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Abstract: The main purpose of this research is to find out possibility of improvement in thermal protective
performance (TPP) of fire fighter protective clothing (FFPC) when subjected to radiant heat flux density
of 10 kW/m?. Enlargement of TPP is related to the increase of time period when subjected to radiant heat
flux density may provide surplus time for fire fighter to carry out duties without enduring harmful injuries.
Each FFPC specimen constitutes outer shell, moisture barrier and thermal barrier. However, aerogel
blanket was also utilized as substitute to thermal barrier because ofits excellent thermal insulation
property and inflammable nature. Preliminary testing was related to evaluating thermal resistance and
thermal conductivity. Later experimentation involves exposure of multilayer FFPC specimen to radiant heat
flux density of 10 kW/m?. It was witnessed that those combinations in which aerogel blanket was utilized
deliver higher thermal resistance i.e.0.1748 m?’K/W and improved TPP behavior in terms of transmitted
heat flux density Q¢ (0.70 kW/mZ) and percentage transmission factor (6.70%).
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1 INTRODUCTION

Protection of human body against exterior climate is
the most pertinent aspect of clothing, which serves
as heat exchange medium between human body
and nearby climate [1]. Clothing is responsible for
breeding a microclimate between human body skin
and surrounding atmosphere to maintain thermal
equilibrium of human body [2-5]. Exchange of heat
in clothing implicate radiation from one textile
substrate layer to other substrate layer, convection
of air gap and conduction of air gap and textile
substrate layer [6].

In case of absenteeism of stream of air, radiation is
the solitary mode ofheat exchange between
the body and nearby climate [7]. Emission of thermal
radiation takes place from all the bodies and
expulsion of heat through thermal radiation takes
place in the form of infrared rays.

Fire fighter protective clothing (FFPC) is a multilayer
fabric layer arrangement providing safeguard to
firefighter from hazards of external radiant heat flux,
spilling of chemical, flame and delivers thermal
equilibrium of human body [8]. Fire fighter protective
clothing encompasses outer layer, moisture barrier
and thermal barrier [8]. The exterior shell comprises
of those substrates which are engineered to have
interaction with flame and heat without degenerating
or burning i.e. they avoid ignition when have direct
connection with flame and must have property
of water repellence and water vapor permeability.
Mostly  fibers like metaaramids (Nomex),
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combination of meta aramid and par-amid (Nomex
Il A), polybenzimidazole (PBI), Zylon and some
fibers with flame resistant finishes like Proban and
Pyrovatex for improving TPP performance.
The moisture barrier is located between exterior
layer and thermal barrier. This layer is impermeable
to water but permeable to water vapors. Its primary
objective is to shield the body of fire fighters from
blood pathogens and liquefied chemicals. Moisture
barrier is hydrophilic membrane obtainable in
the market as Goretex, Proline, Cross tech, Action,
Neo Guard. Thethermal barrier protects
human body by blocking the environmental heat and
utilizes flame retardant fibers and their blends. It
can be laminated woven, nonwoven, quilted batting,
lining fabric and knitted fabric and spun laced [8, 9].
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Figure 1 Arrangement of multilayer protective clothing
(8, 9]

Time is the pivotal factor in terms of Thermal
protective performance (TPP) of FFPC specimen.
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Improvement in thermal protective property
of firefighter protective clothing may increases
the time period for firefighter to accomplish their
activities  without  acquiring  major  injuries.
As a consequence, firefighters can devote more time
in hazardous environment saving precious lives and
damages caused by fire without injuring themselves
[10]. Evaluation of TPP might be conducted by
several tests like thermal manikin (full scale
methodology) and Heat guard plate and TPP tester
(bench scale test) [11] or full scale test methodology
like thermal manikin [12].

For last three decades, scientists are conducting lot
of research for enhancement of TPP of FFPC.
One approach is to employ silica based aerogel or
aerogel blankets in FFPC assembilies. It is produced
from gel by exchanging liquid phase with gaseous
phase and has very low mass and porous structure
[13]. There are several types of aerogels. Among
various type of aerogels, silica based aerogels have
very remarkable properties because of inflammable
nature and lesser thermal conductivity than static air
in same environmental conditions. Silica based
aerogel is hydrophobic in nature with specific
surface area around 1000 mz/g having porosity

greater than 90%. The thermal conductivity (A)
of silica based aerogel is approximately
0.015W/(m.K) [14]. All these attributes allow

silica aerogels a promising contender for utilization
in firefighter protective clothing (FFPC) as thermal
barrier. The main objective of this research is to
escalate TPP of FFPC specimen. Several multilayer
FFPC combinations were made. Each combination
consists of outer shell, moisture barrier and thermal
barrier. These specimens were characterized by
Alambeta, and then finally evaluated by X637 B
machine (ISO 6942-2005 standard) for determining
transmission of heat through multilayer protective
clothing assemblies at 10 kW/m? to figure out TPP
of these multilayer clothing assemblies.

