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ABSTRACT

Objectives. This study aimed to examine moisture distribution and transfer in firefighter protec-
tive clothing when moisture from the atmosphere and skin sweat were considered simultaneously.
Methods. A self-developed test apparatus was used to simulate moisture transfer through the protec-
tive clothing under exposure to thermal radiation. The weights of each layer of fabric before and after
heat exposure were measured to analyze the moisture distribution and transfer. Results. The moisture
level in each layer of fabric before the exposure presented an increase over the initial moisture content.
After dry heat exposure, the moisture content in each layer of fabric reduced gradually. However, the
existence of hot steam increased the moisture content stored in the fabric system and accelerated the
moisture transmitting to the skin surface. In addition, the amount of outward water evaporation for
dry heat exposure was moderately more than inward water evaporation, while the amount of inward
water evaporation was greatly more than outward water evaporation for wet heat exposure. Conclusion.
Moisture transfer in the firefighter protective clothing was a two-way transmission during both heat
exposures. Understanding moisture transfer helps to provide proper guidance to improve the thermal
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protection of clothing and reduce steam burns.

1. Introduction

Firefighters, as the first responders to fire disaster, usually
come up against various thermal environmental conditions
commonly identified as routine, hazardous and emergency [1].
A large number of firefighters suffer from fatal and non-fatal
injuries annually in these fire hazards [2]. It is reported that
emergency conditions, such as flash fire and high-intensify
thermal radiation, are not common during firefighting and
rescue work. In contrast, most firefighting assignments are per-
formed at low-level thermal radiation for a long time exposure
[3]. Even though the low-intensity radiation is not enough to
lead to the degradation of flame-resistant fabric, the majority
of skin burn injuries are caused in this environmental condition
[4,5].

However, the thermal hazards confronted by firefighters are
not just flame burns and heat stress, but also steam burns or
scalds driven by moisture [6,7]. During firefighting work, the
dousing water from a hose spray and the water from dew or
rain can splash onto protective clothing, and be further trans-
ferred into the protective clothing [8]. For example, firefighters
sometimes need to crawl through a puddle on the ground to
carry out the rescue operation, which can moisten the protec-
tive clothing. In addition, the human body begins to perspire
heavily when the skin temperature is more than 37 °C, and skin
sweat has an upward trend with an increase of the skin tem-
perature [9]. The water in the ‘atmosphere-clothing-human
skin’ system can discharge or absorb thermal energy due
to evaporation/condensation and absorption/desorption [8],
which has an important effect on the thermal protective per-
formance (TPP) of clothing and can result in serious steam
burns [10].

In order to protect firefighters from extremely high-
temperature and high-humidity conditions, firefighting pro-
tective clothing is fundamental equipment for increasing the
firefighter's safety. According to Standard No. NFPA 1971:2018
[11], firefighting protective clothing comprises three layers,
including an outer shell, a moisture barrier and a thermal liner.
Itis reported that the role of the outer shell is to resist flame and
slow down heat transfer, while the design aims of the moisture
barrier hopefully prevent atmospheric water and steam from
penetrating through the protective clothing, and accelerate
the outward evaporation of skin sweat [12,13]. If the mois-
ture barrier could give full play to these functions as expected,
skin steam burns would be minimized. However, recent stud-
ies reported that skin burns due to hot steam and hot water
account for 60% of total burn injuries during firefighting [14].
This indicates that the protective clothing does not provide
enough protection for steam burns or scalds. Thus, the mois-
ture distribution and transfer in protective clothing should be
further investigated in fire environments.

In previous studies, most researchers tended to use the
standard TPP and radiative protective performance (RPP) test
apparatus to characterize the performance of materials used
in protective clothing. The whole performance of protective
clothing was evaluated by full-scale manikins, such as the
flame manikin, radiant manikin and hot water spray manikin
[15]. These test apparatuses were used to mainly simulate
radiant heat and flash fire, and did not investigate water
from the atmosphere or simulate skin sweat. Therefore, some
pre-wetting methods were employed to investigate moisture
effects on the TPP of clothing [16,17]. Rationed distilled water
was applied to the outer shell or the thermal liner, similar to the
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water absorbed by the clothing system from the atmosphere
and skin sweat before exposure. In addition, a practical labora-
tory preconditioning protocol developed by Barker et al.[18] is
widely used to reproducibly introduce moisture at levels and
distributions that reasonably simulate moisture absorption in
multilayer protective clothing exposed to perspiration from
a sweating firefighter. The level and distribution of absorbed
moisture vary depending on the type of thermal liner and the
air permeability of the moisture barrier.

