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1. Introduction 

Thermal comfort is the key factor to be considered in clothing 
design, and furthermore a crucial factor for protective clothing 
systems for fire-fighters working in hot environments. Comfort 
researchers recognise that clothing comfort has two main 
aspects that combine to create a subjective perception of 
satisfactory performance. These are thermo-physiological and 
sensorial comfort. The moisture transmission behaviour of a 
clothing assembly plays a very important role in influencing 
its efficiency with respect to both thermo-physiological and 
sensorial body comfort [1].

Thermo-physiological comfort has two distinct phases. 
During normal wear, insensible perspiration is continuously 
generated by the body. Steady-state heat and moisture vapour 
fluxes are thus created and must be gradually dissipated to 
maintain thermoregulation and a feeling of thermal comfort. In 
transient wear conditions, characterised by intermittent pulses 
of moderate or heavy sweating caused by strenuous activity 
or climatic conditions, sensible perspiration and liquid sweat 
occur and must be rapidly managed by the clothing. Therefore, 
heat and moisture transfer properties under both steady and 
transient conditions must be considered for prediction of 
wearer comfort [1, 2].

Studies show that the maximum rate of sweat production by 
an average man is about 30 g/min (1.8 l/h) [3]. The sweat 
rate may even reach up to 4 l/m2 for shorter duration [4]. 
Schopper-Jochum et al. found that 30–44% of the sweated 

amount of moisture is accumulated in the clothing system [5]. 
Keiser C. and Rossi R.M. found that under usual fire-fighting 
circumstances, about two-thirds of this moisture may remain in 
the clothing system [6].

By analysing the moisture distribution in the different 
combinations of underwear with fire-fighter protective clothing, 
Mäkinen et al. observed that 50–80% of the sweat accumulated 
in the inner two layers [7]. Rossi R. found that 80% of the 
moisture remained in the inner two layers after 10 minutes 
sweating and still more than 60% after 20 minutes. Keiser C. 
made measurements on the sweating cylinder and discovered 
that over 90% of the moisture remained in the first three layers 
[4].

Studies on the influence of moisture in clothing system on 
the heat transfer suggest that moisture can inhibit or increase 
heat transfer through thermal protective material depending 
upon specific conditions. Chen investigated simultaneous 
heat and moisture transfer through single-layer cotton fabrics 
at different moisture conditions (dry, conditioned and moist) 
and for varying heat flux intensities (21–188 kW/m2), for time 
exposure from 1 to 15 seconds. He found that at high heat 
exposures and for short test durations, moisture detrimentally 
affects thermal protection. For longer exposures, moisture can 
increase thermal protection [8]. Lee and Barker studied heat 
transfer through single-layered protective fabrics at 20 W/m2 
and 84 W/m2 radiant heat exposures. Three different moisture 
conditions were used in their study: dry, conditioned and wet, 
at moisture loads ranging from 60% to 80%. These tests 
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showed that at high radiant exposure (84 W/m2), the thermal 
protective performance of the fabric is reduced by up to 35%. 
At incident heat flux level of 20 W/m2, the thermal protection 
of wet samples increases [9]. Mäkinen et al. studied the 
effect of moisture content in underwear on thermal protection. 
The garments (layers moistened with different amounts of 
water) were exposed to a source of radiant heat of 20W/m2 
according to the standard ISO 6942.  They found that humidity 
in underwear decreased time to pain and time to burn, with 
the shortest burn time occurring at a moisture content of 30–
40%. These data were obtained on systems without a moisture 
barrier [7]. Rossi and Zimmerli investigated the influence of 
humidity on the protective clothing during exposure to a radiant 
heat of 80 W/m2 and 5 W/m2, respectively. They found that at 
low radiant heat flux exposures, humidity in the inner clothing 
layers generally decreases the time to pain and the time to 
burn [10]. 

These contradictory results can be attributed to the different 
factors that influence heat transfer in protective clothing: the 
amount, the location and the transfer of the moisture, the type 
and conditioning of materials and the duration and intensity of 
thermal exposure [6]. 

According to Mäkinen [11], thermal environments are divided 
into three categories: routine, corresponding to a common 
intervention for firefighters characterised by low radiant heat 
flux from 0.42 to 1.26 kW/m² and air temperatures in the range 
of 10–60°C; hazardous, representing an intervention in the 
presence of high radiant heat flux from 1.26 to 8.37 kW/m² and 
air temperatures in the range of 60–300°C; and emergency 
corresponding to extreme conditions from 8.37 to 125.6 kW/m² 
and air temperatures in the range of 300–1000°C.

Data obtained over the years show that most burn injuries 
sustained by fire-fighters occurred in thermal environments 
with low radiation level (classified as routine or hazardous 
conditions), as a result of prolonged exposure [12-14]. So far, 
almost all the studies on thermal protective performance were 
conducted for high-level radiant heat flux corresponding to the 
emergency conditions; only a few studies have been conducted 
on thermal protective performance with prolonged exposure to 
hazardous conditions; and no studies have been found for the 
moisture influence on heat transfer through thermal protective 
clothing under routine conditions. 

Thus, a research was started to study the effect of moisture on 
the thermal protective performance of fire-fighter clothing in low-
level radiant heat environment, the most common conditions 
in which the fire-fighters work. Understanding mechanisms by 
which moisture in textiles affects heat transfer through clothing 
systems could lead to improvements in the design of thermal 
protective clothing [15].

The problem of vapour diffusion through the layers of the 
protective clothing is complicated and has to be approached 
through the integration of the interaction between heat and 
mass transfer and heat of phase changes [4]. Therefore, in 
the first stage of this research moisture effect on heat transfer 
through single-layer fabrics was studied.  We investigated 

simultaneous heat and moisture transfer through a single-layer 
fabric, used as underwear for fire-fighters, at different moisture 
conditions, in the case of routine firefighting operation (radiant 
heat flux of 1100 W/m2).

In the second stage of the study, the underwear in dry and wet 
state was tested together with protective clothing systems for a 
fire-fighter consisting of three and four layers.

For the wet tests, at the beginning of the experiments, the 
underwear was wetted only with defined amounts of water, in 
order to simulate the accumulation of sweat in this layer. The 
moisture membrane prevents the passage of liquid water from 
underwear to outer layers, and the water-vapour diffusion will 
occur only through the layers of protective system. 

2. Experimental  

2.1. Materials 

Protective clothing systems consisting of three and four aramid-
based layers which are typical in the underwear designed for 
fire-fighters:  
- �Outer layer – which protects against all kinds of thermal 

hazards and mechanical impact;
- �Moisture barrier – which protects against water and other 

fluids;
- �Thermal barrier – which is an insulating layer which protects 

against heat; and
- �Inner layer – which protects the thermal barrier against 

abrasion.

Two multi-layer fire-fighter jackets were chosen for analysis. 
The first assembly was composed of outer shell, moisture 
barrier and thermal barrier, respectively. The moisture barrier 
is a hydrophilic polyurethane (PU) membrane. The second 
one contains outer shell, moisture barrier, thermal barrier and 
inner layer. The moisture barrier is based on the microporous 
hydrophobic polytetrafluoroethylene (PTFE) membrane. 

In firefighting, underwear’s principal role is to provide an 
additional layer of material between the hazard (radiant or 
direct flame contact) and the person’s skin. Cotton is the most 
commonly used underwear, but wool, silk, aramid or other 
flame-resistant materials are also used [16]. Fabrics made by 
synthetic fibres, 100% or blended with natural fibres, resistant 
to high temperatures as well as to chemical agents are used 
for underwear for firemen, due to their improved ability to 
remove moisture, which seemingly could improve fire-fighters’ 
comfort and might increase efficiency. In this study, underwear 
made of functionalised polyamide base fibres, resistant to high 
temperatures as well as to chemical agents and with good 
moisture management capacity, was used. 

The physical properties (thickness, surface weight, bulk density) 
and the thermo-physical properties (water-vapour resistance 
and thermal resistance) of the fabrics were measured and are 
displayed in Table 1. 
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Thickness was measured under the pressure of 1 ± 0.01 
kPa, according to the standard ISO 5084:1996. Density was 
calculated from the values of fabric monolayer thickness and 
surface weight (which was determined using an analytical 
balance). The average of ten measurements was calculated.

Measurements of thermal (Rct) and water-vapour resistance 
(Ret) of mono- and multi-layer fabrics were carried out on the 
sweating-guarded hotplate according to the standard ISO 
11092:1993 [17]. Specific environment testing conditions 
prescribed by this standard were met using a climatic chamber.

It can be noted that the sum of Rct values of individual layers 
is close to the measured Rct of the assembly composed of the 
corresponding layers. In contrast with the thermal resistance, 
the total water-vapour resistance of a combination of textiles 
is not always equal to the sum of the single resistances. In 
particular, the inclusion of hydrophilic components imparts the 
complexity of the phenomenon, as the water-vapour resistance 
of these materials depends on the relative humidity of the 
membrane [18].

2.2. Experimental set-up and procedure

2.2.1. The test apparatus

The scheme of the test apparatus for determining heat and 
moisture transfer under both steady and transient conditions 
through single-layer or multi-layer fabrics, when exposed to a 
low-level radiant heat flux, is shown in Figure 1. 

An infrared lamp (SICCA RED 150W 240V HG) was used as 

radiant heat source in order to supply a constant radiant heat 
flux at the surface of the sample corresponding to the routine 
condition of the firefighting environment. Figure 2 shows the 
relative intensity distribution of the lamp [19].  

For every Watt electrical power, the radiant intensity is 
expressed by the equation (1):

		  Ω
=

PI
		  (1)

P – the power source, W
I - the radiant intensity, W/Sr
Ω - the solid angle, Sr.

		   
2r

S
=Ω

	 (2)

S – the limited area of the spherical  zone of solid angle Ω, m2

r - the radius of the sphere, m.

Thus, from equations (1) and (2):

		  S
rPI

2×
=

	                                       (3)

or,				              

		
2r

I
=Φ

		  (4)

where F is the radiant heat flux density, W/m2.

Table 1. Physical and thermo-physical properties of the fabrics

Material Surface 
weight, g/m2

Thickness, 
mm

Density, 
kg/m3

Rct
m2K/W

Ret
m2Pa/W

Underwear
(UW)

 Functionalised polyamide 
base

 knitted -piqué
283± 4 1.19 ± 0.01 238 ± 4 0.0281±0.0003 4.08±0.03

Fire-fighter Jackets

Fire-fighter Jacket 1 (FJ1) 540±4 2.40±0.04 224±5 0.0938±0.0048 34.95±0.04

Outer shell 100% aramid woven 242 ± 2 0.5 ± 0.01 489 ± 5 0.0129±0.0006 5.76±0.27

Thermal 
liner 100% aramid non-woven 98 ± 2 1.46 ± 0.03 67 ± 2 0.0689±0.0034 6.64±0.21

Moisture 
barrier

polyurethane coated 100% 
aramid

knitted (coated)
195 ± 2 0.47 ± 0.00 418 ± 6 0.0134±0.0034 30.16±0.02

Fire-fighter Jacket 2 (FJ2) 570±4 2.13±0.03 267±4 0.0715±0.0023 25.27±0.91

Outer shell 100% aramid woven 242 ± 2 0.5 ± 0.01 489 ± 5 0.0129±0.0006 5.76±0.27

Thermal 
liner

100% aramid
non-woven 49±2 0.38±0.01 127±3 0.0147±0.0003 1.93±0.00

Moisture 
barrier

PTFE membrane laminated 
to 100% aramid non-woven 128±3 0.98±0.03 131±5 0.0263±0.0008 7.27±0.03

Inner layer 100 % aramid woven 150±1 0.37±0.00 403±6 0.0129±0.0003 3.44±0.14
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paint having a coefficient of absorption greater than 0.9, so as 
to absorb radiant flux.  The cooper plate is bent into an arc with 
a radius of 130 mm. The copper plate is accurately weighed 
before assembly. The curved copper plate is bonded to the 
mounting block around its edges using an adhesive resistant 
to high temperature. 

The fabric holder assembly is placed on the precise METTLER 
TOLEDO balance in order to register the evaporation rate. The 
data are collected and stored with the LabX direct Balance 2.3 
system on a PC.  

E-type ChromegaTM-Constantan thermocouples (Omega 
Engineering LTD, USA) are placed between fabric layers in 
order to measure the temperature distribution through the 
multi-layer assembly during experiments.

A Data Acquisition System Keithley 2700 with 20-Channel 
Differential with Multiplexer module 7700 coupled to a computer 
with ExceLINKS software has been used to register the data. 

Figure 1. Configuration of the test apparatus for determining heat and moisture transfer through fabrics exposed to a low-level radiant heat flux

Figure 2. Relative intensity distribution of SICCATHERM ® lamp 

For small angles, the radius of the sphere can be approximated 
with the distance “d” between the radiant source and calorimeter. 
In our arrangement, the maximum distance between the source 
and the calorimeter is 420 mm.  For this distance the beam 
angle value is between 0 and 3.6 (°) and the average intensity 
of the lamp is 1.01 [W/Sr]. For a radiant source of 150 [W] the 
minimum heat flux density is 852 [W/m2]. 

The fabric holder assembly was fabricated to hold and position 
a fabric sample rigidly against the hot air impinging flow. The 
heat transferred across the fabric is measured with a sensor 
assembly positioned on the fabric holder. The fabric holder 
consists of 90x90 mm square piece of extruded PVC board 
of nominal thickness 25 mm and known density and thermal 
characteristics. 

The sensor assembly is composed of a copper plate 
calorimeter 50 x 50 mm, 1.6 mm thick, an insulating board and 
a ChromegaTM - Constantan thermocouple silver welded on the 
copper plate. The calorimeter face is painted with a flat black 
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2.2.2. Calibration of the radiant source

In the presented configuration, calibration of the test apparatus 
is performed as follows:
1. �The test frame is positioned at a distance ‘d’, on the vertical 

central line of the radiant source.
2. �The temperature measuring device is switched on.
3. �The radiation source is switched on and allowed to heat the 

movable screen closed until the radiation is constant. The 
steady state is reached in about 30 seconds.

4. �The movable screen is removed and returned to position 
after a temperature rise of about 12°C has been reached. 

5. �The recorded output shows a linear temperature/time 
relationship. From this linear region, the rate of the rise in 
temperature R is determined, expressed in °C/s. 

6. � The incident heat flux density, in kW/m2, is then determined 
from the following equation:

	

		  A
RcM

Q p
0 ⋅α

⋅⋅
=

	                                                (5)

where:
M - the mass of cooper plate, kg
cp – the specific heat of copper, J/kgK
R – the rate of rise in the calorimeter temperature in the linear 
region, °C/s
A – the area of copper plate, m2

a - the absorption coefficient of the painted surface of the 
calorimeter.

The incident heat flux density can be adjusted to the required 
level by varying the distance between the radiant source and 
the calorimeter. 

The calibration of the radiant source is confirmed by 
measurements using an ultra-thin Heat Flow Meter 50 x 50mm, 
from CAPTEC with a sensibility of 11.7 mV/(W/m2). 

2.2.3. Experiments

2.2.3.1. Single-layer tests

The specimen had the dimension (57.5 x 57.5) mm. The 
distance between the infrared lamp and the outer surface was 
defined in order to supply a constant radiant heat flux of 1100 
W/m2 at the surface of the sample. 

The experiment started by first applying the flux on a movable 
screen which was initially closed for 30 seconds to prevent 

premature heating of the fabric prior to testing. When the 
screen was quickly opened the heat flux reached the front 
fabric surface. The fabric sample was exposed to the heat flux 
until the steady state was reached.  

Both dry and wet tests were performed. For the wet tests, at 
the beginning of the experiment the underwear was wetted 
with a defined amount of water (1.08 g, 1.38 g and 1.74 g). 
This corresponds to the moisture content of 120%, 160% 
and 200%, respectively, for the underwear relative to the 
conditioned weight (20 °C and 40 % RH). To moisten the 
sample, the following protocol was used: the specimen was 
first conditioned in the testing room prior to moisture application 
and testing. The sample was immersed in distilled water and 
then placed between sheets of rolled-over blotting paper using 
a metal roller for removing the excess water until the needed 
amount of water was obtained. 

The testing conditions were constant during the experiments: 
ambient temperature Tamb = 20 °C and air relative humidity RH= 
40%. 

2.2.3.2. Multi-layer fabric system tests

The same protocol was used for multi-layer fabric systems 
without additional water (dry condition) and with additional 
water within the underwear. The outer shell, thermal liner and 
moisture barrier and inner layer specimens have the dimension 
(70x70) mm and were fastened on the specimen holder using 
some clamps. A slight tensioning force of 2N was applied in 
order to avoid the air gaps between layers.  The underwear 
specimen had the dimension (57.5x57.5) mm.

For the wet tests, the underwear was wetted with the same 
amounts of water (1.08 g, 1.38 g and 1.78 g), corresponding to 
the moisture content of 120%, 160% and 200%, respectively, 
for the underwear.

E-type ChromegaTM-Constantan thermocouples (Omega 
Engineering LTD, USA) were placed between fabric layers 
in order to measure the temperature distribution (T1, T2 and 
T3) through the textile assembly during the experiment. The 
thermocouple accuracy was 0.3 °C, the response time 0.3 s, 
wire diameter 0.075 mm and Teflon insulation 0.3 mm. 

The locations of thermocouples into the fabric systems are 
shown in Figure 3. 

Figure 3.The thermocouples location
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3. Results and Discussion

3.1. Single-underwear tests

Figure 4 shows the temperature variation for the constant 
heat flux of 1100 W/m2, for underwear with different moisture 
content. The temperature pattern for wetted fabrics can be 
divided into four different phases: an initial rising phase, a 
stagnation phase, a final rising phase and a final stagnation 
phase. During the first phase energy was used mainly in 
heating up the fabric and moisture, and only a small quantity 
of moisture was evaporated. During the second phase the 
temperature was constant (43.5 °C) regardless of the initial 
amount of water contained in the material. On the contrary, 
the amount of moisture had a significant influence on the 
second phase duration. Thus, for the 1.08 g moisture 
content (120%) the temperature plateau was registered for 
1398 seconds, for 1.38 g moisture content (160%) for 1608 
seconds and for 1.74 g moisture content (200%) for 1956 
seconds. Keiser C. [4] found a linear correlation between 
the amount of water and the duration of the second phase. 
This linear correlation was confirmed by our results (see  
Figure 5).

In the third phase the temperature started rising again, and the 
fourth phase represented the equilibrium. 

The temperature was lower during evaporation of the moisture 
than during the measurement of the dry sample. The higher 
the initial moisture content the higher the difference during the 
evaporation. For all experiments, as soon as the moisture had 
evaporated, the temperature approached the temperatures 
measured for dry sample, 75°C. 

Figure 6 shows the decrease in the moisture contents. 

The moisture content stayed constant at the beginning for about 
30–60 seconds and then decreased. The moisture decreased 
linearly with time. From these results the evaporation rates 
were calculated by dividing the moisture content by the time it 
took to evaporate the amount of water. The evaporation rates 
were 0.981 x 10-3 g/s for 200% moisture content, 0.927 x 10-3 
g/s for 160% moisture content and 0.841 x 10-3 g/s for 120% 
moisture content, respectively, that is, 0.297 g/m2.s, 0.280 g/
m2.s and 0.255 g/m2.s, respectively. Thus, for the same radiant 
heat flux, the rate of evaporation rate seemed to increase 
linearly with the moisture content (Figure 7).

Figure 4. The temperature variation for constant heat flux of 1100 W/m2, for underwear with different moisture  content 

Figure 5. Correlation of the amount of water and the time at the end of phase two
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At the end of the experiment, moisture content reached a 
negative value. As the weight of the whole system was set to zero 
initially, a negative amount of water at the end of measurement 
indicates that this amount of water must be present within the 
textile layer at the beginning of the measurement. The samples 
were kept at room condition prior to the tests, and therefore an 
initial amount of water corresponding to their moisture regain 
was present in the material. After radiation was cut off, the 
same amount of water was absorbed back into the fabric from 
the surrounding atmosphere. This amount represents 12.79% 
of the mass of perfectly dry material and corresponds to the 
moisture regain of fibres, that is, 12%. 

The energy used for evaporation can be calculated from
		               

•
	

		  Qevap = mevap  • ϕevap (W/m2) 	 (6)
where
m˙evap is the evaporative mass flux, kg/m2s
jevap  is the latent heat of evaporation, J/kg.

Considering that the temperature of the system remains 
constant during evaporation, we can calculate the energy used 
for evaporation:

		  Qevap = Qin - Qrad-out - Qconv (W/m2)	 (7)

The general inward heat flux Qin (W/m2) represents a heat flux 
that enters into domain.

		  Qin = ε Q (W/m2)	  (8)

e is the emissivity of the fabric
Q is the radiant heat flux, W/m2.

The emitted thermal radiate heat flow is defined as

	 ( )4
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4
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c=   (W/m2K)                                                   
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Figure 6. Variation of moisture content

Figure 7. Correlation of the evaporation rate and the amount of moisture
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where
e is the emissivity of the fabric
s is the Stefan–Boltzmann constant, W/m2K4

Tsurf is the surface temperature, K
Tamb is the ambient temperature, K.
Natural convection heat transfer following the temperature gradient 
between the surface and the environment occurs:

	
( )ambsurfcconv TThQ −=

 	 (W/m2)	 (10)

where hc is the natural convection heat transfer coefficient 
(W/m2K) calculated using the definition of the Nusselt number:
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where 
Nu is the Nusselt number
kair is the thermal conductivity of the air W/(m·K)
L is the characteristic length, m.

According to the empirical correlation of free convection on a 
horizontal plate for Tsurf	 >Tamb [20]:
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where
g is the acceleration of gravity, m/s2

ΔT is the temperature difference between the surface and 
ambient conditions, K
k is the thermal conductivity of the fluid W/(m·K)
ρ is the fluid density, kg/m3

Cp is the heat capacity of the fluid, J/(kg·K)
μ is the dynamic viscosity, Pa·s
L is the characteristic length, m
RaL is the Rayleigh number.

