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Nomenclature

Cp is specific heat, J/kg.K; hci is convective heat transfer
exchange with the surrounding environment coefficient,
W/m?.K; hc is convective heat coefficient between skin sur-
face and surrounding air (moisture), W/m2.K; h, is radiative
heat transfer coefficient, W/m?.K; HR is relative humidity,
%; Psar is water vapor pressure, kPa; Qecn is net flux ex-
changed between the epidermis and the back face of the
layer C3, W/m?; g is metabolic heat generation, W/m3; gy is
radiative heat flux received from the pool fire, W/m?; T is
temperature, °C, K; wy is blood perfusion rate, s; ws mois-
ture content, %

Greek symbols. « is absorption coefficient; & is thickness,
mm; ¢ is emissivity coefficient; A is thermal conductivity,
W/m.K; p is density, kg/m?®

Subscripts. amb is ambient; bl is blood; C is convective; C1
is first layer of the garment; E is epidermis; ext is far-field;
metb is metabolism; min is minute; r is radiative; Skin; sat
is saturation.

1. Introduction

Improving the performances of a firefighter cloth-
ing require a good understanding of the thermal exchanges
between the clothing and the ambient surrounding as well as
the firefighter’s body. Indeed, early modelling and experi-
mental investigations have revealed the importance of the
skin biothermics that should account for sudation and organ-
ism thermoregulation [1]. On the other hand, recent fire-
fighter clothing technologies have evidenced the multi-
layered configuration of the textile, which have to be sepa-
rated by several air-gaps to enhance the thermal resistance
[2]. A concise analysis on the characterization of multilayer
fabrics has highlighted the contribution of convective, radi-
ative and conductive thermal exchanges within the clothing-
body assembly [3]. Accordingly, the net incoming heat
fluxes to the skin should be kept at low values to avoid the
burning injury threshold. In this direction, some authors
have concluded that thermal insulation of the skin can be
enhanced by an increase in the thickness of the fabrics, but
the lightness of the clothing was not considered [4]. In the
aim to promote the conductive heat transfer mode, Wang et
al. [5] focused on the interlayer space where the air gap con-
tributes to enhance the thermal resistance. They concluded
that the air-gap can be considered as a significant shielding
layer that can absorb a major part of the heat fluxes emitted

and transferred by the fabrics. Ghazy et al. [6] were inter-
ested in the quantification of the radiative heat fluxes within
the fabrics layer. The major finding of their study was that a
change in the external layer emissivity of the fabrics can
strongly affect the thermal insulation of the skin. Accord-
ingly, Collin et al. [7] have conducted an experimental cam-
paign on the radiative heat exchanges between the fabrics
and its surrounding, including the flame pool. Their research
reported that the far-field temperature level is of a great im-
portance in the thermal balance on the fabric’s first layer.
For engineering purposes, Mandal et al. [8] succeed in de-
veloping an empirical model for the temperature distribution
across the fabrics thickness. The authors performed several
tests on manikins subjected to instationnary incoming
fluxes, without accounting for biothermics. The same au-
thors focused on the fabrics characteristics, namely the
weight and the number of layers and stated concludingly
that an optimization study using neural network technique
(ANN) can improve fabrics manufacturing processes [9].
Some recent studies have shown the importance of account-
ing for both conduction and radiation in each air-gap that
separates two adjacent fabrics layers [10]. In their investi-
gation, thermal conductivity of each fabrics and air layer
was considered as a temperature-dependent quantity in the
Fourier equation.

In the present work, one attempts to reproduce the
thermal behaviour of a firefighter protective clothing and to
evaluate its influence on the burning injury of the skin layer.
A one-dimensional model featuring several fabrics and skin
layers is developed. Coupled heat transfer modes including
convection, radiation and conduction are considered, with
temperature dependent conductivity for air-gap layers. A
preliminary calculation without all biological layers is un-
dertaken to tune thermophysical parameters in a manner to
reproduce the equilibrium temperature distribution obtained
by a full-2D simulation [11], as well as the transient temper-
ature of the first skin layer as recovered by Collin et al. [7].
The investigation is completed with a parametric analysis
including possible fluctuations of both ambient temperature
and fabrics external absorptivity. Governing equations are
solved in a finite element (FE) formulation using Comsol
Multiphysics®, associated with the surface-to-surface (S2S)
radiative model.