Table 1 Specifications of multilayer clothing arrangement

2 MATERIALS AND METHODOLOGY

All FFPC specimens were supplied by Kivanc group
turkey and Vochoc company Czech republic.
Pyrogel 2250 blanket was supplied by Aspen
Aerogel Company. This layer was used as substitute
layer to thermal barrier. Two different outer shells,
one moisture barrier and one thermal liner were
employed. Four different arrangements of FFPC
assemblies were made. These combinations were
made by superimposing outer shell, moisture barrier
and thermal liner of the fabric without any stitching
and lamination.

3 EXPERIMENTAL WORK

The evaluation of thermal resistance, thermal
conductivity and thickness of monolayers and
multilayers clothing arrangement was done with
the help of Alambeta. It is a patent of prof. Lubos
Hes and |. Dolezal which was manufactured by
Sensora Company [15]. Radiant heat flux density
transmission through FFPC arrangement was
carried out by X637 B machine as per ISO 6942
standard.

3.1 Alambeta

Alambeta is computer-controlled device utilized to
determine thermal characteristics of textile
substrates. It is non-destructive equipment [16]
comprises upper hot plate affixed to thin heat power
sensor which falls down and have contact with
surface of FFPC substrate positioned on lower cold
plate. The computer records flow of heat due to
temperature gradient between upper heated plate
and specimen on cold plate. Temperature of upper
plate is kept at 32°C and lower plate is kept at
ambient temperature i.e. around 20°C. All
measurements in same fabrics are recorded and
serve for automatic calculation of mean value and
variation coefficient.

Fabric Fabric Thickness
Layer Component Weave type weight
Code [glmz] [mm]
Exterior shell 1 E1 70/28/2% Meta-aramid/Para-aramid/Antistatic Rip stop 200 0.74
Exterior shell 2 E2 100% cotton Twill 280 0.88
Moisture barrier MB PU membrane laminated to nonwoven Nonwoven 120 0.94
Thermal barrier | T8 40/30/30% Aramid/Viscose/FR icastar Needle punching 380 3.424
nonwoven
Aerogel blanket P Silica based aerogel with reinforced polymers (OPAN) Nonwoven 380 2.85
Table 2 Combinations of clothing assemblies
Sr# Fabric arrangement in multilayer clothing assembly Fabric Code GSI\12I Thickness
[g/m’] [mm]
1 Exterior shell(E1) + Moisture barrier (MB) + Thermal barrier (TB) Specimen 1 700 5.100
2 Exterior shell (E2) + Moisture barrier (MB) + Thermal barrier(TB) Specimen 2 780 5.262
3 Exterior shell (E1) + Moisture Barrier (MB) + Aerogel blanket (P) Specimen 3 700 4.538
4 Exterior shell (E2) + Moisture Barrier (MB) + Aerogel blanket (P) Specimen 4 780 4.676
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3.2 Relative water vapor permeability (RWVP)
percentage

PERMETEST was employed to determine relative
water vapor permeability. It is patent of prof. Lubos
Hes (non-destructive method) and was developed
by Sensora company under steady state conditions
as per ISO 11092 standard and this method is also
non-destructive method [17]. The higher the value
of relative water vapor permeability, the lesser will
be the water vapor resistance and there will be
better thermal comfort [18]. Five measurements
were taken for each specimen.

3.3 Radiant heat transmission machine

The radiant heat testing equipment X637 B is
employed to investigate radiant heat flux density
through material or material assembly according to
ISO 6942 standard [16]. The apparatus consists
of six carbide rods serving as radiation heat source,
a small curved copper plate calorimeter, a moveable
test frame having cooling device and specimen
holders. The size of the sample was 230x80 mm
which is placed on the face side of calorimeter and
subjected to a specific level of radiant heat and time
for temperature acceleration of 12°C and 24°C in
the calorimeter was determined and conclusions are
mentioned in the form of radiant heat transmission
index (RHTI 12 and RHTI 24) and the percentage
heat transmission factor (% TF Q,) [19]. Before
experimentation, all specimens were pre-conditioned
for 24 hours at temperature of 20°C and have
relative humidity of 65% [19]. Five specimens are
required for testing at each level of heat flux density.
At first the calibration of the instrument is done and
incident heat flux density is evaluated from
the following equation.
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where: A = areaof the copper plate [mz], a =
the absorption coefficient of the painted surface

of calorimeter, M = mass of copper plate [kg], C, = specific
heat of copper 0.385 kJ/Kg°C), R rate of rise
of the calorimeter temperature in the linear region in °C/s.