The constants used for the calculation of the energy balance 
are shown in Table 2.

Table 2. Constants used for the calculation of the energy balance

Constant Value Unit
Qin 1100 W/m2

e 0.95 -
Tsurf 51 °C
Tamb 20 °C
hc 9.8 W/m2K

mevap 0.280 g/m2s
jevap 2257 J/g

The heat of evaporation according to equation (6) is 632 W/m2

and according to equation (7) is 600 W/m2. Thus, a good 
correlation can be considered between the two values, taking 
into account the assumptions made.

3.2. Fire-fighter Jackets + Underwear tests

Figure 8 shows the evolution of temperature over time according 
to measurements at all the four interfaces, for the three-layer 
protective system with underwear, FJ1 +UW, in dry condition.

Figure 8 shows that the temperature of the thermocouples 
starts rising sharply from the moment the fabric system is 
exposed to the radiant flux at t=0 and then gradually rises 
until stabilisation. The highest rate of rise is registered by T1 
temperature and the smallest rate in temperature increase 
is registered by the calorimeter temperature, Tc. The energy 
is conducted to the copper plate interface, but in a relatively 
slower process that proves the thermal protective effect of the 
fabric system. The temperature at the back face stabilises at 
approximately 72 °C, and the temperature T1 at about 95°C. 

Figures 9, 10 and 11 show the evolution of temperature over 
time according to measurements at all the four interfaces, 

Figure 8. Temperature profiles with dry fabrics (FJ1+UW) when exposed to a radiant heat flux of 1100 W/m2
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Figure 9. Temperatures between the layers (FJ1+W)  Moisture content 120%, located in the underwear; heat flux 1100 W/m2

Figure 10. Temperatures between the layers (FJ1+UW); moisture content 160%, located in the underwear; heat flux 1100 W/m2

Figure 11. Temperatures between the layers (FJ1+UW); moisture content 200%, located in the underwear; heat flux 1100 W/m2
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that moisture can positively affect the thermal protection of a 
clothing system.

The evaporation rates were 0.195 g/m2s for 200% moisture 
content, 0.183 g/m2s for 160% moisture content and 0.145 
g/m2s for 120% moisture content, respectively. The time of 
evaporation was 1645 seconds for 120% moisture content, 
2120 seconds for 160% moisture content and 2355 seconds 
for 200% moisture content. Thus, linear correlations were 
again confirmed between the moisture content and both the 
evaporation time and the evaporation rate.

For multi-layer clothing system the water-vapour resistance 
of the upper layers leads to a lower evaporation rate and 
consequently lower energy absorbed by evaporation. Thus, for 
the FJ1 + UW tests, the temperature plateau is recorded at a 
higher value (51 °C) than for single underwear (43.5 °C). 

The underwear containing 160% moisture was tested in 
combination with fire-fighter protective clothing consisting of 
four layers (FJ2) for three different heat flux densities: 1700 W/
m2, 1100 W/m2 and 875 W/m2. Figures 13, 14 and 15 show the 
temperature variations.  

for a three-layer protective system + underwear, for 120%, 
160% and, respectively, 200% initial moisture content in the 
underwear layer.

Similar to the previous discussion, the temperature pattern can 
be divided into four different phases: an initial rising phase, a 
stagnation phase, a final rising phase and a final stagnation 
phase. 

After the first stagnation phase, the temperature starts rising again 
and a steady-state condition is reached, indicating that the fabric 
is completely dry. The temperature at the back face stabilises 
at approximately 72 °C and the temperature T1 at about 95 °C. 
In fact, as soon as the moisture  evaporates, the temperatures 
approach the temperatures measured for dry samples.

Figure 12 shows the comparison of the temperatures T1 and 
Tc, respectively, for different amounts of moisture content 
in underwear under a radiant heat flux of 1100 W/m2.  The 
moisture within the clothing assembly did not lead to increased 
temperatures compared with the measurements with dry 
samples. On the contrary, lower temperatures were reached 
during the evaporation process. This research demonstrates 

Figure 12. Comparison of the temperatures T1 and Tc, respectively, for different amounts of moisture content in underwear (FJ1+UW); heat flux 
1100 W/m2

Figure 13. Temperatures between the layers (FJ2+UW); moisture content 160%, located in the underwear; heat flux 1700 W/m2
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between the textile layers compared with FJ1. This air gap can 
determine an increase of FJ2 thermal resistance. 

On the contrary, for FJ1 with 34.9 m2Pa/W water-vapour 
resistance, the evaporation rate is 0.183 g/m2s and the 
evaporation time 2120 seconds. For FJ2 with 25.27 m2Pa/W 
water-vapour resistance, the evaporation rate is 0.170 g/m2s 
and the evaporation time 2660 seconds. This means that for 
the FJ1, with higher Ret, the evaporation rate is higher and the 
time of evaporation is shorter. This is a contradiction that can 
be explained by the fact that barrier properties of hydrophilic 
membrane (component of FJ1) do depend on the applied water-
vapour pressure because of membrane swelling effect. Thus, 
the water-vapour resistance of hydrophilic membrane is reduced 
by increasing the water-vapour pressure applied to the sample, 
or, expressed in more simple terms, hydrophilic membrane 
responds to increasing water-vapour pressure by becoming 

In combination with FJ2 the evaporation rates were 0.223 g/m2s
for the heat flux of 1700 W/m2, 0.170 g/m2s for the heat flux 
of 1100 W/m2 and 0.150 g/m2s for the heat flux of 875 W/m2, 
respectively. The time of evaporation was 2000 s for the heat 
flux of 1700 W/m2, 2610 s for the heat flux of 1100 W/m2 and 
3078 s for the heat flux of 875 W/m2, respectively. Thus, linear 
correlations were confirmed between the heat flux density and 
both the second phase duration and the evaporation rate.

The evaporation temperature depends on the heat flux density: 
the higher the heat flux the higher the temperature at which the 
constant plateau is registered.

Even if the thermal resistance of FJ2 is lower than the thermal 
resistance of FJ1, comparable temperatures have been 
registered at steady state. This can be because of the fact 
that FJ2 has four layers, that is, one supplementary air gap 

Figure 14. Temperatures between the layers (FJ2+UW); moisture content 160%, located in the underwear; heat flux 1100 W/m2

Figure 15. Temperatures between the layers (FJ2+UW); moisture content 160%, located in the underwear; heat flux 875 W/m2
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Heat transfer simulation through textile porous media
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ABSTRACT
Over the last decade, modelling of heat and mass transfer through textile materials has become a con-
stant focus of researchers, the research being directly influenced by the development of computer sys-
tems. The importance of the heat transfer properties of clothing is particularly crucial in high-risk
professions, such as firefighters and military, or in sportswear and healthcare. While some analytical
and numerical models have been developed regarding these materials, most approaches are at the
macroscopic level, where microscopic details are filtered out to reduce numerical and physical com-
plexity. When the unsteady transfer occurs, the results can have significant errors. On the other hand,
simulation is a cheaper method to obtain the static or dynamic characteristics of porous materials.
This paper aims to model a simple textile structure and to perform a heat transfer simulation using
Comsol MultiphysicsVR . Comsol MultiphysicsVR is a software that allows the simulation of physical phe-
nomena using geometric models. By applying the standard boundary conditions, a comparison
between the simulated and experimental values was made. To have a significant result for the entire
system, the dimension of the sample was chosen so that it becomes a Representative Elementary
Volume. Starting from the characteristics of the yarns and a geometric model of the textile structure,
by simulation has been achieved the global characteristics of the material such as thermal resistance,
porosity, heat flux and relative times for which the transfer becomes stationary. Global values were
obtained by the volumetric average method using predefined functions in Comsol MultiphysicsVR .
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1. Introduction

The first significant model for textile heat transfer was
developed and validated by Torvi (Łapka et al., 2016) for
testing fabrics at high temperatures and open flame. The
physical model is one-dimensional, the textile material is
considered homogeneous and the mathematical equations
refer to heat transfer through conduction and radiation.
Mell and Lawson (Onofrei et al., 2015) take over the Torvi
model but use multilayer textile structures used in protective
clothing for firefighters.

Gibson (Song et al., 2008) proposes a model in which the
textile material is considered a hygroscopic porous medium,
coupling mass and heat transfer according to Whitaker’s
theory. The proposed mathematical model takes into
account the conservation of momentum and energy and the
continuity equation.

Prasad (Onofrei et al., 2015) developed a detailed math-
ematical model for studying non-stationary heat and mois-
ture transfer through multilayer fabric assemblies with or
without air gaps between the layers. The model shows the
variation of the thermodynamic and transport properties of
the fabric, due to the presence of water. The second-order
differential equations are solved by the Runge-Kutta
approximation method, and the results obtained proved to
be comparable with the experimental measurements.

Recently, Łapka (Łapka et al., 2016) presents a more
complex mathematical model of heat and moisture transfer
through protective clothing for firefighters, taking into
account the interaction with human skin. Heat transfer
takes place through conduction and radiation being coupled
with the diffusion of water vapour through porous media.

Currently, two approaches are highlighted in the simula-
tion of heat and mass through porous materials, depending
on the model scale: microscopic and macroscopic. Each of
these two types of models comes with its working assump-
tions that directly influence the accuracy of the results and
the costs of simulation.

Due to the large data storage and processing capacity
involved in the microscopic model, in most cases, the
macroscopic scale is preferred in simulations. However, the
comparisons between the values from the macroscopic scale
simulation and the results from the experiment revealed
substantial differences in the transitory area (dynamic
regime) for temperature, heat flow, etc.) (Onofrei et al.,
2014). These differences are of particular importance in crit-
ical applications such as firefighting interventions, for steel-
workers exposed to fire and very high temperatures, etc.

Over the last decade, due to the advances in computer
science, the microscopic approach in simulating has become
much more accessible.

In this study, a Direct Numerical Simulation (DNS) has
been performed of heat flow over a three-dimensional textile
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model at a microscopic scale and the results were compared
with the results from a macroscopic approach simulation of
the heat flow through textile.

To simulate heat transfer through textiles, Comsol
MultiphysicsVR was used, which is a cross-platform software
that allows modelling and simulation of physical processes
based on Finite Element Method (FEM) (Comsol Inc, 2015).
Comsol MultiphysicsVR has a large number of modules that
allow solving engineering or scientific problems, with the
possibility of coupling these modules. Due to the predefined
models, the simulation is much easier. The emphasis is on
the physical quantities and there is no need to define
new equations.

To validate the model, the thermal resistance, Rct, of a
textile material obtained by simulation and experimentally
determined according to ISO 11092-2014 were compared.
Thus, the applied boundary conditions are similar to those
corresponding to this standard method.

2. Theoretical consideration

Heat transfer through porous materials takes place in two
ways: through the solid matrix and through the fluid in the
voids. Through solid, heat is transferred by conduction
mechanism and through the fluid by conduction, convection
and radiation.

2.1. Conduction heat transfer

Thermal conduction is a mechanism of heat transfer that
takes place within a thermodynamic system or between sys-
tems with thermal contact. Conduction is due to direct
molecular interactions and does not involve a mass transfer.
The equations of conduction heat transfer were deduced by
Fourier in 1882, based on experimental results. Thus, it was
established that the heat flux, /, in any direction, is propor-
tional to the temperature gradient in that direction. The
coefficient of proportionality is called thermal conductivity,
k, and is a tensor type. For homogeneous and isotropic
materials, the thermal conductivity becomes a scalar with a
constant value, and the Fourier law can be written as
(Rathore, 2015):

@T
@t

¼ 1
Cp � q � k � r2T (1)

where: k is thermal conductivity, q – density, Cp - thermal
capacity, T – temperature, t - time variable and r2T -
divergence of gradient temperature (Laplace operator).

It is also possible to define a thermal diffusion coeffi-
cient, at, which expresses the thermal inertia of the material:

at ¼ k
Cp � q (2)

The equation (1) has an infinite number of solutions that
define a curves family. To find a unique solution it is neces-
sary to apply border conditions such as Dirichlet, Neumann
or Fourier conditions.

2.2. Radiation heat transfer

The radiation heat transfer mechanism is based on electro-
magnetic waves. A thermodynamic system that has a tempera-
ture above absolute zero emits thermal radiation. The range of
wavelengths that produce thermal effects starts from 0.1mm
(ultraviolet) to 100mm (infrared). The relationship between
emitted energy and temperature was deduced experimentally
by Jozef Stefan and theoretically by Ludwig Boltzmann, using
the virtual concept of the black body (Cengel & Ghajar, 2015):

Eb ¼ e � r � T4 (3)

where: Eb is the emitted energy in unit time, per unit area,
T is the temperature, r - Stefan-Boltzmann constant and e -
the emissivity coefficient.

Heat exchange by radiation is a surface propriety and
depends on temperature, optical properties and surfaces
orientation. To define the influence of surface orientation
the shape factor was introduced. The relationship between
two shape factors of two opposite surfaces that emit and
respectively receive thermal energy by electromagnetic waves
is called the reciprocity theorem (F. M, 2013):

A1F1, 2 ¼ A2F2, 1 (4)

The F1,2 shape factor by definition is (Cengel & Ghajar,
2015):

F1, 2 ¼ 1
A1

ð
A1

ð
A2

cos h1 � cos h2
p � Dx � dA2dA1 (5)

where: A1 and A2 are the emitting and respectively receiving
surfaces of thermal radiation, �1 and �2 - the angles
between the perpendicular direction to the surface and the
direction of propagation and Dx - the distance. The F2,1
shape factor has a similar expression.

For natural porous materials the shape factors are impos-
sible to be calculated inside of the voids, but Song (Song,
2002) concluded that in the case of textiles, the heat transfer
by radiation can be neglected due to very small voids
dimension between the structural components (yarns/fibres).

2.3. Convection heat transfer

Convection is the mechanism of heat transfer associated
with fluid mass transport. Depending on the factor that gen-
erates the movement, the convection type can be:

� free convection, when the flow is a result of tempera-
ture gradient;

� forced convection, due to a pressure gradient.

When the flow lines are parallel there is a laminar flow,
otherwise, it is turbulent flow. The law of thermal convec-
tion was deduced by Newton and has the following form:

_Q
S
¼ ht � Ts � T1ð Þ (6)

where: _Q=S is the heat flow, ht – the thermal convection
coefficient, T1 - the fluid temperature and Ts - the tempera-
ture on the border.
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The convection coefficient includes all factors on which
the heat transfer depends: the fluid properties, surface
geometry, flow type (Bejan, 2013). For most porous materi-
als this coefficient is impossible to be calculated or experi-
mental determined. For that reason, the similarity and
boundary layer theory are necessary. Thus, at the border
between solid and fluid, it is considered that the heat trans-
fer takes place by conduction on a very thin boundary layer
characterized by thermal resistance and a certain thickness.
According to Yunus Cengel (Cengel & Ghajar, 2015), free
or natural convection is associated with Rayleigh number
(Ra) that characterizes the fluid’s flow regime:

Ra ¼ Pr � Gr (7)

where Gr is the Grashof number and Pr is the Prandtl number.
The Grashof number is a dimensionless number definite

by (Cengel & Ghajar, 2015):

Gr ¼ g � bv � DT
t2

L3ch (8)

where: g is the gravitational acceleration, b� - the coefficient
of thermal expansion, DT - the difference between surface
temperature Ts and bulk temperature T1, Lch - the charac-
teristic length and � - the kinematic viscosity.

For ideal gases the bt can be approximated with:

bv �
1
T

(9)

On the other hand (Cengel & Ghajar, 2015),:

Pr ¼ Cp, a � la
ka

(10)

where: ma is the dynamic viscosity of air, Cp,a - the specific
heat capacity and ka - the thermal conductivity.

Dynamic or absolute viscosity (ma) is a measure of the
viscosity of a fluid and is directly proportional to the shear
stress, while kinematic viscosity (�) is defined as the abso-
lute viscosity of a liquid divided by its density at the same
temperature, � ¼ ma/q.

Thus, the Rayleigh number becomes:

Ra ¼ q2 � g � bt � Cp, a

la � ka
� L 3ch � DT (11)

The Rayleigh number (Ra) characterizes the fluid’s
flow regime:

� Ra> 109 denotes a turbulent flow;
� 103<Ra< 109 denotes a laminar flow;
� Ra< 103 denotes that convection can be neglected.

Thus, to determine if there is a convection phenomenon,
it is important to calculate the Rayleigh number, Ra.

For the woven textile structure shown in Figure 1, the
characteristic length Lch is difficult to be calculated, but the
hypothesis of forces acting on a channel (tube) tangentially
limited by the warp and weft yarns was considered. Thus,
the characteristic length can be replaced with the equivalent
hydraulic diameter, dh (Incropera et al., 2011):

dh ¼ 4 � A
Cs

(12)

where A is the area of the channel section and Cs is the per-
imeter of the section.

The section of this channel is obtained by projecting in a
horizontal plane the gap between the yarns of the textile
structure. The area and the perimeter of the section were
calculated by the integrals provided by Comsol
MultiphysicsVR . An area of 0.193mm2 and a perimeter of
1,762mm were thus obtained. By replacing the numerical
values in equation (12), an equivalent diameter dh ¼
0.44mm resulted.

According to the tables with the properties of air in the
literature (Engineering-ToolBox, 2022), the following values
were also used in equation (11):

� ma ¼ 1.85 �10�5 [kg/ms] - the dynamic viscosity of air;
� Cp,a ¼ 1049 [JkgK] – the specific heat capacity;
� ka ¼ 0.026[W/mk] - the thermal conductivity;
� q¼ 1.2 [kg/m3]- the air density;
� b� ¼ 0.003[K�1] - the coefficient of thermal expansion.

Figure 1. Woven fabric structure and 3 D geometrical model.
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and the Rayleigh number Ra¼ 0.131 was obtained. Since
this value is very small, the thermal convection can be
neglected, thus the conduction heat transfer is predomin-
antly through textiles.

2.4. Method description

In this paper, a Direct Numerical Simulation (DNS) has
been performed of heat flow over a three-dimensional textile
model at a microscopic scale and the results were compared
with the results from a macroscopic approach simulation of
the heat flow through textile.

DNS is based on the theory of Richard Courant, who
proposed a new approach to the phenomena that take place
in physical systems: the finite element method (FEM)
(Courant, 1943). The method consists in dividing the system
into small domains (discretization), linked together by nodes.
Unlike the Rayleigh-Ritz method that seeks a system-wide
function that satisfies boundary conditions, by FEM these
functions are defined on simple geometric elements and are
approximated by values at each node of the discretization net-
work. The evaluation of such functions requires a large volume
of algebraic computation and, for this reason, the importance
of the FEM was highlighted only after 1973, being linked to
the evolution of electronic computers (Strang & Fix, 2008).

DNS is the most accurate method of simulating mass
and heat transfer. However, the accuracy of the method
involves high costs in terms of resource allocation (Antonia
et al., 2017). The porous materials, being complex systems
in which the geometry of the solid matrix is not fully known,
require the use of DNS simultaneously with other methods
such as volume-averaged Navier–Stokes (VANS) equations,
Reynolds-averaged equations or statistical methods.

Even if the geometric model of the solid matrix is very
close to the porous material structure its size has generated
major problems related to the allocated software resources
and the accuracy of the results. To reduce the costs of simu-
lation without influencing the accuracy of the results,
Whitaker proposes the use of a Representative Elementary
Volume (REV) (Sbutega et al., 2015).

The Representative Elementary Volume is the smallest vol-
ume of a material that can be measured, provided that the val-
ues must be representative of the entire system. The dimensions
of the elementary volume must be much larger than the geo-
metric characteristics of voids, but at the same time considerably
smaller than the entire studied area (Gros,an, 2012).

Whitaker defines the average volumetric operator, (< >),
for any scalar, vector, tensor W (Whitaker, 1999):

< W >¼ 1
V

ð
V
W � dV (13)

The average volumetric operator is a smooth function for
dimensions larger than REV and obeys the relationship:

� W �¼< W > (14)

3. Geometric model of the textile structure

For the microscopic three-dimensional model, a simple
woven fabric structure was chosen (Figure 1).

The woven fabric is made from aramid yarns containing:
93% NomexVR , 5% KevlarVR and 2% PA (antistatic). The
water vapour resistance of the textile structure, determined
in standard condition (ISO 11092-2014) is Ret ¼ 5.76
(m2�Pa/W). The yarn diameters are du for warp and db for
weft. To determine the density of the fabric, the distance
between yarns, numbers of yarns and the wave’s relative
amplitude were taken into account.

Due to the complex phenomena that occur during the
heat transfer through the porous materials a very fine mesh-
ing is recommended that involves additional costs with the
simulation. According to Whitaker’s theory (Whitaker,
1999), one can choose an "elementary volume" that charac-
terizes the porous material. By definition, the dimensions of
this elementary volume are chosen so that the properties of
the material become relatively constant. The most important
property that influences all characteristics of the porous
media is the porosity and it is taken into account when
determining the size of the sample.

Thus, using the porosity definition and the volumetric
integration functions the porosity variation depending on
the surface area of the textile material was determined. The
results are shown in Figure 2. It can be seen that for a sur-
face area larger than 15mm2, the porosity becomes relatively
constant. To avoid the problems regarding meshing on the
borders, an integer number of yarns have been chosen.

4. Results and discussions

4.1. Simulation of heat transfer in stationary conditions

Taking into account the analysis presented above, the
material properties and the boundary conditions from ISO
11092-2014, a Comsol MultiphysicsVR simulation of heat
transfer was performed through the textile sample from
Figure 1, under steady-state conditions.

The temperature fields for outer borders are shown in
Figures 3 and 4, respectively. The heat flux under the same
conditions is shown in Figure 5.

In this case, according to the ISO 11092-2014 standard,
there is no additional pressure on the surface of the textile
material, which is placed on the metal plate maintained at a

Figure 2. Variation of local porosity depending on the textile material surface.
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constant temperature. The contact between the textile
material and the plate is made in "contact areas". Analyzing
the graphical results, it can be seen that the areas where the
heat transfer has maximum intensity take the shape of "con-
tact spots" for the temperature field, corresponding to the
"contact areas". In these areas, heat flux values increase by
more than 50% (Figure 5).

