to 

include the gravitational and inertial effects and developed an ordinary differential 

equation that predicts the wicking rate. Further, Masoodi et al. (2008) proposed a 

method to improve the wicking predictions of polymer wicks by showing that the 

hydraulic and capillary radii should be measured separately when using the capillary 

model. Research has shown that the suggested equation is also valid for absorbing 

porous media (Masoodi et al., 2011). Although the Washburn equation is important 

for modelling absorption in porous media, it is limited to one-dimensional flow cases 

along the direction of capillary tubes. Furthermore, the equation relies on the 

assumption of straight flow paths of liquid and is not accurate for real porous media, 

which have complicated and random paths (Masoodi et al., 2011). 
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Another approach in mathematical modelling of the wicking flow in porous media is 

based on Darcy’s law, which proposes a simple relationship between pressure drop 

and averaged velocity of liquid while modelling the flow of water through a sand 

column. Darcy’s law is a well-established approach and it has been widely used to 

model the single-phase flow through porous media (Bear, 2013). To do so, first, 

Darcy’s law is coupled with the continuity equation to obtain the velocity and pressure 

fields. Masoodi et al. (2007) used Darcy’s law-based approach to model the wicking 

flow in porous media by imposing the capillary pressure at the liquid front. The 

capillary pressure is calculated using two different approaches. The First approach is 

based on the balance of viscous dissipation and surface energy, whereas the second 

approach assumes porous media as a bundle of capillary tubes. Zarandi et al. (2018) 

proposed a new theoretical model for the transversely isotropic porous media to 

predict the flow front locations using Darcy’s law approach. The results showed that 

the proposed model works best for the assumption of a fully saturated region behind 

the moving liquid front, but it fails to account for partial saturation effects due to the 

inhomogeneity of the porous media. Zarandi and Pillai (2021) in their latest efforts, 

investigated the effects of microstructure on the wicking performance of porous media 

by considering the three different types of wick structures; a) Sintered bed b) Fibrous 

wick (low porosity) and c) Fibrous (High porosity). The wicking predictions from the 

previously proposed analytical model for highly porous wicks were observed to be 

inaccurate due to the assumption of a sharp-liquid front. As result, they highlighted 

the need for numerical modelling of the wicking flow to study time-dependent 

wicking. 

The approaches mentioned above assume a single-phase formulation where only the 

liquid phase is considered. In the cases where wicking flow through porous media is 

considered a multiphase flow scenario, the existence of several phases leads to the 

formulation of a momentum balance equation that considers the multiphase effects on 

the fluid dynamics (Santagata et al., 2020). The Richards equation, which describes 

the motion of liquid in porous media, has been widely used in modelling soil 

mechanics problems, such as the moisture distribution in soil. The Richards equation 

is a reduced form of a complex two-phase fluid problem that uses variable capillary 

pressure in a partial differential equation (Wein et al., 2019). The Richards equation 

can be derived by applying the general Darcy’s law for two different fluids 
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simultaneously; hence such an approach can also be termed Darcy’s law-based 

approach. Note that in Darcy’s equation, the pressure is a single variable, but the 

Richards equation includes a term involving the moisture content. For a given porous 

material, the important term in the context of multiphase flow assumption is the 

saturation curve, which must be measured experimentally for different fluid 

combinations and fitted using non-linear empirical expressions. The Richards 

approach is hard to use if these parameters are not known, as complex experiments 

need to be done to measure the relative permeability, capillary pressure, and value of 

moisture diffusion coefficient (Diersch et al., 2011).  

Computational fluid dynamics (CFD) is an effective tool for predicting the 

performance of porous materials. CFD solvers, based on some mathematical models 

mentioned above, have been successfully used to model the wicking flow through a 

porous medium. Different methods are used to solve the sets of equations numerically, 

and many examples can be found in the literature. Among all methods, finite element-

based methods (FEM and FE-CV) are widely used to model wicking flow through the 

porous medium. The homogenized porous media approach has proven to have the 

capability to simulate complex flow processes in porous media, such as the ability to 

include swelling effects.  

Masoodi et al. (2011) developed Darcy’s law-based single-phase model using the 

finite element control volume method (FE-CV) to model the 3-D liquid imbibition into 

polymer wicks. The simulation results were validated against the experimental data as 

well as analytical solutions of Washburn and Darcy’s law. The developed numerical 

model is further extended to model the wicking process in wicks with variable cross-

sections. The numerical results showed the effects of sudden changes in an area on the 

total mass absorption of liquid by the wick. It is observed that reducing the wick 

diameter at the correct places allows for controlling the wicking rate. Although the 

predicted results showed the capability of the method, this study only considered a 

one-dimensional flow case. In another effort, Masoodi et al. (2012c) adopted the same 

approach to model the wicking flow in paper-like swelling porous media, where the 

swelling effect was included by assuming permeability to be time-dependant. Mendez 

et al. (2010) also modelled imbibition in a fan-shaped porous membrane by 

considering a 2-D flow scenario, adopting Darcy’s law-based approach, and using the 

finite element method.  The study included the experimental investigation of liquid 
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absorption in fans shaped porous membranes. The analysis presented in this study is 

divided into two parts. The first part focuses on the liquid imbibition in rectangular 

strips whereas the second part focuses on liquid imbibition in a circular-shaped 

section. The main purpose of their study was to identify the limits of the Lucas-

Washburn approach due to an increase in non-wetted pore volume. 

Most recently, Santagata et al. (2020) modelled 3-D absorption of liquid in swelling 

porous media using the finite scaling size method. The developed model was based on 

an approach developed by Diersch et al. (2011), where Richard’s equation was used 

to solve mass and momentum. The flow was assumed to be multiphase, where three 

different phases (gas, liquid, and solid) coexist in the porous domain. The interesting 

thing about this work is the modelling of changes in the dimensions of the porous 

domain because of swelling action. This flow condition has been modelled by solving 

the mass equations for the solid phase that considers a term related to swelling. The 

numerically predicted liquid acquisition time and liquid distribution were in good 

agreement with the experimental data. As mentioned previously, to develop such a 

model, parameters like relative permeability, viscosity, and swelling ratio need to be 

measured and included in the model. These parameters need to be measured 

experimentally to develop accurate numerical models.  Zarandi and Pillai (2018) 

developed a model based on Richard’s Equation to predict the distribution of 

saturation along the length of the wick. They adopted a pore-scale simulation-based 

approach to determine the traditional properties of the porous media such as capillary 

pressure and relative permeability. Later, based on these obtained properties, the 

numerical simulations based on Richard's equations were performed in 1D with 

Mathematica and in 2D with COMSOL. These efforts demonstrated the applicability 

of Richard’s equation in modelling the liquid imbibition process in dry porous media. 

The motivation behind this work is to overcome the shortcomings of their previous 

work i.e. prediction of flow front locations under partially saturated porous media 

(Zarandi et al., 2018).  

The Finite Volume Method (FVM) is rarely used while modelling the wicking flow in 

porous media using the homogenised porous media approach. Li et al. (2016b) 

modelled the multiphase flow in porous media using the Eulerian approach. The main 

objective of their study was to analyse the performance of a reservoir and wells. The 

study presented 1-D, 2-D, and 3-D cases that mimicked actual reservoir conditions. 
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Different models, such as Brookes-Corey and Buckley-Leverette models, were used 

to model the capillary pressure.  The results showed water/oil volume fractions at 

different values of injection velocities. FVM is mostly used in pore-scale simulations 

where flow is simulated through a real structure of the porous medium to study the 

interaction between different fluids. These types of simulations are used to study the 

details of flow and to determine relative permeability curves. Ashari and Tafreshi 

(2009) used the FVM and Eulerian multiphase modelling approach to study the rate 

of fluid transport in a partially saturated fibrous porous medium. They used a 3-D 

microscale model of 750 ×750 ×750 voxel with a single voxel size of 2 µm and 

selected the Leverette J model for capillary pressure estimation with proper values of 

empirical coefficients. As a result of the conducted simulations, a set of general 

mathematical relationships for capillary pressure and relative permeability is proposed 

which is valid for a range of fibre diameters (10-25 µm) and solid volume fraction (5-

12.5%). In another effort, Ashari et al. (2010) used a similar approach to model and 

study the radial spreading of liquid in a fibrous porous medium and motion-induced 

fluid release. Ranjan et al. (2012) developed a CFD model using a combination of the 

finite volume method and thin film evaporation model for the wicking process at the 

microscale/pore scale. In this work, the CFD models are developed to predict the 

capillary pressure, permeability, and thin-film evaporation rates of various micro-

pillared geometries of wicks used in heat pipes. A comparison between three different 

micro-pillared geometries– conical, cylindrical, and pyramidal is presented and 

compared to the performance of conventional sintered particle wicks. It was concluded 

that the use of a micro-pillared wick structure leads to considerable enhancement in 

the heat transport capacity of the device.  

2.6 Chapter Summary  

In summary, a variety of approaches have been used to model the liquid imbibition 

process in porous media under different conditions; a) non-absorbing swelling porous 

media b) absorbing rigid porous media and c) absorbing swelling porous media. For 

the case of flow-through non-absorbing swelling porous media, the computational 

models excluded the swelling effects as a result of liquid absorption by fibres. Very 

few researchers included the swelling effects in the computational model, but their 

study was limited to the 1D flow scenario only. The Finite Element Control Volume 

(FE/CV) Method is widely used to model this flow scenario with single-phase flow 
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assumptions. Although the numerical study of the flow through swelling porous media 

has been performed in literature by some researchers., there is still a lack of numerical 

models to simulate the flow in 2-D swelling porous media. Some studies considered 

the porosity as a function of process parameters, such as compression forces but they 

did not include the permeability changes in the preform as a result of liquid absorption. 

A limited number of researchers focused their study on the modelling of swelling 

effects, but the majority of study is limited to 1D flow scenarios. Hence, the adaption 

of the fibre swelling effect into numerical simulation is crucial for the successful 

design of the mould and will help to eliminate trial and error, which are time-

consuming and costly. Another group of researchers developed a two-phase flow 

model to track the wicking flow in swelling porous media. The predicted results 

showed good agreement with experimental data, but the mathematical model requires 

several fitting parameters. A specific set of experiments is needed to calculate these 

parameters, limiting its applications (Mirnyy et al., 2012). Further, the majority of 

numerical models for both cases were developed using finite element based inhouse 

built codes such as PORE-FLOW, PAM-RTM etc. whose use is limited to particular 

applications. The existing commercial software such as ANSYS does not have an 

inbuilt model that can account for swelling effects in porous media. 

For the remaining flow cases (absorbing rigid/swelling porous media), some 

researchers have used a single-phase flow formulation whereas others have used a 

multiphase flow formulation to model these flow scenarios. The most popular method 

is the finite element control volume (FE/CV) method based on Darcy’s law, where the 

liquid imbibition is viewed as a single-phase flow. Methods based on the single-phase 

formulation consider the one-dimensional flow scenario only for most cases. When 

imbibition is considered a system of multiphase flow, the methods based on Richard’s 

equation and Eulerian methods have been used. Finite Volume and Volume of Fluid-

based models are rarely used to model the liquid imbibition process. Mostly, this 

method is used for pore-scale simulations. There is evidence that the FVM can be 

applied along with the Eulerian method to model the liquid absorption process. 

However, in this case, a lot of fitting parameters need to be estimated with a series of 

experiments or simulations, and it might become difficult to model the liquid 

absorption process accurately if these parameters are not known correctly(Diersch et 

al., 2011) (Li et al., 2016a). Recently, Zarandi and Pillai (2021) used a microscale 
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simulation-based approach to estimate the fitting parameters such as relative 

permeability, capillary pressure-saturation curves etc. However, the predictions from 

the resulting numerical model showed deviations from experimental data for wicking 

height. Hence, the applicability of the Richards approach and the Eulerian-Eulerian 

approach is heavily dependent on the accuracy of fitting parameters. 

Further, there are a variety of experimental works have been done in terms of 

performance testing of fabrics. The majority of them are based on the standard testing 

methods or equipment named air permeameter etc. Further, reviewed literature shows 

that the majority of studies are focused on the testing of the fabrics to determine the 

fundamental factors that contribute towards the comport which are focused on 

moisture absorption only. Although the main aim of these tests is to determine the 

transport properties of the fabric, mostly the permeability measurement is excluded. 

Overall, the existing work on the testing of fabrics is focused on clothing applications. 

Another important factor is the swelling measurement of fabrics, there are few 

experimental studies available for the swelling measurement of fabrics. These studies 

included the measurement of changes in fibre diameter and permeability as a result of 

swelling action. However, the measurement of real-time changes in porosity is mostly 

neglected. Hence it is essential to study the swelling behaviour of the fabrics to 

estimate the consequent effects on their performance. 

  



 

32 

 

Chapter 3 Analytical models 

This chapter presents an overview of the different analytical models used in this study. 

The analytical models are presented for the case of forced imbibition (LCM mould-

filling processes) and natural imbibition processes (wicking flow). In the case of the 

forced imbibition process, the analytical models for two different injection conditions 

as proposed in Masoodi et al. (2012a); a) constant volume flow rate and b) constant 

pressure injection is presented. Further, for the case of natural imbibition or wicking 

flow, the analytical model from Masoodi et al. (2007) is taken. For the wicking flow, 

the capillary forces act in opposite direction to that of gravitational forces. Finally, in 

this chapter, the new analytical model is proposed for the liquid draining case where 

capillary forces and gravitational forces act in the same direction. This is the extension 

of the analytical model presented by Masoodi et al. (2007). Finally, the corrected 

version of an analytical model for the 3D imbibition in porous media by Xiao et al. 

(2012a) is proposed. The analytical models presented in this chapter are used to 

validate the proposed numerical methodology. The use of each model is cited in the 

latter part of the thesis. 

3.1 Analytical models for forced imbibition case  

In each LCM process, the mould is filled with the fibrous medium (preform) through 

which the resin is forced to impregnate such a preform. The single-phase flow of 

Newtonian liquid in the porous medium is the common approach used to model the 

resin flow in the LCM process. There are two fluids present in the mould: The resin is 

the one that is invading the pores by displacing the air in the next pores.  The 

assumptions are based on the fact that there is a sharp interface, behind which the 

whole region is occupied by the resin while ahead of which the pores are completely 

filled by air. The single-phase flow in rigid porous media is governed by the following 

expressions of Darcy and the continuity equation (Masoodi et al., 2012a). Upon 

rearranging equation 2.1 we have, 

 𝑢 =  −
𝐾

𝜇
∇𝑝 3.1 

The continuity equation is given by, 

 ∇. 𝑢 = 0 3.2 
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The flow of resin through preform is the best example of forced liquid imbibition 

through porous media. Resin-like test liquids are frequently made to flow through flat 

rectangular moulds by line injection from one side of a rectangular stack of fabric 

layers, also known as preform to study LCM flows under controlled conditions as 

shown in Figure 3.1. Such a flow scenario is viewed as 1D flow as the flow variables 

change along the direction of flow (Masoodi et al., 2012a) (Shojaei et al., 2003). 

 

Figure 3-1 The flow front propagation in a preform made up of a stack of layers during one-dimensional flow 

through a mould cavity (Masoodi et al., 2012a). 

3.1.1 Constant volume flow rate condition 

For 1-D flow cases, test liquids (resin) are made to flow through the flat rectangular 

moulds in which the liquid is injected from one side of a rectangular stack of fabric 

layer (preform). For such flow under a constant volume flow rate, the mass balance is 

given by, 

 𝑄 =  𝐴𝑓 𝜀
𝑑𝑥𝑓

𝑑𝑡
 3.3 

Where Q is the mass flow rate of the resin, xf is the flow front location along the x-

direction. Upon integration and rearranging the variables, we have, 

 𝑥𝑓 = 𝑡
𝑄

 𝐴𝑓 𝜀
 3.4 

where t is the filling time, and Af is the cross-sectional area of the preform. This 

equation holds valid for both non-swelling porous media and swelling porous media. 

The consideration of the swelling effect is not necessary for the prediction of flow 
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front locations in the case of volume flow rate conditions. Darcy’s velocity behind the 

moving flow front can be taken as, 

 
𝑑𝑢

𝑑𝑥
= 0 → 𝑢 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =

𝑄

𝐴𝑓
 3.5 

To find the pressure field, the constant Darcy’s velocity (u=Q/A) is substituted into 

equation 2.1 which results in, 

 𝑝𝑖𝑛 =
𝜇

𝜀𝑜𝐾
(
𝑄

𝐴𝑓
)

2

𝑡 3.6 

For swelling porous media, the inlet pressure is a function of time, but the permeability 

is a function of the wetting time, which is K=K (t - tw) for t > tw where tw is the time 

when the local fabric is wetted by the invading liquid and t is the time related to current 

flow front location. Hence the above equation modifies to, 

 𝑝𝑖𝑛 =
𝑄2𝜇

𝜀𝑜𝐴𝑓
2∫

𝑑𝑡′

𝐾(𝑡′)

𝑡

0

 3.7 

Note that in the derivation of equation 3.4, the permeability of preform in the wetted 

region is assumed as homogeneous and the function of time only which is K=K (t). 

However, in practice, it is the function of both space and time. The space dependence 

of permeability can be expressed in terms of local wetting time values that vary along 

with the flow front (Masoodi et al., 2012a). 

3.1.2 Constant injection pressure condition 

For the case of resin flow through rigid porous media under constant pressure 

conditions, the combination of equations 3.1 and 3.2 leads to the Laplace equation for 

pressure in the following form. 

 ∇2(𝑝) = 0 3.8 

Upon solving equation 3.5 for a 1-D case, and replacing the pressure gradient in 

equation 3.1 the flow front location (xf) for 1-D rigid porous media in case of constant 

permeability conditions can be expressed as (Masoodi et al., 2012a), 

 𝑋𝑓 = √
2𝑃𝑖𝑛𝐾𝑡

𝜀𝑜𝜇
 3.9 
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where Pin is the injection pressure and t is the injection time. For swelling porous 

media, the permeability K is not constant which leads to following the elliptic equation 

for pressure. 

