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Introduction 

Firefighters have to perform constantly under extreme 

environmental conditions such as high air temperatures, 

high radiation intensities and heavy smoke formation.  
In particular, offensive firefighting operations create 

dangerous working conditions for firefighters and require 

trained physical resilience and functional clothing that 

protects firefighters against external heat sources.  

However, the layer structure of the personal protective 

equipment (PPE) against ambient heat and moisture 

impairs the permeability of the body's own heat and 

perspiration to the environment via the skin. This leads to 

an increasing body core temperature, which can drastically 

reduce the performance of firefighters and even lead to 

heat related deaths.   
 If the core body temperature rises, the concentration 

capacity decreases very strongly and the error rate in 

performing activities increases exponentially, which can 

have serious consequences and thus endanger human life 

[1]. About 80% to 90% of accidents in the field are due to 

human error and due to incorrect assessment of the 

situation [2]. It should be added that the core body 

temperature of firefighters in full equipment increases 

already at moderate ambient temperatures [3]. It is 

assumed that most of the accidents happen due to heat 

stress. American statistics show that 53% of the recorded 

accidents in 2014 of firefighters occurred during 
firefighting operations [4]. Less than 10% were caused by 

burns, but more than 25% by overexertion. Cardiovascular 

causes account for almost 40% of fatal accidents, of which 

more than 75% were caused mainly by heat stress during 

firefighting [5]. In order to lower the body core 

temperature and thus reduce heat stress and not to impair 

the physical performance of firefighters during firefighting 

operations, cooling elements are required to absorb the 

body heat. 

 Textile cooling systems are divided into three classes. 

Air-cooled clothing, water-cooled clothing and phase 
change clothing. Depending on the activity to be 

performed, a different cooling system has to be selected 

[8]. Moreover it can be distinguished into active and 

passive cooling clothes. 

 Active cooling clothing is divided into two categories, 

air-cooled clothing and liquid-cooled clothing. The 

cooling mechanism operates by circulating cold air or 

distributes liquids in tubes through the clothing. Air-

cooled systems work with cold, dry air that blows on the 

body and extracts heat. The body is cooled by the 

evaporation of sweat on the skin. Convective heat 

exchange is also improved by increasing the air velocity at 
the skin surface. Air is supplied by a compressor and 

controlled by a valve.  Most air-cooled systems consist of 

two layers, an outer layer of impermeable fabric and an 

inner layer of air-permeable material. Dry air is passed 

between two layers and is released to the skin surface 

through the inner layer. The impermeable nature of the 

mailto:*Corresponding%20author:%20E-mail:%20sebastian.micus@ditf.de


   

 

outer layer prevents air from escaping into the 

environment. Previously, spacesuits used this mechanism. 

The disadvantages, however, are a very limited cooling 

capacity due to the low heat capacity of air and a 

continuous power supply is required. These systems are 

usually heavy and bulky, so they have some restriction in 

comfort. Increasing the cooling capacity subsequently 

leads to unpleasant wind and noise levels [6]. 

 Liquid cooling clothing is currently the most 

commonly used active cooling clothing. The high heat 
capacity of water compared to air offers certain technical 

advantages such as reduced pumping capacity and smaller 

volume. Mostly a three-layer structure is used, where the 

tubes are inserted between the inner and outer fabric layer. 

The sweat is removed from the inner layer in liquid or 

vapour form.  

 One of the disadvantages of liquid-cooled clothing is 

that they require a very tight fit. Also, water leakage can 

cause problems such as, short circuits, steam burns and 

discomfort associated with wet clothing. 

 The passive cooling garments are mainly divided into 

two groups. They are cooled either with a phase change 
material or by evaporative cooling. 

 Phase Change Material (PCM) describes a material 

which undergoes a phase change at a defined temperature 

range.  A large amount of energy is stored and released in 

the process. When the material changes from solid to 

liquid and vice versa, heat is absorbed or released [7].  

It should be taken into account that some of the PCMs are 

not suitable for an environment that is in direct contact 

with fire (e.g. fire fighters). This is due to the flammable 

structure of the materials used [8]. 