The "contact areas" surface increase if pressure is applied
to the boundary surfaces of the textile. The pressure applied
to the surface of the fabrics differs from one standard device
to another and this explains why the thermal properties of
textiles vary depending on the standard used.

The temperature fields and the heat flow provide infor-
mation on the maximum and minimum values as well as
the distribution mode. Usually, in calculations, global values
are used. In Comsol simulation these values can result by
mediation on a certain field.

Using the volume averaging method the following values
were obtained:

� Tin ¼ 307.8797 K, the average temperature on the
lower border;

� Tout ¼ 306.9641 K, the average temperature on the upper
border;

� Umed ¼ 67.998 W/m2, the average heat flow.

To calculate the effective thermal resistance of the textile
material, Rct, the following equation was used:

Rct ¼ DT
Umed

(15)

where DT¼Tin - Tout is the difference between the average
boundary temperatures and /med is the average heat flow.

By replacing the numerical values in equation (15), the
thermal resistance of Rct ¼ 0.0135W/mK was found.
Comparing this value with the standard thermal resistance
Rct ¼ 0.0128W/mK (ISO 11092-2014) an error of
5.2% results.

These differences are acceptable taking into account the
working assumptions:

� The 3D model used is an ideal representation of the tex-
tile structure, in which the yarns of the fabric are consid-
ered to have a uniform section. In reality, the section of
the yarns is not uniform, and the contact between yarns
take place on larger surfaces, depending on the yarn
twist, tensions of the yarns etc.

� The heat transfer by thermal radiation as well as the
mass convection through voids was neglected.

4.2. Simulation of heat transfer in dynamic conditions

For unsteady regime (dynamic), two simulations of heat
transfer through textile material were performed, under the
conditions of ISO 11092-1014. The first simulation takes
into account the microscopic structure (a three-dimensional
model) and the second one (macroscopic scale) considers
the homogeneous and isotropic textile material, with the

Figure 3. Locale temperature under steady-state condition on the
lower border.

Figure 5. Heat flux under steady-state condition.

Figure 4. Locale temperature under steady-state condition on the
upper border.
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global properties obtained by standard determinations. For
the microscopic simulation, the local values of the heat flux
at different simulation times (10 s and 30 s) on the upper
border are shown in Figures 6 and 7, respectively. The aver-
age heat flux variation for both microscopic and macro-
scopic simulations are shown in Figure 8.

From Figure 8 it is found that, for the two simulation
models, the heat flow has a relatively similar evolution over
time, but there are differences in the transition area. Even if
the differences between the absolute values are not very
large, the percentage differences at a certain time are signifi-
cant, reaching 9% in the first part of the transfer process
and gradually reducing to 0.1% towards the end of the pro-
cess when the steady-state is reached (Figure 9).

Textiles are porous materials made of air gaps (fluid) and
fibres (solid medium) and the heat transfer phenomenon
takes place through and between two totally different envi-
ronments. Therefore, the internal geometry of the system
plays an important role in the dynamic of heat transfer, in
addition to its thermal properties and external conditions.
The macroscopic approach considers the textile material
homogeneous, while the microscopic approach takes into
account the existence and the interaction between these two
media (fluid and solid). For this reason, in the transient
regime, there are differences in terms of heat transfer
between the two models: macroscopic and microscopic.
These differences are important for applications such as
protection against burns.

Stoll and Chianta (Stoll & Chianta, 1969) have quantified
the reaction of human skin based on the time of exposure
to a certain amount of heat flux. Thus, an important param-
eter to be considered is the time after which a heat flux
reaches a certain value. This time estimated by the two
simulation methods differs, depending on the approached
scale (microscopic or macroscopic). The differences between
the microscopic and macroscopic simulations for the esti-
mated time after which a heat flux reaches a certain value
are shown in Figure 10.

The difference increases with the increase of heat flow
and the maximum value exceed 30%. This result demon-
strates that the “thermal inertia” of the system has a differ-
ent value depending on the microscopic or macroscopic
approach, influencing the prediction of the thermal protect-
ive performance (TPP) and the estimated time of onset of
the second-degree skin burn.

5. Conclusions

Simulation is a fast and less expensive method to obtain the
heat transfer characteristics through porous materials. The
simulation results have higher accuracy in the case of micro-
scopic scale but in the textile field, this approach has not
been used so far due to the very large resources required.
By using Whitaker’s theory and averaging on Representative
Elementary Volume, the software resources required has
been greatly reduced.

Using the Comsol MultiphysicsVR application, the heat
transfer simulation was performed through a woven fabric
for both microscopic and macroscopic scales.

At steady-state, the average heat flow through the textile
has a constant value and it was used to determine the

Figure 6. Variation of heat flux through the textile material, in dynamic regime
at time t¼ 10 s, on the upper border.

Figure 7. Variation of heat flux through the textile material, in dynamic regime
at time t¼ 30 s, on the upper border.

Figure 8. Heat flux through the textile material in the dynamic regime.
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thermal resistance of the textile material. The value obtained
has a deviation of 5.2% from the thermal resistance deter-
mined according to ISO 11092-1014.

The heat transfer simulation in dynamic conditions con-
firms that the scale at which the modelling is conducted
influences the value of heat transfer characteristics. Thus,
the average heat flux in the transition zone under the condi-
tions of ISO 11092-2014, can register a difference of up to
9%, for the two simulation methods - microscopic and
macroscopic scale.

Moreover, the estimated time after which the heat flux
reaches a certain value depends on the approach scale, the
maximum difference being over 30%. That has a particular
interest in the case of protective clothing for firefighters
exposed to radiative heat sources. The estimated thermal
protective performance (TPP) and the predicted time after
which second-degree skin burn occurs depend on the
approached modelling scale.

6. Future work and perspectives

The future research will focus mainly on:

� Extending the simulation to complex textiles structures
using different types of yarn section models. Because
Comsol MultiphysicsVR has only basic geometric tools,

new software modules like LiveLinkTM for
SOLIDWORKSVR are required. This interface includes
functionality to import/export and even link CAD files
with Comsol MultiphysicsVR models.

� Performing the mass transfer simulation through textiles
and coupling the mass transfer with heat transfer that
occurs simultaneously.

� Parameterization of geometric models to optimize textile
structures in terms of heat and mass transfer.
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ABSTRACT 
This paper studies the influence of fabric’s structure 
on the thermal and moisture management properties 
of knitted fabrics made of two types of yarns with 
thermo-regulating effect: Coolmax® and Outlast®.  
The main purpose of this study was the selection of 
the most adequate fabric, to be used in summer and 
winter sportswear. The results demonstrated that 
some properties, such as, thermal properties, 
diffusion ability, air and water vapor permeability are 
influenced by both raw material type and knitted 
structure parameters. Wicking ability is influenced to 
a greater extent by the knitted structure, while the 
drying ability is primarily determined by raw material 
and to a lesser extent by the knitted structure 
parameters. Outlast® fabrics are preferred candidates 
for warmer climate sportswear, particularly due to 
their lower thermal resistance, higher thermal 
conductivity and absorptivity, air and water vapor 
permeability. When considering sportswear for 
colder weather, Coolmax® based structures seem to 
be the best choice. These findings are an important 
tool in the design of a sportswear product tailored to 
the different body areas thermal and moisture 
management requirements.  

Keywords: knitted structure, thermal properties, 
moisture management, sportswear 

INTRODUCTION 
The most important feature of functional clothing is 
to create a stable microclimate next to the skin in 
order to support body’s thermoregulatory system, 
even if the external environment and physical activity 
change completely [1]. 
 
The thermal comfort of a garment depends on several 
factors: heat and vapor transport, sweat absorption 
and drying ability. Total heat loss from skin results 
from the heat loss promoted by evaporation and the 
heat loss conveyed by conduction, convection and 
radiation. Under mild environmental conditions the 
loss of heat by evaporation takes place in the form of 
insensible perspiration which accounts for 
approximately 15% of the heat loss through the skin. 

In the case of hard physical exercise or in tropical 
climates, the heat loss by evaporation is accompanied  
by sweating and the skin becomes covered with a 
film of water [2]. 
 
For wearer comfort, this sweat should be transported 
away from the skin surface, in the form of liquid or 
vapor, so that the fabric touching the skin feels dry. 
The transport of both moisture vapor and liquid away 
from the body is called moisture management [3].  

Moisture management has the following functions 
[4]: 
 
Regulation of body temperature – when the human 
body core temperature exceeds 37 oC, sweat is 
produced. Transporting the sweat away from the skin 
and evaporating it to the atmosphere, reduces body 
temperature.  
 
Control of cloth weight increase – absorbing the 
moist generated by the body increases cloth weight, 
making it uncomfortable and with a negative effect 
on performance. Moisture management avoids this 
effect.  

Natural fibers such as cotton are hydrophilic, 
meaning that their surface has bonding sites for water 
molecules. Therefore, water tends to be retained in 
the hydrophilic fibers, which have poor moisture 
transportation and release. On the other hand, 
synthetic fibers such as polyester are hydrophobic, 
meaning that their surface has few bonding sites for 
water molecules. Hence, they tend to remain dry and 
have good moisture transportation and release.  
Moisture absorption and release properties do not 
coexist in common fibers. To achieve those, specialty 
fibers, obtained by a finishing (microencapsulation) 
process using thermally active materials, such as 
Outlast®, or by fiber design, such as  Coolmax®, must 
be used [5, 6, 7, 8].  
 
When a textile product incorporates thermally active 
materials or specially designed fibers, it can provide 
enhanced thermal and moisture management 
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performance in addition to the existing passive 
characteristics of the structure to keep the body in the 
comfort state [1]. 
 
The Outlast® yarn incorporates PCM (Phase Change 
Materials) microcapsules within a viscose fibre 
structure (Figure 1). The thermo-regulating effect, 
resulting either from the heat absorption or heat 
emission of the PCM, is used to keep the temperature 
of a surrounding substrate nearly constant [9]. 

 
FIGURE 1.  Outlast® Thermocules® in viscose fiber [9](with  © 
Outlast Technologies, Inc. permission). 

 
The Coolmax®  yarn does not rely on thermally 
active additives such as Outlast®, but its thermo-
regulating effect relies on fibre’s morphology 
(greater surface area and multi-channel cross section 
- Figure 2 and Figure 3), which draws sweat way 
from the body to the outside for easy evaporation. It 
applies the capillary theory to rapidly remove sweat 
and moisture from the skin’s surface, transport it to 
the fabric surface, and then evaporate it [10, 6]. 
 

FIGURE 2.  SEM image of Coolmax®  yarn. 

 
 
FIGURE 3.  SEM image of the Coolmax®  fibre. 

 
Nowadays, for the majority of sportswear, underwear 
and outerwear products include elastane. Plating (the 
simultaneous formation of the loop from two yarns) 
is a common technique to produce such knitted 
products [11]. To improve fabric elasticity and shape 
retention, 2% of elastane is enough; for high-
performance garments, such as swimwear and active 
sportswear, the elastane content can increase up to 
30% [8].  

In this study, the effect of fabric structure on the 
thermal and moisture management properties of 
knitted fabrics incorporating yarns with different 
thermo-regulating effect were investigated. The yarns 
used were a 30% Outlast®Viscose / 70% Cotton, 
14.75 tex and a Dacron 702 WSD 1.7/38, 14.30 tex 
(Coolmax®). The plating yarn was a 44 dtex bare 
elastane from Creora, plated at every feeder. 

EVALUATED PROPERTIES AND 
EQUIPMENT USED  
Air permeability is described as the rate of air flow 
passing perpendicularly through a known area, under 
a prescribed air pressure differential between the two 
surfaces of a material.  
 
Tests were performed according to standard ISO 
9237 using a Textest FX-3300 air permeability tester. 
The air pressure differential between the two surfaces 
of the material was 100 Pa. 
 
Thermal properties were evaluated using the 
ALAMBETA instrument [12] and tests performed 
according to standard ISO EN  31092-1994. In all 
cases, the measuring head temperature was, 
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approximately, 32°C and the contact pressure 200 Pa. 
Thermal comfort was characterized by three 
properties:  Thermal conductivity; Thermal resistance 
and Thermal absorptivity. 
 
Thermal Conductivity 
Thermal conductivity is fundamental to determine the 
heat transfer through fabrics. For textile materials, 
still air in the fabric structure is the most important 
factor for conductivity value, as still air has the 
lowest thermal conductivity value when compared to 
all fibers (λair = 0.025). Therefore, air transports a low 
quantity of energy by conduction and thermal 
conductivity decreases as well [13]. 
 
Thermal Resistance 
Thermal resistance expresses the thermal insulation 
of fabrics and is inversely proportional to thermal 
conductivity. In a dry fabric or containing very small 
amounts of water it depends essentially on fabric 
thickness and, to a lesser extent, on fabric 
construction and fiber conductivity [2].  
 
Thermal Absorptivity 
Thermal absorptivity is the objective measurement of 
the warm-cool feeling of fabrics and is a surface-
related characteristic. If the thermal absorptivity is 
high, it gives a cooler feeling at first contact with the 
skin. The surface character of the fabric greatly 
influences this sensation [12, 14]. 
 
Moisture Management 
For liquid transport within fabrics, two phenomena 
must be accounted for – wettability and wickability 
[15]. The term ‘wetting’ is usually used to describe 
the change from a solid–air interface to a solid–liquid 
interface. Wicking is the spontaneous flow of a liquid 
in a porous substrate, driven by capillary forces. As 
capillary forces are caused by wetting, wicking is a 
result of spontaneous wetting in a capillary system 
[16, 17]. 
 
Many test methods have been developed to measure 
liquid water absorbency and water vapor transport in 
fabrics [3, 15]. These methods measure different 
aspects of moisture management characteristics of 
fabrics. 
 
Diffusion Ability 
Expresses the rate of water diffusing in the fabric 
surface and represents fabric’s instantaneous water 
(perspiration) absorbency and transferring ability. 
The fabric samples were placed flat on a hydrophobic 
board with the outer surface facing down. The 
diffusion area (mm2) was measured 30 seconds after 
dripping 0.2 ml of water, using a precise dropper 

whose tip was 10 mm above the fabric surface. The 
measurement was repeated at five different points 
and the average of the diffusion area (mm2) was 
taken to indicate the diffusion ability of the fabrics.   
 
Wicking - Transverse ‘Plate’ Test Or In-Plane 
Wicking Test 
Expresses fabric’s ability to move sweat away from 
the skin to the outer surface of the fabric, where it 
evaporates. The apparatus used to determine the 
transverse wicking consists of a horizontal glass plate 
fed from below with water through a capillary tube 
coming from a reservoir placed on an electronic 
balance. The sample was placed on the glass plate 
and was held in contact with it (and with water) 
applying another glass plate on top of it. The 
changing weight of the reservoir is measured by an 
electronic balance to determine the rate of liquid up-
take by the textile material. Similar apparatus have 
been used by Buras, McConnell, among others [18].  
 
Water Vapor Permeability 
When vapor passes through a textile layer two 
processes are involved: diffusion and sorption-
desorption. Water vapor diffuses through a textile 
structure in two ways, simple diffusion through the 
air spaces between fibers and yarns and along the 
fiber itself. At a specific concentration gradient, the 
diffusion rate along the textile material depends on 
the porosity of the material and also on the water 
vapor diffusivity of the fiber. Diffusivity of the 
material increases with the increase in moisture 
regain. In the same way, moisture transport through 
sorption-desorption process will increase with the 
hygroscopicity of the material [19]. 
 
The factors associated with knitted fabric’s thickness 
and construction determine moisture vapor transport 
properties, especially in low density open textile 
structures. Fiber-related factors, such as cross-
sectional shape and moisture absorbing properties, do 
not play a significant role [20]. 
 
The water vapor permeability was determined on 
SDL Shirley Water Vapor Permeability Tester M–
261, according to standard BS 7209-1990. The cup 
method is a very common method for testing the 
moisture transfer ability of fabrics [21].  
 
Drying Time 
The drying time is mainly dependent on how much 
water is absorbed by the fabric and therefore by 
fabric thickness [20]. 
 
In this test, fabrics were cut into circular samples of 
100 cm2, placed on a horizontal surface and wetted 
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with 1 ml of distilled water dropped onto it using a 
precise dropper whose tip was 10 mm above the 
fabric surface. The remaining water ratio (RWR) and 
the drying time of fabrics were assessed. In order to 
determine the drying rate (evaporating curve), the 
fabrics were weighted in the dry state (dry weight-
Wf) and immediately after wetting (wet weight at the 
initial stage -W0). The change in weight (Wi) was 
measured at 10-minute intervals and the remaining 
water ratio (%) was then calculated, for each interval, 
using the following equation: 
 

 
   %100

WW

WW
RWR

f0

fi 



                  (1) 

The remaining water ratios were used to express the 
drying ability of the fabrics as wetted by sweat.  
 
EXPERIMENT PLANNING 
Nine knitted structures were produced combining 
plain, tuck and float stitches, using an 8-feed Single-
Jersey Circular Knitting Seamless Machine MERZ–
MBS.  Machine details were as follows: gauge – 28 
E, diameter – 13”, number of needles – 1152. The 
yarn input tension for elastane was 4 cN and for the 
other yarns 2 cN. The machine setting for the loop 
length was 100, and maintained constant for all 
fabrics. Table I shows the structures selected for this 
experiment and Table II the knitted fabrics’ 
characteristics. 
 

 
TABLE I.  Knitted fabrics’ structures. 
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TABLE II.  Knitted fabrics’ characteristics. 

 
 
 

 

 

 

 

 

 

All  tests  were  carried  out  after  the  samples  were  
conditioned  under  standard  atmospheric conditions  
(temperature  20  ±  2°C,  65  ±  2%  relative  
humidity), according to standard ISO 139:1973.  

An exploratory data analysis containing central 
tendency and dispersion statistics was performed 
with the purpose of identifying outliers, normal 
behavior of the measured properties and also the 
homogeneity of variances. Then, univariate analysis 
of variance was made using PASW 17.0 by means of 
ANOVA procedure, followed by Post Hoc tests. 

RESULTS AND DISCUSSION 
Air Permeability 
As it can be observed in Figure 4 and was confirmed 
by ANOVA analysis, there is a significant influence 
of the fabric structure on air permeability. Both for 
Outlast® and Coolmax®  fabrics, the lower air 
permeability values were obtained with structures 3 
and 4 (with one-needle floats - known as locknit and 
double locknit), characterized by higher fabric 
density.  Structures 6 and 7 (with a ribbed surface), as  
well as, structure 1 (single jersey) presented the 
higher air permeability values. In the single jersey 
structure this behavior is mainly due to fabric 
density; in the ribbed structures to their surface 
characteristic. 
 
The air permeability is generally higher for 
Outlast®fabrics; this is most probably due to the 
lower thickness of Outlast® fabrics and to fibers’ 
geometry. 

 
FIGURE 4.  Air permeability, l/m2/s.                     

 
The higher surface area of the Coolmax® fibre 
increases the resistance to air flow, which results in 
lower air permeability.  
 
Thermal Properties 
Thermal Conductivity: 
All Outlast® fabrics have higher thermal conductivity 
than Coolmax® fabrics and the difference between 
them is almost constant for all structures (Figure 5). 
This behavior is in a great extent influenced by the 
yarn characteristics, but also by the fabric structure. 
Both for Coolmax® and Outlast® fabrics, structure 5 
(with 3-needle floats) has the lowest thermal 
conductivity and structures 3 and 4 (one-needle floats 
– locknit and double locknit) the highest thermal 
conductivity. These structures have respectively, the 
lowest and the highest bulk densities. 
 

Structure 
code 

Loop length,  
mm 

Fabric density, 
stitches/cm2 

Mass per unit area,  
g/m2 

Thickness,  
mm 

Bulk density, 
g/cm3 

Coolmax® 

+Creora  
Outlast® 

+Creora  
Coolmax®

+Creora 
Outlast®

+Creora 
Coolmax®

+Creora 
Outlast®

+Creora 
Coolmax®

+Creora 
Outlast® 

+Creora 
Coolmax® 

+Creora  
Outlast®

+Creora 
1 2.90 2.95 578 578 253.78 253.2 1.22 1.08 0.208 0.234 

2 1.93/3.0 1.85/2.99 779 774 303.40 288.26 1.36 1.22 0.223 0.236 

3 1.84 1.89 1280 1254 380.02 370.07 1.49 1.41 0.255 0.262 

4 1.85 1.86 1080 1064 363.04 355.73 1.48 1.38 0.245 0.258 

5 1.84/2.95 1.82/2.95 820 836 308.43 296.18 1.89 1.57 0.163 0.189 

6 1.87/3.06 1.85/2.96 861 836 334.5 304.58 1.77 1.58 0.189 0.193 

7 1.88/2.98 1.89/2.96 860 836 314.60 308.94 1.46 1.30 0.215 0.237 

8 2.88 2.92 704 660 334.21 330.3 1.50 1.40 0.222 0.235 

9 2.88 2.93 630 645 282.95 278.09 1.33 1.25 0.212 0.222 
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FIGURE 5 Thermal conductivity -  (x10-3), W/mK. 

 
Thermal Resistance: 
As expected due to the previous behaviour, all 
Coolmax® fabrics have higher thermal resistance 
(Figure 6). The fabrics with the higher thickness 
(structures 5 and 6) have the higher thermal 
resistance for both Coolmax® and Outlast®. 
Moreover, the thermal resistance of structures 5 and 6 
made of Outlast® is similar to the Coolmax® ones 
(except for structures 5 and 6). This is most probably 
due not only to thickness, but also to fiber 
conductivity.  
  

 

FIURE 6.   Thermal resistance - R(x10-3), m2K/W. 

 
Thermal Absorptivity: 
Yarn characteristics play a significant role on thermal 
absorptivity. 
 
As it is observed in Figure 7, the thermal absorptivity 
of Coolmax® fabrics is lower than the Outlast® ones, 

which provides a warmer sensation when in contact 
with the skin. 

