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Abstract:

The article presents the results of an attempt to use high-resolution X-ray micro-computed tomography (micro-CT)
to model the thermal insulation of clothing as one of the most important parameters affecting the heat balance
between a human and his/her surroundings. Cotton knitted fabric applied in functional clothing for newborns and
aramid woven fabric used in multilayer protective clothing for firefighters were the tested materials. The 3D models of
real textiles based on micro-CT images were developed. Next, the models were applied to heat transfer simulations
using the finite volume method. The usefulness of the models was experimentally verified using thermography with
real textiles. The simulation results were consistent with the measurement results and confirmed the relationship
between the thermal insulation and geometry of the textiles on the one hand and the physical parameters of the raw

materials from which they were made on the other hand.
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Nomenclature

e — specific internal energy (J)

h — thermal enthalpy per unit mass (J-kg™)
p — pressure (Pa)

Pr— Prandtl number (dimensionless)

0, — heat change (released or absorbed) per unit volume
(W-m™)

Q out

T

Q in
T

— heat radiation leaving a radiative surface (W-m2)
— incident thermal radiation arriving at a surface (W-m=2
q,— diffusive heat flux density (W-m™2)
T — temperature (°C)
u — gas velocity (m-s™)

¢ — surface emissivity coefficient of thermal radiation

(dimensionless)

A.—eigenvalues of the thermal conductivity tensor (W-m™"-°C™")
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A —thermal conductivity (W-m~"-°C™1)

u — dynamic viscosity coefficient (Pa-s)

H,— turbulent eddy viscosity coefficient (Pa-s)
p — density (kg:m=)

o — Stefan—Boltzmann constant (W-m=-K™)

T, — Viscous shear stress tensor (Pa)

1. Introduction

The phenomenon of human thermal comfort is associated
with many coefficients that characterize the human body, the
environment where the human is, and his/her clothing. The
main goal of clothing is to protect the human body against
the negative effects of external factors and regulate the heat
transfer between the human body and the environment. The
heat exchange greatly depends on the geometric structure
of the textile and the thermal properties of the raw materials
from which the clothing is made. One of the parameters of
clothing with a strong impact on the heat transfer between the
human body and the environment is the thermal insulation [1—
3]. This feature is one of the most important indicators of the
value in use of textiles, especially for apparel woven fabrics,
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knitted fabrics, and technical fabrics, because it affects the
physiological properties of clothing.

According to the literature, micro-computed tomography
(micro-CT) has been used to provide detailed information on
the geometry and geometric internal structure [3-7,9-12], as
well as for simulation purposes [8,11]. Because of the complex
structure of composites, micro-CT has been used by Huang
et al. [4] to provide detailed information on the geometric
mesostructure of continuous fiber composites to construct
detailed geometric models of engineering textiles based on
three-dimensional (3D) images. In another study [5], it has
been used to characterize the microstructure of fabrics to
acquire the input parameters for models of textiles and textile
composites. Mikucioniene et al. [3] compare the mesoscopic
internal structure of the fabric between the nondeformed
state and a sheared state of woven fabrics. Chowdhury et
al. [7] use micro-CT to nondestructively image, develop, and
validate the structure—property relationships for textile carbon
fiber polymers. A simulation based on finite element models
obtained using the micro-CT is shown in another study [8].
X-ray micro-CT has been used to characterize the 3D pore
network and fibers inside glass wool [10]. In a study by Straumit
et al. [11], the homogenized permeability of a noncrimp textile
reinforcement material is computed using computational fluid
dynamics (CFD) with voxel geometrical models. The models
are constructed from X-ray CT images using a statistical image
segmentation method. In another report [12], X-ray micro-CT
observations are used to understand and quantify the effect of
the in-plane shear deformation of the composite reinforcement
geometry at the meso-scale. Gliscinska et al. [13] applied
optical coherence tomography image analysis to characterize
the polymer surface layer in thermoplastic composite materials.

