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Abstract

This study investigates carbon nanotube textiles as advanced personal protection equipment for
firefighters and first responders. Carbon nanotubes are lightweight, flame resistant, and possess high
mechanical and thermal properties. Carbon nanotubes are also thermally anisotropic, meaning they
easily conduct heat along the axis of an individual tube, and are relatively insulating across the tube’s
diameter. By recognizing this anisotropic behavior, heat transfer through a layer of aligned carbon
nanotubes in a garment can be partially redirected to a cold reservoir thereby protecting the wearer
from heat stress and exhaustion. Finite element models were developed to simulate a carbon nanotube
layer embedded in a firefighting garment and thermally connected to a cold reservoir. Simulation showed
that under heat stress conditions, firefighter skin temperature was considerably reduced by the cooling
layer.
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1 Introduction

Firefighting is a dangerous profession. Heat stress and heat exhaustion decrease performance
and increase the risk for injury or death for firefighters and other first responders. In 2010, 87
firefighters died on duty in the US, and 63.2% of those fatalities were from heat-related compli-
cations [1]. The materials used to protect firefighters from heat were developed over 50 years ago
(Kevlar/Nomex) and rely solely on passively insulating the wearer from the outside environment.
If a firefighter garment could protect firefighters from the outside environment and also internal
metabolic heat by directing heat out of the garment, it could reduce heat-stress-related fatalities.
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Carbon nanotubes (CNTs) have extraordinary mechanical [2-4] and thermal [5-7] properties,
and are also lightweight [4], flame-resistant [8], and hydrophobic [8]. CNTs also have thermally
anisotropic behavior [9]; a single CNT fiber is highly conductive along its axis and relativity
insulating across its diameter. These properties may enable the next generation of firefighter
Personal Protective Equipment (PPE) to be developed. By creating a bulk textile material where
the fibers are aligned in the plane of the material (creating a material that is conductive along one
axis in-plane and insulating in the other orientations), a hypothesis can be formed: CNT textiles
thermally connected to a cold reservoir or sink could improve occupational safety for firefighters
and other first responders [10]. This would be achieved by redirecting the heat flux away from the
wearer therefore reducing the heat stress on the wearer. Heat enters the firefighters garment due
to exposure to the environment and also from heat generated by the body. In this new approach
called a smart garment, heat is transferred from the garment to an external cold reservoir or sink
(i.e. to a lower temperature material than the wearer and the ambient environment). The design
of the smart cooled garment is illustrated in Fig. 1.
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Fig. 1: Schematic of smart cooling for protecting firefighters from heat stress. The smart system draws
heat out of the garment to a cold reservoir or sink rather than just relying on passive heat insulation

from the environment to keep the firefighter cool

2 Methodology

Finite Element Analysis (FEA) models were constructed to test the effectiveness of CNT fabric
integrated into firefighting garments supplemented with a cold reservoir to protect the wearer
from heat stress. Modeling is a cost-effective way to rapidly evaluate the performance of nanotube
material without having to manufacture test garments of different designs. This simulation based
approach was chosen to give a first indication how successfully heat can be piped out of a firefighter
garment. The FEA models were also generated because the parameters of the system can easily
be changed to obtain a deeper understanding of the components’ interactions with each other
and to aid in future design. The model developed herein provides guidelines on performance of
the proposed design, but is an approximate model. A more elaborate model for the firefighter
and garment system would add too much complexity (environment, garment, cold reservoir, and
body) at this time. Thus experimental testing of fabric swatches is the next step. Looking ahead,
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producing a prototype firefighter suit to experimentally test this method is also feasible, but the
effort of prototyping must be first justified by simulation and coupon testing [11].

A FEA model is used to discretize the garment into elements to perform the thermal analysis.
In this case, the heat equation is given by:
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where: T'= Temperature, t = time, k£ = thermal conductivity, ¢ = heat generated at the boundary,
and ¢, = specific heat. Here, only conduction heat transfer is modeled. The numerical solution is
found by iteratively solving the heat equations for every finite element, given the initial conditions
for each element and the specified boundary conditions. The iteration is performed until the
solution converges. This is done for each time step. The commercial software used for the
analysis is ANSYS.

In this simulation, only the core section of the body was modeled as it houses the vital organs.
To best represent the system and reduce assumptions, the body of the wearer, each individual
layer of the garment, the cold reservoir, the air gap between the body and the garment, and
the environment were modeled within the selected boundary. The CNT textile was modeled to
be a part of the firefighting garment, surrounded by traditional fabric on either side. The cold
reservoir was connected to the CN'T layer in the center of the model.

