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Mitigation of firefighters’ skin burn
injuries utilizing auxiliary measures

Rumeel A Bhutta ® and Sengkwan Choi

Abstract

The improvement in the thermal resistance of firefighter’s outer garments has been traditionally achieved with the
implementation of phase change materials or aerogel as an added protective measure. This study proposes supplemen-
tary novel cost-effective measures to enhance the thermal resistance of conventional firefighter outer garments. The
proposed measures consist of auxiliary protective layers of meta-aramid fabric of a plain weave and a honeycomb
structure. A custom built vertically oriented bench-scale apparatus was used to simulate extreme to life-threatening fire
environments characterized in terms of an incident radiative flux of 84 kW/m? and 126 kW/m?. The fluctuations in
experimental heat flux density were treated by employing a Gaussian empirical model. The heat dissipation rate within
the skin layers was predicted with a numerical model based on finite element methodology. The skin burns were
classified with Henrique’s integral. The conventional outer garment when exposed to 84 kW/m? and 126 kW/m?
resulted in a superficial second and third-degree burn. The auxiliary layers, in conjunction with the outer garment,
mitigated second and third-degree burns. The meta-aramid fabric of a plain weave exhibited better thermal resistance
than the honeycomb structure layer. The proposed measures reduced the epidermis temperature by 32%. An inner
garment made of meta-aramid fabric is recommended to be worn concurrently with an outer protective suit for severe
fire incidents due to its relative ease of use. Honeycomb structure layers are not recommended due to their weak
structure and restriction in mobility.

Keywords
High performance fabrics, fire resistance fabrics, measurements, performance, protective and other high-performance
clothing systems, properties

Thermal protective clothing is of great importance in
firefighting due to the high probability and unpredict-
ability of fire accidents in a compartment setting or a
forest fire." This suit can be categorized as: (a) station
wear — single layer garment worn in the fire station; and
(b) turnout gear — multiple layer garment worn when
reporting to fire incident.” A turnout gear consists of
three fabric layers: (a) an outer shell (OS); (b) a mois-
ture barrier (MB); and (c) a thermal liner (TL). It is
designed to shield from various fire conditions, catego-
rized as routine, hazardous and emergency.** The
work in this study focuses on the implementation of
the turnout gear and proposes measures to improve
its performance in severe thermal environments.

The performance of turnout gear has been majorly
associated with thermophysical characteristics of
aramid fabrics.”® However, recent studies have

shown that orientation also influences the assessment
of these fabrics, and concluded that horizontal config-
uration underestimates performance level,'® with a
similar finding on cone calorimeter orientation tests.''
A vertical orientation, in bench-scale testing, depicts
the actual body position.'*'* Therefore, it is preferred
over horizontal configuration. A standard value of
incident heat flux of 84kW/m? proposed by Behnke
in 1984,"% is accepted as an upper limit for flash fire.
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International test standards such as NFPA 1971'® and
ISO 6942:2002'" have adopted 84 kW/m? as a represen-
tation of emergency conditions. Experiments conducted
on modern compartment settings have been shown to
exceed this limit and can reach 150 kW/m?.'*"? To date,
no performance data are available in the literature for
heat flux greater than 84kW/m?, to the best knowledge
of the authors. This study addresses this by accessing a
turnout gear in a vertical orientation subjected to an
incident heat flux of 84 and 126 kW/m?, a representation
of emergency/extreme and life-threatening conditions.

Researchers have proposed several approaches to
reduce skin burn injuries by employing different tech-
niques. The increase in fabric thickness and air gap
enhances fabric performance.”>** The application of
shape memory alloy, which at a certain actuation tem-
perature expands the cavity between fabric layers,
enhances insulation capability.>® Thermal conductivity
and specific heat had a significant effect on fabric per-
formance relative to optical properties such as emissiv-
ity, transmissivity and reflectivity.>* Controlling
radiative heat transfer with the application of the alu-
minum coating on the fabric takes advantage of the
reflective property of aluminum.>> However, it is rec-
ommended only for radiant exposure, as on flame con-
tact aluminum coating degrades.”® This concept has
also recently been investigated for nano silver coating
on the external surface of the fabric assemble, for
10-20 kW/m? of incident radiative flux, with prominent
improvement reported compared with uncoated
fabric.’” These studies addressed a novel aspect of
improving fabric performance which is either physically
impossible to implement with existing protective assem-
ble or requires rigorous manufacturing. Moreover, air
gaps between fabric layers cannot be controlled and will
vary with the position on the body.”®** A more practical
approach to improving the performance of the existing
garment is the use of aerogel or TLs treated with aero-
gel, which can enhance existing assemble performance
by approximately 10%, with a reduction of weight by
24.3%.3%31 To improve the performance of the protec-
tive garment, its capacity to store thermal energy must
be improved. Phase change materials (PCMs) that
absorb latent heat by altering their phase from solid
to liquid or vice versa have been proposed.*>** An
improvement in performance was documented when
PCM was positioned adjacent to the innermost layer®*
or close to the skin for the incident flux of 84 kW/m?>.%
The increase in thickness was found to be directly relat-
ed to the improved performance.

