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Abstract:

Numerical simulation basic steps are making a model and recreating the course of the examined process. The article
presents numerical modeling of the component of heat flow through a composite developed on the basis of basalt
fabric. The composite consisted of the following components: basalt fabric, modified with a composite coating
consisting of 1 µm thick aluminum with a mixture of 1 µm zirconia and titanium dioxide, silicone, and Mylar® film
modified with the same coating as the basalt fabric. Numerical modeling was performed using the ANSYS 2022 R1
program. The performed numerical simulations of the temperature gradient represented the contact heat resistance
test for the contact temperature of 250°C for the basalt fabric and the composite. The proposed model reproduced
the exact course and results of the actual study. Each of the layers making up the composite had a thickness and was
mapped in accordance with the physical model.
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1. Introduction

Modeling is a process of creating mathematical and physical
representations of real systems, taking into account the accu-
racy and cost of this modeling. The purpose of simulation is
recreating the course of the examined process or phenomenon
and is performed on the basis of its model. At present, the
following methods of process modeling are distinguished: statis-
tical modeling [1,2], physical modeling [3,4], using artificial neural
networks [5,6], as well as modeling that is a combination of phy-
sical and mathematical modeling [7–12]. The created models are
to be used for process analysis, especially for their optimization.
Each of the modeling methods, properly carried out and per-
formed, allows for the analysis of the research object, leading as
a result to its control in order to obtain the planned effects. All of the
modelingmethods, apart from the physical andmathematical con-
nection, require experimental research [13,14].

Scientists are constantly working on modeling the flow of heat
through textiles or material packages. Onofrei et al. [15] studied
the effect of moisture on heat transfer through single-layer
fabrics exposed to low flux density (1100W/m2) radiant heat.
Researchers developed a mathematical model of heat transfer
that used the finite-element method. The obtained calculations
of the numerical model indicated changes in temperature during
the action of the radiant heat flux on a single-layer fabric with
different moisture levels, which was consistent with experimental
research. The model was developed as a result of work on
COMSOL Multiphysics® modeling software. The resulting heat
transfer model was developed to predict the temperature in the
protective clothing of a firefighter exposed to low-intensity thermal
radiation [15].

Another example of numerical modeling is the modeling of the
thermal insulation properties of a multi-layer system of mate-
rials intended for protective clothing exposed to thermal radia-
tion. The multi-layer protective clothing consisted of five layers.
Computer software (computer-aided design [CAD])was used in
the research to analyze the thermal insulation of the multi-layer
system used in the protective clothing. First, the three-dimen-
sional geometry of the selected material arrangement was
modeled. In the next stage of the work, the finite-volume
method was used to estimate the thermal insulation properties
of the system subjected to thermal radiation. In the final stage,
the simulation results were compared with the experimental
results. Based on the simulation result and experimental results
obtained for a multi-layer textile system, the parameters of
protective clothing were specified, which directly affect the
protective properties against heat. The results of experimental
measurements differed from the simulation results. Differences
could occur depending on the intensity of the thermal radiation
acting on the multi-layer system.

In addition, differences may occur due to modeling problems
(mainly related to the simplification of the complex geometry of
textile materials). One of the simplifications is the model of a
fabric with an elliptical yarn cross-section, while in reality, the
fabric changes its cross-section, which results from the friction
forces occurring between the interlacing of the warp and the
weft. Another example of the resulting differences may be
the mutual contact of the layers of materials, which affects
the interlayer thermal conductivity, because for the designed
model it can be completely different from the model of the
actual material arrangement. Despite the use of simplifications,
the software used and the developed geometric model of the

AUTEX Research Journal, Vol. 24, No. 1, 2024, 20230030, DOI 10.1515/aut-2023-0030

© 2024 the author(s), published by De Gruyter. This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

mailto:pamela.miskiewicz@p.lodz.pl


multi-layer system make it possible to predict the heat transfer
coefficient with an error of 3–20% [16].