2. Heat transfer modelling

Owing to length scale ratio of the garment config-
uration, a one-dimensional formulation is adopted for the
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heat transfer governing equations. In the following, convec-
tive heat fluxes within fabrics layers are neglected on a basis
of the sensitivity analysis made by Benchabi et al. [12]. In
fact, coupled convective-radiative heat transfers are consid-
ered for the external side of the garment, as well as for the
third air-gap located at the fabrics-skin interface (Fig. 1). As
sketched in Fig. 1 the garment features three fabrics layers
(C1, C2, C3) separated by three air-gaps. According to the
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works of Collin et al. [13], the skin is modelled as conduc-
tive media, with five adjacent layers; namely epidermis (E),
dermis (D), hypodermis (H), muscles (M) and bone (B). At
the skin left side, thermal energy is transferred through ra-
diation from the protective clothing and conduction from the
air-gap. The energy is therefore conducted through five lay-
ers of human skin to the right boundary that stands for the
metabolism.
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Fig. 1 1-D Domain sketch of the garment-skin assembly

2.1. Heat transfer in the clothing

The clothing is modelled as a multilayer media,
featuring a self-extinguishing aramid layer (C1), a water-
proof breathable layer (C2) and a liner that provides thermal
protection for the firefighter (C3) and ensures a thermal
comfort for the body. The balance equation for the coupled
convection-radiation heat exchange between the first layer
(C1) and the ambient medium can be written as:

oT
- Aa & = (hc1 +h, ) [Tamb _T(Xc1lt)]+ 0c, Q, 1)
X=Xc1
where:
hy=0aqy (Te>2<t +T° (Xc1lt)) (Text +T (Xcvt))l 2

h, stands for the equivalent radiative exchange coefficient
of the first layer (C1). hg,, @y, &, denote respectively for

the convective exchange coefficient with the ambient me-
dium, the absorption coefficient and the emissivity coeffi-
cient of the layer (C1). The incoming flux g, stands for the

radiative fraction of the heat release rate, and assumed to
represent 80% from the global flux at the fire source [13,
14]. Within each tissue layer (Ci) the conductive transfer is
governed by the Fourier equation [15]:
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where: p.;,Cpq,4; denote respectively, the density, the

specific heat and the thermal conductivity of the layer's fab-
ric, and are seemed to be uniform within each layer. More-
over, the thermal conductive flux across the air-gap obeys
the Fourier law, with temperature-dependent properties, as
[15]:

oT,, (xt T, (xt) . ——

at( )=Dam axg ); i=123, 4)

where: D, = Ay, (Tar )/ Pair (T ) CP (T, ) stands for the

thermal diffusivity of the i™ air-gap layer. The radiative net
flux exchanged between two adjacent tissue layers (Ci, Cj),
can be expressed as [15]:

(Diﬁj zagijh4(XCilt)_T4<chvt):|q (5)

where: ¢=5.670367x10% W/m?.K* is the Stefan-Boltzmann
constant and &;; is the equivalent emissivity, which can be

written for a case of two parallel infinite surfaces, as [16]:

Ve =lg+1le;-1. (6)

Since convective transfer is neglected in the
layer/air-gap (Ci ,airi)interface, the total flux conservation,
can be written as [6]:

i 2_1 . :_ﬂain (Taifi) Z_-)I; B
+O—‘9ij|:T4(XCi’t)_T4(XCJ't)]’ Q)
i=1,2and j=i+1.

For this case, the incoming fluxes g, is included in

the balance equation for the first fabrics layer (C1), whereas
a convective boundary condition is considered on the left
side of the first skin layer (Fig. 2).
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Fig. 2 Calculation domain



2.2. Heat transfer within the skin

According to the works of Pennes in 1948, an adap-
tation of the Fourier equation considers the metabolism heat
generation as well as the blood circulaction as key phenom-
ena in the biothermal transfer. The corresponding conduc-
tion equation have the following form [1]:
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where: Ogin» CPoskin  Askin AN 0o, dENOte respectively, the
density, the calorific capacity, the thermal conductivity and
the rate of metabolic heat production per unit volume of tis-
sue. w,,C,, and p,, represent the perfusion rate per unit
volume of tissue, the blood calorific capacity and density.
The artery temperature of blood is believed to be maintained
at a constant value, T,,, = 36.8 °C. As for the garment layers,

oT (x,t) T (x,t) thermal flux continuity is considered at each biologic layer
Psiin CPsiin at = “siin X2 meto T interface, except for the Air3 layer where a convective-
evaporative condition is imposed, to account for sweating
W (Cb, Po ) [Tart -T (X’t)] v X2 Xe (8) phenomenon. Accordingly, the condition is written as [17]:
aT(x,t)
- AE = _(3054+167 hC Ws)+ (Psat (TXE )_ HRair Psat (Tair3))+ Qech ' (9)
X=Xg
where: 1). The averaging has been performed upon all the skin lay-
oT (x,t) . . ers’ properties (E, D, H, M) in a manner to recover the same
Qecn = —Aair Tox + O-gSkin[T (Xcs ,t)—T (XE t)] thermal resistance [11]. The metabolism contribution is