Most PCMs are flammable and their application in
firefighting clothing, near a fire, is not recommended.
To this end, a combination of organic PCMs with aero-
gel treated TL reported better performance output, to
delay burn injuries as opposed to using either of them

separately.’” Treating the TL or any fabric layer of the
turnout gear increases its overall weight. A recent study
conducted by placing an underlayer to an existing mul-
tilayered suit to predict thermal comfort showed a
positive relationship; however, little information was
provided on thermal protection.”® A TL cut into the
honeycomb structure using laser replacing convention-
al TL structure was implemented and tested for an
incident flux of 83 kW/m? in a horizontal orientation.*”

The existing literature on improving thermal perfor-
mance requires a rigorous approach to be embedded
into an existing turnout gear. The application of
underlayer and honeycomb, as auxiliary measures, is
promising and is further explored in this study.
Implementing it requires minimum adjustment to the
existing turnout gear. It can be exercised when severe
fire conditions are expected. Radiative flux is selected
in accordance with the ISO 6942 standard recommen-
dation for vertical orientation to depict a standing indi-
vidual. It will help in mitigating firefighter fatalities by
providing increased performance and delaying burn
injuries.

Test apparatus

The test apparatus utilized for this study is shown in
Figure 1, developed by the cooperation of Korean
Conformity Laboratories (KCLs) and Ulster University.
It consists of a radiant panel, a specimen assembly shown

Halogen quartz tubes
(Heating source)

Specimen

Thermal Shield

Water tank

Figure |. Test apparatus.

Heat source

Thermocouple x 4

x
Heat flux Gauge x 1 Anterior Plate

Holder

Figure 2. Experimental set-up.
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in Figure 2, and a trolley. The two-layered halogen quartz
tube can output a consistent radiant flux of 126 kW/m?
for more than 60s. To keep radiant panels from over-
heating a water channel was used. The apparatus speci-
men has an assembly of 200 cm x 200 cm, that can grip
multiple fabric layers with a 2 N force. A 100 cm x 100 cm
fabric area of the test sample can be exposed to radiative
heat flux. Four type K thermocouples were attached to
the back of the fabric using pressure contact to record the
temperature of the innermost layer. Irradiance at skin
surface level was logged using a heat flux gauge. The
test apparatus was configured in a vertical orientation.
The apparatus consistency and development procedure
have been detailed and discussed in the KCL
publication.*

Specimen preparation

In Figure 3(a) a conventional lay-up of the turnout
gear is presented consisting of fabric layers such as:

e OS: to resist heat, protect the wearer from chemical
spills, blood and flames and alternatively, let pass
vapors from body sweat.

e MB: an added aid in heat resistance and control of
moisture flow.

e TL: for comfort, to provide additional heat resis-
tance and permit metabolic heat release to the
environment.

A 2mm air spacing was ensured between the fabric
layers and 6.5mm between the TL and the substrate.
These spacings are representative of average airgaps
reported based on three-dimensional (3D) scan-
ning.***"* In addition to the lay-up shown in Figure 3
(a), two more lay-ups were prepared according to
Figure 3(b) and (c). In Figure 3(b) an additional layer
of Nomex underwear,** worn by formula 1 drivers, was
inserted at a distance of Smm from TL and 2mm
behind the substrate. In Figure 3(c) a Nomex honey-
comb™ structure layer replaces the air gap between the
MB and TL. Type A, selected as benchmark, is a cur-
rently adopted protective assemble in the Korean Fire
Service. Types B and C are enhancements of type A
with additional layers, based on availability for practi-
cal applications. The specimens were preconditioned at
room temperature and relative humidity of 65%.'¢
Physical characteristics are summarized in Table 1.