Research in terms of the analysis of thermal comfort and safety of
protective clothing used by firefighters was conducted by Puszkarz
andMachnowski [17]. Themulti-layer material packages used in the
protective clothing were modeled using CAD computer design soft-
ware. Geometric models of individual yarns were designed for the
fabric model and homogenization was performed for the nonwoven
fabric model. The finite-volume method was used to simulate heat
transfer through a textile bundle caused by the effect of a flame on
the bundle. A comparison of the results obtained from the simulation
with the experimental results carried out according to the EN ISO
9151 standardwasmade.On the basis of the obtained experimental
and simulation results, the parameters describing the protective fea-
tures of the tested clothing, which have a direct impact on the fire-
fighter’s safety, were indicated.

Numerical modeling was used to determine the convection
coefficient of knitted fabrics based on finite-element methods
[18]. The main objective of the work was to investigate the
applicability of finite-volume analysis software to the textile
sector. Experimental studies were carried out on the natural
convective heat transfer coefficient of a cotton jersey fabric in
specific conditions. The next step was to model the smooth weft
knitted fabric using CATIA V5R16 and perform numerical ana-
lyses using the FLUENT software. As a result of the conducted
research, a good agreement was obtained between the numer-
ical and experimental values, with an uncertainty of 11% of the
heat transfer coefficient for cotton-knitted fabrics.

The process of transporting heat and moisture through protec-
tive fabrics used by firefighters was modeled by Zhu and Zhou
[19]. The authors relied on a theoretical–physical one-dimen-
sional model to study the transfer of heat and moisture through
the porous system of protective clothing materials during expo-
sure to the flame jet, taking Fourier’s law and Fick’s law as the
basis. Nomex fabrics were selected for the tests. The obtained
results showed that the transfer of heat and moisture by flash
fire exposed to contact with a wet fabric can be considered a
drying process resulting from dynamic diffusion. It was found
that the developed drying model can be used to estimate the
thermal reaction of wetted fabrics. The obtained model should
be the theoretical basis for the ergonomic construction of
thermal protective clothing for firefighters.

Subsequent researchers developed simulations of heat transfer
through the fabric based on a model of its geometry. The finite-
element method was used to predict heat transfer through fab-
rics. Based on the thickness of the fabric and the cross-sectional
shape of the yarn, geometric models of a 5/3 satin fabric, a 2/2

plain weave, and a 2/2 twill fabric made of glass fiber weremade.
The obtained models of fabric geometry are very close to real
fabrics. The numerical temperatures obtained were very close to
the experimental test temperatures for glass fiber fabrics, which
means that the developed finite-elementmodel makes it possible
to predict the heat transfer properties of the fabric [20].

Heat flow simulations were performed for basalt fabric and alu-
minized basalt fabric and the clothing system based on research
results obtained on the Alambeta device worked by Gilewicz
et al. [21]. The tested clothing system consisted of aluminum
layer, glue, basalt fabric, woolen fabric, and underwear. In addi-
tion, the author took into account the air in the upper part of the
Alambeta device, the air layer between the basalt fabric and the
glue on one side, and the layer between the glue and the woolen
fabric on the other side. Numerical simulations were performed
using Ansys CFX software. The coefficient of thermal conduc-
tivity for the basalt fabric, aluminized basalt fabric, and the
clothing system was determined on the basis of experimental
tests performed on the Alambeta device. The obtained numerical
model wasmade for a specific experiment and a specific clothing
system; however, the test results obtained and the developed
simulations can be used as auxiliary material when testing
similar clothing systems for thermal conductivity testing.

The aim of the research was to perform a numerical simulation
of basalt fabric and composite based on experimental tests
performed on an OTI device for testing thermal insulation.

2. Materials and methods

The preparation of the geometric model of the basalt fabric was
based onmeasurements carried out using theOlympusmicroscope.

