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Abstract XI

ABSTRACT

While working on a fire ground, firefighters are exposed to a hot and very moist environment.
During an assignment they start to sweat heavily. A large amount of this sweat remains in the
clothing layers and strongly affects the thermal insulation properties of the garment.
Furthermore, new fire extinguishing techniques use small water droplets to smother the fire,
producing a high water vapour partial pressure atmosphere. The protective clothing has to be
able to absorb this moisture while keeping its heat protection. Additionally, when the garment
is exposed to thermal hazard, moisture trapped in the clothing layers might evaporate and
move towards the skin where it condenses. During the phase change of the moisture, high
energy transfer to the skin takes place and second degree burns may occur. These injuries are
generally referred to as steam burns which seem to emerge especially at low level radiant heat

fluxes.

Aim of this thesis was to analyse the absorption and the transfer of moisture within the
clothing layers and its effects on the heat transfer. The main emphasis was put on conditions

for the formation of steam burns.

In a first step, the distribution of moisture in the layers of a firefighter protective clothing
system (usually three layers of firefighter protective clothing plus the underwear and a work
wear) was studied. The location and amount of moisture in the protective clothing affects the
ability of hot steam to arise and also to move through the clothing layers towards the body.
The moisture content of a single layer was found to be not only dependent on the material
properties of that particular layer but mainly on properties of the neighbouring layers or even

of the whole combination. Effects of the moisture absorption ability of the underwear and
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wicking properties of the neighbouring layer were superimposed. Especially the second layer

of the combination proved to be of high importance for the moisture distribution.

The aim of the subsequent study was to determine the speed of evaporation and vapour
diffusion through protective clothing layers. As humidity sensors were too slow to measure
fast changes of humidity inside the clothing layers, temperature changes were used to analyse
the evaporation of moisture. The temperature courses of the measurements could be regarded
as consisting of two superimposed curves. First, the curve of the textile including a moist
layer from which the moisture is evaporating. Second, the curve of heating up the dry textiles
after all moisture has evaporated out of the clothing layers. The end of the evaporation was
clearly visible as the point at which the temperatures quickly changed after a phase with
constant temperatures. Temperatures within the clothing layers containing a wet layer never
rose higher than the temperatures within dry clothing. As soon as all moisture had evaporated,

the temperature increase followed exactly the curves of the measurements of dry samples.

Steam burns are assumed to appear during fire fighters assignments especially at low level
radiant heat fluxes. Heat fluxes measured in wet combinations were not higher than in dry
combinations. Therefore, it may be assumed that steam burns might not occur due to a higher
heat transfer in wet conditions but more likely due to the condensation of moisture on the

skin.

In further study the moisture transfer within protective clothing layers at low level thermal
radiation was analysed by using X-ray radiography. Moisture accumulation was found in the
underwear and the inner layer of the firefighter jacket when one of the outer layers was
initially wet. As the layers between the inner layer of the jacket and the initially wet layer
stayed dry throughout the measurement, moisture transfer must have taken place by

evaporation in the wet and condensation in the inner layers.
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ZUSAMMENFASSUNG

Feuerwehrleute sind wéhrend ihrer Arbeit einer heissen und sehr feuchten Umgebung
ausgesetzt. Dadurch schwitzen sie meist sehr stark. Ein grosser Teil des Schweisses sammelt
sich in ihrer Schutzbekleidung an und beeinflusst dadurch die Warmetransfereigenschaften
der Bekleidung. Ausserdem werden in der Brandbekampfung neue Techniken eingesetzt, bei
denen das Feuer durch zerstduben des Wasserstrahls bekampft wird. Dadurch entsteht ein
hoher Wasserdampfpartialdruck in der Atmosphire. Die Schutzbekleidung muss in der Lage
sein, diese grossen Feuchtigkeitsmengen aufzunehmen und trotzdem ihre Schutzfunktion
nicht zu verlieren. Wenn die durchnisste Kleidung einem plotzlichen Hitzeeinfluss ausgesetzt
ist, kann es geschehen, dass die Feuchtigkeit in der Kleidung verdampft. Der entstandene
Dampf bewegt sich innerhalb der Kleidung Richtung Haut, wo er kondensiert. Wéhrend der
Phasenumwandlung wird Energie abgegeben, welche auf der Haut Verbrennungen bis zu
zweiten Grades verursachen kann. Solche Verbrennungen werden als Dampfverbrennungen

bezeichnet. Sie scheinen besonders bei relativ tiefen Hitzestrahlungsintensititen aufzutreten.

Ziel dieser Arbeit war es, die Absorption und den Transfer von Feuchtigkeit innerhalb von
Feuerwehrschutzbekleidungen und ihren Einfluss auf den Wéarmetransfer zu untersuchen.
Hauptaugenmerk wurde auf Bedingungen die zur Entstehung von Dampfverbrennungen

fiihren gelegt.

In einem ersten Schritt wurde die Absorption und Verteilung von Feuchtigkeit innerhalb der
Feuerwehrschutzbekleidung (iiblicherweise eine dreischichtige Feuerwehrschutzbekleidung in
Kombination mit Unterwédsche und Arbeitskombi) untersucht. Die Lokalisation und die

Menge der Feuchtigkeit in der Schutzbekleidung beeinflusst die Entstehung von Dampf und
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den Transfer des Dampfes durch die Bekleidung in Richtung Haut. Es hat sich herausgestellt,
dass die Feuchtigkeitsmenge, die sich in einer Schicht ansammelt, nicht nur von den
Eigenschaften dieser einen Schicht abhingt, sondern besonders auch von den Eigenschaften
der benachbarten Schichten oder sogar von der gesamten Bekleidungskombination. Das
Feuchteabsorptionsvermégen der Unterwidsche und die Feuchteleitfahigkeit der darauf
folgenden Schicht hingen stark zusammen. Es stellte sich heraus, dass besonders die zweite
Schicht des Bekleidungssystems einen grossen Einfluss auf die Feuchtigkeitsverteilung in der

gesamten Kombination hat.

Das Ziel der nidchsten Studie war, herauszufinden, wie schnell die Feuchtigkeit in den
Bekleidungsschichten verdampfen kann und wohin der entstandene Dampf diffundiert. Da
sich bei Vorversuchen herausstellte, dass Feuchtigkeitssensoren zu langsam sind um schnelle
Feuchtigkeitsverdnderungen zu messen, wurde die Verdampfung anhand von
Temperaturmessungen bestimmt. Die gemessenen Temperaturkurven bestanden aus zwei
tiberlagerten Kurven. Einerseits waren dies die Kurven wihrend der Verdampfungsphase und
andererseits die Kurven in denen die Temperaturen stark ansteigen, nachdem alle Feuchtigkeit
verdampft ist. Das Ende der Verdampfungsphase ist klar ersichtlich, da zu diesem Zeitpunkt
die Temperaturen innerhalb der Schichten plotzlich stark ansteigen. Solange Feuchtigkeit in
den Bekleidungsschichten vorhanden war, stieg die Temperatur nie hoher als die
Temperaturen die in gleichen trockenen Mustern gemessen wurden. Erst nachdem alle
Feuchtigkeit verdampft ist, ndherten sich die Temperaturen den Werten der trockenen

Vergleichsmessungen an.

Man nimmt an, dass Dampfverbrennungen bei Feuerwehreinsitzen vor allem bei niederen
Strahlungsintensidten entstehen. Da jedoch wéhrend der Verdampfung keine hoheren
Hitzefliisse gemessen wurden als bei den trockenen Vergleichsmessungen, liegt der Schluss
nahe, dass die Dampfverbrennungen durch die zusitzliche Energieiibertragung durch
Kondensation des Dampfes auf der Haut entstehen. In einer weiteren Studie wurde daher der
Feuchtigkeitstransfer innerhalb der Bekleidungsschichten mit Rontgenradiographie
untersucht. Feuchtigkeit hat sich in den inneren Schichten der Bekleidung (Unterwésche und
Futter der Feuerwehrjacke) angesammelt. Da die dazwischen liegenden Schichten wéhrend
der Messung mehrheitlich trocken blieben, lédsst sich schliessen, dass ein Feuchtigkeitstransfer

durch Verdampfung und Kondensation zu den inneren Schichten stattgefunden hat.
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NOMENCLATURE
A Area [m’] m Mass flux [kg/m’s or kg/m’s]
b Mass transfer coefficient [m/s] n Constant depending on whether
C Moisture concentration [mol/mS] flow is laminar or turbulent -
D Diffusion coefficient [m2/ s] P Total pressure [Pa]
d Thickness [mm] AP Effective pressure gradient [Pa]
E Evaporation coefficient - p Partial pressure of the
f Volume fraction of voids - water vapour [Pa]
g Gravitational acceleration [m/s?] Pr Prandtl number -
Gr Grashof number - Q Heat flux [W/m?]
H Supplied heating power (W] R Universal gas constant [J/mol-K]
AH Heat of adsorption per unit mass [J/kg] r Capillary radius [mm]
h Natural convection heat Ra Rayleigh Number -
transfer coefficient [W/m’K] R Thermal resistance [M’K/W]
h..x  Maximal wicking height [mm] R. Water vapour resistance [m*Pa/W]
| Intensity of the attenuated Rg Moisture Regain -
X-ray [photons/mm’s] RH  Relative humidity -
Io Incident intensity [photons/mm?’s] Rmo  Specific gas constant
k Thermal conductivity [W/m-K] of water vapour [J/kg-K]
L Characteristic length [m] T Temperature [K]
1 Length [mm] t Time [s]
M Local moisture content [kg/kg] \Y4 Volume [m?)
respectively moisture content per unit v Fluid movement rate [m/s]
area or per volume [g/m’ or g/m’] W Molecular weight [g/mol]
m Mass kgl X Volume fraction -
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Greek 0 Equilibrium contact angle [°]

o Thermal diffusivity [m2/ s] A Geometric constant -
Volumetric thermal expansion vl Attenuation coefficient [1/cm]
coefficient [1/K] v Kinematic viscosity [mz/s]

Y Surface tension [N/m] p Density [kg/m’]

) Diffusion resistance factor - c Stefan-Boltzmann constant [W/m2K4]

€ Absorption coefficient of the textile T Fabric tortuosity -
surface - ® Porosity -

g, Volume fraction of the gas phase - (0] Latent heat of evaporation [J/kg]

n Viscosity of the fluid [Pa:s] Q Damage integral -

Subscripts liqu  Liquid water

air Air max  Maximal

amb  Ambient out Out of the system

clim  Conditioned P2, ps  Phase 2, phase 3

cond Conduction rad Radiation

cosa  Condensation sat Saturation

cove  Convection skin  Skin

dr Dripped off sorp  Sorption

dry Dry SU Station uniform layer

eff Effective sup Supplied

evap  Evaporation surf  Surface

fab Fabric sys System

fib Fibres tot Total

g Gas UW  Underwear

H,O0 Water vap Water vapour

in Into the system w Water

J Jacket wet  Wet

lid

Lid of the measurement cell



PART I: INTRODUCTION

1 BACKGROUND

Although firefighters are often admired as heroes, they are no supermen. They need protection
against the hazardous working environments. Dangerous thermal exposures are manifold and
reach from a hot environment, high thermal radiation, contact with hot objects, exposure to
different kinds of flames up to flashover situations. Working under those conditions is not
only hazardous in sight of possible burns, but it also puts great physical demands on the

firefighter.

A main problem in firefighting is the very moist environment. Water is used to fight the fire
and sweat is produced by the body in order to cool down during intense physical exercise. It is
unavoidable that moisture accumulates in the protective clothing. There it strongly affects the
heat protection properties of firefighter protective garments. Heat transfer properties in textile
layers change severely with additional moisture. The presence of moisture increases both
thermal conductivity and heat capacity of the fabric. The effect of moisture in clothing
combinations has been studied by different authors [1-6]. Contradictory results have been
found for different conditions as either an increase or a decrease of heat protection was
reported. The addition of moisture to clothing causes a variety of effects depending on its

amount and its location [5, 7].

Altering heat protection properties is not the only problem caused by moisture trapped in
clothing layers. When exposed to a sudden temperature rise, moisture in the clothing layers

might evaporate, move towards the skin, condense and cause burns. These ‘steam burns’
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occur due to the evaporation of moisture caught in the clothing layers [2, 4]. This
phenomenon seems to emerge especially at low level radiant heat fluxes [8]. However, little is
known about the development of steam burns. In order to analyze the evaporation of moisture
and the transport to the skin it is important to know the distribution of moisture in textile
layers and the temperatures reached in these layers during exposures to heat. This may allow
quantification of the amount of moisture that can evaporate and thus has the potential to cause
steam burns. The location and amount of moisture in the protective clothing affects the ability
of hot steam to arise and also to move through the clothing layers towards the body. Up to
now, it is not firmly known which layers contain how much moisture and how this moisture

affects the occurrence of steam burns.

Aim of this thesis was to gain a deeper insight into the formation of steam burns. The process
of moisture accumulation in protective clothing assemblies and evaporation of the moisture
within the clothing system was studied thoroughly. In order to be able to propose new textile
or non-textile solutions, fundamental knowledge about the absorption, accumulation and
transfer of moisture within the clothing layers had to be gained. Furthermore, it was important
to understand the evaporation process of the moisture within the clothing system and the

development of burns due to steam.

At first, the distribution of moisture in textile layers was analysed thoroughly. Experiments to
determine the distribution and accumulation of moisture in the different layers of the
protective clothing depending on time were performed and the amount of delivered moisture

was analysed.

In a further study, the heat and mass transfer through wet protective clothing layers was
studied. The temperature distribution within clothing layers exposed to low level thermal
radiation was analysed. The amount of water that evaporated out of the clothing combinations
into the environment and the moisture transfer through textile layers was determined with the
aid of x-ray radiography by analysing the differences in x-ray absorption due to the changing
moisture content in the textile layer. The conditions and the speed at which moisture
evaporates from textile layers into air of different temperatures and relative humidity were

investigated.

In a further part of the thesis, a survey about the physical processes was made. Models of the

heat and moisture transfer process through textile layers, including diffusion, evaporation,
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condensation, wicking, conduction, convection and thermal radiation as well as heat of

sorption and heat of evaporation were compared.

Finally, suggestions for new materials, textile combinations or non-textile solutions that
reduce the risk of steam burns and also improve the physiological properties of the

combinations were proposed.
1.1 Firefighting

1.1.1 Firefighting environment

Firefighting environments are manifold and depend mainly on the kind of fire grounds which
are for example residential, manufacturing, wildland, storage or mercantile fires. Although
flashover situations in which the firefighter is surrounded by the fire are highly feared, such
situations are rather rare. Firefighters normally do not fight the fire from the inside but rather
from the outside of the flaming environment [9]. Heat exposure is mostly due to radiation
(over 80% [10]) and firefighters are typically exposed to low thermal radiation of 5 to
10 kW/m?” [11]. Intensities up to 200 kW/m? can be reached in emergency situations as for
example in industrial fires [12, 13]. Ambient temperatures measured by Rossi [11] in a
training situation reached 100-190 °C at 1 m above ground. Lawson [2] reported temperatures

over 300 °C on the floor in post flashover situations.

The severity of the thermal exposure depends on air temperature as well as radiative heat flux.
Three levels of firefighter exposure conditions were defined by Hoschke [14] based on Abbott
etal. [15]:

e In routine conditions air temperatures range up to 70 °C and 1.6 kW/m?. This
corresponds to firefighting with a distance to the fire, which is like being outside on a
hot summer day or close to a small open fireplace.

e Ambient temperatures in hazardous conditions range from 70 °C to 300 °C and
1.6 kW/m? to 12 kW/m®. Those conditions arise commonly when fighting a fire
outside a burning room or a small burning building. Protective clothing provides
protection in order to fight that kind of fire, which lasts normally less than 30

minutes [5].
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e Emergency conditions are defined by air temperatures over 300 °C in combination
with radiative heat flux over 12 kW/m?. Such conditions may appear in flashover
situations or in aircraft incidents with burning fuel. Protection provided by the

protective clothing might be enough to escape the situation.

Even at relatively low air temperatures high thermal radiation may appear [11]. Outside of
burning buildings high thermal radiation can be reached even though the environmental
temperature is low. In a distance of 6 m from a burning house there may still appear thermal

radiation of 50 kW/m? [2].

Statistics normally do not provide details about how skin burns occurred [9]. Most of the
firefighting assignments are performed at low level thermal radiation. Emergency conditions
are quite rare. But long-time exposure to low heat fluxes may also lead to burn injuries.
Furthermore, heat strain, fatigue and heat collapse are quite common incidents. In a statistical
analysis about firefighter fatalities in the United States 45% of the firefighters deaths were

caused by overexertion or stress while only 7% of the firefighters died due to burns [16].

1.1.2 Physiology

Effective physiological performance of a human is only possible if the body core temperature
does not rise above 39 °C. If the core temperature rises beyond 39 °C the effectiveness of the
person is reduced [2, 11, 17, 18]. Heat stress may cause thermal discomfort, impaired
performance, illness and collapse. At a core temperature of 41 °C, thermoregulation may not
function anymore and above 43 °C, it may even be fatal [2]. This means that the human body
has to keep a balance between heat production and heat dissipation, which in turn means that
at high temperatures or high physical activity it constantly has to get rid of metabolic heat.
The metabolic rate of an average resting human is about 60 W/m?”. Average metabolic ranges
are between 100 W/m? for light physical exercise and 250 W/m® for very heavy work [19]. As
firefighter protective clothing is heavy, stiff and very insulating the metabolic rate increases
due to this extra load. The additional equipment like breathing apparatus, belt, helmet and
other devices have also to be taken into consideration. This equipment may reach up to 30%
of the body weight of a firefighter [18]. All in all, the metabolic rate may reach up to
500 W/m” during firefighting or even higher for a short time [19, 20].
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As firefighter protective clothing provides a very good insulation against heat coming from
the environment, it also insulates the heat produced by the body. The only possibility to
release heat in such situations is by evaporation of sweat. During an assignment of 20 to 30
minutes a firefighter looses about 1.2 1/h - 1.8 1/h sweat [2]. The sweat rate may even reach up
to 4 1/h for short duration [11]. Per evaporation of 1 1 sweat, 672 Wh are taken from the body
(at a temperature of 35 °C). The sweat has to evaporate directly from the skin. Otherwise the
cooling effect of the body is reduced, as only a part of the sweat is actually cooling the body.
Parts of the moisture wick to the protective clothing or drip off. In their study Schopper-
Jochum et al. [18] performed wear trials with 4 trained human subjects wearing 5 different
firefighter jackets. The trials were performed at 30 °C, 50% RH and a wind speed of 0.2 m/s.
The subjects reached average metabolic rates ranging between 350-1242 W. In this study,
Schopper-Jochum et al. [18] found that 30% to 44% of the sweated amount of moisture
accumulated in the clothing system. This moisture is lost for the body cooling as it will not

evaporate directly on the skin.

A more detailed review about the physiology of firefighters working in a hot environment was

made by Taylor [21].

1.2 Burns

Even though firefighters are well equipped, burns cannot always be avoided. They appear due
to contact with hot objects, exposure to thermal radiation or to hot liquids. The heat imposed
on skin causes protein coagulation at the surface or within the skin. Burns are divided into

three degrees. This classification is based on the depth of tissue damage [22]:

e First degree burns are superficial burns. The skin is bright red and sensitive to pain,
which is a typical inflammation reaction with increased blood circulation.

e In second degree burns, blisters appear due to deep dermal damage. The epidermis is
detached and disintegrated. The burned area shows dullness to pain but is still
sensitive to touch.

e Third degree burns are full thickness skin burns where the burned area is completely

insensitive.

A thorough study about thermal injury has been performed by Moritz et al. [23]. They carried

out experiments on pigs and also on human volunteers to find the relation between the skin
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temperature and the duration of the thermal exposure to cause pain and irreversible skin
injury. They found that at a skin temperature of 44 °C irreversible damage to epidermal cells
appeared. At this temperature, it took about 6 hours to cause burns. But for each degree of
temperature rise between 44 °C and 51 °C, half of the time was needed until irreversible
damage was visible. Above 51 °C the rate of injury decreased and the time-temperature curve
approached the temperature axis asymptotically. At skin temperatures above 70 °C less than 1
second is required to cause full thickness burns. From these results they derived an equation
to calculate thermal injury depending on skin temperature and duration of the exposure [23-

26]. This equation (1.1) is known as damage integral €Q:

t

Q=3.1-10" [T TP gy (1.1)
0
Q Damage Integral -
Tuin Skin temperature [K]

At values of Q less than 0.53, no irreversible epidermal injury is recognisable. Exposures with

Q higher than 1 cause transepidermal necrosis.

70 :
", - - - Maximal exposure in seconds resulting in
reversible epidermal injury (Q=0.53)
R — Minimal exposure in seconds resulting in
complete transepidermal necrosis (Q=1)
60

(o)
o

Skin surface temperature [°C]

40 T T T T
1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
Exposure time [s]

Figure 1.1: Maximal exposure time at different temperatures to cause reversible epidermal injury respectively

minimal exposure time resulting in transepidermal necrosis according to Henriques damage integral [24].
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In another study, Hardy et al. [27] found, that the immersion of the skin into water with a
temperature between 36 °C and 40 °C evoked pain. This pain disappeared after 5 to 6 s. Stoll
and Chianta [28] reported a threshold value of 44 °C skin temperature at which pain appeared.

Holcombe [12] related the duration until second degree burn was reached to the energy
transfer to unprotected skin. With 1.3 kW/m?” second degree burn appeared after 167 s while it
lasted only 7 s at 12.6 kW/m? In firefighting second degree burns are used as threshold value
for security norms, as the skin layers are not completely destroyed and no irreversible damage

appears [12].

Most of the burns of firefighters appear at the hands, the shoulders, the arms (biceps), knees
and also at the head [2]. A lot of burns appear even without being in contact with the fire at
temperatures of the clothing lower than 100 °C [2]. The clothing stores a huge amount of

energy and burns may appear even after the end of the thermal exposure.

1.2.1 Steam burns

A big problem in firefighting is the moisture in the protective clothing. It is assumed that most
of the burns appearing during firefighting are scalds [4]. Scalds are thermal injuries due to hot
liquids or steam. Temperatures at scalds are relatively low and proteins are degenerated in the

most superficial tissues [22].

Up to now, steam burns are thought to appear due to sudden evaporation of moisture trapped
in the clothing layer at thermal exposure. Hot steam moves to the inside, driven by

temperature and vapour pressure gradients and condenses on the skin what causes burns.

The probable formation of steam burns is shown in Figure 1.2. Latent heat of evaporation
(2257 KJ/kg at 100 °C) is released to the environment during condensation of water vapour.
As the skin has a higher heat capacity than the surrounding air, it will absorb a big amount of
this energy. This energy will additionally increase the skin temperature and thus contribute to
the burn. These burns are thought to be more severe than dry burns as skin may absorb hot

steam [29].

During human subject test in a firefighter training house, Rossi [11] reported that one of the

firefighters suffered burns at measured skin temperatures of only 42 °C while other
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firefighters reached skin temperatures of up to 45.5 °C without any burns. Rossi concluded

that this firefighter, who was wearing a PVC coated jacket, suffered burns of his own sweat.
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Figure 1.2: Probable formation of steam burns: (1) Clothing combination. (2) The firefighter starts to sweat.
Some of the moisture diffuses out of the garment. (3) But some moisture condenses in the clothing layers.
(4) The firefighter is exposed to a hot environment and the moisture in the clothing layers starts to evaporate.

(5) The hot steam moves towards the skin and causes steam burns.

The severity of scalds is in the beginning mostly underestimated, as only redness of the skin is
visible. Only a few days later the epidermis dissolves from the dermis and the whole degree
of the burn gets visible. Brans et al. [30] compared scalds with contact burns of pigs. They
stated that there is a clear difference in the pathophysiology of scalds and contact burns.
Scalds seemed superficial but they healed with pronounced scar formation. In contact burns
the epidermis was detached and disintegrated. In scald burns the epidermal layer was intact

during the first days after injury, but lost its adherence to the dermis afterwards.

It is almost impossible to find statistical information about scalds of firefighters. A lot of
burns are minor burns which do not need medical treatment. The others, which need medical

treatment, are not differentiated from dry burns.

Figure 1.3 shows a firefighter approaching an open fire. On the right side the steam escaping
the protective clothing is clearly visible. High environmental temperatures do not implicate
that immediately burns appear. In a steam bath, temperatures range between 40 °C and 50 °C
at a relative humidity of 100%. And in Finnish saunas temperatures of up to 120 °C at about

40% relative humidity are reached. The body does not seem to have any problems with those
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conditions. It is able to cool down by the evaporation of sweat on the skin and by changing
the blood circulation through the vessels close to the skin [31]. A few sauna-related burns are
reported by Morris et al. and Papp [32, 33]. Most of the accidents in saunas happen due to
exceeding alcohol consumption. In one case reported by Morris et al. decreased blood
pressure resulting in impaired skin circulation was thought to be responsible for the
occurrence of burns [32]. A man with a circulatory collapse in a sauna suffered second degree
burns on the whole body. Morris et al. concluded that the reduced blood perfusion due to the
circulatory collapse resulted in a reduced heat transfer by blood circulation, what finally

resulted in burns.

Figure 1.3: A firefighter is approaching the fire. Steam escaping his protective clothing is visible on the right

side, which is towards the fire.

