Jawad Naeem*,
Adnan Ahmed Mazari,
Antonin Havelka

Review: Radiation Heat Transfer through
Fire Fighter Protective Clothing
DOI: 10.5604/01.3001.0010.2665

Technical University of Liberec,
Department of Clothing Technologies,
Faculty of Textile Engineering,
Liberec, Czech Republic
* E-mail: jawadnaeem.qau@gmail.com

Abstract
A fire fighter garment is multilayer protective clothing with an outer shell, moisture barrier
and thermal barrier, respectively. Fire fighters encounter different levels of radiant heat
flux while performing their duties. This review study acknowledges the importance and
performance of fire fighter protective clothing when subjected to a low level of radiation
heat flux as well as the influence of air gaps and their respective position on the thermal
insulation behaviour of multilayer protective clothing. Thermal insulation plays a vital role
in the thermal comfort and protective performance of fire fighter protective clothing (FFPC).
The main emphasis of this study was to analyse the performance of FFPC under different
levels of radiant heat flux and how the exposure time of fire fighters can be enhanced before
acquiring burn injuries. The preliminary portion of this study deals with the modes of heat
transportation within textile fabrics, the mechanism of thermal equilibrium of the human
body and the thermal protective performance of firefighter protective clothing. The middle
portion is concerned with thermal insulation and prediction of the physiological load of
FFPC. The last section deals with numerical models of heat transmission through firefighter
protective clothing assemblies and possible utility of aerogels and phase change materials
(PCMs) for enhancing the thermal protective performance of FFPC.
Key words: thermal insulation, radiation heat flux, air gaps, multilayer protective clothing.
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conductivity (W/mK),

the temperature difference, and65
x is thickness

The convective heat transmission in clothing is the consequence of movement o
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Figure 1. Processes involved in heat and mass transfer of fire fighter protective clothing [9].
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clothing assembly. Nonetheless there was a decline in the protection time for the fab
kW/m2 by employing two different meth- knowledges energy transmitted through Nonetheless there was a decline in the
odologies. The fabric schemes were de- the fabric assembly when subjected to protection time for the fabric assemblies
veloped as individual layer and two layer a source of radiation, whereas stored-en- chosen, from 30 to 180 seconds in the
combinations as well as multilayer com- ergy methodology indicates that thermal case of stored-energy methodology [7].
posite systems. The extrinsic layer was energy is retained in exposed the test The thermal energy retained in the fabric
made up of 100% meta aramid (woven); sample after encountering a radiation assembly might be released after encounthe thermal barrier was also made up heat source [7]. The test equipment, with tering radiant heat, resulting in skin burn
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of transferred and stored energy after exard ASTM F 1939 for evaluating radiant
heat resistance. The specimen holder and In TPP/RPP methodology, the overall posure to a radiant heat source [7]. It was
water cooled sensor used in the apparatus energy supplied to sensors is acquired also revealed that the influence of moisare demonstrated in Figure 2 [7].
from that transported during confron- ture on thermal protective behavior when
tation with thermal heat and aggregates faced with a low level of radiation heat
Two methodologies employed in the study to a degree that might create a skin burn is a complicated phenomenon because it
conducted by Song et al [7] for evaluat- wound [7]. Stored energy methodology is is dependent on the quantity of retained
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moisture, transmission of moisture in the
fabric layer assembly and magnitude of
exposure etc. [7]. Several test methodologies like bench-scale investigations
[30,33] and a full-scale instrumented
human manikin [34] are applicable for
determining the thermal protective behaviour of a protective garment in emergency situations [35].

Fu et al. [39] investigated the thermal performance of firefighter protective clothing entangling several air gaps and subjected to low level heat fluxes by utilising
bench-scale test equipment. To analyse
the effect of air, a conical radiant electrical heater, indicated in ISO 5660-1:2002
[40, 41], was selected to distribute the
requisite amount of thermal radiation and
was extensively employed to replicate
heat flux equivalent to small or medium
fire situations [27]. The heat flux from
conical heater was attached to sample
surface was set at 2, 5 and 10 kW/m2 [39].
In the middle of the specimen holder,
a radiant flux sensor was fixed to resemble the incident heat flux density acquired by human skin [42]. In a research
conducted by Torvi et al. [36], the air gap
between individual fabric layers was investigated by allocating a size range of
2-10 mm.
While Fu et al. [39] performed a study
in which the placement of air gaps was
at 0, 2 and 5 mm. Thermocouples were
utilised to evaluate the dissemination
of temperature all the way through the
clothing arrangements, according to
NISTIR 7467 [43] and studies of Keiser
et al. [44].
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Torvi et al. [36] employed bench-top testing, numerical modelling and flow visualisation experimentations with and without
an air gap between the fabric specimen
and sensors to investigate the influence of
the air gap dimension. The outcomes revealed that there is an occurrence of free
convection in air gaps of 6-7 mm size.
Ghazy et al. [37] formulated a heat transfer model with both conduction and radiation in the air gap between the human skin
and textile substrate, in order to examine
the transmission of heat in a protective
garment during a flash fire of 83 kW/m2
for a duration of 10 seconds, succeeded by 90 seconds of a cooling span.
The thermal behaviour of a protective
garment is largely influenced by the dimension placement of the air gap [36-38]
[25] and the air volume fraction [38].