The work reported in the current article is related to the
important problem of thermal comfort and is a continuation
of the work on modeling physical phenomena related to the
ergonomics of clothing [14-20]. In these related six articles,
the physical properties of clothing textiles have been studied
based on simulations of physical phenomena using 3D models
of real textiles. These models were designed in the Solidworks
computer-aided design (CAD) software based on real textiles’
geometric parameters determined using scanning electron
microscopy (SEM) images, which were analyzed using the
ImagedJ software. In the current study, the stage of designing

Table 1. Characteristics of the investigated textiles

1mm

Figure 1. 3D images of the tested textiles (a and b — knitted fabric; ¢
and d — woven fabric), obtained using micro-CT.

real textile models has been replaced by creating a model
based on a 3D reconstruction of the material using high-
resolution X-ray micro-CT.

2. Materials

The subjects of this work were cotton knitted fabric with potential
applications in multilayer garments for newborns and aramid
woven fabric with potential applications in multilayer protective
clothing for firefighters. The 3D images of both tested textiles
were obtained using high-resolution X-ray micro-CT (SkySkan
1272 model, manufactured by Bruker, Kontich, Belgium), and
these images are presented in Figure 1.

The tested knitted fabrics consist of only a sorptive cotton
layer, which is excluded from direct contact with the skin of the
newborn. The main role of this layer is to keep the moisture
away from the body and vaporize it to the environment. The
tested aramid woven fabric is an outer shell of the multilayer
protective clothing for firefighters. Similar to any other layer, the
outer shell is flame retardant and is responsible for protection
against mechanical wear and tear. The characteristics of the
tested textiles are presented in Table 1.

Raw Layer Mass per unit | Porosity® Yarn Yarn Fiber
Textile Weave material thickness?® areab‘z -m-2) (%) y diameter?, porosity? diameter?
(mm) g ’ d (mm) (%) (um)
Knitted | Single | 40 0.54 162.4 81 0.73 41 15
fabric jersey
Woven Plain Aramid 0.48 200.4 70 0.52 44 24
fabric

aBased on micro-CT images.
bAccording to EN 12127 [21].
°According to Equation 1 [22].

dEquivalent diameter, since the actual yarns did not have a circular cross section.
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For both tested textiles, the porosity P was calculated according
to Equation 1 [22].

-3
' (1)

d-p

where Mp is mass per unit area in grams per square meter
(g'm=); d is thickness in millimeter (mm); and p is density of
the raw material in grams per cubic centimeter (g-cm™3).

P

-100%

3. Methods

In research described in earlier articles [14-20], the physical
properties of clothing textiles were modeled using simulations of
physical phenomena in 3D models of real textiles. These models
were designed in the Solidworks CAD software based on the
geometric parameters of actual textiles, determined using SEM
images, which were analyzed with the ImageJ software (see
“First approach of modeling” in Figure 2). In the current study,
the stage of designing real textile models has been replaced
by creating a model based on a 3D reconstruction using high-
resolution X-ray micro-CT (see “Second approach of modeling”
in Figure 2). The knitted fabric model and woven fabric model
obtained in this way were verified by measurements using a
thermal imaging camera and real textiles (see “Experiment’ in
Figure 2).

N

3.1. Modeling

3.1.1. Model design

The first stage to obtain a 3D model of the tested textiles was
the implementation of high-resolution micro-CT scans (X-ray
source voltage: 50 kV, resolution: 4,032 x 2,688, pixel size
9 mm, without filter, rotation step: 0.1°) and a 3D reconstruction
using the NRecon software. Then, the reconstruction was
transformed into a 3D model using the CTAnN software. Finally,

Figure 3. 3D models of tested textiles based on the micro-CT
reconstructions (a and b — cotton knitted fabric; c and d — aramid woven
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Figure 2. Scheme of the textile thermal insulation modeling.
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the 3D models (Figure 3) were imported into the Solidworks
Flow Simulation 2014 software for calculations of thermal
insulation. The obtained textile models considered the geometry
parameters of real cotton knitted fabric (layer thickness, loop
shape, weave, yarn length in a single loop, and yarn diameter)
and real aramid woven fabric (layer thickness, weave, size and
shape of repeat, and yarn diameter).

