Modeling heat transfer through Filament Yarns by Random Geometry
Creation

Nadish Anand*, Warren J Jasper?, Emiel DenHartog?

1. Mechanical & Aerospace Engineering, North Carolina State University, Raleigh, NC, USA
2. College of Textiles, North Carolina State University, Raleigh, NC, USA
nanand@ncsu.edu’, wjasper@ncsu.edu?, eadenhar@ncsu.edu?

Abstract

Filament yarns are a collection of fibers of set diameter
and material held together by tension and/or intra-
filament attraction. This results in a stacking pattern
that can be random with different degrees of freedom.
Slight changes in tension or friction may result in a
different arrangement of the microfibers in the cross-
section, where the space between the fibers is filled
with air. Hence, the effective thermal conductivity of
the yarn would be a function of the arrangement
pattern of the microfibers. We have devised a random
geometry creation model in COMSOL using model
methods to create random arrangements of
microfibers. We vary the influencing variables while
enforcing geometrical constraints and then determine
the effective thermal conductivity of the yarn. The
simulation then calculates the extent of the
dependence of the effective thermal conductivity of
the yarn cross section on different parameters.

Introduction

Modeling of heat transfer often deals with the
introduction of phenomenological quantities (e.g.
effective thermal conductivity[1], time constants[2])
and non-dimensional numbers[3]. Heat transfer in
porous media is modeled extensively using effective
thermal conductivity for systems one or two or all the
three modes of heat transfer. The need for using a
phenomenological quantity arises because of various
external parameters influencing the heat transfer in the
porous medium, such as a packed bed. These can be
the porosity of the medium, wall friction, viscosity of
the flow, density of the flowing media, radiation shape
factors, surface roughness of the particles, contact
angles between the particles, coordination numbers
etc.[4]-[7]. The surface roughness between the wall
and between the particles themselves have also been
defined through various tribological models[1], [5],
[8]. Yarns and fabrics are perhaps the most common
porous media known to mankind. In recent years
thermal and structural

properties of different kinds of yarns have become a
point of focus for research. We introduce one such
type of yarn, known as filament yarn, which is a
grouping of a bunch of cylindrical microfibers (or
filaments) arranged in a random pattern. In this paper
we describe how we utilized COMSOL Multiphysics’
features to model filament yarns by random geometry
creation and determine the effective thermal
conductivity of the yarn’s cross-section.

Theory

As mentioned earlier, filament yarns are a collection
of randomly distributed cylindrical microfibers, with
varying or same cross sections. The random
distribution of the microfibers and the diameter of the
yarn are both dependent upon the axial tension or
lateral compression applied upon the yarn. Hence, the
cross-sectional arrangement of the yarn, with random
distribution of the microfibers becomes very crucial in
order to obtain a measure of structural or thermal
properties.

Figure 1 SEM image of 34 filament yarn

Figures 1 and 2 are the SEM images of two such
commercially available filament yarns. The yarns have
filaments of diameter 20 microns and have 34 and 68
filaments per yarn respectively. The filaments have
almost circular cross section.
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Figure 2 SEM Image of 68 filament yarn

The thermal conduction through a medium is modeled
using Fourier’s law, and can be represented in
equation form as:

q= —kVT

Where q is the heat flux through the medium (W/m?),
k is the thermal conductivity of the material (W/m-K)
and T is the temperature (K). A two-dimensional setup
is required since we are interested in modeling the
thermal conductivity of the yarn cross sections. For
general two-dimensional cross-sections with a porous
media enclosed in between two walls, the setup looks
like:
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Figure 3 Simple setup for 2-D conduction

To determine the effective thermal conductivity of the
cross section in one direction, we need to impose
thermal boundary conditions such that there is no heat
flux in the other direction. This is shown in Figure 3,

where the heat flux flows in the x direction from the
higher temperature wall to the lower temperature wall.
The heat flux in the x direction and the temperature
difference between the walls can then be used to
determine the effective thermal conductivity as:

L
keff =(qx Xﬁ

where L is the diameter of the yarn or the principal
dimension of the yarn cross section. The effective
thermal conductivity here is a phenomenological
property and not the physical property and is
dependent upon the packing fraction, the thermal
conductivities of the packing materials, or geometrical
factors.

To model the thermal conductivity of these yarns
through its cross section, we need to develop accurate
models to simulate the microstructure, or the
arrangement of the microfibers. This can be achieved
through random geometry creation, by applying
structural constraints on the geometry. This is
explained in the next section.

Simulation Methodology & Algorithm

In this section we introduce an algorithm to generate
the random packing. We utilized COMSOL’s inbuilt
feature of model methods, to code this algorithm. The
total domain of the cross section would be the diameter
of the yarn, varying it would result in denser or rarer
packing of microfibers. The algorithm must follow the
following constraints in order for the system to not
violate laws of physics:

a.) The distance between the centers of any two
microfibers cannot be less than the diameter,
i.e. the microfibers can at most have a point
contact.

b.) The distance between the center of any
microfiber and the yarn wall should be more
than or equal to the radius, i.e. the microfiber
can at most have a point contact with yarn
wall.

c.) The center of the microfibers should lie
completely between the walls of the yarn.

