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predicting air permeability and
thermal properties of polyester
textile structures
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Abstract

This study develops pore-scale computational models to predict air permeability and thermal properties of one-layer,
two-layer, and three-dimensional polyester textile structures. Accurate prediction of airflow and heat transfer in multi-
layer textile structures is essential for evaluating the thermal insulation and ventilation characteristics of protective cloth-
ing while ensuring thermal comfort. Compared with previous studies, the proposed pore-scale models examine the
combined effects of multilayer textile structure and additional ventilation on airflow and heat transfer. The models were
created in COMSOL Multiphysics 6.2 using Navier-Stokes and Brinkman equations for airflow and the energy equation
for heat transfer simulations in the laminar flow regime. The results showed that when the complexity of textile struc-
tures increased from one-layer to three-dimensional structures, the air permeability decreased from 1257.1 mm/s to
approximately 447.9 mm/s, and the thermal resistance increased from 0.0144 to 0.123 m? K/W. Additional ventilation
improved heat extraction, achieving an effective heat transfer coefficient of 53.64 W/m? K at a flow rate of 0.5 dm*/min
and an inlet air temperature of 10°C. The numerical predictions showed good agreement with experimental data
reported in the literature, confirming the applicability of the developed models for the analysis of airflow and thermal
characteristics of multilayer textile structures.
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In recent years, computational methods, including the
finite element method, have been widely used as a sus-
tainable approach to analyze heat and moisture trans-
fer through textile structures. In prior applications,
computational models have gained significance because
such simulations provide an efficient and cost-effective
method for analyzing heat and moisture transfer.'
For instance, the applied design and computational
model may precisely estimate heat transfer through
multilayer textiles with complex geometry, saving raw
materials, energy, labor costs, and time during clothing
production.* Such methods are increasingly used to
assess physiological responses and thermal comfort
under a variety of conditions, offering an efficient alter-
native to human testing.>® Moreover, computational

simulations allow a realistic representation of physical
processes that occur between human skin and textiles.
However, the development of such numerical modeling
tools and methods is a complex task because it requires
taking into account factors such as the clothing micro-
climate, airflow, heat and moisture transfer, and human
thermophysiological responses.” According to ISO
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11092, thermal comfort is determined by its physical
properties, which include a complex interaction of heat
and mass transfer. These processes may occur indepen-
dently or concurrently. They are time-dependent and
can be studied in either steady-state or transient
conditions.”

One of the challenges for textile designers is to
ensure thermal comfort. Thermophysiological comfort
refers to the exchange of heat and moisture between
the skin and the open air, which maintains a comforta-
ble body temperature in the range of approximately
36.5-37.5°C.* Environmental factors have a significant
impact on thermal comfort, as certain environments
require specific textiles and material compositions. For
example, textile materials with high thermal insulation
are recommended for cold and dry environments. In
cold, rainy (humid), and windy conditions, it is more
effective to use insulated textile materials combined
with a water vapor permeable membrane, which pro-
tects against wind chill and precipitation while allowing
internal moisture to evaporate, thus maintaining ther-
mal comfort.® It is well known that air permeability
(AP) and thermal resistance are identified as the essen-
tial thermal comfort properties of textiles.”!® AP is
related to the ability of air to pass through a material,
which is essential for maintaining breathability and pre-
venting overheating.'' The AP of a fabric depends on
its air porosity, which ultimately affects its openness.
Thermal resistance refers to the thermal insulation
characteristics of a textile material. Increased thermal
resistance results in lower heat loss.'?

These important properties have been investigated in
various studies using experimental and computational
methods. Shen et al.'* proposed a computational fluid
dynamics model to simulate the hygroscopic heating
efficiency and heat transfer properties of textiles. The
hygroscopic and exothermic regions of the textile were
modeled as symmetrical configurations. It was found
that higher ambient temperatures led to a more pro-
nounced warming effect.'> Wang et al."* numerically
investigated the heat and moisture transfer properties
of plain weave fabric models in the horizontal and ver-
tical directions. The study also explored how weave
structure and fabric cover impact fabric heat flux and
water vapor concentration.'* Ali et al.'”> provided a
one-unit-cell computational model to predict the AP
and thermal conductivity of interlock and rib-knitted
fabrics. It was demonstrated that extending the stitch
length increases AP and reduces effective thermal con-
ductivity."> Miskiewicz et al.'® performed a numerical
simulation of heat flow through a composite material
developed on the basis of basalt fabric. The model was
based on simplified geometric and isotropic assump-
tions that could not completely incorporate the com-
plex fiber structure.'®