Lower air permeability of the moisture barrier and the ther-
mal liner could provide higher thermal protection when these
specimens were pre-wetted before exposure [19]. Keiser et al.
[6] found that the evaporation rate in the outer shell was
larger than that of the inner fabric, and the moisture distribu-
tion in the inner fabric was dependent on the transport and
hygroscopic properties of the inner fabric and neighboring
fabric. Su et al. [20] analyzed the effects of surface morphol-
ogy, water repellency, air permeability, water vapor perme-
ability and other characteristics on heat and moisture transfer
in the moisture barrier. They found that the thickness, mass
and moisture regain of laminated fabric exhibited different lev-
els of positive correlation with the TPP of two configurations.
When moisture was added to a fabric system, it both acted as
athermal conductor to present a negative effect and provided
a positive effect owing to thermal storage of water and evap-
orative heat loss [21,22]. The main reasons were that moisture
changed thermo-physical properties, such as thermal conduc-
tivity and specific heat capacity, as well as optical properties
including the radiant absorption coefficient and transmissiv-
ity [23-25]. In addition, the moisture level and distribution in
the protective clothing had differentimpacts on the TPP under
various heat exposures. The moisture stored in the outer shell
increased the TPP in low-intensity and high-intensity thermal
radiations [16]. But the moisture within the thermal liner, while
providing higher TPP in the low-level thermal radiation, also
increased the rate of heat transfer to the skin tissues under the
high-intensity thermal radiation [26].

Therefore, the moisture level and distribution play an
important role in heat transfer in protective clothing. Although
the moisture level and distribution in firefighter protective
clothing before exposure have been investigated, there are
few studies regarding analysis of the moisture flow direction
during exposure, especially when hot steam and skin per-
spiration are considered simultaneously. Besides, the role of
the moisture barrier should be further evaluated under the
thermal and wet condition. Thus, the aim of this article was
to investigate the level and distribution of moisture in fire-
fighter protective clothing before and after exposure. The pre-
wetting method was used to simulate different levels of skin
sweat. These pre-wetted fabric systems were exposed to low-
intensity radiation with/without hot steam, as a comparative

Table 1. Basic physical properties of different layers of fabrics.

analysis. The weights of different fabric layers were measured
precisely before and after exposure to study the moisture
transfer direction and evaluate the role of the moisture bar-
rier. The findings obtained from this study may contribute to
improvements in the TPP of clothing by adjusting the content
and flow direction of moisture.

2. Materials and methods
2.1. Materials

In this research, an outer shell, a moisture barrier and a ther-
mal liner constitute the three-layer protective clothing, as
the experimental specimen. Two kinds of thermal liner were
selected in this study. These fabrics were characterized by
flame resistance and heat insulation, and are widely used in
firefighter protective clothing. All of the fabrics were condi-
tioned and tested in a standard atmosphere with 654 2%
relative humidity (RH) and 20 £ 2°C temperature. In accor-
dance with Standard No. ASTM D1777:1996 [27], the thickness
of test specimens was measured under a pressure of 1kPa.
The mass per unit area (g/m?) was calculated as the mean of
five specimens, following Standard No. ASTM D3776:1990 [28].
The moisture regain of fabric was measured using an oven-
drying method. The air permeability was tested using a YG461E
(Ningbo Textile Instrument Factory, China) fabric air perme-
ability tester. The thermal resistance and evaporative resis-
tance were measured by a sweating guarded hotplate tester
according to Standard No. ASTM F1868:2017 [29]. The test
results for the different layer fabrics are presented in Table 1.