Table 1 presents the geometric dimensions obtained from the
arithmetic means of five measurements made for warp yarns,
five for weft yarns, and six clearances in the basalt fabric.
According to the data obtained, tests were carried out to
recreate the weave of the basalt fabric.

2.1. Determination of resistance to contact heat

The contact heat resistance test was carried out according
to the PN-EN ISO 12127-1:2016-02 standard [22]. The test
involves exposing the tested sample, placed on a calorimeter,
to contact with a heating cylinder heated to a temperature of
250°C. During the test, the threshold time tt is measured, which
is the time from the moment of first contact with the heating
cylinder until the calorimeter temperature increases by 10°C
compared to the initial value. For gloves, tests are carried out

Table 1. Average geometric dimensions of the 2/2 twill weave of the basalt fabric measured with a microscope and used in the model

Thickness of the warp
yarn (mm)

Thickness of the weft
yarn (mm)

Gaps in the
fabric (mm)

Yarn width in interlacing 0.90 2.58 0.28

Yarn length in interlacing 2.68 0.99 0.20
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on three samples of each fabric. The arithmetic mean is calcu-
lated from the three obtained values of the threshold time tt,
which is the test result according to which the gloves are clas-
sified to the appropriate level of effectiveness.

According to the PN-EN 407:2020-10 standard [23], in terms of
resistance to contact heat, there are four levels of effectiveness
to which gloves are classified based on laboratory tests.

The composite with the best contact heat resistance for the
contact temperature of 250°C was selected for the simulation.
The composite consisted of the following components: basalt
fabric, modified with a composite coating consisting of 1 µm thick
aluminum with a mixture of 1 µm zirconia and titanium dioxide,
silicone, and Mylar® foil modified with the same coating as the
basalt fabric. Composite coatings were applied using the mag-
netron sputtering method due to the review of the literature on
the use of PVD methods in textiles [24].

As a result of the test of resistance to contact heat at a contact
temperature of 250°C in the case of the basalt fabric, a
threshold time of 4 s was obtained, while in the case of the
composite produced, the tt was 17 s.

2.2. Numerical modeling of heat flow through a composite
developed on the basis of basalt fabric

Numerical modeling showing the temperature gradient through
the composite reflects the simulation of contact heat resistance
testing for a contact temperature of 250°C, which was per-
formed in accordance with PN-EN ISO 12127-1:2016-02 [23]
and PN-EN 407:2020-10 [24] determined the level of composite
protection effectiveness. Numerical modeling was carried out
using a program dedicated to numerical simulations ANSYS
2022 R1 and was divided into three stages.

Building a geometric model of the research object was divided
into sub-stages:

• Modeling the distribution of fibers assuming a constant dia-
meter in the yarn;

• Preparation of basalt fabric geometry;
• Creation of a geometric model for the composite, taking into
account five components: basalt fabric, composite coating
with which the fabric was modified, silicone, Mylar® foil,
and composite coating with which the foil was modified, the
same as in the case of fabric modification.

In computer simulations, it is very often necessary to homoge-
nize the analyzed materials. The introduced simplifications in

the structure of textile products significantly improve the accu-
racy of the model.

During the simulation of heat transfer through the composite,
the conditions adopted were the same as those used during the
contact heat resistance test.

The first stage of the work was to determine the differences in
heat transfer through the basalt fabric. The basalt fabric selected
for the tests was one of the components of the composite
intended, for example, for use in a glove protecting against
high temperature and hot factors.

The second stage of the work consisted in an attempt to recreate
the mutual arrangement of the yarns and their arrangement in
the fabric in order to reproduce its actual weave. Reproducing
the actual image of the arrangement of the yarn in the weave
of the fabric using a geometric model was a very complicated
task. This was due to the fact that the yarn is made ofmany fibers
that are joined together during the spinning process. It should
also be noted that the fibers in the yarn are constantly working,
sliding, and moving due to the bending or stretching of the fin-
ished textile product.