 ∇(𝐾(∇ 𝑝)) = 0 3.10 

The expression for flow front locations in the case of the 1-D swelling porous medium 

is given by, 

 𝑥𝑓 = √
2𝑃𝑖𝑛
𝜀𝑜𝜇

∫ 𝐾(𝑡′)𝑑𝑡′
𝑡

0

 3.11 

3.2 Analytical models for natural imbibition case  

Wicking is the transport of the liquid into porous media as a result of capillary suction 

created at the interface. The generation of capillary suction pressure arises due to the 

wetting of the solid matrix by the wetting phase.  The natural imbibition can be 

categorised into two different processes as shown in Figure 3.2; a) wicking flow, 

where capillary forces act opposite to gravitational forces (Masoodi et al., 2007). b) 

draining flow, where capillary forces act in the same direction as that gravitational 

forces. The analytical model proposed by Masoodi et al. (2007) for the case of wicking 

is used in this study for wicking flow conditions and extended to the draining case.  

 

Figure 3-2 Schematic view of 1D flow for a) an upward wicking case and b) a draining case 
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3.2.1 When capillary forces act the same as gravitational forces (1D Draining 

case)  

Considering the 1D fluid motion in a simple wick as shown in Figure 3.2. When the 

porous media is assumed to be rigid with constant viscosity, the combination of 

equation 3.1 and equation 3.2 leads to the following Laplace equation for pressure 

(Masoodi et al., 2007). 

 𝛻2(𝑝) = 0 3.12 

As shown in Figure 3.2, for the 1-D flow scenario, when the liquid is being absorbed 

against the force of gravity, the above Laplace equation modifies as, 

 
𝑑
2
𝑃

𝑑ℎ
2 = 0 3.13 

where P is the modified pressure due to the pore-averaged hydrodynamic pressure and 

gravity-induced motion in the porous domain. The modified pressure is expressed as, 

 𝑃 = 𝑝 𝑝𝑜𝑟𝑒 + 𝜌𝑔ℎ 3.14 

where h is the height of a point at the liquid fluid interface, ρ is the fluid density, and 

p is the pore-averaged hydrodynamic pressure. Equation 3.13 is solved with the 

following boundary conditions in terms of the pore-averaged hydrodynamic pressure  

 𝑝 𝑝𝑜𝑟𝑒 = 𝑝𝑎𝑡𝑚         at            ℎ = 0 3.15 

 

 𝑝 𝑝𝑜𝑟𝑒 = 𝑝𝑎𝑡𝑚  + 𝑝𝑠       at        ℎ = ℎ𝑓 3.16 

The term ps is the suction pressure created at the liquid-air interface because of the 

capillary force action. The capillary forces present at interfaces are responsible to pull 

the liquid interface regardless of the direction of the flow. Using equation 3.13, 

equations 3.14,15 can be rewritten as, 

 𝑃 = 𝑝𝑎𝑡𝑚         at            ℎ = 0 3.17 

 

 𝑃 = (𝑝𝑎𝑡𝑚  + 𝑝𝑠) + 𝜌𝑔ℎ𝑓     at        ℎ = ℎ𝑓 3.18 

The general solution of equation 3.10 using the boundary conditions 3.14 and 3.15 

leads to the following expression for the modified pressure, 
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 𝑃(ℎ) = 𝑝𝑎𝑡𝑚  +  𝜌𝑔ℎ + 𝑝𝑠
ℎ

ℎ𝑓
 3.19 

The solution of this expression is valid for 0 ≤ h ≤ hf. when the liquid front (dhf / dt) 

speed is related to Darcy’s velocity the resulting differential equation is given by, 

 
𝑑ℎ𝑓

𝑑𝑡
=
𝐾

𝜇 𝜀
(
𝑝𝑠
ℎ𝑓
+ 𝜌𝑔) 3.20 

When the equation is solved with the initial condition as hf (t=0). The final equation 

for the liquid front height hf is obtained as, 

 𝑝𝑠 ln |
𝑝𝑠

𝑝𝑠 + 𝜌𝑔ℎ𝑓
| + 𝜌𝑔ℎ𝑓 =

𝜌2𝑔2𝐾

𝜀𝜇
𝑡 3.21 

Once the locations of the liquid flow front are known then the above equation can be 

used to estimate the absorbed mass of liquid with respect to time. Note that the above 

equation is valid when the inflow and capillary forces and gravitational forces act in 

the same direction which is called a liquid draining case. 

3.2.2 When capillary forces act opposite to gravitational forces (1D Wicking case) 

Using the same approach, the analytical model for the case of wicking flow is proposed 

by Masoodi et al. For the wicking case, the equations 3.14 and 3.15 gets modified as 

(Masoodi et al., 2007) (Masoodi et al., 2011), 

 𝑃 = 𝑝𝑎𝑡𝑚         at            ℎ = 0 3.22 

 

 𝑃 = (𝑝𝑎𝑡𝑚  − 𝑝𝑠) + 𝜌𝑔ℎ𝑓     at        ℎ = ℎ𝑓 3.23 

Here, the negative sign for suction pressure ps indicates that the capillary forces and 

gravitational forces are acting in opposite directions to each other. Hence, using these 

boundary conditions the equation that predicts the flow front locations in case of 

wicking flow is given by (Masoodi et al., 2007) (Masoodi et al., 2011), 

 𝑝𝑠 ln |
𝑝𝑠

𝑝𝑠 − 𝜌𝑔ℎ𝑓
| − 𝜌𝑔ℎ𝑓 =

𝜌2𝑔2𝐾

𝜀𝜇
𝑡 3.24 

 

3.2.3  Analytical model for 3D imbibition in semi-infinite porous media. 

In this section, the analytical model for the 3D imbibition in isotropic porous media is 

derived The analytical model proposed by Xiao et al. (2012a) is corrected in this study. 
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Xiao et al. (2012a) in their efforts, proposed an analytical model based on the 

assumption of physical velocity. Here, we modify the equation by using Darcy’s 

velocity in the formulation. Following are the assumptions made while proposing the 

model 

1). As shown in Figure 3.3, the analytical model assumes a point source from which 

the liquid is absorbed within the spherical porous media. 2) The shape of flow front 

advancement for this case is assumed to be hemispherical and the porous medium is 

isotropic. 3). The effect of the hydrostatic pressure on the flow front advancement is 

neglected.  

The liquid flow rate through the advancing flow front is given by, 

 

Figure 3-3 Details of the hemispherical imbibition process in a semi-infinite porous domain. The liquid is 

absorbed from the point source of diameter d. 

 𝑄 = 𝑢2𝜋𝑟𝑓
2 3.25 

where rf is the advancing front and u is the superficial velocity (Darcy velocity) of 

liquid and it is given by,  

 𝑢 =  𝑢𝑟𝜀𝑜 3.26 

where ur is the physical velocity of the liquid flow and ɛo is the porosity of the 

porous media. 

From equations 3.24 and 3.25, the expression for the radial velocity is given as a 

function of pressure gradient according to the well-known Darcy’s law, 

 ∇𝑝 =  
𝜇

𝑘
. (

𝑄

2𝜋𝑟𝑓
2) 3.27 
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Assuming the atmospheric conditions at the source (patm), and suction pressure at the 

interface (Masoodi and Pillai, 2012a) or liquid flow front. Hence pressure at r=rf will 

be patm – ps. Equation 3.27 can be integrated with respect to the radius of the wetted 

region to get the pressure by assuming the initial flow front to be r = ro to obtain the 

expression for the pressure. 

 𝑝𝑠 = 
𝜇 𝑄

2𝜋𝐾𝑜
 (
1

𝑟𝑜
− 
1

𝑟𝑓
) 3.28 

By combining equations 3.27, 3.25, and 3.24, we get 

 𝑟𝑓
2
𝑑𝑟𝑓

𝑑𝑡
(
1

𝑟𝑜
−
1

𝑟𝑓
 ) =  

𝐾𝑜𝑝𝑠
𝜀𝜇

 3.29 

Upon integrating equation 3.28 by assuming the wetting front to be r = ro, an 

expression for the wetting front can be derived. This equation can be used to calculate 

the time by assuming the values of the initial flow front radius and the corresponding 

range of wetting front radius values. 

 
1

3𝑟𝑜
(𝑟𝑓
3 − 𝑟𝑜

3) − 
1

2
(𝑟𝑓
2 − 𝑟𝑜

2)
𝜇𝜀

𝑝𝑠𝐾𝑜 
=  𝑡 3.30 

where rf is the flow front radius, ro is the initial flow front, Ko is permeability in rigid 

conditions, and ps is capillary suction pressure. 

3.3 Chapter Summary  

In this chapter, the analytical models for forced imbibition and natural imbibition are 

presented. For the case of natural imbibition, the newly developed model for the liquid 

draining case is proposed. This is done by extending the work proposed by Masoodi 

et al. (2007). The work is mainly focused on the development of an analytical model 

for the wicking flow case where capillary forces act in opposite direction to gravity. 

Darcy’s law-based approach has been used by Masoodi et al. (2007) to derive such an 

expression. In the present study, the model is extended by considering capillary forces 

and gravitational forces acting in the same direction. Finally, this chapter also 

introduces the modified version of the analytical model proposed by Xiao et al. 

(2012a) for 3D imbibition in isotropic porous media. The model is corrected by 

replacing the physical velocity with Darcy velocity. The analytical models for forced 

imbibition and natural imbibition will be used in chapters 6 and 7 respectively. 
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Chapter 4 Experimental method 

This chapter presents the details of the experimental works conducted to meet the aims 

as stated in Chapter 1. The experimental works include the testing of the cotton fabric 

samples to obtain the properties of the porous media. In brief, the measurements of the 

fibre diameter, capillary pressure, porosity, and permeability are carried out under 

rigid and swelling conditions. The literature highlighted the need for experimental 

investigation of the swelling behaviour of cotton fabrics. The data relating to changes 

in the diameter of individual fibres, porosity, and permeability of any porous media is 

needed to model the flow through swelling porous media. Experimental investigation 

of these parameters would help to develop accurate CFD models of hygiene products 

such as baby diapers, sanitary napkins etc. This chapter proposes a novel approach to 

measure the changes in porosity as a result of swelling effects. Further, the two new 

correction factors to account for the effects of inter-fibre interactions on the total 

swelling rate of fabric are proposed. Finally, this chapter presents the performance 

measures of cotton samples under swelling conditions. To study and analyse the flow 

through swelling porous media experimentally, the parameters of the porous media 

should be measured carefully. These parameters are Fibre diameter, porosity, 

permeability, and capillary pressure. The experimental procedures to measure these 

parameters are described in the next subsections.  

4.1 Cotton fabric 

A wide variety of properties are used to design new hygiene products. The product 

developers have to optimise a set of characteristics such as shape, absorption potential, 

breathability, durability, cost, etc. Pure cotton or cotton blends with polyester are 

among the commonly used materials in absorbent fabrics. The cotton fabric used in 

this study was selected based on the scope of this study, and the design of hygiene 

products. Hence, muslin squares (used as nappies for baby care products) made up of 

100% cotton were selected for the study. As specified by the manufacturer, these 

fabrics are woven using extra-long-staple cotton (ELS) that provides a tight weaving 

pattern and better absorbency. Since the α-cellulose content of a typical cotton fibre 

ranges from 88.0% to 96.5%, the cotton tends to swell upon water absorption.  

To make a sample out of the fabric sheets, several pieces of fabric were cut to a 

specified size and sewed together to make one overlocked piece. Each overlocked 
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piece was made up of seven individual pre-cut pieces. Finally, to make a sample out 

of overlocked pieces, nine of these were stacked together to make one sample, as 

shown in Figure4.1. This total gave a sample thickness of 25 mm. The sample was 

compressed near the edges (sewing line) but was almost uniform and isotropic in the 

other areas. 

 

Figure 4-1 The front and top view of the prepared sample for the liquid absorption experiments  

Several samples were made to measure the porosity, permeability, capillary pressure, 

and liquid absorption performance of the cotton fabrics. The use of this sample is 

presented in the next subsections. 

4.2 Measurement of the Fibre diameter  

The swelling of the fibres as a result of the swelling has a great effect on the porosity 

and permeability of the fabrics. Hence investigation of the swelling effect on the fibre 

is the first step in the study. Firstly, the swelling of the individual fibre was measured 

using the method proposed by Masoodi et al. The swelling of individual fibres was 

analysed using the Nikon metallurgical microscope eclipse lv150N at a magnification 

of 10×, along with the live recording camera to examine the cotton fabric behaviour 

due to water absorption. The microscope was calibrated within a range of 3µm as 

specified by the manufacturer. 

Several 150 mm cotton fibre samples/slides were prepared by securing both ends using 

a suitable adhesive strip and placed under the microscope as shown in Figure 4.2. The 

diameters of fibre at the different locations were recorded in the dry state and its 

a) 

b) 

144 mm 

1
4
4
 m

m
 

25 mm 
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averaged diameter is taken as the pre-swelled diameter Do. Once this was measured, 

the samples were exposed to the water. The wetting process was recorded for a total 

of 1 minute. Once recorded, the photographs were taken every 1 or 2 seconds. The 

diameters (D) were then measured at different time values. The photographs are 

compared with the reference measurement (Do) using the same calibrated scale, 

allowing for the observation of any diameter growth. The process was repeated 5 

times. Finally, the results were extracted in terms of relative changes in diameter 

(D/Do) with time. For the swelling measurement, water is used as the test liquid as it 

induces the swelling in cotton fabric 

 

Figure 4-2 Microscopic arrangement to record the wetting process of individual cotton fibre 

Figure 4.3 shows the evolution of the average fibre diameter of cotton when exposed 

to water. It demonstrates that when fibres were unrestricted, they swelled up to 10%. 

From Figure 4.3, it is clear that the maximum swelling of cotton fibre occurred within 

a shorter period of time due to its super absorbency. The α-cellulose content of a 

typical cotton fibre ranges from 88.0% to 96.5%. The polar group on the cellulose 

molecule attracts water molecules by hydrogen bonding, resulting in moisture build-

Cotton Fibre  

Microscope  
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up in the cell wall and fibre swelling. The predictions related to the changes in the 

diameter of cotton fibre could be useful while predicting the porosity and permeability 

changes analytically; such predictions would help engineers to design and optimise 

the products made up of cellulose-based fabrics. Based on the obtained results, the 

expression that predicts the changes in cotton fibre diameter when exposed to water is 

given as:  

 𝐷

𝐷𝑜
= 1.115 − 0.1257𝑒−0.3189𝑡 4.1 

 

Figure 4-3 Swelling of cotton fibres in water: the current averaged diameter of the fibres is Do = 0.000272 m; the 

error bars show a confidence interval of 95%. 

4.3 Measurement of the porosity 

4.3.1 Porosity and capillary pressure measurement under rigid conditions 

The porosity in the study is measured under rigid and swelling conditions. Firstly, the 

porosity is measured under rigid conditions by using the imbibition method. The 

method is simple; in this method, the weight of the dry porous sample is first recorded 

then the sample is immersed in the oil that the porous sample tends to imbibe. Once 

the sample is fully saturated by the oil the corresponding weight is recorded again. As 

described earlier, water induces swelling in cotton fabrics hence it cannot be used to 

measure the porous media properties under rigid conditions. To measure the porosity 

correctly, two different test liquids are used in this study. As a substitute for water, the 

oil is used as a test liquid for the measurements under rigid conditions. To check if the 
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cotton swells in oil, the same process as described in the previous section is followed. 

The cotton fibres are exposed to oil and observed under the microscope to look for any 

changes in diameter. The multifunctional oil WD-40 is used for the measurements 

under rigid conditions. Once the weight of the sample under saturated conditions is 

recorded, the porosity under the rigid conditions is calculated using the following 

expression, 

 

𝜀𝑜 =

(𝑊𝑠 −𝑊𝑑)
𝜌𝑜𝑖𝑙⁄

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
 4.2 

where ρoil is the density of the oil, Vsample is the volume, Ws and Wd are the weight of 

the sample in saturated (s) and dry (d) conditions.  

The prepared samples as described in the previous section were used for the porosity 

measurement in rigid conditions. The weight of the sample in the dry and saturated 

state was recorded for each test and the porosity was calculated using Equation (1). 

The five different tests were conducted to measure the porosity to report the results 

with a confidence level of 95%. Finally, the average porosity was found to be 0.88. 

Table 4.1 below shows the experimental results for the porosity measurement under 

rigid conditions.  

Table 4.1 Experimental results for the porosity measurement in rigid conditions 

Test 

Weight 

(dry) 

(kg) 

Weight 

(saturated) 

(kg) 

Pore volume 

(m3) 

Sample 

volume  

(m3) 

Porosity 

1 0.155 0.472 3.88×10-4 4.40×10-4 0.881 

2 0.155 0.472 3.88×10-4 4.40×10-4 0.881 

3 0.155 0.472 3.87×10-4 4.40×10-4 0.879 

4 0.155 0.472 3.87×10-4 4.40×10-4 0.879 

5 0.155 0.472 3.87×10-4 4.40×10-4 0.879 

4.3.2 Porosity measurement under swelling conditions 

The porosity is also measured under swelling conditions, for this case water is used as 

the test liquid. Several samples of the cotton fabric cell (24mm×24mm) were pasted 

on the slide with their all ends secured using the adhesive as shown in Figure 4.4  

Next, the prepared slides are placed under the Nikon metallurgical microscope eclipse 

lv150N at 10x magnification. Finally, small amounts of water are injected within the 
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unit cells using a syringe. The whole wetting process was recorded, and photographs 

were taken every second. This is the first time that porosity measurement is done under 

swelling conditions. The obtained photographs are then characterised using the tool 

called Image J. As discussed earlier, due to the effect of swelling, the porosity of the 

fabric reduces. As a result, the solid volume fraction increases by decreasing the 

available pore area. This reduction in the pore area is captured by using the image 

segmentation technique. The thresholding method is the simplest method of image 

segmentation. Thresholding is a technique to divide the image into two or more classes 

of pixels.  