 
 
FIGURE 7.  Thermal absorptivity - b, W s1/2/ m2 K. 

 
Moreover, the ANOVA results revealed that the 
surface characteristics of the fabric also have a great 
influence on the warm/cool feeling. Coolmax®  and 
Outlast® structures 5 and 6 (with 3- and 2-needle 
floats) and 8 (with tuck stitches – double piqué) 
showed the lower thermal absorptivity values. The 
highest thermal absorptivity was obtained with 
structures 3 and 4 (one-needle floats - locknits).  
 
Moisture management 
Diffusion ability 
As expected, the diffusion ability of Coolmax® 

fabrics is higher than the Outlast® fabrics - Figure 8 - 
(diffusion area 1.13 – 1.80 times larger).  
 
This behavior is essentially related with yarn 
characteristics, in particular fiber morphology and 
nature (hydrophilic or hydrophobic character), and to 
a certain extent, with the fabric characteristics and 
structure.     
 
In the Outlast® fabrics the hydrophilic character of 
the cellulose-based fibers is the most influencing 
factor of diffusion ability. Characterized for 
absorbing and retaining water, these fibers impair 
water diffusion through the fabric structure and lead 
to non significant differences between structures. 
These differences, however, are probably due to 
fabric thickness and cover: thinner and less dense 
fabrics have improved diffusion ability (jersey 
structure - 1). 
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FIGURE 8.  Diffusion area after 30 seconds. 

 
In the Coolmax® fabrics, the hygroscopic character 
and special morphology of the fiber are the main 
factors promoting water diffusion, but fabric 
characteristics and structure can significantly 
contribute to further improve diffusion ability. 
Structures 5 and 6 characterized by ribbed surfaces 
clearly demonstrate this.   
 
Wicking - Transverse ‘plate’ test or in-plane wicking 
test 
The amount of water (ml) taken by the fabrics at 
fixed intervals was measured and from that, 
polynomial curves were fitted for all the fabrics (with 
r2 values higher than 0.99). Figure 9 and Figure 10 
present the curves obtained for Outlast® and 
Coolmax® fabrics, respectively. The rate of water up-
take was calculated from the curves.  
 
The initial rate of water up-take in in-plane wicking 
is generally higher for Coolmax® fabrics than for the 
Outlast® ones. However, when comparing similar 
structures produced from the different raw materials, 
no correlation was found between the yarn 
hygroscopic character and the amount of water up-
take. Fabric characteristics and structure are 

determining factors of the amount of water up-take 
both for Coolmax® and Outlast® fabrics.  
 
For both Coolmax® and Outlast® fabrics, the initial 
wicking rate is higher for ribbed structures (6 and 7), 
single jersey (1) and structure 5 (with alternating 3-
neddle floats).  
 
Outlast® fabrics with a ribbed surface (structures 6 
and 7) demonstrated the highest water up-take 
capacity and very high initial wicking rate. This 
behavior is most probably due to the structures’ 
ability to behave like a capillary system, removing 
and transporting water through the structure. 
Structures 8 (double piqué) and 4 (double locknit), 
with high bulk density and high thickness showed the 
worse in-plane wicking ability.  
 
Similar behaviour was observed in Coolmax® fabrics. 
Structures 5 and 6 (with 3- and 2-needle floats) with 
the lowest bulk density and the highest thickness 
have the best wicking ability.  
Structures 3 and 4 (locknits) with the highest bulk 
density and relatively high thickness have the worse 
wicking ability. 
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FIGURE 9.   Rate of water up-take for Outlast® fabrics. 

 

FIGURE 10.   Rate of water up-take for Coolmax® fabrics. 

Water Vapor Permeability 
As illustrated in Figure 11, Outlast® fabrics have 
higher water vapor permeability than Coolmax® 
fabrics. This is mainly due to the hygroscopic 
character of Outlast® fabric which has higher vapor 
diffusivity.   
 

 
Moreover, the cross-sectional shape of Coolmax® 
fibre increases the resistance to vapor flow through 
the fibre surface, which reduces water vapor 
permeability.  
 
 

 



Journal of Engineered Fibers and Fabrics 9 http://www.jeffjournal.org 
Volume 6, Issue 4 - 2011 

  

 

FIGURE 11.  Water vapor permeability 

 
These results are in accordance with Brojeswari Das 
et al. findings [1]. However, fabric characteristics and 
structure play a significant role on water vapor 
permeability. When comparing fabrics made of the 
same yarn, the water vapor transmission rate is 
primarily a function of fabric thickness and density, 
as well as, fabric bulk density. For both Coolmax®  
and Outlast® fabrics, structures 3 and 4  (locknits) 
with the highest fabric and bulk densities showed the 
lowest indexes of water vapor transmission rate.  
 

 
 
FIGURE 12.  Correlation between air permeability and water 
vapor permeability of Outlast® fabrics 

 
Structures 6 and 7 (with 2- and one-needle floats and 
a ribbed surface) obtained the highest indexes of 
water vapor transmission rate.   
The results of the present study demonstrated that 
there is a good correlation between air permeability 

and water vapor permeability of the fabrics, the 
relationship being quite well defined by a linear 
curve (Figure 12 and Figure 13), as suggested by 
Stuart et. al [22].  

 

FIGURE 13.   Correlation between air permeability and water 
vapor permeability of Coolmax® fabrics 

Drying time 
The evaporation curves presented in Figure 14 and 
Figure 15 demonstrate that the drying rates of 
Coolmax® fabrics are higher and the drying times 
lower than the Outlast® ones. As in diffusion ability, 
this is primarily attributed to fibre geometry and low 
moisture regain (which increase the rate of capillary 
migration, enhancing the water transmission to the 
fabric surface and release from it).   
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All the curves, around 10-20 % of the remaining 
water ratio, show an inversion point after which the 
drying rate begins to decrease. The first part of the 
curve (with higher slope) corresponds to moisture 
release from the void spaces between yarns; the 
second part (with lower slope) corresponds, in the 
case of Coolmax® fabrics, to the release of moisture 
retained in the inter-fibre capillaries and, in the case 
of Outlast® fabrics, also to the release of moisture 
within the fiber.   
 
The drying time (0% remaining water ratio) for 
Coolmax®  fabric structures lies between 180-210 
minutes (respectively for structure 1 - single jersey 
and  6 - with 2-needle floats) and for all Outlast® 
fabric structures was about 270 minutes. 
 
Knitted structure parameters affect drying ability but 
are secondary factors. In Outlast® fabrics, structure 1 
(single jersey) demonstrated the highest drying rate 

(and also the largest water diffusion area).  This is 
probably due to fabric characteristics, namely, low 
thickness and mass per unit area. Structures 3 and 4 
(the locknits) and structure 8 (the double piqué) 
showed the lowest drying rates. These structures have 
the highest thickness and mass per unit area. 
 
In the Coolmax® fabrics, structures 1 (single jersey), 
2 (double one-needle floats) and 9 (single piqué) 
demonstrated the higher drying rates and ribbed 
structure 6 (with 2-needle floats) and 5 (with 3-
needle floats) the lower ones. Once again fabric 
characteristics, namely thickness and mass per unit 
area, seem to have affected the drying ability of 
fabrics (higher drying ability corresponds to 
structures with the lowest thickness and mass per unit 
area and lower drying ability to structures with the 
highest thickness).   
 

 

FIGURE 14.  Drying time for Outlast® fabrics.
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                                                                              FIGURE 15.   Drying time for Coolmax® fabrics.

 
CONCLUSIONS 
This paper presents a quantitative study of various 
comfort related properties (thermal and moisture 
management properties) carried out on different 
knitted fabric structures containing Outlast® and 
Coolmax®  yarns, and aiming at the selection the 
most adequate fabric for sportswear applications. 
From the results obtained it can be concluded that the 
thermal and moisture management performance of 
the studied fabrics is greatly affected by raw material 
properties, which significantly increased or decreased 
the values of the different comfort related properties 
evaluated. Moreover, the properties of Outlast® and 
Coolmax®  fabrics are significantly influenced by 
fabric characteristics and structure, particularly in 
what concerns thermal properties, diffusion ability, 
air and water vapor permeability. Wicking ability is 
mainly determined by fabric structure and the drying 
ability by raw material properties. 
 
Based on the thermal and moisture management 
behavior demonstrated, Outlast® fabrics are 
considered preferred candidates for warmer climate 
sportswear, particularly due to their lower thermal 
resistance, higher thermal conductivity and 
absorptivity and higher water vapor permeability.  
 
However, as they demonstrated fair drying ability, 
fabrics can become wet and damped, creating  
 

 
 
discomfort to the user (heavy, sag, feel cold when 
activity ends). Therefore, different solutions must be  
proposed, according to the activity level. If the 
wearer performs mild activities, skin wetness is very 
low and thermal comfort is managed by skin 
temperature. In this case, fabrics’ air permeability 
and thermal resistance are determining properties for 
thermal comfort. Fabrics must have high air 
permeability and low thermal resistance. Fabrics with 
structures 1 (single jersey), 2 (alternate double one-
needle floats) and 7 (one-needle floats with ribbed 
surface) fulfill these requirements. 
 
If the wearer performs more intense activities, skin 
temperature and wetness increase rapidly. Under 
these conditions, besides high air permeability and 
low thermal resistance, fabrics must provide higher 
water vapor transfer, high diffusion and wicking 
ability, as well as fast drying rate.  Fabrics with 
structures 1, 7 and 2 meet these requirements, but 
depending on the level of intensity and on ambient 
temperature, one fits better than the other. Fabric 
with structure 1 (single jersey) seems the most 
adequate for higher intensity activities, where the 
user tends to sweat more. On one hand because it 
promotes heat and water vapor transfer (it has high 
air permeability, the lowest thermal resistance, very 
good water vapor permeability) and on the other hand 
because it adequately manages sweat absorption and 
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transfer through evaporation (it has the highest 
diffusion and drying ability, although average 
wicking ability).  
 
As regards Coolmax® fabrics, the results pointed to a 
preferential use on sportswear applications for colder 
ambient conditions, particularly due to their high 
thermal resistance together with high wicking and 
diffusion ability. Fabrics with ribbed structure 6 (with 
2-needle floats) and 5 (with 3-needle floats) have the 
higher thermal resistance and the better overall liquid 
moisture management capacity (high diffusion and 
wicking ability) which makes them the best choice 
for cold weather sport activities.  
 
The previous findings are an important tool in the 
design of a sportswear product tailored to the 
different body areas thermal and moisture 
management requirements.  
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Abstract

Thermo-physiological wear comfort is mainly determined by the thermal and moisture

performance of clothing. Moreover, moisture is widely recognized as one of the most

important factors contributing to discomfort sensations. Functional yarns with a

thermo-regulating effect improve thermal and moisture performance of fabrics, but

the integration of elastic yarns into the fabric structure can impair thermo-physiological

wear comfort. The goal of this research was to compare, in dry and wet states, the

thermal comfort properties of elastic knitted fabrics with thermo-regulating yarns,

namely Viscose Outlast� and Polyester Coolmax� to better understand thermal behav-

ioral changes due to moisture content of the fabrics. Surface moisture transfer between

the fabrics and a wet skin was also assessed and enabled to evaluate the level of the

unpleasant contact feeling. Air permeability that is related to the thermal behavior was

also investigated. The results obtained showed that at 22% moisture content, which

simulates a sweating sensation, the change in thermal properties is similar for both

fabrics. Above the ‘sweating sensation’ moisture, significant differences on the thermal

properties with the moisture content were registered between fabrics, Outlast� fabric

being more prone to thermal properties changes due to moisture uptake than the

Coolmax� one. When worn in conditions of wet skin, the unpleasant cool feeling

increased for both fabrics, but the effect is more pronounced for Outlast� fabric.
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Introduction

Comfort sensations are classified into three main groups: thermal and moisture
sensations, tactile sensations and pressure sensations. During normal wear, i.e.,
under steady-state conditions, comfort sensations are mostly related to tactile and
pressure sensations. These are mainly determined by fabric surface structure, pri-
marily associated with skin contact descriptors (such as smoothness or prickliness)
and by clothing fit and stretch, which are related to and influence tactile sensations
but also affect the ability of fabrics to dissipate heat and moisture (in vapour and
liquid forms) [1]. Under transient wear conditions, caused by physical activity or
weather conditions, comfort sensations are mainly related to the thermal properties,
the moisture vapor resistance of clothing and the percentage of moisture accumu-
lated inside the clothing [2]. Thus, if the clothes worn next to skin get wet, the final
thermo-physiological comfort is dependent on two main factors: the thermal resis-
tance in wet state and the active cooling resulting from the moisture evaporation
from skin through the clothing and from the direct evaporation of sweat from the
fabric surface [3,4]. The use of functional yarns with a thermo-regulating effect
improve the thermal and moisture performance of fabrics made from the yarns,
but the integration of elastic yarns into the fabric structure can impair the thermo-
physiological wear comfort [5]. Therefore, the study of thermal behavioral changes
due to moisture content in functional elastic fabrics, is of importance to design and
predict wear comfort, particularly for sportswear applications.

There is limited literature on properties of knits from new generation fibers with
elastane yarn, and most studies refer to changes in physical and dimensional char-
acteristics of the fabrics. Knitting with elastomeric yarns usually results in a com-
pact structure because of the yarn extension in the knitting zone, fabric relaxation
after taking-off and yarn compression, which leads to changes in the loop geom-
etry. The elastomeric yarn allows the fabric to stretch more than traditional fabrics,
creates a more resilient fabric, which is resistant to snagging, fiber fatigue, pin
holing and which increase the useful life of fabric [6].

Examination of inter-reliance of geometrical attributes of elastomeric knitted
fabrics, particularly loop length and type of structure, and the aerodynamic and
comfort properties was the subject of a previous study [7]. The results indicated
that the loop length significantly influences especially the air and water vapor per-
meability of the fabrics, and the structure type influences the thermo-physiological
comfort properties.

In this paper, the thermal comfort properties of elastic knitted fabrics produced
with functional yarns with thermo-regulating effect are compared in dry and wet
states, and the moisture transfer between the fabrics and a wet skin is assessed,
using the indirect measuring method derived by Hes [8] for evaluating surface
moisture absorptivity of the fabrics. Three parameters were used in the evaluation:
thermal conductivity, thermal resistance, and thermal absorptivity. Besides the
thermal properties of the fabrics, air permeability that is related to the thermal
behavior was also investigated.
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Materials and methods

Two functional yarns were used in this study, namely, a 30% Viscose (Outlast�)/
70% Cotton yarn, 14.7 tex, and a 100% Polyester (Dacron) Coolmax� yarn, 14.3
tex. These yarns were selected due to the different approach of achieving the
thermo-regulating effect. Outlast� yarn incorporates thermally active material,
i.e., paraffinic phase change material (PCM) microcapsules, within the viscose
fiber structure, according to the Outlast� Technology, and the thermo-regulating
effect results either from heat absorption or heat emission of the PCM [9, 10]. The
thermoregulation effect of Coolmax� relies on the moisture management due to
the shape of the fibers, namely multi-channel cross section (Figures 1 and 2), which
applies the capillary theory and absorb sweat and moisture from the surface of the
skin, transport it to the fabric surface and then evaporate [11,12].

Single Jersey fabrics incorporating the selected functional yarns, plated with
elastane (Creora�) 77 dtex, were produced on an 8-feed Single-Jersey Circular
Knitting Machine MERZ–MBS with the following characteristics: gage – E28,
diameter – 13’’, speed – up to 1.0m/s, number of needles – 1152. The machine setting
for the loop length was the same for all fabrics.

Plating is a common technique to produce elastic knitted products, and refers to
the simultaneous formation of the loop from two yarns so that one yarn will lie on
the face of the fabric while the other one is fed to the needles in such a way that it
forms the reverse of the fabric [13]. In this case, the elastomeric yarn was fed by
using electronic feeder BTSR KTF 100 HP. The plaiting yarn (elastane) appears in
the back side and the ground yarn in the front side of the plain knitted fabric.

Figure 1. SEM image of Coolmax� yarn longitudinal view.

Onofrei et al. 3

 at Université Catholique de Lille on November 25, 2014jit.sagepub.comDownloaded from 

http://jit.sagepub.com/


XML Template (2011) [5.10.2011–2:49pm] [1–18]
{SAGE}JIT/JIT 425840.3d (JIT) [INVALID Stage]

The characteristics of the elastic knitted fabrics produced are presented in
Table 1. Maillemètre was used to determine the loop length in accordance with
BS EN 14970:2006. Courses and wales densities were measured using the counting
glass. Fabric weight per unit area was determined according to ISO 3801:1977
standard using an electronic balance KERN-770.

The thickness of the fabrics was determined using the SDL – Digital Thickness
Gage M034A according to the standard NP EN ISO 5084:1996 and was confirmed
by Alambeta results. Bulk density of the fabrics was calculated by dividing their
mass per unit areas by thickness.

The bulk density is 0.238 g/cm3 for Viscose Outlast� fabric, and respectively
0.279 g/cm3 for Polyester Coolmax� fabric.

The thermal regulation performance of the fabric containing phase change mate-
rial (PCM) microcapsules – Outlast� – was assessed using a DSC- Differential

Figure 2. SEM image of Coolmax� yarn cross-sectional view.

Table 1. Characteristics of Viscose Outlast� and Polyester Coolmax� fabrics

Polyester (Coolmax�)/

Elastane (Creora�)

Viscose (Outlast�)/

Cotton/Elastane (Creora�)

Loop length (mm) 2.80 2.86

Wales/cm 17.5 17.5

Courses/cm 40 40

Thickness (mm) 1.246 1.121

Mass per unit area (g/m2) 297.08 313.20
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Scanning Calorimeter (Mettler Toledo 822). Table 2 and Figures 3 and 4 present
the results obtained.

When the fabric is heated in the PCM temperature transition interval (20–33�C),
it absorbs heat energy (2.02 J/g) as the PCM moves from a solid state to a liquid
state. This phase change produces a temporary cooling effect in the clothing layers.
Once the PCM completely melted the heat accumulation stops, the cooling effect
ceases and the textile material behaves as plain fabric that has a certain capacity of
thermal insulation. If the PCM garment is worn in a cold environment where the
fabric temperature drops below the transition temperature, the microencapsulated
liquid PCM will change back to a solid state, generating heat energy (2.38 J/g) and
a temporary warming effect.

Air permeability was evaluated according to standard ISO 9237:1995 using a
Textest FX-3300 air permeability tester. The air pressure differential between the
two surfaces of the material was 100 Pa.

The thermal properties in dry and wet states were evaluated using the Alambeta
instrument according to standard ISO 11092:1993. The measuring head tempera-
ture of the Alambeta was approximately 32�C and the contact pressure 200 Pa in all
cases.

Measuring the thermal properties of wet fabrics requires a rapid technique,
especially with specimens containing higher amounts of water, to prevent moisture
redistribution during the test [14]. As test duration in the Alambeta instrument is
below 180 seconds, a reliable measurement of fabric thermal properties in wet state
can be obtained. In this test, the fabrics were cut into circular samples of 100 cm2

and the dry weight was recorded. Then, the samples placed on a horizontal surface
were wetted with distilled water. The water weight added to the fabric was equal to
115% of the dry sample weight (considered for dripping wet). To get different
percentages of moisture in the fabrics, samples were left to dry on the plate of
the balance in standard ambient conditions. Before each test, sample weight was
recorded and the moisture content relative to initial weight was calculated.

Table 2. Outlast� fabric thermal regulation characteristics

Peak

temperature

(�C)

Onset

temperature

(�C)

Endset

temperature

(�C)

Temperature

transition

interval

Total

heat

(J/g)

Heating in the interval

0–50�C, temperature

rate 5�C/min

24.79 21.86 26.67 20-33 2.02

Cooling in the interval

50–0�C, temperature

rate 5�C/min

22.52 26.50 15.20 33-15 2.38
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The surface moisture absorptivity of the fabrics was determined using the indi-
rect method proposed by Hes [8]. To simulate the effect of a sudden sweat discharge
onto the skin, a 0.06mm thick 100% polyester woven fabric, was used as interface
and a volume of 0.4ml of water was placed on the center of the surface of this
interface fabric. Within less than 1 minute the liquid distributed uniformly within a
circle of approximately 50mm (to cover the area of 25� 25 mm2 of the heat flux
sensors of Alambeta instrument).

All tests were performed under standard ambient conditions (20� 2�C and
65� 2% R.H).

The statistical evaluation of the data obtained was performed using PASW
Statistics 17 software package.

Results and discussion

Knitted fabric properties in dry state

Air permeability: The air permeability of Coolmax� fabric is lower than that of
Outlast� fabric (Figure 5). This is most probably due to the higher thickness of the
fabric and to the geometry of fibers. The higher surface area of the Coolmax� fiber
increases the resistance to air flow, which results in lower air permeability.

Figure 5. Air permeability in dry state� l/m2/s.
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Thermal properties: ANOVA analysis showed that there are statistically signifi-
cant differences between thermal conductivity, thermal resistance and thermal
absorptivity of Coolmax� and Outlast� fabrics in dry state, with a significance
level of 95%. Figures 6, 7, and 8 illustrate the differences between the two fabrics.

Thermal conductivity of a fabric represents the ability of the fabric to transport
heat and results from the combination of fibers conductivity and structural char-
acteristics of the fabric [15,16].

As it can be observed in Figure 6, the thermal conductivity of Coolmax� fabrics
is lower than the Outlast� ones and the ‘spread’ of the data, as measured by the
interquartile range (IQR), is approximately the same for both fabrics. Due to the
high homogeneity of structural parameters of the fabrics (Table 1), the intrinsic
fiber properties such as composition (inclusive the PCM presence), porosity, den-
sity and structure are the relevant factors responsible for the difference observed
between both fabrics.

As expected due to the previous behavior, Coolmax� fabrics have higher ther-
mal resistance than the Outlast� ones (Figure 7). Moreover, the magnitude of
variation in thermal conductivity and thermal resistance values between both fab-
rics is similar (respectively, a decrease or an increase of approximately 130%).
Fiber intrinsic properties, namely fiber conductivity and yarns/fabrics structural
characteristics, particularly thickness of the fabric, are the main factors determin-
ing, respectively, thermal conductivity and resistance in dry state.

