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ABSTRACT

This study presents a computational model for investigation of the air permeability coefficient and
water-vapor resistance coefficient through 3D textile layer. The effective values of the coefficients are
highly dependent on the volumetric internal structure of the layer. The computational study of air and
water vapor flow has been performed a microscale finite element model of the representative volume
of the textile layer by taking into account the real configuration the yarns and filaments. The effective
values of the coefficients were obtained by using taking average values of air and water vapor fluxes
through the thickness of the representative volume. The steady state computational models in micro
scale are based on Navier-Stokes and Brinkman partial differential equations. The simulations were per-
formed in Comsol Multiphysics 5.3a software environment by using laminar flow (.spf) application
mode. Numerical results for the air permeability of the samples were obtained, analyzed and validated
by comparing against experimental data. Good agreement with experimental data has been achieved.
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HIGHLIGHTS

e COMSOL software was used to simulate air permeability and water-vapor resistance of 3D tex-
tile layer.

e The numerical model has demonstrated its efficiency comparing with experimental air permeability
measurements.

1. Introduction

Spacer fabrics are three-dimensional textile structures (3D
textiles) formed of two separate outer layers (top and bot-
tom layer) that are combined together by a volumetric spa-
cer yarns system or spacer layer (Ertekin & Marmarali,
2011). Spacer fabrics can be manufactured by warp knitting,
weft knitting, weaving, non-woven, braiding, etc. (Liu & Hu,
2011). Nowadays, 3D fabrics are widely used in aerospace,
automotive, military, medical, human body and engineering
structures protection, sports and leisure, and many other
applications, in underwear and outerwear clothing. The
open internal structure is able to ensure good heat and
moisture transfer, thus providing thermo-physiological com-
fort (Hearle, 2015). Theoretical investigations of the physical
behavior of 3D textiles are complicated due to complex
internal structure, which leads to extremely complex air
flow patterns around the spacer yarns and through bound-
ing layers. The air flow through the fabric is a physically
coupled with heat and moisture transfer and other physical
processes. The practically applicable models are multi-scale
by virtue, as the internal physical processes and overall