The twill weave of the basalt fabric, characterized by a high
complexity of the structure, made it necessary to use structural
simplifications for the assumptions of the thermal simulations.
Such a simplification is referred to as “submodeling” – which
may take the form of a section of the general model. As a result
of using such a model, we are looking for an exact solution,
assuming on the appropriate edges or planes of the model, as
boundary conditions, the results obtained in the general model.
In the numerical modeling, an object representing a basalt
fabric with a 2/2 twill weave was presented.

The third and final stage of preparing the geometry of the com-
posite was very complicated and complex. The composite was
divided into five computational domains due to the five compo-
nent layers from which it was built. In the geometric model, a
structural simplification was also used – isotropy of components
due to the variety of materials that make up the composite.

Due to the complexity of the structure of the basalt fabric with a
2/2 twill weave, structural simplifications related to the assump-
tions of the simulation were applied. A variant of fiber distribu-
tion was made for a single yarn. The structure of the fabric
shows the arrangement of interwoven yarns made of warp
and weft yarns. Interlaces in the fabric resulting from the struc-
ture of the weave create thermal bridges that increase the flow

Table 2. Parameter values adopted for individual layers of the composite

Material Density (kgm−3) Thermal conductivity coefficient (Wm−1K−1) Specific heat (Jkg−1K−1)

Composite coating 3,830 1.20 727

Mylar® film 1,390 0.14 960

Silicon 1,250 0.40 1,000

Basalt fabric 2,650 1.30 860
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of heat. The contact heat resistance test for the contact tem-
perature of 250°C was carried out separately for the basalt
fabric, and the composite was developed with the use of a
basalt fabric with a 1/1 µm composite coating.

Table 2 shows the properties of the individual layers of the com-
posite intended for the palm part of the protective glove. Density,
thermal conductivity coefficient, and specific heat for the compo-
site coating were calculated using appropriate formulas and rela-
tionships. For the remaining layers forming the composite, the
values of the thermal conductivity coefficient and specific heat
were read from the material tables. The time of heat flow through
the composite was assumed to be the average threshold time
calculated from three measurements made for testing the resis-
tance to contact heat at a contact temperature of 250°C.

3. Results

3.1. Geometric model and numerical model of basalt fabric

The process of building a geometric model of a basalt fabric
consisted in making a model of a single yarn and then using a
tool for duplicating the resulting elements. Based on this, two
sets of yarns were made: warp and weft, and in the next stage,
an elementary report of the 2/2 twill weave for the basalt fabric
was made. Weft and warp yarns are characterized by a fibrous
structure with a varied distribution of fibers. On this basis, for
the simulation of heat flow through the basalt fabric, it was
assumed that the fabric should be represented in the form of
a homogeneous matter. At this point in the formation of the

geometric model of the warp and weft yarns, the homogeniza-
tion process was carried out. The model with the given proper-
ties characterizing the basalt fabric, namely density, thermal
conductivity coefficient, and specific heat, was the basis for
making the geometry of the basalt fabric with a 2/2 twill weave.

In order to create an appropriate numerical grid used for calcu-
lations, rounding of the contact edge between the weft and
warp yarns was performed. Changing the contact surface
does not affect the simulation of heat flow for the model.

Basalt twill weave fabric has a complex structure, because the
fibers are in slight point contact or surface contact. Taking into
account these considerations related to the simulation of heat
flow, it was necessary to take into account the occurrence of the
compressive force of the fabric (resulting from the measure-
ments carried out on the device for testing thermal insulation
of the OTI type). For this reason, during the implementation of
the geometric model of the basalt fabric, a simplification was
used consisting in the homogenization of fibers in the yarn. This
was due to the lack of information about the deformation and
distribution of fiber diameters in the yarn and the actual course
of the fibers that occurs as a result of the compression process.

At this stage, a geometric model of the basalt fabric with a twill
weave was built in the ANSYS 2022 R1 program (Figure 1), while
the next figure shows a cross-section of the basalt fabric (Figure 2).