Furthermore, recent research has increasingly focused
on the role of ventilation and airflow in clothing sys-
tems. In windy conditions or when walking, ventilation
allows air to move through textiles or the microclimate
air layer between the skin and the fabric. Therefore,
increased air movement inside the clothing system
affects its insulation properties. In such scenarios, to
more accurately assess the thermal insulation properties
of clothing, dynamic thermal resistance should be taken
into account.'”" In most cases, ventilation flow is
caused by the movement of fabric layers when the
wearer moves, but it can also be specifically created
using specialized ventilators or other devices.” Several
studies have investigated how forced ventilation affects
clothing systems. Sun and Jasper 2! introduced a light-
weight wearable convective cooling system in which a
series of microfans was integrated into a ribbon attached
to a garment to enhance cooling through both convec-
tive and evaporative heat transfer. A simplified 2D
mathematical model, which included microfans and a
textile undergarment, was numerically simulated at four
different inlet air velocity settings.?' You et al.? investi-
gated the average temperature changes of human skin
and the microenvironment under the influence of mine
ventilation clothing (cooling suits) made of different
clothing materials using a macroscale model of a human
torso wearing the mine ventilation clothing. However,
the model assumed ideal conditions and did not take
into account the influence of the surrounding environ-
ment.”? Yichen et al.?® created a three-dimensional (3D)
transient model of a cylindrical air layer—porous textile—
external environment system to represent a human torso
shape. The researchers examined the impact of environ-
mental factors, such as wind velocity, temperature,
humidity, and air layer thickness, on heat and moisture
transfer. The simulation results demonstrated that as
wind velocity increases, convective heat transfer domi-
nates during dry heat transfer.”® Recent numerical stud-
ies have indicated that the arrangement, porosity,
thickness, and permeability distribution of multilayer
textile systems have a significant impact on heat transfer
and thermal insulation behavior. Improved insulation
properties are generally achieved when more porous
layers are positioned closer to the skin, while less perme-
able layers act as an external barrier, reducing internal
airflow and convective heat loss in windy conditions.'***
According to Codau et al.,”> most modeling approaches
for heat and mass transfer through textile materials are
at the macroscopic level, with microscopic details
removed in order to reduce numerical and physical com-
plexity. Furthermore, recent computational fluid
dynamics (CFD) studies have demonstrated that realistic
microclimate geometry, airflow direction, and local tex-
tile permeability affect thermal resistance in porous tex-
tile systems.*
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Table I. Measured construction parameters and evaluated AP of the sample.?’

Sample Set density warp/weft

Thickness (mm)

Measured AP (mm/s) Coefficient of variation (%)

Plain weave 29.3/15 0.468

1268.33 1.42

Recent computational modeling studies have high-
lighted the complex interactions between heat, moist-
ure, and textile structure, especially at the interface
between skin, clothing, and the environment, where
these exchanges directly influence thermal comfort.
Despite these advances, existing computational models
still have several limitations. Most studies are based on
simplified geometrical representations and focus pri-
marily on one-layer textile structures, with only limited
attention given to extending these models to more com-
plex multilayer and 3D configurations.'” Furthermore,
the combined effects of multilayered textile structures
and forced airflow within the clothing microclimate
have not been sufficiently investigated, particularly
within integrated pore-scale modeling approaches.'*?
Pore-scale models enable a more detailed representation
of airflow and heat transfer processes through textile
structures. In such models, the effects of microstruc-
tural features can be characterized using the effective
properties of porous media, such as local permeability
and porosity.

To address these limitations, the aim of this study is
to develop and validate pore-scale computational mod-
els for predicting the AP and thermal characteristics of
one-layer, two-layer, and 3D polyester textile struc-
tures. In contrast with previous studies, the developed
computational models combine multilayer textile struc-
tures and additional ventilation, taking into account
local permeability and porosity effects. Compared with
simplified macroscale models, the developed models
provide a more detailed representation of airflow and
heat transfer within porous textile structures. The mod-
els also allow controlled investigation of ventilation
parameters and multilayer textile structures that are
difficult to characterize experimentally. The proposed
models quantify the combined effects of multilayer textile
geometry and additional ventilation, including airflow
rate, supplied air temperature, and microclimate thick-
ness, on airflow and heat dissipation. The numerically
predicted AP, thermal resistance, effective thermal con-
ductivity, and heat transfer coefficients were compared
with values reported in the literature. Mesh-convergence
analysis confirmed numerical stability and mesh-
independent results. In addition, an extended ventilation
model was developed to evaluate the influence of forced
airflow and supplied air temperature on heat extraction
from the skin to the textile structure. All simulations

were performed using COMSOL Multiphysics software,
and postprocessing was carried out using MATLAB
software.

The structure of the article is as follows. The second
section describes the textile geometries, governing equa-
tions, and boundary conditions for AP and thermal
resistance modeling. In addition, it provides details
about mesh generation and convergence procedures.
The following section presents the validated AP results,
the thermal performance metrics for Models 1-3, and
the additional ventilation model outcomes. The final sec-
tion summarizes the main conclusions and limitations.

Mathematical formulation of the problem

Materials

In this investigation, the unit cell geometry was based on
the experimental findings of Zupin et al.,”” where single-
layer woven fabrics were evaluated by measuring their
structural parameters and AP coefficient (see Table 1).
Measurements of the AP coefficient were conducted
using an FX 3300 Labotester III AP tester (Textest
Instruments) in accordance with the ISO 9237:1995(E)
standard.""*” The proposed unit cell was used as a rep-
resentative volume element (RVE) for the woven fabric
(see Figure 1). The unit cell was defined as a square
domain with in-plane dimensions L, = L, = 0.984 mm,
L. = 0.466 mm. The unit cell should be interpreted as a
close-to-real (equivalent) square plain-woven microstruc-
ture that preserves the measured fabric thickness and
porosity. Porosity and local permeability were selected
from the investigation done by Pezzin.?® In the textile
domain, two warp and two weft yarns are arranged in a
plain-weave pattern and modeled as interlacing elliptical
yarn segments. The RVE consists of two domains: Q
(air domain) and €, (textile domain).