2.2. Test method

The bench-top tester in this research was used to evaluate the
TPP in hot steam and thermal radiation, as shown in Figure 1
[30]. The test device is composed of a steam generator, a deliv-
ery spout, a steam box, a specimen fixed component and a
data acquisition system. Steam from the steam generator is
introduced from the delivery spout with an internal diameter
of 11.5 + 0.3 mm oriented toward the center of the measuring
specimen. The steam flow rate is controlled by regulating the
flow control valve. The steam pressure and flow in this study
were, respectively, 0.05 MPa and 0.56 g/s. The impact pressure
of the steam mainly depends on the flow rate of the steam,
the diameter of the spout and the distance from the specimen
under evaluation. The k-type thermocouple (HSTC-TT-K-24S;
OMEGA, USA) is fixed near the steam nozzle to monitor the
steam temperature. A black ceramic thermal flux source was
used to produce the nominal radiant heat flux (8.5 kW/m?2)
according to Standard No. ASTM F2731:2011 [31].

Air Thermal Evaporative
Thickness Mass Moisture permeability resistance resistance
Layer Component Fabric structure (mm) (g/mz) regain (%) (cm3/s/cm?) (°C-m2/W) (Pa-m2/W)
0s 100% Nomex Twill 0.60 202.46 4.58 7.79 0.020 4.189
MB 80% Nomex/20% Kevlar (PTFE) Water thorn felt with PTFE 0.90 106.38 2.80 0.61 0.032 4318
TL1 100% Nomex + 50% Needle-punched 1.19 198.80 5.97 62.76 0.106 9.266
Nomex/50%

TL2 flame-resistant viscose non-woven + plain 2.20 271.76 6.96 42.56 0.112 9.801

Note: MB = moisture barrier; OS = outer shell; PTFE = polytetrafluoroethylene; TL = thermal liner.
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4. pressure control 11. temperature sensor 18. slideway 25. temperature control
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7. steam box 14. specimen holder 21. data collection system

Figure 1. Schematic of the thermal protective performance tester under hot steam and thermal radiation.

Table 2. Moisture content of the fabric system after pre-wetting.

Preset moisture content (g) (SD)

Moisture content after 12 h (g) (SD)

Moisture addition (g)

(moisture percentage) Fabric code Dry condition Wet condition Dry condition Wet condition

0 N1 0.52 (0.004) 0.52 (0.006) 0.52 (0.004) 0.52 (0.006)
N2 0.70 (0.008) 0.71(0.017) 0.70 (0.008) 0.71(0.017)

2.5(15%) N1 2.57 (0.015) 2.54(0.009) 2.39 (0.054) 2.33(0.028)
N2 2.51(0.051) 2.53(0.051) 2.23(0.099) 2.23(0.060)

8 (50%) N1 7.98 (0.030) 7.99 (0.046) 7.63(0.015) 7.75(0.073)
N2 8.01(0.049) 8.04 (0.026) 7.60 (0.057) 7.71(0.021)

16 (100%) N1 16.01 (0.028) 15.95(0.016) 15.05 (0.054) 15.42 (0.008)
N2 16.02 (0.018) 16.01 (0.041) 15.67 (0.044) 15.76 (0.071)

Note: Fabric system N1 comprises fabric OS, fabric MB and fabric TL1; fabric system N2 comprises fabric OS, fabric MB and fabric TL2. MB = moisture barrier;

0S = outer shell; TL = thermal liner.

In order to study the moisture level and distribution within
multilayer protective clothing after heat exposure, four kinds
of moisture levels were selected to simulate perspiration of
different levels when firefighters are suppressing a fire (see
Table 2). The first level was treated as the dry condition, as a
comparison group. A 15% moisture content accounting for the
weight of protective clothing was used to simulate body per-
spiration when firefighters work in a warm environment [18].
In terms of a specimen 152 mmx 152 mm in size, 2.5 g water
added into the thermal liner was equal to 15% by weight of
specimen, as the second level. The third level was approxi-
mately 50% by protective clothing weight (8 g water), which
was equal to a firefighter sweating at a rate of 1.5L/h. The
added water of the fourth level was around 16 g and corre-
sponds to the maximum rate of skin sweat (3 L/h), which was
near to the saturation condition (100%).