 INUTEQ PAC offers a cooling vest in three different 
temperature levels. The biobased PCM consists of 

polyether or thermoplastic polyurethane (TPU). They have 

higher flash points than paraffin equivalents. It is 20% 

lighter than water and should cool for one to four hours. 

The packages are cooled at a lower temperature until they 

are completely solid [9]. 

 The disadvantage of the evaporation technology is 

that it dries very quickly in the sun or in a dry breeze, even 

though it is completely saturated with water. Sticking the 

water-soaked fabric to the body gives an uncomfortable 

feeling. The development of superabsorbents polymer 

particles has made the evaporation cooling method easier 
and cheaper to produce. 

 The great advantage lies in its small weight and the 

high comfort in wearing. However, this type of clothing is 

not suitable for humid conditions, as the effectiveness of 

evaporative cooling is inversely proportional to the 

relative humidity of the environment. Another limitation 

of this technology is that cooling takes place on the 

outside of the garment, not on the inside, which is closer 

to the skin [6]. 

 HyperKewl™ Products use a specific chemistry to 

achieve rapid absorption and stable water retention. The 
chemical formulation also improves evaporation. 

However, this type of clothing is not suitable for humid 

conditions, as the effectiveness of evaporative cooling is 

inversely proportional to the relative humidity of the 

environment. Another limitation of this technology is that 

cooling takes place on the outside of the garment, not on 

the inside, which is closer to the skin [6]. 

 HyperKewl™ Products use a specific chemistry to 

achieve rapid absorption and stable water retention.  

The chemical formulation also improves evaporation. The 

cooling effect should last five to ten hours.  

 The Rev'it vest is intended for use by motorcyclists. It 
is soaked in water and is worn under the motorcycle 

jacket. When the ventilation openings of the jacket are 

opened, an air flow is created between the jacket and the 

vest. The cooling effect should last six to ten hours. 

Temperatures should be reduced by six to twelve degrees 

compared to the ambient temperature [10]. 

 Together with unico-swiss-tex for MS patients, 

EMPAEmpa developed a cooling garment made of  

three layer laminates, which has a two layer absorbent 

PES fabric in the middle and a waterproof but breathable 

PES membrane on both sides. The skin temperature  

can be reduced by up to 5°C for over an hour. The 
membranes are waterproof, breathable composite layers. 

The created cavity is filled with 20 to 60 ml of water. On 

the outside, the water evaporates and a cooling effect 

occurs. Once the water has evaporated, it can be refilled as 

often as required.  A normal syringe is used to fill the 

clothing. The clothes can be washed in the washing 

machine [11]. 

 Cooling function textiles of leading sports and 

occupational safety brands use a special superabsorbent 

fleece from BASF AG. Fibers of this nonwoven are  

coated with superabsorbent molecules by a special 
technology. They absorb the water in a few seconds  

and hold it. These textiles can absorb ten times its weight 

in water and at the same time create an almost dry outer 

layer [12]. 

State of the art: Thermo physiological  

This chapter focuses on thermo-physiological properties 

of the human body and his dependence on clothing, which 

is the basis on the following measurements. Regarding the 
first law of thermodynamics (2-1): Heat production on the 

left hand side and the heat dissipation on the right hand 

side:  

ḢM + Q̇NIR = Q̇MIR + Q̇cd + Q̇cv + Q̇ev   (2-1) 

 Heat production comes from enthalpy of reaction ḢM 

through the metabolism or NIR-radiation Q̇NIR (λ = 3 – 50 

µm on average 10 μm) [13]. The heat dissipation depends 

on MIR-radiation Q̇MIR, conduction Q̇cd, convection Q̇cv 

and evaporation Q̇ev. 

 The activity of the metabolism leads to heat formation 

ḢM inside the body. At low levels of activation, internal 

organs and the brain are the essential heat-generators. 

With higher activity the askeletal muscles have a higher 

impact on the heat production [14]. 

https://www.linguee.de/englisch-deutsch/uebersetzung/enthalpy+of+reaction.html


   

 

 The Stefan-Boltzmann-Law describes thermal 

radiation like Q̇NIR or Q̇MIR:  

Q̇rad = 
2∙π5∙kB

4

15∙h3∙c2
∙ ε(T) ∙ A ∙ T4   (2-2) 

 So the thermal radiation has a high dependence on the 

temperature of an object, but also on the emission and 

absorption of its surface [15,16].  

