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ABSTRACT

This work aims to investigate and develop a novel phase change material (PCM)-
integrated firefighters’ turnout gear technology that would significantly enhance the
thermal protection of firefighters’ bodies from thermal burn injuries under high-heat
conditions (such as in fire scenes). This work established a 3D human thermal simu-
lation to explore the thermal protection improvements of firefighters’ turnout gear by
using PCM segments under flashover and hazardous conditions. This simulation study
will guide future experimental design and testing effectively and save time and effort.
The study found that the 3.0-mm-thick PCM segments with a melting temperature
of 60◦C could extend the thermal protection time for skin surface to reach second-
degree burn injury (60◦C) by one to three times under flashover conditions compared
to the turnout gear without PCM. Moreover, thinner PCM segments, i.e., 1.0-3.0 mm
thickness, could also significantly mitigate the skin surface temperature increase while
avoiding the added weight on the turnout gear. The 3D modelling results can be used
to develop a next-generation firefighter turnout gear technology.

Keywords: 3D human thermal model, Firefighters’ turnout gear, Phase change material,
Thermal protection enhancement, Flashover and hazardous conditions

INTRODUCTION

Firefighters often work under dangerous and harmful conditions, which
could cause unexpected accidents, injuries, and deaths. In the year 2021,
19,200 injuries occurred on the fireground in the United States, and more
than 10%of these injuries were caused by burns and thermal stress (Campbell
and Hall, 2022). The typical firefighter turnout gear has three primary lay-
ers: outer shell, moisture barrier, and thermal barrier (The firefighter suit).
To comply with NFPA 1971 which is the Standard on Protective Ensembles
for Structural Fire Fighting and Proximity Fire Fighting, the current protec-
tive garment thermal protective performance (TPP) rating must be no less
than 35.0, equating to just 17.5 seconds until second-degree burns occur in
a flashover situation. However, exposure to a high-temperature environment
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could be much longer than a few seconds for firefighters to conduct rescue
tasks. Hence, it is critical to enhance the thermal protection function of fire-
fighter clothing to maintain protection for much longer exposures to extreme
heat without causing thermal burn injuries.

Phase change material (PCM) can absorb large amounts of latent heat
of fusion during melting (i.e., the phase changing process) while maintain-
ing a constant temperature. This character of PCM can help to signifi-
cantly enhance the thermal protection of firefighters’ turnout gear. Several
researchers have investigated the thermal insulation performance enhance-
ment of structural firefighter protective clothing when embedded with PCM
(Fonseca et al., 2018; Fonseca et al., 2021; Hu et al., 2013; Phelps et al.,
2019; Zhang et al., 2021). For example, Fonseca et al. and Zhang et al. per-
formed 1D simulations for parametric studies on the effects of PCM mass,
position, melting temperature, and latent heat on firefighter clothing thermal
performance from low-heat intensity to flashover condition at heat flux 5 to
84 kW/m2. These previous studies showed that PCMs could absorb (store)
the heat and help extend the presence of firefighters in fire scenes before a
second-degree burn occurs.

However, these studies are based on one-dimensional (1D) models, not
representative of full-body gear when worn by a person. The human body
is a complex geometry, which could cause non-uniform temperature distri-
bution throughout the whole body. Thus, the PCM at various locations on
the human body could show different thermal transport phenomena. Hence,
PCM-integrated turnout gear needs to be studied in a three-dimensional (3D)
manner to determine the non-uniform thermal performance throughout the
full body.

This work will be the first 3D numerical study on the heat transfer perfor-
mances of PCM-integrated firefighter turnout gear on a 3D human thermal
model. The goal of the study is to support development of a new firefighters’
turnout gear technology by using PCM segments to enhance thermal protec-
tion for the entire firefighter body under flashover and hazardous conditions.
Various PCM thicknesses were investigated through the 3D numerical model
to determine the minimum amounts of PCM required to improve thermal
protection performance for the full body.

METHODS

A 3D human thermal body model was built in COMSOL Multiphysics
(COMSOL, Inc., Burlington,MA 01803, USA). The Bioheat Transfer module
in COMSOL was used for the heat transfer simulations.

3D Turnout Gear-Equipped Human Thermal Model

Free tetrahedral elements were used to establish the mesh structure for the 3D
model, as displayed in Figure 1. The human model was equipped with the
firefighters’ turnout gear. The model’s human body was built based on the
anthropometric data of firefighters’ bodies and limbs collected by NIOSH,
including the sizes of calf, thigh, waist, chest, arms, and shoulder. Firefighters’
turnout gear was built outside the human body. The average thickness of
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clothing was 6 mm, measured based on commercial firefighters’ protective
clothing which is Globe GX-7 Firefighter JACKET Coat Size 36/32 Turnout
Gear. Bio-based PCM was used and embedded in the clothing material for
thermal protection.