behavior of the 3D textile layer are considered in different
space and time scales (Barauskas & Abraitiene, 2011).
During the last decade various aspects of air and water vapor
exchange through 3D textiles have been investigated. It is gen-
erally considered that one of the most important comfort prop-
erties of textile is its air permeability (Kulichenko, 2005). It may
affect the wearing comfort properties in several different ways.
For instance, liquid and water vapor transmission properties
are closely related to the air permeability value. Besides this,
thermal resistance property of a fabric is highly influenced by
the air mass trapped within the fabric itself (Pezzin, 2015).
According to UNI EN ISO 9237 standard, air permeability is
defined as air flow rate penetrating the unity area of the test spe-
cimen under specified values of the pressure difference and the
test duration. Kyosov et al. (2016) investigated air permeability
of ensembles of two woven structures by applying the FLUENT
CFD software. The mathematical model was based on
Reynolds-averaged Navier-Stokes (RANS) partial differential
equations plus the continuity equations. It was found that air
permeability was strongly influenced by the order of arrange-
ment of the layers and distance between them. The lowest air
permeability coefficient was obtained when distance between
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layers was 3-5 mm (Kyosov et al,, 2016). S. S. H. Dehkordi et al.
(2017) used two different k-¢ and k- turbulence models from
the group of the Eddy Viscosity Models (EVMs) to simulate air
permeability of knitted fabrics with rib and interlock structures.
Geometry model of a unit cell of each sample was created by
using CATIA software by Vassiliadis model, which considers
the real shape of knit loop in three-dimensional space.
Nordlund and Lundstrom (2008) numerically investigated the
effect of scale porosity of fiber reinforcements on local perme-
ability. Channel model was described by Brinkman’s and the
continuity equations. The simulations were performed with
ANSYS CFX5.7.1 software. The results portrayed that fiber
bundles with high fiber density can be eliminated from perme-
ability models. Turan and Okur (2013) theoretically predicted
fluid flow of woven fabrics in-plane and through-plane direc-
tions. The through-plane and in-plane flow mechanisms of fab-
ric were studied together by analyzing effective pore properties
separately for these two flow directions. Das et al. (2011) inves-
tigated vertical wicking through yarn structure. The model was
based on the Laplace equation and the Hagen-Poiseuille’s equa-
tion on fluid flow taking into account fiber denier, yarn denier,
fiber cross-sectional shape and number of fibers in the yarn and
yarn twist. Zhu et al. (2018) measured and analyzed air perme-
ability of cotton woven fabrics by using analytical models such
as Kozeny-Carman model, Forchheimer model, and
Hagen-Poiseuille mode that consider porosity and pore diam-
eter or porous area. It was found that the Hagen-Poiseuille
equation had good accuracy with the experimental results,
when the pressure drop was less than 60 Pa. Analytical models
of air permeability did not demonstrate good prediction when
the gas flow had higher velocity or Reynolds number (Zhu
et al, 2018). Zupin et al. (2012) measured the construction
parameters: the number of pores that was calculated as a prod-
uct of warp and weft settings; effective hydraulic diameter of
pores; and the porosity calculated from the measured mass and
thickness of fabrics for 36 woven fabric samples in order to pre-
dict the air permeability of one-layer woven fabrics. Air perme-
ability measurements were performed with the Air Permeability
tester FX 3300 Labotester III (Textest Instruments) according
to the ISO 9237:1995 (E) standard. The pressure difference was
set 200 [Pa] on an area of 20 cm®. Cotton warp and weft yarns
were of the same linear density for all fabrics, i.e. 17 X 2 tex,
only warp being sized (Zupin et al, 2012). Pezzin (2015)
numerically predicted air permeability of nine different fabric
structures that was measured by Zupin et al. (2012). The geom-
etry of one-layer woven fabrics was built using TexGen soft-
ware, then imported into finite element software Comsol
Multiphysics in order to predict the air permeability coefficient
(Pezzin, 2015).

The other important thermo-physiological parameter describ-
ing the moisture transport is the water-vapor resistance coefficient
(Rey). Different test methods (cup method, “sweating guarded-
hotplate” method, permetest method) can be used to determine
the water-vapor resistance of textiles. According to ISO
11092:2014 standard water-vapor resistance is defined as water-
vapor pressure difference between the two faces of a material div-
ided by the resultant evaporative heat flux per unit area in the dir-
ection of the gradient (ISO 11092:2014(en) (n.d.)). Irandoukht
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and Irandoukht (2011) developed linear and non-linear regres-
sion models that connect water-vapor resistance with structural
properties of the fabric (Irandoukht and Irandoukht, 2011).
Neves et al. (2015) proposed methodology and experimental pro-
cedures to determine parameters that are required for numerical
studies of heat and mass transfer through textiles. The water-
vapor resistance was determined in laboratory using “sweating
guarded-hotplate”. The developed methodologies allowed to con-
sider the presence of water in the fibers, and thus, to increase the
accuracy of measurements of textile characteristics and corre-
sponding transport properties (Neves et al., 2015). According to
Horrocks and Anand (2000) water-vapor resistance of clothing
layers can be rated into three classes. The first class has R values
greater than 150 m® Pa W', and is impermeable, i.e. they offer
no perceivable comfort to the wearer. The second class has R,
values between 20 and 150 m* Pa W™ " and are rated as medium
performance. The third class presents R, values less than 20 m*
Pa W' and have the best performance in terms of ‘breathability’
(Horrocks & Anand, 2000).

The aim of this study was to create a close to reality 3D
micro scale model for simulation of air and water vapor flow
phenomena that occurs between human skin and outer envir-
onment through 3D textile layer. This research work consists of
two parts. In the first part air permeability coefficient was devel-
oped and validation was done basing on experimental data pre-
sented in (Zupin et al., 2012), theoretical investigations in
(Pezzin, 2015). In the second part the water-vapor resistance
coefficient has been found by performing simulation, which
imitates the experimental process in accordance with ISO
11092:2014/LST EN 31902:2002 standard and theoretical inves-
tigations presented in (Barauskas & Abraitiene, 2011).