3.1.2. Simulations

3.1.2.1. Physical basis of the heat flow simulation: heat flow in
solids and gases

The Solidworks Flow Simulation 2014 software was used to
model the heat transfer with the finite volume method. The
applied software solves the energy conservation equations and
the Navier—Stokes formulas [23, 24], which describe the fluid
flow. This process enables one to estimate the simultaneous
heat transfer in solid and fluid media and incorporates the
energy exchange between these media. The equations are
supplemented by fluid state equations, which define the nature
of the fluid, and empirical dependencies of the fluid density,
viscosity, and thermal conductivity on the temperature. The
software can calculate temperature fields created by the
following: (1) heat transfer in the solids (conduction); (2) free,
forced, and mixed convection; and (3) radiation in both steady
and transient states [23].

The two tested textiles (cotton knitted fabric and aramid woven
fabric) were complex structures of fibers and had void spaces
between fibers filled with air. In this type of material, heat is
transported through the textile structure via both monofilaments
(solid) and air (gas), with simultaneous exchange between
these environments. The heat transfer in gases and liquids is
expressed by the following conservation equation [23]:

E[p[,,+v_-']]+&;‘l[p,,,_[m_;]]=zl[u,.{,y_”;)w,]%e_,;%+pg+s_u,+g,, 2)

where 7; is the viscous shear stress tensor defined as follows
[23]:

- ] @)
! ox;, Ox,
where 1'; is the Reynolds stress tensor defined as follows
[23]:
ou,
z'f =4, %4__1 (4)
. ox, ox

S =8 +Sl.g”””y +Sl,m"”"0" is the volume-distributed
external force per unit volume [in newton per cubic meter (N-m3)]
due to the resistance of the porous media (Sj’""’“‘), buoyancy
(Sf'““"’y =fpgi), and rotation of the coordinate system

S{,””“"’m . The subscripts are used to denote a summation
over the three coordinate directions.

The heat flux density is defined by the following equation [23]:
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The constant Cu is determined according to Solidworks
[23] as being equal to Cy = 0.09, whereas sc = 0.9. The
equations describe both laminar and turbulent flows. Moreover,
transitions from one case to another and back are possible; k
is the turbulence kinetic energy, and ¢, in joules per kilogram
per second (J-kg™'-s™"), is the turbulence dissipation (rate at
which the turbulence kinetic energy is transformed into thermal
internal energy). Parameters k and mt are zero in the case of
pure laminar flows. The anisotropic heat conductivity in solid
media is described by the following equation [23]:

003 (a1, 2
ot ox, | o, N

where e is the specific internal energy, e = cT, cis specific heat,
and QH is specific heat release (or absorption) per unit volume.
The heat conductivity tensor is diagonal to the considered
coordinate system, and the heat transport within the textile is
independent of direction, i.e., we introduce an isotropic medium
and can denote /71 = [2 = I3 = A. The energy exchange between
the gas and solid media is calculated via the heat flux in the
direction normal to the solid—gas interface considering the solid
surface’s temperature and gas boundary layer characteristics
if necessary [23].