X=XE / air
Q. IS the net flux exchanged between the epidermis and

the back surface of the C3 layer [13]. A Dirichlet condition
T, = 36.8°C is imposed on the right side of the last skin

layer, and it stands for the metabolism’s thermal regulation.
3. Thermophysical properties

As commonly used for conjugated analysis in en-
gineering, one attempts to mimic conductive heat transfer
within the skin layers using a domain truncation [10],
(Fig. 2). Here, the model considers a single skin layer with
the same Epidermis thickness (es = 0.08 mm), while featur-
ing average values for the thermophysical properties (Table

therefore highlighted throughout the convective evaporative
Eq. (9) at the skin-air3 interface, and via the Dirichlet con-
dition T,,, = 36.8°C.

art
Table 1 depicts the thermophysical properties of
the fabrics layer according to the measurement campaigning
made by Collin et al. [7]. As mentioned above, the average
values for the skin properties were implemented in the
COMSOL material database solver. Obviously, these values
cannot be suitable for situations where heat stress occurs.
Indeed, thermal stress is a phenomenon where heat fluxes
develop simultaneously in opposite directions, i.e., from the
firefighter surrounding to the skin and from the skin surface
towards the clothing layers. Here, heat may be trapped
within the clothing, inducing therefore important fluctua-
tions on the thermophysical properties [18]

Table 1
Fabrics-Skin assembly properties [7]
Thickness | Thermal conductivity Density Specific heat | Emissivity | Perfusion rate Mgzanbe(i:;;:ﬁat
3 -1
o, mm A, W/m.K o, kg/m Cp, J/kg.K & Wy, S g, W/m?
C1 0.42 0.081 605.0 1187.5 0.60 - -
C2 0.75 0.041 212.0 1297.0 0.60 - -
C3 1.55 0.038 112.0 1219.0 0.60 - -
Skin 0.08 0.37 1200.0 3590.0 0.98 0.00185 380.5

As convection manifests on both sides of the fabric
layers, a value of 8 W/m?2.K is adopted for the convective
transfer coefficient between the first layer and the ambient
air. An average value of 4 W/m?.K is taken to characterize
the convection between the skin surface and the C3 layer.
The adopted value 2.3 kW/m? of the incoming heat flux
from the fire source corresponds to a stationary situation that
mimics the average level of exposure of firefighters during
standard semi-confined fires [13].

4. Results and discussions

The developed coupled partial differential equa-
tions (PDE’s) were solved using the finite element method,
by means of the COMSOL Multiphysics ® software. This is
a powerful environment for modelling and solving a variety
of engineering and research problems. It is particularly suit-

able for coupled heat transfers, featuring conjugated bound-
ary conditions. The solver was successfully tested and vali-
dated, earlier, for a 2-D case [11]. In a such resolution, a
structured and non-uniform grid of 165000 quadrilateral el-
ements, was retained for the simulation, after a temperature
sensitivity analysis (relative deviation of less than of 5%) on
finer grids. The time step was automatically adapted in the
solver, according to the local grid size and the target courant
number (CFL = 0.98). As thermal equilibrium is believed to
be reached in the absence of heat-stress phenomenon, a sta-
tionary calculation was performed on the computational do-
main, deprived from skin sub layers (Fig. 2). Nevertheless,
average thermophysical properties were used for the skin
like domain —considered as a single layer- for which con-
duction occurred under a Dirichlet condition at its right
boundary.



In the present case (1D), situation, the numerical
profile for the temperature across the fabrics thickness is de-
picted in Fig. 3. The reported values seem fairly close to
those provided throught a full-2D calculation [11]. This be-
havior further confirm that heat fluxes develop mainly in the
thickness direction (1D).

Here, the external surface of the garment is at a
fairly high temperature (~ 126°C) despite the low value of
C1 layer absorptivity. A significant decrease in temperature
is noticed inside the C1-Airl assembly where the thermal
level is close to 107°C (Fig. 3).