Figure 6. Thermal conductivity in dry state � (�10�3), W/mK.
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Thermal absorptivity is directly related with heat flux and is a surface-related
parameter. It represents the objective measurement of the warm-cool feeling of
fabrics. When an individual touches a fabric whose temperature is different from
that of the skin, heat exchange occurs between the two surfaces [16]. Experiments
demonstrated that, in dry state, thermal absorptivity of the fabrics varies between
20 and 300 Ws1/2/m2K and these values increase to 330–750 Ws1/2/m2K when they
get superficially wet. For some woven and knitted fabrics in wet state the thermal
absorptivity can be higher even than 1000 Ws1/2/m2K. The higher this value is, the
cooler the feeling at first contact. In general, fibers with higher moisture regain
promote a cooler feeling [17–19].

From Figure 8, it is apparent that the knitted fabrics made of yarns integrating
Outlast� exhibit higher thermal absorptivity values, thus giving a cooler feeling at
first contact with the skin. Once again the magnitude of the variation observed on
thermal absorptivity between both fabrics is approximately 130%.

Knitted fabric properties in wet state

Air permeability, thermal conductivity, resistance and absorptivity were
measured in both fabrics for different amounts of water added, expressed as
percent excess moisture, i.e., the water content above equilibrium regain
(throughout this article called, moisture content) ranging from 5% to 115%.

Figure 7. Thermal resistance in dry state R (�10�3), m2K/W.
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According to Hollies et al. [20], the sweating sensation could be artificially
generated by adding approximately 20% of water to the fabrics. Thus, this
limit will be considered in this study as a starting point to provide the ‘sweating
sensation.’

Air permeability: The results of measurement of air flow through wet fabrics show
that with increasing fabric moisture the air flow decreases (Figure 9). The reduction
in fabric porosity due to fiber swelling for Outlast� fabric, and the replace of air in
the void spaces with water are responsabe for this behavior. The relationship
between fabric moisture and air permeability was linear up to 80–90% of fabric
humidity. At higher moisture level water creates continous film and the transfer of
air through fabric is limited.

Thermal properties: The relationship between the thermal conductivity and the
moisture content on both fabrics is illustrated in Figure 10.

As can be seen from the graph in Figure 10, both fabrics in wet state have higher
values of thermal conductivity than in dry state. This is an expected result as the
thermal conductivity and thermal capacity of water is much higher than those of
the fibres and air entrapped within the fabric, which leads to a higher heat con-
duction. However, the thermal conductivity behavior of the studied fabrics with
moisture content is markedly different.

Figure 8. Thermal absorptivity in dry state b, W s1/2/m2 K.
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In the Outlast� fabric, the thermal conductivity significantly increases with
moisture content of the fabric with a high nonlinear behavior. In the Coolmax�

one, the increase in thermal conductivity with moisture content is rapidly for a
small quantity of water in the structure and is not significant for moisture content

Figure 9. Air permeability of fabrics in wet state.
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higher than 22%. These disparate behaviors can be explained in terms of different
amount of water retained and different types of water held within the fibers and
fabrics. The water can be absorbed into the fiber structure (in the case of Outlast�

material), retained as water vapors (saturated air) in the pores or as free water
between fibers and yarns.

The thermal conductivity behavior of Outlast� fabric seems to follow a four-step
process: the first one taking place between 0% and 40% moisture contents, the
second one from 40% to 60%, the third one until 95% moisture content and
another from this value on. At lower moisture content the water is mostly absorbed
within the fibers structure and the thermal conductivity of the fabric increases
linearly with the moisture content increase. Between 40% and 60% moisture con-
tent is observed a stabilization of thermal conductivity. At higher moisture
contents (from 60%) a steep increase on thermal conductivity values is observed
until 95% (which most probably corresponds to fabric saturation) followed by a
smooth slope up above this point. Moisture sorption and diffusion until saturation
as well as additional moisture in liquid form (free water) onto the surface, seem to
trigger and steer this behavior.

The change of thermal properties of Outlast� fabric due to increased
moisture content will influence also the thermo-regulating effect. With increase
moisture content increases the thermal conductivity (i.e., the rate of
temperature change of PCM during the transition) and reduces the actuation
time of PCM.

For Coolmax� fabric (nonabsorbent Ebers) a small quantity of water in the
structure at the initial stage, 0–22%, will cause the heat Fux through the fabric
to increase rapidly due to water on the Eber surfaces. The thermal conductivity
behavior of Coolmax� fabric with moisture content above 22% is fairly linear and
constant. This can be explained by the hydrophobic character and the special
design of the constituent fibers. Moisture diffusion seems to be assured by the
capillary effect of the fibers and the void spaces of fiber and fabric structures,
which lead to nonsignificant changes in the thermal conductivity with the moisture
content of the fabric.

The amount of internal energy stored per unit volume at different moisture
contents was calculated according to Hes et al. [17] for both fabrics, and is illus-
trated in Figure 11.

Thermal capacity of Outlast� fabric increases until 70%, remaining almost con-
stant until 115%. As it can be seen between 40% and 60% moisture contents the
rate of increase of the thermal capacity of Outlast� fabric is reduced. Accessibility
of the fabric to moisture is most likely reduced due to fiber swelling, leading to a
higher accumulation of moisture onto the fabric surface and heat transfer takes
place mainly on fabric surface, which reduces the rate of increase of thermal
capacity.

Thermal capacity of Coolmax� fabric increases liniar with the moisture content.
The relationship between the thermal resistance and the moisture content of

both fabrics is shown in Figure 12.
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As it can be seen from the graphs, the thermal resistance for both fabrics is lower
in wet state than in the dry state. Once again the behavior with moisture content is
different for both fabrics. In the Outlast� fabric a significant decrease on thermal
resistance is observed up to about 40% moisture content, which stabilizes between
40% and 60% and gradually decreases after this moisture content. The thermal
resistance of the Coolmax� fabric with moisture content follows a similar trend to
the one observed with thermal conductivity: thermal resistance variation with mois-
ture content is not significant above 22% moisture content.

The influence of moisture content on the thermal absorptivity of fabrics is illus-
trated in Figure 13. As it can be depicted from the graphs, an increase in moisture
content leads to an increase of the thermal absorptivity for both fabrics. This
parameter is greatly influenced by the surface character of the fabric and by the
fibre/yarn ability to absorb and diffuse water. In the Coolmax� fabric a gradual
slope up increase is observed with moisture content. The thermal absorptivity
behavior of Outlast� fabric follows a trend line similar to the one observed in
thermal conductivity. As thermal absorptivity is directly related with thermal con-
ductivity and thermal capacity of the fabric, this is an expected result.

Surface moisture absorptivity: The surface moisture absorptivity of the fabric
under test was assessed measuring the thermal absorptivity of the set ‘fabric
under test-interface fabric.’ The resulting thermal absorptivity is related to the
amount of liquid kept in the interface fabric due to the poor moisture absorption
of the fabric under test.

Figure 11. Thermal capacity of fabrics in wet state.
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Figure 14 compares the thermal absorptivity of Outlast� and Coolmax� fabrics
obtained in dry state and by simulating a sudden sweat discharge (with interface
fabric). The results obtained indicate that, in a sudden contact with a wetted sur-
face, the Coolmax� fabric has lower thermal absorptivity than the Outlast� one

Figure 13. Thermal absorptivity of fabrics in wet state.

Figure 12. Thermal resistance of fabrics in wet state.
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and thus poor surface moisture absorptivity. As most of the liquid is kept in the
interface fabric a warmer feeling is given by the Coolmax� fabric.

Conclusions

The thermal comfort properties of functional elastic knitted fabrics produced from
Coolmax� and Outlast� yarns have been studied and analyzed. The knitted fabrics
were produced with identical constructional parameters and the tests were per-
formed in dry and in wet states.

In dry state, the Coolmax� fabric exhibited higher thermal resistance, lower
thermal conductivity and lower thermal absorptivity when compared with the
Outlast� one. Due to the high homogeneity of structural parameters of fabrics,
it is apparent that thermal conductivity and hygroscopicity of the constituent fibers
determined different thermal properties. The air permeability of Coolmax� fabric is
lower due to the higher thickness of the fabric and to geometry of fibers.

The air permeability of wet fabrics decreases with increasing fabric moisture.
The reduction in fabric porosity due to fiber swelling for Outlast� fabric, and the
replace of air in the void spaces with water are responsabe for this behavior.

In wet state, higher thermal conductivity and absorptivity and lower thermal
resistance were registered for both fabrics, when compared to the dry state. For the
Coolmax� fabric, the effect of increasing moisture content above the ‘sweating
sensation’ was not significant on thermal conductivity and resistance. In the
Outlast� one, moisture content increase significantly raised thermal conductivity,
and to a lesser extent, decreased the thermal resistance. The thermal absorptivity
increase with moisture content was steeper on the Outlast� fabric.

From the results obtained it is apparent that Outlast� fabrics are more prone to
significant thermal properties changes due to moisture uptake than the Coolmax�

Figure 14. Comparison between the thermal absorbtivity of fabrics in dry state and after

sudden contact with a wet skin (simulated).
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ones. In addition, 60% moisture content seems to be the threshold to major
changes on Outlast� fabrics thermal properties.

These findings help in designing a product with the most suitable material or
combination of materials for sportswear applications, where wear comfort is an
important issue. Different solutions can be devised depending on weather or ambi-
ent conditions, on the intensity level of the activity to be performed and on the
body areas that will be covered by the clothing.
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Abstract

The goal of this research is to develop a mathematical model of heat transfer in pro-

tective garments exposed to routine fire environment (low level of radiant heat flux) in

order to establish systematic basis for engineering materials and garments for optimum

thermal protective performance and comfort. In the first stage, this paper focuses on

the formulation of heat transfer model suitable for predicting temperature and heat flux

in firefighter protective clothing, using COMSOL Multiphysics� package based on the

finite element method. Computational results show the time variation of the tempera-

ture at the inner face of the protective clothing system during the exposure to a low-

radiant heat flux as well as during the cooling-down period. Model predictions of the

temperature agreed very well with the experimental temperature. In the second stage

of this study, in order to predict the first and second-degree burns, the model of heat

transfer through multilayer protective system was coupled with the heat transfer model

in the skin. The Pennes model was used to model heat transfer in the living tissue. The

duration of exposure during which the garment protects the firefighter from getting

first and second-degree burns is numerically predicted using Henriques equation. The

results demonstrated that even for a low-level thermal radiant heat flux, a typical three-

layer thermal protective clothing system is required to protect the wearer from skin

burn injury.
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Introduction

Thermal comfort of the protective clothing is a topic of active research. According
to generally accepted definition given by American Society of Heating,
Refrigerating, and Air Conditioning Engineers, thermal comfort is ‘‘the condition
of mind that expresses satisfaction with the thermal environment’’ [1]. Nonetheless,
the concept of thermal comfort is not solely in a subjective domain since it depends
on physiological processes in the body to a certain extent. It is in direct relation
with a heat balance of the human body, i.e. the processes that lead to heat pro-
duction and heat loss. The summary of the heat balance of the human body can be
described using the following equation [1,2]:

S ¼M�W� C�R�K� E�RES ð1Þ

where S (W/m2) is the heat storage in the body, M (W/m2) the metabolic heat
production, W (W/m2) the external mechanical work, C (W/m2) the heat loss by
convention, R (W/m2) the heat loss by radiation, K (W/m2) the heat loss by con-
duction, E (W/m2) the evaporative heat loss from skin, and RES (W/m2) the heat
loss from respiration.

The terms used in the heat balance depend on a number of factors that could be
classified into environmental, physiological, and clothing factors. Therefore, the
role of protective clothing in high-risk profession as firefighting is of crucial sig-
nificance for the thermal comfort of a wearer and its performance.

When firefighters are exposed to a heat source, their body reacts by activating
sweat glands, i.e. through evaporative cooling mechanism. The protective clothing
protects the firefighters from environmental heat and moisture but simultaneously
prevents their flow in opposite direction, away from the body to the environment.
Consequently, risks of heat stress and steam burn injuries strongly increase. In hot
environments, heat and moisture transfer properties of the protective clothing have
a prevailing impact on firefighters’ performances and their safety. Optimization of
these coupled transfer phenomena from the skin through the garment could
improve comfort of the wearers and hence their performance. Effective protective
clothing should minimize heat stress while providing protection [3].

The physical model of a firefighter in a firefighting environment consists of three
parts that are linked by heat and mass transfer: the human body that produces heat
(metabolic heat) and water (sweat), the heat source from the environment, and the
protection system (Figure 1).

During the last decade, numerous studies have been carried out regarding the
design and the mathematical modeling of different aspects of the physical behavior
of the protective clothing [4–7]. Two types of mathematical models have been
developed: those that only consider heat transfer [7–13] and those that consider
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heat and moisture transfer [4,5,14–18]. All these studies refer to emergency condi-
tions, which, according to Mäkinen [19], imply extreme heat fluxes in the range
from 8.37 to 125.6 kW/m2 and air temperatures in the range from 300 to 1000�C.
Emergency conditions are quite rare, and firefighters are most frequently exposed
to routine and hazardous conditions [3]. Routine corresponds to a common inter-
vention environment for fire fighters with low-radiant heat flux from 0.42 to
1.26 kW/m2 and air temperatures in the range from 10 to 60�C. Hazardous repre-
sents an intervention environment with high-radiant heat flux from 1.26 to
8.37 kW/m2 and air temperatures in the range from 60 to 300�C [19]. Data obtained
over the years show that most burn injuries sustained by firefighters occurred in
thermal environments with low-radiation level (classified as routine or hazardous
conditions), as a result of prolonged exposure. Only a few studies have been con-
ducted on thermal protective performance with prolonged exposure to these con-
ditions. The goal of this research is to develop a mathematical model of heat
transfer in protective garments exposed to routine fire environment, the most
common conditions in the firefighters work. In such conditions, the most important
phenomenon, which significantly affects the thermal comfort, is the heat transfer
(often the phenomenon of sweating may be missing). In this study, only heat trans-
fer is taken into account whereas the influence of moisture is not considered. The
COMSOL Multiphysics� package that uses the finite element method (FEM) was
used to simulate heat transfer in protective clothing during low-radiant flux
exposure.

Figure 1. Processes involved in heat and mass transfer of firefighting protective clothing.
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Approach and methodology

Materials

The fabrics selected for experiments are commonly used as high-performance fab-
rics in the thermal protective clothing field. The multilayer system consists of three
fabric layers: outer shell, thermal liner, and moisture barrier.

General physical and thermal properties of monolayers are displayed in Table 1.
Thickness of the monolayers was measured under the pressure of 1� 0.01 kPa,

according to the standard ISO 5084:1996. Density was calculated from the values
of fabric monolayer thickness and surface weight (determined using an analytical
balance). The average of 10 measurements was calculated.

The thermal properties of the fabric samples were measured with the Hot Disk
TPS 2500 S instrument in agreement with the standard ISO 22007-2:2008 [20]. For
each monolayer, three measurements were performed, and then the average of the
measured parameters was calculated.

To simplify the formulation, the textile layers were considered homogeneous.

Numerical model of heat transfer

The first part of this study focuses on the formulation of the heat transfer
model suitable for predicting temperature and heat flux in firefighter protective
clothing. In order to validate the model by comparing the predicted values with
the experimental results, the experimental setup of ISO 6942-2002 was used
(Figure 2).

Due to the length scales of clothing thickness compared to their surface, a one-
dimensional model is adopted as a valid assumption (the direction normal to the
clothing surface).

Table 1. Physical and thermal properties of monolayers.

Property Outer shell Thermal liner Moisture barrier

Fabric type Woven Nonwoven Knitted (coated)

Composition 100% Aramid 100% Aramid Polyurethane coated

100% Aramid

Thickness (mm) 0.5� 0.01 1.46� 0.03 0.47� 0.00

Surface weight (g/m2) 242� 2 98� 2 195� 2

Density (kg/m3) 489� 5 67� 2 418� 6

Thermal conductivity (W/m K) 0.1154� 0.0018 0.0633� 0.0015 0.0900� 0.0001

Thermal diffusivity (mm2/s) 0.248� 0.013 0.449� 0.001 0.213� 0.000

Specific heat capacity (J/kg K) 951� 44 2113� 89 1011� 3
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For the development of the numerical model, it was supposed that the tem-
perature depends only on time and position, T (t, x). Heat conduction and
penetrating radiation through solid phase are considered for heat transfer
within the fabric. Radiative heat transfer in the fabric is accounted for by intro-
ducing in the energy equation a source term similar to that in Torvi’s model [8].
It is assumed that radiation penetrates through the outer layer of the fabric only.
The conductive and radiation heat transfer mechanisms are considered through
the air gap. Heat conduction was considered through the copper plate and insu-
lation board. No external air flow was considered in the model. The evaporative
heat was not considered in the present model because the influence of sweating
has been not taken into account. All textile structures used are aramid fabrics, so
the amount of water regain in the fibers is small (maximum 3–4%), and conse-
quently, the heat of evaporation can be neglected. The evaporation rate of water
retained in the fiber was measured experimentally, and a value of 0.0025 g/m2s
was obtained. This evaporation rate multiplied by the latent heat of evaporation
of water gives the total energy used to evaporate this amount of water. The value
obtained is 5.6W/m2, a value which can be neglected in comparison with the
value of the incident flux.

Figure 2. Scheme of the experimental setup used for evaluation of the material assemblies

when exposed to a source of low-radiant heat flux.
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The energy balance in the infinitesimal element of the fabric, for one-dimen-
sional heat transfer, can be described in the form of differential equation

rcp
@T

@t
¼ �

@

@x
� �k

@T

@x

� �
þ �qrad e

��x for 05 t � texp ð2Þ

rcp
@T

@t
¼ �

@

@x
� �k

@T

@x

� �
for t4 texp

where r is the density (kg/m3), cp the heat capacity at constant pressure (J/kgK), k
the thermal conductivity (W/mK), g the extinction coefficient of the fabric (1/m),
qrad the incident radiation heat flux (W/m2), texp the time of exposure, and x the
linear horizontal coordinate.

The extinction coefficient that characterizes the decrease of thermal radiation as
it penetrates into the fabric is given as

�¼
�lnð�Þ

lfab
ð3Þ

where � is the transmissivity of the fabric and lfab is the fabric thickness.

The boundary conditions: A constant inward heat flux, convective, and radiant heat
transfers are assumed on the left external boundary and constant temperature
(ambient temperature) on the right side.

The general inward heat flux Q (W/m2) represents a heat flux that enters into
domain.

The emitted thermal radiate heat flow is defined as

Qrad-out ¼ e� T4
amb�T

4
surf

� �
W=m2
� �

ð4Þ

where e is the emissivity of the fabric, s the Stefan–Boltzmann constant (W/m2K4),
Tsurf the surface temperature (K), and Tamb the ambient temperature (K).

Natural convection heat transfer due to the temperature gradient between the
surface and the environment occurs

Qconv¼ hc Tamb�Tsurfð Þ W=m2
� �

ð5Þ

where hc is natural convection heat transfer coefficient (W/m2K) that is calculated
using the definition of the Nusselt number:

hc¼ Nu
kair
L

W=m2K
� �

ð6Þ
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where Nu is the Nusselt number, kair is the thermal conductivity of the air
(W/(mK)), and L is the characteristic length (m).

According to the empirical correlation of free convection on a vertical plate [21]

hc ¼

k
L 0:68þ

0:67Ra1=4
L

1þ 0:492k
mCp

� �9=16
� �4=9

2
664

3
775 RaL � 109

k
L 0:825þ

0:387Ra1=6
L

1þ 0:492k
mCp

� �9=16
� �8=27�

2 RaL � 109

2
664

8>>>>>>>>>>><
>>>>>>>>>>>:

ð7Þ

RaL¼
g @r=@T
�� ��

p
�rCp ��T � L3

km
ð8Þ

where g is the acceleration of gravity (m/s2), �T the temperature difference between
surface and ambient (K), k the thermal conductivity of the fluid, (W/(mK)), r the
fluid density (kg/m3), Cp the heat capacity of the fluid (J/(kgK)), m the dynamic
viscosity (Pa s), L the characteristic length, height of the wall (m), and RaL the
Rayleigh number.

The heat flux by radiation across the air gap is the radiation heat exchange
between two gray parallel surfaces [22]

Qrad�air¼
� T4

surf1�T
4
surf2

� �
1
e1
þ 1

e2
�1

� � ð9Þ

where e1 is the emissivity of the inner surface of the calorimeter, e2 the emissivity of
the insulation board, s the Stefan–Boltzmann constant (W/m2K4), Tsurf1 the tem-
perature of the inside surface of the calorimeter (K), and Tsurf2 the temperature of
the insulation board surface (K).

Initial conditions: The fabric initial temperature is considered equal to the ambient
temperature

Tfabðx,t ¼ 0Þ ¼ Tamb ð10Þ

Based on data in the literature, an emissivity of 0.9 and a transmissivity of 0.01
were assumed for the fabric [6]. Emissivity of the inner surface of the calorimeter
was considered 0.78 and the emissivity of the insulation board 0.96 [23].

In the second stage of this study, in order to predict time to the first and second-
degree burns, the model of heat transfer through multilayer protective system was
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coupled with the heat transfer model in the skin. For this, the calorimeter and the
insulation board were replaced by the skin that consists of three layers: epidermis,
dermis, and subcutaneous (Figure 3). The Pennes model was used to model heat
transfer in the living tissue.

An air gap of 1mm width is assumed between the fabric and the human skin,
and the conductive and radiation heat transfer mechanisms through the air gap are
considered according to [16,24].

The heat flux by radiation from the fabric to the skin across the air gap is

Qrad�air¼
� T4

fab�T
4
skin

� �
1
ef
þ 1

eskin
�1

� � ð11Þ

where ef is the emissivity of the inside surface of the fabric, eskin the emissivity of
the skin (0.96), s the Stefan–Boltzmann constant (W/m2K4), Tfab the temperature
of the inside surface of the fabric (K), and Tskin the temperature of the human
skin (K).