Skin numerical model

Skin tissue damage can be associated with an increase
in tissue cells temperature at a certain depth.***

(a)

Steel Substrate
Thermal Liner (TL)
Moisture Barrier (MB)
Outer Shell (0S)

(b)

Steel Substrate
Underwear (UW)
Thermal Liner (TL)

Outer Shell (0S)

(c)
Steel Substrate

Thermal Liner (TL)
Honeycomb (HC)

Outer Shell (0S)

Conventional garment layup

Moisture Barrier (MB)

Enhanced garment layup with underwear

Moisture Barrier (MB)

Enhanced garment layup with honeycomb

= Assemble type = 2A+2A
= 2 mm airgap in between layers

= Assemble type = 2A+2A+5A(UW)+2A

= 2 mm air gaps between 0S, MB and TL.
5 mm air between TL and UW, 2 mm air
gap between UW and Substrate.

* Assemble type = 2A+3HC
= 2nd  airgap is vreplaced with
Honeycomb structure.

Figure 3. Three protective assembly lay-ups: types A, B, and C. (a) Conventional garment layup; (b) enhanced garment layup with

underwear and (c) enhanced garment layup with honeycomb.
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Table 1. Specimen physical characteristics

Outer shell (OS)

Material: Aramid fabric 100% (meta aramid 80%, papa-aramid 20%)
Weight: 209 g/m?

Pattern: Ripstop

Thickness: 0.40 mm

Moisture barrier (MB) (Substrate + PTFE film)

Material: Meta-aramid 100% (Substrate) + PTFE film
Weight: 190 g/m?

Pattern: Plain weave

Thickness: 0.347

Felt insulation of thermal liner (TL)

Face cloth of thermal liner (TL)

Material: Meta aramid 100%
Weight: 149 g/m?

Material: Meta aramid 100% (face cloth)
Weight: 149 g/m?

Applied layer: Quilt with an inner layer

Pattern: Plain weave

Thickness: 1.754

Underwear (UW)

Material: Meta aramid 100%
Weight: —

Thickness: 0.6 mm

Honeycomb (HC)

Material: Meta aramid 100%
Weight: —

Thickness: 3 mm

A bio-heat transfer model proposed by Pennes™ is used

for finite element (FE) analysis, as shown in equation
(1). It is based on the Fourier law of heat conduction
with heat exchange between tissue and blood with met-
abolic heat generation. The numerical model is devel-
oped based on FE methodology solved on a
commercially available package ABAQUS®Standard.
The transmitted irradiance recorded by the apparatus
is implemented as an initial boundary condition to pre-
dict skin temperatures:

a0 0 o0
e, 200 (k@ +0n(pCo)ly(0. = 0)+Q, (1)
where

wy Is the blood perfusion rate, kg/m®s

(pCp)|, Is the volumetric heat capacity (blood),
Jm?°C

T, Is the arterial temperature/core body

Q,, Is the metabolic heat generation/tissue heat gen-
eration rate, W/M?>.

Rigorous testing of equation (1) has shown that the
profusion term, [(pC))|,(0, — 0)], had no impact on the
thermal conductivity of skin under short exposure
duration.”’ Correlating it with a study of Lipkin and
Hardy,>? it takes at least 20s for the skin to react to
external stimuli (heat flux), by increasing blood flow.
The skin emissivity of 0.94 has a negligible effect on
skin temperature; that is, radiant exchange from the
skin to the environment.*” Moisture evaporation and
carbonization of the skin occurs after second and third-
degree burns. These assumptions are applied in this
study, for the condition at 84 and 126 kW/m®. Hence,
equation (1) is solved in variational form> with the

afore-mentioned assumptions as:
// 59pUdV—///@
ox
A% v
= // 50qu+/// 00QdV )
s v

where 00 is an arbitrary variational field satisfying the
essential boundary conditions, p is the density of the
fabric, U is the fabric time rate of the internal energy, ¢
is the heat flux, V is the volume. The variation method
of thermal energy balance is applied as the basis of
discretization in the FE model on the four-node
linear quadratic element. Time integration is performed
utilizing a modified form of the crack—Nicolson
method,> as in equation (3):

.qdV

U t+At — Ut

Al ©)

U HAr =

The accuracy of the numerical model is verified
against:

(1) Stoll and Greene experimental data.*’

(2) FE model of skin developed by Torvi and Dale
using Galerkin’s weighted residual method.”!