The previous finite element calculations were per-
formed on a 2D domain, having the same thickness as for
the present 1D domain, where the height was equivalent to
that of a firefighter's garment [11]. Owing to lack of thermal
data, the fabrics were assumed to be homogeneous in terms
of thermal conductivity. This property was supposed to de-
velop identically in both axial and vertical directions, im-
posing therefore an equal thermal diffusion in these direc-
tions. The adopted assumption may not affect strongly the
temperature distribution in the full-2D analysis, since the
isotropy on the thermal conductivity can be ensured up to
95% [16].
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Fig. 3 Temperature profile through the thickness of the gar-
ment

Particularly, the decay of the temperature is more
pronounced in the air-gap interface, where the thermal
resistance is important. The temperature continues it
decreasing to reach a value close to T = 60°C which seems
fairly consistent with the 2D-calculations [11]. For this
stationnary situation, one attempts to build polynomial
expressions for the temperature distribution, that are
strongly useful in off-design projets of firefighter garments
[8]. Fig. 4 depicts the picewise-polynomial expressions,
revealing linear decays with different slopes. It is worthy
noticed that important slopes occur in the air-gaps where air
conductivity and gap thickness contribute to enhance the
thermal insulation.

For the following case, a study is performed under
thermal equilibrium. Here, the stationnary calculation con-
cerns the full computational domain (Fig. 1), accounting for
skin layers and skin properties. The figure below (Fig. 5)
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depicts the temperature evolution across the clothing within
the skin layers. The numerical results are compared to the
stationnary distribution provided by Collin et al. [13].
Within the clothing, the numerical distribution of
the temperature is quite close to the finite-volume based
results [13]. A slight overestimation up to 4% is noticed on
the F.E-based value of the skin temperature. This
discrepancy is mainly due to the average values of the skin
properties used in the present simulation and not reported in
the work of Collin et al. [13]. Both temperatures evolution
through the skin layers are quite similar, except in the
Epidermis, where F.E values are slightly greater (~ 6%)
compared to those of Collin et al. [13]. Indeed, owing to the
uncertainly data related to perfusion rate and metabolic heat
generation, the finite volume calculations were conducted
with zero values (w,, =0, 0, = 0), which obviously affect

the local (Epidermis) heat flux balance.
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Despite the steadiness of the incoming heat flux g,



an unsteady behavior is noticed on temperature evolution at
the skin surface. Indeed, a thermal accumulation is believed
to occur within the garment-skin interface, namely in the
air3 gap. Here, a focus is made on the E/D interface that is
located at x = 11.8 mm, where the first skin injury begins
beyond 44°C [10].
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Fig. 7 Temperature evolution at E/D interface

Fig. 7 depicts the temperature evolution at E/D in-
terface, for an important exposure time. The finite volume-
based values [13] seem close to the numerical temperature
profile in the range [0, 15 minutes]. The slight overestima-
tion noticed on the F.E.M-based values is mainly related to
metabolism heat absorption occurring in the full-transient
step of the garment-body interaction. Beyond 15 minutes of
exposure, skin temperature exceeds 40°C and the rate of
temperature evolution decreases up to 25 minutes, where it
vanishes revealing therefore, a thermal steady state. The
F.E-based profile of the temperature recovers a stationary
state, that may be considered as a quite safe situation, with
regards to skin injury limits. Despite a concise representa-
tion of all the skin layers, the F.V-based model recovers a
steady state above the thermal threshold of 44°C [13]. Con-
sequently, the performance of the finite volume analysis

seems questionable, since the adopted properties of the fab-
rics correspond to a currently-used firefighter clothing. It is
also important to stress that the uncertainties noticed on
thermophysical properties of garment tissues, can be related
to separate measurements techniques as well as possible
fluctuations during interventions [20]. In the following, one
attempts to predict temperature evolution across the cloth-
ing if the external layer (C1) is subjected to absorptivity
fluctuation. Indeed, radiative clothing properties, namely
absorptivity ., may change owing to dye loss or cluster

deposition and affect therefore, the local thermal balance.
Fig. 8. shows curves of temperature evolution for several
C1l-layer absorptivities. Here, the radiative reflectivity was
not considered and the adopted absorptivity range was pro-
vided according to the characterization campaign led by
Collinetal. [7].
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Fig. 8 Temperature evolution for different absorptivities of
the first fabrics layer (C1)