The core of the body was assumed to be cylindrical so a 2D axisymmetric model could be used.
The axisymmetric assumption requires that around an axis of rotation, the system, boundary
conditions and solution are symmetric. The axisymmetric assumption allows the model to be a
2D area, which represents the 3D volume of the 2D area revolved around an axis. This greatly
reduces the complexity of the model without compromising the accuracy. The mesh has a high
density of elements near and around the fabric to capture the effects of small geometry, and the
large thermal gradients expected in that location. The mesh becomes less dense towards the
body, as there are no small geometries to capture and large thermal gradients are not expected
there. The boundary conditions applied to the system represent convection from the environment,
metabolic heat rate (the metabolic rate is used to estimate the heat being generated by the body
[12]), and a constant temperature boundary representing the cold reservoir. Fig. 2 shows the
geometry used for the model, the corresponding discretized geometry (mesh), and a schematic of
the model.

A parameter study was performed for the system by subjecting the model to four different
conditions: (1) Hot environment (40 °C [13]) and light work (332 Watts [13]); (2) Hot environment
and strenuous work (889 Watts [14]); (3) Firefighting environment (58 °C [15]) and light work;
and (4) Firefighting environment and strenuous work. Within these four cases, parameters of
the firefighter garment were also changed: two thermal conductivities of the CNT layer, two
thicknesses of the CNT layer, and two temperatures for the cold reservoir were evaluated in the
study. Together, thirty-two different simulations were performed. Four additional simulations
were performed (one for each condition case) without the CNT layer and cold reservoir to represent
the traditional garment and provide results for comparison. Creating many models with different
parameters and observing the difference in the cooling effectiveness is an aid to future design of
firefighter turnout gear. The model simulates twenty minutes of exposure to the environment.
This was done following a study from Wang et al. which showed that the skin temperature
of firefighters wearing firefighter garments in hot conditions while being physical active had the
highest rate of change during the first 20 minutes of exposure [13].
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Fig. 2: Modeling of the firefighter and garment: (a) Model geometry; (b) Meshed geometry; (c) Schematic
of the model; Boundary conditions are in red

Two thermal conductivities for the CNT were considered in the simulation. These were the
highest thermal conductivity of CNT thread (a candidate material to produce CNT textiles)
that was measured at the time of the study [4], and the highest thermal conductivity of any
CNT material reported at the time of the study [16]. The latter value was used to extrapolate
thermal conductivities of CN'T threads that can be expected in the future. However, these reports
only provide the conductivity in the axial direction. The conductivity in the transverse direction
across the diameter is difficult to measure experimentally due to the small size of the material (the
average diameter of CNT thread is 20 gm). The thermal conductivity in the radial direction for
the simulations was estimated by taking the ratio of the thermal conductivities found by Che et al.
in their molecular dynamic simulations for CNT thread. Assuming this relationship is constant,
an estimated thermal conductivity in the radial direction can be found by using this ratio and
experimental values for the axial thermal conductivity. The ratio was found to be kayial/kradial
= 173 [9]. The model has the CNTs oriented so that the conductive axis is aligned vertically.
This creates a thermal path from the CNTs to the cold reservoir and places the less-conductive
orientation of the CNTs parallel to the axis in which the heat is entering the body. The human
body was modeled as plain water. Comparing the thermal properties of different body tissues to
the thermal properties of water indicates this is a valid assumption [17]. The thermal properties
of the materials used in the model are listed in Table 1.

The average chest circumference of a male firefighter is 1.24 m [24]. This value was used to find
a circle with an equivalent circumference to represent the body. The radius of an average male
firefighter’s body was then found to be 0.2 m. The thickness of the firefighting garment materials
were measured from samples using a digital caliper; the thicknesses were 0.4, 0.4, and 0.9 mm for
the outer shell, moisture barrier, and thermal liner, respectively (the three layers that constitute
the firefighter PPE). The thickness of the air gap between the body and the fabric was 0.02 m
[25]. The thickness of the CNT layer was 0.4 mm, which is approximately the thickness of seven
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Table 1: Thermal properties and density of the materials used in the model

Material and CNT [4], Outer Shell Moisture Barrier Thermal Liner Human Body

Properties  [16], [18] [19-21] 21], [22] 120], [21], [23] [17] Air [17]
o (%) 900 1410 1380 1416 1000 1.16
k() 80, 262* 0.145 0.25 0.125 0.613 26.3

e (k’;—{{) 0.830 1.338 1.256 1.354 4.179 1.007

Lower and upper range axial values are listed, the corresponding approximate radial values for through-the-

W
thickness conduction are; 0.46, 1.73 — respectively.
m

CNT sheets overlaid. The moisture barrier was replaced by the CNT layer in the simulations
with the CNT layer. The CNT layer and the moisture barrier are both approximately the same
thickness, and CNTs are extremely hydrophobic, therefore fulfilling the purpose of the moisture
barrier [8].