 

Figure 4-4 Unit cells of the cotton fabric used to measure the porosity reduction 

For the present study, the thresholding technique is applied to binary image 

segmentation. The advantage of having a binary image is that it only has two possible 

intensity values. Numerically, these values are either 1 or 255 for white and 0 for 

black. For the current study first, the obtained image is converted into an 8-bit image. 

Once converted to an 8-bit image, the threshold values are adjusted to track the pore 

area for each image. Finally, from the pore area, the porosity is estimated. The figure 

below shows the steps in the image segmentation process. This process is repeated for 

each recorded image and porosity reduction is estimated. 
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Figure 4-5 Characterization process of the image to calculate the pore area: a) original image, b) black and white 

image, and c) Pore area tracking 

Figure 4.6 shows the reduction in the porosity as a result of swelling when exposed to 

water. The initial or dry state porosity (εo) of the unit cell is found to be 0.436 which 

is the average of five measurements. Upon water absorption, the porosity rapidly 

reduces over a shorter period of time. This behaviour is also observed in the case of 

individual fibre swelling. The relative changes in the porosity are plotted against time. 

The relative porosity is the ratio of final porosity at a given time to the initial porosity 

(ε/ εo). Figure 4.6 shows that the relative porosity reduces by 11%. It is also observed 

that the porosity rapidly reduces till 6 seconds and becomes then becomes constant.  

 

Figure 4-6 Swelling of the unit cell of cotton fabric in water: the current averaged initial porosity (εo) of a unit cell 

is = 0.436; the error bars show 95% confidence intervals 

Based on the obtained results for porosity reduction, a fitting expression that predicts 

the reduction in porosity when exposed to water is given by, 
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 𝜀

𝜀𝑜
= 0.0015𝑡2 + 0.0266𝑡 + 1.0085 4.3 

The porosity reduction can be also predicted analytically. Masoodi et al. (2012a) 

proposed an expression that determines the reduction in porosity as a result of 

swelling. The equation is derived using the simple approach in which it is assumed 

that the fibre swells independently without any interference from other fibres. The 

equation proposed by Masoodi et al is given as, 

 
𝜀 = 1 − (1 − 𝜀𝑜) (

𝐷

𝐷𝑜
)
2

 4.4 

where Do and εo are the initial fibre diameter and porosity of the fabric. If the changes 

in the relative diameter (D/Do) with respect to time are known, then Equation 4.4 can 

be used to predict changes in porosity. Figure 4.7 compares the analytical predictions 

for porosity reduction using equation 4.4. and Experimental results. Equation 4.4 is 

overpredicting the reduction in the porosity. The porosity reduction is predicted 

around 30% by Equation 4.4 which is higher than the experimentally determined 

values. The reason behind this can be related to the assumptions made while deriving 

Equation 4.4. It does not take inter-fibre interaction into account. In reality, there are 

restrictions within the porous matrix due to the dense network of the fibres which 

affects the swelling of fibres. 

 

Figure 4-7 Comparison between analytical predictions with Experimental data for porosity reduction 
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To account for these miscellaneous effects, the corrections factors are proposed in this 

study. The correction factors are selected based on the nature of the graph. Using the 

regression analysis, the values of constants a and b are optimised as presented in Table 

4.2 below. Following are the two different correction factors (C1 and C2) proposed, 

 
C1 = (𝑎 (

𝜀

𝜀𝑜
)
1−𝑏 𝜀

𝜀𝑜
) 4.5 

 

 

C2 = (𝑒
(𝑎×(𝑏−

𝜀
𝜀𝑜
)) 𝜀

𝜀𝑜
) 4.6 

Equation 4.4 is then modified by adding these correction factors, The modified 

equation is given by, 

 
𝜀 = 1 − (1 − 𝜀𝑜) (

𝐷

𝐷𝑜
)
2

C𝑛(𝑛=1 𝑜𝑟 2) 4.7 

Table 4.2 Values of the constants a and b for the correction factors 

Correction factor a b 

C1 1 0.67 

C2 0.997 0.82 

Figure 4.8 shows the comparison between the experimental results and the predictions 

from the corrected analytical model given by Equation 4.7. It is observed that the 

corrected predictions are in excellent agreement with the experimental results. The 

results demonstrated the applicability of such correction factors in analytical models 

for the correct the existing analytical models. 



 

49 

 

 

Figure 4-8 Comparison between experimental and modified analytical predictions with proposed correction 

factors 

4.4 Measurement of Capillary pressure  

The capillary pressure is also measured for the samples. The simple vertical wicking 

test method is used to measure capillary pressure. As a result of wicking, the liquid is 

absorbed within the porous sample against gravity. The final wicking height is then 

used to calculate the hydrostatic pressure which can be taken as the capillary pressure. 

The hydrostatic pressure related to the final wicking height is calculated using the 

well-known formula. 

 𝑃𝑐 = 𝜌𝑤 𝑔 ℎ 4.8 

Where ρw is the density of water and h is the final wicking height  

The measured value of capillary pressure is 1412.64 Pa which is the averaged value 

of five tests for a total wicking height of 0.144 m.  

4.5 Measurement of the permeability  

The permeability of the prepared samples is measured by using the Falling head 

permeability tests. Falling head permeability is an effective and simple technique to 

measure the permeability of porous materials. As shown in Figure, for the falling head 

permeability tests, the liquid is made to flow through the sample under fully saturated 

conditions. The exit tube of the sample holder is maintained at atmospheric conditions 

which makes the exit head 0. Once the steady state is reached, the initial and final 
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heights (ho and h1) of the liquid column and the respected time values (to and t1) are 

recorded. Using the recorded values, the permeability coefficient can be calculated 

using the following expression, 

 
𝐾 =

𝑎 𝐿

𝐴 𝑡 
 𝑙𝑛 (

ℎ𝑜
ℎ1
) 4.9 

where a is the diameter of the pipe, L is the thickness of the sample, A is the cross-

sectional area of the sample, ho and h1 are the initial and final heights of the liquid 

column in the pipe and t is time. Rearranging the above equation we get, 

 ln (
ℎ𝑜
ℎ1
) = (

𝐴

𝑎 𝐿
 𝐾) 4.10 

The coefficient of permeability is also calculated using a well-known equation, 

 𝐾 = (
𝑘 × 𝜌 × 𝑔

µ
) 4.11 

where k is the permeability of the fabric sample, ρ is the density of the test liquid and 

µ is the dynamic viscosity of the test liquid. Upon combining above Equations 4.10 

and 4.11 we get 

 ln (
ℎ𝑜
ℎ1
) = (

𝐴

𝑎 𝐿
 ) (
𝑘 × 𝜌 × 𝑔

µ
) 𝑡 4.12 

Equation 4.12 is later used to calculate the exact value of permeability for the prepared 

sample. 

For the present study, a house-made falling head permeameter is developed as shown 

in Figure 4.8 (b). The permeability is measured under rigid and swelling conditions 

using the developed apparatus. As explained earlier, to measure the permeability under 

rigid and swelling conditions, WD-40 oil, and water are used as test liquids 

respectively.  
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Figure 4-9 The falling head permeability test setup 

The table below shows the details of the in-house built falling head permeability test 

setup and the properties of test liquids.  

Table 4.3 Details of apparatus and test liquids 

Tube diameter 0.02 m 

Area of the tube (a) 0.0003142 m2 

Length of Sample (L) 0.022 m 

Width of the sample (w) 0.142 m 

Area of sample (A) 0.020164 m2 

Volume of the sample (V) 0.0004436 m3 

Density of oil (ρ oil) 817  Kg/m3 

Viscosity of oil (µ oil) 0.0010 N-s/m2 

Density of water (ρ water) 1000 Kg/ m3 

Viscosity of water (µ water) 0.0013 N-s/m2 
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4.5.1 Permeability measurement under rigid conditions 

The measurement of the permeability under rigid is done using the in-house-built 

apparatus. First, the permeability is measured under rigid conditions by using oil. The 

sample is held in the sample holder or mould and saturated with the oil. After 

saturating the sample, the initial head of 260 mm is maintained in the tube and slowly 

the valves are opened. The time is recorded for the liquid column depths of 60 mm,120 

mm,180mm and 250 mm respectively. The following table shows readings of the 

falling head permeability test done under rigid conditions. Note that the results shown 

are the averaged values of five tests. 

Table 4.4 Readings obtained for the falling head permeability tests for rigid conditions 

Initial 

head (m) 

Final 

head (m) 

Depth 

(m) 

Time 

(sec) 

Permeability 

coefficient (m/sec) 

Permeability 

(m2) 

0.260 0.200 0.600 1.2 7.31×10-5 9.12×10-12 

0.260 0.140 0.120 2.1 9.73×10-5 1.21×10-11 

0.260 0.180 0.180 3.2 1.25×10-4 1.56×10-11 

0.260 0.100 0.250 4.4 2.53×10-4 3.15×10-11 

From the obtained readings, the dimensionless parameter ln (h0/h1) is plotted against 

time as shown in Figure 4.9. 

 

Figure 4-10 Variation of dimensionless parameter ln(ho/h1) with time for rigid case 

To calculate the permeability using the obtained readings, Firstly, the permeability 

coefficients are calculated using Equation 4.9. Finally, Equation 4.11 is used to 

calculate the permeability values. Note that, permeability coefficient and permeability 

are two different concepts. The permeability coefficient is also known as Hydraulic 
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conductivity which is denoted as K. Table below shows the obtained permeability 

coefficients and Permeability values for a rigid case. The Figure shows the variation 

of the permeability with depth. 

 

Figure 4-11 Variation of the permeability with depth for rigid conditions 

The permeability is calculated using Equation 4.12. The slope of the ln (h0/h1) is 

calculated and equated with the RHS of Equation 4.12. This gives the permeability 

value of 3.91×10-11m2 which is closer to the calculated permeability value for 0.250m 

depth. Hence, the measured permeability of the prepared sample under rigid 

conditions is finalised to be 3.91×10-11m2 

4.5.2 Permeability measurement under swelling conditions. 

The permeability is also measured under fully swollen conditions using the same 

apparatus and process as stated in the previous subsection. For the swelling case, water 

is used as the test liquid as it induces swelling in the cotton fabrics. The sample is first 

saturated with water and then time values are recorded for different depths once the 

steady state is reached. The following table shows the readings of the falling head tests 

conducted under swelling conditions. Note that the readings shown in the table are the 

averaged value of five tests.  
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Table 4.5 Readings obtained for the falling head permeability tests for swelling conditions 

Initial head 

(m) 

Final head 

(m) 

Depth 

(m) 

Time 

(sec) 

Permeability  

coefficient (m/sec) 

Permeability  

(m2) 

0.260 0.200 0.600 1.7 4.28×10-5 6.67×10-12 

0.260 0.140 0.120 3.5 5.82×10-5 9.18×10-12 

0.260 0.180 0.180 5.6 7.01×10-5 1.11×10-11 

0.260 0.100 0.250 8.5 1.27×10-5 2.005×10-11 

From the obtained readings, the dimensionless parameter ln (h0/h1) is plotted against 

time as shown in Figure 4.11. Further, Figure 4.12 shows the variation of the 

permeability with depth for the swelling conditions. Upon comparing the results with 

the rigid case, the effect is swelling can be seen as a result of swelling,  

 

Figure 4-12 Variation of dimensionless parameter ln(ho/h1) with time for swelling case 

 

Figure 4-13 Variation of permeability with depth for swelling case 
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The permeability for the swelling case is estimated using the same approach as the 

rigid case using Equation 4.12 as explained in the previous subsection. The obtained 

value of permeability under fully swollen conditions is 2.40×10-11m2which is closer to 

the calculated permeability value for 0.250m depth It can be observed that the 

permeability is reduced by almost 60 % than the rigid case. This demonstrates the 

effect of swelling on the cotton fabrics due to water absorption.  

The presented results only show the total reduction in permeability of prepared 

samples under fully swollen conditions. Hence, in this study different analytical 

models of permeability are used to predict the changes in the permeability with time. 

Masoodi and Pillai (2010) proposed different models that can be used to predict the 

changes in permeability because of swelling. Equation 2.3 is the general form of 

permeability which is the function of porosity and fibre/bead diameter. Masoodi and 

Pillai (2010) modified the equation by replacing the constant c in the porosity function 

with the ratio of permeabilities (K/Ko). The table below shows the different models 

available to predict permeability. 

Table 4.6 The final forms of the permeability expressions for porous media made up of packed particles as cited 

in Masoodi and Pillai (2010) 

Author and Year Suggested relation for φ(ε) 

Blake (1922), Kozeny (1927), Carman 

(1937)  
𝐾𝑜 (

𝜀

𝜀0
)
3 1 − 𝜀0
1 − 𝜀

 

Zunkar (1920)  𝐾𝑜
𝜀

𝜀0
 
1 − 𝜀0
1 − 𝜀

 

Terzaghi (1925)  𝐾𝑜 (
𝜀 − 0.13

𝜀0 − 0.13
)
2

(
1 − 𝜀0
1 − 𝜀

)
0.3

 

Fehling (1939)  𝐾𝑜 (
𝜀

𝜀0
)
4 1 − 𝜀0
1 − 𝜀

 

Rose (1945)  𝐾𝑜 (
𝜀

𝜀0
)
4.1 1 − 𝜀0
1 − 𝜀

 

Rumpf and Gupte (1971)  𝐾𝑜 (
𝜀

𝜀0
)
5.5 1 − 𝜀0
1 − 𝜀
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Figure 4-14 the predicted changes in the permeability of the sample using the formulations proposed for spherical 

porous media 

 

Table 4.7 The final forms of the permeability expressions for fibrous porous media cited in Masoodi and Pillai 

(2010) 

Author and Year Suggested relation for φ(ε) 

Devis (1952)  𝐾0 (
1 − 𝜀0
1 − 𝜀

)
0.5 1 + 56(1 − 𝜀0)

3

1 + 56(1 − 𝜀)3
 

Chen (1955)  𝐾0
𝜀

𝜀0
ln 
(1 − 𝜀0)

2

(1 − 𝜀)2
 

Bruschke and Advani 

(1993) 

𝐾0
𝜓(𝜂)

𝜓(𝜂0)

𝜂

𝜂0
 where 𝜂0 =

4

𝜋
(1 − 𝜀0) and 𝜓(𝜂)

=
(1 − 𝜂)2

𝜂3
(
3𝜂 ⋅ tan−1 √(1 + 𝜂)/(1 − 𝜂)

√1 − 𝜂2
+
𝜂2

2
+ 1)

−1 

Gebart (1992) 
𝐾0
1 − 𝜀

1 − 𝜀0
[(√

1 − 𝜀𝑚𝑖𝑛
1 − 𝜀

− 1)/(√
1 − 𝜀𝑚𝑖𝑛
1 − 𝜀

− 1)]

5/2

 where 𝜀𝑚𝑖𝑛 = 1 −
𝜋

2√3
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Figure 4-15 the predicted changes in the permeability of the sample using the formulations proposed for fibrous 

porous media 

Figure 4.13 and 4.14 shows the predicted changes in permeability with time using the 

analytical models presented in tables 4.7 and 4.8. In this study, the permeability is not 

measured as a function of time, hence the applicability of these models will be 

confirmed by either numerical simulations or the sets of experiments.  

4.6 Water absorption tests 

The water absorption tests are conducted to analyse and study the performance of the 

cotton fabrics under swelling conditions. For the tests, a simple setup is developed as 

shown in Figure 4.16. The test setup includes the sample holder, camera system, water 

reservoir, supply pipes and computer. As shown in Figure 4.17 (a), the water is mixed 

with the red food colouring so that, its flow front propagation can be tracked easily 

during the injection process. The acrylic square box is used as a sample holder. The 

top face and bottom of the acrylic box have the engravings as shown in Figure 4.17 

(a). The main purpose of having engravings on the top is to track the water flow front 

propagation correctly. Further, Figure 4.17(b) shows the details of the water reservoir 

used in the experiments. As seen in Figure 4.16, at the top face of the reservoir the 

pipe is attached which provides a continuous source of water. This is arrangement is 

used to maintain the constant liquid level in the water reservoir. 

To record the liquid absorption process, the camera arrangements on top and bottom 

are used as shown in Figure 4.15. To avoid errors in the measurement, the cameras are 

started before injecting the water into the sample. The Logitech webcam (HD 1080p 
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60 fps) is used as the top camera and for the bottom face due to space restrictions, a 

mobile camera (HD 720p 30 fps) is used. Note that, the camera times are synced by 

starting them together at the same time. The top camera is attached to the laptop to 

record the process. The process is started by opening the valve as shown in Figure 

4.15. The water is injected within the sample through a 3mm nozzle. For the present 

study, two different values of water heads (0.52 m and 1.3 m) are selected. The water 

level is measured by an attached scale 

 

Figure 4-16 The setup to test the water absorption performance of the fabrics 

Figure 4.17 and Figure 4.18 shows the obtained flow front locations for the water 

absorption test for two different water head values (0.52 m and 1.3 m). The results 

include the water flow front propagation on the top and bottom face of the sample. 

The graph shows the flow front advancement is more dominant on the bottom face of 

the sample than on the top face. It takes almost 250 sec for the water flow front to 
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reach 60 mm on the top face whereas on the bottom face it takes 144 sec. The dominant 

flow front propagation on the bottom face is related to the effect of the gravitational 

forces. 