The proposed unit cell model was extended to an
idealized geometrical model of a plain-woven 3D textile
model (see Figure 2). The 3D textile structure (spacer
fabric) may be woven, nonwoven, braided, or knitted.
Woven spacer fabrics are another type of multilayered
textile that has two outer layers produced by two inde-
pendent warp systems, with an additional warp system
that moves through the outside layers to form a 3D-
spaced fabric.? The size of the air domain varies based
on which coefficient is numerically predicted. This
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Figure 1. (a) Schematic diagram of yarn measurement parameters. (b) Unit cell domain of a single-layer textile domain.

Figure 2. Representative volume element that consists of an air and a textile domain in the case of a one-layer structure (Model I),

two-layer structure (Model 2), 3D textile (spacer fabric) (Model 3).

study examined three models: one-layer (Model 1),
two-layer (Model 2), and a 3D textile structure (Model
3) (see Figure 2).

Mathematical formulation of the AP model

The AP was the
assumptions.

simulated under following

1. The air flow is isothermal, incompressible, and
steady state.

2. The Reynolds number (Re) is less than 2300,
indicating that the flow is laminar. It should be
noted that the Re was obtained from experimen-
tal data®’ of the sample plain weave (PL) 29.3/
15 and is approximately 12.7.

3. The fluid is air and is considered a single-phase
Newtonian fluid.

The AP (air flow) of textile structures was modeled
by applying the momentum Navier—Stokes equation

p(u-V)u=V- [—p1+ ,L(vu + (vu)T)] + FinQ,
(1)

and the Brinkman equation

L ((u-V) 1) -Vv. |:—pl+ Lad (Vu + (Vu)T)
&p 5 &p &p
—ggﬁ(v-u)l] — (uk ) + FinQ )
'D
as well as the mass continuity equation®®!
pV - (u) =0inQ; andinQ;, (3)

where u stands for the velocity vector of the fluid in
meters per second, p is pressure in pascals, w is the
dynamic viscosity of the fluid in pascal seconds, p is
the density of fluid in kilograms per cubic meter, 7 is
the identity matrix, F is the external force vector (in this
case, equal to zero), ¢, is the porosity of yarns, and k is
the local permeability coefficient of the porous media.
Equation (1) contains the inertia term (u - V)u, a diver-
gence of the stress term is —pI + u( Vu + (Vu)T), and
—Vpl represents the pressure difference forces.

The Brinkman equation (2) requires porosity and
local AP coefficients.>! Those are the most important
attributes for predicting AP. Local permeability
assesses the ability of a porous material (textile) to
transport fluids.*> It might be evaluated using
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po = 200 Pa

2.55 mm
3.52mm

0.58 mm

Figure 3. Boundary conditions of AP test for (a) Model | and (b) Model 3.

analytical methods such as those described by Gebart>*
and Kozeny-Carman.*> These methods explain the
relationship between permeability and porosity. Several
authors*®** have investigated the dual-scale permeabil-
ity problem numerically using the Stokes or Stokes—
Darcy approaches. The local AP k of polyester yarn is
reported to be between 1.53 X 10 2 and 8.20 x 10!
m? according to the literature.®® This study employed a
textile structure porosity ¢, of 0.58, and the square AP
k was determined to be 1.35 X 10 '' m%.*®

The inlet boundary condition corresponds to ISO
9237:1995, specifying a pressure difference of 200 Pa:''-*’

n’ |:7p1+ M(Vu + (Vu)T)}n = *PAO, PAO = Po,
u-t=0, pp =200 Pa on 9 Qi (4)

where n is the outer unit normal vector, and ¢ is the tan-
gential vector. The outlet boundary condition is a pres-
sure of 0 Pa, which represents atmospheric pressure

A A
[—pl + M(V” + (Vu)T)}n =—pon, po <po,
po = 0Pa on 9 Qe (5)

A no-slip boundary condition was applied to all tex-
tile surfaces, ensuring a zero air velocity at the yarn—air
interfaces

u=0on aQteXti]e (6)

Slip wall conditions were implemented at the exter-
nal boundaries of the surrounding air domain

u-n=0, K, — (K, -mn=0 oniQy ()

The boundary conditions are illustrated in Figure 3.
First-order Lagrange finite elements were employed to

discretize the incompressible laminar flow equations in
both the free-fluid and porous (Brinkman) domains. A
stabilized P1-P1 formulation was used to solve the flow
problem, which applies linear basis functions to velocity
and pressure.***1-¥

In (7), K, = Kn. For the air domain Q,, the viscous
stress tensor is expressed as K = u(Vu + (Va)"). In
the porous (Brinkman) domain £, the volume-
averaged viscous stress tensor is defined as
K=2(Vu+ (Va)') — %5 (V-u)l. In the case of
incompressible flow (V - u) ~ 0 and the correction term
—2£(V - u)I vanishes.
The airflow modeling was done using the Laminar
Flow interface, and the porous textile regions were rep-
resented using the Porous Medium Domain formulation
based on the Brinkman equations.

Mathematical formulation of the thermal
resistance model

The thermal characteristics of the textile structures were
modeled based on the assumption of no heat transfer
by convection or radiation. Radiation was neglected
due to a small temperature gradient.***!

