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Abstract:

In this paper, the safety and thermal comfort of protective clothing used by firefighters was analyzed. Three-
dimensional geometry and morphology models of real multilayer assemblies used in thermal protective clothing were
mapped by selected Computer-Aided Design (CAD) software. In the designed assembly models, different scales
of the resolution were used for the particular layers — a homogenization for nonwoven fabrics model and designing
the geometry of the individual yarns in the model of woven fabrics. Then, the finite volume method to simulate heat
transfer through the assemblies caused by their exposure to the flame was applied. Finally, the simulation results
with experimental measurements conducted according to the EN ISO 9151 were compared. Based on both the
experimental and simulation results, parameters describing the tested clothing protective features directly affecting
the firefighter’s safety were determined. As a result of the experiment and simulations, comparable values of these
parameters were determined, which could show that used methods are an efficient tool in studying the thermal

properties of multilayer protective clothing.

Keywords:

Heat transfer; protective clothing, modeling; simulations; the finite volume method; flame; heat radiation

1. Introduction

The problem of thermal comfort is inextricably linked to
the issue of heat balance between the human body and its
environment. The human body continuously exchanges heat
with the surrounding environment. This exchange occurs via
four different phenomena: conduction, convection, radiation,
and sweat evaporation. Each phenomenon is conditioned on
the characteristics of the human body including metabolism,
temperature, sweat rate, breathing rate, as well as the
environment described in terms of air temperature, heat
radiation, relative humidity, and velocity of airflow.

Clothing is an essential factor playing a significant role in the
heat balance because it creates a barrier between the human
body and its environment. In hot environments, clothing
protects against excessive heat and help thermoregulatory
mechanisms by producing an artificial microclimate next to the
human body. These usages are crucial to firefighters, heavy
industry workers (ironworks employees), rescuers, and special
forces soldiers. Because during their professional activities
they may be exposed to flame and the thermal radiation and
because of this, their clothing should be designed to protect
them against thermal hazards and prevent skin burn.

There are several types of flame-retardant treated fabrics
(cotton FR and viscose FR) and fabrics made from inherently
flame resistant fibers (aramid, PBI). Protective clothing made
from such fabrics does not ignite due to contact with the flame.

However, during various professional activities, the heat flux
intensity in the surroundings may even exceed 60-200 kW-m~2
[1]. These numbers imply that the thermal protective clothing
should be evaluated not only for protection against flame but
also against heat flux that often results in skin burns.

The heat transfer through protective clothing depends on
many factors, such as the geometry of the textiles (thickness,
porosity, mutual positions of layers, and fiber number in a yarn
cross-section) and the thermal properties of raw materials
(specific heat, thermal conductivity, and emissivity). The
thermal protection features of multilayer protective clothing are
tested following EN ISO 9151 [2] (flame exposure) and EN ISO
6942 [3] (radiation exposure). These standards provide two
metrics that are critical for evaluating the protective properties
of clothing against thermal hazards [2, 3]. The first metric
describes the amount of time needed for the temperature of
the inner side of clothing to increase by 12°C. This temperature
increase is assumed to be a pain threshold for users. The
second metric describes the amount of time needed for the
temperature of the inner side of clothing to increase by 24°C.
When crossing this temperature threshold indicates that the
user experienced second-degree burns.

The test methods presented in EN ISO 6942 and EN ISO 9151
are based on the measurement of the temperature change
in the copper calorimeter. The main part of the calorimeter
is a copper plate as a sensor placed right behind a clothing
specimen, which is exposed to heat flux. However, the thermal
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properties of the copper plate, such as heat conductance or
thermal capacity, deviate considerably from the human skin.
This means that the results of testing the thermal protective
properties of clothing obtained by this method may not reflect
real situations. For this reason, Keltner [4] suggested replacing
the calorimeter with a thermal skin simulant sensor.

Many studies have been undertaken to develop new materials
for the manufacturing of protective clothing as well as to
create heat transfer models for the prediction of their thermal
properties [5-9]. One such model was proposed by Torvi [10]
for textiles under high heat flux conditions. Song et al. [11]
presented a numerical model of heat and moisture transfer
through multilayer protective clothing during exposure to a flash
fire. The model predictions were compared with experimental
outcomes from various textiles systems.

Nowadays, numerical simulations are effective and widely
applied in tools to study thermal processes occurring in thermal
protective clothing. The simulations are performed on real
clothing models and apply the numerical analysis of physical
phenomena to predict the properties of the clothing. Currently,
the numerical simulations are a supplement of typical traditional
experiments with actual materials [12—18]. The goal of the
research presented by Onofrei et al. [14] was to create a heat
transfer model in the firefighter’s garments exposed to heat
radiation. Zhu and Zhou [16] developed a model for moisture
and heat exchange through a firefighter’s protective clothing
when exposed to heat radiation.

