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Abstract: Protective clothing offer protection against different thermal hazards such as hot surfaces, flame, radiant
heat, hot water, molten metal etc. However, risk evolved in case of steam exposure is mostly ignored at the
workplace. Very few studies have addressed the threat of steam exposure in industry and at workplace.

An effort was made to study the effect of steam exposure on different multilayered protective clothing and in line
with this a steam exposure test set-up was developed. Different Samples were developed by utilizing high
performance fibres such as meta-aramid, para-aramid, para-aramid filament etc. Three layers were utilized for
developing the protective clothing. The outer layer was developed with meta-aramid, para-aramid, para-aramid
filament and antistatic. Whereas, middle layer was developed with recycled fibres and light weight fabric was
utilized for inner layer.

It was observed that the time to second degree burn against the exposure of steam was increased by incorporating
moisture barrier before middle layer as well as by incorporating coated outer layer. However, the comfort
parameter may get compromised by utilizing the coated outer layer. Additionally, the coated outer layer is
recommended where the exposure time of the wearer is less in the extreme environment.

INTRODUCTION

Thermal hazards such as flame, hot surface, radiant heat etc. are present in industries having high temperature
working environment. Thermal protective clothing is developed by utilizing different flame-retardant fibres, that can
protect them from these high temperature hazards. Also, along with these thermal hazards, Industries such as oil,
gas, steel, power plant, food processing, garment manufacturing,textile, chemical, leather, paper, food, gold, foundry
and molten metal to name a few can pose serious threat of steam leakage to the personnel working in such
environment. The steam penetrated through protective clothing (single or multilayered) get condensed over the
wearer’s skin after or during the exposure. The latent energy gets transferred to the wearer’s skin during the time
steam condensation. Skin burn can be observed in the wearers’ skin due to this latent heat. Thermal protective
clothing can protect the wearer from different high temperature hazards but they fail to provide protection against
low pressure steam. Therefore, life of workers and professionals working in these fields are always at risk [1]

The firefighters have to work in an environment very much similar to the extreme working condition of industries
therefore, Firefighters are also exposed to the steam while firefighting. The steam may get generated from water in
hose pipe, dew, rain and even from the moisture trapped within the clothing [2] The water used for extinguishing
fire may convert in to steam [3]and in structural firefighting the water pressure pipeline may burst and eventually
generates steam[4]. Exposure of the aforesaid conditions may result in fatal and non-fatal injuries such as burn,
strain, bruise, toxic gas inhalation[5]. Extensive research has been carried out to improve the performance of
firefighter’s suit against flash fire and high intensity thermal radiation but ignored the threat of steam. However,
study revealed that penetration of hot water and steam through the protective clothing caused 65% of the skin burn
injuries [6]. To determine the performance of protective clothing in firefighting, various studies were carried out and
test-rigs were developed [7]. Multiple tests were conducted at varying pressure and it was observed that pressurized
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steam compresses the protective clothing.Due to the compression, entrapped air gets released thus increasing the
heat transfer rate to the wearer [8]. Further, it was observed that thickness, density, air-permeability, water
infusibility, thermal insulation have vital effect on the performance of protective wear [3], [9], [10].

The transfer of steam through the different layers of protective clothing is complex phenomena and it involves
condensation, diffusion, and absorption of water condensed during the steam exposure. Also, impermeable
membrane can prevent steam burn by restricting the mass transfer of steam and proved efficient when compared
with permeable and semi-permeable membrane. It was also observed that structural orientation of layers in multi-
layered protective clothing would produce different results. Some practical situations were addressed by researchers
where combined effect of radiation and steam exposure was studied and similar to this test, steam exposure test was
conducted after radiant heat exposure. The steam exposure test was also examined where protective clothing get
affected (abraded) by multiple use [11].

After accessing the researches on steam protection performance of thermal protective clothing, different fabrics were
developed and the performance of those fabrics was evaluated in multi-layered assembly. The multi-layered
assembly was exposed to different thermal hazards along with the steam exposure. The time to second degree burn
was observed for different samples for differentiating their performance against the steam exposure.