Up to now, not much is known about how steam burns happen and what could be done to

reduce the risk of steam burns.
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1.3 Protective clothing

Firefighter protective clothing is essential for firefighters in order to protect against heat, hot
liquids, chemicals and mechanical impacts. The protective clothing enables the firefighter to
approach the fire in order to rescue people from the fire and to fight the fire. Many studies
have been performed in this area [2, 11, 12, 15, 18, 19, 34-37]. A broad survey about research
in the area of protective clothing for firefighters was done by Torvi et al. [38]. Since then,
different groups like [5, 19, 34, 39-46] worked in this field and mainly concentrated on
physiological aspects of firefighter protective clothing as well as on the influence of moisture

on thermal protection.

Firefighter protective clothing has to fulfil a variety of different demands according to the

European norm (EN 469) [47]:

e protection against heat from flames and thermal radiation
e protection against hot liquids and other chemicals

e resistance against abrasion and other mechanical loads

e not flammable and not fusible

® 1o shrinking

e casy to wash

e light and comfortable

e Dbreathable

Some of those demands are even contradictory, as for example the protection against heat
from flames and thermal radiation decreases the comfort of the clothing. Firefighter protective
clothing has improved continuously for the last few decades. Former clothing systems
consisted of leather with woollen nonwoven as lining. Leather is quite heavy and it is
shrinking strongly when exposed to heat. Wool on the other hand is hygroscopic and absorbs

a big amount of moisture which reduces the wear comfort of firefighting protective clothing.

Later, PVC (polyvinylchloride) coated jackets appeared on the market. Most of them were
still in combination with woollen nonwoven liner. The problem of PVC was its water vapour
impermeability. Moisture was not able to escape the clothing. Water vapour pressure within
the clothing increased until it reached the saturation pressure [19]. Little evaporative cooling
could take place and heat collapses were quite common with those clothing systems [11, 18,

37]. Studies comparing PVC coated jackets with jackets including a breathable membrane
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showed that core temperature [37] and also sweating rate [18] were bigger for subjects

wearing PVC jackets.

The occurrence of burns due to the evaporation of moisture trapped in the clothing layers was

also increased with water vapour impermeable clothing systems [4, 11].

Following these results, multilayer protective clothing containing a water vapour permeable
membrane (as for example PTFE (polytetrafluorethylene)) became widely accepted.
Holcombe [12] showed that multilayer protective clothing assemblies provide a better
protection than single layer protective clothing, as air layers within the clothing system
provide the best insulation [2]. The heat transfer properties are about the same for most of the
fibres. The thermal properties of a textile are mostly independent of the kind of fibres. They
depend rather on the textile construction and the amount of air trapped between the fibres

[12].

State-of-the-art firefighter protective clothing is a multilayer high tech product, consisting

mainly of four layers:

e Outer layer: protects against all kind of thermal hazards and mechanical impacts
e Water barrier: breathable membrane, which protects against water and other fluids
e Thermal barrier: insulating layer, which protects against heat

e Inner layer: eudermic lining, which protects the thermal barrier against abrasion

a)  Firefighter jacket

Outer shell
Membrane——
Thermal barrier——

Inner layer ——

/

Underwear

b)
Firefighter jacket ~__

|

Station uniform — _ _

/

Underwear

Figure 1.4: Typical layers of a firefighter protective clothing system. a) Firefighter jacket and underwear, b)

occasionally, an additional station uniform is worn between the underwear and the firefighter jacket.
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Firefighters wear occasionally an additional station uniform between the underwear and the

firefighter protective clothing.

Heat and moisture transfer properties of clothing assemblies are not the sum of the properties
of the single layers [48]. For example different outer layers may have a big influence on the
performance of the underwear. At short term thermal exposure mainly the outer layer of the
assembly protects against the heat. At longer term exposure also the thermal barrier gets

involved into the heat protection as well [5].

Problems of state-of-the-art firefighting protective clothing systems are caused by the too
good thermal insulation of the clothing. Firefighters used to feel the heat on their earlap. The
earlap was not protected by any protective clothing layer. If pain appeared on the earlap, they
knew that they were too close to the fire and could escape the situation. As state-of-the-art
firefighter protective clothing is very well insulated, firefighters do not feel when they are too
close to the fire. There is no alarm system. Energy is stored in the protective clothing system.
As soon as the firefighter starts to feel pain and withdraws from the fire, it might already be
too late. Heat stored by the clothing system (mostly in the outer layer) is transferred to the
inside, increases the temperature within the clothing and might cause burns (reported by

members of a professional fire brigade, 2007).

1.3.1 Moisture and firefighting

Properties of firefighter protective clothing are strongly influenced by the presence of
moisture. It affects heat transfer as it alters thermal properties such as heat capacity or thermal
conductivity of the protective clothing system. Both, the heat capacity and the thermal
conductivity increase due to the presence of moisture [49]. The influence of moisture in
clothing systems on heat transfer has been studied extensively [50, 51]. In most of these
studies, the clothing systems were analysed or simulated at ambient temperatures or in cold
climates. Only a few studies were performed on heat and mass transfer in protective clothing

systems under thermal radiation [1-3, 8] or under flash fire exposure [40].

Lee et al. [3] found that the effect of moisture on thermal insulation depends on the intensity
of the thermal radiation. At 20 kW/m’ moisture improved the thermal protection but at
84 kW/m?, it had a negative impact on the thermal protection. Contrary to this, Barker et al.

[1] found in their study that already at low level thermal radiation of 6.3 kW/m?” high moisture
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contents in the clothing system decreased the time until second degree burns arose. A minimal
burn time was reached at about 15% moisture content. Rossi et al. [52] also found that at low
level radiant heat flux moisture present in the inner layers of the protective clothing decreased

the protective performance.

Those contradictory results are not surprising as a variety of different factors influence the
heat transfer in protective clothing. The most important factors are the kind of heat transfer,
the amount and the location of the moisture, the type and conditioning of the materials and the
duration and intensity of thermal exposure [7]. For most studies time to second degree burns
or alarm time were used. Due to its high heat capacity, the water within the protective
clothing stores a big part of the supplied energy and reduces initially the energy transferred to
the skin [3]. But as the amount of stored energy within the clothing increases [41, 53], energy

may still be released after the thermal exposure.

From his findings Lawson [2] proposed ideas for the improvement of firefighter protective

clothing:

e reduce the amount and control the location of the moisture
e reduce the thermal conductivity of the fabrics

e reduce the heat capacity of the fabrics

Those are first ideas of how to improve firefighter protective clothing. However, a physical
understanding of the effects of moisture in protective clothing will help to find better

solutions for the moisture management in firefighter protective clothing.

1.4 Physical background

The physical processes involved in a firefighting environment mainly consist of heat and
mass transfer (Figure 1.5). The main processes of heat transfer are conduction, convection and
thermal radiation [54, 55]. Mass transfer is driven for liquid water by capillary processes and
for water vapour by diffusion [56]. Heat and mass transfer processes are coupled by

evaporation and condensation.

The physical model consists of three different parts, which are connected by heat and mass

exchange:
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e The human body producing heat (metabolic heat) and water (sweat) with its own
temperature regulation system (blood perfusion and evaporation of sweat) in order to
keep a constant core temperature of 37° +/-2 °C.

e Heat flux from high temperature source (e.g. conduction, convection and radiation)

e Multilayer protection system storing surplus of water and absorbing thermal energy

in order to avoid temperature increase at the body surface.

||
Vapour
Textile diffusion Combined
layer 1 1 £ heat transfer
Textile Va%pour Latent
Iayer 2 5 . C bined Latent
diffusion  heat ombine
(wet) ca heat transfer heat
g @ = 2R
Skin | Wicking Evaporation Heat transfer Condensation
i =
Sweat Metabolic heat

Figure 1.5: Processes involved in heat and mass transfer of wet firefighter protective clothing.

1.4.1 Heat transfer

Heat is transferred due to the temperature gradient between the skin and the firefighting
environment. Metabolic heat is released by the skin (up to 500 W/m* [19]). Energy transfer

from outside to the skin depends on the kind and intensity of thermal exposure.

Conduction

Conductive heat transfer happens as soon as the skin gets into contact with the protective
clothing. For example if the firefighter is touching a hot object or is kneeling on the ground.

Conductive heat transfer is defined by:
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Qeona = S- (Tin =Ty ) (1.2)
Qcond Heat transfer by conduction [W/mz]
k Thermal conductivity [W/m-K]
d Thickness of the compressed clothing [mm]
Touct Temperature of the hot surface [K]
Toin Skin temperature [K]

The thermal conductivity of air (ki = 0.024 W/m-K @ 20 °C - 0.032 W/m-K @ 100 °C) is
small compared to the one of the fabric (k¢ = 0.04 W/m-K) or of water (kjiqu = 0.6 W/m-K).
Therefore, air is a very efficient insulator. Energy transferred to the skin decreases with
increasing air layer up to 7 mm [45]. Conductive heat transfer gets more harmful if the
protective clothing is pressed against the skin. Worst situation would be if the protective

clothing is sucked with water and then pressed against a hot object.

Convection

Convective heat transfer is the exchange of heat of an object with the surrounding air and is
caused by wind movement, for example by external ventilation or by body movement (forced
convection) or it appears due to flows caused by density differences due to temperature

gradients (natural convection):

vae = h ' (Tmrf - Tamh ) (13)
Qcove Convective heat transfer [W/mz]
h Natural convection heat transfer coefficient [W/mzK]
Tout Surface temperature [K]
Tamb Ambient temperature [K]

Natural convection can be neglected within air spaces smaller than 8 mm [45]. Therefore air

layers within protective clothing of 7-8 mm provide the best thermal insulation.

Thermal radiation

Thermal radiation heat transfer is caused by the temperature difference between two facing

surfaces, for example the surface of the protective clothing and the surrounding surfaces:
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Qs = 0(Ty* =T’ (14)
Qrad-out Thermal radiation outward heat flow [W/mz]
€ Absorption coefficient of the textile surface -
c Stefan-Boltzmann constant [W/m2K4]
Touct Surface temperature [K]
Tamb Temperature of the surrounding surfaces [K]

Textiles have a quite high absorptivity (absorption coefficient of 0.95-0.98) [11]. Therefore,
they absorb high amounts of the radiative energy. Protective clothing systems with a lower
absorptivity would not heat up that fast. Such clothing, for example aluminised, exists on the
market. Polished aluminium has a low absorptivity (absorption coefficient of ~0.1) and most
of the impinging thermal radiation is reflected. However, during firefighting the protective
clothing gets dirty and wet, which increases the absorptivity and decreases the radiant heat

protection.

1.4.2 Mass transfer

Diffusion

Vapour transfer through a porous material is described by the diffusion equation (1.5) [56]:

ot ox ¥ ox ’
C Moisture concentration [mol/m3]
Desr Effective diffusion coefficient of water vapour [m2/ s]

through a textile

Diffusion is driven by a vapour pressure gradient [57]. The effective diffusion coefficient in a
textile layer differs from the diffusion coefficient into air and is given by Chitrphiromsri et al.

[40]:

D, =—7" (1.6)

€y Volume fraction of the gas phase -

T Fabric tortuosity -
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Liquid moisture transfer

Liquid moisture transfer is a process depending on hydrophilic properties of the material
(fibres), the yarn, the fabrication process of the fabric as well as the finish and combination of

different layers. Extensive research has been performed in this area [58-63].

A differentiation between wetting and wicking can be made. Wetting describes the
replacement of a solid-air interface with a solid-liquid interface. Wicking is defined as the
transport of a liquid into a textile by capillary action [64]. Capillary forces are caused by

spontaneous wetting.

The wicking kinetics is described by Poiseuille’s equation (1.7) [65-67]:

2
AP
p=" (1.7)
32nl
% Fluid movement rate [m/s]
1 Distance travelled within the capillary [mm]
n Viscosity of the fluid [Pa-s]
r Capillary radius [mm]
AP Effective pressure gradient [Pa]
Whereof the maximal wicking height of a capillary with radius r can be derived:
2ycos@
e (1.8)
rp liqu g
hinax Maximal wicking height [mm]
Y Surface tension [N/m]
0 Equilibrium contact angle [°]
Pliqu Density of liquid water [kg/m3]
g Gravitational acceleration [m/s?]

Hydrophilicity of a textile is very important for the wickability, as it dominates the
equilibrium contact angle [64]. But also porosity and the size of the pores influence the
wicking [66]. The effect of pore size distribution has been studied thoroughly by Zhu et al.
[68] and the capillary flow in complex geometries was analysed in more details by

Rajagopalan et al. [69].
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The liquid moisture transfer gets more complex as soon as different textile layers are
combined to a clothing system. Layer to layer wicking is only possible if in one layer a
threshold amount of moisture is reached [31, 60, 70]. This amount depends on the kind of

fabrics and starts at about 30% above regain [70].

Evaporation / Condensation

Evaporation from a liquid surface takes place as long as the water vapour partial pressure is
smaller than the saturation pressure at the same temperature. As soon as the partial pressure

reaches the saturation pressure, condensation starts.

The saturation pressure depends on the temperature and is defined by the Clausius-Clapeyron

equation (1.9):

—M—4.79518-log]0 T+23.03733

Pour = 1.333.10( ! J (19)
Psat Saturation pressure of water vapour [mbar]
T Temperature [K]

Although often assumed for the sake of simplicity, evaporation and condensation coefficients

are not equal. The condensation coefficient exceeds the evaporation coefficient [71].

Evaporation from a completely wetted textile into air is assumed to equal the evaporation of a
liquid surface with the same area into air [72] and is defined by the Hertz-Knudsen equation

(1.10) [73]:

W pbat Tmrf)_ pamb
Mo EW/ !\/7 m} (1.10)

My Evaporative mass flux [kg/m’s]
Tt Temperature at the liquid surface [K]

Tamb Ambient temperature [K]
Psat(Tsurf)  Saturation pressure at the liquid surface [mbar]
Pamb Ambient partial pressure of water vapour [mbar]

R Universal gas constant [J/mol-K]
Wio Molecular weight of water vapour [g/mol]

E Evaporation coefficient -
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The evaporation coefficient depends on the conditions at which evaporation takes place. It

spreads in a range of over two decades [71].

Krischer [72] expressed the evaporation equation (1.12) by using a mass transfer coefficient b

which is related with the convective heat transfer coefficient o. From this follows:

b
m,_ = T H)—p.
evap RHZOT (pmt( SLlVf) pl ) (1 1 1)
Rmo Specific gas constant of water vapour [J/kg-K]
b Mass transfer coefficient [m/s]

He derived the evaporation rate within a porous material where the evaporating surface is at a

distance d from the outer surface of the material:

1 1

I’i’l ap sa Tvur Py
evap RH20T1+é‘d(p‘t( K f) p )
b D

(1.12)

d Thickness of the textile layers above the [m]
evaporation surface
0 Diffusion resistance factor -

D Diffusion coefficient [m%/s]

Heat of evaporation / condensation

Heat and mass transfer are linked by the heat released during evaporation, which is given by:

AQ@vap = ¢evap mevup (1 . 1 3)
AQeyap Heat released during evaporation [W/mz]
Qevap Latent heat of evaporation [J/kg]

Heat of sorption

Adsorption is defined as the adhesion of molecules of a gas or liquid, to the surface of a solid
or liquid. In our case it defines as the process of fibres taking up water vapour. Adsorption of
water vapour is only happening in hygroscopic fibres and it can be described by means of a

diffusion equation (1.14) into the material [74]:
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j (1— D) M, (1.14)
m,=(1-P)—— .
sorp at
My Rate of adsorption [kg/s-m’]
() Porosity of the fabric -
M Moisture content of the fibres [kg/m3]

Whereof the heat of sorption can be calculated (Equation (1.15)):

AQ,,, = Py Mg, (1.15)
AQsorp Heat of sorption [J/mol]
Qsorp Latent heat of sorption [J/kg]

Latent heat of sorption is in the same range as heat of condensation. But especially at non-
hygroscopic materials the amount of moisture adsorbed by the fibres is small. Therefore, heat

of sorption was neglected in the physical model.

1.4.3 The effect of salt on heat and mass transfer

Sweat consists to 99% of water and to 1% of sodium chloride and a couple of further
substances such as urea, uric acid, fatty acids, amino acids, ammonia, saccharide, lactic acid,
ascorbic acid and cholesterol. The density of sweat ranges from 1001-1006 kg/m3 , which is a
bit higher than the density of water (1000-958 kg/m3 at 0 °C-100 °C) [75]. The specific heat
decreases minimally with increasing salt concentration [76]. If sweat evaporates from the skin
or the clothing layers, the salt is left behind what further increases the salt concentration on
the skin or in the clothing. Salt in the sweat decreases the surface tension of the water and the
skin is wetted more readily. But it also reduces the local water vapour pressure. The decrease
in water vapour pressure negatively impacts the evaporation rate. Surplus of sweat, on the
other hand, drips off and washes up excess of salt. An equilibrium concentration of salt at the
skin surface was reported to be about 5% [77]. This salt concentration has little impact on the
vapour pressure and also heats of vaporisation are stated to be equal to that of water at

temperature ranges of 20-60 °C [77].
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2 MEASUREMENT TECHNIQUES, DEVICES AND

MANIKINS

Tests on human subjects help to research the influence of clothing on human physiology in
different environmental conditions. However, the behaviour of humans spreads strongly and it
is time consuming and very costly to get significant results. Moreover, in hazardous
environments, human subject tests would be too dangerous and are thus not possible.
Therefore simpler tests to measure material characteristics, comfort properties and safety
qualities are necessary. There exist various different standard tests in clothing science as well
as in firefighting protective clothing: water vapour resistance, thermal resistance, thermal
protective performance test (TPP) and many more. But also more complex devices and
manikins such as sweating cylinder [11], sweating torso [78], sweating agile manikin (SAM)
[79] or thermal manikins [80] were developed in order to study physiological and thermal

incidences. Holmer gives a broad survey about different thermal manikins [81].
2.1 Comfort tests

2.1.1 Sweating guarded hot plate

The sweating guarded hot plate consists of a heatable sintered metal plate which is located in
a climate chamber. In order to avoid thermal losses to the sides, the plate is surrounded by a
guard with the same temperature as the plate. The temperature of the plate is kept constant at

35 +/-0.2 °C which corresponds to the average human skin temperature. The temperature of
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the plate is controlled by a PT-100 temperature sensor. An air stream with a velocity of

1 +/-0.02 m/s overflows the guarded hot plate in order to remove still air layers.

Using the guarded hot plate, the thermal resistance R [m’K/W] and the water vapour
resistance R [mZPa/W ] of a single textile layer or a textile combination can be determined.
Thermal resistance and water vapour resistance according to EN 31092 [82] are standard

values in order to describe comfort properties of textiles or textile combinations.

Thermal resistance R

The thermal resistance (R.) is defined as the temperature difference between the two outer
surfaces of the sample divided by the heat flux per surface area resulting along the

temperature gradient [82]:

=t ) 2.1)
H
A Area of the hot plate [mz]
H Supplied heating power [W]
Tout Temperature of the hot plate [K]
Tamb Ambient temperature [K]

In order to measure the thermal resistance, the sample is placed flat onto the guarded hot
plate. As soon as the system reaches steady-state, the supplied heating power is measured,
whereof the thermal resistance can be calculated. From this value, the thermal resistance of

the bare hot plate has to be subtracted.

Water vapour resistance R

The water vapour resistance (R¢) is defined by the difference of the water vapour partial
pressure between the two outer surfaces of the sample divided by the evaporative heat flux per

unit area along the partial pressure gradient [82]:

_ (pmrf _pamh)‘A

22
et H (2.2)

R

A Area of the hot plate [mz]
H Supplied heating power [W]
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Psurf Water vapour partial pressure at the surface [Pa]
of the hot plate
Pamb Water vapour partial pressure in the ambient air [Pa]

The sintered metal plate is soaked with distilled water and covered by a vapour permeable but
liquid impermeable membrane (e.g. cellophane foil). The samples are placed flat on the
membrane. In order to avoid condensation effects within the sample, the measurement is
made at isothermal conditions, meaning that the environment has the same temperature as the
hot plate (35 °C). At steady-state conditions, the heating power required to keep the
temperature of the hot plate constant, is measured. The water vapour resistance is then
calculated according to (2.2). From this value, the water vapour resistance of the plate only

covered by the membrane has to be subtracted.

There exist a couple of other methods in order to measure water vapour permeability, e.g. the
upright cup method, the inverted cup method or the desiccant inverted cup method. A

comparison of those methods can be found in McCullough et al. [83].

2.1.2 Sweating torso

The sweating torso consists of a cylinder with the dimensions of an adult human torso (Figure
2.1) which corresponds from its surface to a quarter of the whole body. The torso is composed
of different layers (Teflon, polyethylene and aluminium), which mimic the different layers of
the human skin (epidermis, dermis and subcutaneous layer) as they have similar thermal

properties such as heat capacity and thermal conductivity.

The torso is operated either with constant surface temperature or with constant heating power.
As it is heated electrically by heating slides, either the surface temperature of the torso or the
heating power can be controlled. Furthermore, it is equipped with 54 individually controllable

sweating outlets allowing variable sweat rates.

Tests on the torso can be run with different predefined sequences of phases to simulate
different human activities. The average surface temperature of the torso is recorded during the
measurement using two nickel wires as resistance temperature detectors (RTD). Additionally

PT-100 temperature sensors are distributed within the different layers of the torso.
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In order to avoid thermal losses on both ends of the torso, it is equipped with two heatable
guards. The weight of the torso is measured throughout the measurement (accuracy of the

scale 0.1 g). Further details of this measuring device can be found in [78].

The torso is located in a climate chamber and the measurements on the sweating torso are
usually performed at standard climatic conditions of 20 +/-2 °C and 65 +/-5% relative

humidity.

b) Upper guarding

Clothing layers

Sweating
nozzles (54)

Layers of the
torso
Aluminium
Polyethylen
PTFE

Lower guarding

6
\Water droplets

Water and

\ power supplies

Scale

Figure 2.1: a) Sweating torso, b) sketch of the sweating torso, illustrating the major components [78].

Normally three phases are run during a torso measurement. The first phase is an
acclimatization phase without sweating during which the surface temperature of the torso is
kept constant at 35 °C. During the second phase each desired physical activity of the human
body can be simulated. The third phase mimics the reduced activity after the exercise in order
to determine the cooling of the body due to sweat still located in the clothing (post exercise
chill). The number and setups of the different phases can be defined individually for the

particular intention.

If the weight of each layer of the sample is determined directly before and after the
measurement, the amount of moisture accumulated in that particular clothing layer during the

measurement can be determined. Dripped-off water is also collected and weighed. Therefore
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the evaporated amount of moisture is equal to the difference between the amount of water

released during the test and the sum of water accumulated in the textile and dripped-off water.

2.1.3 Sweating cylinder

The sweating cylinder is the smaller equivalent of the sweating torso. It has the dimensions of
a human upper arm. Similarly to the sweating torso, it can be run with either constant heating

power or with constant surface temperature as well as with the possibility of sweating.

The sweating cylinder has two independent controllable sweating levels. Each one is
equipped with 6 sweating outlets. The cylinder is heated electrically by four heating elements.
Four PT-100 temperature sensors are distributed within the cylinder. During the
measurement, both surface temperature and weight of the cylinder are recorded continuously.

Two guards on both sides of the cylinder avoid thermal losses across the borders.

The sweating cylinder stands on a scale and the weight of the cylinder is continuously

recorded.

Figure 2.2: Sweating cylinder standing on the scale.

The sweating cylinder is located in a climate chamber and the measurements are usually

performed at standard climatic conditions of 20 +/-2 °C and 65 +/-5% relative humidity.
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Like for the sweating torso, different phases of human exercises can be defined. The standard
measuring procedure is similar to the torso measurement. For the sweating cylinder arbitrary

conditions and cycles can be defined as well.

2.2 Tests of hydrophilic properties

There exist several tests to determine the hydrophilic properties of a material DIN 53814,
DIN 53923, DIN 53924 [84-87]. Thereof, the method of determining the rising height in order
to determine the velocity of soaking water of textile fabrics is a very common one (DIN
53924 [86]). Hereby, textile stripes (250 mm x 50 mm) are dipped into water at their lower
end. After 10 s, 30 s, 60 s, and 300 s the rising height of the water inside the textile stripes is

measured. This is made in both directions (weft and warp).

Another important parameter for the moisture management properties of textiles is the
moisture regain. It is defined as the moisture content within a textile in relation to its dry
mass. In order to determine the regain of a textile, it is weighed at standard conditions (mgjim).

Afterwards it is dried in an oven at 110 °C until it reaches a constant weight (mqyy) [88].

[
Rg = _clim "dry (2.3)
m,,
Rg Moisture Regain -
Mclim Mass of the conditioned sample (]
Mgry Mass of the dry sample (]

There exists a characteristic hysteresis curve between the regain and the relative humidity,
which means that the value of the regain depends on whether it is approached from higher or

lower relative humidity.

2.3 Thermal protection tests and standards

The performance requirements for thermal protective clothing are defined in EN 469 [47].
Requirements for firefighter protective clothing are for example limited flame spread,
convective heat transfer (flame), thermal radiation heat transfer, dimensional changes, tensile

strength, penetration by liquid chemicals, surface wetting, tear strength, waterproofness as
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well as physiological parameters as described in Chapter 1.1.1. Materials used for firefighter

protective clothing must not burn and melt.
For thermal protection tests, two values are very important:

® TIj;, [s]: time at which the temperature inside the protective clothing increases by
12 +/-1 °C. This time is a rough measure for the time until pain appears.

e TIy, [s]: time at which the temperature inside the protective clothing increases by
24 +/-2 °C. This time is a rough measure for the time until second-degree burns

appear.