Based on the simulation methods of body sweats from
Barker etal.[18] and Lu et al. [32], the pre-wetting procedure of
skin sweat is shown in Figure 2. According to the specifications
of the tester, the fabric specimens of size 152 mmx 152 mm
were conditioned in a standard atmosphere with 65 + 2% RH
and 20 + 2 °C temperature. After 24 h, the weight of each layer
fabric was measured (m;). Secondly, the standard conditioned
thermal liner was immersed in distilled water for at least 5 min

and then taken out. The fabric specimens were squeezed to
remove the excess liquid water. Commercial blotting paper
was used to repeatedly absorb the free water on the fabric
surface to obtain a moisture content of 2.5, 8 and 16 g. Accord-
ing to the overlying order from above of the thermal liner,
the moisture barrier and the outer shell, the fabric system
was sealed in the plastic bag and then placed in the standard
atmosphere for at least 12 h. The weights of the different layer
fabrics (n;) were measured again, which was used to calcu-
late the actual moisture content (see Table 2). The pre-wetted
fabric systems continued to be placed in the sealed bags for
the experimental preparation. The fabric systems were respec-
tively exposed to dry heat (thermal radiation) and wet heat
(thermal radiation and hot steam) conditions for 300 s. A water-
cooled Schmidt-Boelter thermopile type sensor (Medtherm
Corporation, USA) was used to record the heat flux rise at the
rear of the specimen over time. After the exposure, the speci-
mens were also sealed in the plastic bags for 1 h of cooling, and
the following moisture content in the different layer fabrics
was measured (0;).

In order to measure the water evaporation to the skin sur-
face (P), the blotting paper was placed between the upper
mounting plate and the heat flux sensor to absorb the water
vapor penetrating through the fabric system (see Figure 3). On
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Figure 2. Method for simulating skin perspiration.

the basis of the tested moisture content in different phases, we
can calculate the water distribution before (n;— m;) and after
(0j — mj) the exposure, the moisture evaporation or absorption
for each layer (n;-0;) and the water condensed on the skin
surface (AP) during the exposure, which was defined as the
inward evaporation. The outward evaporation was defined as
the water vapor absorbed by the fabric system from the exter-
nal environment during the wet heat exposure, which was
equal to (Z?(n; —0j) — AP).

2.3. Data analysis

The analysis of variance (ANOVA) test for the test results was
carried out using SPSS version 20.0 to analyze the difference
of moisture content in different experimental conditions and
fabric specimens. A paired t test was used to analyze the cor-
relation between moisture content and moisture transfer. A p
value of less than 0.05 was considered statistically significant.

3. Results and discussion
3.1. Moisture level and distribution in dry heat exposure

Moisture transfer in the multilayer fabric system is affected by
skin sweat and hot steam from the external environment. The
moisture within the fabric system was transferred to the skin
surface through the air gap between the fabric system and

Upper mounting plate Blotting paper

Lower mounting plate

Blotting paper

Upper mounting plate

iy

Lower mounting plate —__

Test specimen

Figure 3. Test method of water evaporating to the skin surface.

the skin-simulant sensor (see Figure 1), or was evaporated into
the atmosphere. Therefore, the moisture contents in the ‘fire
environment-fabric-skin tissue’ system were changing val-
ues during the exposure. The flow direction and the amount
of evaporation during the exposure were critical to further
investigate the impacts of moisture on skin steam burns and
thermal-moisture comfort, which contributed to improvement
of the thermal-moisture protective performance by adjusting
the flow direction of water.