MATERIAL AND METHOD

Different inherent flame-retardant synthetic fibres were procured and processed in High Performance Textiles Pvt.
Ltd. Panipat i.e; meta-aramid, para-aramid, FR viscose and modacrylic was procured from Toray, Kolon, Lenzing
and Kaneka. These fibres were blended in appropriate ratio to develop the yarns and fabrics. Some fabrics were
coated with neoprene by utilizing knife edge coating technique in Udaipur. The specifications of developed fabrics
are given in Table 1. The fabrics were subsequently tested for its physical properties and thermal performance. All
the samples were conditioned at (20 £ 2)°C temperature and (65 + 2) relative humidity prior to the testing.

The multilayered combinations of developed fabrics, that were used for evaluating their performance are given in
Table 2.

Table 1Details of developed samples

S. Sample Composition Specification GSM (g/mz) Thickness
No. code (mm)
1 A 93//5/2 meta-aramid 4/40 yarn, twill weave 265 0.80
2 B 93/5/2 meta-aramid with 2/40 93/5/2 yarn with 300 277 0.68

para-aramid filament denior para-aramid filament,
Double fabric
3 C FR vicose/Para- 30s Savesplash® yarn, knitted 290 0.83
aramid/chorofibre (60/25/15)
4 D Coated Savesplash® fabric Knife edge neoprene coating 550 1.13
on Savesplash®
5 E Coated para-aramid SS wire ~ Knife edge neoprene coating 325 1.08
on core yarn woven fabric
6 F Modacrylic/para-aramid nonwoven, thermal barrier 180 1.92
(50/50)
7 G Neoprene coated fabric moisture barrier 150 0.89
8 H Para-aramid/FR viscose Plain weave 160 0.55
(60/40)

The samples were tested for their steam protective performance by exposing them to steam. The time to second
degree burn was evaluated for differentiating the performance of samples. There is no international standard for
steam exposure test on protective clothing therefore, the steam test was performed on developed test-rig (Figure 1)
by assuming the practical working condition. The test-rig was able to generate the steam at different pressure
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(ranging from 0 to 6 bar) and temperature (ranging from 100 to 200°C). The test was conducted at 3 bar, steam
pressure and 120°C, steam temperature. The sample was placed 5 cm above from the steam nozzle.

Table 2Multilayered assembly of developed fabrics

S. No. Multilayer assembly GSM (g/m?) Thickness (mm)
1 AFH 605 3.27
2 AGFH 755 4.16
3 BFH 617 3.15
4 BGFH 767 4.04
5 CGH 630 3.30
6 CGFH 780 4.19
7 DF 730 3.05
8 EF 505 3.00

Figure 1 Developed steam test-rig

Additionally, the samples were tested for flame spread, contact, convective and radiant heat transmission test and
multilayered assembly were formed before conducting the tests. The flame spread test was conducted as per ISO
15025:2016. In this test, bottom edge ignition method wasadopted for evaluating after flame and afterglow.The
contact heat transmission testing was conducted in accordance with ISO 12127-1:2015 where the samples were
placed on aluminium calorimeter (sample holder) and heated cylinder was made to contact with the sample at
250°C. The performance of test sample was evaluated by calculating threshold time which is the time required to
raise the temperature of back side of the sample by 10°C. The thermal characterization of the samples was carried
out further by exposing them to 80 +2 kW/m® heat flux under direct flame as per ISO 9151:2016. The performance
evaluation under direct flame was based on calculating heat transfer index (HTI 24), which is the time required to
raise the temperature of the test sample by 24°C. Likewise, the samples were tested against the radiant heat exposure
as per ISO 6942:2022 after exposing to heat flux of 20 kW/m?.

RESULTS AND DISCUSSION

The thermal performance of samples against different exposures was discussed first and steam exposure test is
explained in details. The behavior of individual layers under the exposure of flame was observed as per ISO 15025.
In this test the fabrics were vertically oriented and bottom edge ignition was performed on them. There was no hole
formation, no flaming debris and flame was self-extinguished after the removal of burner. All the fabrics were
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inherent flame retardant and the observed after flame & afterglow time was < 2 seconds. However, the burnt area
was different for different fabrics, that basically depends on the fibre constituents used in preparing the fabrics.

The test results obtained in contact, convective and radiant heat transmission test are given in Table 3.