The difference between TI;; and TI,4 is defined as the alarm time. It gives a measure how
long a firefighter has time to escape from a dangerous situation as soon as he feels pain. For

different thermal exposures and types of clothing, different limits for TI;, and T4 exist.

2.3.1 Protection against radiant heat

The measurement of the protection against radiant heat is defined in ISO 6942 [89]. The test
sample is put over a copper calorimeter and exposed to 40 kW/m? thermal radiation. The
thermal radiation is generated by six silicon carbide (SiC) heating rods. After warming up,
these rods reach a temperature of about 1100 °C. By calibrating the distance between the
surface of the sample and the heating rods, thermal radiation of 5 kW/m? to 80 kW/m? can be
reached. According to EN 469, Tl;; and Tl4 are measured at 40 kW/m>. For thermal
radiation, T1;; is called RHTI,; and Tl,4 analogously RHTI,4. Two different protection levels
are defined in EN 469. The minimal values in order to achieve the requirements of those

protection levels are listed in Table 2.1.

Protection level 1  Protection level 2

RHTD4 >10.0s >18.0s

RHTIL4-RHTI;» >3.0s >40s

Table 2.1: Minimal values for second degree burn (RHTI,,) and alarm time (RHTL,4-RHTTI,,) for radiant heat

transfer for two different protection levels.
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2.3.2 Protection against flames

EN 469 defines the protection against convective heat (flames). The sample is put
horizontally on the sample holder and is covered by a copper calorimeter. It is exposed to a
gas flame below the sample. The incident heat flux is calibrated to 80 kW/m?. For convective
heat transfer TI;, is called HTI,;, and T1,4 analogous HTIL,4. The minimal values for HT1;, and

HTI,4 according to EN 4609 are listed in Table 2.2.

Protection level 1  Protection level 2

HTIQ4 >90s >13.0s

HTL4-HTI), >3.0s >4.0s

Table 2.2: Minimal values for second degree burn (HTI,,) and alarm time (HTI,4-HTI;,) at convective heat

transfer for two different protection levels.

2.3.3 Thermal manikin: Henry

Henry (Figure 2.3) is a life-size manikin equipped with 122 temperature sensors which was
built especially for testing ready-made garments under flash fire conditions. The surface of
the manikin consists of epoxy resin to make the manikin temperature resistant and to give it

thermal properties close to human skin.

Figure 2.3: The thermal manikin Henry (a) exposed to a flashover (b).
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T-type thermocouples encapsulated in epoxy resin are used to measure the temperature. The

manikin can be exposed either to different levels of thermal radiation or to a flash fire.

The thermal radiation heat source consists of 6 silicon carbide (SiC) rods, which can reach
temperatures up to 1100 °C. By calibrating the distance between the SiC rods and the

manikin, thermal radiation from 5 kW/m? to 40 kW/m? can be regulated.

Flash fire situations are simulated with a gas burner system according to ISO/DIS 13506.3
[90]. The system consists of 12 gas burners, running with propane gas, arranged in two circles
of 6 burners surrounding the manikin on hip level and just above the floor. The flash fire is

calibrated to an average heat flux to the manikin of 80 +/-4 kW/m?.

From the temperatures measured on Henry, times to reach first, second, and third degree
burns are calculated according to the Henriques damage integral [24]. The areas suffering

burns are shown in a map of the body for different times of the measurement (Figure 2.4).

[E Verteilung der Verbrennungen _ (O] x|

Tirne: 17.1 TEC,

~Drigtribution in %
Bumings  cument  mas./min.
none 2B7 1.7
Paity 733 883
1zt degree 500 BE.7
2nd degree 44.2 BE. 7

Jrd degree 125 433

Driagram
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Print |
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Figure 2.4: Example of a body map showing the distribution of pain and first to third degree burns after flash

fire exposure.

Furthermore, temperature curves of each sensor can be printed out and energy fluxes through

the skin are calculated according to Crown et al. [91].
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2.4 Temperature measurement

Temperature measurement is essential for many industrial applications to control for example
production, quality or security. It belongs to the basic tasks of the measurement technology
and there exist a diversity of measurement principles [92, 93]. Only the basics of the sensors

used for this thesis will be described in this paragraph.

Resistance temperature detectors (RTD)

The electric resistance of conductive materials changes with temperature. This dependence is
linear for a wide range of temperature for different metals, e.g. copper, nickel, platinum and
wolfram. Temperature sensors based on this principle are called resistance temperature
detectors (RTD). This effect was used for the sensors of the sweating torso, where two nickel
wires were wound around the torso. For high precision measurements, reliable platinum
sensors are used (e.g. PT-100). Resistance temperature detectors have a high accuracy which
ranges around 0.1 °C depending on the temperature range and the material. Due to their high
mass and their high heat capacity, RTDs have relatively long response times depending on the

material and mass of the sensor.

Thermocouples

If two different metals are connected to a circuit, a temperature gradient between the junctions
of the circuit will induce a DC voltage. This effect was discovered by Seebeck in 1821 and is

thus called Seebeck effect or also thermoelectric effect.

copper +

il

9 constantan -| 91

V ~ (81-92)

Figure 2.5: Sketch of a T-type thermocouple

Thermocouples are based on this effect. They consist of the junction formed from two
different metals (e.g. copper and constantan for T-type thermocouples) whereof one junction
is kept at a reference temperature (e.g. 0 °C) while the other is used for temperature

measurement. By measuring the voltage of the circuit, temperature at the junction can be
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determined. Thermocouples are widely used for temperature measurement because they are
inexpensive, rugged and reliable. They can also be used over a wide temperature range.
Depending on the type of the thermocouple, they can measure temperatures over a large
temperature range from -200 °C to 1600 °C. Due to the low mass of the junctions, the
response time of thermocouples is fast. But the accuracy of thermocouples is worse than of

RTD (up to 1 °C).

Copper calorimeter

The copper calorimeter of the radiant heat test differs from the calorimeter of the flame test.
For the radiant heat test it consists of a copper rectangle of 50 mm x 50.3 mm which is
1.6 mm thick. This copper plate has a weight of 36 g and is bent with a radius of 130 mm.
Temperature is measured by means of a copper constantan thermocouple which is mounted
on the back of the copper plate. The copper plate is embedded in a block of thermal insulating
material. In order to avoid thermal reflection, the copper plate is coated with a thin film of an
optically black paint having an absorption coefficient exceeding 0.9. The copper calorimeter
of the flame test differs from the calorimeter of the radiant heat test only in the form of the
copper plate. It consists of a circular copper plate with radius 40 mm and thickness 1.6 mm.
Thermocouple, insulating block and black paint are the same as for the radiant heat test

calorimeter.

2.5 Humidity measurement

Exact and reliable measurement of humidity is most difficult [92, 93]. There exist different

variables to measure humidity of a gas which can be classified in three groups [94]:

e absolute moisture content:

o water vapour partial pressure [mbar]

o absolute humidity (vapour density) [g/m’]

o dew point temperature [°C]
e relation to the dry amount of gas

© mixing ratio [g/kg]

o vapour content (volume fraction) [Vol %, ppm, ppb]
e relation to the saturation condition

o relative humidity[ %]
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There exist different measurement principles for humidity. Some of them use the change of a
physical parameter of a material, e.g. change of geometrical dimension, dielectric constant,
conductivity or resonance frequency of a piezoelectric oscillator. Other methods measure the
change of the equilibrium temperature e.g. over an aqueous LiCl-solution, the cooling
threshold temperature of a thermal insulated water reservoir or the dew point temperature of a
cooled surface. Moisture can also be measured gravimetrically by the difference of weight of

a drying agent before and after absorption [92, 93].

The measurement of humidity at high temperatures (>100 °C), which is essential for the study
of moisture transfer processes in firefighter protective clothing, is challenging [95]. At
temperatures above 100 °C the partial pressure exceeds 1014 mbar. For measurements at
environmental pressure close to the saturation pressure, air is completely displaced by water
vapour and the relative humidity looses its original meaning [92, 93]. Therefore, it is only
possible to measure humidity by methods relying on the physical properties of the water
molecules, e.g. condensation, heat content, elasticity and structural moments of the water

molecules [95].

Further restrictions in the measurement of moisture within protective clothing layers are
caused by the limited space. The size of the sensor has to be small if used for measurements
between the textile layers. Capacitive humidity sensors meet these requirements as they are
small (~5 x 10 mm). An electrode structure of two meshing combs is mounted on a carrier
substance. These electrodes are covered with a moisture absorbing polymer layer. The
dielectric constant of the polymer and thus the capacity of the capacitor changes with the

moisture content.

The main exclusion criterion for measuring humidity within protective clothing layers by
means of humidity sensors is the fast change of temperature and humidity. Humidity is
strongly dependent on the temperature. Therefore, the temperature of the sensor has to be the
same as the ambient temperature. Due to its relatively large dimensions, temperature changes

of the sensor are slow compared to the temperature changes of the environment.

In order to determine the behaviour of humidity sensors at sudden temperature and humidity
changes we performed an exploratory study. Figure 2.6 shows the signal of a capacitive
humidity sensor (Sensirion, SHT15) put into operation at 20 +/-3 °C and 20 +/-5% RH

immersed into a constant climate of 35 +/-2 °C and 60 +/-5% RH. The overamplifying in the
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beginning is clearly visible as humidity peak in the curve. Such peaks were also noticed in
measurements of the humidity within clothing layers exposed to thermal radiation in

preliminary tests. It took more than 20 minutes until a constant relative humidity was

measured.
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Figure 2.6: Overamplifying of the humidity of a humidity sensor suddenly immersed into a climate with

35 +/-2 °C and 60 +/-5% RH.

Considering all those demands, no state-of-the-art humidity sensor fulfilled the requirements

in order to measure moisture transfer within protective clothing layers at high temperatures.

2.6 X-ray radiography

X-ray radiography is not only known in medicine, it is also a common method used for non-
destructive testing. X-rays are produced by high-voltage electron streams striking against an
electrode in a vacuum tube. They are a kind of electromagnetic radiation with wavelengths of
around 0.01-10 nanometers. Different targets are used for different applications of X-ray

radiography, which are mostly tungsten, molybdenum or copper.

The attenuation of X-rays depends on the density of the penetrated materials. The effects
resulting in the attenuation of X-rays are photoelectronic absorption, Compton scattering, pair
production, Rayleigh scattering and photo disintegration. By analysing the amount of

radiation that penetrates an object an X-ray pattern of the inside of the object ca be gained.
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3 MATERIALS

Materials used for firefighter protective clothing have to satisfy rigorous demands according
to EN 469 [47]. They have to provide protection against flames, thermal radiation, liquid
chemicals and mechanical impacts while keeping their mechanical strength. They are
supposed not to shrink or melt. Furthermore, physiological and comfort requirements have to
be fulfilled as well. The materials should be light, ductile and breathable. Only few materials

satisfy those requirements.

3.1 Aramid

A frequently used material for firefighter protective clothing is aramid, an aromatic
polyamide. Aramid fibres are long-chain synthetic polyamides of which two different forms
exist; meta-aramid which is poly(meta-phenyleneisophthalamide) and para-aramid which is
poly(para-phenyleneterephthalamide). The two forms differ in the connection of the

monomers (Figure 3.1).
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Figure 3.1: Monomer bonding of a) meta-aramid and b) para-aramid. [96]
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Aramides have a high strength, temperature resistance and light weight. They are fireproof
and decompose prior to melting. The decomposition temperature is 370 °C for meta-aramid

and 550 °C for para-aramid.

Properties Meta-aramid Para-aramid

Density [g/cm’] 1.38 1.44
Melting point [°C] - -
Decomposition point [°C] 370 550

Moisture regain at 20 °C, 65% RH [%] ~5 ~5

Table 3.1: Physical properties of meta- and para-aramid fibres. [97, 98]

As meta-aramid is less stiff and has the more textile-like behaviour than para-aramid, it is
more often used for clothing application. It is used in different forms for different layers of
the protective clothing: as dense weave for the outer layer, as spunlace for thermal barriers,
knitted for underwear and as blend with viscose for the liner of the firefighter jacket and

trousers.

3.2 Viscose

Viscose fibres consist of cellulose and are chemically similar to cotton fibres. Viscose is
easily flammable. Therefore, it has to be treated with flame retardant finishes (FR-viscose)
and it is mostly used in blends with aramid. It is supposed to improve the comfort properties
of the aramid fabrics as it increases their hydrophilicity. Viscose/aramid blends are mostly

used as liner of firefighter jackets and trousers.

Properties Viscose

Density [g/cm3] 1.52
Melting point [°C] -
Decomposition temperature range [°C] 250-397

Moisture regain at 20 °C, 65% RH [%] 13.5

Table 3.2: Physical properties of FR-viscose fibres. [99]
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3.3 Teflon (PTFE)

Polytetrafluoroethylene (PTFE) is a synthetic fluoropolymer, which is better known as
Teflon. It can be expanded to a thin porous membrane with about 1.4 billion pores per cm®.
This membrane is impermeable for liquid water but permeable for water vapour. By using
such a breathable membrane, the physiological properties of the clothing are improved. Water
vapour is able to escape the clothing, which increases the ability of sweat to evaporate on the
skin, while the inner clothing layers are protected against liquid water coming from outside.
In firefighter protective clothing, the Teflon membrane is used as a water barrier. As Teflon
starts to deteriorate at 260 °C and to significantly decompose at about 350°, it is laminated on
aramid spunlace and placed within the protective clothing assembly in order to be protected

from thermal impacts.

Properties Teflon
Density [g/cm3] 2.1-2.3
Melting point [°C] 327
Decomposition temperature range [°C] 350-400
Moisture regain at 20 °C, 65% RH [%] 0.01

Table 3.3: Physical properties of Teflon.

3.4 Cotton

Cotton is a natural cellulose fibre, commonly used for clothing. For physiological reasons,
cotton is not appropriate for firefighter protective clothing. As cotton is very hygroscopic, it
absorbs and stores large amounts of sweat. This sweat is kept close to the skin, but it is not
used for evaporative cooling of the body [100]. Additionally, cotton is inherently flammable.

It has to be treated with flame retardant finishes in order to fulfil European standards.

Nevertheless, especially in auxiliary fire brigades, firefighters often wear cotton underwear or
even cotton station uniforms under their protective clothing. Therefore, cotton is considered

as well in the following studies concerning the appearance of steam burns.
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Properties Cotton

Density [g/cm’] 1.55
Melting point [°C] ---
Decomposition temperature range [°C] 250-397

Moisture regain at 20 °C, 65% RH [%] 8

Table 3.4: Physical properties of cotton fibres. [99]

3.5 Superabsorbers

Superabsorbers are defined as substances able to absorb large amounts of liquid
corresponding to at least 20 times of their own weight. Usually, superabsorbers are
superabsorbing polymers (SAP) made from partially neutralised, lightly cross-linked
poly(acrylic acid) [101]. Due to the moisture absorption, superabsorbing polymers are
swelling strongly. They can reach a multiple of their dry volume. Moisture is either absorbed

between the gel particles as well as in clefts by capillary forces [102].

Superabsorbing polymers were mainly used in sanitary products. Different other areas
adopted SAPs for different applications where moisture has to be stored. In firefighting, SAPs
are used as cooling system in the protective clothing. For example as superabsorbing vests,
they are saturated with water, which evaporates gradually. Due to the heat of evaporation
taken from the vest, it cools down and produces a cooler microclimate within the protective
clothing. Such superabsorbing polymers could also be used to store surplus amount of sweat

during the firefighting assignment.

3.6 Materials used for the studies

The setups of the protective clothing combinations used in this thesis are shown in Figure 1.4.
Cotton and aramid underwear were used together with two different state-of-the-art firefighter

jackets and three different station uniform garment materials (Table 3.5).
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. Weight Thickness R, (SD) R, -107 (SD)

Material [gm’]  [mm]  [mPaW]  [mK/W]
Underwear
UCo Cotton underwear rip knit

100% Cotton 175 1.2 3.7(0.1) 189 (1.1)
UAm Aramid underwear jersey knit

Meta-fpara-aramid blend 140 1.4 4.5(0.1) 38.3(1.1)
Station Uniform Garment
SCo Flame retardant cotton twill

100% Cotton 320 0.8 5.0(0.1) 16.6 (0.8)
SAmVi Aramid/Viscose twill with

hydrophobic treatment

50% FR-Viscose 250 0.7 4.8 (0.1) 18.6 (0.5)

50% Meta-/para-aramid blend
SAm Aramid twill

Meta-/para-aramid blend 220 0.7 420.1) 21.54.3)
Firefighter Jackets
Jacket 1 600 31.7 (0.5) 205.1 (12.0)
J1-In/Tb Inner layer and thermal barrier:

Aramid/Viscose plane weave

quilted to aramid needlefelt

In: 50% FR-Viscose 120 + 150 4.7 12.4 (0.4) 155.9 (13.6)

50% Meta-/para-aramid blend

Tb: Meta-/para-aramid blend
J1-Mb Membrane: PTFE membrane

laminated on aramid spunlace

PTFE membrane 135 1.3 13.0 (0.4) 453 (3.5)

Meta-/para-aramid blend
J1-Ou Outer shell: Aramid twill

Meta-fpara-aramid blend 195 0.7 4.3(0.2) 24.4 (3.6)
Jacket 2 535 24.8 (0.4) 146.0 (12.4)
J2-In Inner layer: Aramid jacquard weave

Meta-/para-aramid blend 15 0.4 3.00.1) 18223
J2-Tb Thermal barrier: Aramid spunlace

Meta-/para-aramid blend >0 1.0 2.8 0.1y 29.7(5.4)
J2-Mb Membrane: PTFE membrane

laminated on aramid spunlace

PTFE membrane 135 1.3 13.0 (0.4) 45.3(3.5)

Meta-/para-aramid blend
J2-Ou Outer shell: Aramid special weave 185 06 3.6 (0.1) 20.0 (0.8)

Meta-/para-aramid blend

Table 3.5: Materials of the separate layers used in the combinations with their weight, thickness, water vapour

resistances (R.,) and thermal resistances (R.;) measured according to EN 31092, 1994, with standard deviation

(SD) values given in brackets.
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Cotton and aramid are customary materials used in firefighting, which have differing
hydrophobic properties. Cotton is hygroscopic and is able to absorb a big amount of moisture.
Aramid in contrast is hydrophobic. Those materials were chosen to analyse the influence of

hydrophobic properties of the underwear on the moisture distribution and the evaporation.

The materials used for the three station uniform garments were flame retardant cotton,
aramid/viscose and aramid. Materials differing in hydrophobic properties have been used for
the station uniform as well, which were cotton as hygroscopic material on one hand and the
hydrophobic aramid on the other. The station uniform made of aramid/viscose was treated

with a hydrophobic finish in order to avoid excessive water uptake.

The firefighter jackets consisted of four layers: a heat resistant outer shell, a water vapour
permeable membrane, a thermal barrier and an inner layer. They differed mainly by the inner
layer and the thermal barriers. Two different material compositions (aramid or aramid/viscose
blend) were used for the liner of the firefighter jackets. Aramid is a hydrophobic material and
the addition of viscose usually increases the hydrophilic properties of the fabric. Both
firefighter jackets contained an aramid non-woven as thermal barrier with different
thicknesses for the two jackets. The thermal barrier and the inner layer of firefighter jacket 1
(J1-In/Tb) were quilted. The same PTFE membrane laminated on a heat resistant aramid non-

woven was used for both jackets. The outer layers of the jackets were aramid weaves.

All samples were washed once at 40 °C according to ISO 6330:2000 procedure 5A/40 °C in
order to remove residues of surface coatings. They were conditioned for at least 24 hours at
standard climatic conditions of 20 +/-2 °C and 65 +/-5% relative humidity prior to the

measurements.

Weight, thickness, R¢e and R of all samples are listed in Table 3.5. In order to determine the
hydrophilic properties of the materials, we performed the test of determining the rising height
(DIN 53924 [86]). The measurements were performed in both directions (i.e. weft and warp)
of the textile. The results are shown in Figure 3.2. If the textile was hydrophobic, no rising of
the water took place, as for example in the aramid/viscose station uniform (SAmVi), both
outer layers of the jacket (J1-Ou and J2-Ou), the membrane (J1-Mb and J2-Mb) and the
thermal barrier of jacket J1 (J1-Tb).
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Figure 3.2: Rising height (DIN 53924 [86]) of the different not completely hydrophobic layers in lengthwise

(weft) and cross (warp) direction for a) the underwear b) station uniform layers and c) layers of the jackets.
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As expected, the rising height of the hygroscopic cotton layers (i.e. cotton underwear and
cotton station uniform layer) was the highest (Figure 3.2 a), whereof the lengthwise direction
of the cotton rip knit (UCo) reached 112 +/-2 mm after 300 s. The cross direction of the
cotton rip knit (UCo) as well as the weft and warp direction of the cotton station uniform
layer (SCo) weave reached still 68-77 +/-2 mm after 300 s. The rising height of the two liners
of the jackets (J1-In and J2-In) ranged around 33-63 +/-6 mm after 300 s whereof the liner of
jacket J1 (J1-In) was more hydrophilic. This is plausible as this layer consisted of an aramid-
viscose blend. The rising heights of the aramid layers did not reach more than 20 mm after

300 s.

The drying rates of the surface water of different layers are shown in Figure 3.3. The samples
were drying freely hanging on a hook of a scale. Crow et al. [60] stated in their study, that the
drying rate is constant, independent of the kind of textile. Our measurements confirmed those
findings as can be seen in Figure 3.3. Crow et al. measured a drying rate of 61 g/m2h at
standard conditions (20 °C and 65% RH). We received drying rates ranging around

51 +/-6 g/mzh at the same standard environmental conditions.
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Figure 3.3: Correlation between water content and drying time of the surface water of the different textile

layers.

Combining the different single layers either with or without station uniform, resulted in 16
different combinations listed in Table 3.6. All these combinations are typical for the use in the
daily work of firefighters as the protective clothing may be worn with or without station

uniform.
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The resistances R and R, of all combinations are listed in Table 3.6. All combinations with
firefighter jacket J1 have higher R and R values than the combinations with jacket J2. The
thermal barrier of firefighter jacket J1 is over twice as thick as two layers of the thermal
barrier of jacket J2. As the insulation properties depend, among others, on the thickness of the
layer, the thermal barrier of J1 has the higher insulating properties. Though the Re; and R
values of a textile combination are not equal to the sum of the Re; and R values of its single

layers [11], the influence of the insulating thermal barrier dominates the properties of the

combinations.
Combination Layers [mzPa/I;?;] (SD) [mzl;g/“;;]o -(3$D)
1 UCo J1 36.2  (0.2) 2289 (5.4)
2 UCo J2 30.0 (0.8) 1624 (8.4)
3 UAm J1 37.7  (0.8) 232.8 (4.9)
4 UAm ]2 31.0  (L.1) 168.8 (11.6)
5 UCo SCo J1 40.0 (0.3) 235.1 (8.1)
6 UCo SAmVi ]l 414  (0.2) 229.0 (9.6)
7 UCo SAm J1 402  (04) 2379 (2.6)
8 UCo SCo J2 353  (1.2) 183.8 (2.0)
9 UCo SAmVi ]2 34.6  (0.6) 181.1 (9.1)
10 UCo SAm J2 346  (1.8) 189.0 (1.7)
11 UAm SCo J1 41.6  (0.8) 2404 (8.7)
12 UAm  SAmVi ]l 41.5  (0.6) 250.1 (5.8)
13 UAm SAm J1 415 (1.0 248.6 (14.7)
14 UAm SCo ]2 352 (0.9 1955 (L.5)
15 UAm  SAmVi ]2 354 (0.6) 187.9 (10.3)
16 UAm SAm J2 34.8 (0.9) 201.3  (1.0)

Table 3.6: Composition of the combinations in the measurement and their water vapour resistances (R.,) and
thermal resistances (R.;) measured according to EN31092, 1994, with standard deviation (SD) values given in

brackets.
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By comparing the influence of the different underwear on the R values of each combination
no significant difference could be observed. The differences between the combinations with

and without station uniform layer for each jacket were not significant, either.

For the water vapour resistance (Re) no significant difference between the different station

uniform layers or between the different underwear was found.






PART II: EXPERIMENTAL

4 THE DISTRIBUTION OF MOISTURE WITHIN

FIREFIGHTER PROTECTIVE CLOTHING

The investigation of moisture distribution in firefighter protective clothing layers is very
important in terms of the occurrence of steam burns. The location and amount of moisture in
the protective clothing affects the ability of hot steam to arise and also to move through the
clothing layers towards the body. Up to now, it is not firmly known which layers contain how
much moisture and how this moisture affects the occurrence of steam burns. In the following
chapter the moisture distribution within firefighter protective clothing systems is analysed
thoroughly. The interaction between the different layers as well as the influence of the way
moisture is supplied to the system is considered. This knowledge will contribute to understand
the development of steam burns and help developing new fabric combinations in order to
minimize steam burns by adequately combining hydrophilic and hydrophobic properties of

the layers.

4.1 Moisture accumulation in firefighter protective clothing at high

metabolic rates

A sweating torso was used in order to simulate high metabolic rate and sweating of a
firefighter during an assignment. The accumulation of moisture in the different layers of the
clothing combination was determined by weighing the single layers before and after the

measurement.
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The distribution of moisture in textile layers has been analyzed primarily in experiments
performed in cold environments so far. In their study, Weder et al. [103] analyzed the
distribution of moisture in different multilayered (4 layers) clothing structures using X-ray
tomography. For the measurements they constructed a heatable sample holder to which
moisture was supplied from the bottom. They analyzed the effect of the combination of
hydrophilic and hydrophobic textile layers on the distribution of moisture. In their study, it
was observed that most of the moisture was accumulated in the two layers near the skin,
which are for example the underwear and the inner liner of a garment. Rossi [48] obtained
similar results when comparing the moisture distribution in clothing layers with different
underwear. Mikinen et al. [4] also noted only a small amount of moisture in the outer garment

layer.