3.1.2.2. Physical basis of the heat flow simulation: thermal
radiation

The applied software enables the simulation of thermal
radiation based on the so-called discrete transfer model.
According to the model, the radiation that leaves the surface
element in a certain range of solid angles can be approximated
by a single ray. The radiation heat is transferred along a series
of rays that only emanate from the radiative surfaces. Then, the
rays are traced as they traverse through gas and transparent
solid bodies until they hit another radiative surface. The thermal
radiation from the surface or radiation source is expressed
as a sum of the material radiation (described by the surface
emissivity and prescribed area of radiation A) and incoming
radiative transfer. This problem is defined as follows [23]:

Oy =eoT A+ (1-£) 0} (8)

The main result from the calculation of the radiation heat transfer
is the surface or internal temperature of the solid. However,
these temperatures are also affected by heat conduction in
solids and solid/gas heat transfer. To observe only the radiative
heat transfer, the user can view the leaving radiant flux over the
selected radiative surfaces in surface plots [23].
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Table 2. Physical parameters of the raw materials used in the simulations [15, 16, 21]

Textile Model

Heating Plate

Figure 4. Initial conditions of the simulations inside the computational
domain.

3.1.2.3. Initial conditions of the simulations

Simulations were performed with the SolidWorks Flow
Simulation software using the finite volume method. The 3D
models of the cotton knitted fabric and aramid woven fabric
were reduced to the repetitive element due to their periodic
structure and were placed on the top surface of a rectangular
heating plate model. The appropriate raw material with the
physical parameters in Table 2 was assigned to both geometry
models of the examined textiles. Due to their complicated
internal structure, the yarn in both tested textiles were mapped
as the homogenized 3D solid objects with the respective
physical parameters (density, specific heat, and thermal
conductivity coefficient), which resulted from the yarn porosity
shown in Table 1.

Both models of the tested textiles were positioned on the
bottom of a rectangular computational domain filled with air.
The domain height was approximately 5 mm, and the sidewalls
were tangential to the textile model. To eliminate the effects of
the asymmetric boundary conditions, settings were applied to
imitate an infinite layer of textile model that propagated outside of
the domain in all four horizontal directions. The initial conditions
of the simulation (Figure 4) in the computational domain
imitated four ambient conditions of the verification experiment
performed using a thermal imaging camera with real textiles
(T,,=10°C,RH=65%, p,, =101,325Pa; T = 15°C, RH=65%,
p,, = 101,325 Pa; T_ = 20°C, RH = 65%, p,, = 101,325 Pa; and
T, =25°C, RH = 65%, p,, = 101,325 Pa). The temperature of
the heating plate model was constant at 35°C.

http://www.autexrj.com/

Physical parameter Cotton Aramid Air
Density (kg-m™3) 1,550 1,380 1.15
Specific heat (J-kg™'-°C") 1,330 1,396 1,006
Thermal conductivity (W-m"-°C-") 0.07 0.09 0.025
Emissivity 0.78 0.65 -
/ Initial conditions of simulations inside AT Initial conditions of experiment
—J__ computational domain 4‘1 TolCl 10 15 20 25
1 Tl°C 10 15 20 25 N
Thestngpute[°C] 35 35 35 35
Thcaung pats 'C1 » % » » RH (%] 65 65 85 5
RH [%) 65 65 65 65
Pu [Pa] 101325 101325 101325 101325
p.; [Pa) 101325 101325 101325 101325 —
T Thermal Imaging Camera
Computational Domain
o ? Textile

y

7 _
/.f(.‘ Nov Vv Vs i )
oV Ve Vz > Heating Plate

A

Figure 5. Scheme of the thermal imaging measurement.

The computational domain was divided into 37,894 cells
(knitted fabric model) and 33,464 cells (woven fabric model) of
three types (fluid cells, solid cells, and partial cells). The fluid
cells were filled with air, while the solid cells had the material
characteristics of the tested textile model, heating plate model,
or both textile model and heating plate model. The partial cells
contained both solid material and air.