 

Fig. 1. Schematic figure of the human heat balance with heat production 

and heat dissipation [26]. 

 Conduction and convection are the basis of the heat 

transport of our body. Conduction (heat dissipation over 

the skin) is proportional with the temperature gradient 

between the body surface and the surrounding and also 

with the thermal conductivity α of the interacting media. 

In contrast to water, air has a very low α. That’s why this 

mechanism increases with 2200% while sweating [17,18]. 
Thermal conduction of solid materials depends on the 

molecular vibration. So natural and synthetic yarns have a 

thermal conduction between 0,04 and 0,5 W/m*K [19, 

20]. That is why this mechanism is relatively low.  

 Heat transportation with fluids in motion is called 

convection. The impact of this mechanism increases with 

the turbulent flow of the moving fluids, because the 

turbulence intensity reduces the thickness of the boundary 

layer. That´s why forced convection has a much bigger 

impact on the thermal regulation than free convection [20, 

21].  
 Sweating on your skin enables the cooling mechanism 

of evaporation. The sweat which comes to the skin 

evaporates through the difference of water pressure 

between the skin and the environmental temperature [22]. 

The water pressure depends on temperature and relative 

humidity. Evaporation is possible if the vapour partial 

pressure of the skin is higher than the saturation pressure. 

Experimental 

The investigated structure always consists of a liquid-

carrying layer, an air-carrying layer (15 mm high) with an 

integrated fan (10 m³/h) and a top layer which can also 

contain a liquid-absorbing layer. Two different cooling 

systems were developed from these layers, one open and 

one closed configuration. The fan is always positioned to 

provide airflow in the air carrying layer. In both systems 

the forced convection through the fan is used to evaporate 

water from the humidified absorber. The energy for the 

phase change provides the appropriate evaporation 

cooling. 

 

 
Fig. 2. Schematic description of the test setup (skin model and layering 

of the textile). The open layer structure in the top has no upper fleece / 

absorber, because the air with high humidity is transported out of the 

system. In the closed layer structure (bottom) the air is blown in a circle. 

The water should condense on the upper absorber.  

 

 In the open system the humid air is transported out of 
the system. In the closed system, the humid air should 

condense at the upper absorber. After reaching a state of 

equilibrium, the cooling effect of the closed system comes 

to a standstill.  

 For quantitative determination of thermo 

physiological parameters of clothing, there are a variety of 

measurement methods such as sweating manikins 

cylinders or hotplates) [23,24]. The heat flow is 

determined. Under stationary test conditions the heat 

vapour resistance and the water vapour resistance in 
clothing are determined by the heating power through the 

textile to the environment.  

 To investigate the cooling effect of the layer 

structures, a measuring device for heat balancing was built 

[25,26]. The measuring device for heat balancing 

simulates the heat transfer from the human skin through 

the garment to the environment. For this purpose, an 

electrically heated measuring plate (MWB, Fig. 3) 

represents the human skin surface, which can be adjusted 

to a variable temperature level (skin temperature). In order 

to avoid heat loss, the measuring plate is surrounded by a 

frame, which is also electrically heated, and a base plate 
underneath heated to the same temperature level. The 

measuring device MWB is protected by a textile housing 

to avoid air currents or forced convection. 

 The measuring device allows a test surface of 240 

mm * 240 mm to be kept at a constant temperature and 

measure the cooling effect of the layer structures. For this 

purpose, the layer structures are equipped with 

temperature and humidity sensors and placed on the 

measuring device. The test surface has as many pores as 

human skin: 121 per cm² with a pore diameter of 400 µm. 

The hotplate can be operated in two different modes. On 



   

 

the one hand there is a temperature controlled mode  

where the power is recorded, on the other hand there is a 

power controlled mode where the temperature is 

documented. 

 

  

Fig. 3. Top: Schematic picture of the Hotplate measuring device (MWB). 

It is a proprietary development of the DITF Denkendorf based on the 

standard: ASTM D1518 "Standard Test Method for Thermal Resistance 

of Batting Systems Using a Hot Plate". Lower pictures: Photograph of 

the test system. 