4.1.1 Methods

The setup of the protective clothing combinations used in this study was described in Chapter
3.6. Cotton and aramid underwear were used together with two different material
combinations typically used in firefighter jackets and three different station uniform garment

materials (Figure 4.1).

Firefighter jacket
e.g.J1,J2 \ :

Station uniform —
e.g. SCo, SAmVi, SAm

Underwear
e.g. UCo, UAm

Figure 4.1: Setup of the material combinations used: underwear (e.g. UCo or UAm), station uniform (e.g. SCo,

SAmVi or SAm) and firefighter jacket (e.g. J1 or J2).

We studied 16 different combinations of the clothing layers listed in Table 3.6 either with or
without station uniform. All samples have been washed once at 40 °C according to ISO
6330:2000 procedure 5A/40 °C to remove residues of surface coatings. Afterwards, all
combinations were conditioned for at least 24 hours at standard climatic conditions of

20 +/-2 °C and 65 +/-5% relative humidity.
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Measurements on the sweating torso

Firefighters usually put on their protective clothing before they approach the fire. They have
to get ready and carry around additional equipment they need for their assignment before
arriving on the fire ground. They sweat during those preparations. Therefore the
measurements on the sweating torso were performed at standard climatic conditions of
20 +/-2 °C and 65 +/-5% relative humidity. For the measurements on the torso, the single
textile layers were wrapped around the upright standing torso without air gaps between the
layers. Each measurement was repeated three times. Three different phases of 60 min each
were run (Figure 4.2). The first phase was for acclimatization in which the surface
temperature of the torso was kept constant at 35 °C during one hour. During the second phase,
the torso ran with a constant power of 125 W and a sweating rate of 250 g/h. This corresponds
to a physical activity of a human of 500 W and 1 I/hour sweating which is an average
sweating rate during exercise [104]. Then, sweating was stopped for the third phase and the

power was kept constant at 25 W (equivalent to 100 W for a human) during another hour.

125 W
¢ 250 g/h

35°C 25W

1h 2h 3h Time

Figure 4.2: Definition of the three phases which have been run on the sweating torso.

During all three phases the surface temperature, the power and the weight of the torso were
recorded. Directly before and after each measurement the weight of each clothing layer was
measured and also water that dripped off was collected and weighed. The difference in weight
between the wet and dry samples corresponds to the amount of moisture accumulated within
the clothing layers. Therefore, the evaporated amount of moisture is equal to the difference
between the amount of water excreted during the test and the sum of moisture accumulated in
the textile and water which dripped off. The water that dripped off was collected on the scale.

Some water was also evaporating from the dripped off water.
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Measurements on the sweating cylinder

To get deeper insight into the distribution of moisture, additional measurements on a smaller
sweating cylinder were performed. This sweating cylinder has the dimensions of a human
upper arm and similarly to the sweating torso it can be run with either constant heating power
or with constant surface temperature with the possibility of sweating. During the

measurement both surface temperature and weight of the cylinder were recorded.

For the tests using the sweating cylinder, the moisture distribution during the sweating phase
was investigated without a subsequent drying phase. Therefore only two phases were run. The
first phase was for acclimatization and lasted one hour as for the sweating torso. Afterwards
the sweating phase with 25 W power and 50 g sweat per hour (equivalent to 500 W and 1 I/h
sweating for a human) started and lasted 30 minutes. The layers were separated and weighed

immediately after the sweating phase in order to determine the moisture content of each layer.

4.1.2 Results

A statistical analysis of the results was performed using multivariate analysis of variables
(ANOVA) combined with Tukey post hoc test [105]. The significance level of 0.05 was used
throughout this analysis. The ANOVA model was validated and verified by checking normal

distribution and variance homogeneity of the residuals.

The measurements on the sweating torso gave insight into the distribution of moisture in

textile layers and also into the evaporation behaviour of the different combinations.

During the first 5 minutes of the sweating phase almost no moisture was evaporating from the
clothing layers (Figure 4.3). The water was not evenly distributed in the underwear at the
beginning of the measurement. There were wet spot around the sweating glands, which just
started to spread. The evaporating surface was therefore small at the beginning and increased
during the first minutes of the measurement. After that time evaporation reached its final rate
and the evaporation rates of all combinations started to spread. On average 35 +/-4% of the
supplied amount of moisture evaporated from the clothing system at the end of the sweating
phase. Most of the moisture evaporated from combinations 2 (UCo-J2, 42%) and 4 (UAm-J2,
43%) and least evaporated from combinations 5 (UCo-SCo-J1, 31%) and 11 (UAm-SCo-J1,
30%). As expected from the relatively low vapour resistance of jacket2 (J2), the most

moisture evaporated in the combinations with this jacket.
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Figure 4.3: Moisture evaporated from the clothing layers compared with the total amount of moisture supplied

during the sweating phase.

Figure 4.3 shows the evaporation of moisture out of combinations with cotton underwear
(1: UCo-J1 and 2: UCo-J2), aramid underwear (3: UAm-J1and 4: UAm-J2) and cotton station
uniform layer (5: UCo-SCo-J1 and 11: UAm-SCo-J1). At the end of the sweating phase 57%
(4: UAm-J2) to 70% (14: UAm-SCo-J1) of the supplied moisture either remained in the

clothing layers or had dripped off.
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Figure 4.4: Distribution of the moisture remaining in the clothing after one hour of drying; comparison between

cotton and aramid underwear combined with different station uniform layers (SCo, SAmVi and SAm)

respectively without station uniform (wo SU) and with firefighter jacket 2 (J2).
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Figure 4.4 shows the distribution of the moisture in the combinations with jacket 2 (J2)
combined with different underwear and station uniform layers. Over 75% of the moisture that
remained in the material layers was located in the innermost three layers, which were the
underwear, the station uniform layer and the inner layer of the firefighter jacket. As the
weights of the individual layers were remeasured only after the drying phase, a large part of
moisture was found to have already evaporated from the combinations. Only 10% - 20% of

the supplied moisture remained in the layers after the drying phase.
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Figure 4.5: Moisture accumulated in the underwear depending on the different neighbouring station uniform

layers.

Comparing all the combinations, we found that in samples with cotton underwear generally
more moisture was accumulated in the underwear than in the respective samples with aramid
underwear (Figure 4.5). The amount of moisture stored in the underwear strongly depended
on the type of the neighbouring station uniform layer. If for example the hydrophobic treated
station uniform layer SAmVi was next to the underwear, on average 30.7 +/-6.6 g moisture
accumulated in UCo and 13.2 +/-2.2 g in UAm. But if station uniform layer SCo or SAm was
next to the underwear, on average only 5.2 +/-0.8 g moisture accumulated in UCo and

0.9 +/-0.3 g in UAm.

Several combinations with aramid underwear (3: UAm-J1, 4: UAm-J2, 12: UAm-SAmVi-J1

and 15 UAm-SAmVi-J2) but only one combination with cotton underwear
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(6: UCo-SAmVi-J1) were not able to absorb the whole amount of moisture and thus water

dripped off (Table 4.1).

Moisture which dripped off [g] (SD)

Layers UCo UAm
J1 --- 4.5 (3.8)
J2 --- 9.5 (1.0)
SCo-J1 --- ---
SAmVi-J1 1.2(0.2)  34.6 (2.6)
SAm-J1 --- ---
SCo-J2 - ---
SAmVi-J2 --- 39.9 (5.3)
SAm-J2 - -

Table 4.1: Moisture which dripped off.

Comparing the absorbed amounts of water of the separate layers in different combinations
showed that some of the layers, for example the underwear or the inner layer of the firefighter
jacket, would have been able to absorb more moisture than they actually did, as they absorbed
more moisture when imbedded in other assemblies. In spite of this fact water did drip off
from some of those combinations. In the two combinations with aramid underwear and
aramid/viscose station uniform layer (12: UAm-SAmVi-J1 and 15: UAm-SAmVi-J2), more
moisture dripped off than the total amount of moisture absorbed by all layers. The outer layers

would also have been able to absorb more moisture than they actually did.

Combination 4 (UAm-J2) showed a special behaviour (Table 4.1). 9.5 g water dripped off and
only 12.6 g water remained in the clothing combination. All three inner layers would have
been able to absorb more moisture than they did. This can be seen for example by
combination 12 (UAm-SAmVi-J1) where the aramid underwear itself absorbed 14.7 g water
and in combination 16, the J2-Ou layer absorbed 14 g water. This would have been enough to

absorb also the amount that has dripped off.
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In combinations 1 (UCo-J1) and 3 (UAm-J1) 59% to 63% of the moisture was accumulated in
the second layer which was more than in the second layer of the combinations with jacket 2
(J2). But the second layer of those combinations actually consisted of two sublayers, as they

were quilted.
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Figure 4.6: Comparison of the moisture content in the underwear (UW), the station uniform (SU) and the
different layers of the jacket (J-In/Tb, J-In, J-Tb, J-Mb, J-Ou) of the measurements with drying phase (D - on

the sweating torso) and without drying phase (ND - on the sweating cylinder).

As the moisture distribution in the clothing layers still changed during the drying phase, we
performed further experiments on a smaller sweating cylinder, in which the measurement was
stopped after 30 minutes sweating and the layers were separated immediately for weighing.
The results are shown in Figure 4.6. At the end of the measurement on the sweating cylinder
45 +/-5% of the supplied moisture evaporated from the clothing layers. More moisture was
accumulated in the underwear and the second layer than it was after the drying phase on the
sweating torso. The underwear and the second layer contained 59% to 94% of the
accumulated moisture after the sweating phase while after the drying phase 77% to 94% of
the moisture was stored in the first three layers. However, measurements on the sweating
torso and the sweating cylinder cannot be directly compared as the size of the cylinder is not
the same. But the influence of the difference in geometry is assumed to be minor and similar

results could be gained.
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Comparing the moisture accumulation in the station uniform layer of the different
combinations, it can be seen that the amount of moisture accumulated in the station uniform
layer did not depend significantly on the neighbouring clothing layers (Figure 4.7). Only the

properties of the station uniform itself influenced the amount of moisture absorbed.
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Figure 4.7: Moisture accumulated in the station uniform layers for the different underwear and firefighter

jackets.

The impact of the clothing combination on the wear comfort

Analysing the torso surface temperature, conclusions about the comfort of a clothing
combination can be drown. Figure 4.8 a) shows the impact of the underwear on the torso
surface temperature in measurements with the protective assemblies without the station
uniform layer. In the sample using aramid underwear (UAm-J2), the torso surface temperature
reached its maximum of 35.2 °C three minutes after the start of the sweating phase. At that
point, the evaporative cooling started and the temperature dropped to 33.7 °C at the end of the
sweating phase. The temperature of the sample with cotton underwear (UCo-J2) rose to
35.4 °C at five minutes after the beginning of the sweating phase. But after the beginning of
the evaporative cooling the decrease of temperature with cotton underwear was larger than
with aramid underwear and a temperature of 33.5 °C was reached at the end of the sweating

phase.
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Figure 4.8: Surface temperature of the torso during the sweating phase: a) Comparison of the samples in
combination with two different underwear layers and without the station uniform layer. b) Comparison of the

samples with different combinations of two different underwear and three different station uniform layers.

Figure 4.8 b) shows the behaviour of the samples consisting of two different underwear and
three different station uniform layers combined with the protective clothing fabric. During the
first four minutes of the sweating phase, the torso surface temperature of all samples rose at
similar rates until sample UAm-SAm-J2 reached its maximal temperature of 35.3 °C. Six
minutes after the start of the sweating phase samples UCo-SAmVi-J2, UCo-SAm-J2 and

UAm-SCo-J2 reached all the same maximal temperature of 35.5 °C. The temperatures of
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samples UCo-SCo-J2 and UAm-SAmVi-J2 continued rising until they reached maximal
values of 35.8 °C and 35.6 °C respectively after 8 minutes. In UAm-SAmVi-J2 the torso
surface temperature did not drop after reaching its maximum, but remained constant until the
end of the sweating phase. Similarly, the temperature of UAm-SCo-J2 dropped only by 0.3 °C

between reaching the maximum and the end of the sweating phase.

The samples with the aramid station uniform (UAm-SCo-J2 and UAm-SAm-J2) showed a
similar behaviour as the samples without a station uniform (UCo-J2 and UAm-J2). Sample
UCo0-SCo-J2 also showed a temperature course similar to the other curves for samples with
cotton underwear. The only sample with cotton underwear that behaved differently was
sample UCo-SAmVi-J2. In this sample the temperature dropped until a steady-state

temperature was reached and stayed constant until the end of the sweating phase.

4.1.3 Discussion

By analyzing the moisture distribution in the different combinations it could be observed that
more than 75% of the moisture that remained in the clothing layers was located in the
innermost three layers, which were the underwear, the station uniform layer, and the inner
layer of the firefighter jacket, partly confirming previous results in former studies [4, 48, 103].
Mikinen et al. [4] performed wear trials with different kinds of underwear combined with
firefighter protective clothing at 30°C ambient temperature and 30% relative humidity. They
showed that 50% - 80% of the sweat accumulated in the inner two layers. It should be noted
that the movement of the human body, additional air layers and pressure on certain parts of
the garment were considered in those results. In another study performed on the sweating
torso with normal clothing (underwear, outer fabric and rainwear) Rossi [48] found that 80%
of the moisture remained in the inner two clothing layers after 10 minutes sweating and still

more than 60% after 20 minutes.

In the present study, in the measurements with the sweating torso, the clothing layers were
weighed one hour after the end of the sweating phase and about 80% - 90% of the moisture
supplied had evaporated to the environment before weighing. A maximum of 25% of the
moisture remaining in the clothing moved to the outer layers of the clothing combination. In
additional measurements on the sweating cylinder, which were stopped directly after

30 minutes of sweating, over 90% of the moisture remained in the first three layers.



56 The distribution of moisture within firefighter protective clothing

The moisture supplied Mg, is equal to the sum of the moisture in the underwear Myw, the
moisture in the station uniform layer Mgy, the moisture in the jacket Mj, the moisture

evaporated M.y, and the moisture which has dripped off Mg, thus

M, =M, +Mg, +M,+M,,  +M, 4.1)
Mgy Moisture supplied [g/mz]
Muyw Moisture in the underwear [g/mz]
Mgy Moisture in the station uniform layer [g/mz]
M; Moisture in the jacket [g/mz]
Mevap Moisture evaporated [g/mz]
Mar Moisture which has dripped off [g/mz]

If all moisture would evaporate out of the underwear, without accumulating in the outer layers

and evaporating from there, the evaporated amount of moisture can theoretically be calculated

using
Ap - At
evap = R ¢ “4.2)
Ap Difference of the partial pressure of the water vapour [Pa]
At Time [s]
[0) Latent heat of evaporation [J/g]
R Water vapour resistance of the whole [mZPaNV ]

clothing combination

We calculated the evaporated moisture according to equation (4.2) and compared it with the
experimentally determined amount of evaporated moisture equation (4.1). The amount
determined according to equation (4.1) was always higher (7% - 28%) than the calculated
value (4.2). This may be explained by the fact that it not only evaporates from the underwear
but some moisture also drips off or accumulates in the outer layers and evaporates from there.
Therefore Meyqp also strongly depends on the amount of moisture which is accumulated in the

station uniform layer and the jacket.

Many different aspects, such as the wettability, the structure of the textile or the pressure
supplied to the textile layers contribute to the distribution of moisture in textile layers. In

former studies mostly wettability was mentioned as the criterion for the distribution of
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moisture [103, 106, 107]. Weder et al. [103] compared different combinations of hydrophilic
and hydrophobic layers and showed that, if the second layer was hydrophobic, all the
moisture remained in the first layer. If the second layer was hydrophilic, it also absorbed a
part of the moisture. In the present study the second layer proved to be of high importance for
the distribution of moisture in the clothing system. There were no significant differences in
moisture accumulation in the station uniform layers depending on the underwear (Figure 4.7).
Thus MSU appears to be similar for a given station uniform layer. In contrast the station
uniform had a significant impact on the amount of moisture stored in the underwear. This
result confirms the result of Adler and Walsh [70] that the water content of a single layer

depends not only on its own material properties but also on the neighbouring layers.

In Figure 4.5 it can be seen that the underwear behaved completely differently depending on
the kind of station uniform layer that followed. In protection combinations containing the
station uniform material made of aramid/viscose blend SAmVi and aramid underwear UAm
an average of 13.2 +/-2.2 g of moisture was accumulated in the underwear and with cotton
underwear UCo 30.7 +/-6.6 g. In combinations with other station uniform layers the
underwear only stored 0.9 4+/-0.3 g (UAm) respectively 5.2 4+/-0.8 g (UCo). A similar
behaviour could be found comparing the moisture accumulated in the layers following the
station uniform (inner layer of the firefighter jackets J1-In/Tb and J2-In). In combinations
with the hydrophobic station uniform layer SAmVi only 2.9 +/-0.1 g (J1) and 0.4 +/-0.3 g (J2)
was transferred to the inner layer of the firefighter jacket while with the other two station
uniforms 23.9 +/-5.6 g (J1) and 9.5 +/-3.2 g (J2) was accumulated on average in the inner
layer of the firefighter jacket. Therefore not only the wettability of the textile is of importance
but also the transfer of water between layers, which has been referred to as demand wetting
[64]. It could be shown that both effects, the moisture absorption of a layer and the wicking

properties of the neighbouring layer are interacting.

In their study Crow et al. [60] showed that there must be a threshold amount of water in a wet
layer before water starts to wick to the following initially dry layer. If a layer is not able to
absorb the amount of water required to be able to wick water to the next layer, it will act as a
water barrier. This happened with the station uniform layer SAmVi which was treated with a
hydrophobic finish. This layer was not able to transfer the moisture to the following layers

efficiently and therefore much less moisture spread to the outer layers than in combinations
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containing other station uniform layers (Figure 4.4). As SAmVi itself had a limited absorbing

capacity, the moisture was stored in the underwear or dripped off.

Moisture in the Underwear [g] Ratio
(SD) (SD)
Layers UCo UAm UCo/UAm
J1 13.7 (0.7) 11.5 (3.7) 1.2 (0.4)
SAmVi-J1 26.0 (3.1) 14.7 (0.6) 1.8 (0.2)
SAmVi-J2 353 (2.1) 11.6 (3.0) 3.0 (1.0)
SCo-J1 4.5(0.2) 1.0 (0.5) 4.5 (2.1)
SAm-J2 5.8 (0.8) 1.1 (0.1) 53(1.2)
J2 7.5 (1.3) 1.4 (0.1) 5.3(0.7)
SAm-J1 6.0 (0.5) 0.9 (0.2) 6.4 (1.4)
SCo-J2 4.6 (0.5) 0.5 (0.1) 9.3 (2.8)

Table 4.2: Ratio of moisture accumulated in the different underwear in dependence of the different outer layers.

The moisture accumulated in the underwear depends on the material of the underwear, the
interaction with the neighbouring layer, the ability of the water to evaporate and thus on the
R.; of the whole combination. For all combinations, more moisture accumulated in the cotton
underwear than in the aramid underwear (Table 4.2). The ratio between the amounts of
moisture accumulated in the different underwear materials seemed to depend on the quantity
of moisture in the underwear. When more moisture was stored in the underwear, a tendency
to smaller differences in moisture content between the cotton and aramid underwear could be
observed, as shown in Table 4.2. This might be explained by the fact that the aramid
underwear UAm tended to transfer most of the liquid moisture to the next layer if the
neighbouring layer could absorb it, whereas the cotton underwear UCo absorbed part of the
moisture due to its hygroscopicity. The three samples with the most moisture absorbed in the
underwear UAm (combinations with J1, SAmVi-J1 and SAmVi-J2) also showed large
amounts of dripped-off water (Table 4.1) and therefore, it can be assumed that the aramid

underwear thus was near to its moisture saturation.
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As could be intuitively expected, the samples without a station uniform layer accumulated the
least moisture and the torso surface temperature dropped the most until the end of the
sweating phase (Figure 4.8). In the beginning of the sweating phase, the temperature of the
sample with cotton underwear rose more than the temperature of the sample with aramid
underwear. This phenomenon is due to the hygroscopic properties of cotton. Heat of sorption
was released during absorption of the moisture by the fibres and the temperature therefore
rose higher than with aramid underwear. In combination 2 (UCo-J2), water dripped off.
Therefore not all of the moisture could be used for the evaporative cooling of the torso and
the temperature did not drop as much as with cotton underwear. The same phenomenon could
be observed in combination 7 (UCo-SAm-J1), from which more water dripped off than
remained in the clothing. As this moisture could not be used for evaporative cooling, the
surface temperature of the torso at the end of the sweating phase was 0.8 °C higher than

during the acclimatization.

The fact that more moisture was accumulated in the cotton underwear corresponds with the
findings of the better cooling abilities of samples including cotton underwear (Figure 4.8). As
more moisture was accumulated in the underwear than in the external layers, it is likely that
more moisture evaporated near the skin, where the energy used for the evaporation is taken
directly from the skin. If the moisture evaporated in an outer layer, the energy used for the
evaporation is taken from the neighbouring layers and the cooling of the body is not that
efficient. However, this higher amount of moisture in the underwear might also contribute to

an increased risk of steam burns.

4.1.4 Conclusions

The moisture content of a single layer is not only dependent on the material properties of that
particular layer but mainly on properties of the neighbouring layers and even of the whole
combination. Effects of the moisture absorption ability of the underwear and wicking
properties of the neighbouring layer are superimposed. These results suggest that non-
hygroscopic underwear materials, such as aramid, do not absorb moisture until the limit of
their capacity if they may transfer it to the next layers. Therefore, in combination with other
layers, the moisture is led to the more hydrophilic neighbouring materials. Only if the next
layer does not absorb any further moisture will aramid underwear absorb similar amounts of

water as cotton underwear or drip off excessive moisture.
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The second layer of the combination proved to be of high importance for the moisture
distribution. If there is a direct contact between the layers, a hydrophilic station uniform layer
absorbs moisture and leads it to the outer layers while a hydrophobic station uniform layer
only takes up little moisture. If this amount of water is too small in order to be able to be led
to the next layer, the second layer will act as a liquid water barrier and the moisture will either

be stored in the underwear or drip off.

The material of the underwear largely influenced the torso surface temperature course. With
aramid underwear, the temperature decreased faster than with cotton underwear but with

cotton underwear, the temperature drop was larger than with aramid underwear.

4.2 Localisation of the dripped off moisture

During the torso measurements, moisture was dripping off in various combinations. In order
to find out in which layers this moisture dripped off, we performed additional measurements

on the sweating cylinder.

We stuck plastic bags containing stripes of blotting paper at the lower edge of each layer in
order to collect the dripped-off moisture from this particular layer. Additionally we stuck
stripes of blotting paper directly onto the sweating cylinder and between the plastic bags in

order to detect moisture that dripped off between two layers.

We ran a sweating phase of 30 minutes on the sweating cylinder at constant power of 25 W
which corresponds to 500 W for the human body. We chose the maximal sweating rate (about

110-120 g/h) in order to maximize the dripped-off water.

Figure 4.9 shows the percentage distribution of the dripped-off moisture from the different
layers. Moisture only dripped off from the inner layers - the underwear (UCo and UAm) and
the cotton station uniform (SCo), as well as the liner of the jacket (J1-In and J2-In) if there
was no station uniform or a cotton station uniform (SCo). Only in the combination with
aramid underwear (UAm) and jacket 2 (J2) without station uniform, moisture also dripped off

from the thermal barrier.

Moisture dripped off if the particular layer reached the limit of its absorption capacity. As
moisture was mainly stored in the inner layers, only the inner layers reached saturation level.

The more hydrophilic a layer was, the higher the percentage of dripped-off moisture. For
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example without station uniform layer, over 50% of the moisture dripped off from the cotton
underwear (UCo) while with the aramid underwear (UAm), less than 10% dripped off. The
largest part of dripped-off moisture in the latter combinations (UAm and J1 respectively J2)
came from the liner of the jacket (J1) or even from the thermal barrier of jacket 2 (J2-Tb). In
the combinations including a cotton station uniform layer (SCo), around 50% of the moisture
dripped off from the station uniform layer, while in the same combination including the
hydrophobic aramid/viscose station uniform layer (SAmVi), no moisture dripped off from the

station uniform.

100%
o o
I, A A AAE, IAE, I, A AP
I, 0% IO FEE, EIE, I, o A
I, (o0 IO, FEEE, S, I, S I
(2] AL, ] A, AEES, AL, EEE, ALY,
[0} EI_) 80Cy° [ R | S| D L) R PO N - | - | R Fr: PP LY R L
S G
= s, AL, S A
S5 © I, AL, S A
D — AL, A S
= A S AP
o c 60% -t N IO, 2o wired L.
e e ° A,
I,
SO 40% -l i D
Q C
=
o €
o/ ... bl
O 20%
oo/o TS fYeS O ; ; ;

UCo-J1  UCo-J2 UAm-J1 UAm-J2 UAm- UAm- UAm- UAm-
SCo-J1  SAmVi- SCo-J2 SAmVi-

J1 J2
B Underwear Station uniform ® Inner layer
F2 Thermal barrier @ Stripe at cylinder 3 Dripped off

Figure 4.9: Dripped off moisture from the different layers in measurements on the sweating cylinder at maximal

sweating rate.

