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Abstract. Firefighters usually encounter high heat flux exposures, which can cause severe burns.
The addition of a phase change material (PCM) layer into a firefighting garment assembly has
proven to be beneficial as it lowers the garments temperature during the fire exposure. However,
after the fire exposure, accumulated heat in the PCM garment is discharged towards skin and
environment which can have a negative influence on thermal performance. In this study, a one
dimensional numerical approach was used to study the effect of environment parameters
(ambient convective heat flux) as well as PCM parameters (latent heat, melting temperature) on
the thermal performance of the firefighting garment, after the fire exposure. It was concluded
that the amount and phase change temperature at which latent heat is discharged had a significant
effect on thermal performance, depending on the heat exposure scenario. For high — intensity
exposures, skin damage is promoted by an increase in both properties whilst for low intensity
exposures, a decrease in melting temperature would promote greater skin damage. The results
outlined in this paper could aid in the manufacture of PCM firefighting garments, as skin damage
due to PCM resolidification might be an important parameter to take into account when
maximizing thermal performance.

1. Introduction

Firefighters are known to face thermal stressful situations which may cause severe burns or even death
[1]. Therefore, works in improving firefighting suits have been significant in the literature. A practical
way to completely alter the fabric properties would be, for example, the addition of a phase change
material. There are several studies reporting the benefits in incorporating a PCM in a firefighting
garment suit. Recently, the current authors performed such a study where the different variables
associated with the PCM which influence thermal performance were identified and studied [2].

Typically, the thermal performance of a firefighting suit is measured by taking into consideration
only the heat exposure time until a burnout is registered. However, more recently, there has been
recognition that thermal performance should also take the post fire exposure phase into account, as the
accumulated heat in the garment can originate a skin burnout [3].

In this work, the influences of ambient parameters as well as PCM parameters on thermal
performance are studied in detail for post fire exposures. A one-dimensional numerical study is carried
out where the ambient convective heat coefficient as well as the PCM melting temperature and latent
heat are subject to independent parametric studies in an effort to see their influence in the discharge of
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the stored energy present in a PCM firefighting garment. The conclusions will allow for more informed
decisions regarding the choice of PCM as well as aid in the design of PCM firefighting garments.

2. Methodology

2.1. Problem description

In order to analyze the effect of PCMs in enhancing the garment thermal protection, a typical firefighting
protective clothing (FFPC)-skin system was used (Figure 1), consisting of a series of garment, skin
layers, and air gap. The outer shell and thermal inner layers were considered to be a Kevlar®/PBI fire
resistant fabric and an Aralite ® fabric, respectively. The external surface of the garment (boundary 1
in Figure 1) was initially subject to a sudden heat flux during a certain amount of time. Three fluxes
were chosen to reflect the different scenarios that firefighters can encounter: 84, 12 and 5 kW/m? [4].
After, the system was exposed to a chilled environment with defined ambient temperature and
convective heat flux. Ambient convective heat flux, PCM melting temperature and latent heat, were
subject to independent studies, to observe their influence on thermal performance. PCM mass was
considered to be constant in each of the heat exposure scenarios
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Figure 1. Geometry and boundaries of garment - skin system for heat exposure and cooling period

2.2. Geometries and boundary conditions

The firefighting garment is essentially composed of an outer layer, a thermal inner, and a PCM layer.
An air gap between the thermal inner and the skin is also present (Figure 1). In this work, three heat
exposure scenarios were considered. They include a low - and medium-intensity exposures (5 and 12
kW/m? for 5 min) corresponding to pre-flashover conditions, and a high intensity exposure (84 kW/m?
for 8 s) representing flash fire conditions [4].

After the heat exposure scenario, the firefighter is likely to be exposed to a chilled environment.
Windy conditions might be present as well as a reduced ambient temperature. In this work a constant
ambient temperature is defined. Different ambient convective heat fluxes are considered (0-90 W/m*K)
to simulate the presence of natural convection and strong winds caused e.g. by a blower fan or a
helicopter nearby.

2.3. Mathematical model
The apparent heat capacity method was used to simulate the phase change (eq. 1) in the PCM layer.
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where p, Cqpp, T, t and k, represent, respectively, density, apparent specific heat, temperature, time and
thermal conductivity. The index app stands for apparent. Fourier heat transport was assumed in the
remaining layers. In the air gap, radiative heat transport was also assumed according to eq. 2.

qu;llil = Ggeq(Tilrlme - Ts4ki ) 2)

1
Eoq = (2b)
ed 1- Eshell + 1 + 1- Eskin
Eshell Finner—skin Eskin

where, &g, Eskin, Efab Tinners Tsking Finner-skin and graq TEpresent, respectively, the equivalent, skin, and outer
shell emissivity, the thermal inner and skin surface temperatures, the view factor between the thermal
inner and skin, and the total radiative heat flux.

Numerical solutions were obtained on a FEM platform. Grid convergence tests were performed. A
spatial mesh of 900 elements was used (200 for PCM layer). A varying order BDF solver was used to
control the time step taken using relative tolerances of 10~ and 10~ for the exposure and post exposure
phases respectively. The maximum time step allowed was 0.1 s. Validation of the model has been
performed in other works [2,5].

2.4. Burn Criterion

The Henriques burn criterion was utilized to estimate the time to second degree burn (z2.4). Essentially
the damage (Q) is equal to 1 when #2,s occurs (eq.3). The PCM re-solidification damage () was
calculated according to eq. 4 where the indices “R” and “NR” refer to re-solidification and no re-
solidification considered, respectively. This gives an idea of the skin damage done just by the latent heat
released by the PCM in the post- exposure phase.

t
n= f Pe~Ea/RTqt  (3)
0

R —Eq NR —Eq
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0

3. Findings

PCM re-solidification mainly affects skin damage in low and high — intensity scenarios. Skin damage
due to PCM re-solidification increases with an increase in melting temperature and latent heat (i.e. A).
This can have consequences in the PCM choice. For example, if considering PCM candidates with
melting temperatures close to 100 °C, the one with the highest latent heat should be chosen (Figure 2a).
However, if the PCM materials available have higher melting temperatures (i.e. 300 °C), not only is the
t2qa obtained much less, but it also doesn’t rise with a higher latent heat (i.e. Figure 2a, 300 °C “R”). This
happens due to the increase in PCM re-solidification skin damage with latent heat, which can almost
account for 80 % of the total skin damage done (Figure 2b). In contrast, for the low-intensity heat
exposure, PCMs with lower melting temperatures originate higher PCM skin damage (i.e. Figure 2d,
120 °C). The tona rises with latent heat, but on the other hand, the PCM — resolidication becomes more
influential on the burns obtained (Figure 2d).
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Figure 2. Time to second degree burns (#2.4) and PCM skin damage () for the high- (a,b) and low-

(c,d) intensity heat exposure scenarios.

4. Conclusions
A one — dimensional numerical model of a PCM firefighting garment has been considered where heat

transfer was described by the Fourier equation and the phase change was modeled according to the
apparent heat capacity method. Parametric studies were conducted involving ambient parameters (i.e.
ambient convective heat transfer) to define various possible post - fire heat exposure scenarios, as well
as PCM parameters (melting temperature and latent heat), for high-, medium- and low- intensity heat
exposure scenarios. It has been shown that PCM re-solidification in post-fire exposure phases is
responsible for significant skin damage. Solutions should focus on managing this latent heat rejection.
Possible ones include removing the PCM from the suit after the fire exposure for example so that it can

also regenerate faster.
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