Since reflectibility is not considered in this study,
improving the absorptivity will obviously lead to a
transmissivity diminution. Consequently, the fraction of the
heat flux transmitted across the garment layers is less
important and the first skin layer is more insulated. Indeed,
temperature profile for ac; = 0.7 mm exhibits more flatness
except within the C1-layer where it changes significantly
(Fig. 8). The relative decrease of the Epidermis temperature
(x =11.72 mm) is close to 7%. It should be noted that in the
standard configuration, temperatures used to characterize
the air adjacent to layer C1 (Tamy) and the external
environment consisting of smoke (Tex) were all considered
equal Tamb = Texe=20°C. These values were chosen to mimic
the finite volume calculations performed by Collin et al.
[13]. In a flashover situation, the air surrounding the
firefighter can become very hot, reaching a value of
Tamb = 200°C; while the far atmosphere of the fighter can be
slightly heated due to the smoke diffusion and the fresh air
entrainment (Tex = 60°C). These two situations are sketched
in Fig. 9.

Fig. 9 shows the thermal level on both first fabrics
(C1) and skin (E/D) layers for situations where far-field air
temperature rises to 60°C, and near-field smoke temperature
is at 200°C, respectively. It is clearly shown that for a given



abosorptivity of the first garment layer (C1), an increase in
external or ambient thermal conditions, will be in favour on
its exposure rate, since temperature difference 47ci-ambrext, IS
believed to decrease. Moreover, the same external condi-
tions contribute to enhance the thermal insulation of body
skin. This statement should be taken with care, since heat
stress that acts, as an antagonist heat evacuation phenome-
non, is not considered in the present study.
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Fig. 9 Temperature level (Tep, Tci) histogram for several
ambient conditions

5. Conclusions

The present investigation was devoted to the ther-
mal analysis of a clothing-skin assembly for a firefighter
during a standard intervention. Based on previous 2-D com-
putation and confirmed by several literature statements, a
one-dimensional finite element (F.E) heat transfer model
was developed and implemented in the COMSOL Mul-
tiphysics solver.

Multiple types of boundary conditions, including
Dirichlet, convective-radiative and convective-evaporative
relations were considered in accordance to the local cou-
pling of heat transfer phenomena. The temperature profile
across the clothing thickness was numerically predicted and
successfully compared to the full-2D distribution. To con-
tribute to the development of future numerical tools for fab-
rics characterization, the decay temperature curve was fitted
using pricewise-polynomials which are related to the ther-
mophysical properties of both air gaps and garment layers.
In the stationary regime, the temperature profile across the
clothing thickness was fairly close to the finite-volume
based distribution, as recovered by the team of Collin et al.
[13]. The finite element model succeeded in recovering a
thermal relaxation at the skin surface, featuring therefore a
steady state after 25 min of fire exposure. Furthermore, the
adopted average values for the skin thermophysical proper-
ties seemed suitable for preserving a thermal level below the
burning injury limit. Further modelling and numerical sim-
ulations are needed to deal with possible reverse heat fluxes
(heat stress) across the clothing as well as evaporation/con-
densation (sweating) at the skin surface. These challenging
tasks are currently under investigation and will be provided
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in a future work.
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TOWARDS A THERMAL CHARACTERIZATION OF
A FIREFIGHTER’S PROTECTIVE CLOTHING

Summary

In the present work, an unsteady analysis is carried
out for the thermal characterisation of a firefighter protec-
tive clothing. Coupled radiative and conduction heat trans-
fers are considered inside the clothing with a focus on the
thermal level on the first skin layer. The protective garment
is modelled as a 1D solid medium, featuring three layers of
tissues, separated by several air-gaps. A parametric analysis
is performed in the aim to predict the effect of conductive
and radiative tissue's properties fluctuation on the first skin's
layer temperature. The thermal balance equations are writ-
ten in a finite element (FE) formulation and solved using the
COMSOL Multiphysics® software. Predictions were pro-
vided for the temperature and heat flux distributions in the
fabric, skin, and air-gap as a function of time, as well as the
time to receive skin burn injuries. The results obtained were
compared with stationary 2-D calculations, and faced to un-
steady simulations, based on the finite volume method. A
50% relative reduction in the absorptivity of the skin (in the
case of wearing a fine knitted fabric) makes it possible to
reduce the surface temperature of the skin to a tolerable
value.

Keywords: fire safety, protective clothing, multilayered
fabrics, heat transfer.
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