(3) Closed-form solution by Griffith and Hortan for
two-layered material using Laplace transform with
correction,”>® subject to boundary conditions as:

S (x, 1) =0(x,t) — 0(x,0)

of _ &

= o —— 0<X<X
or Moy TSNS
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of2 >fr

o O{2Wa xp <X

—klﬁzqforlzo 4)
ox

For layer 1:

[y P (#) e
Si(x, 1) = T l{Z — xerfc Ve
00 2 x42L; (1)
e (o ()
4 n=0 1 n

+e_ <x721_,(n+1>2 /er) ))

—(x+2Li(n+ 1))erfc (M)
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2L 0+ 1) erfe (%Z’f”) N

For layer 2:

f2(x7 t) = 25]/1”\/‘171

()

n=0
2
of (a0 )
24/—\ exp
T 4oy t

—(x—L1<1—M(2n+l)>>
x—L1<1—M(2n+l)>

erfe T ]

For basal layer temperature, x = xyx equation (5)
becomes:

00 n _( penn 2
=2 S (-

L (a@n+1)
—a(2n + 1)erfc (\/W) 1

where

kaprcpn + (kpcp)1 (kpc‘,,)2
(kpc,,)l (kpc,,)z
b= (lkay/ar = ki /o)

Y
kapycpr —

Time temperature histories in the basal layer are
plotted in Figure 4, for an irradiance of 4.186 kW/m?
at nude skin, as recommended by Stoll and Greene.*
The skin thermal properties are stated in Table 2. Two
distinct phases are visible: (a) heating phase of 34 s; and
(b) subsequent cooling phase. Predictions made by the
variational method closely match the experimental
temperature reported by Stoll and Greene in the later
part of the exposure. A small deviation is observed at
the initial stage of the heating phase with slight over-
predictions. Comparing it with Glerkan’s weighted
residual method,”' both schemes of FE model predict
well for the duration of exposure; however, the varia-
tional method predicted better in the cooling phase.

As shown in Figure 5, further verification is con-
ducted at an incident flux of 41 kW/m?. The results

55 T
50 F |
|
|
o~ I
(#) |
45 |
g - 2R
E *"  Heating34secs —»
|
1™
240 1 | Cooling
=] |
[-H) 1
= ® Torviand Dale
35 s Stoll and Greene
e Closed form
Variational Method
30 ' ' -
0 10 20 30 40 50 60
Time (sec)

Figure 4. Basel layer temperature history predicted by finite
element model and as reported in the literature using numerical
analysis and experiments at 4.186 kW/m? for 34s.

Table 2. Skin thermal characteristics®

Thermal Specific

conductivity heat Density  Thickness
Layer (W/m?°C)  (J/kg°C) (kg/m’) (m)
Epidermis 0.255 3598 1200 8x107°
Dermis 0.253 3222 1200 2x 1073
Subcutaneous  0.167 3760 1000 | x 1072
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0 5 10 15 20 25 30 35
Time (sec)

Figure 5. Basel layer temperature history at irradiance of
41 kW/m? for 34s on nude skin.

are compared to the closed-form solution of the two-
layered wall,>>°® demonstrating agreement up to 12,
afterwards, deviation occurs. This alteration is associ-
ated with limitations in the closed-form solution by
Griffith and Hortan, which treats the second layer as
semi-infinite with a constant initial temperature of
32°C in the whole domain. This conception introduces
no errors in the analytical solution.”® Whereas, the FE
model is three-layered, with a linear temperature gra-
dient applied across the domain from 32°C to 37°C.
Hence it is proven that the skin FE model employed
in this study can accurately predict skin temperatures.