2. Materials and methods
2.1. Materials

Creation of a detailed representative geometry of textile
layer that enables to examine the effect of air flow through
3D textile is an important challenge in such kind of analysis.
Figure 1 presents the cross-section picture of 3D textile.

In the first part air permeability coefficient was calculated
and validation was done basing on experimental data pre-
sented by Pezzin (2015) and Zupin et al. (2012). In Table 1,
the obtained air permeability coefficients of one-layer plain
weave woven fabrics are shown. In this research, the models
of two different plain-woven fabric structures were created
which represent the top and bottom layers of 3D textile.

In the second part the water-vapor resistance R, coeffi-
cient of 3D textile was developed and validated on the
results of the experimental research presented by Barauskas
and Abraitiene (2011). The experimental value R, was
obtained using The Sweating Guarded Hot Plate. The heat
exchange processes occurring close to the surface of the
human skin were simulated in accordance with the Sweating
Guarded Hot Plate M259B experimental scheme given in
Figure 2. In accordance with LST EN 31902:2002/
International standard ISO 11092:2014 the measurement test
of the water-vapor resistance R, is carried out at the tem-
perature T=35°C, relative humidity 40% (¢ =0.4) and air
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flow velocity 1 m/s. The classification of fabrics according to
their R, values is evaluated as in Table 2.

In accordance with ISO 11092:2014(en), such isothermal
conditions prevent water-vapor condensation within the test
specimen. During the test, the heating power H required to
maintain the plate temperature at T=35°C is measured.
The water-vapor resistance coefficient is calculated as R, =
w, where A is the surface area of the specimen, p, is
the water-vapor partial pressure, p,, is the saturation water-
vapor partial pressure given in pascal.

2.2. Methods

2.2.1. Geometric models

The unit cell models of specific textile layers were developed
in order to simulate the physical processes influencing the
air permeability and water-vapor resistance coefficients of
the fabrics. Model 6 was used for the representation of two-
layer woven fabric combined of two replicas of Model 3.
The dimensions of air domain in Models 1, 3, 5, 6, 7 are
l4mm x 1mm X 10mm in and the thickness of textile
layer domain is 0.439 mm as seen in Figure 3. The dimen-
sions of the air domain in Models 2 and 4 are 1.05mm x
Imm X 10mm and the thickness of the textile layer
domain is 0.438 mm.

Model 7 is equivalent to the 3D textile layer representa-
tive unit cell model, where top and bottom layers were
based on Model 6 and combined together with spacer yarn
as seen in Figure 4. In Models 5, 6, 7 distance between two
textile layers is 3.06 mm. In Model 7 the radius of spacer
yarn is 0.08 mm. The spacer yarn is made from polypropyl-
ene that has 18 tex linear density.

The complex geometry (Model 1, Model 2) of woven tex-
tile layer (unit cell) was created by using TexGen software.
Models 1 and 2 (see in Figure 3) were used as representative
models for one-layer woven fabric. Models 3 and 4 present
the simplified fabric internal geometry structure based on

Figure 1. The sample of 3D textile.

Models 1, 2. Model 5 represents the two-layer woven fabric
combined of two replicas of Model 1. The summary of
Models 1-7 properties is shown in Table 3.

The properties of the finite element grid are presented in
Table 4. For discretization of the air domain the first order
finite elements for velocity and for pressure approximation
(P1+ P1) were used.

2.2.2. Equations for air permeability and water-vapor
resistance coefficient

In order, to simulate the processes influencing the air per-
meability and water-vapor resistance of the fabric the fol-
lowing assumptions were made:

Steady-state flow

Single phase flow

Low Re number

The flow is incompressible (constant mass density p)
because the conditions are considered as nearly isother-
mal. Therefore, the variation of p with p is very small.
5. Newtonian fluid (constant dynamic viscosity 1)

Ll

The laminar incompressible flow numerical simulations
were performed. In COMSOL Multiphysics the Laminar
flow interface allows to use Navier-Stokes and Brinkman
equations for simulating the air flow through fabric.
Domain notation Q stands for the union of computational
domains that consist of two subdomains Q; (air domain)
and Q, (porous media domain (textile)). The domain
boundary is defined as 0Q. Vector n stands for the outer
unit normal vector and t denotes the tangential vector.