The skin initial condition is expressed as a linear temperature distribution
between 33�C at the epidermis surface and 37�C at the subcutaneous base

Figure 3. Schematic cross section for one dimensional heat transfer models.
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(core body temperature). The boundary condition at the base of subcutaneous
layer is set at a constant temperature of 37�C. The ambient temperature was con-
sidered at 20�C. Metabolic heat was considered 4343W/m3. The temperature at the
interface between the epidermis and dermis in the human skin was denoted as ‘‘T’’
in Henriques equation (equation (13)). The equation was integrated in MATLAB�

over the time interval that the temperature at the basal layer is above 44�C, in order
to obtain the minimum exposure time for the first and second-degree skin burn.

Bioheat transfer model

In quantitatively estimating fabrics and garments thermal performance under heat
conditions, the time to damage the skin beneath the fabric is applied using different
skin bioheat transfer models [7,8,11,25].

The Pennes model is used by many authors to model heat transfer in the living
tissue [7,8,11]. According to this model, the skin is divided in three layers—epider-
mis, dermis, and subcutaneous—and the total heat transfer by the flowing blood is
proportional to its volumetric flow rate and the temperature difference between the
blood and the tissue.

Pennes proposed a transfer equation to describe heat transfer in human tissues.
For one-dimensional heat transfer, the equation is

rcp
@T

@t
þ
@

@x
� �k

@T

@x

� �
¼ rbcb!bðTb�TÞ þQmet ð12Þ

where the density r (kg/m3), heat capacity cp (J/kgK), and thermal conductivity k
(W/mK) are the thermal properties of the tissue, rb (kg/m3) is the blood density,
which is the mass per volume of blood, cb (J/kgK) is blood specific heat, which
describes the amount of heat energy required to produce a unit temperature change
in a unit mass of blood, ob (1/s) is the blood perfusion rate, which, in this case,
means (m3/s)/m3) and describes the volume of blood per second that flows through
a unit volume of tissue, Tb (K) is the arterial blood temperature, which is the
temperature at which blood leaves the arterial blood veins and enters the capil-
laries; T(K) is the temperature in the tissue, which is the dependent variable that is
solved for and not a material property; Qmet (W/m3) is the metabolic heat source,
which describes heat generation from metabolism [8].

Pennes’ model assumes that skin tissue above an isothermal core is maintained
at a constant body temperature. The resulting simplified bioheat equation is based
on following specific assumptions: heat is linearly conducted within tissues; tissue
thermal properties are constant in each layer, but may vary from layer to layer;
blood temperature is constant and equal to body core temperature; negligible
exchange between the large blood vessels (arteries and veins) and the tissue; the
local blood flow rate is constant. In long duration, low-intensity heat exposure, the
rate of metabolic energy production is included in the above equation [8].

Thermophysical/geometrical properties of the human skin are shown in Table 2.
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Skin burn model

Henriques and Moritz [7,11,18] were among the first to publish a skin burn injury
model. They claimed that skin burn damage can be represented as a chemical rate
process, so that a first-order Arrhenius rate equation can be used to estimate the
rate of tissue damage as

d�

dt
¼ P exp �

�E

RT

� �
ð13Þ

where � refers to a quantitative measure of burn damage at the basal layer or at
any depth in the dermis, P the frequency factor (s�1), E the activation energy for
skin (J/mol), R the universal gas constant (J/kmolK), T the absolute temperature
at the basal layer or at any depth in the dermis (K), t the total time for which T is
above 317.15K.

Integrating this equation yields

� ¼

Z t

0

P exp �
�E

RT

� �
dt ð14Þ

Table 2. Skin and blood properties used in a three-layer skin model.

Property Value

Epidermis Thermal conductivity (W/m K) 0.255

Density (kg/m3) 1200

Specific heat (J/kg K) 3598

Thickness (m) 8	 10�5

Dermis Thermal conductivity (W/m K) 0.523

Density (kg/m3) 1200

Specific heat (J/kg K) 3222

Thickness (m) 2	 10�3

Subcutaneous Thermal conductivity (W/m K) 0.167

Density (kg/m3) 1000

Specific heat (J/kg K) 2760

Thickness (m) 1	 10�2

Blood Density (kg/m3) 1060

Specific heat (J/kg K) 3770

Blood perfusion rate (s�1) 1.25	 10�3
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Integration is performed for a time when the temperature of basal layer (the
interface between the epidermis and dermis in human skin), T, exceeds or equals to
44�C, because damage to the skin commences when the temperature in the basal
layer rises above 44�C.

Henriques found that if �� 0.5, no damage will occur at the basal layer.
First-degree burn occurs if � is 0.5–1.0, and a second-degree burn is indicated

when �> 1.0.
These tissue burn damage criteria can be applied with providing the appropriate

values of P and �E. These values were suggested by Weaver and Stoll [6] for the
basal layer

for T< 50�C, P=2.185	 10124 s�1

�E/R=93534.9K
for T� 50�C, P=1.823	 1051 s�1

�E=R ¼ 39109:8 K ð15Þ

The advantage of using the Henriques integral is that time to first and second-
degree burn can be estimated.

Use of COMSOL Multiphysics�

The numerical model was programmed with Comsol Multiphysics� version 4.3
and the equations, together with the already described set of initial and bound-
ary conditions have been solved by FEM. Heat transfer interface and heat
transfer in solids module were used for modeling heat transfer. The biological
tissue feature was used to provide the source terms that represent blood perfu-
sion and metabolism for modeling heat transfer in biological tissue using the
bioheat equation.

Experimental setup

To perform the laboratory simulation of low-level radiant thermal hazards, six
silicon carbide heating roads were employed as the radiant heat source as specified
in NF EN ISO 6942-2002, for measuring radiant heat resistance. According to this
standard, the levels of incident heat flux density should be chosen from the follow-
ing levels: low level 5 and 10 kW/m2, medium level 20 and 40 kW/m2 and high level
80 kW/m2. However, other levels of incident heat flux density may be chosen as
well [26]. A copper plate calorimeter is used to record the temperature, and a data
acquisition system connected to a computer with TESTPOINT software was used
for registering the results. The copper plate calorimeter is constructed of a rectangle
cooper sheet (50mm	 50.3mm), 1.6mm thick, bent in the longer direction into an
arc with a radius of 130mm. The copper plate has a mass of 36 g. A cooper con-
stantan thermocouple is mounted on the back of the cooper plate. An air gap with
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the width of 9mm and an insulation board of 14-mm asbestos-free non-
combustible are placed behind the calorimeter.

The specimens have the dimension (230	 80) mm, and the composite specimen
reproduces the arrangement in which the layers are used in practice. The specimen
is fastened on the specimen holder using some clamps. The tensioning force of 2N
is applied to the assembly of all layers.

The radiation source was positioned to deliver 1000W/m2 inward heat flux. The
calibration followed the standard, and the heat flux value was confirmed by meas-
urements conducted using an ultrathin heat flow meter 50	 50mm, from
CAPTEC. For the experiments, the specimens were exposed to radiant heat flux
for 40min. A protective shutter positioned between the radiant energy source and
the specimen was used to block the radiant energy prior to the exposure of the
specimen and to control the exposure time. At the end of exposure period, the
specimen was isolated from the heat source by closing the protective shutter and a
cooling-down time followed.

Thus, we used only the apparatus and only the procedure described by the
standard NF EN ISO 6942 for the source calibration. Furthermore, in our experi-
ment, in order to validate the model, only the temperature recorded by the calor-
imeter was used. For the temperature record, the calorimeter does not introduce
significant errors. The measurements were done for both transient conditions and
equilibrium. Three specimens have been tested, and the average temperature regis-
tered by calorimeter was determined.

Results and discussion

Figure 4 shows the evolution of temperature over time according to measurements
and numerical simulation, respectively. The temperature of the calorimeter starts
rising sharply as the fabric system is exposed to the radiant flux at t=0 and then
gradually rises until the stabilization. After stopping the radiant flux (t� 2400), the
temperature decreases until it reaches again the initial value of the environment.

The numerically predicted profiles follow the experimental data. During the
heating period, the difference between the experimental and the numerical values
can be explained by the fact that the heat accumulates in front of the shutter and
when the shutter opens this extra heat is added to the radiative flux. As result, there
is a steeper temperature gradient compared with the predicted values. The differ-
ences between experimental and predicted values during cooling-down period are
due the cooling system of the shutter that speeds up the cooling effect and was not
considered in the numerical model.

In the second stage of this study, in order to predict time to the first and second-
degree burns, the model of heat transfer through multilayer protective system was
coupled with the heat transfer model in the skin. For this, the calorimeter and the
insulation board were replaced by the skin that consists of three layers—epidermis,
dermis, and subcutaneous—and the Pennes model was used to model heat transfer
in the living tissue.
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An air gap of 1mm width is assumed between the fabric and the human skin,
and the conductive and radiation heat transfer mechanisms through the air gap are
considered according to [16,24].

Figure 5 shows the temperature of the basal layer versus time for the heat flux
between 400 and 1200W/m2. The temperature of the basal layer increases above
44�C only for heat flux intensity of 1000 and 1200W/m2.

For a radiant heat flux of 1200W/m2, the first-degree burn occurs after 3202000,
and the second-degree burn occurs after 3801000 of exposure.

The thickness of the air gap between the garment and the body depends on the
particular location on the human body. According to Song [7,27], the maximum air
gaps occur for the leg (15–22mm), and the minimum air gap occurs for the shoul-
ders (1.6mm).

Figure 6 shows the temperature of the basal layer versus time for the heat flux of
1200W/m2 and air gap thickness between the garment and the skin from 1 to 6mm.

An increase by 5mm of the air gap thickness causes a decrease of the basal layer
temperature by 2.7�C. As air is a good insulator, increasing the size of the air gap
will increase the degree of insulation and slow down heat transfer to the skin.

When the air gap between the fabric and the skin was increased to 3mm for the
heat flux of 1200W/m2, the minimum exposure time for skin damage was doubled
(6504000 for the first-degree burn and 9102000 for the second-degree burn) compared
with the time obtained with 1-mm air gap.

The results obtained demonstrate that even for a low-level thermal radiant heat
flux, a typical three-layer thermal protective clothing system is required to protect
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the wearer from skin burn injury. A remark should also be done: since the tests are
carried out at room temperature (and for simulation, we also considered the ambi-
ent temperature of 20�C), the results do not necessarily correspond to the behavior
of the materials at higher ambient temperature and therefore are only to a limited
extent suitable for predicting the performance of the protective clothing made from
the materials under test.

This model could be used as an aid in the design of candidate protective clothing
systems, evaluating the performance of current protective clothing systems in vari-
ous thermal environments. Also, the developed model can serve as a tool for study
of potential issues related to the causes of fire fighter burn injuries. Thus, the model
can be used to determine the effect of change of different parameters such as fabric
thickness and density, thermal properties such as thermal conductivity and specific
heat capacity, optical properties, and air gap width, or even environmental condi-
tions such as radiant heat flux density and ambient temperature on the protective
performance of clothing.

In addition to studying the physical characteristics of the fabrics utilized in
protective clothing, the model can also be used to predict the performance of a
thermal protective fabric system in terms of skin burn. In this respect, the minimum

Figure 5. Influence of the heat flux on the temperature of the basal layer for a three-layer

system and 1-mm air gap between the fabric and the skin.
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exposure time required to generate a second-degree burn can be predicted, using a
three-layer skin model.

Conclusions

A numerical model of heat transfer in protective clothing during exposure to low-
level radiant heat flux was investigated using the software Comsol Multiphysics�.

The goal of this study is to improve firefighter comfort through better under-
standing of heat transfer in the protective garments they wear. Both experimental
and modeling approaches were used. The model results were compared to experi-
mental case, typical of routine conditions with a commonly used three-layer pro-
tective clothing assembly. Model predictions of the temperature agreed very well
with experimental temperature.

The numerical model incorporates separate layers of a composite fabric so as to
evaluate the response of both the individual materials and the entire assembly.

The numerical model of heat transfer in protective clothing was coupled to the
three-layer skin model to predict the performance of thermal protective system in
terms of skin burn. The time to first and second-degree burn was estimated during
exposure to low-level radiant heat flux. The influence of air gap width between the

Figure 6. Influence of the air gap width on the temperature of the basal layer for a three-layer

system and 1200 W/m2 inward heat flux.
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fabric and the skin was analyzed. Increasing the air gap width an extra insulation is
provided, and the heat transfer to the skin is slow down.

At this stage, the model is restricted to dry fabrics but further developments
should include moisture effects. Estimations of burn injury risk would then be more
accurate.
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[19] Mäkinen H. Firefighter’s protective clothing. In: Scott RA (ed.) Textiles for protection.
Cambridge, UK: Woodhead, 2005, pp.622–647.

[20] ISO 22007-2:2008. Plastics—determination of thermal conductivity and thermal diffu-
sivity, part 2: transient plane heat source (hot disc) method.

[21] Comsol Multiphysics� package.

[22] Kothandaraman CP. Fundamental of heat and mass transfer, 3rd edn. New Delhi:
New Age International (P) Limited, 2006, p.608.

[23] Tools and basic information for design, engineering and construction of technical appli-

cations, www.engineeringtoolbox.com/emissivity-coefficients-d_447.html (accessed 21
October 2013).

[24] Prasad K, Twilley W and Lawson JR. Thermal performance of fire fighters’ protective
clothing. Numerical study of transient heat and water vapor transfer. Report no. 6881,

NISTIR, USA, August 2002.
[25] Zhu F, Cheng XP and Zhang W. Estimation of thermal performance of flame resistant

clothing fabrics sheathing a cylinder with new skin model. Tex Res J 2003; 79: 205–212.

[26] ISO 6942:2002. Protective clothing—Protection against heat and fire—evaluation of
materials and material assemblies when exposed to a source of radiant heat.

[27] Song GW, et al. Modeling the thermal protective performance of heat resistant gar-

ments in flash fire exposures. Tex Res J 2004; 74: 1033–1040.

Onofrei et al. 17

 at Université Catholique de Lille on November 12, 2014jit.sagepub.comDownloaded from 

http://jit.sagepub.com/


Textile fabrics are flat porous materials which are pro-

different fibrous forms of input material (or structural el-

fibers or filaments by different web-forming, bond-
ing, and finishing techniques [Fig. 1(c)];

proofing or windproofing to enhance the fabric’s per-

mining thermal comfort properties, influencing their effi-

Textile fabrics are flat porous materials which are pro-Textile fabrics are flat porous materials which are pro-

different fibrous forms of input material (or structural el-different fibrous forms of input material (or structural el-

fibers or filaments by different web-forming, bond-fibers or filaments by different web-forming, bond-
ing, and finishing techniques [Fig. 1(c)];ing, and finishing techniques [Fig. 1(c)];



diffusion coefficient

ficient at 35

coefficient of water vapor through

diffusion coefficient

heat flux provided by hot plate (W/m

coefficient of water vapor through

coefficient (m/s)

mass flux

flux of the water vapor, at steady

heat flux provided by hot plate (W/mheat flux provided by hot plate (W/m



tual performance in the field. Also, direct comparisons

(WVTR) is defined as the water-vapor flow

cific conditions of temperature and relative humidity. The

The resistance to evaporated heat flow
tile layer is defined as the quantity which determines the
latent evaporative heat flux across a given area, in re-

water-vapor flow. The usual units are m

coated with Witcoflex hydrophilic polyurethane. A linear

tual performance in the field. Also, direct comparisonstual performance in the field. Also, direct comparisons

(WVTR) is defined as the water-vapor flow(WVTR) is defined as the water-vapor flow

cific conditions of temperature and relative humidity. Thecific conditions of temperature and relative humidity. The

The resistance to evaporated heat flowThe resistance to evaporated heat flow
tile layer is defined as the quantity which determines thetile layer is defined as the quantity which determines the
latent evaporative heat flux across a given area, in re-latent evaporative heat flux across a given area, in re-

water-vapor flow. The usual units are mwater-vapor flow. The usual units are m

coated with Witcoflex hydrophilic polyurethane. A linear



five standard test methods. The water-vapor transmission

cup. The upright cup was significantly correlated with the

ton or viscose/aramid fibers (S1, S3, S4, S5) as well as

aramid fibers (S2 and S6). A hybrid sample (HS) consist-

the fire protection applications and are not commercially

flow across and parallel to its upper surface. For the mea-

ton or viscose/aramid fibers (S1, S3, S4, S5) as well aston or viscose/aramid fibers (S1, S3, S4, S5) as well as

aramid fibers (S2 and S6). A hybrid sample (HS) consist-aramid fibers (S2 and S6). A hybrid sample (HS) consist-

the fire protection applications and are not commerciallythe fire protection applications and are not commercially

flow across and parallel to its upper surface. For the mea-



flux provided by the hot plate (W/m

represents the mass flux

s first low of diffusion, at steady
state (one-dimensional case), the mass flux of the water

coefficient of water vapor

The mass flux of the water vapor can be expressed by

total diffusion coefficient at 35
diffusion coefficient of water vapor through the fabric at

fined by Chitrphiromsri and Kuznetsov (2004) as

fusion coefficient of water vapor

flux provided by the hot plate (W/mflux provided by the hot plate (W/m

represents the mass fluxrepresents the mass flux

s first low of diffusion, at steadys first low of diffusion, at steady
state (one-dimensional case), the mass flux of the waterstate (one-dimensional case), the mass flux of the water

The mass flux of the water vapor can be expressed byThe mass flux of the water vapor can be expressed by

total diffusion coefficient at 35total diffusion coefficient at 35
diffusion coefficient of water vapor through the fabric at



ence fabric is tightly woven, made of a polyester monofil-

free convective mass transfer. The mass flux of the water

coefficient of water vapor

sion coefficient of water vapor through the fabric at 20

is the mass convection coefficient

vapor through the fabric is defined as:

ence fabric is tightly woven, made of a polyester monofil-ence fabric is tightly woven, made of a polyester monofil-

free convective mass transfer. The mass flux of the waterfree convective mass transfer. The mass flux of the water



where the mass flux
Finding the mass transfer coefficient

more difficult problem. Mass convection (or

surface and a moving fluid that involves both
bulk fluid motion

In mass convection, we define a

layer in heat transfer by convection, and define new di-

is the mass transfer coefficient (m/s).

mass flux conditions, the mass convection
coefficients

tion has a decisive role in avoiding humid air stratification

ection over flat plate
a. Laminar flow

ection over flat plate
b. Turbulent flow

layer in heat transfer by convection, and define new di-layer in heat transfer by convection, and define new di-

is the mass transfer coefficient (m/s).is the mass transfer coefficient (m/s).

mass flux conditions, the mass convectionmass flux conditions, the mass convection
coefficientscoefficients

tion has a decisive role in avoiding humid air stratificationtion has a decisive role in avoiding humid air stratification

ection over flat plateection over flat plate
a. Laminar flowa. Laminar flow

ection over flat plateection over flat plate
b. Turbulent flowb. Turbulent flow



mass flux of the water vapor to be expressed asmass flux of the water vapor to be expressed asmass flux of the water vapor to be expressed as



Fick’s law of diffusion. The diffusion coefficient does not

smaller influence is registered. Anyway, for the four-layer

from the skin model, with a sufficiently

To assess the size of these influences we calculated rel-

ature and relative humidity at which mass flow is mea-

Fick’s law of diffusion. The diffusion coefficient does notFick’s law of diffusion. The diffusion coefficient does not



tance variation calculated from the mass flux

resistance variation calculated from the mass flux

we used mass flow rate to calculate

mass flux as follows:

of WVTR and consequently of mass flow variations. Us-

WVTR, as defined by Eq. (17). The relationship between

(17). The influence of the humidity and temperature varia-

resistance variation calculated from the mass fluxresistance variation calculated from the mass flux

we used mass flow rate to calculatewe used mass flow rate to calculate

mass flux as follows:



tion, theoretically demonstrated, that reflects the correla-

for their financial support.

moisture transport in firefighter protective clothing during
flash fire exposure,

Gibson, P. W., Factors influencing steady-state heat and water

in The Scientific Bulletin of the “Gh. Asachi” Technical Uni-

tion, theoretically demonstrated, that reflects the correla-tion, theoretically demonstrated, that reflects the correla-

moisture transport in firefighter protective clothing duringmoisture transport in firefighter protective clothing during
flash fire exposure,flash fire exposure,

Gibson, P. W., Factors influencing steady-state heat and water





















E

T
C
a

b

c

a

A
R
R
3
A
A

K
T
H
M
I

1

s
u
d
b
e
s
p
m
S
a
T
t
v
s
p
h
t
i
T
t

n

h
0

Sensors and Actuators A 235 (2015) 131–139

Contents lists available at ScienceDirect

Sensors  and  Actuators  A:  Physical

j ourna l h o mepage: www.elsev ier .com/ locate /sna

mbedded  textile  heat  flow  sensor  characterization  and  application

eodor-Cezar  Codaua,  Elena  Onofreib,c,∗,  Gauthier  Bedeka,  Daniel  Duponta,
edric  Cochraneb

Université Catholique de Lille, HEI, GEMTEX, France
Université Lille Nord de France, ENSAIT, GEMTEX, Roubaix F-59056, France
Technical University “Gheorghe Asachi” of Iasi, Iasi 700050, Romania

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 3 June 2015
eceived in revised form
0 September 2015
ccepted 2 October 2015

a  b  s  t  r  a  c  t

Measuring  heat  flow  can  be useful  in determining  the  amount  of heat  exchanged  between  the  human  body
and  the  environment  in  order  to  improve  the  comfort,  efficiency  and  sometimes,  the  safety  of  the  wearer.
Scientists  use  passive  heat  flow  sensors  to measure  body  heat  exchanges  with  the  environment.  In recent
years, several  such  sensors  have  been  developed  and  concerns  about  their proper  calibration  have  been
expressed.  Moreover,  the  existing  heat  flow  sensors  are  impermeable  and  prevent  evaporation  which
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gives  inaccurate  results  when  the  evaporation  phenomenon  is  present.  We  developed  a  flexible  heat  flow
sensor  which  is  permeable  to  water vapor.  This  sensor  takes  into  account  the  evaporation  phenomenon
and  allows  a better  measurement  of  the  energy  during  the  heat  exchange.  This  paper  describes  the textile
heat flow  sensor  realization,  calibration  and  possible  applications.
oisture transfer
ntelligent textiles

. Introduction

By controlling heat passing through a clothing system it is pos-
ible to protect the body against overheating as well as against
ndercooling. Moreover, measuring heat flow can be useful in
etermining the amount of heat exchanged between the human
ody and the environment in order to improve the comfort and
fficiency of the wearer. Heat flow is monitored by using heat flow
ensors. Heat flow sensors measure the voltage caused by heat flow
assing across a thermal resistance using thermocouples. Ther-
ocouples are based on the thermoelectric effect discovered by

eebeck in 1821. In a closed circuit formed of two different metals
 voltage flows if the two junctions are at different temperatures.
he generated voltage depends on the thermocouple used and the
emperature difference between the two junctions. The generated
oltage is proportional to the heat flow which passes through its
urface. The response is linear and the linearity coefficient is sup-
lied by the manufacturer, i.e. sensitivity in �V/(W/m2). When the
eat flow is positive, heat goes out of the body, the subject removes
he metabolic heat over-production to avoid internal temperature

ncrease. When the heat flow is negative, heat enters in the body.
he subject gets heat from the environment and his core tempera-
ure increases [1].
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ia.
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Scientists use passive heat flow meters to measure body heat
exchanges with the environment. In recent years, several such
sensors have been developed and concerns about their proper cal-
ibration have been expressed. The sensors respond differently to
the calibration setups and therefore, one overall calibration model
is not valid. Therefore, a proper calibration corresponding to the
intended purpose of use is required [2,3]. It is also important to
report details of the calibration procedure. As the heat flow from
the human surface is typically very small, factors influencing the
sensor reading, such as thermal resistance, weight, or flexibility of
the carrier material have to be considered. It is recommended to use
a thin, light sensor with good thermal conductance for human sub-
ject studies. However, it is also needed to evaluate these sensors in
transient conditions, tested under steady-state conditions are not
all the time relevant [2]. A sensor generally refers to a device that
converts a physical measure into a signal that is read by an instru-
ment. All sensors have similar fundamental properties defined by
sensitivity, range, accuracy, precision, and the need to be calibrated
against known reference standards. Another important property is
the interaction between sensor and the measured phenomenon [3].