Although the limit of the absorption capacity of the hydrophobic layers was much smaller
than of the hydrophilic layers, moisture mainly dripped off from the combinations with the
hydrophilic layers. Hydrophobic layers transported the moisture to the more hydrophilic

layers instead of storing it up to the limit of their absorption capacity.

4.3 Moisture distribution within soaked combinations passed through

rolls

We showed that the amount of moisture remaining in the different clothing layers is

dependent on the particular layer but also on the combination of the different layers (see
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Chapter 0). In these experiments, moisture was supplied from the inside to the underwear and
evaporation was taking place. In the following chapter we show how moisture is distributed in
the textile layers if the whole combination is uniformly immersed into water and therefore is

not depending on the direction of moisture supply.

4.3.1 Methods

For these experiments, we used the same textile combinations as described in Chapter 3.6 (see
Table 3.5). We weighed all single layers prior to the experiment. Then, we immersed the
textile combinations into distilled water for one minute. After the removal from the water
bath, we let them pass through two rolls pressing the samples with a pressure of 1 bar and a
speed of 0.5 m/s (Figure 4.10). We then separated the combinations and weighed again all
layers separately. The difference between the wet and the dry weight gave the amount of

moisture remaining in the different layers.

V= 0.5 m/s

Figure 4.10: Setup of the experiment. The soaked combinations pass two rolls pressing with a pressure of 1 bar

and a velocity of 0.5 m/s.

4.3.2 Results

The results are shown in Figure 4.11 and Figure 4.12. The thermal barrier of both jackets
(J1-Tb and J2-Tb) stored more water if it was in combination with aramid underwear (UAm)
than in combination with cotton underwear (UCo) in combinations without station uniform
(Figure 4.11). For jacket 1 (J1) this effect was also visible if there was additionally an aramid
respectively cotton station uniform layer (SAm or SCo). In combinations with jacket 2 (J2)

this significance disappeared by addition of a station uniform layer.
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Figure 4.11: Results of the measurement of the moisture accumulation within textile layers.

The moisture contents in the cotton underwear (UCo) in combination with the hydrophobic
aramid/viscose station uniform (SAmVi) were significantly lower than in the combinations
with the other station uniforms or without station uniform. On the contrary, the moisture
content of the aramid underwear (UAm) in combination with SAmVi was significantly higher

than in the other combinations.

Comparison between the experiments with initially soaked samples and the results of the

torso measurements

If we compare the results of the torso measurements (Chapter 4.1.2) with the results of the
study where the initially soaked combinations were passed through rolls (Figure 4.12), we see
that the initially soaked combinations store more than double of the amount of water than the
combinations measured on the sweating torso. Especially the thermal barriers (J1-Tb and
J2-Tb) and the outer layers of the combinations (J1-Ou and J2-Ou) stored more moisture after
the roller experiment but also the underwear. The only exception was the cotton underwear
(UCo) in combination with the hydrophobic aramid/viscose station uniform (SAmVi). In this
case, the underwear of the torso measurement stored more moisture than the underwear which

was passed through the rolls.
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The station uniform layer retained more moisture in the torso measurements than after passing
through the rolls. The only exception for this was combination 16 (UAm/SAmVi/J2) where in
the torso measurement 12.8 +/-1.8 g was stored in the station uniform while after passing
through the rolls 13.1 +/-0.2 g was stored in the station uniform layer. This difference was
particularly big for the aramid/viscose station uniform (SAmVi) which stored 2.2 +/-0.2 g

moisture after being passed through the rolls while storing 12.1 +/-0.9 g moisture in the torso

test.
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4.3.3 Discussion

As the whole combination was initially soaked with water in the measurement with the rolls,
more moisture was supplied to these combinations and therefore, they contained more
moisture than in the torso measurement. Especially the thermal barriers (i.e. J1-Tb and J2-Tb)
and the outer layers (i.e. J1-Ou and J2-Ou) stored more water than in the torso measurement.
During the torso measurement, the moisture was supplied continuously to the underwear,
where it started to distribute and evaporate. It was absorbed by the underwear and the other
more hydrophilic layers. Only very little moisture was transported to the outer layers.
Therefore, it is straightforward that more moisture was found in the outer layers if they were

initially soaked.

The pressure of the rolls squeezed moisture out of the layers. Due to this additional pressure
the station uniform layers (i.e. SCo, SAmVi and SAm) could get rid of surplus water, which

either was absorbed by the neighbouring layers or dripped off.

The cotton underwear (UCo) absorbed less moisture in combination with the hydrophobic
aramid/viscose station uniform layer (SAmVi) when passed through the rolls than in the torso
measurement. During the torso measurement, the moisture was dammed up at the
hydrophobic station uniform. Therefore, the underwear had to absorb this moisture up to
saturation. However, if an external pressure had been applied, part of this stored water would
probably have dripped-off. By passing through the rolls, this pressure was applied to the
combination and the surplus of water dripped off, explaining the lower amount of moisture

when compared with the torso measurements.

The combination of the cotton underwear (UCo) with hydrophilic station uniform layers (i.e.
SCo and SAm) increased the absorption capacity of the underwear as more moisture was
accumulated in the cotton underwear when it was combined with the cotton respectively
aramid station uniform. Certain combinations of textile layers are able to store moisture in the
space between the layers. As the station uniform layer SAmVi is very hydrophobic, water was
repelled at its surface. Therefore no moisture could be stored between the layers. The other
station uniform layers (SCo and SAm) are more hydrophilic and therefore, moisture was
stored between the layers, which divided to the adjacent layers, when they were separated for

weighing.
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4.3.4 Conclusions

The moisture content in the different layers strongly depended on the way how moisture was
supplied. If the whole combination was initially soaked with water, the outer layers contained
more water than after the torso measurement. If the water was supplied from inside to the
underwear, it was retained at the hydrophobic layers, which suppressed wicking to the outer

layers.

Less water was found in the underwear after passing through the rolls than after the torso
measurements. Due to the additional pressure applied by the rolls, the water was squeezed out

of the oversaturated layers, which were for example the underwear.
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S EVAPORATION OF MOISTURE FROM FIREFIGHTER

PROTECTIVE CLOTHING

In order to investigate the occurrence of steam burns, it is essential to know how fast and at
which temperatures water located in protective clothing combinations can evaporate. We
studied the evaporation process of water out of multilayer protective clothing assemblies
containing a wet layer, exposed to low level thermal radiation. In the first part of this chapter
the temperatures within the clothing combination is analysed thoroughly. By aid of the
temperature patterns, conclusions about the evaporation rates could be drawn. In the second
part X-ray radiography was used to visualise the evaporation process of moisture out of

protective clothing combinations.

5.1 Temperature analysis for the prediction of steam formation

State of the art humidity sensors are not convenient to analyse the evaporation of moisture
and the transfer of hot steam in protective clothing at high temperatures experimentally
because they are (a) too slow to record fast humidity changes during evaporation, and (b) too
big to be located between the different textile layers. Especially at high humidity, the moisture
which condenses on the sensor surface falsifies the results. Therefore the problem of
determining steam flow through the layers of the protective clothing has to be approached in a
more systematic way integrating the interaction between heat and mass transfer and heat of

phase changes.
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Temperature and moisture content within the multilayer clothing system are closely related.
As the temperature during phase change of a substance stays constant, the evaporation phase
can be determined by considering the temperature curves. The goal of this study was therefore
to analyse the evaporation process and speed within the clothing layers with the aid of

detailed further analysis of internal temperatures measured.

5.1.1 Methods

The setup shown in Figure 5.1 consisted of an upright standing PEEK tube, a support for the

textile samples inside the tube and a lamp which emitted uniform infrared radiation.

Infrared Lamp
With Constant
Radiant Heat Flux

== Low Thermal
Radiation

Including a Wet Layer

Clothing Assembly
i 1 cm Air Layer

Figure 5.1: Setup of the experiment.

The surface of the uppermost sample inside the tube was 4 cm below the upper edge of the
tube. This surface will be referred to as the outer surface. This arrangement ensured that
moisture evaporating in the clothing layers was not able to flow sideways. Thus convective
heat transfer effects were minimised. As support for the samples, a horizontal net of aramid
wire was fixed inside the tube, which served as a support for the textile samples. A second net
was placed on top of the samples. This net was weighed down with a lead ring of 100 g in
order to impose uniform pressure upon the samples. The thermal radiation source was placed
above the textile samples. The distance between the infrared lamp and the outer surface was
defined in order to supply a constant radiant heat flux of 5 kW/m® at the surface of the
sample. T-type thermocouples with a tolerance of +/-1.7 °C were placed between each of the
layers (Figure 5.2) to measure the temperature distribution through the textile assembly

during the experiment.
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Figure 5.2: Order of the assembly and the thermocouples between the different layers.

At the beginning of the measurement, one specific layer, i.e. the underwear or the thermal
barrier respectively, was wetted with a defined amount of distilled water (0.6 g, 1 gor 1.5 g).

This corresponds to the moisture contents shown in Table 5.1.

Initial moisture content:

absolute amount of supplied moisture 0.6¢ lg 1.5¢

Underwear Name of the condition UW 0.6 UW 1.0 UW 1.5

Initial moisture content

M M ) 117% (+/-2%)
moisture sample

Thermal Barrier Name of the condition TB 0.6 TB 1.0 TB 1.5

Initial moisture content

(Mmoisture/ Msample) 464% (+/ -49 %)

Table 5.1: Initial moisture content of the wetted layers of the assembly, absolute value and percentage of the

dry weight of the materials at 20 °C and 65% RH.

The name of the condition refers to the experimental conditions described in the following
chapters whereas UW respectively TB indicates the layer which was initially wetted and the

additional number indicates the amount of moisture initially supplied.

The assembly including the wet layer was placed inside the tube and irradiated at 5 kW/m?
during 10 minutes. Temperatures between the layers were recorded continuously throughout

each measurement.
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5.1.2 Results

A statistical analysis of the results was performed using multivariate analysis of variables
(ANOVA) combined with Tukey post hoc test [105]. The significance level of 0.05 was used
throughout this analysis. The ANOVA model was validated and verified by checking normal

distribution and variance homogeneity of the residuals.
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Figure 5.3: a) Temperatures between the layers during the measurements with 1 g water located in the thermal
barrier. The temperature patterns can be divided into five different phases. b) Temperatures of sensor 4 of the
measurement with 0.6 g, 1 g and 1.5 g water in the thermal barrier. All those measurements have been carried

out with an air gap between the innermost layer and the cap of the measurement cell.
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The curves of the temperatures between the different clothing layers can generally be divided
in five different phases (Figure 5.3); 1) an initial rising phase, II) a stagnation phase, III) a
temperature drop in the inner layers for the TB conditions and a slight initial rise in
temperature of the inner layers of the UW conditions, IV) a final rising phase and V) a second
stagnation phase. Not all of those phases are visible in each of the conditions. For the
statistical evaluation the change of the phases was determined by the point where the change

of the gradient was bigger than 1 °C per 6 s.

Phase I: Initial temperature rise

At the beginning of the measurement, immediately after turning on the radiation heat source,
the temperatures started to rise strongly in all sensors. As expected, the temperature increase
was higher for the outer than for the inner layers. The temperatures of the sensors on the inner
side of the wet layer, which were sensors 1-4 of TB conditions and sensor 1 of UW
conditions, all rose with the same gradient of 1 +/-0.1 °C/s. In the outer layers, sensors 5 and 6
for moisture in the thermal barrier the gradients reached up to 1 +/-0.1 °C/s and in sensors 2-6
the gradients even reached up to 2 +/-0.1 °C/s when the moisture was located in the
underwear. Following this initial increase, temperature curves were flattening off and

temperatures stayed constant.

Phase II: Stagnation of the temperature rise

At the first inflexion point, the temperature of sensor 1 was 5 +/-2 °C higher in conditions
with wet thermal barrier than on the moist underwear (Figure 5.4). There was no significant
difference between the temperatures of sensor 2 of condition UW 0.6 and of condition TB 0.6
while the temperature of sensor 2 of the other conditions was still 5 +/-2 °C higher in TB than

in UW.

The temperature gradient between the wet layer and the outermost sensor was higher than
40 °C in TB conditions and even reached up to 95 °C for UW conditions. When 1 gor 1.5 g
moisture was located in the underwear (conditions UW 1.0 and UW 1.5), the temperatures
measured at the end of phase I using sensors 1 and 2 were approximately the same (Figure
5.4). The first temperature gradient was found between sensors 2 and 3. When only 0.6 g
moisture was located in the underwear (UW 0.6), a temperature gradient was already found

between sensors 1 and 2. In the combinations with wet thermal barriers, the temperatures in



72 Evaporation of moisture from firefighter protective clothing

sensors 1, 2, 3, and 4 remained more or less constant. The first temperature gradient was
measured between sensors 4 and 5. The rate of temperature increase between the sensors 4
and 6 was similar for all combinations (62 +/-4°C) and therefore, the end temperature reached
in sensor 6 was logically higher in the combinations with wet underwear. However, the
temperature gradient over the layer inside the outermost layer for the samples with moisture
accumulated in the thermal barrier was twice as high as for the one with moisture in the

underwear (Figure 5.4).
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Figure 5.4: Temperatures within the different layers for the different amounts of moisture and the different
locations at the time when the temperature gradient is flattening and the temperatures stay constant (end of

phase I). a) UW conditions with and without an air gap. b) TB conditions with and without an air gap.
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The temperature gradients throughout the textile layers spread significantly for samples with
different amounts of moisture located in the underwear. When less moisture was applied
initially, higher temperatures were reached within the two outermost layers of the textile
combination. For the samples with moisture located in the thermal barrier there was no
significant difference in temperature gradients over the layers between the different initial

amounts of moisture.

Temperatures on the inner side of the fabrics at the end of the initial rise of the measurements
without an air gap were 16 +/-4 °C higher than the corresponding measurements with an air
gap (Figure 5.4). But the temperature gradient through the textile layers was smaller and thus

there was no significant difference in temperature in the outermost two sensors.

The first inflexion point of the temperature on the inner side of the layers (sensor 1) of TB
conditions was reached earlier (after 73 +/-3 s, 84 +/-3 s and 96 +/-3 s for 0.6 g, l gand 1.5 g
initial moisture) than if the moisture was located in the underwear (respectively after
91 +/-3s, 94 +/-7s and 104 +/-9 s). And it was reached earlier when less moisture was
applied initially (Figure 5.5). In TB conditions there was no significant difference between the
different sensors. The time until the first inflexion point was reached only depended on the
amount of initial moisture. In UW conditions the times spread strongly. No significant
relationship between the sensors, amounts of moisture and times until first inflexion points

were observable.

In the measurements without an air gap, the second phase started after 107 +/-2 s when the
moisture was initially located in the thermal barrier and 127 4+/-4 s for moisture in the

underwear (Figure 5.5) which was later than in the measurements with an air gap.

Throughout the second phase the temperatures rose linearly. Temperature gradients during
this phase were 5 +/-1 °C per 100 s in all of the sensors and for all measurements with an air
gap. There was no significant difference in the temperature rise during phase II between the
samples with moisture located in the underwear and the samples with moisture located in the
thermal barrier. The sensor temperatures during this phase depended on the location of the
moisture. The amount of moisture had only a significant influence on the measured
temperatures of the combination when the moisture was located in the underwear. In this case,
the temperature in the outer layers of the assembly was higher at the beginning of phase II

when less moisture was supplied initially, although the differences between conditions UW
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1.0 and UW 1.5 were small. If the moisture was located in the thermal barrier, there was no
significant difference between the temperatures inside the clothing layers for different

amounts of moisture.
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Figure 5.5: Time at which the first inflexion point was reached (end of phase I) for the different amounts of

water located in (a) the underwear (UW) and (b) the thermal barrier (TB).

The end of the second phase of the UW conditions was given by a slight temperature rise
which was noticeable in sensors 2 and 3. In the measurements where the initial moisture was

located in the thermal barrier, the end of the second phase was defined by a sudden
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temperature drop of the sensors on the inner side of the wet layer (sensors 1, 2 and 3). For the

other sensors there was a recognisable temperature rise (Figure 5.3).

Phase III (TB): Temperature drop in the inner layers of samples with moisture located

in the thermal barrier

In the samples with TB conditions, the temperature of the sensors on the inner side of the wet
layer (sensors 1, 2 and 3) started to drop at the end of the second phase. The time from the
beginning of the measurement until the temperature started to drop was linearly dependent on
the initial amount of moisture applied to the thermal barrier as shown in Figure 5.6. We
assume that this should be the time when all moisture had evaporated from the layers. In the
outer layers the temperature did not drop but started to rise strongly at the same time as the

temperature drop started in the inner layers (Figure 5.3).
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Figure 5.6: Linear correlation of the amount of moisture located in the thermal barrier and the time at the end of

phase II.

Comparing the samples with 1 g moisture initially located in the thermal barrier with and
without an air gap, we see that the point of the temperature drop was about 16 +/-10 s later in

the measurement without an air gap than in the measurement with an air gap (Figure 5.7).

As the temperature of sensors 1, 2 and 3 of the TB conditions dropped initially, it started to
rise later than in the outer layers without a temperature drop. The temperature increase of

those sensors started one after another, in the order of sensor 4, 3, 2, 1. The same phenomenon
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was noticeable in the sample without an air gap but about 20 s (23.6 +/-22.5 s) later than the
corresponding sample with an air gap. In this sample, the only exception was the innermost

sensor, where the temperature started to rise more than 100 s (112 +/-67.6 s) later than in the

corresponding sensor of the measurement with an air gap.
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Figure 5.7: Temperatures between the layers of the measurement with 1 g moisture within (a) the underwear

and (b) the thermal barrier without an air gap between the innermost layer of the assembly and the cap of the

measurement cell.

Due to a slight rise in temperature of 6 +/-2 °C per g initial moisture during evaporation, the

temperatures at the end of evaporation were higher in the combinations with more initial

moisture than in the combinations with less initial moisture.
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Phase III (UW): First temperature rise in samples with moisture located in the

underwear

Samples with the initial moisture applied to the underwear showed a different behaviour than
the samples with moisture in the thermal barrier, as no temperature drop was noticeable in this
case. The first clear change during the second phase was a slight temperature rise after
353 +/-53 s for 1 g initial moisture (condition UW 1.0) and after 564 +/-26 s for 1.5 g initial
moisture (UW 1.5). In the case of 0.6 g initial moisture (UW 0.6) there was no such slight
initial temperature rise recognisable. The temperatures of the two sensors neighbouring the
wet layer (sensors 1 and 2) differed from the beginning of the second phase by 7 +/-0.3 °C.
For the other samples, the temperatures of these two sensors did not differ significantly. Thus
one might assume that this initial temperature rise was already included in the initial rising

phase.

The first slight temperature rise in the sample for condition UW 1.0 and without an air gap
was not clearly visible in all of the single measurements. At this point, the temperature of the

innermost sensor was 88 +/-0.1 °C, hence about 9 °C higher than in the samples with an air

gap.

The linear correlation between the durations of the second phase and the amounts of moisture
applied initially shown in the TB conditions can also be assumed in the samples of UW
conditions. However, the corresponding point of the measurement with 0.6 g initial moisture
is missing as we limited the measuring time to 600 s and thus this assumption cannot be

verified.

The temperatures between the layers at the time where the first slight temperature rise took
place did not differ significantly between UW 1.0 and UW 1.5. Temperatures of 81 +/-1 °C
were reached at the sensors 1 and 2 on the wet layer. Up to 180 °C was reached under the

outermost layer of the textile combination.

Phases IV & V: Final rising phase and stagnation

Like in the samples with the initial moisture located in the thermal barrier, a final temperature
rise also took place in the samples with initial moisture located in the underwear. The starting

point of the increase of temperature was about 100 s - 140 s later for UW moisture conditions
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than for TB conditions. It was also dependent on the amount of moisture applied initially. The

more initial moisture applied, the later this final temperature rise took place.
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Figure 5.8: a) Temperatures between the layers of the measurement with a dry textile assembly. b) Temperature
of sensor 4 of the measurement with dry samples in comparison with the final rising phases of the
measurements with different amounts of moisture located in the thermal barrier respectively 0.6 g moisture

located in the underwear with an air gap between the innermost layer and the cap of the measurement cell.

This final steep temperature rise which took place in all samples with an air gap until a final
inflexion point was reached was similar to the curves from measurements with dry textile

combinations (Figure 5.8 a). Figure 5.8 b shows that the temperatures of the measurements
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with different amounts of moisture during the final rising phase rose in the same rates as the

temperatures of the measurements with dry samples.

The sample without an air gap and with the initial moisture located in the thermal barrier also
showed a final temperature rise. But this curve did not show any similarities with the curve of
the dry samples. The temperatures rose less than in the dry samples. The temperature of the
innermost sensor remained at the lower temperature reached after the temperature drop had

occurred.

5.1.3 Discussion

The temperature versus time curves of the measurements can be regarded as consisting of two
superimposed curves. First the temperature curve of the textile including a moist layer from
which the moisture is evaporating. And second the curve of the heating of the dry textiles
after all moisture has evaporated out of the clothing layers. The end of the evaporation is
clearly visible as the point at which the temperatures quickly change after a phase with a
small temperature rise (phase II). They either drop, mainly in the inner layers, or rise in the
outer layers. During the phase change of the water from liquid state, to the vapour state the
temperatures within the textile assembly rise with a very small gradient of about 5 +/-1 °C per
100 s. Not all energy applied by thermal radiation was used for phase change during the
evaporation, as a part of the energy was also used for heating up the samples. Temperature
would only stay constant at the evaporating surface. The textile layers covering the wet layer
were still heated up during the evaporation phase. However, the temperature increase of the
upper layers was in the same range as the temperature increase at the evaporating surface.
This means that the energy absorbed during evaporation was enough to keep the temperature

of the whole combination at a almost constant level.

The applied thermal radiation is given as:

Qrad—in = ngd (5 1)
Qrad-in Thermal radiation inward heat flow [W/mz]
€ Absorption coefficient of the textile surface -
Qrad Energy emitted from the heat source [W/mz]

For textiles, typical € values range around 0.95-0.98 [11].
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The total thermal radiation emitted from the textile surface is defined as:

Qrut-ou =€0(T g =T, + €0 (T g = T,) (5.2)
Qrad-out Thermal radiation outward heat flow [W/mz]
c Stefan-Boltzmann constant [W/m2K4]
Touct Temperature at the upper surface of the sample [K]
Tourfiid Temperature at the outer surface of the lid [K]
Tamb Ambient temperature [K]

Thermal radiation within the textile layers is neglected. And no forced convective heat
transfer is assumed to take place. Natural convection heat transfer due to the temperature

gradient between the hot surface of the sample and the environment is given by:

Qconv = h ’ (Tsurjf - 7Wamb ) + hlid ’ (T'surf—lid - ’Tamb ) (53)

h Natural convection heat transfer coefficient [W/mzK]
at the upper surface
hyiq Natural convection heat transfer coefficient at the [W/mzK]

outer surface of the lid of the measurement cell

Now we can calculate the energy left for evaporation during the evaporative phase where we

assume that the temperature of the system remains constant:

AQevap = Qrad—in - Qrad—out - anv (54)

The energy used for evaporation follows from:

AQeVﬂp = mevap ¢evap (5 -5)
M v Evaporative mass flux [kg/m’s]
Pevap Latent heat of evaporation [J/kg]

We get from Equation (5.4) for AQeyap 2.1 kW/m* and Equation (5.5) gives 1.8 kW/m’. The
energy calculated for the evaporation is lower than the energy from the conservation equation.
However, energy losses through walls of the measurement cell were not considered in those

calculations.
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Constant Value Unit
Qrad 5000 [W/m?]
€ 0.95 -
Tourt 140 [°C]
Tsurt-lia 70 [°C]
Tamb 20 [°C]

h 8 [W/m’K]
hyig 4 [W/m’K]
My 0.00039  [kg/m’s]
Pevap 2257 [kJ/kg]

Table 5.2: Constants used for the calculations of the energy balance.

Moisture initially located in the outer layers evaporates faster than moisture located in the
underwear. During the second phase (phase II), the temperature of the wet layer is generally

higher in the moist thermal barrier (72 °C- 86 °C) than in the moist underwear (66 °C-82 °C).

Only two factors were found to differ between the two locations of moisture and mainly
influence the evaporation rate: the temperature of the wet surface which was higher when the
moisture was located in the thermal barrier and the diffusion length which was smaller when

the moisture was located in the thermal barrier, as there were less textile layers following.

The temperature distribution during the second phase did not depend on the amount of
moisture applied to the textile layers. But it strongly depended on the location of the moisture.
If the moisture was located in the underwear, the temperature inside the innermost layer was
lower than if the moisture was located in the thermal barrier. The temperature distribution
also strongly depended on whether there was an air gap present or not. Without an air gap, the

temperature of sensor 1 rose up to about 93 °C depending on the location of the moisture.

A linear correlation was observed between the amount of moisture and the time until the

moisture had completely evaporated. This correlation could clearly be established when the
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moisture was located in the thermal barrier (Figure 5.6). This linear relationship indicates that

the evaporation speed is constant for a constant temperature, which was stated before [60].