The Navier-Stokes equations were used to represent the
air motion around through internal yarn structure of the
textile layer. Navier-Stokes equations consist of momentum
equation (1) and mass continuity equation (2) as (Vafai,
2015)

plu-Viu=V- {fpl + u(Vu + (Vu)T>] +F (1)
pV - (u)=0 ()

where V—the gradient operator, u—velocity vector of air
flow in m/s, p—mass density of air in kg/m®, p—pressure of
air in Pa, p—dynamic viscosity of air Pa-s, I—identity ten-
sor and F denotes external force (for instance gravity, body
forces) vector. The momentum equation (1) consists of iner-
tial term (Stokes flow), pressure gradient, effects of viscous
and external forces.

The Brinkman equation was used for simulation of the
air flow around the yarn structure considered as a porous
medium. The Brinkman equation for steady-state porous
media flow reads as (Vafai, 2015)

Table 1. Measured construction parameters and air permeability of samples (Zupin et al., 2012).

Measured weft density

Measured air permeability ~ Theoretical air permeability

Sample number Measured warp density (ends/cm) (picks/cm) Thickness (mm) (mm/s) (mm/s) (Pezzin, 2015)
1 21 15 0.439 2391.67 2316
2 21 20 0.438 1571.67 1526




Air velocity 1 m/s,
Relative humidity 40%,
Air temperature 35°C.

Vapor

Heating' element
Temperature
sensor

Thermal guard
Water (35 ©C)
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Porous plate with a water-vapor
permeable membrane

Vapor Sample of textile

Heating'element

Water ( 35°C

Figure 2. Scheme of the model simulating A Sweating Guarded Hot Plate M259B (Neves et al., 2015) experiment.

Table 2. Thermal-physiological comfort rating system in accordance with R coefficient values (Relji et al., 2016).

Rating Ret value Description

Very good 0-6 Extremely breathable and comfortable at a higher level of activity.
Good 7-13 Very breathable and comfortable at a moderate rate of activity.
Satisfactory 14-20 Breathable, but uncomfortable at a higher rate of activity.
Unsatisfactory 21-30 Slightly breathable, giving moderate comfort at a low rate of activity.
Very unsatisfactory 31+ Not breathable and uncomfortable, with a short tolerance time.

V- [_pl +§ (Vu + (Vu)T) — %—p (V- u)I]

k™" + Brepplul + Q_;n u+F
&
3)
pV - (u) = Qn (4)

where €,—constant porosity, k—intrinsic permeability ten-
sor in m?B—Forchheimer drag coefficient (inertial flow
coefficient and the turbulence factor). In our case factor
value Br=0 is assumed. For zero mass source (Q,, = 0) the
continuity equation (4) reduces to Eq. (2).

The simplified version of Brinkman equation reads as

203

V- [_pI +% (Vu + (Vu)T> — %%(V . u)I]

—(uku+F

(5)
pV - (u) =0

Constant ambient temperature of 20°C was assumed in
the vicinity of all domains. The inlet pressure boundary
condition was set 200 Pa and the outlet pressure was set as
the atmospheric pressure. Full slip air flow boundary condi-
tions were set at all external walls surrounding the represen-
tative model. No-slip condition was set on all internal walls,
where the air flow velocity is assumed as zero (see in Figure
4). All boundary conditions applied in the models are sum-
marized in Table 5.

The air permeability coefficient depends on the internal
structure of the 3D textile. In order to obtain the close-to

reality models the porosity and intrinsic permeability of the
yarns were taken into account. Material porous matrix prop-
erties that were used in Q, is shown in Table 6.