The material properties of the textile are presented
in Table 2. The axial thermal conductivity of yarn (Kya)
was determined using the parallel model

Kya = KnViyKair (1 — Viy) (8)

Yarn transverse thermal conductivity (Ky) was esti-
mated by the series model*?

K Kair

L Y S () ©)
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Table 2. Thermal physical properties of polyester fibers.*?

Material Density (kg/m?)

Heat capacity (kJ/kg-K)

Thermal conductivity (W/m-K)

Polyester 1390 1030

1.260 (longitudinal Kg)
0.157 (transverse Ky)

It should be noted that Kj is the thermal conductiv-
ity along the fiber axis, Ky denotes thermal conductivity
perpendicular to the fiber axis, Vg stands for the fiber
volume fraction of yarn, and K,;; is the thermal conduc-
tivity of air.** The local thermal conductivity tensor K
for the yarn is defined as follows, with the thermal con-
ductivity of the yarn along the fiber (K;; = K,,) and
transverse (Ky = K33 = Kyy) to fiber direction:*

Kiy 0 0
K=]10 Ky 0 (10)
0 0 Ki;

Experimentally, the thermal resistance of textiles can
be examined with the Sweating Guarded Hot Plate
M259B apparatus in accordance with ISO 11092,” which
is usually referred to as the “skin model.” This approach
facilitates the realistic imitation of heat and mass transfer
processes that take place next to human skin under
steady-state conditions.”” The thermal resistance of a tex-
tile is defined as the temperature difference between two
faces of a material (7,, and 7,) divided by the resultant
heat flux H per unit area A in the direction of the gradient

_ (T,—T)4
Ry = (H——AH)C — Ry

(11)

where 7, is the mean temperature of the measuring unit
in kelvin, T, is the air temperature in the test enclosure
in kelvin, H is the heating power in watts required to
maintain the plate temperature at 7' = 35°C, AH.. is the
correction term for the heating power, R is the appa-
ratus constant in square meter kelvin per watt, for the
measurement of thermal resistance without a sample.’
The thermal resistance measurement process includes
setting the measuring unit temperature to 7,,= 35.0°C
and the ambient air temperature to 7, = 20.0°C, and
the relative humidity is automatically regulated to
65%."° The effective thermal conductivity (K.) can be
obtained from

Keyr = (12)
and the heat transfer coefficient from’
hett = 7= (13)

Thermal resistance (R), effective heat transfer (ff),
and effective thermal conductivity (Kr) coefficients of

the textile structures were modeled utilizing the energy
equation®!

pCou-NT +V-q=0,q=—KVT inQ;and O
(14)

where C, is the specific heat capacity in joules per kilo-
gram per kelvin, Q is the overall heat transfer in watts,
T is the temperature in kelvin, and K represents the
thermal conductivity of the fluid—solid mixture in watts
per meter per kelvin. It should be noted that K is the
local thermal conductivity of the fluid—solid mixture
and was obtained from (10) and applied to the Q,
domain. The boundary conditions were selected in
accordance with ISO 11092:2014 (EN)’ and are
depicted in Figure 4.

Thermal resistance modeling was performed using
the Heat Transfer in Solids and Fluids interface in
COMSOL Multiphysics software.

Additional ventilation model for a 3D woven spacer
textile

The AP and thermal resistance models described in the
last two subsections, in which the textile domains are a
porous medium, represent transport through the thick-
ness under constant pressure and temperature gradients
in a stationary configuration. However, advanced pro-
tective clothing systems often include forced airflow
channels that provide additional ventilation and thus
affect the local heat and mass transfer in the textile
layer.>'****7 The current additional ventilation model is
based on a previously developed microscale forced-
ventilation model.*® In this study, the extended model
retains the same porous 3D woven spacer structure,
and an external airflow is added to analyze forced con-
vection. When the human body is wearing cold-
protective clothing and exposed to windy conditions,
the dominant heat-loss mechanisms are conduction
within the textile and convection caused by ventilation,
while radiative exchange is relatively small.® For this
reason, the radiative heat transfer is neglected in this
investigation.

The additional ventilation model is carried out under
the assumptions that heat transfer occurs due to con-
vection (there is air movement) and conduction, and
the air flow 1is identified as nonisothermal,
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Figure 4. Boundary conditions of thermal resistance.

incompressible, and steady state. The governing equa-
tions include a set of Navier-Stokes*® and Brinkman
equations®' (1)-(3) and the energy equation®! (14).
Boundary conditions are illustrated in Figure 5. The
additional ventilation model was developed to represent
forced air exchange through the textile and air domain
under controlled inlet flow conditions. A standard volu-
metric flow rate Qg, was specified at the inlet boundary
(0Qin1e)) using an integral mass-flow formulation, in
which the imposed flow rate varied between 0 and 0.5
dm®/min, and is referenced to standard conditions
through the standard density.*® At the specified flow
rates, the resulting Reynolds number (Re < 2300)
remains within the laminar regime. At the outlet bound-
ary (0Qquge), @ pressure outlet condition was applied
with the ambient reference pressure p, = 0 Pa (see (5)).
Wall no-slip conditions (6) were imposed on the yarn
surfaces (on Q) and the skin surface to ensure the
physical wall constraint and correctly capture near-wall
momentum losses. Wall slip conditions (7) were set for
the surrounding air surfaces (on 9€;,). In the thermal
problem, the human skin was represented by a constant
temperature boundary condition (T 37°C),
whereas the outlet was associated with ambient tem-
perature (7, = 20°C). Two inlet air temperature sce-
narios were considered at the 0Q;,,, boundary, where
the supplied air temperature 7, was set to 10°C and
20°C. All other external boundaries were thermally
insulated.