In the next stage of modeling, submodeling was performed – a
fragment of the fabric was cut out from the solid model of the
fabric, on which a contact heat resistance test was simulated for
a contact temperature of 250°C.

The numerical model of the basalt fabric after the submodeling
process was presented in the form of one yarn with dimensions
0.004m × 0.0003m × 0.0006m, because, in the case of
thermal flows, the simulation performed on a small section of
the object reflects the heat flow for the entire surface of the
model. For the prepared fabric model, its selected properties
were introduced in order to simulate heat flow, i.e., a density of
2,650 kgm−3, a thermal conductivity of 1.3 Wm−1K−1, and a
specific heat of −860 Jkg−1K−1.

For the fabric model made in the ANSYS – Transient Thermal
module, in the “Mesh” option, the model was divided into finite
volumes. Due to the complex geometry of the fabric, the space

Figure 1. Model of a geometric basalt fabric with a 2/2 twill weave.

Figure 2. Cross-sectional view of a 2/2 twill basalt fabric.
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was divided by the use of square elements – preferred in
thermal flows. For the model, tests of the impact of mesh den-
sity on the simulated heat flow were carried out. The mesh
was refined for the entire volume of the model. Due to the
needs of the model, the mesh made included elements of
various sizes. In order to generate the mesh correctly, the
sizes of the largest elements had to be defined. Smaller ele-
ments showing smaller sizes are generated for areas of the
model with large differences in parameters that can occur for
heat flow simulations. Calculations were made and the results
were analyzed in order to obtain stabilization of the observed
parameters.

Numerical simulations for a steady-state process of heat flow
through the basalt fabric and composite model were per-
formed in the ANSYS 2022 R1 program – Transient Thermal
module. For the basalt fabric model, a simulation was per-
formed taking into account the conditions prevailing during
the contact heat resistance measurement for the contact tem-
perature of 250°C. The following boundary conditions were
adopted: the temperature of the upper heating cylinder was
250°C, the temperature of the lower cylinder was 35°C, and
the heat flow through the fabric took 4 s.

3.2. Numerical model of the temperature gradient in
relation to the heat flow through the composite developed
on the basis of basalt fabric

The third stage of the work was to simulate the composite model,
which consisted of the following components: basalt fabric, compo-
site coatingwithwhich the fabric wasmodified, silicone,Mylar® film,
and a composite coating for which the foil was modified (Figure 3).
Due to the very complicated structure of the thin coating, silicone,
and Mylar® film, spatial homogenization was used for these com-
ponents in the overall general shape of the composite structure with
given dimensions and thicknesses (Figure 4).

The geometric model of the composite was made entirely in the
ANSYS program (SpaceClaim). The model representing the
produced composite was presented in the form of one yarn
with dimensions of 0.004m × 0.0003m × 0.0006m.

The composite model was divided into five computational domains:
• Composite coating consisting of aluminum and a mixture of
zirconium dioxide and titanium dioxide;

• Mylar® film;
• Silicone;
• Composite coating consisting of aluminum and a mixture of
zirconium dioxide and titanium dioxide, the same as in the
first layer; and

• Basalt fabric.

In order to create a numerical model of the composite, mesh
refinement using the “Mesh” option (Workbench) was carried
out individually for each of the five layers that make up the
composite (Figure 5). In addition, each component was char-
acterized by determining its density, thermal conductivity coef-
ficient, and specific heat. The mesh density for the entire
composite was based on square elements. The large size of the
mesh was caused by adjusting the size of the mesh elements to
the elements corresponding to the composite coating, because it
was the thinnest component of the composite, equal to 2 µm.

For the resulting composite model consisting of five computa-
tional domains, a simulation was performed taking into account
the conditions prevailing during the measurement of resistance
to contact heat for a contact temperature of 250°C, which was
carried out on an OTI device for testing thermal insulation.