Cone shaped heater

Holder

Atomizer

Electronic balance

Figure 5. Schematic diagram of bench-scale test equipment [48].

Influence of air gaps on
protective behaviour of
multilayer fire fighter clothing
Fu et al. [39] found that the temperature
at the back of the interior layer and incident heat flux acquired by the skin escalates with incrementing exterior heat flux,
and there is decrease in the thermal protective behaviour of the multilayer clothing assembly on facing a reduced level of
radiation heat flux, with or without the air
gap. It was also deduced that the duration
for skin injury when having a straight
connection with interior layer increments
with an expanding size of the air gap is
owing to enhancement in the entire thermal resistance of the clothing assembly
[39]. Furthermore it was noted that the air
gap enhances the thermal behaviour of the
clothing assembly against low level thermal heat flux over a lengthy period of time
[39]. Several scientists have examined
the thermal performance of protective
clothing when facing a low level of radiant flux in moisture conditions [45-47].
The dissemination of temperature in
clothing layers were examined by Keiser
and Rossi [44] to investigate the evapora-

tion phenomena at 5kW/m2 for a duration
of 10 minutes, and the outcomes revealed
that moisture had a strong influence on
the behaviour of thermal protection.
Nevertheless, in earlier wetting methodologies, samples being tested were submerged in distilled water and surplus water was evacuated by squeezing the fabric
samples [44-47]. There is no agreement
of this wetting procedure with real human
sweat transmitted from the layer of skin
to the fabric assembly. Furthermore these
past researches focused on the qualitative
investigations of the influence of the air
gap in wet conditions [44-47].
Fu et al. [48] conducted experimental
studies to examine the influence of multiple air gaps ensnared in a multilayer fabric arrangement at a reduced-radiation
level (2-10 kW/m2) in moisture conditions. Bench scale equipment generating
human sweat was developed to generate
drops of liquid and replicate human sweat
transmitted through multilayer clothing
[48]. Thermal resistance analysis methodology established by Fu et al. [39] was
employed to differentiate the influence of
air gaps entrapped in different positions
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layer of the fabric only. The conduction and radiation transmission proces

through the air gap. The width of the air gap between the skin and fabric was as

6.1
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Model for burning of skin
Henriques and Moritz [43, 78, 86] were
pioneers in developing a skin burn injury
model, utilising a first-order Arrhenius
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124 -1 degree burns as concluded by Henriques [43, 74, 78]. o
Table 3. Occurrence
first and second
then P= of
2.184×10
s and
= 93534.9 K. If T is greater than 50 C, then P=

Henriques and
concluded

If is less than 0.5

=39109.8
K0.5-1.0
If is between
If is greater than 1.0

7.

No skin damage at basal layer
First degree burn

Second degree burn occurs
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Effect of moisture on the performance of firefighter protectiv

44 °C, because harm to the skin starts
when the temperature of the basal layer
surges above 44 °C. The conclusions of
Henriques are mentioned in Table 3.
There is possible applicability for the
criteria of P tissue burn damage, if suitable values of and ΔE are known. Weaver
and Stoll [69] submitted values for the
basal layer: If T is less than 50 °C, then
P = 2.184×10124 s-1 and ΔE = 93534.9 K.
If T is greater than 50 °C, then
P =1.823×1051 s-1 and ΔE =39109.8 K.

Effect of moisture on the
performance of firefighter
protective clothing
The influence of interior moisture on heat
and mass exchange through a multilayer
garment when subjected to thermal radiation has been investigated by several scientists [51, 56, 79-84]. Barker et al. [81]
examined the influence of absorbed moisture on the thermal protective behaviour at
a low moisture level by employing a thermal testing platform at 6.3 kW/m2 and it
was noted that there was a serious decline
in the protective behaviour at a low level
of moisture. Zhu and Li [84] determined
that moisture enhanced the time period
for acquiring a second degree skin burn at
a radiant heat flux of 21 kW/m2. However, there was an enhancement of heat exchange through clothing under a heat flux
of 42 kW/m2. The influence of moisture
on thermal insulation is also dependent on
thermal radiation [79].
Fu et al. [85] carried out another study to
examine the coupled influence of moisture and thermal radiation on the thermal
protective behaviour of garments subjected to a low level of radiant heat. Fu
et al. [85] utilised a sweating manikin
with 20 independent zones. For all the
zones of the manikin, a uniform sweating rate was applied and three different
sweating rates (100, 200 and 300 g/m2h)
were chosen for research. The manikin
was maintained at a constant surface
temperature of 35 °C for each zone, as
mentioned by ASTM F 1291 [86]. It was
concluded that the combined effects of
moisture and radiation influences heat
loss and wet skin with two noticeably
different trends. Heat loss from the manikin increases with the rate of sweating
and declines with the intensity of thermal
radiation. However, deviations in the wet
skin surface temperature with the intensity of radiation and sweating rate reveals
an opposite trend [86].
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Use of phase change materials
and aerogels for improving
protective performance
For almost a decade, many scientists
been trying their level best to improve
the thermal protective performance of
fire fighter protective clothing through
the incorporation of phase change materials and silica based aerogels. Zhu et al
[66] stated that phase change materials
(PCMs) can be utilised to decrease heat
stress and enhance the thermal protective performance of firefighter protective
clothing under a higher level of heat flux.
Shape stabilised PCMs were utilized
in firefighter protective clothing and it
was noted that fabrics with PCMs yield
a higher heat protection time in comparison to parent fabrics. However, this
thermal protection is temporary, which is
a kind of drawback of PCMs. Shahid et
al. [67] and Jin et al. [68] applied aerogel
particles to nonwoven fabrics and utilized them as a thermal liner, discovering
aerogel can enhance the thermal protective performance of firefighter protective
clothing.