In TB conditions at the end of phase II temperatures of the inner layers first dropped. We
assume that during the evaporation (phase II), part of the moisture was transferred to the inner
layers. This could be due to liquid moisture transfer or due to steam which condensed in the
inner layers. Liquid moisture was supposed to be present in the inner layers at the end of the
evaporation phase, which started to evaporate as soon as all moisture had evaporated from the
moist thermal barrier. Due to this evaporation process, the temperatures of sensors 1-3 first
dropped until all moisture had evaporated out of the clothing layers, while the temperature of
the sensors neighbouring the thermal barrier (4 and 5) started to rise. The fact that this
phenomenon was not visible in UW conditions tends to confirm the assumption that moisture
was driven from the thermal barrier to the inside and accumulated in the inner layers.
Evaporation started in the outermost wet layer first of all and only continued in the next wet

layer when the outermost layer had dried out.

Following complete evaporation of the moisture in the textile assembly, the temperatures first
rose (phase IV) and then reached an equilibrium (phase V). Similar absolute equilibrium
temperatures were reached and temperature courses were followed as measured for the dry
samples. Figure 5.8 b gives an example of these temperature courses during phases IV and V

for sensor 4. All sensors showed similar curves.

For the measurements without an air gap, the temperatures following evaporation did not
reach the same level as in the dry samples. Vapour moved towards the cap of the
measurement cell, condensed there and was absorbed by the underwear. At the end of the
measurement on average 0.1 g moisture was accumulated in the underwear. This can be seen

as a new condition and a new wet temperature pattern is superimposed.

In the measurements with an air gap, moisture also moved inwards. At the end of the
measurement condensed water could be seen on the cap of the measurement cell. The
underwear was not in contact with the cell und therefore did not absorb this moisture.

Therefore the underwear dried out during the measurement.

To simulate the process of transient heat and water vapour transfer Prasad et al. [8] used an
equation system consisting of mass continuity, energy equation and the relation describing the

moisture sorption isotherm. They assumed the local moisture content to be in equilibrium at
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all times. Capillary action was not considered and volume changes of the fibres due to the

changing moisture content were neglected.

Mass continuity:

"]fj’b M- ‘I’DVV; a,; = —%{-Da’%} (5.6)
Energy equation:
oT d oT ) 0 oM

PioiCin 5= —g(— Koot gj - gxd - pfabAHY (5.7)
Moisture isotherm:
M = funct(T,X) (5.8)

Ciot Total heat capacity of the control volume [J/kg-K]

D Diffusion coefficient [m2/s]

f Volume fraction of voids in the cloth -

Kiot Total thermal conductivity [W/m-K]

M Local moisture content (moisture regain) -

Pvap Partial pressure of water vapour [Pa]

P Total pressure [Pa]

Qrad Thermal radiation heat flux [W/mz]

T Temperature [K]

Wiys Molecular weight of the system [g/mol]

Wyap Molecular weight of water vapour [g/mol]

X Volume fraction of water vapour -

AH Heat of adsorption per unit mass [J/kg]

Ptab Density of the dry fabric [kg/m3]

Pe Gas density [kg/m3]

Prot Density of the whole system [kg/m’]

Detailed information about this model can be found in [8].
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The temperature curves found experimentally in this study were similar to the curves found
by Prasad et al. [8] using this model. They found the temperature at the first inflexion point to
be around 50 °C while our first inflexion point was at around 80 °C. And also the dry
temperatures were higher than in the present study. However, the superposition of the wet and
dry temperature pattern is similar. Prasad et al. [8] used in their study thermal radiation of

2.5 kW/m®. This would imply that at lower intensities of thermal radiation the evaporation

takes place at lower temperatures.
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Figure 5.9: Difference between temperatures of the measurement with the dry sample and the temperatures of
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the measurements for (a) UW 1.0 with an air gap and (b) TB 1.0 with an air gap.
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Figure 5.9 shows the difference between the temperatures of the dry sample and the samples
with 1 g initial water. The difference between the temperatures in the dry samples and
condition UW 1.0 was the highest for sensors 2 and 3 showing that this difference was
generally greater for the inner layers than for the outer layers with the exception of the
temperature of sensor 1. In the assemblies with condition TB 1.0 the temperature differences
were largest for the sensors neighbouring the wet layers (sensors 4 and 5). Hence, the
temperatures of the sensors neighbouring the wet layers were influenced the most by the

presence of the moisture except for sensor 1 for the UW conditions.

During the evaporation of the moisture, the temperature inside the clothing combination was
lower for all sensors than during the measurement of the dry samples. At the end of the
evaporation the temperatures of the initially wet samples approached the temperatures of the
dry samples but they did not rise higher than the dry samples (Figure 5.9). Thus, moisture is
shown to have a positive influence on protection against thermal radiation under the

conditions studied here.

Steam burns are assumed to appear during fire fighters assignments. As we did not measure
higher heat flux between the different sensors in the wet combinations, it may be assumed that
if steam burns occur, they might not be due to a higher heat transfer in wet conditions but
more likely due to the condensation of moisture on the skin. Moisture condensed on the cover
of the measurement setup during the measurement. This may indicate that steam burns could

occur under similar conditions in practice.

5.1.4 Conclusions

During the evaporation of the moisture, a temperature plateau appeared during which
temperatures were hardly rising. The energy consumption used for the phase change of
moisture located in an assembly dominated the heat transfer process as long as there was
moisture present. Moisture located in the outer layers evaporated faster than moisture located
in the inner layers and also evaporated at slightly higher temperatures. As soon as all moisture

had evaporated, the temperatures approached the temperatures measured for dry samples.

The moisture within the clothing assembly did not lead to increased temperatures compared to
the measurements with dry samples. On the contrary, lower temperatures were reached during

the evaporation process.
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Considering the fact that the second increase in temperature followed exactly the same
courses as for measurements with dry samples, one can conclude that at that point, all
moisture had evaporated from the clothing assembly. Moisture moved to the inside and
condensed on the cap of the measurement cell. This indicated a possible risk for steam burns,
although the presence of moisture generally showed a positive effect on the temperature

course in the layers of the assembly.

5.2 Determination of the moisture transfer using X-ray radiography

In the following chapter moisture transfer within multilayer protective clothing assemblies at
low thermal radiation is analysed using X-ray radiography. X-ray attenuation technique was
already shown to work for the analysis of moisture distribution and movement in porous
materials. Weder et al. [103] used micro computer tomography to analyse the moisture
distribution in multilayer textile assemblies. Roels et al. [108] analysed moisture flow in
porous materials using microfocus X-ray radiography. Aim of the study was to quantify
moisture movement within protective clothing layers at low thermal radiation by analysing
the water content of the layers versus time using X-ray radiography. The
radiography/tomography system was located in a large walkable chamber so that the heat flux

of the infrared heater could not damage the X-ray system components.

5.2.1 Methods

The same setup as described in the previous chapter (Chapter 5.1) was used for the

radiography measurements. The same initial conditions as described in Table 5.1 were used.

Infrared lamp
with constant
radiant heat flux
X-ray
= Low thermal radiography
radiation ]

X-ray

source I

Clothing assembly
including a wet layer

1 cm air layer

Figure 5.10: Measurement setup including the sample holder, thermal radiation heat source and X-ray source.
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X-ray radiography

For the X-ray radiography a directional molybdenum target was used. The window filtering
consisted of 0.5 mm beryllium and 0.025 mm silver. This source and the filtering with silver
provided a restricted X-ray spectrum around 20 keV thus avoiding beam hardening effects.
The X-ray source acceleration energy was 50 keV and the current was set to 0.46 mA. The

X-ray spot size was about 100 pm.

The detector was a Hamamatsu 7942 CA-02 flat panel, operated in 4 x 4 binning mode using
single non averaged shots of 0.3 sec duration. The front face was carbon fibre reinforced
plastic instead of aluminium. One scan per second was done during 10 minutes resulting in
600 pictures. The distance source-detector was 680 mm and the distance source-sample was
180 mm. This resulted in a pixel size referred to sample of 53 um and a full frame field of

view of 30 x 31 mm, based on a full frame of 560 x 592 pixels.

Evaluation

Figure 5.11 shows an X-ray radiography taken with the mentioned setup of condition TB 1.5
(i.e. 1.5 g water initially located in the thermal barrier (TB 2)). In order to determine the
moisture content within the different layers, quadrangles were defined in the pictures for each

layer. Only the middle part on the side without thermocouples was used for the evaluation.

Support of the Textile
Textile Layers Layers

Thermocouples Wet Layer

Figure 5.11: X-ray radiography of condition TB 1.5.

According to Beer’s law monochromatic radiation with the intensity I is attenuated over a

length d with the linear absorption coefficient p [109]:
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ln(éj =—ud (5.9
Io Incident intensity [photons/mmzs]
I Intensity of the attenuated X-ray [photons/mm®s]
u Attenuation coefficient [1/cm]
d Length of the X-ray path through the sample [cm]

From this equation (5.9) the equation (5.10) to calculate the moisture content within the

clothing layers can be derived [108]:

M,, = —@ln(ﬁJ (5.10)
:de 1 dry
M Moisture content of the fabric [kg/m3]
Pliqu Density of liquid water [kg/m’]
Hw Attenuation coefficient of water [1/cm]
d Irradiated length of the sample [cm]
Let Intensity measured for the wet sample [photons/mmzs]
Liry Intensity measured for the dry sample [photons/mm®s]

The absorption coefficient has usually to be determined experimentally. The thickness of the
samples and thus the local moisture content within the samples was not the same for all
samples. Therefore a calibration for each layer and different moisture contents was
performed. In order to calibrate the moisture measurement we supplied the single layers with
different amounts of water (0.3 g, 0.6 g, 0.9 g, 1.2 g and 1.5 g). Then X-ray radiographs of
each layer with each of the 5 different amounts of water separately without thermal radiation
were taken. The calibration curves for the underwear and the thermal barrier (TB 2) are

shown in Figure 5.12.

All layers were calibrated separately according to their calibration curves whereof the

constant C was determined for each layer:

(5.11)
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After this calibration the curves still showed a vertical shift. Therefore, the initial moisture
contents of the different layers were set arbitrarily to zero. Negative values in the inner layers

at the end of the measurement hence implied that water was initially present in those layers.
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Figure 5.12: Moisture calibration curves presenting the value -In(Iwet/Idry) as function of the supplied moisture

content of the underwear and the thermal barrier.

5.2.2 Results

The results of the X-ray radiography measurements with 1 g water initially located in the
underwear (UW 1.0) respectively in the thermal barrier 2 (TB 1.0) are shown in Figure 5.13.
The decrease of the moisture in the initial wet layer is visible for both conditions a) in the
underwear and b) in the thermal barrier 2. The innermost two layers of the system, which
were the underwear and the liner, showed a moisture increase during the evaporation phase
when water was initially in the thermal barrier 2. When water was initially in the underwear
the inner layer of the jacket (IL) showed an initial increase in moisture content. Thermal
barrier 1 without initial moisture of TB conditions reached a negative moisture content at the

end of the measurement, which implies that moisture initially must have been present in this

layer.
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Figure 5.13: Moisture contents in the different layers measured by X-ray radiography a) for 1 g moisture
initially located in the underwear (UW 1.0) and b) for 1 g moisture initially located in the thermal barrier 2 (TB
1.0).

The outer layer of the combination showed an initial decrease of moisture and an increase
again at the end. The horizontal level of the X-ray source was aligned with the lower surface
of the sample. Thus geometrical shifts are assumed to have appeared at the upper surface.
Furthermore, the wires of the upper support of the samples stretched and thus the outer layer

was flattened during the measurement. Therefore, the apparent moisture changes within this
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layer may be caused by geometric errors. In all other layers no significant moisture changes

appeared throughout the measurement.
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Figure 5.14: Correlation of the difference between supplied moisture and moisture contents measured by X-ray

radiography and the supplied amount of moisture at the beginning of the measurements (R*=0.98).

The results of the measurement spread strongly. Mean standard deviations of the different

conditions ranged up to 0.07 g.

The difference between the supplied moisture and the initial moisture content measured by
X-ray radiography is shown in Figure 5.14. For 0.6 g supplied moisture the moisture content
of the initially wet underwear was 0.59 +/-0.03 g and in the initial wet thermal barrier
0.67 +/-0.09 g. But the higher the initial moisture content, the bigger the difference between
the supposed and the measured moisture content. For UW 1.0 only 0.92 +/-0.03 g moisture
was detected, for TB 1.0 the detected amount was 0.93 +/-0.04 g, for UW 1.5 it was
1.22 +/-0.08 g and for TB 1.5 it was only 1.20 +/-0.03 g.

Start of evaporation

Figure 5.15 shows the decrease of the moisture contents within the initially wet layers. The
point at which evaporation starts is not clearly visible. We defined the start of evaporation by
the time when the decrease of the moisture content rose over 0.05 g per 3s. For UW
conditions (i.e. water initially supplied to the underwear) a starting point of the evaporation

could be determined (Figure 5.15). The moisture content stayed constant in the beginning for
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about 30 s to 60 s. Those values were spreading strongly with standard deviations up to 34 s.
At TB conditions (i.e. water initially located in the thermal barrier 2) the moisture content
decreased right from the beginning for 1.0 g and 1.5 g initial moisture. Only for TB 0.6 there
was a starting point at 33 +/-17 s visible. In the measurement without an air gap, evaporation

started with a delay of 103 +/-31 s for UW conditions and of 33 +/-21 s for TB conditions.
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Figure 5.15: Change of the moisture content with time in the initially wet layer for a) UW conditions and b) TB

conditions.



Evaporation of moisture from firefighter protective clothing 93

Evaporation rate

The moisture decrease in the UW conditions (i.e. water initially in the underwear) was linear
with time and the curves ran parallel during evaporation. In TB conditions (i.e. water initially
in the thermal barrier 2) the decrease of moisture was not linear throughout the evaporation
process. The curves were more or less parallel which means that they were not dependent on

the different amounts of moisture.

The moisture content decreased slower for UW conditions than for TB conditions. The air gap
had no influence on the evaporation rate for TB conditions. But for UW conditions

evaporation was slower in measurements with an air gap.

In order to determine the mean evaporation rate we divided the difference of moisture content
from 0.5 g to 0.2 g moisture by the time it took to evaporate that amount of water. As in
conditions UW 1.0 without an air gap and UW 1.5 the moisture content of 0.2 g was not

reached at the end of the measurement, we calculated the evaporation rate for 0.8 g to 0.5 g

instead.

. Evaporation rate Evaporation rate per evaporating
Condition (SD) [g/s] surface area (SD) [g/mzs]
UW 0.6 2.1 (+/-0.14) - 107 0.27 (+/-0.02)

UW 1.0 2.1 (+-0.01) - 107 0.27 (+/-0.01)
UW 1.5 1.9 (+/-0.03) - 107 0.24 (+/-0.01)
UW 1.0 without gap 1.2 (+/-0.11) - 107 0.30 (+/-0.03)
TB 0.6 4.4 (+/-0.98) - 107 0.58 (+/-0.13)
TB 1.0 3.8 (+/-0.41) - 107 0.49 (+/-0.05)
TB 1.5 4.0 (+/-0.20) - 107 0.52 (+/-0.03)
TB 1.0 without gap 3.3 (+/-0.29) - 107 0.43 (+/-0.04)

Table 5.3: Mean evaporation rates for different conditions; absolute and per evaporating surface.

The results are shown in Table 5.3. The evaporation rates from the initially wet underwear
were smaller than the ones from the initially wet thermal barrier (TB 2). However, spreading

was very large. The evaporation rate of the condition UW 1.0 without an air gap was about
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half of the evaporation rate of the same condition with an air gap. In this condition the
underwear was lying directly on the lid of the measurement cell. Thus, evaporation was only
possible in one direction. The surface from which evaporation could take place and following

the evaporation rate was halved.

In order to normalize the evaporation rate in terms of evaporating surface we divided it by the
evaporating surface of 77 cm” and 38 cm’ respectively for condition UW 1.0 without an air

gap. The resulting evaporation rates are listed in Table 5.3.

Moisture accumulation in the inner layers

a) Underwear (UW)
0.4
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b) Inner layer (IL)
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Figure 5.16: Changes of moisture contents with time in a) the underwear of TB conditions and b) the liner of

UW conditions for different initial moisture contents and measurements with and without an air gap.
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The moisture accumulation in the underwear of TB conditions (i.e. water initially located in
the thermal barrier 2) is shown in Figure 5.16 a. During evaporation the underwear absorbed
up to 0.18 g water. Standard deviations of 0.01 g to 0.07 g appeared. Moisture continuously
increased until it reached a maximum and then decreased again. The higher the initial
moisture content was, the later the maximal moisture content was reached. The moisture
accumulation in the liner of UW conditions is shown in Figure 5.16 b. In UW conditions the
initial moisture increase was much steeper than in TB conditions. Maximal moisture contents
of 0.2 +/-0.7 g were reached all at about the same time, independently on the amount of the

initial moisture content.

At the end of the measurement the moisture content of the liner of all UW conditions reached
a negative value (Figure 5.16). As the moisture contents of all layers which were not wetted
initially were set to zero, a negative amount of moisture at the end of the measurement
indicates that this amount of moisture must have been present within the layer at the
beginning of the measurement. The samples were kept at room conditions prior to the test.
Therefore, an initial amount of water corresponding to their moisture regain was present in all

layers.

Initially dry thermal barrier (TB 1)

0.4
S 17> S —--TB 0.6
O)
o —TB 1.0
3 --- TB1.5
-g ——TB 1.0 no gap
= 0.0

-0.2

0 120 240 360 480 600
Time [s]

Figure 5.17: Changes of moisture contents with time in the initially dry thermal barrier 1 of TB conditions for

different initial moisture contents and measurements with and without an air gap.

The thermal barrier 1 neighbouring the initially wet thermal barrier 2 absorbed in the
beginning moisture from the initially wet thermal barrier 2 as it reached a negative moisture

value during the measurement (Figure 5.17).
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The maximal moisture content absorbed by the liner depended on the initial amount of
moisture in the systems (Figure 5.18). The maximal moisture absorption in the liner was for
UW 0.6 only 0.01 +/-0.01 g while for UW 1.0 condition 0.18 +/-0.05 g and for UW 1.5 even
0.22 +/-0.06 g moisture was measured maximally. The maximal moisture content for TB
conditions was the same in the underwear and the liner. 0.08 +/-0.06 g was accumulated
maximally in the underwear and the liner of condition TB 0.6 and TB 1.0. The moisture
content spread more for the liner with a standard deviation of 0.06 g than for the underwear
with a standard deviation of 0.02 g. A maximal moisture content of 0.17 +/-0.09 g was

measured in the underwear and liner of condition TB 1.5.
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Figure 5.18: Maximal moisture contents in the underwear and the liner for TB and UW conditions.

We get a good correlation between the time to reach the maximal moisture content in the
inner layers (i.e. underwear and liner) and the time at which evaporation stopped in the
initially wetted layer; for the underwear it amounts to R* = 0.991 and for the liner to
R%=0.995 for TB conditions (Figure 5.19). The maximal moisture content was reached about
the same time as evaporation stopped. The end of evaporation was defined by the time when
the decrease of the moisture content in the initially wet layer got smaller than 0.05 g per 3 s.
In conditions with moisture initially located in the underwear (UW conditions) it was not
possible to make this correlation due to missing evaporation end points of UW 1.0 and
UW 1.5. Maximal moisture contents were reached for all conditions at about the same time
(127-167 +/-29 s) except for UW 0.6 where the maximal moisture content was reached after

47 +/-34 s. This was more than 300 s earlier than evaporation stopped.



Evaporation of moisture from firefighter protective clothing 97

500
— 400 -
]
E@ o IL at UW
X = conditions
C C
£ © 300 -
5 5 a UW at TB
c © conditions
o9
o2 2001 alLatTB
g E conditions
F 100 |

0

100 200 300 400 500 600

End of evaporation [s]

Figure 5.19: Comparison between the time at the end of evaporation and the time of the maximal moisture

content in the underwear and liner of TB conditions with an air gap.

The maximal moisture content in the underwear in condition TB 1.0 (i.e. 1 g water initially
located in the thermal barrier 2) was 3.5 +/-0.5 times higher for the measurement without an
air gap than for the measurement with an air gap (Figure 5.20). On the contrary, for the liner
in condition UW 1.0 (i.e. 1 g water initially located in the underwear) the difference between
the maximal moisture content of the measurement with an air gap and the measurement

without an air gap was not significant.
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Figure 5.20: Comparison of the maximal moisture absorbed in the underwear when 1 g moisture was supplied
to the thermal barrier 2 (condition TB 1.0) and in the liner when 1 g moisture was supplied to the underwear

(condition UW 1.0) in each case with and without an air gap.
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No significant moisture increase in the other layers was observed. The outer layer even dried
out during the measurement when heating up. We suppose that this resulted from a
measurement error. The fibres of the upper support of the measurement setup stretched at the
high temperatures during the measurement. The outer layer was sagging in the beginning and
was straightened during the measurement. Furthermore, as the horizontal line was adjusted to
the lower surface of the samples, we suppose that geometric errors appeared at the upper

surface of the samples.

Comparison of the results of the X-ray radiography and temperature measurements
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Figure 5.21: Comparison between temperatures within the clothing layers (Chapter 5.1) and the moisture
content. a) Temperatures of UW 1.0, b) temperatures of TB 1.0, ¢) moisture contents of UW 1.0, d) moisture

contents of TB 1.0.

The temperature distribution within the clothing system for the same setup has been described
in Chapter 5.1. Figure 5.21 shows the temperature curves of the sensors placed between the
single layers of conditions a) UW 1.0 and b) TB 1.0 as well as the moisture content in the
different layers for the same conditions ¢) UW 1.0 and d) TB 1.0 respectively. Comparing the
temperatures within the clothing layers and the moisture contents shows that evaporation

ended at the same time as the temperature plateau of the temperature measurement ended,
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which were end of phase III for UW conditions and end of phase II for TB conditions. At the
end of phase II of UW conditions the slight temperature rise in the liner corresponds to the

decrease of the evaporation rate in the liner.

The temperature drop in the inner layers (i.e. underwear and liner) at the end of phase II of
condition TB 1.0 (Figure 5.21 b) also corresponds to the findings that moisture has
accumulated in those layers, which was evaporating after the end of evaporation of the

initially wet thermal barrier 2 (Figure 5.21 d).

5.2.3 Discussion

The analysis of the moisture content and distribution of the different textile layers with X-ray
radiography was hampered by the non-ideal geometry of the samples. The horizontal
alignment of the samples was not possible for all layers. Especially the upper layers were
supposed to be erroneous due to geometric shifts, which resulted in an overlay of about 1 mm
of the layers traversed by X-ray. Furthermore, even when two supports on both sides of the
samples and an additional loading should ensure the flatness of the samples, a certain
wrinkling of the samples could not be avoided. The fibres of the upper support stretched
during heat exposure and thus changed the geometry of the upper layers. Shifts of the samples
were considered in the evaluation process. But not all geometric errors could be avoided and

results of the moisture measurements spread strongly.

The measured initial moisture content was less than the supplied moisture especially at the
higher initial moisture contents. Moisture started to wick to the neighbouring layers as soon as
the assemblies were put together. Therefore, initial moisture was also present in the
neighbouring layers of the wet layer. Wicking can only appear when a threshold value of
moisture content in the wet layer is transgressed [31, 64, 70]. Thus, at UW 0.6 (i.e. 0.6 g
water initially located in the underwear) this threshold value was not reached and therefore no

moisture wicked to the liner.

Evaporation in the wet thermal barrier 2 started earlier than in the wet underwear which can
be explained by higher temperatures in the thermal barrier 2 than in the underwear
(Chapter 5.1). Therefore evaporation started with increasing rate right from the beginning at

TB conditions while a delay of the start of evaporation appeared in UW conditions.
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Evaporation rates were not depending on the initial amount of moisture, but on the location of

the moisture. Evaporation was slower in UW conditions than in TB conditions.

In the measurements without an air gap, the evaporation rate of condition TB 1.0 did not
differ from the evaporation rate measured with an air gap. But the evaporation rate of
condition UW 1.0 was lower without an air gap than with an air gap. If the air gap was
missing, the underwear was lying directly on the cap of the measurement cell. Thus, moisture
could only evaporate in one direction. The evaporation surface was half of the evaporation

surface of conditions with an air gap. Thus, the evaporation rate was halved.

During evaporation, moisture was detected in the inner layers (i.e. underwear and liner). In
TB conditions (i.e. water initially supplied to the thermal barrier 2) moisture accumulated in
the liner and the underwear continuously during evaporation. Only when all moisture had
evaporated from the initially wet thermal barrier 2, the moisture content of the inner layers
started to decrease. Only little moisture was accumulated in the initially dry thermal barrier 1
(Figure 5.17). Thus, wicking from the initially wet thermal barrier 2 to the inner layers
(i.e. underwear and liner) might not have taken place or at least only to a small extent. The
moisture accumulated in the underwear and the liner rather resulted from condensation of
moisture that evaporated from the initially wet thermal barrier 2 and moved to the inside.

Condensed water also appeared on the cap of the measurement cell during evaporation.

In UW conditions moisture started to wick to the liner as soon as the assembly was piled up.
Thus, moisture was already present in the inner layers when the measurement started. The
moisture content in the liner strongly increased with rising temperature. The wicking process
seemed to accelerate with increasing temperature. After around 127-167 +/-29 s the wicking
stopped and moisture started to evaporate from the liner. This maximal moisture content was
reached in all layers at about the same time. One can suppose that wicking (transfer of liquid
moisture) only took place until the initially wet layer reached a lower humidity threshold after

which the concentration of water was too low to get a transfer between the layers.