Figure 4 shows the variation of moisture content in the dif-
ferent fabric layers before and after dry heat exposure. When
the fabric system was exposed to the thermal radiation, the
water in the fabric system was evaporated due to the tempera-
ture rise of the fabric system. The moisture content in all fabric
systems after exposure showed a reduction. A significant pos-
itive correlation between the amount of water reduction and
the initial moisture addition was observed (p < 0.05). Before
the exposure, a lot of water was stored in the thermal liner.
This was because the skin sweat was firstly absorbed by the
thermal liner that neighbors the skin surface. Besides, the ther-
mal liner containing 50% flame-resistant viscose has a good
wetting property. The moisture content stored in the outer
shell was marginally greater than in the moisture barrier as
the moisture regain of the outer shell is superior to that of
the moisture barrier (see Table 1). In addition, there was an
increase in the amount of water in each layer of fabric when
the initial moisture content increased. The total moisture con-
tent of the N2 fabric system was more than that of the N1 fabric
system (p > 0.05). The reason for this might be that the thicker
N2 fabric system absorbed more water to reduce water evapo-
ration or drippage. After the exposure, the final water content
in the outer shell was almost equal to 0g as the evaporation
rate of the outer shell was larger than that of the other lay-
ers [16,33]. The moisture content in the thermal liner was still
the highest level. The reasons for this were not only its excel-
lent hygroscopicity, but also the impeding role of the moisture
barrier to moisture transfer.

The data presented in Table 3 indicate that the time to
second-degree burn showed a decrease, firstly, and then an
increase over the moisture content. Besides, the least time to
second-degree burn was when the moisture addition to the
fabric system was 8 g. The changing tendency of the burn time
had good consistency with the results from Barker et al. [18]
under a radiative heat exposure of 6.3 kW/m?Z. The addition of
moisture in the fabric system decreased the TPP.

On the basis of the moisture level before and after expo-
sure, the amount of moisture change in different fabric layers
was calculated, as presented in Table 4. With the increment

Test specimen \\
//

Alignment posts ___
— $
/‘(L _— ;
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Figure 4. Moisture content in each layer of fabric before and after dry heat exposure: (a) N1 fabric system; (b) N2 fabric system.

Note: MB = moisture barrier; OS = outer shell; TL = thermal liner.

Table 3. Change in time to second-degree skin burn for both heat exposures.

Time to second-degree burn (s)

Fabric Moisture Dry heat Wet heat
system addition (g) exposure exposure
N1 0 137.5 45.0
25 1158 45.1
8 112.8 50.2
16 131.8 62.1
N2 0 175.7 448
25 162.4 46.1
8 122.2 55.1
16 140.4 69.1
Table 4. Amount of moisture change in each layer of fabric.
Moisture change (g) (SD)
Fabric Moisture
system addition (g) oS MB TL
N1 0 0.139 (0.0046) 0.052 (0.0030) 0.165 (0.0072)
25 0.295 (0.0212) 0.132(0.0177) 1.091 (0.0961)
8 0.201 (0.0209) 0.153 (0.0082) 1.587 (0.0859)
16 0.327 (0.0246) 0.217 (0.0094) 2.464 (0.1897)
N2 0 0.170 (0.0041) 0.072 (0.0026) 0.247 (0.0121)
25 0.349 (0.0190) 0.128 (0.0111) 1.003 (0.1441)
8 0.365 (0.0638) 0.176 (0.0180) 2.106 (0.0762)
16 0.332(0.0331) 0.117(0.0178) 1.919 (0.0879)

Note: MB = moisture barrier; 0S = outer shell; TL = thermal liner.

of moisture content applied in the fabric system, the mois-
ture content in different fabric layers presented an over-
all increase, except for the N2 fabric system with 16 g. This
was because the N2 fabric system did not reach a saturated
state. The correlation coefficient between the total moisture
change and the moisture change of the thermal liner was
0.998 (p < 0.05).Therefore, the variation of the total amount of
moisture change in the fabric system was mainly determined
by the thermal liner due to the greater hygroscopic property.

The percentages of moisture content in different fabric
layers were compared before and after the exposure, as pre-
sented in Figure 5.1t was found that the moisture content ratios