Conslusions
It can be summarised that firefighter protective clothing must have at least three
layers i.e. an outer shell, moisture barrier and thermal barrier, even when exposed to a low level of radiant heat flux.
The thermal insulation property can be
measured through tests like the bench
scale test, heat guard plate test or fullscale test. Like with a thermal manikin.
For TPP/RPP methodology energy is exchanged through the fabric arrangement
when exposed to a source of radiation.
In the case of stored energy methodology, heat energy is reserved in the specimen after being exposed to a radiant
heat source. It was also deduced that the
impact of the air gap and entire thermal
resistance of multilayer protective clothing declines linearly with an increasing
heat flux. When studying the combined
influence of thermal radiation and moisture on firefighter protective clothing in
confronting a low level of heat, it was noticed that heat discharged from the sweating manikin increases with the rate of
sweating and declines with the intensity
of thermal radiation. However, a reverse
trend was witnessed in the case of a wet
skin surface. When the Pennes model was employed for simulation of the
transfer of heat in living tissue, the skin
is separated in three separate layers i.e.

the epidermis, dermis and subcutaneous
layers. The period of exposure during
which FFPC shields the firefighter from
acquiring first and second degree burns
can be predicted by employing the Henriques equation. Thermal protective performance can be improved by inculcating silica based aerogel particles or phase
change materials. The more the improvement in the thermal protective capability of firefighter protective clothing, the
more time can be used by firefighters to
perform their duties when exposed to radiant heat flux.
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INSTITUTE OF BIOPOLYMERS
AND CHEMICAL FIBRES
LABORATORY OF BIODEGRADATION
The Laboratory of Biodegradation operates within the structure of the
Institute of Biopolymers and Chemical Fibres. It is a modern laboratory with
a certificate of accreditation according to Standard PN-EN/ISO/IEC-17025:
2005 (a quality system) bestowed by the Polish Accreditation Centre (PCA).
The laboratory works at a global level and can cooperate with many institutions that produce, process and investigate polymeric materials. Thanks to
its modern equipment, the Laboratory of Biodegradation can maintain cooperation with Polish and foreign research centers as well as manufacturers
and be helpful in assessing the biodegradability of polymeric materials and
textiles.
The Laboratory of Biodegradation assesses the susceptibility of polymeric and
textile materials to biological degradation
caused by microorganisms occurring in
the natural environment (soil, compost and
water medium). The testing of biodegradation is carried out in oxygen using innovative methods like respirometric testing with
the continuous reading of the CO2 delivered. The laboratory’s modern MICRO-OXYMAX RESPIROMETER is used for carrying out tests in accordance with International Standards.
The methodology of biodegradability testing has been prepared on the
basis of the following standards:
n testing in aqueous medium: ’Determination of the ultimate aerobic
biodegrability of plastic materials and textiles in an aqueous medium.
A method of analysing the carbon dioxide evolved’ (PN-EN ISO 14 852:
2007, and PN-EN ISO 8192: 2007)
n testing in compost medium: ’Determination of the degree of disintergation of plastic materials and textiles under simulated composting conditions in a laboratory-scale test. A method of determining the weight loss’
(PN-EN ISO 20 200: 2007, PN-EN ISO 14 045: 2005, and PN-EN ISO
14 806: 2010)
n testing in soil medium: ’Determination of the degree of disintergation of
plastic materials and textiles under simulated soil conditions in a laboratory-scale test. A method of determining the weight loss” (PN-EN ISO 11 266:
1997, PN-EN ISO 11 721-1: 2002, and PN-EN ISO 11 721-2: 2002).
The following methods are applied in the assessment of biodegradation: gel chromatography
(GPC), infrared spectroscopy (IR), thermogravimetric analysis (TGA) and scanning electron microscopy (SEM).
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