For prediction of water-vapor resistance coefficient the
same models were used, where dry air material properties
(dynamic viscosity and density) were changed to water-
vapor properties at temperature T=35°C and relative
humidity 40% (see Table 7). Dynamic viscosity of water-
vapor was determined by the linear expression
8.058131868 x 10" 4 4.000549451 x 10! x ¢ in Pa-sx10~°
investigated in literature (Tsilingiris, 2008). This expression
is wvalid in temperature range 273.15 <t < 393.15 K.
Density of water-vapor was obtained from ideal gas law.
The 0Q;,c boundary condition value was changed into nor-
mal inflow velocity in accordance with standard LST EN
31902/International standard ISO 11092:2014 (see Table 8).

3. Results and discussion
3.1. Air permeability

The purpose of the performed calculations was to obtain the
average air and water-vapor rates passing through the unity
area of the textile layer. The obtained results are presented
in Table 9 where second column indicates the number of
layers, structural density of models and simplified geometry
models (Models 3-7).

The results of simulated air permeability values are
shown in Table 9. The fourth column refers to differences
between the simulated and experimental (see in Table 1) air
permeability coefficient values. The error was calculated
from Eq. (6).

experimental —calculated

Error = x 100% (6)

experimental

It was obtained that air permeability error did not exceed
3%. The number of textile layers was increased in Model 5,
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Figure 3. Geometry of Model 1, Model 2, Model 3, Model 4, Model 5, Model 6.

p=0Pa | Outlet
Environment
Air
domain
slip
- 3D textile
1o sl 1\
Py
slip 3.06 mm
Air z
domain A
) ea
\ 0.439 mm
z | |air T
XI——'X
\ o < Human skin

p=200 PaT Inlet

Figure 4. Model 7 geometry with boundary conditions for air permeability simulation.

Table 3. Air domain and textile

layer parameters.

z

B

J J dfdinlet

dfoutict

Q1

ot —

Distance between

Length of x direction Width of y Height of z direction Thickness of textile two layers of
Model number (mm) direction (mm) (mm) layer (mm) textile (mm) Number of layers
1,3 14 1 10 0.439 1
56,7 14 1 10 0.439 3.06 2
2,4 1.05 1 10 0.438 1

Table 4. Statistics of completed mesh.

Sample Number of elements (fabric domain) Total number of elements Number of mesh vertices
Model 1 2,35,566 2,94,324 56,890
Model 2 2,24,629 2,88,753 55,489
Model 3 7394 59,191 11,805
Model 4 7668 57,012 11,561
Model 5 4,71,396 5,86,144 1,12,959
Model 6 26,861 1,41,248 28,062
Model 7 34,500 1,73,561 33,430




Table 5. Boundary conditions for the simulation of air permeability.
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Surface Boundary conditions Settings and assumptions
On 00, u=0 Wall condition: No slip. No slip condition is assumed on 3D
textile surface. The fluid (air) velocity on this surface is zero.
On 0Q,; u-n=0K, - (K, -n)n=0, K, =Kn Wall condition: slip. A slip condition is on air surface that has
In case of air domain: no contact with 3D textile layer.
K = u(Vu + (Vu)")
In case of porous media
domain: K = £ (Vu + (Vu)")~3(V - u)I
On 0Qinet n'[-p>+Kn= ~Py Po>Pou-t=0 py=200Pa Inlet (Suppress bgckﬂow). Accordlng to expenmen.t.
the pressure difference is 200 Pa. Pressure condition
po = 200Pa on 0Q;,e; surface was set on. In this simulation
two pressure boundary conditions on 0Qj, e and on 0Q et
surface were set on. For solver it takes extra time to
recalculate velocity (u - t = 0).
On 0Qutet [-pI+Kln=—pyn p, <py po=0Pa Outlet. Relative pressure py = 0Pa on 0Q, e Surface was set

on. Physical meaning that absolute pressure is equal to
reference pressure (1 [atm]). It can be expressed
as pa = Pref =+ Po.

Table 6. Porous matrix properties (Pezzin, 2015).