The presented work is a continuation of research on modeling
physical phenomena that occurred in textiles [19-21].
However, mentioned studies concerned the modeling of
thermal phenomena in solids under steady-state conditions. In
the current paper, the CAD software to predict heat transfer
in textile assemblies intended for thermal protective clothing
when exposed to the flame was used. The 3D models of the
two actual multilayer assemblies were designed. Different
scales of mapping were used, ranging from a homogenization
in nonwoven models to mapping of real geometry of the yarns in
woven fabrics models. Next, the computational fluid dynamics
to model heat transfer induced by flame through multilayer
clothing under transient state conditions was used. Finally, the
utility of the models through comparisons with experimental
outcomes was verified.

2. Experimental
2.1. Materials

Two multilayer assemblies used in thermal protective clothing
were studied (Figure 1). The assemblies consisted of five
layers: A — outer shell (woven fabric), B — moisture barrier
(membrane), C — nonwoven fabric, D — nonwoven fabric, and
E — lining (woven fabric). In both assemblies, Layer B was
laminated with Layer C, while in the Assembly 2 Layer D was
laminated with Layer E.
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Characteristics of multilayer assemblies were presented in
Table 1.

Total porosity P were determined according to Eq (1) [22].
-3
M, 10
d-p

where: Mp — mass per unit area in g'm?, d — thickness in mm,
and p — density of the raw material in g-cm. Total porosity P
of woven fabrics (Layers A and E) resulted from porosity of the
yarn P_ and the free spaces between the yarns from which

yarn

these fabrics are formed. P, was determined by analyzing the

yamn

SEM images of the yarn cross-section using Image J software.

P=|1- -100% (1)

All five layers are built of flame-resistant materials but play
different roles. Layer A protects against mechanical wear
and tear. Layer B (membrane) does not allow water to enter,
however, being vapor permeable, it provides air and water
vapor (sweat) exchange between the skin and the environment.
Layers C and D are the thermal insulations, while Layer E'is the
lining.

2.2. Test apparatus and method

The heat transfer through the multilayer clothing caused by
exposure to flame in a transient state was investigated. The
tested samples were conditioned in an atmosphere with relative
humidity (RH) of 65% and a temperature of 20°C before testing
for at least 24 h. The studies were carried out using the test
apparatus according to EN ISO 9151, under conditions as
follows: air temperature of 20°C and RH of 40%. Figure 2
illustrates the experimental setup.

The measuring system consisted of a Meker gas burner, a
copper disc calorimeter, athermometer, and a PC with dedicated
software. During the measurement, a horizontally oriented
test sample is subjected to an incident heat flux induced by
the flame of a gas burner located under it. The heat falls to
the outer surface of the tested sample (Layer A) and passing
through other layers of assembly is measured by the calorimeter

Assembly 1 Assembly 2

Layer A
(outer woven fabric)

Layer B
{membrane)

Layer C \ A
(nonwoven fabric) A
Layer D
(nonwoven fabric)

Layer E
({inner woven fabric)

Figure 1. Multilayer assemblies used in the research.
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Table 1. Characteristics of five layers of tested assemblies

Thickness Mass per Total Yarn
Assembly | Layer name Layer type Material d [um] ’ unit area, porosity, porosity
" M,[gm? | P[%] o [%]
A Outer woven fabric Aramid 420 210 63 43
B Membrane Polyurethane 20
115* 84* -
1 C Nonwoven fabric Aramid 500
D Nonwoven fabric Aramid 1,620 155 93 -
E Inner woven fabric Aramid 310 125 70 42
A Outer woven fabric Aramid 420 210 63 43
B Membrane Polyurethane 20
115* 84* -
2 C Nonwoven fabric Aramid 500
D Nonwoven fabric Aramid 750 60 94 -
E Inner woven fabric Aramid 310 125 70 42
*Layers B and C are permanently connected.
calorimeter sensor to data acquisition system
/’ Assembly 1 Assembly 2
| | | 1]
o I | ) : ]j A [ LayaE
 (woven fabric)
E \ sample /&}\
2 — flame ) ?
[ LayerZ *
B 08 " (membrane) —
e 4 g /
% D (wﬁif;fnc>
Figure 3. Models of two tested multilayer assemblies.
- heat transmission factor (HTF) is numerically equal to the
Meker burner— . . . .
ratio of the transmitted heat flux density to the incident heat
L flux density.
3. Modeling
|