 

Figure 4-17 Details of a) Top view of sample holder b) water reservoir 

The measured capillary pressure for the given sample is 1418 Pa, As the capillary 

forces along with the gravity and inflow force are in the same direction, the liquid 

absorption in the downward direction becomes dominant causing the faster flow on 

the bottom face.  Further, it can be observed that changes in the water head affected 

the flow front advancement on both faces. The flow front propagation is faster for the 

case of 1.3 m water head, it can be seen that the total time to reach a 60 mm front 

radius is reduced by 20 % on both faces. From the figures, it can be observed that 

errors related to flow front propagation bottom face are larger. As mentioned earlier, 

the samples are made by stacking the different layers of pre-cut cotton fabric together 

by hand sewing process. This may be the reason behind the large error bars as the 

stacking pressure may not be constant and the same for each sample. As a result, the 

water absorption between interlayers is affected. If the stacking pressure is not uniform 

throughout the sample, it could lead to inconsistent water absorption. Also, as a result 

of water absorption, it was observed that the middle part of the sample swells up which 

could another reason behind the error bars. It is expected that for machine-sewed 

samples, this error may reduce. As the stacking pressure will be uniform and constant 

throughout the samples. Also, the samples were dried and reused for some tests; it was 
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observed that the size of samples after reuse changed slightly, which could be a reason 

behind the errors. Note that these results are the averaged values of five experiments 

and error bars are 95% confidence intervals. Finally, Figure 4.19 shows the flow front 

locations from the experiments for the top and bottom faces of the sample. Note that, 

the thick black lines that appear in the figures is stand.  

 

Figure 4-18 The experimental observation of water flow front locations at constant pressure inlet water head 0.52 

m  

 

Figure 4-19 The experimental observation of water flow front locations at constant pressure inlet water head 0.13 
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94 
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144 

 
Figure 4-20 Experimental results for the flow front propagation of water for 0.52 m water head 

4.7 Chapter Summary 

In this chapter, we analysed the swelling of the cotton fibres in water. To study the 

effect of swelling, the changes in the fibre diameter, porosity and permeability were 

experimentally investigated. The swelling of cotton fibres caused the porosity and 

permeability of fabric samples to decrease. Finally, the water absorption test was 

conducted for two water heads to analyse the absorbency of fabrics.  

Thick fabric samples were made by stacking overlocked pieces of cotton fabric. 

Changes in the diameter of cotton fibre upon absorption of water were first analysed 

using microscopic images. It was seen that the fibres swelled quickly upon the 

application of water. It was observed that the cotton swelled about 11% when exposed 

to water. One fitting equation was found to capture the changes in fibre diameter. The 

initial porosity in the rigid conditions was measured by the imbibition method. The oil 

was used as a test liquid as it does not typically cause swelling in the fibres. The 

obtained porosity was 0.8801 for the sample. Further, the changes in the porosity were 

recorded using microscopic images at different time values. These changes were then 

characterised by a novel method that allowed us to track the changes in the pore area 

of the unit cell of a fabric. Several slides of accurately cut unit cells were prepared and 

placed under the microscope and the water absorption process was recorded. Further, 

using an image characterisation method, the changes in the pore area of the unit cell 
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were tracked. It was observed that the swelling action reduced the porosity by 12%. 

Finally, an equation predicting the porosity as a function of time was proposed. The 

obtained experimental results were then compared with predictions from a modified 

analytical model that used data from fibre diameter measurement. To account for the 

factors such as fibre-fibre interactions etc., two correction factors were proposed to 

modify an existing analytical equation. As a result, the predictions from the modified 

analytical model improved by a great margin.  

The permeability of the prepared samples was measured using the falling head 

permeability measurement technique. It was seen that the permeability of samples 

decreased by 60.85% under fully swollen conditions. The changes in the permeability 

were also predicted analytically based on the data obtained for relative porosity 

reduction. The predictions showed a similar permeability reduction as that of the 

experimental results. Finally, the water absorption test was performed to analyse the 

performance of the fabric under swelling conditions. To do so, a simple test setup was 

developed that maintained the water reservoir at a constant level and recorded the 

absorption process with camera arrangements on top and bottom. The liquid 

absorption performance of fabric was tested for the two different values of the water 

heads (i.e., 52 cm and 130 cm). As a result, the effect of changes in the water head 

was seen on the flow front advancement on the upper and lower face of the sample. It 

was also observed that gravity considerably affected the water absorption behaviour 

of the fabric, causing faster flow front propagation on the lower face of the sample. 

Based on the data obtained for relative porosity reduction. The predictions showed a 

similar permeability reduction as that of the experimental results. Finally, the water 

absorption test was performed to analyse the performance of the fabric under swelling 

conditions. To do so, a simple test setup was developed that maintained the water 

reservoir at a constant level and recorded the absorption process with camera 

arrangements on top and bottom. The liquid absorption performance of fabric was 

tested for the two different values of the water heads (i.e., 0.52 m and 0.130 m). As a 

result, the effect of changes in the water head was seen on the flow front advancement 

on the upper and lower face of the sample. It was also observed that gravity 

considerably affected the water absorption behaviour of the fabric, causing faster flow 

front propagation on the lower face of the sample. 
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These findings related to the liquid absorption performance of the fabrics under 

swelling conditions are useful in the hygiene industries where the design of products 

is mainly based on the liquid absorption performance.  
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Chapter 5 Numerical method 

This chapter describes details of the numerical method and the respected theories used 

to model the flow through porous media under different flow conditions. ANSYS 

Fluent 2020R is used to perform the CFD simulations. This chapter briefly covers the 

governing equations of mass and momentum conservation, it also covers the details of 

the volume of fluid approach to model the liquid imbibition in porous media. Further, 

it explains the extension of the basic modelling framework to include the swelling and 

capillary pressure effects through User-defined functions (UDFs). 

5.1 Introduction to Computational Fluid Dynamics (CFD) 

Numerical modelling uses a set of mathematical equations to describe the behaviour 

of the engineering system. In engineering, numerical models are often used for a 

variety of objectives, including interpretive, design, and predictive research. When 

numerical models are employed to explain the rationale behind field or laboratory data, 

the study is referred to as an interpretative study. For design-related objectives, 

numerical models are used to compare the relative performance of various systems. 

Finally, the predictive numerical models are used to predict the efficacy of the 

experimental data of the actual system (Barbour and Krahn, 2004)  

There are three approaches available to solve the governing equations of heat and mass 

transfer and fluid flow problems, those are analytical, experimental, and 

computational. The analytical solutions of governing equations of momentum, and 

continuity is available in the literature. However, the analytical solutions are limited 

due to the requirement of complex derivations and substantial mathematical efforts. 

Despite that, analytical modelling is used by engineers to understand the fundamental 

laws to control and understand the behaviour of many applications. Finally, the 

analytical modelling can also be used as an initial step towards the validation of CFD 

models. In the experimental method, the relevant measurement tools and equipment 

are required to predict the physical process. Full-scale experiments are time-

consuming, expensive, and sometimes difficult to perform  (Barbour and Krahn, 

2004).  

In the computational approach, Computational fluid dynamics (CFD) modelling 

techniques have emerged and played an essential role in solving complicated flow 

problems for a wide range of technical applications. Computational Fluid dynamics 
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(CFD) is a numerical approach to solving a set of governing mathematical equations 

to predict the solutions to problems ranging from fluid dynamics, heat transfer and 

chemical reactions. CFD techniques replace PDE systems with a set of algebraic 

equations that can be solved using a digital computer to provide suitable ways to 

simulate real fluid flows. The CFD techniques complement theoretical and 

experimental fluid dynamics by providing an efficient way to test the fluid flow 

systems. The main advantage of CFD modelling is that it allows us to model and test 

conditions that are extremely difficult to measure experimentally and are not described 

by analytical methods (Hu, 2012). 

For the present study, CFD techniques are used to model the flow through porous 

media. The combination of the Finite Volume Method and Volume of fluid method is 

used to model the liquid imbibition in porous media under different conditions that 

include rigid, swelling, absorbing etc. For CFD modelling, ANSYS Fluent 2020 R1 

solver is used. The macroscopic porous media approach is adapted for this study. The 

user-defined functions are used wherever the existing features of the solver are 

modified. The details of the modelling approach are mentioned in the subsections 

below. 

5.2 Governing equations  

In the present study, the flow through rigid or swelling porous media is assumed as 

laminar. For the case of Liquid Composite Moulding processes (forced imbibition 

case) and in the case of industrial wicks and hygiene products (natural imbibition case) 

the flow has a low Reynolds number (Re < 1) (Zarandi, 2019) (Ranjan et al., 2011) 

(Saad et al., 2018). For all cases considered in this work, the fluid is assumed to be 

Newtonian. When porous media is considered to be in swelling condition, it is 

assumed that the fibres swell upon absorption of liquid and do not shift due to resin 

flow. For applications considered in the present study (LCM mould filling, industrial 

wicks and diapers), the flow of liquid is usually slow which can be taken as the inertia 

less viscous low (Stokes flow). The inertia effect is negligible as the Reynolds of resin 

flow is less than one. The total imbibition process is assumed as isothermal. Hence, 

based on these assumptions, the problem can be formulated as follows, 
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5.2.1 Mass and momentum conservation  

The formulation for the conservation of the mass and momentum in case of flow 

through porous media is given by  (Fluent, 2020), 

 ∇. (�⃗� ) = 0 5.1 

For the absorbing porous media, the continuity equation changes as, (Masoodi et al., 

2012a), 

 ∇. (�⃗� ) = −𝑆 −
𝜕𝜀

𝜕𝑡
 5.2 

where the sink term, S, is related to the absorption rate of the liquid/resin by fibre 

matrix. The second term (
𝜕𝜀

𝜕𝑡
) is related to the porosity reduction of the fibre matrix as 

a result of swelling action. If vf is the total volume fraction of the fibres, the sink term 

S and the rate of increase in fibre volume (
𝜕𝑣𝑓

𝜕𝑡
) as a result of swelling action can be 

related using,  

 𝑆 = 𝑏
𝜕𝑣𝑠
𝜕𝑡

 5.3 

where vs is the solid volume fraction and b is the absorption coefficient of the porous 

media that ranges between 0 to 1 (if the increase in total solid volume is caused by 

another effect, then the b can be taken beyond unity). Here, the b=1 case indicates that 

the rate of increase of solid matrix volume is equal to the volumetric rate of liquid 

absorption by porous media and the b=0 case indicates no absorption of liquid in the 

fibre matrix. Upon using equation 5.3 in equation 5.2 and considering the relation vf + 

ɛ = 1, the final continuity equation for the liquid-absorbing swelling porous medium 

is given by (Masoodi and Pillai, 2010), 

 ∇. (�⃗� ) = (𝑏 − 1)
𝜕𝜀

𝜕𝑡
 5.4 

The previous works on the modelling of swelling porous media (Masoodi and Pillai, 

2010) (Masoodi et al., 2012c) (Javadi et al., 2012) assumed the value of b=1 which 

led to acceptable results with a good agreement with the experimental data. Hence in 

the present work, for the case of swelling fibrous porous medium, the value of b is 

assumed as 1. Hence equation 5.4 reduces to equation 5.1 which will be used to model 

the flow through a porous medium in the present study. 

The momentum equation can be expressed as (Fluent, 2020), 
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𝜕

𝜕𝑡
(𝜌�⃗� ) + 𝛻. (𝜌�⃗� �⃗� ) =  −𝛻𝑝 + 𝛻. (𝜏̿) + 𝑆 𝑖 + 𝑓 5.5 

where p is the fluid pressure, ρ is the fluid density, 𝜏̿ is viscous stress tensor and Si is 

the source term associated with the porous media conditions and f is the external 

source term. The source term that models pressure drop through porous media is 

composed of two different parts. A) viscous loss term (the first term on the right-hand 

side of the equation) and b) Inertial loss term (the second term on the right-hand side 

of the equation) (Fluent, 2020). 

 𝑆𝑖 = −(
𝜇

𝐾
𝑢 ⃗⃗  ⃗ +𝐶2

1

2
𝜌|�⃗� |�⃗� ) 5.6 

The second term on the left-hand side of equation (5.6) is the non-linear convection 

term which can be ignored as for the selected applications of porous media Reynold’s 

number related to flow is less than 1. On the other hand, the second term in equation 

(5.5) can be ignored as the flow is dominated by viscosity. Hence the resulting 

equation that characterises the single-phase flow through porous media is given by 

(Fluent, 2020), 

 
𝜕

𝜕𝑡
(𝜌�⃗� ) =  −∇𝑝 + ∇. (𝜏̿) − (

𝜇

𝐾
𝑢 ⃗⃗  ⃗)+f 5.7 

 

5.3  Finite volume method  

This section focuses on the application of the finite volume method (FVM) to 

discretise the partial differential equations presented in the previous section. The FVM 

is a numerical method for evaluating the elliptic, parabolic, and hyperbolic partial 

differential equations which are in algebraic form. In the finite volume method, the 

solution subdomain is divided into small non-overlapped volumes that cover the entire 

space domain as shown in Figure 5-1. In the finite volume method, the continuum 

variables presented in the previous section are replaced by the discretised volume 

average variables in the space and time domain at specified locations. The vertex-

centred approach is adapted to discretise the domain into control volume (in this case 

the nodes of the mesh act as the centre of the controlled volume whose boundaries are 

created through connecting the centroids and midpoints of each element and their 

edges respectively). 
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Figure 5-1 Discretisation of the solution domain (Aboukhedr, 2019)  

After the domain discretisation, an integral form of the balance equations and 

approximation of integrals by numerical integration is required for each control 

volume.  The equations written for each control volume are then assembled to obtain 

the unique algebraic system which needs to be solved by suitable numerical methods 

to obtain the unknown variables (Aboukhedr, 2019) (Aleksendric and Carlone, 2015).  

5.4 Volume of fluid method  

The Volume of Fluid method (VOF) is a surface-tracking technique applied to fixed 

Eulerian mesh. It is designed for two or more immiscible fluids where the position of 

the interface between two fluids is of interest. In the VOF method, a single set of 

momentum equations is shared by the fluids, and the volume fraction for each fluid is 

tracked in each cell throughout the domain. In this method, the primary and secondary 

phases (non-wetting phase and wetting phase respectively) are identified by their 

volume fractions αw and αnw in a computational cell. If αw = 1, the cell is full of wetting 

fluid; if αw = 0, the cell is full of the other phases (non-wetting); and if 0 < αw < 1, the 

cell contains the interface between the non-wetting phase and wetting phase 

(Chattopadhyay and Guthrie, 2014). 

The velocity for the mixture phase in the volume of fluid method is obtained by the 

solution of a single set of momentum equations, 
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𝜕

𝑑𝑡
(𝜌𝑓𝑙𝑢𝑖𝑑�⃗� ) + ∇. (𝜌𝑓𝑙𝑢𝑖𝑑�⃗� �⃗� ) = −∇𝑝 + ∇. (𝜏̿) + 𝑆𝑖 5.8 

Where the subscript fluid refers to the corresponding fluid, which can be any one of 

two phases or a mixture. Assuming the incompressibility, the conservation of mass is 

described by equation (5.1). In the volume of the fluid method, the interface between 

the wetting and non-wetting phase is tracked by solving the continuity equation for 

the volume fraction as:  

 
𝜕𝛼

𝜕𝑡
+ ∇. (�⃗� α) = 0 5.9 

where α indicates the volume fraction of the corresponding phase. The effective 

physical properties of the fluid ϕ (viscosity µe, density ρe) in a computational cell are 

expressed as volume-weighted average (Srinivasan et al., 2011). 

 𝜙𝑒(𝑠, 𝑡) = 𝛼(𝑠, 𝑡). 𝜙𝑤 + [1 − 𝛼(𝑠, 𝑡)]. 𝜙𝑛𝑤 5.10 

where s indicates the position (x and y) and subscript w and nw indicate the wetting 

and non-wetting phase respectively. From equations (5.7), (5.8) and (5.9), the VOF 

model can be established for solving the two-phase flow in porous media is given by, 

 
𝜕

𝜕𝑡
(𝜌𝑒�⃗� ) =  −∇𝑝 + ∇. (𝜏̿) − (

𝜇𝑒
𝐾
𝑢 ⃗⃗  ⃗) 5.11 

The framework presented above is a generalised structure of volume of fluid 

approaches that have been employed in a wide range of two-phase flow situations with 

different degrees of success and various adjustments. In the next subsections, an 

extended version of the basic framework is presented; its applicability and validity are 

demonstrated through the different case studies which address the numerically 

challenging scenarios cited in the literature. 

5.5 Modelling the swelling and capillary pressure effects 

To model the swelling effects and capillary pressure effects, equation 5.11 is modified 

by adding the source terms using the User-defined functions. The user-defined 

functions allow us to modify the existing features of the solver. This basic framework 

does not include the swelling effects of porous media. As mentioned earlier, for the 

volume of fluid method a single set of the momentum equation is solved at the mixture 

level. Unlike the Euler-Eulerian multiphase modelling approach, the basic formulation 

of VOF does not have the capillary pressure term in the momentum equations. As 

described in Masoodi et al, the capillary pressure always acts at the interface due to 
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differences in the surface energies of the wet and dry surfaces of porous media. The 

next subsections present the modification in the basic framework of VOF formulation 

to include the effects mentioned above.  

5.5.1 Modelling the swelling effects. 

 

Figure 5-2 Problem setup for rectilinear flow in swelling porous medium 

Figure 5.2 shows the schematic arrangement for rectilinear flow, considering the 

element (porous cell zone) located at xi from the inlet which gets wet when resin flow 

front x passes through it. The permeability in the wetted region starts to decrease as a 

result of fibre swelling. If tw is the time when the element becomes wet, then the 

following expression holds true for permeability in the wetted part (Masoodi et al., 

2012c). 