All models

Porosity €,

0.58

Model 2, Model 4
Model 1, Model 3, Model 5-7

Hexagonal array permeability k
Square array permeability k

1.35x 107" [m?]
1.64x 107" [m?]

Table 7. Material properties.

Dry air at T=20°C

Water-vapor at T=35°C, $ =0.4

Dynamic viscosity p

Density p 1.2043 [kg/m?]

1.8139 x 107> [Pa-s]

2.0386-10* [Pa-s]
0.0158 [kg/m] (vapor content)

P 2250Pa
P =Rt~ 267.5]/kgK-308.15K

Table 8. Boundary conditions for the simulation of water-vapor resistance coefficient.

Surface Boundary conditions

Settings and assumptions

On aQimet u=—-Un Uy = 1m/s

Inlet (Suppress backflow). According to experiment the normal inflow velocity is 1 m/s.

Table 9. Calculated air permeability and water-vapor resistance values.

Air permeability

Air permeability Water-vapor transmission Water-vapor

Numerical model Layer/density (warp/weft) (mm/s) error coefficient 5,(s/m) resistance Re; (s/m)

Model 1 1 layer 2387.7 0.17 % 47159E—5 4.4675
21/15

Model 2 1 layer 1534.4 237% 2.5860E — 5 8.1470
21/20

Model 3 1 layer approximated 2386.6 0.21% 6.0892E — 5 3.4599
21/15

Model 4 1 layer approximated 1556.3 0.98% 2.3649E — 5 8.9085
21/20

Model 5 2 layer 1462.5 - 2.6894E — 5 7.8337
21/15

Model 6 2 layer approximated 1493.2 - 3.3128E—5 6.3595
21/15

Model 7 2 layer approximated 1525.9 - 3.4670E—5 6.0769

(3D textile model) 21/15 with spacer
where air permeability value was obtained as lesser compared 1525.9mm/s at the inlet (0Qu, z = —6mm) and outlet

against Model 1. Also, the air permeability value was lower in
Model 6 compared to Model 3 where complex geometry was
simplified in order, to save computation time. The values of
effective diameters of the openings in the simplified geometry
models were calculated by taking into account the mass flow
rate simulation results obtained from representative models
(Models 1 and 2). Figure 5 summarizes the flow velocity distri-
bution for Model 7 at different through-thickness positions
along axis Oz. The average value of air permeability is

(0Qoutler Z=4mm) positions are shown in the top left and
bottom right subplots of Figure 5. From Model 7 the mass
flow rate of the air was obtained as 2.5727 x 10~ ®kgJs.

In order to verify the convergence of the solution the
influence of mesh refinement on the values of computed
results was analyzed for Model 7.

Figure 6 illustrates the dependencies of calculated air per-
meability coefficient values against the mesh refinement. In
this simulation (Model 7) four different finite element
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Figure 5. Simulation results of Model 7. Distribution of the velocity flow.
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518001 perature (5620 Pa), p,—the water-vapor partial pressure at
Eiso] mes % % humidi P o)
2 Vo Coatset - % 40% humidity (2250 Pa), on 0Q;et.
& 1700 5 @q? = Table 9 presents the obtained values of water-vapor trans-
2. 1650 S & % mission and water vapor resistance coefficients. Models 1 and 3
= 1600 T~ QOQ’ ox demonstrate that water-vapor resistance values are dependent
1550 AN / 2 X on the internal geometrical structure of the layer. The value of
1500 - W S T the water-vapor resistance coefficient increases with the number
1450 1 — : : T T T . of textile layers. Models 5 and 6 consist of two textile layers
25000 50000 75000 100000 125000 150000 175000

Total elements number

Figure 6. Dependence of calculated air permeability coefficient values against
the number of elements.

meshes from 16,539 to 1,73,561 elements were used. Coarse
mesh and normal mesh provided the average air velocity
values as 1506.1 mm/s, 1525.9 mm/s. Therefore, the compu-
tations could be reasonably regarded as convergent.

