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Simulating permeability of 3-D calendered fibrous structures
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Abstract

Many fibrous materials such as nonwoven materials are often consolidated by means of hot calenders, i.e., hot compaction rolls. Hot
calendering compresses the fiber assembly and can cause changes in the structure. In nonwovens, calendering has an added function of thermally
bonding the fibers at their respective crossovers to form a strong but yet somewhat porous material. Calendering causes a significant increase
in the solid volume fraction (SVF) of the media and therefore, affects their permeability. To our knowledge, no work in the literature has been
dedicated to modeling the permeability of calendered nonwovens. In this study, virtual nonwoven structures are generated and compressed
from top and bottom to resemble the hot calendering process. In agreement with our experimental observations, it was found that the average
SVF profile across the material’s thickness turns into a U-shape profile after the calendering. In this work, the dimensionless permeability of
the calendered media is computed using CFD tools and reported for different compaction ratios. Results of our simulations are compared with
the experiment as well as the available empirical and/or analytical permeability models in the literature and good agreement, depending upon
the SVF, is observed. We also studied the influence of orientation distribution of the fibers on the dimensionless permeability of the fabric
and noticed that permeability decreases by increasing the directionality of the fibers. This is found to be primarily due to the fact that highly
oriented uncompressed fiber-webs tend to have a higher SVF. Fiber-webs of identical SVF, however, exhibited almost identical permeabilities
regardless of their fiber orientations.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Nonwoven fabrics have been the fastest growing sector of
the textile industry for several decades and continue to grow
and replace their traditional textile counterparts. The perme-
ability of these structures is critically important in many appli-
cations. It is not surprising that during the past decades, there
have been many pioneering works aimed at understanding the
parameters that influence the permeability of fibrous materi-
als. Flow through 3-D arrays of rods randomly oriented in all
three directions, was first solved by Spielman and Goren (1968)
via analytical techniques. Jackson and James (1986) proposed
new expressions for the 3-D structures made of horizontally
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stacked fibers as well as those made of fibers randomly dis-
tributed in all directions in a 3-D space. Higdon and Ford (1996)
computed the permeability of periodic 3-D models based on
ordered (simple cubic, body-centered cubic, and face-centered
cubic) networks of fibers. Qi and Uesaka (1996) studied the per-
meability of paper in anisotropic 3-D fiber networks and com-
pared in-plane and through-plane permeabilities. Modeling 3-D
structures of paper boards, Koponen et al. (1998) simulated the
dependence of the permeability of Newtonian flows on tortuos-
ity and effective porosity of the media. Most recently, further
investigations on 3-D fibrous structures were undertaken by
Clague et al. (2000) and Tomadakis and Robertson (2005) who
investigated the permeability of viscous flow through randomly
distributed fiber structures. Here, it is also worth mentioning
the recent work of Tung et al. (2006) in studying the effect
of calendering filter cloth (woven materials) on their filtration
properties.
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