in the outer shell and the thermal liner were significantly more
than that of the moisture barrier when no water was applied to
the fabric system. With the increase of the initial added water,
there was a decreasing trend in the moisture content ratio of
the outer shell and the moisture barrier. Even though the fab-
ric system with the moisture addition was placed 12 h before
exposure, a large portion of water was stored in the thermal
liner due to the low air permeability of the moisture barrier
(see Table 1). When the added water increased from 0 to 16 g,
the moisture content ratio of the thermal liner for the two fab-
ric systems ranged from 49.01 to 95.67%. It was reported that
more than 75% of moisture was located in the innermost three
layers under a standard environment with 65% RH and 20 °C
temperature [6]. However, 50-80% of perspiration was stored
in the innermost two layers under 30% RH and 30 °C tempera-
ture [7]. After the end of radiant heat exposure, the percentage
of moisture content in the thermal liner increased from 54.74
to 98.27%, and increased with the initial water content. The
moisture in the outmost two layers could be easily evaporated
as the temperatures of the outmost two layers were larger than
that of the thermal liner during the exposure. The reduction of
moisture content in the outmost two layers indicated that the
moisture barrier obviously slowed down the moisture transfer
from the thermal liner to the outer shell. In addition, when 0 or
2.5 g water was added to the N2 fabric system before exposure,
the moisture content ratios of the outer shell and the moisture
barrier were both less than zero. But this phenomenon was
not found in the N1 fabric system. Compared with the N1 fab-
ric system, the thermal liner in the N2 fabric system has larger
thickness and mass so that the thermal liner (TL2) decreased
the heat transmitting to the skin. More thermal energy was
stored in the outmost two layers of the N2 fabric system, which
increased the temperature and the water evaporation of the
outmost two layers. The variation tendency was similar to the
fact that the increase of the air gap thickness improved the
TPP, and increased the temperature of the fabric’s backside
[34]. Therefore, the water evaporation in the outmost two lay-
ers of the N2 fabric system was more than that of the N1 fabric
system.

The reason why the moisture content ratio in the mois-
ture barrier of the N2 fabric system with 0g water showed
a negative value was that the thermal degradation reaction
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Note: MB = moisture barrier; 0S = outer shell; TL = thermal liner.
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Figure 6. Moisture content in each layer of fabric before and after wet heat exposure: (a) N1 fabric system; (b) N2 fabric system.

Note: MB = moisture barrier; OS = outer shell; TL = thermal liner.

could happen in the moisture barrier. Even though the tem-
perature in the fabric system was less than 450 °C in the radiant
heat exposure of 8.5 kW/m? that was not enough to cause the
decomposition reaction of Nomex and Kevlar fiber [35], the
moisture barrier including the polytetrafluoroethylene (PTFE)
film could be degraded partially under the radiant heat expo-
sure. Besides, it was found that the heat exposure area of the
PTFE film changed from white to claybank in color after the
exposure, indicating the existence of thermal degradation. The
fabric’s thermal reaction due to the volatile products reduced
the mass of the fabric [34]. When the N2 fabric system was
initially treated with 2.5 g water, the final moisture content
ratio in the outer shell and the moisture barrier was also less
than zero. But this did not result only from the fabric’s thermal
degradation. This was also because the moisture in the N2 fab-
ric system was mostly evaporated, including the 2.5 g of added
water and the absorbed water during the 24-h precondition in
a standard environment.

3.2. Moisture level and distribution in wet heat exposure

When the fabric system was exposed to wet heat (thermal radi-
ation and hot steam), the skin sweat and hot steam totally

determined the moisture transfer in the multilayer fabric sys-
tem. Figure 6 shows the variation of moisture content in dif-
ferent fabric layers before and after wet heat exposure. The
moisture level and distribution in each layer before the wet
heat exposure agreed well with the dry heat exposure. After
exposure, a significant difference between the two tested con-
ditions was observed (p < 0.05). The moisture content with
the fabric system in the dry heat exposure gradually reduced,
which was dependent on the thermal radiation and the ini-
tial water content. But the presence of hot steam increased
the moisture content in different fabric layers, especially for
the N2 fabric system. The increased moisture contents of the
thermal liner for the N1 fabric systems with 0 and 2.5 g water
were, respectively, 0.1 and 0.5g. This was because the ther-
mal liner did not reach a saturated state before exposure (the
moisture regain for the thermal liner at a saturated state is
around 16 g). It was indicated that the moisture barrier did not
completely prevent the penetration of hot steam. As the initial
moisture addition for the N1 fabric system further increased,
there was a decreasing tendency in the moisture content.
When the initial moisture addition increased to 16 g, the mois-
ture content located in the thermal liner showed the most
obvious reduction. The thermal liner with 16 g water reached
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Figure 7. Moisture content ratio in each layer of fabric before and after wet heat exposure: (a) N1 fabric system; (b) N2 fabric system.