 (𝐾) = {
𝐾𝑜                       𝑡 < 𝑡𝑤   

𝑓(𝑡)                   𝑡 ≥ 𝑡𝑤    
} 5.12 

Where K0 is the permeability of dried preform in m2, f is the analytically or 

experimentally estimated function of time for a change in permeability (in units of 

m2), and t is the time in seconds. The function f(t) is heavily related to the accuracy of 

the model. For the present studies, the function is either taken from the literature data 

or estimated analytically. The detailed use of this function is presented in the next 

chapters. Upon hooking the UDF-based function, the permeability term in equation 

5.11 gets modified at each time step in transient simulations. 
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5.5.2 Modelling the capillary pressure effects  

To include the capillary pressure effects at the interface, an additional source term is 

added to the solver via user-defined functions. The source term is based on the 

following expression, 

 𝑓 =  ∇𝛼𝐿  (𝑃𝑠) 5.13 

where αL is the volume fraction of the wetting phase and Ps is the applied capillary 

pressure. The developed udf is split into two parts. The first part calculates and stores 

the volume fraction gradients at each time step and stores them in the user-defined 

memory locations. The second part hooks the source terms to the momentum 

equations. The capillary pressure can either be calculated from the analytical 

approaches as mentioned in Masoodi et.al (2012c) or it can be directly measured from 

experiments. For the case of the analytical approach, equation 5.13 modifies to the 

following forms. Referring to equations 2.7 and 2.8 and combining them with equation 

5.13 we get, 

i. For the case of flow across a bank of the same radius fibres, 

 𝑓 =  ∇𝛼𝐿  
1 − 𝜀

𝜀

γ cos 𝜃

𝑟𝑓𝑏
 5.14 

ii. For the case of flow across a porous medium made of spherical particles 

 𝑓 =  ∇𝛼𝐿  3
1 − 𝜀

𝜀

γ cos 𝜃

𝑟𝑠𝑝
 5.15 

where αL is the volume fraction of liquid rfb and rsp are the radius of fibres and 

spherical beads respectively. 

5.6 Algorithm Implementation 

This section presents the general implementation of the modified framework to model 

the flow through porous media under different flow scenarios. Following are the three 

different flow scenarios considered in the present study: 

a) Modelling of the flow-through swelling porous media under the non-absorbing 

condition where the effect of capillary pressure can be neglected. Example: 

Liquid composite moulding process. For this case, UDF is primarily employed 

to calculate the permeability reduction at each timestep. The UDF then makes 
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the real-time changes in the permeability (K) in Equation (5.11) as the solution 

progresses. The approach is implemented in Chapter 6. 

b) Modelling the wicking flow through rigid absorbing porous media where the 

flow is mainly driven by the capillary forces. Example: Commercial wicks 

used in industries, tissue papers. For this case, UDF applies the specified 

capillary pressure at the interface between liquid and gas.  

c) Modelling the flow through absorbing porous media under swelling conditions 

where the inflow forces and capillary forces both play an important role. 

Example: hygiene products such as baby diapers. This flow condition is the 

combination of the previous two flow scenarios. In this case, user-defined 

functions from cases a and b are combined to include swelling and capillary 

pressure effects. 

Figure 5.3 shows the general numerical algorithm to model the different flow 

scenarios mentioned previously. For the transient simulations, the timestep size is 

selected based on the resulting courant number value. The courant number, which 

is the ratio of distance travelled by moving front to for a given time value to the 

cell size. For VOF models, the maximum allowed courant number is 250 near the 

interface (Fluent, 2020). For all simulations, the suitable timestep values are 

selected so that the result courant number would be 3. A combination of the PISO 

algorithm for pressure velocity coupling and a second-order upwind scheme for 

the determination of momentum is selected for all models. PRESTO! and Geo-

reconstruct discretisation schemes are selected for pressure interpolation and 

volume fraction respectively. The multiphase flow problems do not usually 

converge to extremely low residual values such as 10-6 (Hussein et al., 2019). For 

the present study, the numerical simulation is considered to be converged when 

scaled residuals of mass, and velocity components are less than 10-4. For all cases 

of flow, the air is assumed as a non-wetting phase (primary phase) and wetting 

phases are defined according to porous media applications. The details of the mesh 

and simulation input are described in the respected chapters. 
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Figure 5-3 Numerical algorithm employing user-defined functions to model the flow through swelling porous 

media 

5.7 Chapter summary 

This chapter highlighted and discussed the numerical method employed for the present 

study. The governing equations are presented which are used to model the flow 

through porous media under different conditions. The volume of the fluid method is 

also presented in this chapter. Further, the use of user-defined functions (UDF) to 

modify the existing features is explained for the different flow cases that are; a) flow 

through swelling porous media, b) flow through absorbing porous media under rigid 

conditions and c) flow through absorbing porous media under swelling conditions. 

The details of the expressions to develop the udf are presented and discussed in this 

chapter. In summary, this chapter described the numerical methodology employed to 

investigate the flow through porous media using the combination of the finite volume 

method and Volume of Fluid method. 
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Chapter 6 Numerical Modelling of the Flow in a Swelling 

Preform During LCM Filling 

The composite industry increasingly uses natural fibres because of their environment-

friendly advantages. Numerous studies have shown that Natural fibres such as jute, 

kenaf etc. can be used as a reinforcement in bio-based composites. These natural fibres 

may swell during the mould-filling process when they absorb resins. The phenomenon 

of swelling of natural fibres as a result of liquid absorption adds a new dimension to 

the research of Liquid Composite Mould filling simulations. As a result of swelling, 

the porosity and permeability of the preform reduce over the period of time. In any 

LCM mould-filling simulation, the permeability of the preform is a very important 

parameter. The design of moulds is heavily dependent on the nature of flow through 

the porous preform. The conventional method of designing the mould is based on a 

series of experiments which is costly and time-consuming. Hence, computational 

modelling of the flow-through swelling porous media would be useful to model the 

different mould-filling processes with the swelling effect. This chapter demonstrates 

the possibility of using CFD to study the effect of swelling on LCM mould filling in 

isotropic and orthotropic porous media. An empirical relation for local permeability 

changes is used to model the flow of resin under a constant volume flow rate and 

constant injection pressure conditions. To validate the proposed methodology, the 

CFD predictions for flow front locations are compared against the experimental data 

obtained for constant volume flow rate and constant injection pressure case. Further, 

the CFD predictions for changes in inlet pressure are also compared against 

experimental data for constant volume flow rate conditions. The comparison showed 

good agreement between CFD predictions and experimental data. The modelling 

approach is further extended to capture flow front advancement in 2D. To do so, two 

different arrangements employing point injection are considered. The CFD models are 

developed for the isotropic and anisotropic porous media conditions. It was observed 

that the volume fraction of resin in the swelling porous medium is 6% less than that 

of the rigid porous medium at any given time. It was also observed that the location of 

the inlet and outlet has a considerable effect on the flow front advancement. 
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6.1 Physical Description  

For the validation case, the simple 1D flow scenario is considered. The experimental 

setup developed by Masoodi et al is selected for this study. The experimental setup 

consists of a 1D flow setup and an RTM machine. The reinforcement of the experiment 

is made by stacking several layers of the jute fibre mates. The experiments are 

performed for constant pressure injection and constant volume flow rate conditions 

for 1D flow conditions. For the experiments under constant pressure injection, three 

different values of injection pressure are used (8kPa,12kPa and 14kPa). For the case 

of constant volume flow rate tests, three different values of flow rate are used 

(Q=1ml/sec, 2 ml/sec and 3 ml/sec). For the present simulations, a mould shaped like 

the rectangular domain is used. During the experiments, the flow front locations of 

resin are measured with time for constant injection pressure cases. For the case of 

constant volume flow rate conditions, the changes in the inlet pressure are measured. 

Hence, for the validation activity, these results will be compared against CFD results. 

Figure 6.1. shows the details of the physical setup of the 1D flow experiment. Further, 

for the case studies, two different arrangements are used. To capture the flow front 

advancement in the 2D, the physical setups with circular injection ports are selected 

for the case studies as shown in Figure 6.2.  

 

Figure 6-1 Geometrical details of the arrangements used for 1D CFD simulations (a) Experimental arrangement 

(b) Computational domain 
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Figure 6-2 Geometrical details of the arrangements used for 2-D CFD simulation (a) Central injection 

arrangement (b) Eccentric injection arrangement 

6.2  Computational Description 

Figure 6.1 and 6.2 shows the details of the boundary conditions used for the 1D and 

2D CFD simulations. The details of the mesh for each case are shown in Figure 6.2. 

For all cases of flow, the quad type of mesh is used. The reason behind the use of finer 

mesh everywhere in the domain is that the liquid and air interface is not stationary. To 

perform the mesh sensitivity tests, the CFD results for constant injection pressure 

cases are generated. The simulations are performed for the cell sizes of 0.35 mm and 

0.7 mm for 14 kPa injection pressure. Figure 6.4 shows the comparison between the 

predicted flow front locations for two different cell sizes. Figure 6.4 clearly shows that 

the resulting flow front locations for both cell sizes have minor differences. Hence, all 

computations are done using the cell size of 0.7 mm. 

The porous media model with the volume of fluid method is used for simulating the 

flow for all cases.  The properties/inputs of the porous media model are taken from 

Masoodi et.al (2012). The porosity of the domain is defined as 0.88 and the initial 

permeability is defined as 6×10-10 m2. To include the swelling effects in simulations, 

the user-defined functions (UDF) based on the methodology indicated in section 5.5.1 

a) b) 
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are hooked to the solver. The experimentally generated function proposed by Masoodi 

et al. (2012a) used UDF to include the permeability changes which are given by, 

 𝐾 = {

6 × 10−10                                                                                                 𝒕 < 𝒕𝒘 
 

3.7 × 10−15(𝑡 − 𝑡𝑤)
2 − 1.75 × 10−12  (𝑡 − 𝑡𝑤) + 6 × 10

−10   𝒕 ≥ 𝒕𝒘 
  

} 6.1 

where tw is the wetting time of the element and t is the current time. As indicated in 

Masoodi et al. (2012a), for all the cases the effect of capillary pressure is neglected as 

the resulting capillary pressure is 83Pa using which is calculated using the equation  

 

Figure 6-3 Representative computational mesh for the domain a) Details of mesh for 1D flow validation case 

(blue and red lines represent the position of inlet and outlet respectively) b) Details of mesh near inlet for the case 

studies 

For the simulations discussed in this chapter, the following are the general boundary 

conditions defined at different boundaries. 

Inlet: The velocity inlet and Pressure inlet boundary conditions are defined for the 

case of constant volume flow rate and constant injection pressure respectively. 

Outlet: The pressure outlet boundary condition is defined at the outlets where flow 

exits the domain. 

Wall:  For walls, no-slip boundary conditions are defined for all flow cases 



 

79 

 

To capture the movement of the interface accurately in the transient simulations, the 

size of time step ∆t must be small enough so that a fluid particle should move only a 

fraction part of cell spacing xc with the fluid velocity u at each step, which is given by, 

 ∆𝑡 = 𝐶𝐹𝐿
𝑥𝑐
𝑢

 6.2 

where CFL is the Courant flow number, and it is kept in the range of 0.5-1 during the 

computation. For the simulation, the resin and air are defined as the wetting phase and 

non-wetting phase. The resin has a density of 1235 kg/m3 and a viscosity of 

0.0179kg/m. s. 

 

Figure 6-4 Comparison between Predictions of flow front locations for the case of constant injection pressure of 

14kPa for two different cell sizes 

6.3 Validation 

To validate the numerical methodology, the experimental data for constant volume 

flow and constant inlet pressure conditions are compared with CFD simulation results. 

The computational domain and important boundary conditions are illustrated in Figure 

6.1. The computational domain is a rectangular box with dimensions of 250 × 300 

(mm), the resin is injected from the inlet and air is removed from the outlet. To 

characterise the flow, permeability in both directions (Kxx, Kyy) is assumed to be equal.  

Figure 6.5 shows a comparison between experimental data and CFD results for the 

liquid flow front locations in the case of the constant injection pressure condition. 

Here, the three different injection pressure values (8 kPa, 12 kPa and 14 kPa) are used 

and the permeability is taken as a function of time and space. The experimental data 

are taken from Masoodi et al. (2012a). There is some discrepancy between the two 
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sets of experimental data. The reason behind this could the inconsistent parameters 

such as injection pressures, permeabilities etc. Also, it has been stated that the error 

bars were not estimated in the study. It can be seen that the CFD results are in good 

agreement with the experimental and numerical results by Masoodi et al. (2012a) with 

an average percentage error of  2.7 %.  

 

Figure 6-5 The comparison between experimental and CFD predictions for liquid-front locations for 1-D constant 

injection pressure conditions (a) Pinj=8kPa (b) Pinj =12kPa (c) Pinj = 14kPa 

a) 

0

50

100

150

200

0 5 10 15 20 25 30

Fl
o

w
 F

ro
n

t 
(m

m
)

Time (sec)

Present CFD (Swelling condtion)
Numerical results (Masoodi.et.al (2012a))
Experimental data 1(Masoodi.et.al (2012a))
Experimental data 2(Masoodi.et.al (2012a))

0

50

100

150

200

0 5 10 15 20

Fl
o

w
 F

ro
n

t 
(m

m
)

Time (sec)

Present CFD(Swelling condition)

Experimental data 1 (Masoodi.et.al (2012a))

Experimental data 2 (Masoodi.et.al (2012a))

0

50

100

150

200

0 5 10 15 20

Fl
o

w
 F

ro
n

t 
(m

m
)

Time(sec)

Present CFD(Swelling condition)

Experimental data 1 (Masoodi.et.al (2012a))

Experimental data 2 (Masoodi.et.al (2012a))

b) 

c) 



 

81 

 

Further, Figure 6.6 shows the experimental and CFD predictions of flow front 

locations for constant volume flow rate conditions. As stated by Masoodi et al. (2012a) 

the effect of swelling does not have a considerable effect while the prediction of flow 

front locations in case of constant volume flow rate conditions. As expected, the CFD 

predictions are in good agreement with experimental data from Masoodi et al. (2012a). 

For this case as well, the permeability is assumed to be a function of time and space. 

 

Figure 6-6 The CFD predictions for resin front locations for the 1-D constant volume flow rate conditions (a) Q = 

1ml/s (b) Q = 2ml/s (c) Q = 3ml/s 
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Figure 6.7 shows the evolution of inlet pressure as a function of time for three different 

flow rates (Q = 1 ml/s, 2 ml/s and 3 ml/s). It is clear from the graphs that predicted 

results are in good agreement with experimental data (Masoodi et al., 2012a) with an 

error margin of 5%. This demonstrates the validity of the present method to model the 

flow in swelling porous media. For the experiments, Masoodi et al. (2012a).used 

woven jute fabrics to make the preform which can be considered as the two-scale or 

dual-scale porous media that consists of a fibre bundle of lower permeability and 

higher permeability in the gaps between bundles. This scenario can be treated as a 

combination of two different porous media. It is expected that including these dual 

scale effects would yield a better comparison with experimental data for the case of 

constant injection pressure conditions.  

Figure 6-7 The Experimental and CFD predictions for the changes in the inlet pressure for constant volume flow 

rate conditions (a) Q = 1ml/s. (b) Q = 2 ml/s. (c) Q = 3 ml/s.   
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6.4 Results and Discussions  

6.4.1 Two-dimensional mould filling in the isotropic porous media 

To explore the ability of the present method to capture the 2-D flow patterns, point-

type injection instead of boundary-type injection is used for simulations. For this 

purpose, two different cases are considered for the condition of constant injection 

pressure. Arrangement 1: Central injection arrangement and Arrangement 2: Eccentric 

injection arrangement. Figure 6.2 shows the details of the geometry used for both 

arrangements. For the case studies, the constant injection pressure conditions are 

considered as it shows the effect of swelling on the flow front propagation through the 

preform as demonstrated in the previous section. The simulations are performed for 

the rigid and swelling conditions. All the porous media properties and inputs are the 

same as that of the validation case. For this case study, the isotropic porous media 

conditions are assumed where permeability is the same in the x and y directions 

(Kxx=Kyy).  

Figures 6.8 and 6.9 show the transient contours of resin flow for both arrangements 

for an isotropic condition. The red colour shows the resin-impregnated region, and the 

blue colour shows the completely unsaturated region. From the circular injection port, 

the radial resin flow pattern is observed until it touches the top and bottom walls. The 

swelling effect is not so dominant in early simulation time (until 10 sec). As time 

progresses forward, the swelling effect becomes dominant for both cases, and after t 

= 30 seconds one can spot the differences in the flow front locations in terms of resin 

volume fraction. Also, it is observed that, as the flow front reaches the outlet, its 

advancement becomes slow. It is expected that for larger dimensions of a porous 

domain, the swelling effect may be seen as dominant; the reason can be explained by 

the experimentally generated function for permeability reduction. For higher values of 

time, the permeability reduces by a higher amount. Also, the position of the inlet gate 

affects the total mould-filling time. 

Figure 6.10 plots the variation of the resin volume fraction with time for central and 

eccentric injection arrangements. The time at which the domain (mould) gets fully 

saturated by the resin is called the total mould fill time. Figure 6.10 shows that, for 

case central injection and eccentric injection, the total mould fill times are 60 seconds 

and 100 seconds, respectively when the preform is assumed to be under non-swelling 

rigid conditions upon impregnated by resin. For this case, the rigid permeability of the 
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preform is defined as 6×10-10m2. The main reason behind simulating flow under the 

rigid case is to analyse the flow front locations and how they will be affected because 

of swelling 

 

Figure 6-8 Transient contours of resin volume fraction for both rigid and swelling conditions for 14 kPa inlet 

pressure case (Central injection case) (isotropic porous media 

 

Figure 6-9 Transient contours of resin volume fraction for both rigid and swelling conditions for 14 kPa inlet 

pressure case (Eccentric injection case) (isotropic porous media). 

For swelling conditions, these values increase to 70 seconds and 120 seconds 

respectively. It can be seen from Figure 6.10 that the advancement of the resin flow 

front is considerably affected by the position of the inlet. There is a considerable 

difference between trends followed by resin volume fractions for both arrangements. 

For the case of central injection, the trend is somewhat similar to that of the rectilinear 

case, because in late simulation time the flow front starts to follow the rectilinear case 

trend, as mentioned in the previous section. Hence one can deduct from these results 
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that the flow front advancement is not greatly affected by the swelling effect in early 

simulation. The differences in resin volume fractions can be used to design and 

optimise the LCM processes in terms of numbers, positions, and even size of the inlets.  