An additional parametric analysis was performed in
which the textile domain was simplified as a solid
domain without porous flow (i.e., the Brinkman equa-
tion®! (2) was not applied), allowing the geometric
effect of the microclimate thickness to be isolated from
porous transport effects. In this case, airflow in the
microclimate layer was governed by the Navier-Stokes
equations® (1) and (3), coupled with the energy equa-
tion (14). The thickness of the microclimate (air gap
between skin and textile) layer was systematically

0.5 dm?/min

T, = 20°C, 10°C

0,=0..

!

Microclimate
04 ... 1 mm

Figure 5. Computational domain and boundary conditions for
the additional ventilation model.

varied in the range 0.4-1 mm in order to quantify its
effect on the microclimate airflow and the resulting
temperature field. Specifically, the parametric sweep
was used to assess how changes in air gap thickness
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Table 3. Specification of the mesh used for the prediction of the AP of Model I.

Total number of elements 8763 9533 16,277 33,407 58,090 186,036 509,475
Minimum element quality 0.138 0.123 0.123 0.147 0.091 0.112 0.097
Average element quality 0.611 0.618 0.635 0.659 0.668 0.678 0.684
Table 4. Specification of the mesh used for the prediction of the thermal resistance of Model I.

Total number of elements 6084 7810 10,211 17,637 33,988 64,626 175,971 482,310
Minimum element quality 0.024 0.053 0.091 0.108 0.065 0.103 0.069 0.038
Average element quality 0.588 0.598 0.609 0.619 0.636 0.643 0.650 0.655

affect ventilation effectiveness and, consequently, the
microclimate temperature.

An additional ventilation model was created using
the Laminar Flow and Heat Transfer in Solids and Fluids
interfaces, which were coupled with the Nonisothermal
Flow interface.

Configuration of mesh

In this study, three models were built with COMSOL
Multiphysics software.>* The quality of the mesh ele-
ment was evaluated using the skewness metric

1 —max (120:030 , %;9) (15)
where 6 is the angle over a vertex (2D) or edge (3D) in
the element, 6, is the angle of the corresponding vertex
or edge in an ideal element, and the minimum is taken
over all vertices (2D) or edges (3D) of the element.”
The equiangular skewness metric assigns a penalty to
elements with internal angles that are extremely large or
small relative to the angles of an ideal element.**** The
corresponding quality of the mesh element is expressed
as a dimensionless quantity in the range from 0 to 1,
where skewness close to 1 denotes a perfectly regular
element and 0 represents a degenerate element. Mesh
elements with a quality close to 0.01 are generally con-
sidered to be of extremely low quality and are usually
avoided in critical regions of the domain due to their
potential to cause solver convergence issues.>”

In this investigation, different mesh sizes were
employed for Model 1 (one-layer textile) in order to
identify the optimal number of elements. The air
domain height of 0.58 mm was used to predict AP, and
a minimal air domain height of 0.5 mm was applied to
predict the thermal resistance, effective thermal con-
ductivity, and effective heat transfer coefficient. Tables
3 and 4 present the total number of elements, as well as
the minimum and the average element quality.

After several iterative mesh refinements, the RVE of
Model 2 was created from 510,663 elements with an
average element quality of 0.664 and a minimum ele-
ment quality of 0.0224. The RVE of Model 3 consisted
of 525,596 domain elements with an average element
quality of 0.660 and a minimum element quality of
0.0221. Figure 6 depicts the mesh utilized for Model 3
(which had a microclimate layer and was used in an
additional ventilation simulation), along with the corre-
sponding skewness quality metric. The air domain
height of 4 mm was applied for Model 3. The height of
the microclimate layer was set to 0.4 mm.

Computational setup

All numerical simulations were carried out on a com-
putational workstation equipped with a 13th-genera-
tion Intel Core 17-13700H processor and 16 GB RAM.
COMSOL Multiphysics version 6.2 was run on the
Windows operating system, utilizing up to 10 CPU
cores for calculations. The governing equations were
discretized using first-order Lagrange finite elements.
The stationary systems were solved using a fully
coupled approach with Newton iterations® and the
PARDISO direct linear solver.’! Postprocessing was
performed using MATLAB R2024a, whereas the gra-
phical visualization of the results was prepared using
OriginPro 2026.