Henrique integral

Burn damage to the skin is described by Henrique as a
chemical rate process of the first order.*® Skin tissues
sustain irreversible damage when the basal layer tem-
perature exceeds the threshold level of 44°C.*¢%
Henceforth, time to superficial (first-degree) or partial
thickness burn (second-degree) is approximated by
using the basal layer temperature history, for the dura-
tion when it is above 44°C, in equation (6). The result-
ing value of dimensionless integral Q determines the
severity of the skin burn. The values of physical con-
stant for the second-degree were determined by Weaver
and Stoll®” and that of the third-degree burn for the
interface between the dermal and subcutaneous layer
by Takata as reported by Song et al.! Table 3 details
the values of these constants and the respective type of

burn.
! AE

Table 3. Henrique physical constants

Constant  Basel layer Dermal base Limit
Q <0.50, no burn 2|, third-degree —
=0.53, first-degree
221.00, second-degree
P(l/s) 2.185x 10'% 4.32 x 10% 44 <T <50°C
1.823 x 10°' 9.39 x 10'% T >50°C
2E(K) 93,534.9 50,000 44 <T <50°C
39,109.8 80,000 T > 50°C
where

Q is the Henriques integral, second-degree burn
occurs when Q is unity.

AE is the activation energy (J/mol).

P is the pre-exponential factor.

T is the time-dependent absolute temperature of the
basal layer.

Experimental study

Three types of fabric lay-up configuration, types A, B
and C, were tested at exposure level of 84 and
126 kW /m?, representative of flashover and conditions
beyond flashover. Lay-ups were exposed to incident
radiant flux for three different durations, detailed in
Table 4. Type A lay-up was conventional, as illustrated
in Figure 3(a). This type of lay-up is commercially
available on the market; therefore, is treated as a
benchmark for comparative study of performance
with types B and C.

Treatment of experimental data

Type A lay-up was first exposed to an incident flux of
84kW /m?. The heat flux sensor response at the skin
level was recorded for exposure durations of 10, 20 and
30s until the signal drops to zero or negative. It is
observed that heat flux obtained from the experiment
exhibits a noisy response, as evident from Figure 6. ISO
13506-1 suggests that any negative heat flux recorded
by the sensor should be assigned a value of 0 kW /m?;
afterwards, a fitting function can be applied to convert
it into a steady response.’® Hence, a Gaussian model®’
is employed as a numerical fitting function in accor-
dance with equation (7):

X[ =bi

2
y[q]zai€[< ! >], 1<n<g (7
i=0

where y, is the adjusted flux response, a is the ampli-
tude, e is the exponential function, b is the centroid, ¢ is
the peak width and » is the number of peak widths.
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Table 4. Experimental scheme at variable thermal conditions

Exposure
(kW /m?2) Duration Protective assembly
84+2 10s 2A 4 2A (type A)
20s 2A +2A (type A)
25s 2A +2A (type A)
2A + 3HC (ttType C)
2A+2A + 5A(UW) + 2A (type B)
126 2 10s 2A +2A (type A)

155 2A +2A (type A)

2A + 3H (type C)

2A+2A+ 5A(UW) +2A (type B)
2A 4 2A (type A)

2A + 3HC (type C)

2A +2A + 5A(UW) + 2A (type B)

20s

The steady response is compared with the experi-
mental data, as shown in Figure 6. Gaussian numerical
fitting is validated with a trapezoidal numerical inte-
gration. The total heat flux received at the skin level
estimated with fitting function is in >90% confidence
bounds. This treatment of experimental data is repeat-
ed to obtain the irradiance curves for types B and C
lay-ups. The converted curves are then applied as a
boundary condition for the skin numerical model.

Experimental results

Irreversible skin damage occurs when the basal layer
temperature exceeds 44°C.*** This defined criterion is
implemented to establish exposure times starting from
an initial guess of 10s. The performance of specimens is
evaluated based on transmitted flux, recorded by a heat
flux gauge mounted in the substrate. Type A lay-up
was first exposed to the incident flux of 84kW/m?
and 126 kW/m? for 10s. If the predicted temperature
at the basal layer was above 44°C, indicating skin burn,
then type B and type C lay-ups were exposed to similar
conditions. Otherwise, the exposure time was increased,
and the experiment was conducted again for type A.
This repeated task was performed until basal layer tem-
perature of 44°C was achieved. Evaluation criteria for
the tests is burn degree. Fabrics’ thermal degradation
and decomposition was ignored.

