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advantages, the proposed numerical method has the potential of becoming a useful tool in the 

arsenal of porous-media scientists and researchers. 

In this chapter, the porous preform made from cellulose nano-fibers (CNFs) [90] is 

considered for permeability estimation. CNFs are made purely from cellulose molecules and have 

very good mechanical property compared to other natural fibers, and even carbon or glass fibers. 

Recent studies establish that the films or "nano-paper" made from CNFs are the strongest man-

made, cellulosic materials [91]. Recently, CNFs have begun receiving serious consideration as 

potential reinforcement materials. The present research springs from the efforts by the authors on 

using CNF preforms, porous substrates made using the freeze drying process, for making CNF 

composites by infiltrating them with thermosetting polymers [52, 57]. CNF preforms used in this 

study were prepared according to the technique developed by Saito [92].  

In this chapter, the closure formulation, developed as a part of the proof for Darcy’s law 

by Whitaker [1], is used to estimate the permeability through the CNF porous media with realistic, 

irregular pore structures. In the characterization of our porous media, and the subsequent fluid-

flow related computations in the pore space, several steps of data analysis were involved. Scanning 

Electron Microscopy (SEM) was used to take micrographs of the cross sectional areas of the CNF 

preform. As mentioned before, this method represents a fast, lower-cost method to estimate the 

permeability – we estimated the permeability from easily-obtained, less expensive 2-D 

micrographs as compared to the difficult-to-obtain, more expensive micro-CT scan. The SEM 

micrographs were then transformed into binary pictures (containing only two colors: “white” 

representing the solid phase, and “black” the void region) and then they were imported into 

COMSOL multi-physics software. The governing equations for the closure formulation along with 

the assigned boundary conditions were solved within a unit cell placed at the center of the 
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diagonal form).  But the smallness of the non-diagonal terms does point out that the considered x 

(horizontal) and y (vertical) directions in Figure 23 are quite close to the principal or material 

directions of the CNF. 

It is generally agreed that the permeability tensors are symmetric and hence their non-

diagonal terms should be equal. We do notice that the non-diagonal terms of K are almost equal, 

though the difference is larger for threshold 33. This little lack of symmetry is attributed to the 

errors resulting from the fact that the unit cell constructed from a real porous medium is non-

periodic in nature, while the unit cell used to derive the closure formulation is periodic [1]. 

3.3.2.2. Mesh independence study 

In order to evaluate the influence of mesh on the closure computations inside pore space, 

a mesh independence study was done to ensure that the 2D permeability tensor was accurately 

estimated. Since the finite element method is used in COMSOL, unstructured triangular elements 

were used to create the mesh inside the pore region. In our simulation for instance, we applied 

three different mesh-sizes for threshold 3: (1) normal mesh with 39143 elements, (2) fine mesh 

with 50877 elements, (3) extra-fine mesh with 76131 elements. The three meshes for threshold 3 

are shown in Figure 24. Note that the meshes are refined near the solid-fluid interface to resolve 

sharper gradients present near solid surfaces due to Eqn. (3.17), arising from the no-slip condition 

present in the original closure formulation based on Stokes equation [1]. We then solved the 

closure equations using the three meshes.  

A comparison of the K11 element of the CNF permeability tensor for all three thresholds is 

shown in Figure 25. As seen in Figure 25, K11 values are quite equal despite the increase in the 

                                                           
3 Note that thresholds 1 and 2 generate more realistic pore spaces since the resultant porosities are closer to the 

experimentally measured porosity for CNF. In this respect, the threshold 3 is of rather academic nature. 
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number of elements, thus confirming the mesh independence of our results. For the rest of our 

numerical simulations, we used the fine mesh. 

 

                         (a)                                                 (b)                                                (c) 

Figure 24. Distribution of triangular elements in a) normal, b) fine and c) extra-fine meshes used 

in the 2D pore space obtained with threshold 3. 

 

Figure 25. The nine different K11 values resulting from the mesh independence study involving 

the CNF permeability tensor (Eqn. (3.22)). The values correspond to three different meshes and 

three different pore-space geometries resulting from the application of the three different 

thresholds. 
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CHAPTER 5: Mechanical, Physical and Tribological Characterization of 

Nano-Cellulose Fibers Composites  

5.1. Introduction 

In recent years, the natural fibers have been considered as an alternative to the synthetic 

fibers for reinforcement in polymeric composites because of the economic and environmental 

advantages. The increasing world awareness of the environmental issues along with an 

intensification of the global energy crisis has generated an interest in utilizing natural fibers in 

industries and academics [3, 112]. Other advantages of natural fibers compared to synthetic fibers 

are - abundance, non-toxicity, non-corrosiveness, bio-degradability, lower cost, and low energy 

production costs - which makes them potential candidates in the secondary structural applications 

in automotive industry, including door panel and package trays [113, 114]. In recent years, many 

investigators have conducted research on different types of natural fibers as reinforcement for 

various polymer matrices. The effects of using plant-derived fibers, such as hemp, jute, kenaf, 

bamboo and treated palm-tree fiber on mechanical strength, stiffness, thermal and tribological 

properties of the produced composites have been investigated. It was found that the natural fibers 

possess poor mechanical properties as compared to the synthetic fibers, such as the carbon and 

glass fibers. As a result, the natural-fiber composites suffer from low mechanical, thermal and 

tribological properties. These poor properties are essentially due to the inherent polarity and their 

incompatibility with non-polar polymers. [115-121].  

Many studies have been conducted in recent years to investigate the mechanical properties 

of the natural-fiber reinforced composites. Several factors on the influence of natural fibers on 

mechanical performance of the composites have been studied. These factors include interfacial 

adhesion, orientation, strength and physical properties of the fibers. Alwar et al. [115] investigated 
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