Results and discussion

Mesh-convergence analysis was conducted for Model 1
by increasing the total number of elements and evaluat-
ing the corresponding changes in the predicted AP and
effective thermal conductivity. It was found that the
effective thermal conductivity of a one-layer textile
made from polyester varies from 0.03242 to 0.03274
W/m-K (see Figure 7). Figure 7 demonstrates that the
numerically predicted effective thermal conductivity for
coarse meshes initially increases rapidly, but with the
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Figure 7. Mesh-refinement study illustrating the convergence of the predicted effective thermal conductivity.

further refinement of the total number of elements, the
values of K. are stable, reflecting numerical conver-
gence. The results indicate that refining the mesh
beyond 64,626 elements leads to only insignificant
changes in K., while the computational time continues
to increase. This highlights a clear trade-off between
accuracy and computational cost, justifying the selec-
tion of an intermediate mesh size where K¢ is 0.032687
W/m-K and has already reached a stable value. The
numerically predicted effective thermal conductivity

(0.032687 W/m-K) is in the same range as the values of
polyester fabrics reported in the literature®> (0.03152—
0.04230 W/m-K, numerically predicted, and 0.0350-
0.0403 W/m-K, experimentally measured), indicating a
good agreement despite the different textile architec-
tures. The observed difference can be explained by the
structural differences between woven and knitted fab-
rics, including differences in yarn trajectory, porosity,
and contact areas at crossover or loop junctions. In
this study, it was found that the thermal resistance of



Textile Research Journal 00(0)

- 225

e

sum uonemduwo)

——Predicted air permeability, mm/s
—i— Computation time, s

Number of elements

Figure 8. Mesh-refinement study illustrating the convergence of the predicted AP.

one-layer polyester textile is 0.014427 m* K/W, and the
corresponding conductive heat transfer coefficient is
70.145 W/m? K.

Figure 8 depicts a mesh convergence analysis of
Model 1, showing the relationship between the predicted
AP and the total number of elements, along with the cor-
responding computation time. The results indicate that
coarse meshes lead to an overestimation of AP, reaching
values of up to 1401.9 mm/s. When the mesh is too
coarse, it may not accurately resolve the velocity gradi-
ents that occur near the wall region around the yarn sur-
faces (no-slip boundaries). This may result in the
incorrect estimation of the pressure drop and AP. As the
mesh is refined, the predicted permeability decreases sig-
nificantly, reaching a minimum of 1241.7 mm/s at 58,090
elements. Further refinement to 186,036 and 509,475 ele-
ments results in only minor variations in the predicted
AP, which stabilizes at 1257.1 and 1261.7 mm/s, respec-
tively. These values correspond to a relative error of
approximately 0.5%-2.1% compared with the experi-
mental value reported in literature.”” This demonstrates
that the solution has become independent from the
mesh. In contrast, the time required to compute AP
increases with the number of elements and becomes sig-
nificantly longer, up to 95 s for the mesh that contains
509,475 eclements. The mesh size visualizations (see
Figure 8) illustrate that the coarse mesh has a much
larger element size, ranging from approximately 32.9 to
111 pm, whereas the refined mesh employs considerably
smaller elements, ranging from approximately 5.32 to
36.2 pm, which improves resolution but increases

computational cost. The converged AP coefficients also
align well with previously experimentally measured val-
ues for similar one-layer woven structures. According to
the literature,”’ the AP is 1268.33 mm/s at a pressure
drop of 200 Pa, while the numerically predicted AP is
1257.1 mm/s. This indicates a good agreement for the
considered case. Figure 9 provides additional informa-
tion for the airflow predictions by displaying the pressure
and velocity fields in Model 1. The pressure decreases
monotonically throughout the thickness, while the velo-
city is highly concentrated at the pore openings, forming
jet-like regions that dominate the airflow.

Table 5 summarizes the predicted AP coefficient,
effective thermal conductivity, heat transfer coefficient,
and thermal resistance for three polyester architectures:
Model 1 (one-layer), Model 2 (two-layer), and Model 3
(3D textile). Model 1 has the highest AP (1257.1 mm/s)
and the lowest thermal resistance (R, = 0.0144 m> K/
W), and the largest conductive heat transfer coefficient
(here = 70.145 W/m2 K). On the other hand, when a sec-
ond layer is added (Model 2), the transportation paths
become much more limited. The AP decreases to 448.39
mm/s (2.80 times lower), while thermal resistance
increases to 0.12537 m? K/W (8.69 times higher). It is
important to highlight that the K¢ value decreases by
14.1%, indicating that the main factor that influences
the thermal resistance value is related to textile geome-
try, such as increased complexity of heat flow paths, a
larger proportion of stagnant air, and less effective solid
connections through the thickness. The Model 3 results
are almost the same as those of Model 2, with
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Table 5. Summary of numerically predicted AP and thermal performance metrics.

Model AP (mm/s) Effective thermal Thermal resistance Heat transfer
conductivity Ky (W/m-K) Ree (m? K/W) coefficient heg (W/m?K)

Model | 1257.1 0.032687 0.014427 70.145

Model 2 448.39 0.028077 0.12537 7.9765

Model 3 44791 0.028552 0.12328 8.113

differences in thermal performance that are less than
2% for thermal metrics and 0.1% for AP. In a compari-
son between Model 3 and the experimental 3D textile
layer reported in the literature®’ (which measured an
AP of 404 mm/s, a thermal resistance of 0.118 m? K/W,
and obtained a corresponding heat transfer coefficient
of 8.4746 W/m? K), Model 3 predicts a 10.87% higher
AP and 4.47% higher thermal resistance coefficient.
The remaining differences are expected, as AP and ther-
mal resistance in 3D textile structures are influenced by
the topology, distance between layers, layer alignment,
and thickness. Furthermore, standardized testing intro-
duces attributes such as fabric compaction, thickness
variations, imperfect plate contact, and edge effects that
can lower measured AP and impact thermal resis-
tance.”>>* These effects are difficult to reproduce
exactly in an idealized computational model.
Nevertheless, the good agreement of the absolute values
confirms the validity of the proposed computational
models. Figure 10 illustrates the corresponding 3D tem-
perature field distributions for the investigated polye-
ster architectures under pure thermal conductivity,
providing a qualitative validation of the differences
reported in Table 5.