Figure 2. Schematic of the experimental setup used for the test.

having direct contact with Layer E. The calorimeter was linked
to a digital, computer-driven thermometer, which records the
growth of Layer E temperature in time. Measurements of the
temperature of the inner surface of the sample (Layer E) were
recorded in 1 second intervals until the temperature of the
Layer E increased to 50°C. The measurements were carried
out for two intensity levels of incident heat flux: 45 kW-m- and
58 kW-m=. The final results of these tests were the average
values of three individual tests made for each of the two
above mentioned intensity levels of heat flux. Based on the
experiment, following thermal parameters were determined:

- heat transfer index (HTI,, and HTI,,) means time to achieve
a temperature rise of 12°C and 24°C, respectively, in the

calorimeter, when a specified heat flux acts on the sample.

http://www.autexrj.com/

3.1. Model design

In the designed 3D models of two tested assemblies (Figure
3) both woven fabrics (Layers A and E) were mapped with the
following parameters: (1) layer thickness, (2) distance between
yarns, and (3) elliptic cross-section of yarns.

In the designed models, each layer was designed separately,
and then the layers were combined into the final assembly.
In the designed models, the layers lie on top of each other
in direct contact (no air gap). The model does not take into
account sewing threads connecting layers due to its negligible
low weight and negligibly low impact on heat transfer inside the
assembly.

Both nonwovens (Layers C and D), membrane (Layer B) and
yarn in both woven fabrics (Layers A and E) due to their complex
internal structure, were designed as the homogenized three-

300



AUTEX Research Journal, Vol. 22, No 3, September 2022, DOI 10.2478/aut-2020-0041

dimensional objects with physical features (density, thermal
conductivity, and specific heat) resulting from corresponding
porosity showed in Table 1. Table 2 presents the basic physical
parameters of the materials from which the tested assemblies
are made [23, 24].

.2. Simulations
3.2.1. Physical basis of heat flow simulation

The finite volume method was carried out using Solidworks
Flow Simulation 2014 software to analyze the heat transfer
through the tested assembly. The software allows to predict
fluid flow solving energy conservation equations and Navier-
Stokes formulas [18] and allows estimating simultaneous heat
transfer in solid, liquid, and gaseous states and incorporates
energy exchange between these states. The above-mentioned
equations are augmented by fluid state equations and by
empirical dependence of fluid density, viscosity, and thermal
conductivity on temperature. The software allows to analyze
following physical phenomena: (1) heat transfer in solids
(conduction), (2) free, forced, and mixed convection, and (3)
radiation both in the steady-state and transient state [25]. A
broader description of the physical laws based on which the
simulations were carried out was presented in earlier work
on modeling of thermal performance of multilayer protective
clothing exposed to radiant heat [22].

3.2.2.Conditions of heat flow simulations

The main aim of the heat transfer simulations was to determine
the time dependence of the temperature of Layer E of the
two assembles models for two intensity levels of heat flux
which were used in the experimental measurements. For this
purpose, the assembly model was placed inside a rectangular
computational domain filled with air (presented in Figure
4). To model the effect of the flame from the Meker burner,
a heat flux of the values used in the experiment (45 kW-m-
or 58 kW'm2) was applied to the lower surface of Layer A of
the model of the tested assembly. Initial ambient conditions
within the computational domain were consistent with the initial
conditions of the experimenti.e.: T, =20°C, p, =1,013.25 hPa,
T s = 20°C, RH = 40%. To eliminate asymmetric boundary
conditions, settings were used to imitate an infinite five layers
of assembly propagating outside of the computational domain
in all four horizontal directions.

Before starting the simulations, the computational domain

containing the assembly model was filled with a finite volume
mesh divided into 172,338 fluid cells, 252,313 solid cells and

Table 2. Physical features of raw materials used in simulations

T =20°C
Pax = 1013.25 hPa

Layer E ‘

(woven fabric)

Layer D

| (nonwoven fabric)

| Layer C
| (nonwoven fabric)

Laver B ‘

(membrane)

| Layer 4
(woven fabric)

Figure 4. Model of assembly located inside the computational domain.
Initial ambient conditions of simulation: T = 20°C, p, = 1,013.25 hPa,
T . =20°C, RH =40%.The heat flux incident on Layer A: 45 kW-m-2

model

or 58 kW-m-2,

206,231 partial cells for Assembly 1 and 93,306 fluid cells,
129,680 solid cells and 124,438 partial cells for Assembly 2.