3.2. Thermography measurements

To assess the thermal insulation of the tested textiles, the
samples were placed in a room (Great Climatic Chamber made
by Weiss Technik, Reiskirchen, Germany) with four selected
constant ambient conditions (T, = 10°C, RH=65%; T, = 15°C,
RH =65%; T, =20°C, RH=65%; and T__ = 25°C, RH = 65%)
on a flat heating plate (Measurement Technology Northwest,
Seattle, WA, USA) with a constant temperature (Tplate = 35°C).
Using a thermal imaging camera (FLIR SC5000 model made in
USA) and included software (Altair — Thermal Image Analysis
Software), the average temperature of the top surface of the
sample (facing the environment) TIaV was measured. The

eX
scheme of the experiment is presented in Figure 5.

The temperature r:: was measured for samples with an
area of approximately 25 cm?, but the real sample size was
larger (approximately 50 cm?) to reduce the negative effect
of boundary conditions. Measurements were performed
after reaching a steady state (approximately 10 min). The
measurement errors of the temperature, which resulted from
the thermal imaging camera, were +1°C.
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4. Results and discussion

The results of the measurements using a thermal imaging
camera and simulations (Figure 8 and Table 3) showed a
correlation between the tested textiles’ thermal insulation
property and the raw materials from which they were made.
The simulation and measurement results show that the cotton
knitted fabric is a better heat insulator than the aramid woven
fabric. In Figure 8 and Table 3, the average temperatures of
the top surface of the tested textiles — 7' — measured in
the experiment and calculated by simulations at four ambient
temperatures are presented. As expected, Tt:: increases when
the ambienttemperature increases. For the cotton knitted fabric,
the experimental 7., increases from 31.91°C (for T, = 10°C)
to 32.86°C (for T, = 25°C), while the simulated 7., increases

tex
from 32.59°C (for T_ = 10°C) to 34.01°C (for T__ = 25°C).

The average temperzg\ture difference between thea"measured
value in the experiment and the simulated value for the tested
knitted fabric is 0.93°C. In the case of aramid woven fabric, the
experimental 7. increases from 32.99°C (for T, = 10°C) to
34.14°C (for T = 25°C), while the simulated th;’ increases

from 34.07°C (for T,, = 10°C) to 34.64°C (for T, = 25°C). The
36 36
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Figure 6. Average temperature of the top surface of the tested textiles
determined in the experiment and calculated by simulations at four
ambient temperatures.
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average temperature difference between the measured value
in the experiment and the modeled value for the tested woven
fabric is 0.89°C. Therefore, the average difference between the
measured and calculated temperatures 71:: for both tested
textiles is below the uncertainty of measurement with a thermal
imaging camera (+1°C). The narrower temperature increase for
the tested woven fabrics can be the result of three key issues:
the woven fabric is 0.06 mm thinner than the knitted fabric,
the woven fabric is 11% less porous than the knitted fabric,
and aramid has a higher thermal conductivity coefficient (by
0.02 W-m™"-°C™") than cotton.

For both tests, the simulated temperature for all ambient
temperatures is higher than the corresponding temperature
measured in the experiment. This repeated difference between
the experiment and simulation results (2.13%—3.50% for cotton
knitted fabric and 1.44%-3.27% for aramid woven fabric)
may be due to several independent problems related to both
modeling and measurement.

First, the 3D models of the tested textiles were created based
on reconstruction using the micro-CT images and reduced to
the volume of the repetitive element of the perfectly periodic
structure of the tested textiles; there is, in fact, no ideal periodic
structure (in any real knitted fabric or woven fabric). Moreover,
the model based on a very accurate reconstruction has some
simplifications in relation to the actual form of the material. The
designed models of both tested textiles accurately reproduced
most of the geometrical parameters of real textiles, such as the
layer thickness, weave, and shape of yarn, but did not consider
the free spaces among the fibers in the yarn, which are filled
with air (better thermal insulator than cotton and aramid). The
applied homogenization of aramid with air in the yarn of the
fabric model and homogenization of cotton with air in the yarn
of the knitted model could have been too simplified for the yarn
model in relation to the actual structure of the yarn in both
examined textiles. These simplifications may have affected the
temperature distribution patterns in the textile models under
different ambient conditions (Figure 7).