A whole piece of PCM was not used to cover the body, in that this would
have blocked the firefighters’ movements. Instead, the PCM was broken into
several segments to cover the important body parts based on the body thermal
zones of ASTM F1291-16 but to avoid blocking joints. Figure 1(a) shows the
PCM segments’ distribution throughout the entire turnout gear. The PCM
segments covered both the front and back of the human body and limbs. The
segments covering the calves and thighs were 3.6”× 4”, covering the upper
and lower arms 4” in width, covering the waist part was 4.5” × 6”, and
covering the chest part was 4.5”× 6.5”. Three thicknesses of PCM segments
were studied: 1 mm, 2 mm, and 3 mm. The locations of the PCM in the
clothing are shown in Figure 2.

Figure 1: (a) The 3D turnout gear-equipped human thermal model with PCM segments
embedded in clothing (the front side of the human); (b) mesh structure (free tetrahedral
elements) for the 3D model.

Figure 2: Thickness distribution of PCM segments in firefighters’ turnout gear (showing
1-mm, 2-mm, and 3-mm thickness PCM segments).
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Heat Transfer Simulation

Three-dimensional heat transfer simulations were conducted through COM-
SOL Multiphysics. The bioheat transfer program was used for the fire-
fighters’ turnout gear-equipped human body thermal simulations. The heat
diffusion (energy) equation to simulate the conduction heat transfer through
the firefighters’ turnout gear-equipped human body is expressed in Equation
(1) (Su et al., 2020; Xu et al., 2022):

ρCp
∂T
∂t
= ∇ •

(
k∇T

)
+ Qbio (1)

where ρ is the density, Cp is the specific heat, k is the thermal conductivity of
materials, Qbio is the bioheat source term indicating heat transfer by blood
circulation, which only occurs in the human body, T is the temperature, and
t is the time.

The equivalent heat capacity method was applied to simulate the phase
changing process of PCM segments (Xu et al., 2022; Zhao et al., 2014). It
integrated the latent heat of fusion into the overall heat capacity of PCM, as
shown in Equation (2) (Xu et al., 2022; Zhao et al., 2014):
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where Cp is the equivalent specific heat of PCM during the phase changing
process (melting/solidification); ρ is the overall density of PCM; the sub-
scripts s and l indicate the solid and liquid state of PCM, respectively; LF(T)
is the liquid fraction of PCM during the phase changing process (LF(T) is
zero (0) for solid state PCM, one (1) for liquid state PCM, between 0 and
1 for the mushy zone); L is the latent heat of fusion of PCM; and ∂N

∂T is the
normal distribution (Gaussian function) used to account for the latent heat
during phase change (Xu et al., 2022; Zhao et al., 2014).

The material properties of PCM, human skin, and firefighters’ turnout
gear are listed in Table 1, which were input into the model for numerical
simulations.

Table 1. Thermophysical properties of human skin, firefighters’ turnout gear, and PCM
(ASTM F1930–18; Harris et al., 1982; Incropera and DeWitt, 2002; PureTemp
LLC; Ventura and Martelli, 2009; Xu et al., 2022).

Density
(kg/m3)

Specific
Heat
(J/kg·K)

Thermal
Conductivity
(W/m·K)

Latent Heat
of Fusion
(kJ/kg)

Human
skin

1109 2684 0.36 ---

Firefighters’
turnout
gear

500 1300 0.30 ---

PCM 814.5 2000 Solid: 0.25
Liquid: 0.15

213
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Boundary conditions: The surface of firefighters’ turnout gear was exposed
to radiant and convective heat sources, mimicking the fire scenes. The heat
fluxes of 83 kW/m2 and 8.3 kW/m2 were applied at the outer surface of
the turnout gear in the simulation model as the heat sources, represent-
ing the flashover and hazardous conditions in the fire scene, respectively
(Coletta et al., 1976).

Initial conditions: The initial temperature of firefighters’ turnout gear
was assumed at 25

◦

C (room temperature) (Xu et al., 2022). The initial
human body temperature was maintained at 37

◦

C (the normal human core
temperature) (Xu et al., 2022).

Mesh for Modelling and Numerical Solution Reading Points

The finite element method was adopted for the numerical simulations. Free
tetrahedral elements were used to create the mesh structure for the model.
The Quadratic Lagrange discretization method was applied to enhance
the accuracy of the solutions. The numerical stability analysis indicated
that the fine mesh size was sufficient for the human thermal model, lead-
ing to 241,733 domain elements, 67,126 boundary elements, and 8,083
edge elements (Figure 1(b)). The time-dependent solver with backward dif-
ferentiation formula (BDF) in COMSOL was utilized to obtain the tem-
perature solutions with respect to time. Relative tolerance of 0.01 was
used for convergence criteria to keep the accuracy of simulation with a
reasonable computational time. Seven probes were built on the human
model to sense the temperature changes under the high-heat exposures,
as shown in Figure 1(a). The locations of the probes are numbered in
this figure. Probes 1–6 are located on the human skin surface covered by
the PCM segment integrated firefighters’ protective clothing. Probe 7 is
located on the human skin surface not directly covered by PCM segments
(Figure 1(a)).