Accordingly, as in the case of the simulation performed only for
the layer of basalt fabric, the same boundary conditions were
adopted for the entire composite. The temperature of 250°C
was assumed for the outer layer of the composite – a composite
coating consisting of aluminum with a thickness of 1 µm and a
mixture of zirconium dioxide and titanium dioxide with a thick-
ness of 1 µm. On the other hand, for the bottom layer, which was a
basalt fabric, a temperature value of 35°C was assumed. In

Figure 3. Scheme and arrangement of layers forming the composite.

Figure 4. Section of the elementary cell model of the composite used in
the numerical simulation.

Figure 5. Geometric model of a composite package consisting of five
components.
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addition, it was assumed that the heat flow occurred in 17 s, which
is confirmed by experimental tests carried out for this variant of the
composite. The symmetry condition was assumed on the side
walls of the composite.

4. Results and analysis of simulation tests

4.1. Analysis of results for basalt fabric

Figure 6 shows the temperature gradient inside the tested
basalt fabric structure in the case of mapping the contact heat
resistance measurement for the contact temperature of 250°C.
The temperature gradient for the tested fabric was presented
after 4 s. Due to the fact that after 4 s the contact heat resis-
tance test was completed, the basalt fabric was not resistant to
the contact temperature of 250°C.

Applying a heating cylinder with a temperature of 250°C to the
surface of the basalt fabric after 4 s resulted in a temperature
gradient in the range of 35–250°C. There is a rapid change in
temperature during the simulation. In the middle section of the

basalt fabric (in its central part), there is a linear temperature
change. In the fourth second of operation of the set tempera-
ture, the flow of heat through the basalt fabric ended because
from the side of the calorimeter, it showed a temperature
of 35°C.

4.2. Analysis of the results for the composite developed on
the basis of basalt fabric

The temperature gradient inside the tested composite structure
after the threshold time (17 s) is shown in Figure 7. For the
upper part of the domain, from the heating cylinder, there is a
high-temperature area. The temperature change occurring in the
cross-section of the composite, in the global range, changes in a
linear way from the heating cylinder to the calorimeter. The scale
of temperature changes was selected based on the lowest and
highest values obtained in the simulation.

In the upper part of the domain, heated by a heating cylinder
reaching a temperature of 250°C, we observe the area of
operation of the highest temperature that affects the composite
coating. Mylar® film is exposed to temperatures ranging from

Figure 6. Temperature gradient obtained for the basalt fabric after the fourth second of operation of the heating cylinder heated to 250°C.

Figure 7. Temperature gradient obtained for the composite after the threshold time from the operation of the heating cylinder heated to 250°C.
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82.76 to 250°C. For silicone, it is in the drop from 49.76 to
82.76°C, while the composite coating deposited on the surface
of the basalt fabric reaches a temperature of 48.13°C. The
basalt fabric, after the threshold time (17 s) from the application
of the heating cylinder, shows a temperature in the drop of
35–48.13°C.

5. Conclusions

Each of the layers making up the composite had a thickness
and was mapped in accordance with the physical model.

Due to the complex and complicated structure of the entire
composite consisting of five components, “submodeling,” i.e.,
a simplified model of the composite, was used to perform a
numerical simulation.

A series of numerical simulations were performed using the
ANSYS Transient Thermal software to determine the tempera-
ture gradient for the basalt fabric and then for the entire com-
posite. The values of the average threshold time for the fabric
and for the composite were determined based on experimental
tests of contact heat resistance for the contact temperature of
250°C. The experimental test results were used to reflect the
course of testing the resistance to contact heat at a temperature
of 250°C for the basalt fabric and the composite.

The numerical model of the composite can be presented as an
innovative approach in terms of numerical modeling of heat
flow not only through textiles but also other materials that can
form a composite for use in personal protective equipment.

The performed numerical simulations of the temperature gra-
dient reproduced the contact heat resistance test for the con-
tact temperature of 250°C for the basalt fabric and the compo-
site. The model reproduces the exact course and results of the
actual test.

Conflict of interest: Authors state no conflict of interest.
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