 

Figure 6-10 Plots of rein volume fraction Vs time for isotropic porous media (a) Central injection case 

(b) Eccentric injection case 

Also, the ratios of resin volume fraction in the swelling condition and the rigid 

condition are plotted against the time to describe the effect of swelling on flow front 

propagation. Figure 6.11 reveals that the ratio of volume fraction shows linear 

behaviour till 55 seconds and 40 seconds for central injection and eccentric injection 

cases respectively.  For the case of central injection, the flow front takes more time to 

reach the outlet than the eccentric injection case. The same thing is reflected in the 

behaviour of the resin volume fraction ratio. One can see that the volume fraction ratio 

shows a linear behaviour for a longer time for the central injection case than for 

eccentric injection. This even behaviour cannot be seen in Figure 6.10, hence, the 
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results related to resin volume fraction ratio could be helpful while selecting the outlet 

design and conditions while designing the LCM process. 

 

Figure 6-11 Plots of resin volume fraction ratio (Swelling/rigid) vs time for isotropic porous media (a) 

Central injection case (b) Eccentric injection case 

6.4.2 Two-dimensional mould filling in an orthotropic porous media 

For case study 2, An orthotropic porous medium was considered to evaluate the 

current approach to simulate the flow through orthotropic swelling porous media. For 

this case, the permeability in the x-direction was set ten times higher than in the y-

direction (i.e., the resin will flow faster in the x-direction than the y-direction). Hence 

the initial permeability in the y-direction will be 6×10-11 m2. Besides, the remaining 

porous media properties and inputs are the same as that of the validation case. For this 

case as well the constant injection pressure condition is selected. The simulations are 

performed for the rigid and swelling conditions. The assumption of orthotropic porous 

media results in an increased overall resistance for the flow of resin than the isotropic 

case. 
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Figures 6.12 and 6.13 show the resin flow front locations for different times for both 

geometries to study the effect of distinct permeabilities on flow front advancement. 

For this case, the results are shown for 14 kPa injection pressure. As seen in Figures 

6.12 and 6.13, the effect of the orthotropic porous media conditions can be seen on the 

flow front advancement. As a result, the flow pattern of the resin is elliptic in shape, 

as explained earlier the flow front advancement is dominant in the x-direction. Further, 

it can be seen that as compared to the isotropic porous media case, it takes a longer 

time for the resin flow front to reach the walls of the mould. Also, it is clearly evident 

that it will take more than 120 sec for the mould to get fully saturated by resin. This 

behaviour of the flow front advancement highlights the need for multiple injection 

ports when using the preform that is orthotropic in nature.  

 

Figure 6-12 Transient contours of resin volume fraction for both rigid and swelling conditions for 14 kPa inlet 

pressure case (central injection case) (Orthotropic porous media) 

 

Figure 6-13 Transient contours of resin volume fraction for both rigid and swelling conditions for 14 kPa inlet 

pressure case (Eccentric injection case) (Orthotropic porous media). 
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Figure 6.14 compares the variation of the resin volume fraction with time for both 

arrangements. The effect of swelling can be clearly seen in the flow front 

advancement. From figure 6.14, it is observed that the flow front advancement 

becomes slow or negligible after 80 seconds for both arrangements. It is expected that, 

for larger domain sizes and longer simulation times, the swelling effect will become 

more dominant in both directions. In this case, as the porous media is assumed to be 

less permeable in the y-direction, the swelling effect will result in increased viscous 

resistance to flow in the y-direction than x, so the resulting flow may become closer 

to 1D in nature. Hence, it is clear that for orthotropic porous media the size, locations 

and number of injection ports play a vital role while designing the mould. Further, 

Figure 6.15 shows that the resin volume fraction in swelling porous media is about 6% 

less than that of rigid porous media, which is related to decreasing permeability due to 

swelling.  

 

Figure 6-14 Plots of rein volume fraction Vs time for isotropic porous media (a) Central injection case 

(b) Eccentric injection case. 
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Figure 6-15 Plots of resin volume fraction ratio (Swelling/rigid) vs time for isotropic porous media (a) 

Central injection case (b) Eccentric injection case 

6.5 Chapter Summary 

The flow-through swelling porous media during the LCM mould-filling process is 

modelled using the volume of fluid method. A good agreement between CFD and 

experimental results is obtained for the 1-D rectilinear flow case. Also, the CFD 

predictions for inlet pressure changes for constant volume flow rate conditions showed 

good agreement with the experimental data. The 2-D transient results demonstrated 

the applicability of the present model to capture the sharp interface between air and 

resin under isotropic and orthotropic swelling porous media conditions.  The results 

of this research showed that a computational model based on the finite volume and 

volume of fluid method can be used to model the flow through swelling porous media 

by measuring the change in the local permeability as a function of time.  

The transient numerical results demonstrated the effect of swelling on the resin flow 

front advancement in isotropic and orthotropic porous media. The results showed that 
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the advancement of the flow front is considerably affected by the position of the inlet 

and by the size and location of the outlets. For the orthotropic case, it was observed 

that the flow front advancement becomes slower due to the swelling effect. It was also 

observed that the resin volume fraction in the rigid porous medium is about 6% higher 

than in the swelling porous medium. The finite volume method was found to be an 

efficient and flexible simulation method to model the flow in swelling porous media 

during the LCM mould-filling process. It is expected that these kinds of CFD 

simulations would help to design and optimize the LCM processes through flow front 

tracking, choosing the number of inlets and outlets, and prediction of mould filling 

time. There are also other industrial applications of this method such as modelling the 

flow in wipes and diapers which are swelling porous substances.  

All commercial CFD packages can model the flow in rigid and non-swelling porous 

media only. The advantage of the proposed model is that any commercial solver based 

on the finite volume method can be easily adapted for flow simulation in swelling 

porous media. The majority of previous studies assume single-phase only while this 

method uses a multi-phase approach (volume of fluid method) to track the sharp 

interface between resin and air. It can help to track the smaller interface between air 

and resin (such as the formation of voids, bubbles, and defects in the process) for 

different geometries. In the current study, the flow is assumed to be in an isothermal 

condition, but this method can be extended to non-isothermal flow by using either 

local thermal equilibrium or non-equilibrium models. This method can easily be 

extended to 3D and can even be used with unstructured, or dynamic meshes. 
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Chapter 7 Numerical simulation of liquid absorption into 

industrial porous wicks under rigid conditions 

The performance of the absorbing porous media is an important factor in several 

practical applications such as hygiene industries, and industrial wicks. In the case of 

hygiene products, the primary goal is to absorb and retain a maximum amount of 

liquid. For other applications such as industrial wicks, different aspects of imbibition 

become important, such as rate of imbibition, wicking height, and volume/mass of 

liquid absorbed. Despite applications, in these types of products, the liquid flow is 

often driven by a strong capillary force. To evaluate the performance of such products 

the use of numerical simulations plays a vital role. Hence, Computational modelling 

of the liquid absorption process within rigid porous media would be helpful to design 

or modify these products. The modelling of capillary pressure effects is crucial in such 

simulations. Methods from literature based on the multiphase flow assumption such 

as Richard’s equation-based approach and Eulerian approach require several fitting 

parameters to model such a flow scenario. If the values of these parameters are known 

correctly, the numerical predictions may not be accurate. This chapter demonstrates 

the application of a newly proposed approach for modelling liquid absorption within 

rigid porous media. The combination of the finite volume method and volume of fluid 

method is used for the first time to model liquid absorption in porous media. The 

proposed modelling approach uses fewer input parameters than previously used 

methods in literature which make it simple to implement. In this chapter, the wicking 

heights, predicted by computational fluid dynamics simulations, are in good 

agreement with the experimental and analytical data. The capability of the method to 

model the flow through absorbing porous media is explored by considering different 

flow cases. For the case where the flow front hits the walls of a porous domain, the 

results showed interesting patterns of the flow front under the action of gravity. It is 

observed that the nature of flow front propagation becomes 1D as time passes. Finally, 

the newly proposed cell zone condition to mimic the liquid hold-up showed promising 

results by allowing only air to pass through the porous domain. 

7.1 Physical Description  

This section provides the physical description of the different flow scenarios 

considered in this chapter. As a First step, the proposed modelling approach is 
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validated for 1D, 2D and 3D flow cases. For the 1D flow case, the experimental results 

are taken from Masoodi et al. (2007). The experimental setup consists of the 1D 

wicking flow setup as shown in Figure 7.1 (a). 

 

Figure 7-1 Schematic views of experiments for 1D,2D and 3D wicking case  

For the experiments, a cylindrical polymer wick with a 7.2 mm diameter and 76 mm 

length is used. The experiments are then performed by using the alkane hydrocarbon 

liquid in form of hexadecane (HDEC) that has a density of 773 kg/m3 and viscosity of 

3.43 mPa.s. Finally, for the experiments, the Dynamics contact analyser is used to 

record the amount of mass absorbed in the wick. The values of porosity, permeability 

and capillary pressure are 0.4, 4.84×10-10m2 and 207.96 Pa respectively. 

Further, for the 2D case, the experimental data from Mendez et al. (2010) is 

considered. For this case, the vertical wicking tests are performed to measure the rate 

of liquid absorption in a fan-shaped porous membrane of 90o angle as shown in Figure 

7.1 (b). As the porous membrane has two different sections (rectangular and conical), 

the results for the flow front advancement are considered only for the conical section. 

For this study, the value of porosity, permeability and capillary pressure is 0.81, 

6.83×10-13 m2 and 4196 Pa respectively. 

Finally, for the 3D validation, the experimental data presented by Xiao et al. (2012b) 

is used. The experiments are conducted to measure the propagation of the flow front 
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with time. The porous media is developed by adding the soda-lime glass microspheres 

in a polycarbonate box. Further, a hole with a 0.64 mm diameter is drilled at the bottom 

as an inlet for the water. The measured values of porosity, permeability and capillary 

pressure are 0.36, 1.21×10-11m2 and 3480Pa. The schematic of the experiment is 

shown in Figure 7.1 (c). 

7.2 Computational Description 

 

Figure 7-2 Details of boundary conditions for 1D,2D and 3D validation case 

g 

g 

g 



 

94 

 

 

 

Figure 7-3 Representative computational mesh for the domain a) Details of mesh for 1D, 2D and 3D validation 

simulations. 

Figure 7.2 shows the details of the boundary conditions defined for the 1D,2D and 3D 

validation simulations. The details of the mesh are shown in Figure 7.3. For 1D and 

2D validation cases the quad mesh is used and for the 3D case hex type mesh is used 

for the simulation. The cell sizes of 0.1 mm, 1mm and 0.5 mm are used for 1D,2D and 

3D simulation cases.  

The porous media model with the volume of fluid method is used for simulating the 

flow for all cases.  The properties/inputs of the porous media model are taken from 

each respected reference as mentioned in the previous subsection. The capillary 

pressure effects are added to the solver through user-defined functions based on the 

methodology as described in section 5.5.2. The defined capillary pressure is applied 

at the interface of the wetting and non-wetting phase at each timestep. This is done by 

applying the source terms in the momentum equation. The capillary pressure values 

of 207.16, 4196 and 3480 Pa are used for the 1D,2D and 3D simulations. For all cases, 

the air is taken as the non-wetting phase. 

For the simulations discussed in this chapter, the following are the general boundary 

conditions defined at different boundaries. 

a) 
b) c) 
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Inlet: The atmospheric boundary conditions are defined at the inlet for all the 

simulations as the flow is mainly driven by the capillary forces. 

Outlet: The pressure outlet boundary condition is defined at the outlets where flow 

exits the domain. 

Wall:  For walls, no-slip boundary conditions are defined for all flow cases 

Initial conditions:  To avoid errors in the simulations, the domain near the inlet is 

initialised with a small amount of wetting phase.  

7.3 Validation 

7.3.1 Validation of CFD approach for 1-D flow scenario 

To validate the proposed numerical methodology in a 1D flow scenario the predictions 

from the CFD simulations are compared with the experimental data presented by 

Masoodi et.al. (2007) The computational domain and important boundary conditions 

are illustrated in Figure 7.2. The computational domain. The computational domain is 

a circular wick 76 mm in length and 7.2 in diameter. The bottom part of the wick was 

specified as an inlet, which is assumed to be in contact with the liquid reservoir at 

atmospheric conditions.  

 

Figure 7-4 The comparison between experimental analytical (Masoodi et al., 2011) and CFD predictions for the 

wicking height for an upward wicking flow case  

Figure 7.4 shows a comparison between the experimental data and CFD predictions 

for the wicking height in the case of upward-wicking flow conditions. It can be seen 
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that the CFD results are in good agreement with the experimental, analytical, and 

numerical predictions by Masoodi et al. (2011). The present CFD predictions show an 

average percentage error of 3.92%. compared to experimental data. In the case of 

wicking, the flow is mainly driven by the capillary force that pulls up the liquid against 

gravity. The liquid column that rises due to pulling created at the liquid-air interface 

gets balanced once the hydrostatic forces start to become dominant. As a result, the 

capillary forces acting upwards get balanced by the hydrostatic pressure developed 

within the liquid column. This effect is observable as the flow front advancement 

slows after 5 seconds.  

To test the capability of the method, the developed model is also used to predict the 

liquid front advancement for downward flow where all the forces i.e., capillary, and 

gravitational are in the same direction. This flow scenario is called the liquid draining 

case. To do so, only the position of the inlet and outlet is reversed in the existing model 

of the upward-wicking case and simulations are done. As there is no such data 

available in literature where this type of flow condition is considered, the CFD results 

are validated against the analytical predictions by Eq 3.20. As mentioned in the 

analytical modelling section, the existing equation developed by Masoodi and Pillai 

(2012a) for the upward-wicking flow case is modified such that the effect of gravity 

on flow front advancement will be opposite to that of the upward-wicking case. As 

shown in Figure 5, the analytical and CFD predictions are in excellent agreement. As 

a result, it can be seen that the liquid movement is faster in this case as it takes 14 

seconds to reach the depth of 0.07 m. This demonstrated the capability of the method 

to model the flow in the liquid-draining case. However, these results need to be 

validated against the experimental data. Hence such efforts need to be taken in future. 
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Figure 7-5 Comparison between CFD predictions and predictions from newly proposed analytical for a draining 

flow case 

7.3.2 Validation of CFD approach for 2-D flow scenario (Imbibition in the 

annular porous membrane) 

For a 2-D flow scenario, liquid absorption into a porous membrane is considered. In 

recent years, interest in the medical utility of paper substrates has resulted in the 

development of two-dimensional lateral flow assays and three-dimensional 

microfluidics. These lateral flow devices are used in medical applications that are 

fabricated to meet the need of users in poor areas. To validate the CFD approach, the 

obtained CFD simulation results are compared with the experimental and analytical 

data from Mendez et al. (Mendez et al., 2010) The computational domain and 

important boundary conditions are illustrated in Figure 7.2 (b). The computational 

domain is a fan-shaped porous membrane with a fan angle of 90º. The domain consists 

of two parts, a) a small rectangular section and b) an Angular section. For this case, 

the rectangular section is initialised with full saturation of liquid at the start of the 

simulation as we are interested in the flow front propagation in the angular section. 

Figure 7.6 shows a comparison between CFD and experimental data for flow front 

locations in an annular porous zone. As seen in Figure 7.6 the CFD predictions are in 

excellent agreement with experimental data from Mendez et al (2010). As seen for the 

1D wicking flow case, the effect of gravity is not seen in both CFD predictions or 

experimental data. The main reason for this could be the higher value of capillary 

pressure (4196 Pa). 
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Figure 7-6 Comparison between CFD and experimental (Mendez et al., 2010) predictions for flow front 

displacement versus time for imbibition in a porous membrane of an annular sector shape 

Further, Figure 7.7 shows the transient contours of variation of the liquid flow front, 

pressure, and velocity with time. It can be clearly observed that the pressure contours 

show the value of capillary pressure precisely at the interface which is consistent with 

liquid volume fraction contours. Further, the velocity contours are clipped in the range 

for better visualization, as result, a sharp line is present at the interface of the liquid-

air interface. If observed clearly, the sharp line in velocity refers to the applied 

capillary pressure. As explained in Chapter 5, in a volume of the fluid method the 

momentum equation is solved at the mixture level. Hence, the velocity below the line 

is purely related to the absorbed liquid and the velocity beyond the line is purely 

related to the air being displaced as a result of wicking. 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0 50 100 150 200 250 300 350

Li
q

u
id

 f
ro

n
t 

lo
ca

ti
o

n
 (

m
)

Time (sec)

Experimental data (Mendez.et.al 2010)

Present CFD Predictions



 

99 

 

 

Figure 7-7 Transient contours of liquid volume fraction, pressure, and velocity for liquid imbibition in 

an annular section 
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7.3.3 Validation of CFD approach for 3-D flow (Imbibition from a point source 

in a semi-infinite porous domain) 

Finally, the proposed methodology is validated for the 3D flow scenario. The liquid 

absorption in semi-infinite porous media is considered. For this case, the corrected 

version analytical model presented by Xiao et al. (2012a) is considered. For the 

validation, the predictions from the CFD model are compared with predictions from 

the analytical model The details of the boundary conditions are presented in Figure 

7.2 (c). 