HEAT TRANSFER ANALYSIS RESULTS

Figure 3 shows the temperature profiles on the firefighters’ turnout gear-
equipped human body. Figures 3(a) and (b) display the temperatures of the
turnout gear without (baseline) and with PCM segments embedded, respec-
tively, under flashover condition (heat flux of 83 kW/m2). Figures 3(c) and
(d) are the human skin surface temperatures at locations of Probe 4 and 7,
respectively. These figures compare the results between baseline (turnout
gear without PCM) and 3-mm PCM segments integrated firefighters’ turnout
gear. The results compare the temperature differences at the two locations
when there were PCM versus no PCM segments embedded in the firefighters’
turnout gear.

Figure 4 shows the times for human skin surfaces at various locations on
human body to reach second-degree burn temperature (around 60◦C) under
flashover and hazardous conditions.
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Figure 3: Temperature profiles when firefighters were exposed under flashover condi-
tions. (a) Firefighters’ turnout gear-equipped full body (baseline, no PCM segments);
(b) PCM segment integrated turnout gear-equipped full body; (c) human skin and
turnout gear surface temperatures at the location of Probe 4; (d) human skin and
turnout gear surface temperature at the location of Probe 7.

Figure 4: Times for human skin surface to reach second-degree burn temperature
(∼60

◦

C) under (a) flashover condition and (b) hazardous condition. (Baseline indicates
turnout gear without PCM segments; 1 mm, 2 mm, and 3 mm indicate the thicknesses
of PCM segments in firefighters’ turnout gear).
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DISCUSSION

This study was the first step to investigate the effect of PCM segments on the
thermal performance of firefighters’ turnout gear based on the 3D model.
The PCM segments could significantly mitigate the temperature increase in
the human body under high heat flux (Figure 3(b)). The areas covered by the
PCM had much lower temperatures than the baseline (no PCM) when com-
paring Figure 3(b) with Figure 3(a). Using the PCM segments could extend
the time for the protected skin surface (such as the location of Probe 4) to
reach 60

◦

C (second-degree burn injury) by up to two times (Figure 3(c)). The
2-mm and 3-mm thick PCMs could also help mitigate the temperature rise
for the skin surface area not directly covered by PCM segments (such as the
location of Probe 7) under the high-heat condition when compared with the
baseline (turnout gear with no PCM segments), as shown in Figure 3(d). Due
to the complex geometry of the human body, the temperatures and heat trans-
fer rate at various locations of the human body and limbs (Probes 1-7) could
be different, such as in Probes 4 and 7 in Figures 3(c) and (d).

Three PCM thicknesses were studied to explore their thermal protection
performances for reducing the weight added to the turnout gear by PCM
segments. It was observed that the 3-mm-thick PCM segments could extend
the times for the protected skin areas to reach 60

◦

C by one to three times
when firefighters were exposed to the high-heat conditions. With reduced
PCM thicknesses, it was found that the 2-mm-thick PCM segments could
increase the protection times for skin surfaces to reach 60

◦

C by one time
under the flashover condition and by one to two times under the hazardous
condition. Even using 1-mm-thick PCM segments in firefighters’ turnout gear
could also extend the protection times by 20%-100% under the high-heat
conditions.

Limitation of the study: In the simulation model, we employed an assump-
tion of ideal insulation at the extremities—specifically the head, hands, and
feet. This assumption might impact the simulation outcomes for other body
regions like the chest, waist, arms, thighs, and calves. However, it is impor-
tant to note that the primary aim of this study was to compare the thermal
protection capabilities between traditional and PCM-integrated firefighters’
turnout gear. This assumption, while simplifying the model, does not detract
from the validity of the overall trends observed in the results for the human
body and limbs. The core findings of the enhanced protection offered by
PCM gear remain unaffected by this assumption. Experimental studies will
be conducted in the future to validate the numerical model and demonstrate
the thermal protection performance improvement of firefighters’ turnout gear
by using PCM.

Moving forward, our focus will shift toward optimizing the dimensions
and strategic placement of PCM segments within the turnout gear. This
endeavour aims to maximize the thermal protection coverage across the
entire body while minimizing the quantity of PCM incorporated. This bal-
ance is crucial to ensure the gear remains practical, functional, and efficient
in protecting firefighters against the intense heat and dangers they face in the
line of duty.
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CONCLUSION

This computational research has shown that integrating PCM segments into
firefighters’ turnout gear may substantially elevate its thermal protection
capabilities. Our computational findings indicate that PCM layers, ranging
from 1 to 3 mm in thickness, are effective in significantly enhancing the gear’s
protective performance. Notably, turnout gear augmented with 3-mm-thick
PCM segments demonstrated a potential to extend the duration of thermal
protection by one to threefold during a rapid-fire event, such as flashover.
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