Findings of the X-ray radiography measurements agreed well with the findings of the
temperature measurements of Chapter 5.1. The duration of evaporation was the same in both
measurement methods. In the temperature analysis we concluded that moisture must have
accumulated in the inner layers of the TB conditions. X-ray radiography affirmed those

findings. In the underwear and the liner of the TB conditions maximal amounts of moisture up
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to 0.17 4/-0.09 g were found in each of those layers. For measurements without an air gap this
amount reached even up to 0.34 +/-0.01 g. Condensed moisture was also found on the cap of
the measurement cell at the end of the measurement. In the temperature measurements the
moisture in the innermost two layers caused a temperature drop in the sensors neighbouring

those layers (sensor 1 - 3 according to Figure 5.21) at the end of the evaporation phase.

5.2.4 Conclusions

X-ray radiography proved to be a very valuable tool to study qualitatively the distribution of
moisture and the evaporation processes within clothing layers. However, with the elaborated

data set, the evaluation was quite tricky and results spread a lot.

We showed that upon exposure to thermal radiation, moisture accumulated in the inner layers
(i.e. underwear and liner) of the protective clothing. This moisture accumulation derived from
steam that evaporated in the outer layer and re-condensed in the inner layers. Moisture
wicking to those inner layers is not probable as the moisture content of the layer between the

initially wet layer and the liner was quite low.
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6 PHYSICAL MODELLING AND COMPARISON WITH

THE EXPERIMENTAL RESULTS

A thorough physical model of the heat and mass transfer in firefighting protective clothing
systems would allow checking and comparing new textile combinations with respect to
thermal protection, physiological properties and moisture management. Such a model would
help to save time and money for laboratory and subject tests as only the most promising
solutions have to be tested. Such a model, considering dry heat transfer by conduction,
convection, radiation, moisture phase change with the associated heat release or uptake, as

well as the presence of liquid water was implemented in this chapter.

6.1 Survey about existing models

The first mathematical simulation of heat and moisture transfer in textiles came from the
drying technology [110]. A theory of drying had to be developed in order to build up efficient
drying processes to save huge amounts of energy. As these theories described the basics of
heat and moisture transfer in porous media, they were adapted to different related fields like
thermal physiological properties of clothing and the influence of moisture on protective

clothing.

Most of the research was made in physiology to predict the thermal comfort of clothing [11,
57, 111-114]. Farnworth [57] developed a physiological model including the transport of heat
by conduction and radiation and vapour transport by diffusion. In his model he neglected the

heat and mass transfer by forced convection as for example by wind or body motion and the
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presence and transport of liquid by wicking. Lotens [114] adapted parts of this model to
implement a whole body model to simulate the heat exchange between the human body and
the environment. This model consists of cylinders of different sizes which represent the
different body parts. Rossi [11] also carried on the model of Farnworth [57]. Additionally to
the human body as heat source, he also considered the changing environment. But he also

neglected the presence and transport of liquid water.

Li and Holcombe [115, 116] implemented a two-node model of the dynamic heat and
moisture transport behaviour of clothing. In a series of further studies, Li improved this model
[51, 107, 113, 117, 118] by considering the water content in the textile layers and its influence
on the effective thermal conductivity, radiative heat transfer, vapour diffusion, fibre moisture

sorption, condensation, evaporation and liquid transport by capillary actions.

Fan also worked on a series of models [50, 74, 106, 111, 119] based on the work by Li and
Holcombe [115, 116] which they improved by adding evaporation in the textile layers, mobile
condensates, moisture movement induced by the pressure gradient and the movement of

liquid condensates.

All these studies mainly considered physiological properties at moderate environmental
conditions. In firefighting, environmental temperatures and humidity exceed these conditions.
Especially at extreme situations (for example flashover), fabric thermal properties change and
nonlinear thermal transfer characteristics appear. Such complex dynamic fabric properties

have to be considered in a simulation of firefighting protective clothing [34].

Different simulations on heat and mass transfer at hot thermal environments were performed
so far [8, 34, 46, 120]. Torvi et al. [121] used a different approach to simulate measurements
on a copper calorimeter plate. His model considered convection, conduction and radiation in
the fabric, between fabric and burner and in the air gap as well as thermochemical reactions
within the fabric. Moisture transfer was not considered in this model. Song [36] implemented
a model based on Torvi et al. [121] in order to simulate heat and mass transfer during flash
fire exposure. Song et al. [120] used this model in order to be able to predict skin burn injuries
based on Henriques [24] damage integral. Chitrphiromsri [34] further improved this model in
order to analyse thoroughly the coupled heat and moisture transfer through protective clothing

during flash fire exposure. Thanks to this model, different parameters such as temperature,
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moisture content, fibre regain, relative humidity, vapour density and fabric weight per unit

area were analysed.

The most accurate model for our considerations is the one of Prasad et al. [8]. They
implemented a one-dimensional model of transient heat and moisture transfer through
protective clothing layers exposed to thermal radiation. The model is based on energy and
mass continuity equations. They assumed the local moisture content to be in equilibrium at all
times. Capillary action and volume changes of the fibres due to the changing moisture content

were neglected.

6.2 Implementation of the model of heat and mass transfer processes

within protective clothing layers exposed to thermal radiation

In order to implement a one-dimensional physical model of the evaporation process of a
defined amount of moisture inside textile clothing layers, we assume a textile combination
consisting of 2 different layers of thicknesses d; and d,. The layers are surrounded by air with
a temperature T,yp of 20 °C. The front surface of the dry layer is exposed to thermal radiation

Qraa. Figure 6.1 shows a diagram of the setup of the simulation.

< c
£ 2
5 2
=
Qrad
Dry layer d,
L Wetlayer 1M 1 o,
Air Tamb

Figure 6.1: Setup of the model: two textile layers of thicknesses d; and d,. The wet layer contains a defined
amount of moisture myq with corresponding local moisture content M. The outer surface of the dry layer is

exposed to the thermal radiation Q.q.
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One of the layers contains a defined amount of moisture mjiqu. The local moisture content M

of the wet layer is defined by:

M=— (6.1)
mg.,
M Local moisture content [kg/kg]
Miigu Mass of the liquid water [kg]
Myyp Mass of the dry fabric [kg]

In experimental measurements of temperatures within multilayer textile combinations
including a wet layer exposed to thermal radiation it was shown that temperature curves can
be divided into five different phases; an initial rising phase, a stagnation phase, a temperature
drop in the inner layers, a final rising phase and a second stagnation phase (Chapter 5.1.2). As
not all of those phases were visible in each of the experiments and in order to simplify the

physical model, we assume three phases for the evaporation process:

e Phase 1: The textile combination including the wet layer is heated up
e Phase 2: The moisture inside the textile combination is evaporating at constant
temperature

e Phase 3: The temperatures of the dry textile layers increase again

Figure 6.2 shows the assumed temperature curves for the simulation.
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Figure 6.2: Assumed temperatures within the layers at the three different phases of the process: heating up,

evaporation and temperature increase in the dry sample.
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We implemented a one dimensional model of the described system. In order to simplify the
model, evaporation during the first phase is neglected in a first approach. Temperatures in all

layers are assumed to be constant during the evaporation (phase 2).

We define the transient energy continuity for the two layers for all three phases. Only at the

end of phase 3, steady state is reached.

AQp, +AQyy, +AQ,;, +AQ,., =AQ,,, =AQ s = Qrutin = Crat-our ~ Leane (6.2)
AQsp Energy absorbed by the fibres [W/mz]
AQiiqu Energy absorbed by liquid water [W/m?]
AQuir Energy absorbed by air [W/mz]
AQeyap Heat of evaporation [W/mz]
AQwrp  Heat of sorption [W/m?*]
AQcosa Heat of condensation [W/m?]
Qrad-in Thermal radiation inward heat flow [W/mz]
Qrad-out Thermal radiation outward heat flow [W/mz]
Qcove Convective heat transfer [W/mz]

In a first approach we neglect condensation during the whole process. Therefore Qcong is equal
to zero. Heat of sorption is only emitted if water vapour is absorbed by the fibres [114]. As we

assume non-hygroscopic materials, heat of sorption Qorp 18 also neglected.

The energy absorbed by the material, the air and the water is defined by:

AQg, =my, AT -C,, (6.3)
AQair = mair : AT ’ Cair (64)
AQliqu = mliqu ’ AT ’ Cliqu (65)

Mgp Mass of the fibres [kg]

My Mass of the air [kg]

Miiqu Mass of the liquid water [kg]

Csp Heat capacity of the fibres [J/kg-K]

Cair Heat capacity of the air [J/kg-K]

Ciiqu Heat capacity of the liquid water [J/kg-K]

AT Temperature difference K]
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The textiles are assumed to be exposed to a constant thermal radiation heat flux Qg of

5 kW/m®. The inward heat flow thus follows from:

de—in = ngd (66)
Qrad-in Thermal radiation inward heat flow [W/m?]
€ Absorption coefficient of the textile surface -
Qrad Energy emitted from the heat source [W/mz]

The emitted thermal radiative heat transfer is defined as:

de—our =&o (Tsirjf - T::nb (67)
Qrad-out Thermal radiation outward heat flow [W/mz]
c Stefan-Boltzmann constant [W/m2K4]
Touct Surface temperature K]
Tamb Ambient temperature [K]

Thermal radiation within the textile layers is neglected. And no forced convective heat
transfer is assumed to take place. But natural convection heat transfer due to the temperature

gradient between the hot surface of the sample and the environment occurs.
Qcove = h ’ (TSqu - 7Wamb ) (68)
h Natural convection heat transfer coefficient [W/mzK]

We can get the natural convection heat transfer coefficient using the definition of the Nusselt
number [55]:

hL
Nu, = e ARa; (6.9)
Natural convection heat transfer coefficient [W/mzK]

Characteristic length [m]

Thermal conductivity [W/m-K]

> & - o

Geometric constant -
Ra Rayleigh Number -
n Constant depending on whether flow is laminar -

or turbulent
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The Rayleigh number is given by [55]:

gﬁ(Tvmf - Tamh )L3

Ra, =Gr,Pr= (6.10)
va
Gr Grashof number -
Pr Prandt]l number -
Gravitational acceleration [m/sz]

B Volumetric thermal expansion coefficient [1/K]

Y Kinematic viscosity [m2/s]

a Thermal diffusivity [m?/s]
For the upper surface of a heated plate the relations are given as follows [55]:
Nu,=0.54Ra"*  (10* <Ra, <107) (6.11)
Nu,=0.15Ra® (10’ <Ra, <10") (6.12)

The natural convection heat transfer coefficient depends also on the relative humidity. Zhang
et al. [122] found changes of the Nusselt number from 0.5% to 23% depending on relative

humidity, surface temperature and geometry.

Phase 1:

Following these assumptions, the energy conservation for phase 1 reduces to following

equation:
Ainb + AQliqu + AQair + AQevap = Qrad—in - de—out - Qcove (613)
AQsip Energy absorbed by the fibres [W/m?]
AQiiqu Energy absorbed by liquid water [W/m?]
AQair Energy absorbed by air [W/mz]
AQeyap Heat of evaporation [W/mz]
Qrad-in Thermal radiation inward heat flow [W/mz]
Qrad-out Thermal radiation outward heat flow [W/mz]

Qcove Convective heat transfer [W/m?]



Physical modelling and comparison with the experimental results 109

If we further simplify the model and assume that the textiles are homogeneous, we can
average the density, the heat capacity and the conductivity for the fibres, the air and the

moisture. We obtain the one dimensional heat transfer:

dT d’T
Ay (6.14)
T Temperature [K]
Ciot Total heat capacity of the fabric, the air and [J/kg-K]
the liquid water
Prot Total density of the dry fabric and the liquid water [kg/m3]
Kiot Total thermal conductivity of the fabric, [W/m:-K]

the air and the liquid water

This equation (6.14) is solved for both layers using following boundary (BC) and initial
conditions (IC):

BC: Q('x = 0) = Qrad—[n - Qrad—out - Qconv (615)
Q('x = dl + d2) = Qrad—om‘ + Qconv (616)
IC: Ir¢=0=T7,, (6.17)
Tamb Ambient temperature K]
t Time [s]
d Thickness of the 1* layer [mm]
d> Thickness of the 2™ layer [mm]

The total density of the system is given by:

m _ mliqu + mfab

P = V. = V., (6.18)
Prot Density of the whole system [kg/m’]
Mo Mass of the whole system [kg]
Miiqu Mass of the liquid water [kg]
Myp Mass of the dry fabric [kg]
Vb Volume of the whole system, [m3]

(equal to the volume of the fabric)
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Inserting the local moisture content M according to (6.1) we get:

P = Prs(1+M) (6.19)
Prot Density of the whole system [kg/m’]
Prab Density of the dry fabric [kg/m’]
M Local moisture content [kg/kg]

The total heat capacity of a wet textile can be calculated by:

Cio (m gab T Mgy ): Cfab me, + Cliqumliqu (6.20)
Ciot Total heat capacity of the wet textile [J/kg-K]
Ciiqu Heat capacity of the liquid water [J/kg-K]
Ctab Heat capacity of the dry fabric [J/kg-K]
Dividing by mg,, we get:
m, m,
Co| 14— |=Cpp + Cppy — (6.21)
mfab fab

Adding the definition of the local moisture content M leads to:

CutM Clige
c - H,0 (6.22)
! (1+M)
Cliqu Molar heat capacity of liquid water [J/mol-K]
M Local moisture content [kg/kg]
Wh20 Molecular weight of water vapour [g/mol]
The total thermal conductivity of a wet textile is given by:
K i = kg - d gy + K - i, (6.23)
Kiot Total thermal conductivity [W/m-K]
Kean Thermal conductivity of the dry fabric [W/m-K]
Kiiqu Thermal conductivity of liquid water [W/m:-K]
diot Total thickness of the wet fabric [m]
dean Thickness of the fabric [m]

diiqu Thickness of liquid water [m]
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where the thickness d is defined by:

d= (6.24)

<

The area A is the same for all terms and cancels out.

As the total volume of the wet fabric Vi contains the volume of the liquid water Vg, and is
the same as the volume of the dry fabric Vi, the factor K Viige has to be subtracted from

Kfab- Viab. Thereof the total thermal conductivity can be calculated by Prasad et al. [8]:

kmr 'Vfab =k fab ’Vfab -k fab 'Vh’qu + kliqu ’Vh’qu (6.25)
Viot Volume of the wet fabric [m3]
Vb Volume of the dry fabric (equal to Vi) [m3]
Viigu Volume of liquid water [m3]
Dividing by with Vi, leads to:
V. V.
k =k, —k, —2 4k, (6.26)
tot fab fab liqu .
Vfah ! Vfab

If we replace the volumes by mass and density, we get:

m, m,
K = kfab - kfab M + kliq M (6.27)
pliqu mfah Ioliqu mfab

Ptab Density of the dry fabric [kg/m3]

Pliqu Density of liquid water [kg/m’]

Miiqu Mass of the liquid water [kg]

Meyp Mass of the dry fabric [kg]
With equation (6.1) we finally get:

M
ki = kfab + (kliqu - kfab )l: P :I (6.28)
pliqu

M Local moisture content [kg/kg]
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Phase 2:

End of phase 1 is reached, when a temporary equilibrium is reached und temperatures stop
increasing. All energy is now used to evaporate the water. During the evaporation of the water
in the textile layer, temperatures stay constant. Therefore AQgp, AQriqu and AQ,; are equal to

zero. The energy conservation equation (6.2) reduces to:

AQevap = Qrad—in - Qrad—out - vae (629)
AQeyap Heat of evaporation [W/mz]
Qrad-in Thermal radiation inward heat flow [W/m?]
Qrad-out Thermal radiation outward heat flow [W/mz]
Qcove Convective heat transfer [W/mz]

The energy used for evaporation is given by [11]:

AQ,.,, =P My, (6.30)
[0) Latent heat of evaporation [J/g]
m Evaporation rate [g/m’s]

evap

As the system is open, we assume that pressure and volume inside the textile layers stays
constant. The volume of evaporated steam is immediately escaping out of the textile layers.
We further assume that the volume of the evaporating liquid water replaced by steam is
negligible. Thus, the mass flux of steam out of the textile layers is equal to the mass flux due

to evaporation of steam.

My = 1y (6.31)
m,, Mass flux out of the system [g/m’s]
7 Evaporative mass flux [g/m’s]

evap

The evaporation speed is defined by the Hertz-Knudsen-Schrage equation (6.32) [73].

P WHZO Psar (Tsurf)_ Prap
Vo T, T,

(6.32)
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M Evaporative mass flux [kg/m’s]
E Evaporation coefficient -
Touct Liquid surface temperature K]
Psat(Tsure)  Saturation pressure at the liquid surface [Pa]
Pvap Partial pressure of water vapour [Pa]
Tyap Temperature in the vapour above the liquid surface K]
Wh20o Molecular weight of water vapour [g/mol]
R Universal gas constant [J/mol-K]
Py = PouRH (6.33)
RH Relative humidity -

Equation (6.32) defines the rate of evaporation in a partial vacuum. According to Krischer

[72] the evaporation rate from a wet surface at a certain depth d of a drying medium is defined

as:

B 1

1

m,__ =
evap
RHZO7 ;

Ru20
b

d

d
D

surf

1 5d (ps‘” (TSWf ) - pvap )
+ —

b D

Specific gas constant of water vapour
Mass transfer coefficient

Thickness of the textile layers above the
evaporation surface

Diffusion resistance factor

Diffusion coefficient

(6.34)

[J/kg-K]
[m/s]
[m]

[m%/s]

Steam can flow into both directions, either directly to the adjacent air of the wet layer or

through the dry textile layer.

Phase 3:

We assume that all the moisture has evaporated out of the textile layer at the end of phase 2.

We further assume that the amount of water vapour that has not diffused out of the layers is

negligible and does not influence the dry heat transfer.
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Following those assumptions and according to the first phase, energy conservation reduces to

(6.35):

AQyy, +A0, = Qrutein = Qrut-our = Coone (6.35)
AQsp Energy absorbed by the fibres [W/mz]
AQuir Energy absorbed by air [W/mz]
Qrad-in Thermal radiation inward heat flow [W/mz]
Qrad-out Thermal radiation outward heat flow [W/m?]
Qcove Convective heat transfer [W/m?]

In analogy to the first phase we simplify the model and assume that the textile is

homogeneous. We obtain the one dimensional heat conduction equation (6.36):

dr d’T
& 22 6.36
p fab " fab d t fab dxz ( )
T Temperature [K]
Ctab Heat capacity of the dry fabric [J/kg-K]
Ptab Density of the dry fabric [kg/m’]
Kean Thermal conductivity of the dry fabric [W/m-K]

This equation (6.36) is solved for the two dry layers using following boundary (BC) and

initial conditions (IC):

BC: Q('x = 0) = Qrad—[n - Qrad—out - Qconv (637)
Q('x = dl + d2) = Qrad—om‘ + Qconv (638)
IC: I(t,=0=T(,= end) (6.39)
tp2 Time of phase 2 [s]
tp3 Time of phase 3 [s]
T Temperature [K]
d; Thickness of the 1* layer [mm]

d, Thickness of the 2™ layer [mm]
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6.2.1 Comparison of the model with experimental results

Using those relations the heat transfer equation (6.14) can be solved for the two layers during

the first and the second phase. For most of the fabrics a thermal conductivity of 0.04 W/m-K

can be assumed. Exceptions are low density battings or down [57]. Thermal capacities of

textiles are around 1500 J/kg-K [11].

The constants used for the simulation are listed in Table 6.1:

by 3.0.10°  [m/s] Qrad

b, 1.7-10° [m/s] R

Cuir 1005 [/kg-K] RH

Chab 1500 [J/kg-K] Rino

Cliqu 75.4 [J/mol-K] d

D 0.02:10°  [m?s] Tamb

d; 0.7 [mm]

d, 1.4 [mm] Greek

h 17 [W/m’K] £

Kair 0.024 [W/m-K] 8

Ktap 0.04 [W/m-K] Pfabl

Kiiqu (at 80 °C)  0.67 [W/m-K] Prab2

L 0.07 [m] Piiqu (at 80 °C)
M 0.7 [kg/kg] G

Wh20o 18 [g/mol] ¢ (at 100 °C)

Table 6.1: Constants used for the simulation.

5000
8.31
60
462
0.7

293

0.98
1.1

300

101

971
5.67-10°

2272

[W/m’]
[J/mol-K]
[%]
[1/kgK]
[mm]

[K]

[kg/m’]
[kg/m’]
[kg/m’]
[W/m°K*]

[J/g]

The mass transfer coefficients can be related to the heat transfer coefficient of the textile

layers [72]. The mass transfer coefficients as well as the natural convection heat transfer

coefficient were estimated for the simulation.
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Phase 1 and 2:

Figure 6.3 shows a comparison between simulated temperatures (straight lines) and measured

temperatures (dotted lines) during the heating up and evaporation phase (phase 1 and 2).
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Figure 6.3: Temperatures within the textile layers (on the inner surface of the textile layer, between the two
textile layers and on the outer surface of the textile layers) during heating up and evaporation of the moisture.

Comparison between simulated (straight lines) and measured (dotted lines) results.

Comparing the results of the simulation with the experimental results, we find that the initial
temperature increase and the temperatures at the outer surface of the sample was
overestimated by the model. In consideration of the simplicity of the physical model, the

simulated temperatures are still a good approach to the experimental results.

Phase 3:

Figure 6.4 shows a comparison between simulated temperatures (straight lines) and measured
temperatures (dotted lines) within the dry textile layers when all moisture has evaporated out

of the layers (phase 3).

The temperature increases in the dry samples were also overestimated by the physical model.

But temperatures reached at the equilibrium state agree well with the experimental findings.
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Figure 6.4: Increase of temperature after all moisture has evaporated out of textile layers. Comparison between

simulated (straight lines) and measured (dotted lines) results.

6.2.2 Conclusions

Even though the temperature increase in the beginning of phase 1 and phase 3 was
overestimated, and in spite of the simplicity of the model, the results corresponded well with

the findings of the experiments.

Further improvements of the model will allow predicting evaporation and steam movement
within clothing combinations containing wet layers exposed to thermal radiation. The
enhanced model should consider the steam transfer and the condensation within the clothing
layers as well as evaporation right from the beginning of phase 1. It should also be possible to
calculate optional setups with different numbers and kinds of textile layers or without an air
gap, which appears when the clothing combination is touching the skin. Especially the
amount of moisture condensing on the skin and the resulting temperature within the skin are

of particular interest.

Using such an advanced physical simulation would allow comparing different kinds of
clothing combinations with regard to their heat protection as well as comfort properties.

Expensive and time consuming laboratory tests could be minimised.






PART II1: FUTURE PERSPECTIVES

7 INNOVATIVE SUGGESTIONS

Different innovative suggestions for firefighter protective clothing systems in order to avoid
steam movement towards the skin and the development of steam burns are proposed in this
chapter. Superabsorbing polymers can be used as water storage and cooling system in the
firefighter protective clothing system. A drainage system handles the moisture in the
underwear, drains off surplus amount of water and avoids moisture transfer to the firefighter

jacket.

7.1 Superabsorbing polymers for the use as water storage and cooling

device

Superabsorbing polymers (SAP) can be used as water storage or even as cooling system in
firefighter protective clothing. Surplus of water is absorbed and stored by the SAPs and only
released at a low rate. Due to the heat of evaporation taken from the superabsorbing layer, the

clothing is cooled down, what produces a cooler microclimate within the protective clothing.

Additional moisture stored within the protective clothing bears the risk of fast evaporation
and thus of causing steam burns. Therefore, we investigated the moisture evaporation rate

from a superabsorbing polymer compared to a textile surface.



120 Innovative suggestions

7.1.1 Drying of nonwoven fabrics containing superabsorbing polymers

Samples with a diameter of 8 cm consisting of a cotton rip knit fabric respectively
superabsorbing polymer nonwoven (75% superabsorbing polymer and 25% PET) were
soaked with distilled water and left in a closed jar at 20 +/-2 °C during 8 hours. The samples
were dabbed off on a paper towel without additional pressure in order to remove surplus of
water just before the start of the measurement. Three cotton samples contained 2.70 +/-0.13 g
and three SAP 24.81 +/-0.66 g water at the beginning of the measurement. The samples were
dried on a heated scale at 80 °C. Each measurement was repeated three times with different

samples of the same material.

The drying curves are shown in Figure 7.1. The drying rate increases faster in the beginning
for cotton samples than for SAP fabrics. As the SAP contains initially 9 times more water
than the cotton fabric, it takes longer until the wet sample is heated up. But as soon as the
maximal evaporation rate was reached, both fabrics dried at the same rate with a drying rate

of 0.178 g/min for cotton and 0.174 g/min for SAP.

N
I

—
|
Decrease of the moisture

content in the superabsorber [g]

Decrease of the moisture
content in the cotton fabric [g]

Time [min]

Figure 7.1: Drying behaviour of a cotton rip knit and of a superabsorbing polymer-PET nonwoven.

SAPs are able to store large amounts of moisture, but once heated up, the moisture evaporates
from SAPs with the same evaporation rate as from other textiles. Therefore, superabsorbing

polymers bear a similar risk for steam burns as other hydrophilic or hygroscopic textiles.
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7.1.2 Vests containing superabsorbing polymers

Vests containing superabsorbing polymers are used in hot environments for the cooling of the
body. The evaporation of the moisture from the vest withdraws energy from the adjacencies

near the body which results in a cooler microclimate near the body.

Tests with superabsorbing vests on the thermal manikin were performed to study the risk of
steam burns due to the moisture storage in the vest. Apart from the SAP vest, we used cotton
T-shirts as underwear as well as state-of-the-art firefighter protective jackets and trousers. The

SAP vest was worn between the underwear and the protective jacket.