The performance of each lay-up at an incident flux
of 84kW/m? is presented in Figure 7. Peak irradiance
observed at the skin level for type A lay-up is
~6.8 kW/m?. When an additional layer of Nomex
underwear (type B) is added, the protection level is
improved by ~55% (reduction in transmitted heat
flux). When a Nomex honeycomb structure (type C)
is inserted, the protection level is improved by ~42%.
It is evident that type B and type C performed better
than type A under an exposure time of 25 s, with type B

(=]

Experimental 10 sec

Experimental 20 sec

-~
T

Experimental 25 sec

o
T

Gauss Regression

X t t
) I Qexp 2 J‘ anuss
.- o 0

v
T

Sensor Response, q (K“’/mz)
s

b
s
s

90 100

0 10 20 30 40 50 60 70 80
Time (sec)

Figure 6. Gaussian model regression fit for type A lay-up at
incident flux of 84 kW /m?2.

performing better than type C. Performance of type B
and type C under 10 and 20s of exposure time is not
plotted to keep clarity in the graph; however, it is evi-
dent from the 25s exposure curve that types B and C
will perform better under 10 and 20s exposure dura-
tion. A small drop in the maximum irradiance for the
type C structure is believed to be associated with the
shrinkage of the honeycomb structure layer as
observed in the experiments. A small portion of this
absorbed energy is then released again, observed as
an increase after the drop.

Time temperature histories for the basal and dermal
layer are presented in Figure 8. Basel layer temperature
for type A at 10 and 20s exposure remains below the
threshold value of 44°C. At an exposure duration of
25, this threshold no longer holds, and the skin tem-
perature reaches approximately 55°C. For type B, the
skin temperature remains below the threshold value of
approximately 42°C. In the case of type C, it reaches
~48°C. Based on these results, the three configurations
tested can be ranked as: type B is the best to perform
under extreme conditions, followed by type C and then
type A. Similar trends are also observed in the pre-
dicted temperature distributions at the dermal layer
of skin, Figure 8 (right graph).

The performance of types A, B and C protective
assembly is also assessed at an upper limit of
126 kW /m? to simulate life-threatening fire conditions.
Type A lay-up is exposed to an incident flux of 126
kW /m? for 10, 15 and 20s. Type B and C lay-up is
exposed under similar incident flux for 15 and 20s. In
Figure 9, the irradiance at skin level under different
exposure times is presented. Peak transmitted thermal
energy for type A when exposed, for 10s, is
~2.5kW/m?; for 15s, it is ~5kW/m? and for 20s, it
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Figure 7. Fabric assemble performance at 84 kW /m? and observed shrinkage.
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Figure 8. Predicted skin layer temperature at an incident flux of 84 kW /m?. (a) Basel layer and (b) dermal base.
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Figure 9. Fabric assemble performance at 126 kW/m?.

is ~30 kW /m?, representing failure. This failure is asso-
ciated with a tear in the OS responsible for direct radi-
ant heat transfer. Type B performed better than type A
by limiting irradiance at skin level to ~10kW/m?, an
improvement of 32% (reduction in transmitted heat
flux) for 20s of exposure time. Type C performed
better than type A and type B under 20s of exposure
with an irradiance of ~7kW/m?. At 15s of exposure,
types A, B and C all performed close to each other.
The addition of an extra layer (types B and C) proved
to be beneficial for working under life-threatening con-
ditions. The added underlayer improved protection
from burn injuries by 32%. The temperature time his-
tory of types A, B and C is presented in Figure 10 for an
incident flux of 126kW/m?. Type A lay-up performed
well for exposure time up to 15s. When the exposure
duration is more than 15s, type A failed. At the basal
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layer, type B retained skin temperature 36% below the  Table 5. Time to superficial burn Injury
type A maximum estimated temperature, and type C at neid Burn Iniur
31% as compared with type A. At the dermal base, type fruc;( [2 nt} Exposure urn Injuries (s)
o P 0 inc
B performed 18% better dr.1d .type C perfc.)rme.d 14/0 W/ time (s) First Second Third
better. These percentages signify a reduction in skin
temperature. Type A
84 10 no no no
. . 20 no no no
Discussion 25 35 37 no
The significance of auxiliary layers is estimated based 126 10 no no no
on superficial burn injuries. Type B and type C provid- ;(5) no 22 ;Z
ed more protection by delaying the time to burn inju- Toe B
ries. In the case of type A, no burn is predicted for an )’24 10 no o o
incident heat flux of 84 kW /m? and 126 kW /m? under 20 no no no
exposure durations of 20 and 15s, respectively. For 25 no no ho
type A exposed to 84 kW/m? for 25s a first-degree 126 10 no no no
burn is estimated at 35s, and a second-degree burns 15 no no no
at 37th second. This close gap is associated with a 20 35 no no
rapid increase in skin temperature due to OS failure Type C
as evident from Figure 10. Similarly, type A exposed 84 10 no no no
to 126 kW /m? for 20 s; a 2nd — degree burn is projected ;g ;‘5’ no no
at 24s, and a third-degree burn at 74s. In the case of no no
L. 5 126 10 no no no
type B, no burn injuries are observed at 84 kW/m=. At 5 o o no
an incident flux of 126 kW/rn2 for 20s, a first-degree 20 _ 30 no