Afterwards, the specimen is mounted on face
of calorimeter by applying mass of 200 g. The time
t;» for accomplishing temperature rise of 12°C and
time t,, for acquiring 24°C are recorded in
calorimeter in seconds and expressed as RHTI 12
and RHTI 24 [19]. The transmitted flux density, Q.
[kKW/m?] is evaluated by the following equation:

MCp12
A- (t24 - t12)
mean rate

Qe

12
(t24—t12)
of the calorimeter temperature [°C/s] in the region between
12 and 24°C rise where t;» designates time to attain
increase of 120+0.1°C rise in temperature” t,4 means time
to attain increment of 24+0.2°C

Percentage age heat transmission factor, [% TF Q]
for incident heat flux density level is explained by
equation 3:

()

of escalation

where:

%TF Q, = 100.& (3)

Qo

4 RESULTS AND DISCUSSION

4.1 Evaluation of thermal resistance and

thermal conductivity
Thermal conductivity, thermal resistance and
thickness were evaluated by Alambeta for
monolayer and multilayer protective  fabric

assemblies and the outcomes are shown in Figure 2
and Figure 3 respectively.

MB B

Figure 1 Thermal resistance of single layer fabrics
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Figure 2 Thermal characteristics of multilayer FFPC specimens
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Figure 3 Thermal absorptivity of multilayer FFPC specimens

The relationship between thermal resistance and

thermal conductivity is illustrated by following
equation:
h
= - 4
Ren = > (4)

where Ry is thermal resistance [mZKNV], h is thickness
of specimen and 1 is thermal conductivity.

This thermal resistance is inversely proportional to
thermal conductivity. Thermal resistance directly
proportional to thickness [m] and inversely
proportional to thermal conductivity [W/(m.K)].
However, thermal resistance is not only reliant on
thickness of specimen but also on physical and
chemical characteristics of specimen. Furthermore,
the porosity and density of the textile medium have
pivotal part in thermal characteristics of textile
substrate. Those textile substrates which have
closed and small pores are able to enclose static air
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Specimen 3 Specimen 4

inside them have high value of thermal resistance as
air has very less value of thermal conductivity [20-
22].

From Figures 2 and 3, it can be witnessed that
a greater value of thermal resistance was witnessed
in aerogel layer as compared to single layer and
arrangement of FFPC specimen having aerogel
layer as a substitute to thermal liner i.e. specimen 3
and specimen 4. This might be due to reason that
silica based aerogel which has very low thermal
conductivity even lesser thanstill air due to
nanometer pore size making silica based aerogels
are extremely high insulating materials [14].
Gaseous structure might avert conductive heat
exchange [22]. Furthermore, aerogel does not
permit circulation of air [22]. Thus, specimen C and
D utilizing aerogel layer delivers higher thermal



resistance and lower thermal
compared to specimen A and B.

Thermal absorptivity is the property of textile
substrate highlights warm/cool feeling of textile
substrate at the moment of connection with
human skin. Thermal absorptivity is explained by
following equation [23]:

b = /ApC )]

where 1 is thermal conductivity, p is density and C is
the specific heat of textile substrate.

If thermal absorptivity is high, fabric will deliver
cooler feeling. A perusal of Figure 4 revealed, that
specimen 3 and specimen 4 having aerogel blanket
as asubstitute to thermal barrier delivers lesser
thermal absorptivity values in comparison with
specimen 1 and specimen 2.

conductivity as

4.2 Determination of Relative water

permeability

It was explained by Barker et al. [24] that the impact
of moisture on thermal protective performance
of Firefighter clothing (FFC) is contingent on
conditions of exposure, properties of insulation and
permeability of FFC and quantity of moisture in
the turnout  system. A perusal ofFigure 5
acknowledged that specimen 3 and specimen 4
having aerogel blanket have low water vapor
permeability. This might be due to fact that aerogel

vapor
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blanket has hydrophobic nature and presence
of closed pores inside the configuration of aerogel
blanket. On the other hand, some permeation
of water vapor in specimen 3 and 4 which might be
due to the high absorbing capabilities of aerogel,
enabling the aerogel blanket enabling it to absorb
moisture due to wetting and transport it to
environment [25-30].

4.3 Transmission of radiant heat flux through
multilayer protective clothing

The temperature of surrounding environment was
maintained between 15 to 35°C. Therise
of temperature was evaluated at back of specimen’s
by calorimeter which resulted in two threshold times
i.e. RHTI 12 and RHTI 24, Q. and percentage heat
transmission factor (% TF Qy).

Table 3 Incident temperature on surface of specimen
when exposed to incident heat flux density of 10 KW/m?