We measured three different clothing combinations: firefighter protective clothing without

SAP vest, with a dry SAP vest and with a SAP vest soaked with water.

Each of the combinations was measured at:
e 5 kW/m” thermal radiation during 4 min
e 10 kW/m? thermal radiation during 2 min
e Flashover test with a total heat flux of 84 kW/m? during 8 s and 112 s post flashover
according to EN ISO/DIS 13506.3 [90]

The underwear, the SAP vest for the dry measurement, the firefighter jacket and the trousers
were conditioned for at least 24 hours at standard climatic conditions of 20 +/-2 °C and
65 +/-5% relative humidity. The SAP vest for the wet measurement was soaked with water 8
hours prior to the test and then conditioned at standard climatic conditions of 20 +/-2 °C and
65 +/-5% relative humidity. The wet vest contained 265 +/-26 g water at the beginning of the

measurement.

All samples were weighed before and after the measurements in order to determine the
evaporated amounts of moisture and a possible moisture transfer from the vest to the other

layers.

Behaviour of SAP vest exposed to thermal radiation

In the thermal radiation test, the manikin was exposed frontally to thermal radiation of
5 kW/m? during 4 min respectively to 10 kW/m? during 2 min. The manikin was clothed with
underwear, SAP vest and firefighter protective jacket and trousers. Temperatures on the chest

were recorded throughout the measurement.
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Temperature increase on the chest [°C]

5kW/m?> 10 kW/m?

Without SAP vest 5.4 8.0
With dry SAP vest 3.0 3.3
With soaked SAP vest 2.0 1.4

Table 7.1: Mean temperature increase [°C] on the chest at the exposure to 5 kW/m® during 4 min respectively to

10 kW/m” during 2 min.

The temperature increase on the surface of the thermal manikin was found to be smaller if
measured with the soaked vest than if measured with the dry vest or without vest (Table 7.1).
If measured with the SAP vest the difference between the temperature increase on the chest at
5 kW/m” and at 10 kW/m? was very small (0.3 °C with the dry and 0.6 °C with the soaked
vest). Only for the measurement without the vest, the temperature increased at 10 kW/m? in
average 2.6 °C more than at 5 kW/m>. It has to be considered, that the exposure time at

5 kW/m? was twice as long as the exposure time at 10 kW/m>.

The vest seemed to exert a positive influence on the thermal insulation, which is obvious, as
an additional clothing layer was added to the clothing combination. However, the water
within the soaked vest also seemed to improve the insulation of the vest due to the higher heat

capacity.

If the vest was soaked with water, the weight of the T-shirt increased during the measurement
(Table 7.2). In the other measurements (i.e. with dry vest or without the vest) the weight of
the T-shirt decreased. Therefore, a slight moisture transfer towards the body took place in the

measurement with soaked vest.

Furthermore, less moisture evaporated out of the jacket during the measurements including
SAP vests than in the measurements without vest. And in the measurement with wet SAP
vest, less moisture evaporated from the jacket than in the measurement with dry vest, while
more moisture evaporated from the wet vest than from the dry one. Another possibility could
be that in the measurements with wet SAP vest the moisture evaporating from the firefighter
jacket was substituted by moisture evaporating from the vest and condensing in the firefighter

jacket.
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Difference of the moisture content [g]

5kW/m?> 10 kW/m?

Without SAP vest

Jacket -37.3 -34.3
T-shirt -0.6 -0.8
With dry SAP vest

Jacket -31.7 -33.5
Vest -2.5 2.2
T-shirt -0.5 -0.4
With soaked SAP vest

Jacket -30.1 -30.6
Vest -6.2 -6.1

T-shirt 0.6 0.6

Table 7.2: Difference of the moisture content before and after the exposure to 5 kW/m® during 4 min

respectively to 10 kW/m® during 2 min.

Behaviour of SAP vest in a flashover

In a third measurement series, the manikin (clothed the same way as in the former
measurements) was exposed to a laboratory flashover test during 8 s and 112 s post flashover
according to EN ISO/DIS 13506.3 [90]. The heat flux was recorded by sensors distributed
over the body of the thermal manikin. Only the sensors covered by the vest at the chest and
the upper back were considered for the evaluation. Times to pain respectively times to 1% to
3" degree burns were calculated according to Henriques damage integral [24]. Thereof the

total surface of burned areas was determined.

The areas covered by the SAP vest in which pain or 1* to 3w degree burns were recorded are
listed in Table 7.3. The percentage of the areas covered by the vest at which pain or 1* to 31

degree burns appeared was bigger for measurements without the superabsorbing vest than for
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measurements with vest. The percentage of burned areas was the same for dry and wet vest,

but the areas at which pain appeared was smaller if the vest was soaked with water.

Pain 1" degree 2" degree 3" degree
[%] burn [ %] burn [ %] burn [ %]
Without SAP vest
Chest 20.0 0.0 20.0 30.0
Upper back 8.3 8.3 33.3 41.7
With dry SAP vest
Chest 10.0 0.0 0.0 0.0
Upper back 50.0 8.3 0.0 0.0
With soaked SAP vest
Chest 0.0 0.0 0.0 0.0
Upper back 16.7 8.3 0.0 0.0

Table 7.3: Percentage of the surface at the chest and the upper back reaching pain level and 1" to 3™ degree

burns.

During the flashover more moisture accumulated in the T-shirt than during the exposure to
thermal radiation. No statistical evaluation could be made as each setup was measured only
once. Even in the measurement without the vest and with dry vest, where the T-shirt dried out
during the exposure to thermal radiation, moisture accumulated in the T-shirt during the
flashover exposure. The decrease of moisture within the SAP vest was also strongly

increased.

Difference of the moisture content [g]

Without SAP With dry SAP

With soaked SAP vest
vest vest
Vest -— -6.2 -14.1
T-shirt 0.0 0.9 1.3

Table 7.4: Difference of the moisture content before and after exposure to the flashover.
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The superabsorbing vest increased the protection against thermal radiation and exposure to
flashover. This increase comes from the additional textile layer increasing the thickness and
therefore the insulation of the clothing system. Aside from the increase of insulation due to
the additional textile layer, the additional moisture within the superabsorbing vest also
increased the protection against thermal radiation as well as against flashover situations. The
temperature increase at the chest during exposure to thermal radiation was less with soaked
vest than with dry vest and the percentage of surface areas at which pain appeared was

smaller with the addition of moisture.

Nevertheless, a moisture transfer towards the body took place, as moisture accumulated in the
T-shirt. As only temperature on the manikin surface was measured during the experiments,

the development of steam burns due to the condensation of steam could not be screened out.

7.1.3 Conclusions

Superabsorbing polymers are able to absorb huge amounts of water. Surplus of sweat can be
absorbed by superabsorbing polymers and a damp feeling on the skin can be avoided.
Additionally, vests containing superabsorbing polymers could be used as cooling system

adapting evaporative cooling.

In drying experiments we found that the surface water evaporated at the same rate from a
fleece containing superabsorbing polymers as from other textiles. This means that
superabsorbing polymers do not decrease the evaporating rate at their surface. The amounts of
water stored in the superabsorbing polymers thus could still bear the risk of evaporation and

causing steam burns.

In flashover measurements with vests containing superabsorbing polymers no negative impact
on the heat protection could be found. Protection was even increased due to the additional
clothing layer and the thereby increased thickness of the clothing combination. During the
measurement moisture transfer to the underwear took place. This means that moisture
evaporated from the superabsorbing vest and condensed in the underwear or at the surface of
the manikin. However it was not possible to detect any significant temperature increase due to

energy transferred during condensation.
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7.2 Drainage system

In order to control the distribution of moisture within protective clothing, to avoid moisture
accumulation in the firefighter jacket and to remove surplus of sweat out of the underwear, we
invented a novel moisture management system for the underwear. This system consists of a
two-layer textile combination containing embroideries at the outer layer cross connected with
the inner layer by seams. It is worn as underwear in direct contact with the skin and works as

drainage system in order to lead off surplus of sweat.

7.2.1 Ability of embroideries to drain water

In a first step we investigated whether it is possible to drain water into defined directions
using embroideries. Therefore we performed measurements on the sweating cylinder. The
samples were embroidered with stripes of straight embroideries. We fixed the samples in two
different directions on the cylinder, a) the embroideries in vertical direction and b) the

embroideries in horizontal direction.
The measurements on the sweating cylinder were run in three different phases:

o Acclimatization phase: 1 h at constant surface temperature of 35 °C
e Sweating phase: 30 min of sweating with a sweating rate of 30 g/h and constant
power of 25 W
(corresponds to 600 g/h sweating and a physical activity of 500 W for a human)
e Drying-up phase: 1 h at constant power of 5 W

(corresponds to a physical activity of 100 W for a human)

During the measurements the samples on the sweating cylinder were monitored by an infrared
camera in order to visualise the moisture distribution. The IR-pictures are shown in Figure
7.2. As the sweating cylinder was heated, the dry areas of the textile were visible as hot areas
(bright) while the wet areas were cooler due to the evaporative cooling (dark). It can be seen
that the water was drained in the direction of the embroidery. As the sweating cylinder
contains two levels of water outlets, only two stripes along those outlets were visible in the
horizontal alignment, while in the vertical position the stripes started at the water outlets and

ran vertically downwards.
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Vi

Wet spots

b)

Figure 7.2: Spreading of the moisture in textiles containing embroideries. a) Vertical alignment of the

embroideries and b) horizontal alignment of the embroideries.

7.2.2 Two-layer drainage system

In a further step, we tested whether it was possible to lead surplus moisture away from the
body by a two layer drainage system. This system consists of a layer containing embroideries
cross connected by seams with a second layer without embroideries worn in contact to the

skin.

We studied if moisture was led through the cross connections to the outer layer containing
embroideries. The setup consisted of stripes of this two-layer drainage system hanging
vertically (Figure 7.3), the upper end of the inner layer without embroideries dipped into
water while the lower ends of the two layers of the drainage system were put separately into

two different pots in order to collect dripped off moisture.



128 Innovative suggestions
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Figure 7.3: Setup of experiment: (1) water tank, (2) two-layer sample containing embroideries on the outer
layer, cross connected with the inner layer by seams, (3) water collectors a) of the inner layer without

embroideries, b) of the outer layer with embroideries

We observed that water was led from the inner layer without embroideries to the outer layer
containing embroideries and dripped off at the ends of the embroideries (Figure 7.4). The
amount of water collected in the two pots widely spread and therefore no reliable statements
about the ability to wick water from the inner layer to the outer layer could be made using this

method.

Figure 7.4: If we dip the upper end of the layer without embroideries into water, we observed that the water was
led to the other layer containing embroideries, along the embroideries and dripped off at the ends of the

embroideries.
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In further measurements on the sweating cylinder, we measured how the system coped with
heavy sweating. Therefore we attached two plastic bags containing blotting paper to the lower
ends of the layers in order to collect the moisture that dripped off each layer separately. Then
we fixed the two-layer drainage system with plastic bags on the sweating cylinder. Only one
phase was run on the sweating cylinder. In order to maximize dripped off moisture, we chose
the maximal possible sweating rate of the cylinder (~110-120 g/h) during 1 hour. The power

was set to 25 W, corresponding to a physical activity of 500 W for a human.
We measured three different combinations of hydrophilic and hydrophobic underwear knits:

e Phil-Phil: Two layers of hydrophilic treated aramid rip knit.

e Phob-Phil: The inner layer consisting of hydrophobic aramid rip knit and the outer
layer of hydrophilic treated aramid rip knit.

e Phil-Phob: The inner layer consisting of hydrophilic aramid rip knit and the outer

layer of hydrophobic aramid rip knit.

In order to evaluate the influence of the embroideries to the moisture distribution, we also

measured the mentioned textile combinations without embroideries.
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Figure 7.5: Distribution of dripped off moisture from different textile combinations containing embroideries on

the outer layer, cross connected to the inner layer by seams and from combinations without embroideries.
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The results of the measurements are shown in Figure 7.5. In the combination of a hydrophilic
inner layer with a hydrophobic outer layer, moisture was sparely transported by the cross
connection to the outer layer and therefore only about 1.2 g water dripped off at the outer
layer. We concluded that the outer layer has to be hydrophilic in order to achieve a wicking

effect to the embroideries.

If the outer layer was hydrophilic, in both cases, in combination with a hydrophilic
respectively with a hydrophobic layer, moisture was transported to the outer layer and more
moisture dripped off from the outer layer than from the inner one. If both layers were
hydrophilic 3.5 +/-1.3 g, moisture dripped off from the inner layer and 13.3 +/-2.4 g moisture
from the outer layer. In the combination of a hydrophobic inner layer with a hydrophilic outer
layer even 21.5+/-0.7 g water dipped off from the outer layer while only 0.5 +/-0.3 g
moisture dripped off from the inner layer. If we compared these results with the results of the
measurements with the same combination of hydrophobic and hydrophilic layers but without
the embroideries, we see that without the embroideries even more moisture was transported to
the outer layer, as 46.6 +/-2.5 g water dripped off from the outer hydrophilic layer while less
than 0.5 g dripped off from the inner hydrophobic layer.

The only real improvement could be found for the combination of two hydrophilic layers,
where without the embroideries 35.7 +/-7.8 g water dripped off from the inner layer and only

5.5 +/-5.0 g water from the outer layer.

The combination of two hydrophilic layers promises to be the best solution due to comfort
aspects. A hydrophilic layer next to the skin is more comfortable than a hydrophobic one.
Furthermore, the cooling of the body due to the evaporation of sweat close to the skin is
assured due to the higher moisture content in the hydrophilic layer than in the hydrophobic

layer.

7.2.3 Conclusions

It is possible to drain moisture in arbitrary downwards directions or even horizontally using a
drainage system. Surplus water can be collected and led out of the clothing or for example
into a water reservoir. Using a two layer drainage system, surplus sweat can be drained away

from the skin to an outer layer and then along the drainage out of the clothing. This would
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allow managing all sweat directly in the underwear. Moisture accumulation in the firefighter

jacket or trousers could be avoided using such a drainage system.

The drainage system consisting of embroideries only works properly with the right
combination of hydrophilic properties of the samples. The outer layer of the system
containing the embroideries has to be hydrophilic. The best effect was reached with a
hydrophobic inner layer in combination with a hydrophobic outer layer. In order to have a
comfortable system for the wearer a system consisting of two hydrophilic layers promises to

be the best solution.
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8 CONCLUSIONS AND OUTLOOK

Aim of this thesis was to investigate the transfer and the absorption of moisture within
protective clothing layers and its effect on heat transfer. The main emphasis was put on
conditions for the formation of steam burns. In a first part the distribution of moisture in
textile layers was studied using the sweating torso in order to simulate real physical exercise
with sweating. The evaporation of moisture within textile layers exposed to low level thermal
radiation was investigated by analysing the temperature distributions within the layers as well
as by X-ray radiography in the second part of the thesis. A model simulating evaporation of
moisture within protective clothing layers exposed to thermal radiation and the heat and
moisture transfer through the layers was implemented and compared with experimental
results. Finally new solutions for a moisture management system and a moisture storage

system to reduce the risk of steam burns were proposed and evaluated.

8.1 Conclusions

Evaporation was faster and took place at higher temperatures if the moisture was located in
the outer layers of the clothing system than if it was located in the inner layers. In the X-ray
measurements, an inwards steam flow and condensation of steam in the inner layers of the
clothing combinations was found. As heat of evaporation is released during condensation,
burns may occur due to this energy transfer to the skin. Furthermore, if steam is adsorbed by
the skin and heat of sorption is released in the inner layers of the skin, this might lead to
second degree steam burns. Therefore, moisture accumulation in the outer layers of the
firefighter protective clothing has to be avoided. This can be reached for example by

hydrophobic treatment of the whole firefighter jacket and trousers.
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In contrast to the assumptions about the development of steam burns, we found that
temperatures in wet clothing combinations were not higher than temperatures reached with
measurements of dry combinations. Temperatures measured in clothing combinations
containing a wet layer were found to be always lower than temperatures measured in the
corresponding dry combinations. A sudden and fast evaporation was not found to take place.
Evaporation occurred at constant temperature and at constant evaporation rate. A sudden blast

of steam is therefore not likely to appear.

Analysing the moisture distribution within firefighter protective clothing, we found that
moisture mainly accumulated in the inner layers of the clothing combination, which were the
underwear, the station uniform layer or the liner of the firefighter jacket. Temperatures in
those inner layers cannot be very high, because otherwise burns would appear just due to
those high temperatures. On the other hand, no burns appear for example in a steam bath,
where temperatures reach up to 55 °C at saturated steam. Temperatures have to be higher than
this in order to cause burns. Assuming a microclimate of 100% relative humidity within the
protective clothing layer, the firefighter should be able to easily bear temperatures up to
50 °C. As it needs less energy to heat up steam than to evaporate water, steam burns may
appear due to heating up the saturated microclimate inside the clothing. Is the clothing
suddenly exposed to a more intense external heat source, the temperature increase of the

steam within the clothing may cause burns by stewing the skin in this hot steam.

Another burning scenario could be due to conductive heat transfer. Air is a very good
insulator. But as soon as the air layer is removed, for example by compressing the firefighter
protective garment, a high energy transfer to the skin could take place due to the high thermal
conductivity of the water. This could also lead to burns, even to scalds as the clothing is

sucked with water.

8.2 Outlook

Still a lot of questions concerning the development of steam burns are unsolved. The exact
mechanism leading to steam burns is not yet clear. Further investigations about the
evaporation at different kinds of thermal exposures and the steam transfer have to be done in

further studies.
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8.2.1 Further research

In this thesis only the influence of moisture in protective clothing layers exposed to low level
thermal radiation was considered. A thorough study about the impact of the amount and the
location of moisture in protective clothing exposed to different kinds and intensities of heat
exposures shall give further insight into conditions at which the influence of the moisture in

the protective clothing is either positive or negative

By improving the physical model, evaporation and steam movement through different kinds
of textile layers could be predicted. Liquid moisture transfer as well as steam movement
through the textile combinations depending on the porosity of the materials have to be
considered. The heat of condensation cannot be neglected. In a further step, the model shall be
expanded to two or three dimensions. Such a model will help to analyse the influence of
different parameters on the evaporation rate and the steam transfer within the clothing layers

without performing extensive laboratory tests.

In order to further investigate the development of steam burns, the evaporation of moisture
within protective clothing layers has to be studied systematically for all kinds and intensities
of thermal exposures. Especially the moisture moving towards the skin hast to be quantified
and the energy released due to condensation of the steam has to be determined. The
development of a sensor able to predict burns not only by skin temperature, but also due to the
condensation of steam on the skin, respectively the absorption of hot steam into the skin
would help to predict the occurrence of steam burns. In order to be able to develop such a

sensor, the processes leading to scalds of the skin have to be studied thoroughly.

Determination of the steam transfer into the skin

No clear answer exists to the question whether steam penetrates the skin into deeper layers,

where it can cause second degree burns.

In a small and exploratory study, we wanted to find out if the skin is able to absorb steam at a
fast rate. Therefore, we compared the water uptake of the skin after immersion into liquid
water and after exposure to steam. The moisture content of the right forearm of some friends

was measured before and after the moisture exposure by means of a corneometer (Figure 8.1).
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Conductor track of the corneometer
front view of the electrode

Skin surface

Scatterfield

Separating glass

Conductor track

Figure 8.1: Functionality of the corneometer: A capacitor formed by two meshing gold combs induces a
scatterfield. The change of dielectric constant of the skin is measured, whereof the moisture content of the skin

can be determined.

The corneometer is an instrument to measure the stratum corneum hydration [123]. Hereby,
the change of the capacity of a capacitor formed by two meshing gold combs is measured.
The capacitor is pushed against the skin, which acts as a dielectric. The dielectric constant of

the skin changes depending on its moisture content (dielectric constant of water €=81).

CM arbitrary units Skin type
<30 Very dry skin
30-40 Dry skin
> 40 Normal skin

Table 8.1: Capacitive measurement of the humidity of the skin (CM arbitrary units) of different skin types

using a corneometer.

The output of the corneometer (CM) is given in CM arbitrary units, which are linearly
correlated with the moisture content of the skin [123]. The definition of the CM arbitrary units

for the different skin types is given in Table 8.1.
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7 members of our department (4 males and 3 females) agreed to take part in our study. Two
different measurements were performed at different days, which were the measurement of the
stratum corneum hydration after immersion of the skin into water at 35 °C and the stratum

corneum hydration after the exposure of the skin to steam.

In the first test, the moisture content of the dry skin of the right forearm was measured with
the corneometer. Afterwards, the forearm was immersed into a water bath of 35 +/-1 °C
during 5 minutes. Thereafter, the arm was dabbed with a towel and the stratum corneum

hydration was measured 30-45 s after the end of immersion.

For the second test, the stratum corneum hydration was measured again first of the dry skin of
the right forearm. Afterwards, the participants held the inner side of their right forearm during
5 minutes over a water bath with a temperature of 75 +/-1 °C at a distance of about 10 cm
(Figure 8.2). The arm and the bath were covered with a cardboard box in order to avoid
effects due to air movements. The box did not contain any openings for steam transfer.
Therefore a high humidity environment developed within the box, resulting in a steam
temperature of 55 +/-5 °C. By lifting the box, an exchange of the air within the box and the
environment took place, resulting in a temperature and humidity decrease whereby the
participants could regulate the temperature in order to feel comfortable during the

measurement.

Cardboard box

== _|-
==

Water at 75°C

Figure 8.2: Setup of the experiment: The right forearm was held over a bath with water at 75 +/-1 °C. The arm

and the bath were covered by a cardboard box in order to avoid effects due to air movements.

The difference between the wet and dry measurement of the stratum corneum hydration was

calculated for both measurements. The results are shown in Figure 8.3.
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Statistical analysis was performed using the Wilcoxon Signed Rank Test. The stratum
corneum hydration was significantly higher after the exposure to steam than after immersion
into a water bath, which strengthens the assumption that steam is absorbed by the skin. The
impact of the temperature was not considered in this study, as it was not possible to immerse
the skin into water of 55 °C. But the temperature is assumed to have a significant influence on

the water absorption behaviour of the skin.

80
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T e e
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Water Steam
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Figure 8.3: Stratum corneum hydration after 5 min immersion into a water bath of 35 °C versus 5 min exposure

to steam of 55 °C.

In this exploratory study we wanted to find out whether hot steam is penetrating the skin and
causing burns in deeper skin layers. The findings indicate that the water content of the skin
increases more after exposure to hot steam than after immersion into temperate water. The
impact of the higher temperature of the steam was not considered in this study. In a further
survey the effect of the temperature on the penetration of liquid water respectively steam into

the skin has to be investigated in more detail.

8.2.2 Future trends

Different new approaches to the problems concerning firefighting protective clothing are in
development, for example phase change materials (PCM) [126, 127] or active cooling

systems [128].
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Phase change materials (PCM)

During the phase change of a material energy is absorbed or released respectively. If this
phase change takes place at about environmental temperatures, this effect can be used for the
storage of energy and especially in clothing technology to improve comfort applications [68,
126, 127, 129, 130]. In a study Rossi et al. [129] checked the applicability of this principle for
firefighting environments. The PCM for this purpose consisted of paraffin with a melting
point at around 50 °C. Slightly higher phase change temperatures would be necessary in order
to improve the performance [129]. Furthermore, according to EN 469 [47], materials used for
firefighter protective clothing must not melt. Therefore, further studies are necessary to

improve the system in order to make it adaptable to firefighting environment.

Active cooling system

Active cooling systems were initially developed for astronauts in aerospace environments.
Cao et al. [131] adapted this principle to the use in hot environments. They developed an
active cooling system consisting of tubes within the garment in which cold liquid circulates.
The body is cooled due to the circulation of this cold liquid. Batteries and a pump are

necessary in order to keep the system running.

Another approach was used by Chitrphiromsri et al. [128]. They investigated the feasibility of
a water-injection system. Hereby water is injected into the outer layer of the clothing at a
sudden high thermal heat flux. The evaporation of this moisture absorbs a large amount of the
impinging energy and temperatures within the clothing will not rise as high as without
injection system. In order to prevent steam movement towards the skin, they propose the use

of a moisture barrier with low vapour permeability.

8.2.3 Development of new solutions

Two possible new solutions for the improvement of firefighter protective clothing systems in
order to prevent steam burns were proposed in this thesis. It needs still more work on those

new solutions in order to be able to present a novel clothing concept for firefighters.
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Superabsorbing polymers (SAP)

An additional layer containing superabsorbing polymers within the protective clothing could
work as moisture storage. Furthermore, if soaked with water, it can work as cooling system
due to the evaporation of water [124, 125]. In tests, vests containing superabsorbing polymers
soaked with water provided a better protection against thermal radiation of 5 kW/m?,
10 kW/m? and flashover situations. However, moisture transfer towards the skin was observed

and therefore the risk of the appearance of steam burns cannot be excluded.

The sorption and evaporation behaviour of superabsorbing polymers have to be studied
thoroughly in order to estimate the risk of steam burns due to the additional moisture present

in the protective clothing system.

Drainage system

A two-layer drainage system was proposed in this thesis to collect moisture in the underwear,
and lead it out of the clothing by stripes of embroideries. This system turned out to work well
for the combination of two hydrophilic underwear knit layers. Further improvements of the
system considering wicking properties of the yarn and lightness and flexibility of the textiles
have to be done in order to make this system marketable. Furthermore, the effectiveness and

the comfort of the system have to be studied thoroughly.

Finally, the proposed drainage system has to be worked out in more details in order to provide

an efficient moisture management system for the prevention of steam burns.
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