 

Figure 7-8 Comparison between the CFD and analytical predictions from Eq 3.2 for flow front 

displacement versus time for imbibition in a 3-D porous domain 

Figure 7.8 shows a comparison between CFD predictions and analytical predictions 

for flow front advancement. For the present study, the porous media is assumed to be 

isotropic in nature, which results in equal flow front advancement in radial and lateral 

directions. Hence it is represented by a single set of results. The CFD predictions are 

in good agreement with analytical predictions by Equation 3.29. In this case, as well, 

the effect of gravity is not seen on the flow front advancement as the capillary pressure 

is higher, but it is expected that for the higher values of the wicking heights the effect 

of gravity would start to become dominant. The corresponding contours are shown in 

Figures 7.9 and 7.10. 
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Figure 7-9 Transient contours of liquid volume fraction, pressure, and velocity on a ZX plane. 
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Figure 7-10 Transient contours of liquid volume fraction, pressure, and velocity on an XY and YZ plane 

7.4 Case studies  

To explore the ability of the proposed modelling approach, two different scenarios are 

studied here. The first scenario focuses on the behaviour of the liquid flow front when 

it hits the walls of a porous domain (i.e., during the experiments, the porous samples 

are usually held in a container). The second scenario is different and focuses on the 

newly proposed cell-zone condition that mimics the liquid hold-up within the porous 

domain, which is usually found in real-world applications (e.g., diapers, and paper 

napkins). To do so, another porous zone with higher viscous resistance to the wetting 
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phase is modelled (Figure 7.11). Hence, the outcomes from these case studies would 

help engineers design and optimise products that use absorbing porous materials by 

examining the pressure and velocity field at different locations within the porous 

domain. As cited in the literature, the analytical method is valid until the flow front 

reaches the walls of a porous domain. These case studies show the details of flow front 

behaviour that an analytical method fails to describe 

 

Figure 7-11 a) Details of newly proposed cell-zone condition to mimic the condition of liquid holdup within a 

porous domain. b) Details of the co-ordinates used for all case studies  

The primary porous zone is the main domain in which liquid absorption due to 

capillary forces takes place. The secondary porous zone is so defined that it only 

allows air to pass through it while blocking the flow of liquid. This cell-zone condition 

act as a wall to the wetting phase (liquid), whereas for air it acts similar to the primary 

porous zone. This was simply done by defining the higher resistance for the wetting 

phase (liquid) in a secondary porous zone. For the present case, the permeability ratio 

(
𝑘𝑝𝑧1

𝑘𝑝𝑧2
⁄ ) was taken as 10. We considered two cases with different values of 

capillary pressure along with the new type of cell-zone condition. The shape of the 

flow front for all case studies is represented by radius in orthogonal directions (x and 

z-direction) and height (y-direction) as shown in Figure 7.11 (b).  
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7.4.1 Case one: When the flow front reaches the wall. 

To check the applicability of the model, the proposed methodology is expanded for 

the advanced flow conditions. The flow described by analytical models is valid until 

the flow front reaches the walls. Once the flow front reaches the wall, the analytical 

models fail to describe the flow. Hence, to explore this phenomenon, the CFD 

simulations are performed for the smaller domain size than the 3D validation case. For 

this case, the input data and boundary conditions for the model are taken the same as 

for the 3D validation case.  

Figure 7.12 shows the variation of the flow front in the x, y, and z-direction. As shown 

in Figure 7.12, the flow front advancement in the x and z directions becomes almost 

constant when the flow front hits the walls around 20 sec of simulation time. On the 

other hand, the flow front continues to advance in the y-direction. From the trend of 

the graph, it can be seen that the flow front advancement in the y-direction is not 

affected by the termination of flow front advancements in other directions. The reason 

could be the higher value of capillary pressure. 

 

Figure 7-12 Variation of flow front locations in x, y, and z directions with time 

Figure 7.13 shows the transient contours of the volume fraction, pressure, and iso-

surfaces. By observing the volume fraction contours and iso-surfaces, it can be seen 

that the shape of the interface starts to change from a purely hemispherical nature when 

the flow front hits the walls. It is expected that for longer times, the nature of the flow 

front would start to become 1-D. The blue-painted sphere-like area shows the position 
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of the interface, and the volume-rendered red region shows the air volume fraction 

within the domain 

 

Figure 7-13 Transient contours showing the variation of volume fraction, and pressure within the porous domain 

for case 1 

7.4.2 Case two: Newly proposed wall boundary condition with gravitational 

effects 

As discussed in the previous sections, a new approach to model liquid retention in the 

porous media is proposed. To develop the model, the inputs (porosity, permeability) 

from the 3D validation case are used. For the secondary porous zone, the permeability 

for the wetting phase (liquid) is set to be 10 times lower than the primary porous zone. 

Two different values of capillary pressure (400Pa and 1000Pa) are used for the study. 

Figure 7.14 shows the evolution of flow front locations in the x, y and z-direction for 

two values of capillary pressure. For both cases, the effect of gravity can be clearly 

seen in the flow front propagation in the y-direction, whose trend is similar to the 1-D 

validated case of upward wicking. Further, it is seen that the flow front advancement 

in the other two directions (x and y) stops after the flow front hits the interface of the 

porous zones, which demonstrates the capability of the proposed cell-zone condition. 
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Figure 7-14 Variation of the liquid front in x, y, and z directions for case 2 a) Capillary Pressure = 400Pa and b) 

Capillary Pressure = 1000Pa. 

For the capillary pressure values of 400 Pa and 1000 Pa, the flow front hits the 

interface around 6 sec and 4 sec, respectively. Also, it can be seen that the wicking 

height of the liquid is hardly affected by the value of capillary pressure, as the wicking 

height in the case of 1000 Pa capillary pressure did not vary significantly compared to 

the 400 Pa case. This can be related to the size of the porous domain. As the capillary 

force lifts the weight of the rising liquid column against gravity, it is expected that the 

wicking height would be higher for the same capillary pressure for the smaller sizes 

of the porous domain. To test this idea, the domain size is halved for the 400 Pa 

capillary pressure case and found the difference in the wicking height of the liquid 

was. Figure 7.15 clearly shows the effect of the porous domain size on the wicking 

height of the liquid. Further, Figures 7.16 and 7.17 show the transient contours of the 

liquid volume fraction, pressure, and iso-surfaces showing the position of the 

interface.  
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Figure 7-15 Variation of the liquid front in the x, y, and z-direction for the half domain in case of 400Pa capillary 

pressure. 

From volume fraction and pressure contours, it can be seen that the capillary pressure 

is being applied at the interface which demonstrates the capability of the method model 

such a flow condition. Finally, the effect of the newly proposed boundary condition to 

mimic the liquid hold-up can be seen from the iso-surfaces. It is clearly seen that the 

liquid front climbs on the imaginary wall created due to the difference in 

permeabilities of the two porous zones. The changes in the shape of the interface can 

be clearly observed from the contours. For both cases, the changes in the shape of the 

interface can be seen in Figure 7.16 and Figure 7.17. Hence, this type of result related 

to the flow front location (liquid volume fraction contours), and pressure could be 

helpful while designing and optimising the sanitary products according to performance 

constraints.  
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Figure 7-16 Transient contours of the liquid volume fraction, pressure, and Iso-surfaces for the 400Pa capillary 

pressure case. 

 

Figure 7-17 Transient contours of the liquid volume fraction, pressure, and Iso-surfaces for the 1000Pa capillary 

pressure case 
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7.5 Chapter Summary 

The majority of the methods for modelling liquid absorption are based on the single-

phase assumption within the porous domain. When a multiphase approach is assumed, 

the resulting model needs a lot of fitting parameters related to relative permeability, 

relative viscosity, and the relation between liquid saturation and capillary pressure. 

The multiphase approach suggested in this study is easier to implement than other 

methods available in the literature. 

In this chapter, the liquid absorption in rigid porous media is modelled using the 

Volume of Fluid method. This is the first time that such a method in combination with 

the Finite Volume Method has been used to model such a flow scenario. A good 

agreement between the CFD, experimental data, and analytical data is obtained for all 

the developed models. Furthermore, the proposed analytical models for the liquid 

draining case and for the case where the flow front is assumed to be hemispherical 

(3D imbibition), are validated against the CFD predictions. A new approach to model 

the liquid holdup within porous media is proposed in this Chapter. The 3D transient 

results showed the ability of the model to track the interface during the liquid 

absorption process.  The results also showed that a numerical model based on the 

combination of the Finite Volume Method and Volume of Fluid (FVM-VOF) can be 

used to model the liquid absorption process when the basic parameters, such as 

permeability, porosity, and capillary pressure, are known for any porous medium. 

The results demonstrated the ability of the model to capture the interface when the 

propagating liquid front hit the walls. The shape of the interface slowly starts to 

become 1D in nature when the gravitational effects are neglected. Further, the model 

captured the interface when gravitational effects are considered. The effect of 

hydrostatic pressure was clearly seen in the flow front advancement. The newly 

proposed approach to mimic the liquid hold-up within porous media demonstrated its 

applicability. The results demonstrating the position of the interface clearly showed 

the liquid retention within the porous domain. Further, the results showed that the size 

of the porous domain has a considerable effect on the wicking height of the liquid.  

The combination of the Finite Volume Method and Volume of Fluid method (FVM-

VOF) provided an efficient approach to model the liquid absorption within rigid 

porous media. It is expected that this approach can serve as an alternative to the other 
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multiphase methods, such as Eulerian models or models based on the Richards 

equation, for analysing the flow front locations and pressure distribution within the 

porous media. The CFD analysis of the flow front locations using simulations would 

help to design and optimize sanitary and personal hygiene products, such as diapers, 

paper napkins and wipes, and tampons. The results showed that the method is capable 

of modelling and tracking the liquid-air interface under different working conditions. 

For our current scenario, the flow was assumed to be isothermal in nature, but this 

method can be further extended to model the non-isothermal effects within porous 

media, such as heat pipe modelling where heat is being transferred within the wick 

(porous region). Finally, the use of the FVM adds flexibility to model the flow within 

complex geometries. This method can be applied where the relationship between the 

capillary pressure and the liquid saturation is not known. Future work could extend 

this method further to applications where the swelling effects of porous media need to 

be considered.  
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Chapter 8 Numerical simulation of flow through diapers 

under swelling conditions 

This chapter presents the framework to model the flow through absorbing porous 

media under swelling conditions. Previously in Chapter 7, a novel framework based 

on the combination of the Finite Volume Method and Volume of Fluid Method is 

proposed to model the flow through absorbing porous media under rigid conditions. 

The results from the model showed a promising correlation with the experimental and 

analytical predictions for the wicking height and radius. However, the framework did 

not include the swelling porous media conditions. The swelling effect considerably 

affects the porosity and permeability of the porous medium causing errors in the flow 

front location predictions. In this chapter, the framework is extended by including the 

swelling effects. The local permeability in this case is defined as the function of time. 

To derive the expression for the permeability change, different analytical models from 

the literature are used. The CFD simulations are performed by considering the 

different permeability reduction functions developed from analytical models. It is 

found that the CFD predictions based on permeability reduction predicted by the Chen 

et.al model compared well with the experimental data. This comparative study showed 

the applicability of available analytical models to predict permeability changes. 

Further, the validated methodology is extended to model the flow through diaper-like 

geometry. The dimensions of the geometry are taken from the actual product. The 

results demonstrated the capability of the method to model the flow on the curved 

faces. The effect of gravity is clearly seen in the flow front propagation on the top and 

bottom faces of the domain. 

8.1 Physical description 

This section provides the physical description of the flow scenario considered in this 

chapter. The proposed modelling approach is validated against the experimental data 

obtained from the water absorption test (Chapter 4). The experiments included the 

analysis of the liquid absorption behaviour under the constant pressure head. The 

dimensions of the sample are 144mm × 144 mm × 25mm. During the experiments, the 

flow front advancement is recorded on the top as well as on the bottom face of the 

sample., the sample is made by stacking the different layers of cotton material and 

sewing it together as shown in Figure 8.1. Since the hand-sewing method is used to 



 

112 

 

stack the fabric pieces together, it can be observed from Figure 8.1 that the top face of 

the sample is not uniform. As a result, the samples are compressed at the edges on the 

top face as seen in Figure 8.1. The modelling of such a cell zone condition is 

challenging. On the other hand, it is observed that when the sample is placed inside 

the holder, its bottom face remains flat due to the weight of absorbed water. Hence, in 

this chapter, major attention is given to the flow front propagation on the bottom face 

of the sample for the validation of the proposed framework. The other details of the 

experiment are mentioned in Chapter 4. The values of porosity, permeability and 

capillary pressure are 0.88, 3.91 ×10-11m2 and 1418Pa. Finally, as explained in Chapter 

4, the predictions from the different analytical models for permeability reduction as a 

function of time are used to include the swelling effects. 

 

Figure 8-1 The side view of the prepared sample shows the uneven shape on the top face. 

For the case studies, the validated framework is extended to the real work application 

of diapers. For case study 1, the flow is modelled inside a diaper-like geometry. The 

details of the Pampers baby diapers are considered to make the realistic model. The 

details of the actual and simplified geometry of the diaper are shown in Figure 8.2. 

For this case, the single absorbent core is considered. The properties of porous media 

are taken the same as that of the validation case. 

Finally, for case study 2, multiple porous layers with different permeabilities are 

assumed. The details of the geometry are shown in Figure 8.3. For this case, the CFD 

models are developed for two different scenarios. For the first scenario, the 

permeability of the top and bottom layers is taken as 3.91 ×10-11m2 with porosity as 

0.88. Further, the middle layer is assumed to swell upon the liquid absorption with an 

initial permeability of 1.98 ×10-10m2. The value of capillary pressure is taken as 800Pa 

for all layers. 
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Figure 8-2 Details of the different geometries selected for the case studies a) Actual baby diaper b) simplified 

geometry of diaper c) The porous zone with multiple layers 

8.2 Computational description 

The details of the boundary conditions and mesh are shown in Figure 8.3 and Figure 

8.4. The porous media model with the volume of fluid method is used for simulating 

the flow for all cases.  The properties/inputs of the porous media model are taken from 

each respected reference as mentioned in the previous subsection. The swelling and 

capillary pressure effects are added to the solver by user-defined functions as 

described in 5.5.1 and 5.5.2 respectively. For the case of swelling effects, the functions 

based on the predictions from theoretical models from the literature are developed and 

adapted for the simulations. Finally, the defined capillary pressure is applied at the 

interface of the wetting and non-wetting phase at each timestep. For all cases, the air 

is taken as the nonwetting phase. 
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Figure 8-3 Details of boundary conditions for a) Validation case b) Case study one c) Case study two. Following 

are the colour codes: Blue- Inlet, Red- Outlet, Yellow -Symmetry, Gray and Black-walls of porous zone 1 and 

porous zone 2 

 

Figure 8-4 Details of mesh for a) Validation case b) Case study one c) Case study two 

  

a b) 

c) 

a) 

b) 
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For the simulations discussed in this chapter, the following are the general boundary 

conditions defined at different boundaries. 

Inlet: The pressure inlet is used for all cases studied in this chapter. For the validation, 

the CFD model, 5179 Pa and 12753 Pa are taken as the inlet pressure. Further, for case 

study one, the 50Pa is defined at the inlet which gives a mass flow rate of 

0.0023kg/sec. Finally, for case study two, 10P is selected as inlet pressure which gives 

a mass flow rate of 0.00033kg/sec. The values of the mass flow rate are selected as 

stated by (Olsen et al., 2009). 

Outlet: The pressure outlet boundary condition is defined at the outlets where flow 

exits the domain. 

Wall:  The Top and bottom faces of all computational domains are specified as walls 

whereas the side faces are made permeable to the non-wetting phase (air) only. The 

details of the arrangement are described in Chapter 6. 

8.3 Validation 

The proposed modelling framework in this chapter is validated against the 

experimental data presented in Chapter 4. The constant pressure head of 52 cm and 

130 cm are applied at the inlet and for the outlet atmospheric pressure conditions are 

specified. 

Figure 8.5 and Figure 8.6 shows the comparison between the experimental data and 

CFD predictions for the flow front advancement of water on the bottom face of the 

sample. The CFD predictions are in excellent agreement with experimental data for 

both values of pressure head (52 cm and 130 cm). The CFD predictions show an 

average percentage error of 2.63% and 7.78% for 52 cm and 130 cm pressure head 

values respectively. Also, Figure 8.6 shows the comparison between the CFD 

predictions based on different permeability reduction models and experimental data 

for the case of a 130 cm water head. Figure 8.6 shows that CFD predictions from the 

Terzaghi (1925) and Chen (1995) based permeability models are in excellent 

agreement with experimental data. Whereas the predictions from the Devis (1952) and 

Gebart (1992) permeability model show a considerable difference. 
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Figure 8-5 Comparision between the experimental and CFD predictions for the 0.52 m water head case 

 

Figure 8-6 Comparision between the experimental and CFD predictions for the 1.32 m water head case 

Based on these results, the predictions for the permeability under fully swollen 

conditions from the theoretical models presented in Chapter 4 can be compared. The 

table below shows the comparisons between the theoretically predicted permeability 

and the measured permeability. The experimentally estimated value of permeability 

under fully swollen conditions is 2.403 ×10-11m2. Further, Figure 8.7 compares the 

CFD flow front locations (shown in red colour) and the experimental flow front 

locations. The results are shown for the case of 0.52 m water head. Note that, all the 

results shown here are extracted for the bottom face of the sample. 
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Table 8.1 The predictions from the different analytical models cited in Masoodi and Pillai (2010) for the 

permeability reduction with time  

Model and year  Predicted K Percentage Error 

Blake (1922), Kozeny (1927), 

Carman (1937) 

1.57×10-11m2 34% 

Zunkar (1920) 1.97×10-11m2 18% 

Terzaghi (1925) 2.54×10-11m2 6% 

Fehling (1939) 1.40×10-11m2 42% 

Rose (1945) 1.38×10-11m2 42% 

Rumpf (1971) 1.18×10-12m2 51% 

Bruschke and Advani (1993) 7.04×10-12m2 71% 

Gebart (1992) 2.00×10-11m2 17% 

Devis (1952) 2.09×10-11m2 13% 

Chen (1955) 2.45×10-11m2 4% 

 

Time 
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150 sec 

  

Figure 8-7 Comparison between CFD flow front predictions and experimentally obtained flow front locations for 

0.52 m case (The black V shape is the stand used in experiments).  

8.4 Case studies 

The validated numerical methodology is further extended to model the flow through 

real-world applications. Two different cases are considered in this study, the first case 

considers the flow through a simple diaper with a single absorbing layer. For this case, 

the geometrical details are taken from the pampers baby diaper. The second case study 

considers the diaper with multiple porous layers with different permeabilities is 

considered. All input data related to the porous media such as porosity, permeability 

and capillary pressure is taken from the experiments presented in Chapter 4.  

8.4.1 Case study one: Simulation of the flow-through diaper under swelling 

conditions 

To explore the ability of the proposed numerical framework, the validated model is 

extended to model the flow through the diaper. For this case, only a single absorbing 

layer is considered. It is assumed that the diaper is made up of cotton material. The 

mass flow rate of 0.0023 kg/sec is selected for this case (Olsen et al., 2009). The 

position of the inlet is so selected that the resulting flow would be similar to the actual 

flow scenario through diapers. The flow-through actual diaper is a combination of the 

wicking and draining case (along and against gravity). 