The heat transfer coefficient for the environment to the fabric was estimated using empirical
equations from the ASHRAE handbook for a person on a treadmill in still air with the ambient
air pressure taken into consideration [26]. Using these equations, a heat transfer coefficient of
17.9 W/m was found. Values from the study by Wang et al. were used to solve these equations
[13]. The cold reservoir was tested at 0 °C (to represent ice), and 20 °C (a point in between that
of ice and the body temperature).

The initial conditions of the model were broken into four parts: (i) The inner half of the body
was set to the core temperature (37.64 °C); (ii) The outer half was set to the average of the
core temperature and the skin temperature (35.32 °C); (iii) The skin boundary was set to skin
temperature (33 °C); and (iv) The air gap and the fabric layer were set to the difference between
the skin and the ambient air (36.5 °C for T, = 40 °C, 45.8 °C for T, = 58.5 °C).

3 Model Validation

To verify that the solutions obtained using the models were valid (i.e., that the solutions are
independent of the mesh and time step used and the solutions are representative of actual physical
phenomena), mesh and time step independence studies were performed, and the solution of a
model without CN'T was compared against measured data. Two additional meshes were generated
for the mesh independence study (half the original mesh density, and twice the original mesh
density), while leaving all other parameters the same, and the results were compared to the
results from the simulation using the original mesh. For the time step independence study, two
additional simulations were performed with a time step half as large as the time step used, and
with a time step twice as large as the time step used. No other parameters were changed in the
time step study. The final average skin temperatures for all four cases were less than a tenth
of a degree Celsius different from the standard case. This shows that the solutions found are
independent of the mesh and time step used.

Wang et al. exposed six subjects to a controlled hot environment while walking on a treadmill
and wearing firefighting protective equipment, and measured their change in skin temperature
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over time [13]. To validate the accuracy of the model, the model was used to simulate the study by
Wang et al. and the results were compared. Fig. 3 shows the temperature profile found using the
model, overlaid with Wang et al.’s measurements. The coefficient of determination (r?) between
the simulation and the measured results is 0.89, which is a high correlation. This shows that the
model matches the measured data well for this particular case.
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Fig. 3: Comparing skin temperature vs time from the FEM simulation to Wang et al.’s experiments [13]

4 Simulation Results

Table 2 shows the average skin temperature for each simulation after 20 minutes. The average
skin temperatures found with the CNT and cold reservoir cases were compared to the respective
datum case of the standard firefighting garment to observe the improvement using a CNT layer
with a cold reservoir. It can be seen in the table that with the CNT layer and cold reservoir, the
skin temperature after exposure was on average 6 °C lower than the models without the CNT
layer and cold reservoir. Only half the cases are shown because the metabolic rate was determined
to be insignificant compared to the convection boundary condition and the effects of the CNT
and cold reservoir. To provide a quantitative interpretation to the results: cells can only survive
+42 °C temperatures for a limited time (at 50 °C cells will start to die after about 16 min) [27].
The datum cases in Table 2 are for the firefighting garment with no CNT layer, i.e., the moisture
barrier layer is used in place of the CNT layer.

The overall general effects of the parameters of the CNT layer and environment are: (i) The
thicker CNT layer increases cooling and reduces skin temperature; (ii) The higher thermal conduc-
tivity CNT layer reduces skin temperature; (iii) The higher environmental temperature increases
skin temperature; and (iv) The lower reservoir temperature produced lower skin temperature
and has a greater effect than doubling the thickness of the CNT layer. These results all make
physical sense and provide guidelines on future design of smart garments. It is encouraging that
even with the cold reservoir at the higher temperature of 20 °C, and using the thicker CNT layer
with the lower thermal conductivity (the easiest to achieve design), the skin temperature was
reduced significantly, 3.7 and 5 °C for the two environmental temperatures. This indicates the
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Table 2: Results from the simulation