Figure 11 depicts the convergence behavior of the
fully coupled nonlinear stationary solver for the 3D

textile AP model. The solution error estimate for the
velocity field decreased from 1.2 to 2.7 X 10°°, while
the pressure solution error decreased from 0.87 to 1.3
X 10°%. In addition, the velocity residual error dropped
from 490 to 5.3 X 10°, whereas the pressure residual
error decreased from 7200 to 1.5 X 107°. The overall
reduction of the solution and residual errors by several
orders of magnitude indicates the convergence and
numerical stability of the 3D textile AP simulation.
This simulation required approximately 349 s of wall-
clock time, corresponding to about 0.97 CPU hours on
a 10-core Intel-based workstation using the PARDISO
direct solver.

An additional ventilation model was developed to
evaluate the impact of forced airflow in the microcli-
mate layer on heat transfer from the skin—textile sys-
tem. Ventilation was applied at a specified standard
flow rate (Qy, = 0-0.5 dm’/min), corresponding to
average inlet velocities of approximately 0.14, 1.43, and
3.59 m/s for 0.02, 0.2, and 0.5 dm®/min, respectively,
and two supply air temperatures (7, = 20°C and T}, =
10°C) were evaluated. Table 6 demonstrates that forced
ventilation strongly enhances heat transfer and reduces
the thermal resistance of the skin—textile system. In the
no-ventilation case, the heat transfer coefficient is low
(her = 7.14 W/m? K), resulting in the highest thermal
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35°C) depicts the through-thickness temperature gradient, with higher temperatures closer to the bottom boundary (skin) and

lower temperatures toward the top boundary.
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Figure 11. Convergence plots of the fully coupled nonlinear stationary solver: (a) solution error estimates for dependent variables
and (b) residual error estimates for the velocity field and pressure during the iterations.

Table 6. Summary of numerically predicted heat transfer and
thermal resistance coefficients.

Study case Heat transfer ~ Thermal
coefficient heg  resistance
(Wim?K) Rec (M2 K/W)

No ventilation 7.14 0.14

Qy = 0.02 dm®/min, T, =20°C  27.52 0.036

Qw =02 dm*min, T, =20°C  31.78 0.031

Q. = 0.5 dm*min, T, = 20°C 33.69 0.029

Qs = 0.5 dm*min, T, = 10°C  53.64 0.018

resistance (R, = 0.14 m? K/W). Even at low ventilation
rates of 0.02 dm?/min, thermal insulation is significantly
reduced when airflow occurs. In this case, /. increases
to 27.52 W/m? K and R reduces to 0.036 m* K/W.
When the air flow rate is increased to 0.2 dm?/min, the
here value increases to 31.78 W/m2 K. In addition,
increasing the flow rate to 0.5 dm?/min results in only a
slight increase in the /g value (33.69 W/m? K). This
behavior is consistent with previous observations that
the loss of insulation from clothing during forced con-
vection does not continue indefinitely, but approaches a



Gadeikyte et al. 13
T=37°C,z=-500m T =30.2797 °C, z=-310um T =23.5947 °C, z = -120pm
a4
8 30.8
1400 1400 1400 245
7 30.6
1200 315 1200 1200 2
= g 304 g z, pum
= 1000 37 = 1000 = 1000 -
s B 302 5 3500
800 800 800 3366
36.5 30 2 35 N\ — T3
600 600 600 —
29.8 25 B o N ]
400 36 400 400 N 2900
0 500 1000 0 500 1000 0 500 1000
X, pm X, pm X, pgm Ll
T =12.0193 °C, z =346 2m T =10.0016 °C, z = 16232m T =11.1258 °C, z = 2900pm
10.00
1400 " 12 1400 1400 " 5
10.00 25
1200 13 1200 1200 1623
10.00 1.5
E £ 1000 g
= 1000 o oo = 1000
= = EN > 1 20
800 800 10.00 800
1 105
600 600 10.00 600
‘ d
400 10 400 10 400 10
0 500 1000 0 500 1000 0 500 1000 15 v\r\/_\/ =40
X, pm X, pm X, pm
! o0 ! 120
T =13.9061 °C, z=3133um T =17.2341 "C,z=3366p.m T=20°C,z=3500m By -310
17.6 - X
1400 144 1400 1400 U 10 500
4.2 205
1200 ; 1200 17 1200
= 4 g 72 E
= 1000 g = 1000 172 5 1000 20
o4 S B
800 13.6 800 17 800
19.5
600 I 600 168 600
13.2
400 400 400 19
500 1000 0 500 1000 0 500 1000
X, pm X, pm X, pm

Figure 12. Cross-sectional temperature distribution in selected z planes for the ventilation model, where T, = 10°C, Q,, = 0.5

dm>/min.

stable regime as the air movement increases.”>>® Torres
et al.>> noted that, with increasing ambient air motion,
air can penetrate into the microclimate through fabric
pores and openings in the clothing system, thereby
reducing the overall insulation.> These authors further
reported that the insulation decrease associated with
these mechanisms tends to plateau at wind speeds of
approximately 3.5 m/s, although under certain condi-
tions a similar effect can be observed at speeds as low as
2.0 m/s.> In the current ventilation model, the maxi-
mum flow rate is 0.5 dm?®/min combined with a reduced
supplied air temperature (7, = 10°C), resulting in the
strongest cooling response, increasing /i g to 53.64 W/
m? K and reducing R, to 0.018 m> K/W. This indicates
that when the airflow-induced insulation losses approach
a plateau, additional cooling is more effectively achieved
by reducing T} rather than further increasing the ventila-
tion rate.