Table 3 Thermal performance of samples against contact, convective and radiant heat

Samples Convective heat transmission Radiant heat transmission Contact heat transmission
(HTL,, 5) (RHTI,4 5) (Ty, 5)
AFH 37 118 13.9
AGFH 45 132 16.8
BFH 45 119 16.1
BGFH 53 135 21.8
CGH 44 118 16
CGFH 52 134 20.9
DF 40 132 11.7
EF 26 118 12.8

Further, the performance of multi-layered assembly against hot surface contact was evaluated at 250° C under 49 N
weight. The threshold time for multi-layered assembly having A as outer layer was less than the multi-layered
assembly having B and C as outer layer. The improved performance sample having B as outer layer was corelated
with para-aramid, weight and thickness that increases the thermal resistance of fabrics. Similarly, due to the
presence of high shrink clorofibre in sample C, produces good results as sample B.

Due to the coating of neoprene in Savesplash® and para-armid fabrics, the wight and thickness were increased & the
performance was comparable to the multilayered assembly having A as outer layer. Moreover, the performance of
multi-layered assembly having B as outer layer and having C as outer layer were comparable, slight variation in
results were observed due to the weight of the fabric. It is worth mentioning here that the SS wire reinforcement in
fabric E may induce conductive nature in the fabric and the heat get passed through the fabric quickly when
compared with fabric D. This behavior may reduce the performance of fabric E slightly when compared with sample
D on same weight basis.

Similar to the test results of contact heat transmission, the performance of multi-layered assembly having B, C as
outer layer was more than the multi-layered assembly having A as outer layer against direct flame and radiant heat
exposure. The reinforcement of para-aramid filament helps in retaining the fabric structure of multilayered assembly
BFH and BGFH under the exposure of direct flame and radiant heat. Also, more shrinkage was observed for 93/5/2
meta-aramid when compared with other multilayered assembly. However, the performance of multi-layered
assembly having B and C as outer layer was comparable.

Steam Exposure Test

The steam was made to strike on the samples placed on a sample holder at 3 bar and 120°C. A nozzle was used
through which steam passes and strikes the sample.

The second-degree burn was observed for samples having no moisture barrier and no coating against the exposure of
steam. The second degree burn time for multilayer assembly AFH was 15 seconds (Figure 2a) whereas the second
degree burn for multilayered assembly BFH and CFH were 56 and 54 seconds respectively (Figure 2¢, 2d). This
result can be corelated with the results of other thermal hazards where para-aramid presence, weight and thickness
played an important role in thermal performance of samples. Further, employing moisture barrier before the thermal
barriers results in improved performance of samples and no second-degree burn was observed for these samples. It
was also observed that GSM also increases by utilizing neoprene coated rubber-based moisture barrier thus
improving the performance. Also, this moisture barrier was impermeable and double side coated on glass-based
substrate and because of this, steam was not able to get transferred through the multilayer assembly, thus, resisting
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the mass transfer of steam. Whereas, breathable membrane-based moisture barrier can resist water transmission but
proved insufficient in case of steam exposure. The steam gets infiltrated through the layers of multilayered
protective clothing and get condensed over the wearers’ skin and produces second degree burn.
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Figure 2 Sensor response of different multilayered samples against steam exposure
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Neoprene coating is preferred protective clothing such as gloves, apron and suit because of high heat resistant,
water, chemical resistance and lower cost than silicon-based coating. For the preferable properties of neoprene
coating, two fabrics D and E were developed and their multilayer assemblies were exposed to steam. Similar to the
behavior of neoprene coated moisture barrier, the coated assemblies DF and EF did not produce second degree burn
for 60 s exposure of steam. Coating can significantly improve the performance of protective clothing against steam
exposure because of restricting the mass transfer of the pressurized steam. However, impermeability in protective
clothing can induce heat stress to the wearer thus discomfort in prolonged work.

CONCLUSION

The performance of multilayered protective clothing is affected by their weight, thickness and numbers of layers. In
addition to this, the fibres blended in the fabrics also affect the performance irrespective of their weight and
thickness as observed in EF assembly. It was also observed that employing impermeable moisture barrier or coated
layer in multilayered protective clothing can improve the thermal performance of the clothing against steam
exposure. Second degree burn to the wearers’ skin can be avoided in case of low pressure and low temperature
steam by utilizing coating based protective layer. However, heat stress caused due to the wearing of these fabrics is
another study area and coating thickness can be optimized for this purpose. Another point can be addressed in future
study where performance difference can be observed for coat outer layer and impermeable moisture barrier placed
before the thermal barrier.
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