Too =40 °C
Tskin,datum (°C) kCNT,axial = 80 W/mk kECNT,axial = 272 W/mk
36.0 tonT = 0.4 mm tonT = 0.2 mm tenT = 0.4 mm tenT = 0.2 mm
. Tsink=0 °C  T4ink =20 °C Tiipnk =0 °C Tgink =20 °C Tgink =0 °C Tginx =20 °C Tginx =0 °C Tiink =20 °C
Tkin,avg (°C) 28.8 33.2 30.6 33.9 24.1 31.0 27.0 32.3
AT(°C) 8.1 3.7 6.3 3.0 12.8 5.9 9.9 4.6
Too =58 °C
Tskin,datum (°C) kCNT,axial = 80 W/mk kCoNT,axial = 272 W/mk
125 tsink = 0.4 mm tsink = 0.2 mm tsink = 0.4 mm tsink = 0.2 mm
‘ Tsink =0 °C T4ink =20 °C Tk =0 °C Tgink =20 °C Tgink =0 °C Tinkx =20 °C Tginx =0 °C Tk =20 °C
Tskin,avg (°C) 33.1 37.5 35.2 38.6 27.6 34.6 31.0 36.3
AT(°C) 9.4 5.0 7.4 3.9 15.0 7.9 11.5 6.2

smart garment may increase safety for firefighters. The additional weight of the cooling system
and cost are to be determined.

An additional simulation was conducted with the CNT layer not connected to a cold reservoir
to see how this would affect the skin temperature over time. It was expected that this would be
detrimental to the firefighter as even out of plane, the CNT fabric would be less insulating than
traditional fabric. This was observed. The results are shown in Fig. 4.
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Fig. 4: Simulation with CNT and no cold reservoir compared to a simulation modeling traditional
firefighter garments

The simulation results with the CNT layer but no cold reservoir in Fig. 4 are important because
they show the CN'T layer can increase skin temperature if the cold reservoir fails. This is because
the CNT layer has greater transverse thermal conductivity than the moisture barrier layer (the
CNT layer replaces the moisture barrier when the CNT layer is used). Thus a suggestion to make
future designs fail-safe, is to add the CNT layer in addition to the moisture layer (not replacing
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the moisture layer).

5 Discussion

Every simulation with the CNT layer and cold reservoir showed that, after exposure, the average
skin temperature of the firefighter was significantly reduced from the corresponding case without
the CNT layer and cold reservoir. On average, the average skin temperature after exposure was
6°C lower for the models with the CN'T layer and cold reservoir than the models without the CNT
layer and cold reservoir. In the cases where the ambient temperature was set to firefighting tem-
peratures, it was found that with only the traditional passive firefighter garments for protection,
the wearer would start to be endangered by the exposure. Comparing this to the corresponding
models with the CNT layer and cold reservoir, the average reservoir temperatures are only slightly
elevated after exposure. Some of the CNT and cold c cases cooled the skin below the comfort
zone to a point that may cause peripheral vasoconstriction, which could create a new hazard for
the firefighters [28]. It has been shown for liquid cooled garments (where a refrigeration cycle and
network of tubing is used to regulate the wearer’s body temperature) that if the cooling system is
allowed to cycle on and off, overcooling can be mitigated [28]. The simulation in the future should
consider a mechanism to regulate the cooling to prevent overcooling. The simulation model also
does not account for the thermal storage of the cold reservoir. The model assumes that the cold
reservoir has an infinite amount of thermal storage. In actual implementation, work needs to be
done to the system (such as a the refrigeration cycle in the liquid cooled garments), or an en-
dothermic chemical reaction needs to be applied to the cold reservoir so the heat can be removed
at a more constant rate otherwise the cold reservoir will heat up and lose the ability to store
energy. If ice was used to cool the cold reservoir, after the ice loses its latent heat due to phase
change, the cold reservoir will heat up over time. A more elaborate model would be needed to
incorporate the cold reservoir’s thermal storage.

This model does not include mass transport. This means that a major mode in which heat is
transferred within the body (blood flow), and a major mode for the body to remove heat (sweat)
are not accounted for [12]. Additionally, this model does not account for fluid flow through or
around the fabric (air or sweat). The effect of these simplifications appears to be minor, as the
model had a high correlation to measured data. This suggests that the model is accurate enough
for an initial assessment of the feasibility of adding a CNT layer and cold reservoir addition
to firefighter’s PPE. A better model of the system could be generated by using more elaborate
governing equations that include terms to approximate the effect of these modes of heat transfer,
without having to make very detailed geometries or run very complicated simulations [29, 30].
This would allow the core body temperature to be reported, which would reveal more of the
effects of heat on the firefighter than just skin temperature.