burn is predicted at 35s. Type C underperformed more
than type B with a first-degree burn occurring after 55s
exposed to 84 kW/m? for 25s and a second-degree
burn at 30's exposed to 126 kW /m? for 20s. This com-
parison is summarized in Table 5.

At life-threatening conditions of 126 kW /m? it is
shown that a second-degree burn will ensue rapidly
after a first-degree burn if OS fabric undergoes thermal
degradation. As the Henrique integral is a chemical
rate process, it is possible that underlying tissue in
the basal layer does not have enough time to react
to drastic temperature variations. As a result, skin
tissues undergo chemical changes rapidly causing

a second-degree burn. The auxiliary protective layers
are therefore recommended for firefighters involved in
severe fire conditions.

In vertical orientation garment assembly performs
well by protecting for a prolonged duration of time.®
For type A lay-up, burn injuries predicted by a similar
experimental study of Mandal and colleagues®' in a
horizontally configured apparatus showed that under
exposure of 84 kW/m?, a second-degree burn occurs
after 20.6s and under radiant exposure of 50 kW /m?
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after 28.7s. It is evident that orientation dependence on
burn prediction is dominant. This behavior of pro-
longed burn injury time has also been documented in
vertically orientated tests conducted by Udayraj and
Wang,'? concluding that for a single-layered protective
garment transmitted thermal energy in the bench-scale
test is dependent on test configuration, and horizontal-
ly oriented test apparatus underestimates the protective
performance of the garment. This behavior was also
confirmed for multilayer garments in another study
by Mandal and colleagues.> The authors also reached
the same conclusion as Udayraj and Wang,' when
they compared bench-scale test (horizontal orientation)
results with their vertical scale apparatus (hexagonal
shaped). The results, obtained from this study, comple-
ment the recent trends in the industry and provide
knowledge on the performance of outer garment suits
at life-threatening fire conditions beyond previous
through the limit of 84 kW/m?. The results also
encourage the utilization of vertical bench-scale appa-
ratus for all types of exposures, which can be an alter-
native/reliable set-up to the existing established
horizontal bench-scale tests recommended by interna-
tional standards such as ISO,'” NFPA!® or ASTM.®*

Skin temperature profile

The burn injuries can occur due to: (a) fabric layers
failure under exposure; (b) stored thermal energy in
the fabric layers; and (c) prolonged exposure duration.
To understand this, the temperature profile for three
skin layers: epidermis, dermis, and subcutaneous are
studied further. In Figure 11 and Figure 12, tempera-
ture profiles of the skin layer representative of four
distinct phases of the experiment are shown. Three
temperature points defining one temperature profile
are plotted as: (a) the first point represents the epider-
mis surface temperature; (b) the second point repre-
sents the basal layer temperature; and (c) the last
point represents dermal base temperature.

Skin temperature profile at an incident flux of 84
kW/m? for 25s exposure time is plotted in Figure 11,
for type A (conventional lay-up), type B (enhanced
lay-up using Nomex underlayer) and type C (enhanced
lay-up using honeycomb structure layer). The temporal
significance of each line is as follows:

a.t=0 s, representative of skin temperature distribu-
tion before thermal load.

b. =15 s, skin temperature distribution mid-way into
an experiment.

c. t=25 s, when the thermal load is removed.

d. r=50 s, maximum skin temperature representing the
effect of stored thermal energy in fabric.
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Figure | 1. Predicted skin temperature profile at an incident

flux of 84 kW /m? for 25s. (a) Conventional garment layup; (b)
(b) enhanced garment layup with underwear and (c) enhanced
garment layup with honeycomb.