Commercially available heat flow sensors are impermeable and
prevent evaporation which gives inaccurate results when the evap-
oration phenomenon is present [4]. On the other hand, the sensor is
a new thermal resistance layer added to the thermodynamic system

and consequently changes the heat flow in the measured area.

We developed a new flexible heat flow sensor which is perme-
able to water vapor. This sensor takes into account the evaporation
phenomenon and allows a better measurement of the energy
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Fig. 1. Exa

(a) woven fabric; (b) knitted fabric; (c) non-

uring the heat exchange. This paper describes the textile heat flow
ensor realization, calibration and applications.

. Realization of the textile flow sensor

Textile fabrics are flat porous materials which are produced by
ifferent textile manufacturing techniques using different fibrous
orms of input material (or structural elements), and consequently
aving different porous structures:

Woven fabrics are made by interlacing vertical warp and hori-
zontal weft yarns at right angles to each other (Fig. 1a);
Knitted fabrics are made by interlacing yarn loops (Fig. 1b);
Non-woven fabrics are produced from staple fibers or filaments
by different web-forming, bonding and finishing techniques
(Fig. 1c);
Membranes which are thin, soft materials made from a polymer,
that contains a lot of pores with diameter smaller than the water
molecule and larger than water vapor molecules; the membranes
are often laminated to the fabric to provide properties such as
strength, water-proofing or wind-proofing to enhance the per-
formance of the fabrics (Fig. 1d).

The textile heat flow sensor will be integrated into a firefighter
acket to perform the monitoring of the human-environment inter-
ace, through monitoring the heat flow. Therefore, the textile
ubstrates used are parts of the overall fire protection assembly.
rotective clothing systems consisting of three aramid-based lay-
rs (outer shell, thermal barrier and moisture barrier) are typical
or firefighters. In firefighting, underwear with the role to provide
n additional layer of material between the hazard and the person’s
kin is used [5] .

Six sensors with a surface of 5 × 5 cm2 were produced on a tex-
ile substrate according to Table 1.

The physical properties (thickness, surface weight, bulk den-
ity) and the thermo- physical properties (water-vapor resistance
nd thermal resistance) of the fabrics were measured and are dis-
layed in the Table 1. Thickness was measured under the pressure
f 1 ± 0.01 kPa, according to the standard ISO 5084:1996. Den-
ity was calculated from the values of fabric monolayer thickness
nd surface weight (which was determined using an analytical
alance). The average of ten measurements was calculated. Mea-
urements of thermal (Rct) and water-vapour resistance (Ret) of
abrics were conducted on the sweating guarded hotplate accord-
ng to the standard ISO 11092:1993. Specific environment testing

onditions prescribed by this standard were met  using a climatic
hamber [5].

To manufacture the textile heat flow sensors the following pro-
edure was followed:
Fig. 2. Treatment with polymer.

• Insertion of a constantan wire (from Omega®: SPCC-005 127 �m
diameter) within the textile structure with a float of 5 mm.  The
sensors having as textile substrate the knitted and the nonwoven
fabrics were produced by inserting manually the wire into the
structure. For the sensors with the woven fabric substrate, the
constantan wire was inserted during the weaving process. The
weaving process was performed on a weaving machine Patronic,
24 shafts, with Selectron-MAS-Control.

• Local treatment with polymer (resin) in order to allow the partial
copper deposition. For that, resin was  deposited on a zone con-
sisting of two  half-segments located on both sides of the textile,
to protect from copper deposition, (Fig. 2). The resin is resistant
to an electrolytic solution.

• Electrochemical deposition of copper on the constantan wire
(Fig. 3). The thermo-electrical wire was  obtained.

• Post-treatment for polymer removal. The textile flow sensor are
shown in Fig. 4.

3. Textile heat flow sensor characterization

All sensors have similar fundamental properties defined by sen-
sitivity, range, accuracy, precision, and the need to be calibrated
against known reference standards. These basic properties are
important when we design, calibrate, use, and model output data
for the purpose of objective physical activity monitoring [3].

Researchers raised concerns regarding the development of a
sensor with accurate calibration. Danielsson [6], Ducharme and
Frim [7], noted that the calibration technique used greatly affects

both the calibration value and the measurement obtained on
humans. In addition, Ducharme et al. [8] reported a mean difference
of 20 % when comparing the sensitivity delivered by the man-
ufacturer with the authors’ own recalibration measurements. In
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Table  1
Physical and thermo-physical properties of the carrier material (fabrics) for textile heat flow sensor

Sensor Textile substrate of sensor Surface weight, g/m2 Thickness, mm Density, kg/m3 Thermal resistance
Rct m2K/W

Water-vapour resistance
Ret m2Pa/W

SUW Underwear Functionalized
polyamide base knitted—piqué

283 1.19 238 0.0281 4.08

STh1 Thermal liner 100% aramid non-woven 49 0.38 129 0.015 1.99
STh2 Thermal liner 100% aramid non-woven 49 0.38 129 0.015 1.99
SOS Outer shell woven aramid base 242 0.50 484 0.0129 5.76
SK1 Woven aramid Kevlar® 222 0.67 331 0.0135 4.93
SK2 Woven aramid Kevlar® 222 0.67 331 0.0135 4.93

Fig. 3. Electrochemical deposition of copper on a constantan wire.
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Fig. 5. Protocol 1.
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Fig. 4. Textile flow sensor.

ddition, Perl et al. [9] recommended calibrating heat flow sensors
efore use, hence correcting inappropriate calibration factors.

.1. Sensitivity

The standard protocol used by most manufacturers of sensors
or determining the sensor sensitivity is shown in Fig. 5 (Proto-
ol 1).

The following elements are involved in this protocol:

Isolation material with very low thermal conductiv-

ity (� = 0.03 W/mK), polystyrene plate having dimensions
100 × 100 mm2 and thickness of 50 mm.
Electrical resistance of 21.24 �,  50 × 50 mm2 surface and 0.2 mm
thickness.
Time, s

Fig. 6. Sensitivity of Captec 2.26.

• Radiator made of copper with high power thermal dissipation.
• Data acquisition system Keithley 2700.
• PC for data recording.
• DC power supply that provides voltage between 0 and 30 V.

According to Protocol 1 an electrical resistance supplies a con-
stant power. Due to the high capacity of heat dissipation of radiator
we can consider that the whole energy goes through the sensor and
the sensitivity is defined by formula (1):

S = V

(U × I)/A
(1)

S–sensitivity, �V/ (W/m2); V–voltage, (�V); U–voltage at the termi-
nals of resistance, (V); I–current intensity through the resistance,
(A); A–surface of heat dissipation, (m2). Using this protocol we
tested the sensitivity of three heat flow meters provided by Captec®

Company, with characteristics shown in Table 2. The results are
displayed in the Figs. 6–8.

Differences smaller than 1% are registered between the mea-
sured sensitivity and the sensitivity provided by the Captec

®
Company . Thus, the results are in good agreement with the sensi-
tivity supplied by the manufacturer and this protocol is appropriate
for Captec® sensor characterization. Furthermore, we will use these
sensors as standard reference.
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Table  2
Technical parameters and properties of the Captec® heat flow sensors [2,10] .

Parameter Captec 2.26 Captec 9.17 Captec 23.3

Thickness (mm) 0.4 0.4 0.4
Shape  and dimension (mm) Rectangle 20 × 20 Rectangle 50 × 50 Rectangle 50 × 50
Bending properties Flexible Flexible Rigid
Material carrier Copper foil Copper foil Copper foil
Nominal sensitivity (�V/Wm−2) 2.26 9.17 23.32
Thermal resistance (m2K/W) 0.004 0.004 0.006
Temperature range (◦C) −180 up to +200 −180 up to +200 −180 up to +200
Input  range (kW/m2) −500/+500 −500/+500 −500/+500
Thermal conductivity material carrier (at 20 ◦C) (W/mK) 0.067 0.067 0.067
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Fig. 7. Sensitivity of Captec 9.17.
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Fig. 8. Sensitivity of Captec 23.3.

t
d

the textile sensor sensitivity, depending on the intended purpose
of use: the first one for the use of the sensor embedded in a single
Fig. 9. Electrical diagram.

In order to analyze the possibility of using this protocol for

extile sensor calibration we achieved a corresponding electrical
iagram, considering a planar power source (Fig. 9).
Fig. 10. Protocol 2—for single textile layer.

The equation of heat flow is:

˚total = ˚sensor + ˚lateral + ˚isolation (2)

where: ˚total–total power supplied by the heat source on sur-
face A, that is constant; ˚sensor–heat flow through the sensor;
˚isolation–heat flow through the isolation; ˚lateral–heat flow lost
by lateral convection of the sensor.

Using the thermal resistances, Eq. (2) becomes:

˚total = �T

Rsensor + Rconvection + Rradiator
+ �T

Rlateral convection

+ �T

Risolation
(3)

�T–difference between electrical resistance temperature and
ambient temperature.

The balance of heat flow into a system depends of thermal resis-
tance for each component.

• The Captec® sensor has a low thermal resistance Rsensor

(0.006 m2K/W). Also, Rconvection + Rradiator are very small due to
the surface of heat dissipation and thermal properties of the
radiator. For a source temperature of about 35 ◦C, the resistance
(Rconvection + Rradiator) is approximately 0.018 m2K/W. All of this
leads to a high value of the first term of Eq. (2) (˚sensor) compared
to the third term,˚isolation (Risolation is 1.0 m2K/W).

• Taking into account the real conditions of the intended pur-
pose of use, for the textile heat flow sensor calibration it is
not appropriate to use a radiator. Without a radiator Rconvection
increases greatly. Rconvection was  measured for a source temper-
ature of 35 ◦C, and a value of 0.17 m2K/W was obtained. Taking
into account that Rsensor = 0.015 m2K/W, the first term (˚sensor) is
comparable with the last term (�isolation) of Eq. (2).

In this situation, it is necessary to know more precisely the heat
flow passing through the sensor and the heat flow going through
the isolation. On the other hand, in order to reduce the lateral
energy loss, the textile sensor should be much smaller than the
surface of the tested textile.

Based on these remarks we propose two  protocols to measure
external layer (Fig. 10) and the second one for the sensor integrated
into a multilayer textile assembly, as an interior layer (Fig. 11).
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Fig. 11. Protocol 3—for multilayer textile assembly.
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Fig. 12. Sensitivity of SOS sensor for different temperatures.

These protocols involve the following elements:

Isolation material with very low thermal conductivity
(� = 0.03 W/mK).
Polystyrene plate having an area of 200 × 200 mm2 and a thick-
ness of 50 mm.
Electrical resistance, 5.9 �,  200 × 200 mm2.
Captec® sensor having a sensitivity of 205 �V/(W/m2).
Data acquisition system Keithley 2700.
PC for data recording.
DC power supply that provides voltage between 0 and 30 V.

Thus we can consider that the power supplied by the electrical
esistance will be dissipated in two directions: one through the
solator and the second through the textile layers. The heat flow
assing through the textile layers can be considered constant and
qual to the heat flow measured by Captec 205. The lateral energy
osses are very low because it is relative to the surface of dissipation.
n these conditions the sensitivity can be calculated with (4)

 = V

˚Captec 205
(4)

–sensitivity of the textile sensor, (�V/(W/m2)); V–voltage sup-
lied by textile sensor, (�V); ˚Captec 205–heat flow measured by
aptec® sensor, (W/m2).

.2. The influence of temperature on the textile heat flow sensor
ensitivity

The Seebeck effect depends on the temperature of the junctions
nd the relation is a complex function when the temperature has

 large variation [11]. Using the Protocol 3 the sensitivity variation

ith temperature was established for the textile sensor SOS for a

emperature variation between 30 ◦C and 80 ◦C (Figs. 12 and 13).
For that temperature interval a linear correlation can be con-

idered between the heat flow textile sensor sensitivity and the
Temperature,°C

Fig. 14. Percentage variation of sensitivity with the temperature.

temperature variation. The sensitivity variation is 0.36%/1 ◦C. For
every 10 ◦C change in temperature the textile sensor sensitivity
varies by 3.6% (Fig. 14). These results are consistent with those
obtained by Machut [11]. For applications where temperature
varies significantly a compensation of the sensitivity with tem-
perature is required. The compensation could be natural (using a
variable resistance) or electronic (an additional temperature sen-
sor is necessary to provide a temperature reading from which the
correction of sensitivity can be calculated).

3.3. The influence of humidity on the textile heat flow sensor
sensitivity

To determine the influence of moisture on the sensor sensitivity
Protocol 2 was used and the textile sensor SUW. The fabric con-
taining the sensor was  wetted and the electrical resistance was
powered at 12 V. To determine the moisture content we used a
balance Mettler Toledo. The sensitivity according to the moisture
content was calculated with Eq. (4) and the results are shown in
Fig. 15.

The sensitivity variation depending on the moisture content can
be determined starting from Seebeck coefficient:

N ×  ̨ = V

�T
(5)

where: N–number of junctions; ˛–Seebeck coefficient for copper-
constantan thermocouple, (�V/K); �T–the temperature difference
between the two junctions (between the two surfaces of the textile

fabric), (K); V–the voltage supplied by the sensor, (�V). On the other
hand,

�T  =  ̊ × Rct (6)
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 = S ×  ̊ (7)

–sensitivity, �V/(W/m2); Rct–thermal resistance of the fabric,
m2K/W); ˚–heat flow through the fabric, (W/m2).

From (Eqs. (5)–(7), the textile heat flow meter sensitivity is:

 = (N  × ˛) × Rct (8)

ut:

ct = 1
ktot

(9)

here: l–thickness of fabric (m), ktot–thermal conductivity of wet-
ed fabric (W/mK).

The thermal conductivity of the wet textile ktot is given by the
q. (10), [12,13]:

tot = kfabric + (kliq − kfabric) × �fabric

�liq
× mliq

mfabric
(10)

fabric–thermal conductivity of conditioned fabric (W/mK),
liq–thermal conductivity of liquid water (W/mK), �fabric–density
f the conditioned fabric (kg/m3), �liq–density of the liquid
ater (kg/m3), mliq–moisture content (kg), mfabric–fabric mass in

onditioned state (kg).
From Eqs. (7)–(10) follows that:

 = (N × ˛) × 1
kfabric + (kliq − kfabric) × �fabric/�liq × mliq/mfabric

(11)

The sensitivity according to the moisture content was  calculated

ith Eq. (11) and the results are shown in Fig. 16. There is a good

orrelation between the measured and the theoretical results and
he humidity has an important influence on the sensitivity of the
extile heat flow sensor.
Time,s

Fig. 18. Heat flow measured by STh1 sensor.

4. Applications of embedded textile heat flow sensor

4.1. Measuring the energy exchanged between human body and
the environment in dry state

Oliveira [14] proposed to use commercially available sensors to
measure the heat flow in firefighter clothing. Even if, in the last
time, this sensor has registered a significant increase in accuracy,
the errors due to the interaction between sensor and measur-
ing phenomenon cannot be avoided. These errors depend on the
total thermal resistance of the system, temperature and heat flow.
In the following experiment (Fig. 17) we  used a Captec® sensor
(Captec 2.26) and an embedded textile sensor STh1 to measure the
heat flow through a multilayer textile system, firefighter clothing
assembly (Protocol 3). Power is supplied by an electrical resis-
tance and it is calibrated by a large Captec® sensor (Captec 205),
200 × 200 mm2. The Captec 2.26 sensor is very small (20 × 20 mm2)
thus the impact of its own thermal resistance is reduced.

The heat flow measured by STh1 and Captec 2.26 are shown in
Figs. 18 and 19. The total heat flow passing through the textile
layers is given by Captec 205. As we  can see the heat flow mea-
sured by the textile sensor in steady-state conditions is close to
the real value (given by Captec 205) while the heat flow measured
by Captec 2.26 shows an error of 14.39%. Thus, the Captec® sensor
substantially alters the measured heat flow value, due to the local
thermal properties changes introduced into the system.

4.2. Measuring the energy exchanged between human body and
the environment in wet state

To measure the heat flow through a textile system in wet con-
ditions we used the same experiment described in Fig. 17, but the

whole system was  placed on the electronic balance. After a few min-
utes for thermal stabilization (steady-state was reached) a certain
amount of water was  injected into the first layer (underwear). The
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Fig. 21. Heat flow variation.

ass of evaporated water is shown in Fig. 20. For the linear section,
he evaporation rate is about 0.0015 g/s that corresponds to the heat
ow of evaporation �evap = 84.63 W/m2, calculated according to
15]. Thus, through the textile layers placed above the evaporation
urface the heat flow � is:
 = ˚Captec 205 − ˚evap (12)

The measured heat flow variations are shows in Fig. 21: with red
ine the heat flow through the system,� measured by Captec 205,
with the green line the heat flow measured by Captec 2.26 and with
the blue line the heat flow measured by the textile sensor STh1.

The heat flow measured by Captec 2.26 sensor is with 23 W/m2

higher than the real value of heat flow through the textile layers,
i.e. an error of about 27%. This error is due to the fact that under the
Captec® sensor evaporation does not occur, because it is imperme-
able to water vapor. The heat flow measured by the textile sensor
is very close to the heat flow passing through the system.

The ambient temperature was  20 ◦C and the heater surface 37 ◦C.

4.3. Measuring the evaporation rate

The textile flow sensors can be used to measure evaporation rate
(Fig. 22), which is defined as the amount of water evaporated from
a unit surface area per unit of time. From energy point of view it is
an energy that is consumed by the phenomenon of evaporation. In a
firefighting clothing system the evaporation phenomenon presents
a particular importance, because it changes the time of exposure to
heat sources at which the critical temperature is achieved.

To demonstrate this, Protocol 3 was used and the whole system
was placed on an electronic balance. Two  embedded sensor STh1,
STh2 with sensitivity determined according to the same protocol
were used. The membrane surface was  treated with a synthetic
resin, only on the area of first sensor, to create a vapor barrier.
The ambient temperature was  20 ◦C and the heater surface 37 ◦C at
steady-state. When the steady-state was reached a certain quantity
of water at 37 ◦C was  injected into the first textile layer (under-
wear). The difference of heat flow measured by the two sensors is
displayed in Fig. 23.

Due to the slow process of evaporation and capillarity phe-

nomenon we can always consider a uniform distribution of water
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Fig. 24. Mass of evaporated water.

n the textile layer. With this hypothesis the mass of evaporated
ater can be calculated from Eq. (13):

(t) = A

�
×

t∫

0

d˚(t) (13)

here: d˚(t)–heat flow difference between the two textile sensors,
W/m2), (Fig. 23); A–surface of evaporation, (m2); �–latent heat of
vaporation of water at 37 ◦C, (kJ/kg).

The evaporated mass calculated from Eq. (13) is displayed in a
reen line in Fig. 24 and represents the total amount of water evap-
rated in time. The ratio between mass variation and time variation
ives the rate of evaporation for the entire surface. For the linear
egion of the graphic the evaporation rate is relatively constant and
t is given by the line slope. In the same figure, the red line shows
he mass of evaporated water measured with the electronic bal-
nce. The difference between the two values of evaporation rate,
an be explained by the heat transfer inside every textile layer,
rom the areas with higher temperature to the areas with lower
emperature. This transfer is more intense in wet layer where the
hermal conductivity is higher. Applying a correction factor (1.92),
he two curves almost overlap, indicating a good correlation.

The textile flow sensors can perform the monitoring of mois-
ure transfer between human body and the environment with a
ood accuracy. The correction coefficient depends on the specific
roperties of each system.