Meanwhile, the differences between the simulation and the
experimental results may originate from the measurement

Figure 7. Temperature distributions in the 3D models of the tested textiles for four different ambient temperatures.
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Table 3. Temperature (minimum, average, and maximum) of the top surface of the tested textiles determined in the experiment and calculated by

simulations at four ambient temperatures

Experiment Simulations
Ambient conditions Toxtile (based on thermography) (based on CT textile model)
Teex (°C)
T, (°C) | RH (%) T 0 Ty (°0) | T (°0) | T °0) |Tex (°0) | T3 0
10 65 31.52 31.91 33.91 32.35 32.59 32.65 0.68
15 65 E:g:g 31.75 32.11 34.34 32.73 33.10 33.24 0.99
20 65 fabric 32.26 32.67 34.50 33.37 33.58 33.72 0.91
25 65 32.35 32.86 34.56 33.71 34.01 34.20 1.15
10 65 32.02 32.99 33.14 33.89 34.07 34.28 1.08
15 65 Aramid 32.49 33.28 33.91 33.96 34.26 34.45 0.98
20 65 V}:gﬁg 33.18 33.46 34.04 34.24 34.45 34.67 0.99
25 65 33.20 34.14 34.81 34.41 34.63 34.82 0.49

35.00
3447
3395
34
3287
3233
N77
.2
3063
3005

Figure 8. Temperature distributions on the outer surfaces of the aramid woven fabric (top) and cotton knitted fabric (bottom) for four selected
ambient temperatures (10°C, 15°C, 20°C, and 25°C) using a thermal imaging camera.

using a thermal imaging camera. To perform the measurement
under identical ambient conditions, the measurement was
simultaneously taken with the same camera for both textiles.

Cotton and aramid have different emissivity values, 0.78
and 0.65, respectively. To make a simultaneous objective
measurement for the cotton knitted fabric and aramid woven
fabric, an average emissivity value of 0.72 was used. The
need to take the average value could have affected the
temperature distributions for different ambient conditions using
thermography, as presented in Figure 8.

5. Conclusions

In this paper, the new method of applying high-resolution
X-ray micro-CT to model the thermal insulation of textiles was
presented. Based on the 3D images obtained with the micro-CT,
two 3D models of textiles used in functional clothing, namely,
cotton knitted fabric and aramid woven fabric, were developed.
The designed models mapped both geometry and raw material
composition of the real textiles. The models were used to

http://www.autexrj.com/

simulate the heat transport using the finite volume method to
calculate their thermal insulation under four selected ambient
conditions. The results of modeling the thermal insulation of
the tested materials were verified by an experiment with real
textiles using thermography in identical ambient conditions.

The experimental measurements correlated with the simulated
predictions, and the differences between them varied depending
on the specific parameters and ambient conditions. These
differences may be related to modeling issues concerning all
simplifications in relation to the complicated geometry of real
textiles, as follows:

Homogenization — instead of considering individual fibers in
the models and spaces among them, which are filled with air
— in the models of the cotton knitted fabric and aramid woven
fabrics (the actual porosity is not isotropic),

The developed models of the cotton knitted fabric and aramid
woven fabric — due to their periodic structure — were reduced
to the repetitive element when copied in all four horizontal
directions to create the entire textile, whereas the real knitted
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and woven fabrics never have two identical structural elements
despite their periodic structure.

Despite the aforementioned simplifications, the presented
method and developed micro-CT-based models of the tested
textiles allow one to predict the thermal insulations with an error
of 2.13%-3.50% for cotton knitted fabric and 1.44%-3.27%
for aramid woven fabric. The presented results of the CFD
simulations are verified by the results of the experiment using
thermography on real materials. Thus, the method used herein
can be useful for understanding and optimizing the thermal
protection and comfort properties of functional clothing.
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