Heat flux density 10 kW/m”
Incident temperature on surface of specimen 205°C
Distance of specimen from carbide rods 37.1cm

A careful examination of Table 4 discloses that
transmitted heat flux density Q; and percentage
transmission factor (% TF Q,) that least values
of transmitted flux density Q. (kW/mz) were observed
for the samples having aerogel blanket as thermal

liner.

Specimen 3 Specimen 4

Figure 5 Water vapor permeability of multilayer FFPC specimen

Table 4 Time for rise of 12 and 24°C (RHTI 12, RHTI 24), transmitted flux density Q. and percentage transmission factor

(% TF Qo) through FFPC combinations

. Distance RHTI 12 RHTI 24 Q. Q.
Sr # Name of material [em] [sec] [sec] [kWImz] [lemz] % TF Q,
1 P 37 54.6+2.828 102.6+£2.969 10 1.4+0.005 13.6
2 Specimen 1 37 58.2 +0.424 101.0£0.015 10 1.6+£0.010 15.5
3 Specimen 2 37 74.1£0.707 128.7+0.997 10 1.3+£0.050 12.1
4 Specimen 3 37 84.6 +0.777 163.4+0.897 10 0.9+0.030 8.3
5 Specimen 4 37 97.4+0.898 195+0.672 10 0.7+0.150 6.7
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An analogous pattern was observed in percentage
TF Q, values for the specimen having aerogel sheet
i.e. specimen 3 and specimen 4 respectively. This
might be due to reason that aerogel blanket contains
almost 96 percentage of air and air is agood
insulator delaying the amount of heat that will be
exchanged through the specimen [31-33].
Furthermore, these aerogel samples consist
of oxidized polyacrylonitrile (OPAN) polymer which
has very respectable thermal stability and
can endure greater amount of incident radiant heat
flux [33]. The lesser the value of transmitted heat
flux density, the minor will be quantity of radiant heat
transmitted through fabric assemblies giving more
amount of time to wearer (firefighter) to conduct their
duties efficiently and effectively before acquiring any
burn injuries. Table 4 also depicts that greater
difference between RHTI 12 and RHTI 24, lesser will
be the value of transmitted flux density Q. [kW/mz]
which indicates that specimen can withstand
respected heat flux for longer time period allowing
firefighters to perform their duties for longer duration
before getting burn injuries.

A careful examination of Figure 6 reveals that
the curves of specimen 3 and specimen 4 are more
flat than that of the curves of specimen B, specimen
A and aerogel layer (P) respectively at 10 KW/m?2.
The flat curve indicates that rate ofrise
of temperature takes place at slower rate with

respect to time. This might be due to reason that
infrared radiation that performs a pertinent part in
transference of heat may also be absorbed by
aerogel [26-29] due to which aerogel blanket
delivers improved thermal stability and insulation as
compared to other specimens. The steep curve
highlights, that rate of rise of temperature occurs at
higher rate with respect to time, indicating swift
exchange of radiant heat towards calorimeter. In
consequence, the flatter curve will result in
the slower transmission of heat exchange. Figure 6
also reveals that as curve becomes steeper curve, it
shows certain increment of thermal conductivity and
sudden decline in thermal resistance with
the increase of time period [sec] which might be due
to deterioration in the structure of FFPC specimen.
The less steep the curve, the slower will be rate
of increase in temperature, which will give more time
of exposure to specimen when subjected to radiant
heat flux. The flatter curve also indicates less
damage to the corresponding fabric layers
of the specimen. This might be due to fact that
Infrared radiation that plays a substantial role in
transference of heat canalso be absorbed by
aerogel [26-29] due to which aerogel blanket offers
better thermal stability and insulation as compared
to other specimens.

The images of specimen before and after exposure
of 10 kW/m? are shown in Figure 7.
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Specimen E1 before exposure

Specimen E2 before exposure

Specimen E1 after exposure to 10 kW/m?

Specimen E2 after exposure to 10 kW/m?

Figure 7 Comparison of images of outer shell before and after exposure t010 KW/m?

From Figure 7, it is evident that after exposure to
10 kW/m* the color of the fabric became more black
which indicated certain damage or deterioration
of outer shell after being exposed to radiant heat flux
density of 10 kW/mZ.

5 CONCLUSION

It might be deducted that safety of firefighters is
contingent on the protective performance
of firefighter protective clothing. If this protective
performance can upsurge time of exposure of fire
fighters against radiant heat flux, it may result in
saving precious lives and useful stuff. When FFPC
samples were subjected to radiant heat flux density
of 10kW/m?, it was observed that that aerogel layer
was employed as an alternate to thermal barrier
yield higher thermal resistance and improved
thermal protective performance as it delayed
the amount of heat transmitted through specimen.
The gaseous structure, high percentage of static air,
non-flammable nature of silica based aerogel is
responsible for its better thermal protective behavior
which offers better thermal stability against radiant
heat flux density.
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