. Conclusions

A textile heat flow sensor that is flexible and permeable to water
apor was developed. The sensor takes into account the evapora-
ion phenomenon and allows a better measurement of the energy
uring heat exchange. This paper describes the textile heat flow
ensor realization, calibration and some possible applications.

A proper calibration corresponding to the intended purpose of
se is required for the textile heat flow sensor.

The textile flow sensor sensitivity depends on temperature. For
pplications with a large variation in temperature, compensation
f the sensitivity with temperature is required.

The textile heat flow sensor sensitivity has a significant and com-
lex variation with the moisture content. For that reason this sensor

s recommended for applications where it is isolated from the liquid
ater by a membrane permeable to water vapor.

The textile heat flow sensor integrated into a firefighter jacket
ould be used for the monitoring of human-environment interface,
hrough monitoring the heat flow and the evaporated heat losses.

imilarly, it could be integrated into a garment for sport to assess
he local energy expenditure of the wearer. Further experiments
re planned to be made on a thermal manikin to confirm this.
ators A 235 (2015) 131–139
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Textile sensor for heat flow
measurements
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Abstract

This paper describes the concept of creating and testing of a textile heat flow sensor in order to determine the amount

of heat exchanged between the human body and its environment. The main advantage of this sensor is the permeability

to moisture, which allows taking into account the evaporation phenomenon, contrary to the traditional heat flow

sensors. Another property related to this new sensor is its flexibility conferred by the textile substrate, which allows

it to be applied on deformable surfaces.

Keywords
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The thermal and moisture properties of textiles are sig-
nificant properties affecting comfort, especially in
sportswear and thermal protective clothing, during
intense physical activity and/or special environmental
conditions (e.g. high temperature and thermal radi-
ation). The requirements of these garments (a high
level of protection and minimal physiological burdens)
have led to the development of new materials, and the
design and engineering of such textiles have become
increasingly important.1,2 Apart from the studies in
garment structure and design for improving the thermal
comfort of clothing, efforts are conducted in monitor-
ing of people in several professional high-risk occupa-
tions (that require wearing of heavy protective clothing)
and athletes (who need to dissipate an increased
amount of heat during physical activity).

Measurement of the heat exchanged between the
human body and environment throughout the clothing
system can be performed with indirect calorimeters or
with direct calorimeters. Direct calorimeter systems,
based on heat flow meters, fit better into a body-worn
device. Heat flow meters, which are easily worn on the
skin, work by measuring the small thermal difference
that develops when heat flows across an insulator.
Measuring the temperature difference and knowing
the heat flow resistance of the insulator allows calcula-
tion of the heat flow.3,4

Scientists use passive heat flow meters to measure the
heat exchanged by the human body with the

environment. These sensors may influence the measure-
ment accuracy due to their own properties. Thus, the
error for heat flux measurement can have different
sources, including the thermal resistance or the thick-
ness of the sensor.5,6 These sensors measure local
changes in heat flux and temperature and extrapolate
to the level of the whole body. In many cases, the effect
of additional layers of clothing and the changes in tem-
perature due to the thermal resistance of the sensor are
not taken into account. The errors caused by the ther-
mal resistance of the heat flow meters and changes to
convective losses measured are described in the
literature.6

Some of these sensors are rigid, and by integrating
them in clothing, they cause discomfort to the wearer.
In addition, the sensors for measuring heat flow are
impermeable to water vapor. The importance of the
water vapor permeability is apparent from the balance
of heat transfer, where evaporation plays an important
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role. A number of researchers have published studies
focused on the measurement of the heat flow using
commercially available sensors7–9 or in-house produced
sensors.10 None of these studies mentioned the meas-
urement of evaporative heat flow. In a previous study,
we analyzed the moisture evaporation from underwear
designed for firefighters, and the important influences
of this phenomenon were underlined.11

We developed a textile heat flow sensor that is flex-
ible and permeable to water vapor. This paper describes
the concept of creating, testing and integrating of a
textile heat flow sensor into firefighter protective cloth-
ing, in order to determine the amount of heat passing
through the clothing system. This measurement will be
useful in determining the amount of heat exchanged
between the human body and environment, and will
contribute to improving the comfort, efficiency and,
sometimes, the safety of the wearer.

Working principle and design
consideration

Heat flow sensors measure the temperature difference
caused by heat flow passing across a thermal resistance
using thermocouples.

Thermocouples are based on the thermoelectric
effect discovered by Seebeck in 1821. In a closed circuit
formed of two different metals, a voltage flows if the
two junctions are at different temperatures (Figure 1).
The electric voltage generated V (mV) depends on the
metals used and the temperature difference between the
two junctions:12

V ¼ � ��T ð1Þ

where � is the Seebeck coefficient (mV/K) and �T the
temperature difference between the junctions (K).

The Seebeck coefficient is the difference between the
thermoelectric potential of the two metals.

Most heat flow sensors use paired thermocouples to
measure the temperature difference, wired in series. The
output of the paired thermocouples is directly propor-
tional to the temperature difference and, thus, the heat
flow. To increase the sensitivity, a network of thermo-
couple pairs is typically used, with each thermocouple
pair stacked end-to-end like a string of batteries to
increase the voltage produced for a given heat flux.
This stacked arrangement of thermocouples is com-
monly referred to as a thermopile.3,13

A heat flow sensor measures the local heat flow dens-
ity in one direction, �. The result is expressed in watts
per square meter and the calculation is done according
to Equation (2):

� ¼
V

S
ð2Þ

where V is the sensor output (V) and S is the sensitivity
(V/(W/m2)), specific for the sensor.

The textile heat flow meter that we have produced
consists of a woven textile and a bimetallic wire inserted
into it, in order to appear alternatively on both sides of
the textile structure. The weaving process was per-
formed on a weaving machine ‘‘Patronic’’ (24 shafts,
with Selectron-MAS-Control). The constantan wire
(from Omega�: SPCC-005, 127 mm diameter) was
inserted into the structure during the weaving process.
Insertion was realized between two weft yarns in the
form of weft floats with the length covering 10 warp
yarns (0.5 cm; Figure 2).

The yarn used in the warp and weft was a para-
aramid yarn (Kevlar� from DuPontTM) Nm 36/2.
The weave is a plain weave with warp density of
22 yarns/cm and weft density of 16 yarns/cm. The sur-
face is 50� 50mm2, so 200 thermocouples are present
on the whole surface. The weave pattern consists of
6 weft yarns and 20 warp yarns, as presented in
Figure 3.

Figure 2. Textile with constantan wire.Figure 1. Seebeck effect.
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The thermocouples were made by electrolytic depos-
ition of copper on the constantan wire. For that, a resin
was filed on a zone consisting of two half-segments
located on both sides of the textile, to protect from
copper deposition (Figure 4). The resin has chemical
resistance to the electrolytic solution and was finally

removed by a dissolving solution. The setup used for
the electrolytic deposition of the copper on the constan-
tan wire (Figure 5) consisted of a power source (direct
current (DC) power supply) and a glass container with
a saturated solution of copper sulfate. The inside of the
glass container was covered with copper plates (1.5–
2mm thickness) and over these with perforated plates
of Plexiglass. The fabric was completely immersed in
the electrolytic solution. Constantan wire was the cath-
ode and the copper plate was the anode for the electro-
chemical reaction. Both were connected to the DC
power supply. The obtained textile heat flow sensor is
shown in Figure 6. The operational limits in

DC power supply 

Glass container covered with copper plate
filled with electroly�c solu�on 

Figure 5. The copper deposition system.

Figure 6. Textile heat flow sensor.Figure 4. Principle of thermopile production.

Figure 3. Weave pattern.
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temperature are determined by the Kevlar decompos-
ition temperature, which is 427–482�C.14

Sensor calibration

Calibration of heat flow sensors is crucial for validating
sensor readings. However, due to the complexity of
performing controlled measurements, calibration is
generally difficult. In recent years, concerns about the
proper calibration of sensors have been addressed. The
sensors respond differently to the calibration setups
and, therefore, one overall calibration model is not
valid. Thus, a proper calibration corresponding to the
intended purpose of use is required.5,15

Thus, taking into account that the sensor will be
used as an internal layer in a multilayer textile
system, for calibration it was placed between two textile
layers and the protocol shown in Figure 7 was used.

An electrical resistance supplies a constant heat flow.
The resistance is placed on a thermal isolation material
(polystyrene) with very low thermal conductivity
(�¼ 0.03W/mK), a surface area of 200� 200mm2

and a thickness of 50mm. The heat flow, supplied by
electrical resistance, will be dissipated in two directions:
mainly through the textile layers and a smaller part
through the isolator. The heat flow passing through
the textile layers is measured by a Captec� sensor.
This sensor was provided by the Captec� Company;
it has 0.006m2K/W of thermal resistance, an operating
temperature between �180�C and +200�C and sensi-
tivity of 205 mV/(W/m2).

The lateral energy loss is small because it is relative
to the surface of dissipation, and can be neglected. A
Data Acquisition System ‘‘Keithley 2700’’ and a com-
puter are used for data recording. In these conditions,
the sensitivity can be calculated with Equation (3):

S ¼
V

�Captec
ð3Þ

where S is sensitivity (mV/(W/m2)), V is voltage rec-
orded by the textile sensor (mV) and �Captec is the
heat flow measured by the Captec�sensor (W/m2).

Five measurements have been done. The textile heat
flow meter sensitivity according to this protocol is 10.13
[�0.07] mV/(W/m2).

Two factors should be considered when the sensor is
calibrated: the sensitivity variation with the tempera-
ture and the humidity.

Heat flow sensors are based on the Seebeck effect,
which depends on the average temperature of the two
junctions. Machut, in his PhD thesis,12 developed a
detailed study on the variation of the thermoelectric
effects with the temperature. Our sensor was created
to be used in a firefighter clothing system during routine
conditions, where the ambient temperature can reach
up to 60–70�C. For this temperature variation, the
Seebeck coefficient (for the Cu–constantan junction)
has a linear variation with the temperature and does
not exceed 3%. Thus, no thermal compensation was
used. For a smaller error or for applications that
involve higher temperature variations, it is necessary
to use a linear coefficient of compensation.

The water in the textile layer of the sensor should
change its thermal resistance and therefore the sensitivity.
However, in our applications, a membrane prevents the
transfer of liquid water to the textile sensor. Only water
vapors can pass. The textile fabric used as substrate for
the textile sensor is aramid based (Kevlar). These fibers
can absorb up to 3% of water. In these conditions, the
textile sensor sensitivity is sufficiently stable.

Performance

To evaluate the performance of the textile sensor, it was
tested using a protective clothing system for firefighters,
in comparison with a traditional heat flow meter. Tests
were conducted in the dry state and in wet conditions
(simulated sweating conditions). Firstly, the textile
sensor was used as an additional layer, then it was dir-
ectly integrated (embedded) into the thermal layer of
the clothing system.

Protective clothing systems consisting of three or
four aramid-based layers are typical for firefighters.
The multilayer firefighter jacket used for analysis
(Figure 8) was composed of an outer shell, a thermal
barrier and a moisture barrier.

In firefighting, underwear is used to provide add-
itional protection between the hazard (radiant or
direct flame contact) and the person’s skin. Cotton is
the most commonly used underwear but wool, silk,
aramid or other flame-resistant materials are also
used.16 Fabrics made with 100% synthetic fibers or
blended with natural fibers are used for underwear for
firefighters, due to their resistance to high temperatures
and chemical agents and improved ability to remove
moisture. This could improve firefighters’ comfort and
might increase their efficiency.

Figure 7. System arrangement for textile heat flow sensor

calibration.
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In this study, underwear made of functionalized
polyamide-based fibers, resistant to high temperatures
and chemical agents, and with good moisture manage-
ment capacity, was used.

The textile heat flow sensor can be used within a
multilayer fabric system in two ways:

A. adding the textile sensor to the multilayer system, as

a new additional layer;

B. inserting the copper–constantan wire in a textile

layer that already exists in the system (embedded textile

sensor).

The textile sensor as an additional layer: test in the
dry state

Experimental details. This test was conducted according
to the standard procedure used to measure the conduct-
ive heat flow.17 The textile heat flow sensor had been
placed under the outer layer of the jacket. Experiments
were carried out using a thermostatic bath ‘‘Julabo
F12-ED’’ (Refrigerated/Heating Circulator) to keep
the temperature of the calorimeter constant (35�C)
and to more accurately simulate the actual process
of using protective equipment. A Captec�sensor,
Captec_1 100� 100mm2, was placed upon the calorim-
eter to measure the total heat flow. A second Captec�

sensor, Captec 50� 50mm2, was placed under the outer
shell, for comparison. A type-J thermocouple was used
to measure the temperature between the outer shell and
thermal liner. The ambient temperature (T_ambient)
was constant during the experiments at 22�C. A Data
Acquisition System ‘‘Keithley 2700’’ and a computer
were used for data recording. The textile heat flow
sensor sensitivity was considered to be S¼ 10.13mV/
(W/m2), as determined according to the protocol of
calibration previously described.

The system arrangement is shown in Figure 9.

Results and discussion. The measurements were repeated
three times and similar results were obtained.

The temperature variations recorded by the thermo-
couple (T_int) and the thermostatic calorimeter (T_TB)
are shown in Figure 10.

Heat flow variations recorded by the Captec
(Flux_Captec), the Captec_1 (Total heat flux) and the
textile heat flow sensor (Flux_Textile-sensor) are shown
in Figure 11.

The difference between the flows measured by the
Captec sensor and by the textile sensor was 12W/m2
and this is attributed to the different thermal resistance
of the two sensors. The thermal resistance of the Captec
sensor is 0.006m2K/W (value from the manufacturer)
and the thermal resistance of the textile sensor is
0.0135m2K/W (measured with the sweating guarded
hotplate, in compliance with the standard ISO 11092).

Both sensors (the Captec sensor as well as the textile
sensor) were added as an extra layer and, consequently,
they changed both the temperature gradient and heat
flow through each. Thus, they altered the results.

A difference of 17W/m2 (20%) was registered
between the flux measured by the textile sensor and the
total heat flux. In the dry state, the Captec sensor meas-
ures more precisely the heat flux; the difference was
around 6%. The error of measurement depends mainly
on the ratio of the thermal resistance of the sensor and
the total thermal resistance of the system. Thus, it is
necessary to use sensors with a thermal resistance as
small as possible, in order to minimize the effect.

However, the textile sensor has the advantage of
being flexible, and therefore more easily integrated
into the textile structure than the Captec� sensor.

In addition, it is permeable to water vapor and may
take into account the evaporation process, as can be
seen from the following experiment.

The textile sensor as an additional layer: test in the
wet state

Experimental details. The same multilayer system com-
prising an outer shell, thermal liner, moisture barrier
and underwear was used, but the underwear (below
the membrane) was wet with a certain amount of

Figure 8. Multilayer firefighter jacket.

Figure 9. System arrangement for the textile sensor test.
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water. Using a syringe, 2.3 g of water was inserted
within the underwear layer, at the moment of 2880 s,
in order to simulate perspiration. The temperature of
the inserted water was the same as the temperature of
the thermal calorimeter, 35�C.

Results and discussion. The measurements were repeated
three times and similar results were obtained. The heat
flow variations indicated by the two sensors (Captec
and Textile sensor) are displayed in Figure 12 and
their difference in Figure 13.

Again, in the dry state (the first part of the graph),
the difference between the measured heat flows by the
two sensors was due to their different thermal

resistances (�12W/m2). When water was introduced
into the system and began to evaporate, the difference
was higher (�45W/m2, see Figure 13). It cumulated the
effect caused by the impermeability of the Captec�

sensor to water vapors.
The Captec� sensor prevents evaporation of water in

the layers below it, and the mass transfer. The Captec�

sensor registers only the flux variations caused by increased
thermal conductivity in the underwear. Thus, we can see an
increase in the heat flow measured by the Captec� sensor,
as long as water was present in the system.

The textile sensor is permeable to water vapor and
allows evaporation and mass transfer. The flow mea-
sured by the textile sensor varies due to both the

35,0

22,0

28,5

0

5

10

15

20

25

30

35

40

0 500 1000 1500

Te
m

pe
ra

tu
re

, o C

Time, s

T_TB T_ambient T_int

Figure 10. The temperature variation.

0

20

40

60

80

100

120

140

160

180

0 5000 10000 15000 20000

Fl
ux

, W
/m

2

Time, s

Flux_Tex�le-sensor

Flux_Captec

Figure 12. The heat flow variation during the wet test.

85,7

68,4

80,9

0

20

40

60

80

100

120

0 500 1000 1500

Fl
ux

, W
/m

2

Time, s

Total heat flux

Flux_Tex�le-sensor

Flux_Captec

Figure 11. The heat flow variation.

170 Textile Research Journal 87(2)



evaporation phenomenon as well as due to the thermal
conductivity variation of the system (due to the water
presence in the system). During the water evaporation,
the energy was consumed (endothermic process) and
the heat flow decreased. The effect of evaporation
exceeded the effect of increased thermal conductivity.

In conclusion, the textile heat flow sensor responds
to water vapor evaporation, in contrast to the trad-
itional heat flow sensors. The membrane prevents the
transfer of liquid water to the upper layers and only
water vapors can pass.

The effect of an additional layer on the heat flux
measurement

Experimental details. Any additional textile layer intro-
duced into the system contributes with its own resist-
ance and with the resistance of a new air gap between
textile layers, and consequently changes the measured
heat flow compared with the actual heat flow passing
through the system. To compute, with a good accuracy,
the effect of an additional layer on the heat flux passing
through the multilayer system, the arrangements shown
in Figure 14 have been used. Experiments were carried
out using a thermostatic bath ‘‘Julabo F12-ED’’
(Refrigerated/Heating Circulator) to keep the tempera-
ture of the calorimeter constant (35�C).

A Captec� sensor was used to measure the total heat
flow. In the first experiment the flux passing through a
firefighter clothing system composed of four layers
(outer shell, thermal liner, membrane and underwear)
was measured (Figure 14(a)). In the second experiment,
a textile sensor was added to the initial system
(Figure 14(b)) and in the third experiment, the textile
sensor was made directly in the thermal liner layer
(Figure 14(c)). The textile heat flow sensor sensitivity
was S¼ 11.7mV/(W/m2), as determined according to
the described calibration protocol.

Results and discussion. Heat flow variations recorded by
the Captec� sensor and corresponding to the situations
described in Figure 14 are shown in Figure 15. For the
transient response of the sensor, a sudden jump was regis-
tered, because the textile clothing system, initially at ambi-
ent temperature (22�C), was put onto the pre-heated

Figure 14. The system arrangement to compute the effect of an additional layer on the heat flux measurement: (a) firefighter clothing

system; (b) firefighter clothing system + textile sensor; (c) firefighter clothing system with the textile sensor in the thermal layer.
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calorimeter. At steady state, a difference of 18% is regis-
tered between the heat flows crossing the firefighter cloth-
ing system (red line) and the heat flow crossing the
firefighter clothing system+added textile sensor (blue
line). Compensation coefficients can be used in order to
eliminate these differences if there is no change of the
thermal convection coefficient, hc. However, by changing
the thermal resistance of the whole system, the heat flow
and the surface temperature of the outer shell will be
changed automatically and hence the convection coeffi-
cient, hc. In other words, compensation coefficients
depend directly on the source temperature and thermal
resistance of the system, as well as the ambient tempera-
ture. In these circumstances, it becomes difficult to esti-
mate the ratio between the heat flow that passes through
the sensor zone and the zone without a sensor. By insert-
ing the copper–constantan wire into an already existing
textile layer of the system, for the 50� 50mm2 textile
sensor, the difference between the heat flows crossing
the firefighter clothing system (red line) and the heat
flow crossing the firefighter clothing system+embedded
textile sensor (green line) is only 3–4%.

Textile sensor embedded in a textile layer already
existing in the system

Thus, in order to measure the heat flow with a textile
heat flow sensor, it is recommended to use the method
of inserting a constantan–copper wire within an
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existing textile layer of the multilayer system (see the
test described in the section). If this is not possible, it is
recommended for the textile heat flow sensor to use a
textile substrate identical with the already existing layer
of the multilayer system and to place the textile sensor
within this layer by making a cutout. In this way, the
additional resistance (thermal resistance as well as
water vapor resistance) introduced into the system
will be minimal.

Experimental details. This experiment was conducted
according to the settings from Figure 16, with the tex-
tile sensor embedded in the thermal liner (the textile
layer already existing in the multilayer system). The
sensitivity of this sensor is 11.7mV/(W/m2). For a
heat flow of 300W/m2, the temperature in thermal
liner, at steady state, was 75�C. For this experiment,
an electrical resistance was used as the heat power
source and the whole system was placed on a balance
(Mettler Toledo) in order to register the mass variation.
The amount of water introduced in the underwear layer
was 2.64 g.

Results and discussion. The heat flows measured by the
Captec� sensor and by the textile sensor are shown in
Figure 17. The water content variation is also repre-
sented in Figure 17.

In this case, there is no significant difference between
the heat flow measured by the Captec� sensor and the
heat flow measured by the textile sensor during the dry
experiment, that is, from 0 to 3340 s. The difference
between the two heat flows measured by the imperme-
able sensor and by the textile sensor, respectively,

during water evaporation is about 90W/m2. After com-
plete water evaporation, initial conditions are achieved
and the difference between the two measured heat flows
no longer appears, as one can see in Figure 18. The area
under this graph is directly proportional to the energy
absorbed during evaporation. This area is the starting
point in evaluating the mass transfer using the textile
sensors. This topic will be further developed taking into
account all the parameters involved.

Conclusion

For some applications, such as the characterization of
the energy assessment in thermal protective clothing,
sportswear, etc., it is essential to take into account the
phenomenon of water evaporation.

We developed a flexible textile heat flow sensor that
is permeable to water vapor, in contrast to the trad-
itional heat flow sensors.

A proper calibration corresponding to the intended
purpose of use is required for the textile heat flow
sensor.

The textile heat flow sensor, integrated into the fire-
fighter protective clothing, can measure the amount of
heat passing through the clothing system, taking into
account the evaporation phenomena. This measure-
ment will be useful in monitoring the human–environ-
ment interface.
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