4. Results and discussion

In Figures 5 and 6, a comparison between the experimental and
the simulated results was presented. It shows a pronounced
relationship between the temperature of the inner surface of
tested assemblies and the intensity level of heat flux directed
to the outer surface of the sample.

Both experimental and simulated results obtained for tested
levels of heat flux density show that the temperature rise
process of Layer E could be imparted into two stages. The first
stage takes about 3-5 s. During the stage, the temperature of
Layer E remains almost unchanged. This could be caused by
the multilayer, porous sample structure, the thermal capacity
of the sample, and the thermal inertia of the calorimeter
used. The inertia could influence the precision of temperature
measurements of the sample. During the second phase of the

Physical parameter Aramid Polyurethane
Density [kg-m™®] 1,360 1,260
Specific heat [J-kg'-°C"] 1,390 1,120
Thermal conductivity [W-m™-°C] 0.18 0.23
Emissivity (for black body = 1) 0.92 0.90
http://www.autexrj.com/ 301
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T T 1 1
+ 45 kW m” (experiment) =

657 . 58 KW-m? (experiment) -7

1 —— 45 kwW-m?* (simulation)
1 —— 58 kw'm” (simulation)

Temperature of Layer E of the sample, T_[*C]

Time [s]

Figure 5. Dependence of temperature of sample inner surface on
time of sample outer surface exposure to flame: Assembly 1 (dots —
experiment, solid line — simulation).

temperature rise, the temperature of the sample inner surface
(Layer E) is approximately in a linear time dependence with
the slope proportional to the heating rate of the sample. One
can see that for both the tested intensity levels of heat flux,
the modeled heating rate of the sample model consistently
overestimated the heating rate of the real sample during
experimental measurements. The slope of the temperature
versus time modeled curves is higher than the slope of the
curves obtained experimentally. The thermal parameters
obtained in the experiment and by simulation for two tested
assemblies were presented in Table 3.

Relative disagreements between experimental and modeled
parameter estimates depended on the intensity level of heat
flux, they are: 8-13% for HTI,,, 0-6% for HTI,,, and 0-19%
for HTF. The comparative analysis of the simulated and
experimental values of these parameters revealed the biggest
compatibility between the outcomes in the case of HTI,,
(Assembly 2, Q = 58 kW-m?), however, the smallest one in the
case of HTF (Assembly 1, Q = 58 kW-m). As expected, the
HTI,, value that expresses the time of the clothing exposure to
heat flux at which second-degree burns may occur, decreases
with an increase in the intensity level of heat flux directed to the
sample. In Figures 7 and 8, the temperature distribution on the
surface of the 3D model of the multilayer protective clothing

70
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« 45 kW-m” (experiment)
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60 45 kW-m™ (simulation)

—— 58 KW-m” (simulation)

65 4

Temperature of Layer E of the sample, T_[*C]

Time [s]

Figure 6. Dependence of temperature of sample inner surface on
time of sample outer surface exposure to flame: Assembly 2 (dots —
experiment, solid line — simulation).

calculated for six selected periods of exposure to heat flux
density of 58 kW-m was presented.

5. Conclusions

In this paper, the outcomes of the modeling of the two textile
assemblies intended for multilayer protective clothing to
calculate the heat transport through the assembly caused by
flame were obtained using the computational fluid dynamics
(CFD). Two assembly models built of five layers consisting of
two woven fabrics, two nonwoven fabrics, and membrane, were
designed. The models assumed the simplifications regarding
both geometry and the internal structure of individual layers.
The model has been validated by experiment results performed
according to EN ISO 9151. Simulations carried out on both
models gave results that correlated with experimental curves
describing the relationship between the temperature of lining
and outer shell exposure time to heat flux generated by gas
Meker burner. The two parameters of protective clothing (HT/
and HTF) were determined experimentally and by simulation.
The experimental results are compatible with simulated
predictions and the dissimilarity between them depends on the
specific parameter and the applied incident heat flux density.
These differences could be related to the main difficulty

Table 3. Thermal protective parameters of tested assemblies determined experimentally and by simulations

Incident heat HTL, [s] HTl,, [s] HTF
flux, Q [kW-m~] Experiment Simulation Experiment Simulation Experiment Simulation

Assembly 1

45 16 14 22 21 0.20 0.20

58 12 11 16 15 0.21 0.25
Assembly 2

45 12 11 18 17 0.24 0.23

58 10 9 14 14 0.24 0.25
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Figure 8. Visualization of temperature growth in the time of Assembly 2 model (heat flux density of 58 kW-m-2).
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