Figure 8.8 shows the variation of the liquid volume fraction on the top and bottom 

faces of the diaper. It can be seen that the flow front propagation is becoming dominant 

on the bottom face as time progresses. This is the effect of gravity as highlighted in 

chapter 4. Figure 8.9 shows the transient contours of the volume fraction of liquid. 

The effect of the capillary forces and gravity forces can be seen in the flow front 

propagation. As a result, the liquid front propagates at different rates in the vertical 
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and downward directions. The liquid front propagates dominantly in a downward 

direction because of the combined effect of the capillary forces and gravitational 

forces. The same behaviour is observed on both faces. Further, different shapes of the 

flow front can be observed during the forced imbibition process. Initially, the nature 

of flow is 3D until the liquid front reaches the bottom face of the diaper in the initial 

stages. The flow becomes 1D in nature as time passes.  Finally, the variation of the 

relative volume fraction is plotted against the time to study the effect of the capillary 

and gravitational forces on the relative liquid front propagation 

 

Figure 8-8 The evolution of the volume fraction on the top and bottom face of the diaper 
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Figure 8-9 Transient contours for the liquid volume fraction on the top and bottom faces of the diaper 
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Figure 8.10 shows the variation of the relative volume fraction with tine. It shows that 

liquid spreads faster on the bottom face of the diaper in the initial stages of the 

imbibition till 10 seconds which becomes slower till 45 seconds. After that, it is 

observed that the changes in relative volume fraction become constant which means 

the liquid front propagates at the same rate on both faces. The reason behind this can 

be explained by the volume fraction results shown in Figure 8.9, as explained earlier 

the variation of the liquid front becomes 1D in nature. The volume fraction contours 

at 50 seconds and 60 seconds for both faces clearly show negligible differences. This 

set of results would be useful for designing and optimising the hygiene products such 

as a diaper, sanitary napkins etc. The details of the interface between the wetting phase 

(liquid) and the non-wetting phase (air). 

 

Figure 8-10 Variation of the changes in the relative volume fraction with time 

8.4.2 Case study two: Simulation of the flow-through multi-layered porous media 

For case study two, the flow through multiple porous layers is considered. The 

geometry is composed of three layers of porous material as shown in Figure 8.2. The 

top and the bottom layer has the same permeability. The middle layer of the domain 

is called as core and is assumed to be in swelling conditions. In this case, two different 

scenarios are considered. In the first scenario, the permeabilities of all layers are taken 

the same and for the second scenario, the core is made five times more permeable than 

the top and bottom layers. Note that in this case study, all properties related to porous 

media are taken from the experimental study. The table below shows the details of 

permeability values used for each layer. 
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Table 8.2 Details of the permeabilities for each layer considered for this case study 

 Top layer 

(Rigid permeability) 

The middle layer 

(Swelling) 

(Initial permeability) 

Bottom layer 

(Rigid 

permeability) 

Case 1 3.91 ×10-11m2 3.91 ×10-11m2 3.91 ×10-11m2 

Case 2 3.91 ×10-11m2 1.98 ×10-10m2 3.91 ×10-11m2 

Figure 8.11 and 8.12 shows the evolution of the liquid front location on the top face 

of each layer for both cases. The liquid front advancement on the bottom layer is seen 

as more dominant than the other two layers for both cases which is the result of the 

combined effect of inflow force, capillary forces and gravitational forces which should 

not cause any surprise.  

 

Figure 8-11 Comparison between the evolution of liquid front locations on the top face of each layer (Case 1) 

.

 

Figure 8-12 Comparison between the evolution of liquid front locations on the top face of each layer (Case 2) 

5

10

15

20

25

30

0 5 10 15 20 25 30 35 40

Li
q

u
id

 F
ro

n
t 

(m
m

)

Time (sec)

Top Layer (Top face)

Core (Top face)

Bottom Layer (Top face)

5

10

15

20

25

30

0 5 10 15 20 25 30 35 40

Li
q

u
id

 F
ro

n
t 

(m
m

)

Time (sec)

Top Layer (Top face)

Core (Top face)

Bottom Layer (Top face)



 

124 

 

Also, if observed clearly the changing in core permeability did not affect considerably 

on the flow front propagation on the top and bottom layers, the only difference is the 

time when the liquid front reaches the bottom layer which can be ignored. However, 

a significant difference can be seen in the flow front propagation on the top face of the 

core which is the result of the difference in the permeability. Figure 8.13 and 8.14 

shows the relative changes in the liquid front locations on the core layer with top and 

bottom layers.  It shows that for case 1, where the initial permeability of all layers is 

the same. The relative changes in liquid front locations between the core and top layers 

are not significant. Further, for case 2 where the core is assumed to be five-time more 

permeable than other layers, the results show about a 10-11% difference in the liquid 

front locations. Finally, relative changes in liquid front locations between the core and 

bottom layer show that initially, the liquid front propagation on the core layer is 

dominant which decreases sharply as time passes which means the liquid front 

propagation on the bottom layer becomes dominant. 

 

Figure 8-13 Relative changes in the liquid front locations for case 1 (Core initial permeability = 3.91×10-11m2) 
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Figure 8-14 Relative changes in the liquid front locations for case 1 (Core initial permeability = 1.98×10-10m2) 

Finally, Figure 8.15 and 8.16 shows the transient contours of liquid front locations on 

the top and side faces of each layer. The wetting phase liquid is represented by red 

colour whereas the non-wetting phase air is represented by blue colour. Note that 

Figure 8.15 shows liquid front locations only for Case 2. From figure 8.16 it is 

observed that the changes in the permeability can considerably affect the flow front 

propagation on the side faces of all layers. It can be observed that flow front 

propagation on the side face of the core for case 1 is slower than in case 2. For case 1 

initially the shape of the liquid front appears like a rectangle which can be seen for the 

time range of 4 sec to 10 sec. The reason behind this can be related to the same initial 

permeability. However, for case 2 the shape of the liquid front changes rapidly as time 

passes. The liquid front propagation on the core part is seen as dominant initially which 

is seen from the contours shown for 1 sec to 4 sec. however, as time passes, swelling 

effects become dominant and liquid front propagation slows down. As mentioned 

earlier, the changes in the permeability of the core do not affect much the liquid front 

propagation of the top as seen in Figure 8.15. Hence, these types of results related to 

the liquid front evolution could be useful for designing hygiene and sanitary products 

which are made up of the different porous layers. 
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Figure 8-15 The transient contours of the liquid volume fraction on the top faces of each layer (Top, middle and 

bottom) 
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Figure 8-16 Liquid front propagation on the side faces of each layer (Top, middle and bottom) 
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8.5 Chapter Summary 

In this chapter, the liquid absorption within swelling porous media is modelled using 

the novel combination of the Finite Volume Method and Volume of fluid method. This 

is the first time this combination is used to model such a flow scenario. A good 

agreement between the experimental data and CFD predictions is obtained for the 

developed model. Further, as a part of the validation activity, the predictions for liquid 

front locations from different CFD models based on different permeability reduction 

models are compared against the experimental data. The modelling framework is then 

extended to capture the liquid imbibition process in diaper-like geometry and porous 

media made up of multiple layers with variable permeability values. The models 

showed promising results demonstrating the capability of the Finite Volume Method 

and volume fluid method (FVM-VOF) to model the flow through absorbing porous 

media under swelling conditions with lesser input parameters. If the basic parameters, 

such as permeability, porosity, and capillary pressure, are known for any porous 

medium this method allows an efficient way to model such a flow scenario.  

The results demonstrated the ability of the proposed method to track the liquid-air 

interface on the curved faces. The flow of liquid on the curved faces is the combination 

of wicking and draining flow through porous media where gravitational forces play a 

significant role. Case study one focused on the modelling of this flow scenario. The 

computational model is developed for the diaper-like geometry whose dimensions are 

taken from the actual diaper product (pampers). In this case study, only a single 

absorbing layer is considered, and the liquid holdup is modelled by the special wall 

boundary condition proposed in chapter 7. The results showed interesting patterns of 

the liquid front at different time values due to the combined effect of capillary and 

gravitational forces. Initially, the shape of the liquid front appeared like an asymmetric 

circle (2D) which becomes rectangular (1D) as time passes. The effect of gravity is 

clearly seen in the liquid front propagation. Finally, the modelling approach is 

extended to model the flow through multiple porous media with different 

permeabilities. For case study two the flow through porous media made up of three 

different layers is modelled. The top and bottom layers are assumed to be in rigid 

conditions with the same permeability whereas the middle part is assumed to be in 

swelling conditions. The computational models are developed for two different core 

permeabilities. The results revealed that changing the permeability of the core does 
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not affect much the liquid front propagation on the top faces of each bottom and top 

layer. However, the liquid propagation on the side faces of each layer showed 

significant differences. The proposed combination of the FVM-VOF has proven the 

efficient approach to model the flow through absorbing porous media with lesser input 

parameters than other methods cited in the literature  
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Chapter 9 Overall Conclusions and Future works 

9.1 General conclusions  

The broad objective of this research is to advance understanding in the field of 

modelling of imbibition (natural or forced) in porous media. A novel methodological 

framework based on the combination of the Finite Volume Method (FVM) and 

Volume of Fluid Method (VOF) is proposed to model different flow scenarios within 

porous media. The computational models are presented for the following conditions: 

a) flow through a porous medium under swelling conditions b) flow through an 

absorbing porous medium under rigid conditions and c) flow through an absorbing 

porous medium under swelling conditions. The following are the main conclusions 

deducted from the present study: 

i. The study identified the current gaps in the current approaches available to 

model the flow through porous media under swelling and absorbing 

conditions. For the case of swelling porous media, the available modelling 

approaches are based on the Finite Element-Control Volume method (FE-CV) 

with single-phase flow assumptions. The flow through absorbing porous media 

is modelled using the different approaches that are based on either single-phase 

flow assumptions or multiphase flow assumptions. In the case of the 

multiphase flow approach, the resulting model requires a lot of fitting 

parameters. To model the swelling effects and capillary pressure effects, the 

Finite Volume Method and Volume of Fluid method are rarely used. Further, 

the literature showed that there is insufficient experimental data available 

related to the cotton fabric under swelling conditions and highlighted the gaps 

in the modelling of flow through absorbing porous media under swelling 

conditions. Overall, this study identified the current gaps in the field of flow 

through swelling porous media. 

ii. To overcome the gaps highlighted by literature, Firstly, the study proposed a 

novel combination of the Finite volume method and the Volume of Fluid 

method (FVM-VOF) to model the flow through swelling porous media. The 

computational models are developed using ANSYS Fluent solver for the 

Liquid composite Moulding process. The predictions from the developed CFD 

model for liquid front locations and inlet pressure changes compared well with 
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available experimental data with an average error of 2.27%. The proposed 

framework is further extended to model the 2D flow scenario through swelling 

porous media under isotropic and orthotropic conditions. The results showed 

that for the central injection point and eccentric injection point the total mould 

fill times for rigid conditions are lesser by 14% and 16 % than swelling 

conditions respectively. Further, the results for the orthotropic porous media 

revealed the need for multiple injection ports to fill the mould with resin as the 

flow front advancement in the y direction became negligible as time passed 

further. The proposed method allowed us to model and track the liquid-air 

interface at different time values. The results demonstrated the effect of 

positions of the inlet and permeability on the total mould filling time. All 

commercial CFD packages are capable of modelling the flow in rigid and non-

swelling porous media only. The advantage of the proposed model is that any 

commercial solver based on the finite volume method can be easily adapted 

for flow simulation in swelling porous media. The majority of previous studies 

assume the flow to be single-phase, while this method uses a multi-phase 

approach (volume of fluid method) to track the sharp interface between resin 

and air. It can help to track the smaller interface between air and resin (such as 

the formation of voids, bubbles, and defects in the process) for different 

geometries.  

iii.  The liquid absorption and retention are modelled using the FVM-VOF 

method. The Analytical model for the 1D liquid draining case is proposed and 

in the case of 3D liquid imbibition, the analytical model proposed by Xiao et 

al. (2012a) is corrected and validated in this study. The predictions from 

developed 1D,2D and 3D CFD models were validated against the experimental 

data with average errors of 3.92%, 7.62% and 4.7% respectively. The 

validation study highlighted that the flow through absorbing porous media can 

be modelled efficiently with fewer input parameters such as porosity, 

permeability, and capillary pressure. The proposed approach is further 

extended to study the different cases of flow. The first case study highlighted 

the limitation of traditional analytical methods. The results demonstrated the 

ability of the model to capture the interface when the propagating liquid front 

hit the walls. The shape of the interface slowly starts to become 1D in nature 

when the gravitational effects are neglected. Finally, a novel cell zone 
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condition is proposed to mimic the liquid holdup within porous media. The 

results showed the effect of the size of the porous domain on wicking height. 

This makes the proposed approach a substitute for other multiphase models 

based on Richard’s approach and the Eulerian multiphase approach. The 

proposed approach can be easily extended to model the flow through hygiene 

products such as diapers, paper napkins and wipes, and tampons. The major 

advantage of this method is the modelling of capillary pressure effects, if the 

value of capillary pressure, permeability and porosity are known for given 

porous media then using this approach one can easily model the wicking flow. 

iv. The study investigated the swelling behaviour of cotton fabrics experimentally. 

The changes in the fibre diameter, porosity and permeability are measured 

experimentally in this study. The cotton fibres showed a total of 11% swelling 

upon absorption by water. To measure the porosity in swelling conditions, a 

novel method is proposed in this study. The porosity of a sample was found to 

be reduced by 12% as a result of swelling. The porosity reduction was also 

predicted analytically by using the available analytical models. The analytical 

model overpredicted the changes in porosity. The available analytical model is 

corrected by proposing new correction factors that account for inter-fibre 

interactions. For the case of permeability, the results showed a 60.34% 

reduction in the permeability of the sample due to the swelling effect. Finally, 

the water absorption tests are performed for two different liquid heights (0.52 

m and 1.32 m). The results demonstrated the effects of gravity on the flow 

front advancement on the upper and lower face of the prepared sample. It was 

found that the flow front advancement on the lower face found to be dominant 

than the upper face. 

v. Finally, the study investigated the flow through absorbing porous media under 

swelling conditions. The developed computational models are validated 

against the data obtained from water absorption experiments with averaged 

percentage errors of 2.63% and 7.78%. The study compared the predictions 

from the CFD models developed using different theoretical permeability 

models. The validated numerical approach is further extended to model the 

flow through single-layered and multi-layered diapers. For the case of the 

single-layered diaper, the results showed interesting patterns of liquid fronts 

demonstrating the combined effects of capillary forces and gravitational 
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forces. It was found that initially, liquid front propagation is faster on the 

bottom face of the diaper than the top face which reduces and becomes almost 

the same as time passes. For the case of the multi-layered diaper, the results 

demonstrated the effects of changes in core permeability on flow front 

propagation on the top and bottom face. The results showed about a 10-11% 

changes difference in liquid front locations of the top face of the core Hence, 

the results demonstrated the ability of the method to model the flow on the 

curved plane where the resulting flow is the combination of wicking and 

draining flow.  

vi. In summary, the novel combination of the Finite volume and Volume of Fluid 

Method is proposed to model flow through swelling porous media. This is the 

first time when such a modelling approach is used to include swelling and 

capillary pressure effects within porous media. The assumption of a multiphase 

flow system would help to understand and analyse the interactions between 

liquid and air accurately in isothermal working conditions. The method allows 

us to track the liquid-air interface, pressure and velocity distributions 

efficiently. The proposed modelling approach is easy to implement and 

requires lesser fitting parameters to accurately model the different flow 

scenarios within porous media. Finally, this method can be applied to any 

commercial software based on the Finite volume method to model the capillary 

pressure and swelling effects. 

9.2 Future works  

Based on the obtained results from the present study following are the several 

recommendations suggested for further research,  

a) The proposed methodology in the case of modelling flow through swelling 

porous media for Liquid composite moulding (LCM) applications assumed the 

isothermal flow conditions. The future study should consider the non-

isothermal conditions to explore the further features of the proposed 

methodology. Such as extending the modelling approach to model the heat 

transfer during the mould-filling process. The application of temperature 

would have effects on the physical properties of resin such as density, and 

viscosity. Especially with viscosity, as temperature increases the viscosity of 
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resin decreases which makes resin flow faster within mould Investigation of 

swelling effects under such non-isothermal conditions would be interesting. 

b)  The proposed modelling approach for the capillary-driven flow should be 

extended for the case where more than two fluids are present. For the present 

case, the multiphase flow of gas-liquid is considered. Hence, the modelling 

framework should be further extended for different flow scenarios where 

multiple liquids are present such as oil recovery applications where gas, oil and 

water co-exist within pores at the same time. This will help to check the 

capability of the proposed approach to model liquid-liquid and liquid-gas 

interactions.  

c) The proposed modelling approach for the capillary pressure effects is based on 

the assumption of negligible effects of liquid evaporation on liquid absorption 

within porous wicks. However, this is not the case for different liquids, some 

liquids tend to evaporate under ambient working conditions Hence, future 

works should consider an extension of the present method to include liquid 

evaporation effects. The best example is the fragrance dispersion applications 

where the rate of evaporation of the absorbed fragrant liquid is an important 

factor. 

d) In the present study, the numerical models are developed only for single-

layered porous media. Some applications such as baby diapers, tissue papers, 

and sanitary napkins may include multiple porous layers with variable 

properties Hence, the proposed modelling framework should be extended to 

model the flow through multi-layered porous media with variable 

permeability, porosity, and capillary pressures of each layer. 

e) A comparative study of computational cost should be conducted between the 

proposed modelling approach and other available multiphase approaches cited 

in the literature for previously mentioned different flow scenarios. For 

example, a comparative study of liquid absorption modelling using the 

proposed approach (FVM-VOF), Eulerian method and Richard’s approach. 

The outcome of this study would be helpful while the selection of the best 

approach according to the previously mentioned flow scenarios.  
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