Figure 4 shows the schematic of the developed
algorithm, and figures 5 and 6 show the random
geometry obtained from the model method, as run for
the 34 and 68 filament yarns. The algorithm satisfies
the three constraints identified above.
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Figure 5 Random packing of 34 and 68 filament yarns for yarn diameter of 0.15mm & 0.22mm respectively



Simulation Results

The simulations for the effective thermal conductivity
were performed for two yarns with 34 and 68
filaments. The filaments (or microfibers) have the
same circular cross section in both the yarns. It is
observed experimentally and illustrated in published
literature that yarns and fabrics in general have a
packing fraction between 0.2 & 0.55 [9]-[11]. There
may be some cases where this threshold is breached,
however, in this paper we are well within the limit. In
order to capture the effect of the random packing, the
simulations are run 20 times at each packing fraction
level, and the thermal conductivities are calculated.
The packing fraction of the yarns are varied between
0.4 and 0.5 by changing the diameter of the yarn, i.e.
the edge of the square. Figure 6 shows the surface
temperature profile for two different packing fractions
each for 34 and 68 filament yarns, with a certain
random packing arrangement at that packing fraction.
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Figures 7 and 8 demonstrate the variation between the
effective thermal conductivities for different run
indices, at the same porosity for 34 and 68 filament
yarns. It can be noted that there is almost a 10%
variation between the calculated effective thermal
conductivities at the same packing fraction. This may
or may not be significant depending upon the kind of
precision needed. Figure 9 illustrates the evolution of
the average effective thermal conductivity with
packing fraction for both yarns. The error bars indicate
the standard deviation, which may not be very
significant for an individual case. However, the
deviation has the potential to significantly bridge the
gap between the average effective thermal
conductivities for proximal packing fraction levels.
Hence, if the jJump in packing fraction is large, it is safe
to conclude that the packing fraction is the most
dominant factor influencing thermal transport.
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Figure 6 Surface temperature plots for a) 34 filament with packing fraction 0.417, b) 34 filament with packing fraction 0.475, c)
68 filament with packing fraction 0.441 and d) 68 filament with packing fraction 0.494



Effective thermal conductivity variation for 34 filament yarn
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Figure 7 Effective thermal conductivity variation with run index for different porosities of 34 filament yarn
Effective thermal conductivity variation for 68 filament yarn
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Figure 8 Effective thermal conductivity variation with run index for different porosities of 68 filament yarn
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Figure 9 Variation of Average thermal conductivity for 20 random runs with packing fraction for 34 and 68 filament yarns

Conclusion

These simulation results reveal that at a fixed packing
fraction, the thermal conductivity of the yarns can vary
significantly. Furthermore, the packing fraction
remains the dominant factor in determining the
effective thermal conductivity, but the significant
deviation at different packing arrangements also
suggests that there are certain geometrical factors and
arrangements that are important and can become
significant when the microfiber cross sections are not
symmetric in nature.

Acknowledgement

This work is funded by Eastman Chemical Company.

References

[1] W. Van Antwerpen, C. G. Du Toit, and P. G.
Rousseau, “A review of correlations to model
the packing structure and effective thermal
conductivity in packed beds of mono-sized
spherical particles,” Nucl. Eng. Des., vol. 240,
no. 7, pp. 1803-1818, 2010.

[2] N. Anand and R. D. Gould, “A Convenient
Low Order Thermal Model for Heat Transfer
Characteristics of Single Floored Low-Rise
Residential ~Buildings,” no. 50596. p.
VVO6BTO8A001, 2016.

[3] F. P. Incropera, D. P. DeWitt, T. L. Bergman,
and A. S. Lavine, Fundamentals of Heat and
Mass Transfer, vol. 6th. John Wiley & Sons,
2007.

[4] M. F. Watkins and R. D. Gould, “Heat transfer
to vertical dense granular flows at high
operating temperatures,” in ASME 2017

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Power & Energy Conference, 2017, pp. 1-8.
M. F. Watkins and R. D. Gould, “Effect of
flow rate and particle size on heat transfer to
dense granular flows,” in ASME 2016 Power
& Energy Conference, 2016.

Y. N. Chilamkurti and R. D. Gould,
“Experimental and computational studies of
gravity-driven dense granular flows,” in
International Mechanical ~ Engineering
Congress & Exposition, 2015.

Y. N. Chilamkurti and R. D. Gould,
“Characterizing particle-wall contact behavior
and fluctuations in gravity-driven dense
granular flows in cylindrical tubes using
DEM,” in ASME 2017 Power Conference
Joint with ICOPE-17, 2017, pp. 1-10.

Y. N. Chilamkurti and R. D. Gould, “Discrete
element studies of gravity-driven dense
granular flows in vertical cylindrical tubes,” in
Power & Energy Conference, 2016.

N. Ozdil, A. Marmarali, and S. D.
Kretzschmar, “Effect of yarn properties on
thermal comfort of knitted fabrics,” Int. J.
Therm. Sci., vol. 46, no. 12, pp. 1318-1322,
2007.

I. Salopek Cubri¢, Z. Skenderi, A. Miheli¢-
Bogdani¢, and M. Andrassy, “Experimental
study of thermal resistance of knitted fabrics,”
Exp. Therm. Fluid Sci., vol. 38, pp. 223-228,
2012.

R. Yen, C. Chen, C. Huang, and P. Chen,
“Numerical study of anisotropic thermal
conductivity fabrics with heating elements,”
Int. J. Numer. Methods Heat Fluid Flow, vol.
23, no. 5, pp. 750-771, 2013.