Results and discussion 

In the first step, the liquid-bearing layer was examined. 

Four superabsorbent nonwoven materials and three 

viscose nonwovens without surface coating were selected. 

Each of them has a different basis weight (DIN EN 

12127:1997-12). All nonwoven materials were tested for 

their water absorption capacity (DIN 53923:1978-01). The 

nonwovens with superabsorbents showed a significantly 

higher absorbency in terms of basis weight than the 
nonwovens without additional coating. The percentage 

improvement by the superabsorbents was approximately 

200% (Fig. 4). 

 

Fig. 4. The surface weight (g/m²), their ability to store water (g/m²) and 

the water absorption in percentage from the surface weight is shown. 

Nonwovens with a superabsorbents coating have a much higher potential 

to store liquid than nonwovens without a coating. 

 In a further step, the water distribution of the 

nonwoven materials during wetting was investigated  

(Fig. 5). The superabsorbents form long narrow channels 

which lead the water exclusively downwards when 

saturated. Nonwoven materials without superabsorbents 

show a significantly improved wetting behaviour. These 

investigations are also confirmed by the analysis of the 

rising kinetics of the nonwoven materials. The rise height 

of the nonwoven materials considerably exceeds the rise 

height of the superabsorbents.  
 

 
Fig. 5. Photographs of nonwovens with a superabsorbent coating form 

channels when water is addressed pointy. This makes it difficult to 

moisten the surface of clothing while it is being worn. 

 Secondly, the air-carrying layer was investigated. For 

this purpose, the air flow in the spacer fabric was 

examined with the aid of a high-speed camera and dyed 

particles (Fig. 6). The air flow inside the spacer fabric 

could be illustrated. The flow velocity through the textile 
was in parts more than 3m/s. This allows a sufficient 

volume flow to be generated above the fleece.  

 

 
Fig. 6. Picture of the air flow velocity through the closed layer structure 

was in parts more than 3 m/s. This allows a sufficient volume flow to be 

generated above the fleece. 



   

 

 Fig. 7a shows the cooling effect of the open layer 

structure. While the temperature of the outer layer rises, 

the inner fabric stays at a constant temperature.  

In both cooling systems, the system with uncoated fleece 

has a higher cooling effect than the system with 

superabsorbent fabric (Fig. 7b). This can be explained by 

the binding behaviour of the H2O molecules on the  

fleece. While superabsorbents form chemical bonds with 

the polar H2O molecules, these molecules are only  

bound by adhesion and capillary forces in the viscose 
fleece. Due to the lower binding energy of the adhesively 

bonded H2O molecules, they pass more easily into the gas 

phase. This results in evaporative cooling, which improves 

the cooling effect. This phenomenon was also observed in 

the investigation of warmer and colder water. Warmer 

water showed a better cooling effect than colder water. 

This was explained by the lower amount of energy 

required for the transition to the gas phase. Due to the low 

evaporation rates, the nonwovens with 50 ml, 100 ml and 

150 ml water on the inner textile show almost the same 

cooling properties. That is why the temperature on the 

inner and outer layer is almost the same on every sample 
(Fig. 7c).  

 

 

 

 

Fig. 7. (a) Open layer structure with outer textile and 100 ml water  

on the inner textile (32°C). (b) Open layer structure with outer textile and 

100 ml water on the inner textile (32°C). (c) Open layer structure with 

outer textile and 50 ml, 100 ml and 150 ml Water on the inner textile 

(32°C). 

Conclusion  

Firefighters have to perform constantly under extreme 

environmental conditions, but their personal protective 

equipment impairs heat and sweat emission, so the body 

core temperature increases. That is why we have 

developed a textile cooling system based on evaporation. 

During several test methods we were able to show that 

viscose fleece can store less water than superabsorbent 
materials. However, the evaporation of the stored water is 

much better in viscose fleece. This allows a better cooling 

effect to be achieved. In addition, the absolute evaporation 

quantities are very low, so that the storage capacity of the 

viscose nonwovens is sufficient.  

 In the layer structure, both the open and the closed 

system have a sufficient cooling effect for a short period 

of 20 minutes, so that firefighters' operating times can be 

extended. 
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