3.2. Water-vapor resistance

— (Pa—p)A p v~ under

The water-vapor resistance coefficient R, =
isothermal conditions was recalculated in accordance with
reference (Barauskas & Abraitiene, 2011). The water-vapor

resistance coefficient reads as R, = W[
sai V

i] , where

—density of water-vapor at T=35°C temperature p, =

£ =10.71186 {%}, d,—water-vapor transmission coefficient

and the water-vapor resistance values as R.=7.8337s/m and
Re=6.3595 s/m, respectively. In Model 6 the water-vapor resist-
ance value is lower than in Model 5 due to roughly approxi-
mated geometry. The experimental value of the water-vapor
resistance coefficient of 3D textile layer was obtained in refer-
ence (Barauskas & Abraitiene, 2011) as 6.36 s/m. In this investi-
gation the calculated value was 6.0769 s/m, which is lower than
the experimental one. However, the correspondence of the
results can be considered as satisfactory. Anyway, the simulated
geometry could inevitably have certain distinctions from the
real one. For two-layered textile numerical models the water-
vapor resistance values were in-between 6.0769-7.8337s/m.
According to the rating system (see in Table 2) the investigated
textile is very breathable and comfortable.

4. Conclusion

Computer simulations of air permeability and water-vapor
resistance coefficients through textile layer were carried out by



using Comsol Multiphysics 5.3a software. The air permeability
simulation demonstrated that two Models 1 and 2 provided a
good agreement of the results against the known experimental
data. Based on the results obtained in Models 1 and 2, increase
weft density of fabric led to decrease of air permeability value.

While performing the air and water vapor flow simula-
tions through geometrically complex structures, such as
woven, knitted or spacer fabric yarn systems, the convergence
of the model is a very important issue, which requires special
attention. In Models 3 and 4 that employed a representative
cell based on very simplified 3D geometry of textile layer, the
solving time was reduced, as well as a satisfactory agreement
with previous results was achieved. Though simulation error
did not exceed 3%, this result was largely depended on
proper selection of the effective diameter of the openings,
which only imitate the actual air flow transparency of the top
and bottom layers of the spacer fabric.

However, the water-vapor resistance simulation results were
more dependent on the internal geometry. Model 1 and Model 2
describe the internal geometrical structure of the textile layer that
is rough and jagged when observed at the microscopic scale.
Probably this is the reason that near such a surface certain
amounts of the fluid are trapped and temporarily immobilized.
The fluid particle is trapped until another fluid particle having
sufficient momentum forces it out. The viscosity of the flow plays
an important role in this momentum exchange, which influences
the simulation results. Certain differences in simulated pressure
values may be obtained when using close to real geometry and
approximate geometry models at low Reynolds number. In
Model 1 pressure difference between boundaries 0Q;; and
0Q et i 335 Pa, whereas in Model 3 it is 249 Pa. Obtained dif-
ferences of simulated pressure values in Model 1 and Model 3
indicate the necessity to be very careful when using simplified
models and establishing their effective geometrical parameters.
Anyway, we demonstrated that simulations by using Model 7 are
acceptable as they demonstrate good agreement with experimen-
tally measured water-vapor resistance value.

List of symbols

€ Porosity of the textile - 0.58

K Intrinsic permeability of yarns m? 1.64 x 107"

Po Inlet pressure Pa 200

Po Outlet pressure Pa 0

Pa Absolute pressure Pa

u Velocity flow m/s

Uo Normal inflow velocity m/s 1

Dsat Saturation water-vapor partial Pa 5620
pressure at 35°C

by Water-vapor partial pressure at Pa 2250
relative humidity ¢ =0.4

Sp Water-vapor transmission s/m Y
coefficient

A Area mm? 14

wy Mass flow rate of water-vapor kg/s

Ret Water-vapor resistance s/m

H Heating power supplied to the w
measuring unit

R Universal gas constant J/(mol-K) 8.314

R, Gas constant for water vapor J/(kg-K) 0.018(&/[“0') =461.5

0] Relative humidity - 0.4

t Temperature K
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