After this study was finished, new reports of CNT threads with higher thermal conductivities
were reported. Behabtu et al. reported that the thermal conductivity of their CNT thread
is 380 W/mK as spun and 635 W/mK after doping [7]. Behabtu et al. reported that their
material is significantly more conductive than the previous reports, where the material properties
were referenced for these simulations. The firefighter simulations showed that increased thermal
conductivity significantly increased the effectiveness of the system, so it can be extrapolated
that using these new heat transfer values, the simulations would show even better effectiveness,
assuming the high quality CNT fabric can be produced.
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The main take-away from this paper is that the thermal conductivity of nanotube layer is so
high that it draws the heat from the garment and almost keeps the skin temperature at the
initial value of 33 °C even though the firefighter is in a hot environment fighting the fire. In
some cases, the CNT layer cooling system overcooled the firefighter implying that some type
of thermostatic control may be needed for the smart garment. Going further, there are other
interesting applications of the smart garment with the CNT layer and cooling system [32, 33].
First responders and any workers that need cooling can use the smart garment. In athletic
apparel, the CNT fabric would conduct heat from the athlete to the cooler air environment, and
a separate cold reservoir may not be needed. On the other hand, a winter coat made of CNT fabric
would not be a good idea as the body heat would be drawn out into the cold air. In structural
applications, e.g., in aircraft hot sections near the engines, a CNT layer could draw heat to cooler
zones in the structure or into the air. In general, a CNT layer could be used wherever high heat
conduction is needed. Additional characteristics are the CNT layer is electrically conductive, can
act as a shield for electromagnetic interference, it is strong, abrasion resistant, can be chemically
functionalized to neutralize potentially toxic substances, it may shield certain types of radiation,
it is the blackest fabric known to man and thus will highly absorb heat from sunlight, and the
surface area of the fabric will provide high evaporation or if functionalized, high absorption of
water. Safety and cost are the two main impediments to applications of CNT textiles. We must
be sure the nanotubes are not released from the fabric, and the manufacturing method must be
scalable. Longer nanotubes and post processing are being pursued to reduce the likelihood of
nanotubes being released from the fabric. A new reactor design that directly produces nanotube
sheet is in the research study phase and could continuously produce CNT sheet at lower cost.
Thus we expect that nanotube smart textiles will set a new benchmark in design and performance
of personal protective clothing and multifunctional composite materials.

5.1 Future Work

Future work planned is to fabricate a carbon nanotube sheet layer and test it for thermal con-
ductivity [31]. Then the layer can be integrated into a firefighter garment and tested using a
firefighter mannequin. Fig. 5 shows early production of a CNT sheet with the fibers aligned in
the plane of the sheet (as the CNT material in the FEA models). In the future, samples of this
material will be integrated into firefighter turnout gear and used to test the cooling effectiveness
of a smart garment by measuring the amount of heat flux that can be redirected by the nanotube

sheet layer.
. . ————
(b () (d)

Fig. 5: Manufacturing CNT sheet in the UC Nanoworld Lab [32]: (a) Machine for drawing a CNT
forest from a wafer on a moveable carriage to form a sheet on a rotating belt; (b) Close-up view of the
nanotube ribbon being wound onto a drum; (¢) The nanotube sheet on the belt; (d) The sheet cut and
unwrapped from the belt, a long ribbon is shown for reference, 100 or more layers or ribbon form the
sheet
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6 Summary and Conclusions

This work has made progress in evaluating the viability of using CNT textiles to increase the
occupational safety for firefighters and other first responders. The proposed CNT layer and cold
reservoir is a simpler approach for cooling garments than alternative liquid-cooled garments. Both
systems perform the same task, yet the CN'T cold reservoir method adds modest extra weight, but
no extra bulky equipment such as pumps, tubing, and batteries, while having potential benefits
of increasing the abrasion resistance, flame resistance, etc of the garment. The next steps in
the development of the firefighter smart garment are: making samples of the CNT fabric and
measuring the thermal conductivity in all directions, updating the model and simulation using
the measured thermal conductivity values, obtaining a preliminary design for the cold reservoir
and fabric, testing the fabric and cold reservoir on the bench, and then building a garment with
a smart layer and testing. Conclusions are that the CNT layer should be an additional layer in
firefighter garments, the garment design should be fail safe if the cold reservoir is exhausted, and
there are other possible applications for a CNT fabric layer including for athletic apparel.
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