Note: MB = moisture barrier; 0S = outer shell; TL = thermal liner.
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Figure 8. Relationship between outward and inward evaporation of moisture: (a) N1 fabric system; (b) N2 fabric system.

saturation so that the absorbed water could easily evaporate
or drip off during exposure.

The data presented in Table 3 show that the time to second-
degree burn under the wet heat exposure increased with the
initial moisture content. The correlation coefficients for the
N1 and N2 fabric systems were 0.977 and 0.994, respectively.
This indicated that the increase of the initial moisture con-
tent improved the steam protective performance of the fabric
system.

In the wet heat exposure, the moisture content ratio in each
layer of fabric accounting for the total moisture content within
the fabric system is presented in Figure 7. The moisture con-
tent ratio of the thermal liner witnessed an increase before
and after exposure with the initial moisture content. Before
exposure, the moisture content ratio in the thermal liner for
the two tested N1 and N2 fabric systems ranged from 47.47
10 95.25% and from 61.67 to 95.47%, respectively. After expo-
sure, there was an increase in the moisture content ratio for the
thermal liner of the N1 fabric system. However, a decreasing
trend in the moisture content ratio for the thermal liner of the
N2 fabric system was observed, except for the N2 fabric system
without added water. According to Figure 6, the thermal liners
with 0 and 2.5 g water for the N1 fabric system still absorbed
moisture during wet heat exposure. When the initial moisture

content increased to 8 and 16 g, the moisture content ratio for
the thermal liner increased due to the water evaporation in
the fabric system after exposure. The opposite variation in the
N2 fabric system was attributed to the fact that the outer shell
and the moisture barrier absorbed the atmospheric water. As
Keiser et al. [6,26] reported, the moisture level and distribu-
tion in the multilayer fabric system mainly depended on the
heat exposure condition, the skin sweating rate and the fabric’s
properties, while the moisture in the single-layer fabric was
also affected by the hygroscopic properties of the neighbor-
ing layer. In other words, the thermal liner with good moisture
absorption increased the water absorption of the outer shell
and the moisture barrier.

3.3. Moisture transfer in the ‘external
environment-fabric-skin surface’ system

On the basis of the aforementioned analysis, the fabric sys-
tem presented a process of water evaporation or absorption
during heat exposure with/without hot steam, which resulted
in a variation of the total moisture content in the fabric sys-
tem. The water evaporation was transmitted not only to the
external environment but also to the skin surface, which could
be respectively defined as outward and inward evaporation.
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Figure 9. Moisture level on the surface of sensor for the N1 fabric system: (a) 0 g water; (b) 2.5 g water; (c) 8 g water; (d) 16 g water.

Furthermore, the fabric system absorbed the water vapor
from the external environment during the wet heat exposure,
which increased the mass of the fabric system. Thus, when
the outward evaporation was less than zero, the fabric sys-
tem absorbed the hot steam. Figure 8(a) and (b), respectively,
show the relationship of outward and inward evaporation to
the initial moisture content for the N1 and N2 fabric systems.

In the dry heat exposure, the moisture loss of the N1 fabric
system after exposure increased over the initial moisture con-
tent. But the moisture loss of the N2 fabric system with 16g
water was less than that of the N2 fabric system with 8 g water.
This was because the N2 fabric system after absorbing 169
water did not reach saturation due to the good hygroscopicity
of the thermal liner. Thus, the moisture stored in the N2 fab-
ric system did not easily drip off compared with the N1 fabric
system.