In all three types of lay-up, a common trend is
observed, the skin temperature for the duration of
exposure remains within AT x5°C. However, it keeps
on rising even after the thermal load is removed. This is
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Figure 12. Skin temperature profile at an incident flux of
126 kW /m? for 20s. (a) Conventional garment layup; (b)
enhanced garment layup with underwear and (c) enhanced
garment layup with honeycomb.

an eminent behavior, which has been reported in past
literature,®* % but has not been addressed practically.
The application of extra underlayers (type B and type
C) minimizes this effect. Type B and type C lay-ups

showed significant improvement in mitigating the
effects of stored thermal energy. The epidermis surface
temperature for type A is predicted to be ~56°C,
reduced in type B to ~42°C and in type C to ~49°C.
The study of skin layer temperature profiles showed

that the temperature slope [%} is dependent on the
skin layer thickness and the fact that %epi < ormis

suggests that the dermis layer due to its thicker struc-
ture mitigates thermal energy flow better than the epi-
dermis surface.

In the case of 126 kW /m? and an exposure time of
20s, Figure 12 represents its effect on skin layer tem-
perature distribution. The time to reach maximum tem-
perature varies with the lay-up. For type A, the skin
tissue temperature reaches its maximum value after
27s. For type B and type C, this is increased to 39s.
All burn injuries occur during the cool down period. In
the case of 126 kW /m?, even though type B and type C
limited epidermis surface temperature by ~38-32%, as
compared with type A, it still exceeds the threshold
level of pain. Nevertheless, the time to reach maximum
skin temperature is improved by 12s. The dermal base
temperature remains close to the average core body
temperature of ~37°C, even when the epidermis sur-
face temperature reaches its highest value. This high
surface temperature starts dropping with an increase
in the core body temperature until it reaches its equi-
librium state. The protective lay-up of type B and type
C kept this equilibrium state below or close to the
threshold level with type B being the most effective
by maintaining it at 44°C.

Implications on thermal comfort and moisture

Adding an extra layer to the existing protective suit has
proved to mitigate burn injuries. However, the impli-
cations of the thermal comfort of firefighters with
added layers is not addressed in this study.
Application of the honeycomb structure between the
MB and the TL is demonstrated to be beneficial. Due
to the difficulties in retaining its shape during an active
routine, it is advised to insert it at the front chest or
back area. Consequently, it is not recommended, as it
will restrict mobility. In comparison, the meta-aramid
fabric layer is comfortable and can easily be worn
inside an existing suit. More work needs to be done
to assess the thermal comfort of auxiliary layers.
Based on current work, type B lay-up is recommended.
However, care must be taken while implementing
the results of this study to real-life conditions as the
assessment is done under laboratory conditions.
Furthermore, the results of the current study are limit-
ed to dry garments only and future studies are required
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for moisture transport and the effect of physical
changes for the four-layered garment.

Conclusions

Three types of protective suit lay-ups were tested: type
A (convectional lay-up); type B (added layer of meta-
aramid fabric); and type C (added extra layer of a hon-
eycomb structure made of Nomex). Their performance
level is accessed under extreme conditions of 84 kW /m?
and life treating condition of 126 kW /m?. For type A, a
second-degree burn is predicted after 37 s when exposed
to 84kW /m? for 25s, and a second-degree and third-
degree burn after 24s and 74s when exposed to
126 kW /m? for 20s. The temperature at the epidermis
layer remained lower than the threshold level of 44°C
for the incident flux of 84kW/m?. Only a first-degree
burn is predicted for the incident flux of 126 kW /m? for
an exposure time of 20s. For type C, a first-degree burn
is predicted after 55s under 84 kW /m? and a second-
degree burn after 30's under 126 kW /m?. The key high-
lights of the study are: (a) All burn injuries are due to
stored thermal energy and occurred after exposure has
ended. This impact is reduced with the proposed aux-
iliary layer of meta-aramid fabric, between the TL and
skin, at a distance 5mm away from the TL and 2 mm
behind the skin. (b) The implementation of meta-
aramid as an auxiliary layer mitigated second and
third-degree burn injuries. (¢) The addition of a meta-
aramid fabric layer proved to be more beneficial in
delaying time to burn injuries compared with conven-
tional lay-up or honeycomb structure layer. The hon-
eycomb structure layer is not recommended as it
restricts user mobility.
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