Figures 12 and 13 illustrate cross-sectional tempera-
ture fields plotted on identical x—y axes at the same set
of z locations along the textile domain. It should be
noted that the z-axis indicator is included to specify the
relative positions of the extracted planes from —500 wm
(skin surface) to 3500 wm (outlet). At the ventilation
rate Oy, = 0.5 dm’/min and at the 7, = 10°C case
shown in Figure 12, the cooling is stronger across the
domain, with downstream planes approaching the inlet
air temperature (e.g., 7 = 10°C atz = 1623 pm and T

= 12.02°C at z = 346 pm), whereas at the T, = 20°C
case (Figure 13), it remains close to 20-22°C in the cor-
responding  sections (e.g., T = 20°C at
z = 1623 wm and 7' = 21.30°C at z = 346 um). In the
middle of the microclimate layer at z = —310 wm, the
predicted average temperature is 7 = 30.28°C for
the 7, = 10°C case, compared with T = 32.78°C
for the T, =20°C case, which is a 2.50°C lower tem-
perature under the colder supplied air condition.

The same z-plane axis positions and identical in-
plane axes were also used for the corresponding velocity
distribution (Figures 14 and 15), enabling a direct com-
parison between flow localization and the resulting ther-
mal field nonuniformity. The small differences in the
velocity magnitudes between the 7, = 10°C and
T, = 20°C cases can be attributed to the temperature
dependence of the air properties (p and ) used in the
flow model. It should be noted that the computational
time for the ventilation simulation at Qy, = 0.5 dm?/
min is approximately 974 s (2.71 CPU hours), indicating
the computational feasibility of the proposed model.

Figures 16 and 17 show the effect of microclimate
air gap thickness on the average temperature and velo-
city that were evaluated at the middle of the microcli-
mate and at the upper microclimate boundary located
directly in front of the first textile layer. In these para-
metric simulations, the textile was modeled as a solid
domain (i.e., no porous flow resistance was included),
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Figure 13. Cross-sectional temperature distribution in selected z planes for the ventilation model, where T, = 20°C, Q,, = 0.5
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Figure 14. Cross-sectional velocity magnitude distribution in selected z planes for the ventilation model, where T,
0.5 dm*/min.
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Figure 15. Cross-sectional velocity magnitude distribution in selected z planes for the ventilation model, where T, = 20°C, Q,, =

0.5 dm>/min.

and the results are therefore intended to demonstrate
the relative sensitivity to air gap thickness rather than
provide absolute values for a specific fabric. As the air
gap increases from 0.4 to 1.0 mm, the average tempera-
ture of the middle plane decreases from 32.82°C to
30.93°C, and the temperature close to the textile inter-
face decreases even more from 28.64°C to 24.87°C (see
Figure 16). This indicates enhanced cooling of the air
adjacent to the textile with increasing microclimate
thickness.

It was found that the average velocity at the upper
boundary remains almost constant, varying from 3.64
to 3.44 mm/s, while the midplane velocity decreases sig-
nificantly from 3.14 to 1.63 mm/s (see Figure 17). This
indicates a redistribution of airflow intensity away from
the gap core as the microclimate thickens. Overall, the
results demonstrate that microclimate thickness modu-
lates both thermal and flow fields, with the highest

sensitivity observed near the textile surface. For the
ventilation simulation with a 1 mm microclimate thick-
ness, T, = 20°C, Qy, = 0.5 dm>/min, the computation
required approximately 616 s of wall-clock time, corre-
sponding to 1.71 CPU hours.

Conclusions

In this study, pore-scale computational models for AP
and thermal resistance were created using COMSOL
Multiphysics 6.2 software. It was found that increasing
the complexity of polyester textile structures from a
one-layer to a 3D structure reduced airflow within the
textile structures, resulting in an increased thermal
resistance. Consequently, multilayer and 3D textile
structures provided better thermal insulation properties
compared with one-layer structures. The experimental
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data reported in the literature and the numerical results  increasing the airflow rate above 0.2 dm’/min, the effec-
showed good agreement. tive heat transfer coefficient increases to only a limited

Models with additional ventilation scenarios quanti- extent, indicating that at the higher airflow rates, the
fied how forced convection and supplied air tempera- convective cooling effect gradually approaches a stable
ture affect heat transfer in the microclimate. By regime.
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Future work will focus on extending the models to
include turbulent flow regimes that may occur at higher
ventilation rates. In addition, future work will include
the development of a coupled heat and moisture trans-
fer model that incorporates water-vapor transport and
resistance in protective clothing systems.
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