As shown in Figure 8, the outward water evaporation was
marginally larger than the inward water evaporation. This indi-
cates that the moisture in the fabric system was bidirectionally
transferred during dry heat exposure. As the skin sweat was
absorbed by the fabric system before the dry heat exposure,
the moisture content in the fabric system was far higher than
that in the external environment and the air gap. The temper-
ature difference between the external environment and the
air gap resulted in different evaporation rates for the inward
and outward directions. With the increment of the initial mois-
ture content, the inward evaporation of moisture in the fabric
system presented an increase, firstly, followed by a decrease.
The largest evaporation amounts for the N1 and N2 fabric sys-
tems with the 8 g initial moisture addition were equal to 1.13

and 0.99 g, respectively. The change tendency was also proved
with the moisture level and distribution on the tested sensor
after exposure, as shown in Figure 9. This was due to the exis-
tence of condensate water on the surface of the sensor, indicat-
ing the occurrence of skin steam burns. This was because the
hot steam stored a large amount of thermal energy that was
discharged quickly on the skin surface, and caused the steam
burns [36,37]. Besides, the correlation coefficients between the
inward evaporation and the time to skin burn were —0.371 and
—0.974forthe N1 and N2 fabric systems, respectively. This indi-
cated that the water evaporation to the skin increased the heat
transfer and decreased the time to skin burn.

In addition, Figure 8 shows the outward and inward mois-
ture evaporation during the wet heat exposure. Except for
the N1 fabric system with 16 g water desorbing water owing
to its saturation state, the other fabric systems absorbed hot
steam from the external environment. Theoretically, the N1
fabric system with 0 g moisture addition absorbed more steam.
However, the N2 fabric system with 8g water absorbed the
maximum steam during the exposure. It was indicated that
the amount of absorbing water vapor was determined by
the water storing capacity and the condensation rate, which
depended not only on the hygroscopic properties, but also on
the temperature in the fabric system. The amount of inward
evaporation under the wet heat exposure was apparently
larger than that under the dry heat exposure. Combining the
variation of total moisture content in the fabric system, it
was found that the initial moisture addition and the atmo-
spheric water vapor totally determined the moisture content
transferring to the skin surface. Therefore, the moisture stored
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in the fabric system mainly flowed to the skin surface in the wet
heat exposure, meaning that the typical protective clothing
did not effectively protect workers from the thermal radiation
and the hot steam condition. Steam burns in the wet heat
exposure were more likely to occur compared to the dry heat
exposure. Furthermore, the inward water evaporation of the
fabric system increased with the initial moisture content, and
then tended to a stable state. The difference of water evapora-
tion between various initial moisture contents in the wet heat
exposure was less compared to the dry heat exposure. It was
speculated that the hot steam had an important effect on the
moisture transfer from the multilayer fabric system to the skin
surface and reduced the difference of water evaporation to the
skin surface.

4. Conclusions

In this research, heat and moisture transfer in firefighter pro-
tective clothing under thermal radiation and hot steam was
investigated to analyze the flow direction of water in the fire-
fighter protective clothing and the protective role of the mois-
ture barrier. It was found that the moisture levels in each layer
of fabric before the exposure presented an increase over the
initial moisture content. The moisture content was, in order
from most to least, the thermal liner, the outer shell and the
moisture barrier. After the dry heat exposure, the moisture
contentin each layer of fabric reduced gradually, which mostly
depended on the sweat levels and the heat exposure con-
dition. The moisture barrier did not completely prevent hot
steam penetrating through the multilayer fabric system. In
addition, the amount of outward water evaporation was mod-
erately more than that of inward water evaporation. With the
increase of the initial moisture content in the fabric system, the
total water evaporation showed an increase while the inward
water evaporation increased and then reduced. For the wet
heat exposure, the amount of inward water evaporation was
greater compared to the dry heat exposure. It was indicated
that the dominant flow direction of water during the wet heat
exposure was from the external environment to the skin sur-
face. The findings in this study contribute to the development
of new protective clothing for improving the TPP by adjusting
the moisture transfer, and minimizing skin steam burns.

The study focused on the bench-top test of protective fab-
ric, which had a certain difference with a full-scale manikin test
of protective clothing. Further studies should be conducted to
simulate skin sweat using the sweating thermal manikin, and
toinvestigate the effect of moisture transfer on the TPP by con-
necting to the human body. In addition, the moisture transfer
model in the protective clothing should be developed to fur-
ther analyze the mechanism of moisture transfer in protective
clothing.
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