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The purpose of this study was to investigate the effect of moisture on the heat transfer through clothing in 
relation to the water vapour resistance, type of underwear, location of the moisture and climate. This forms 
part of the work performed for work package 2 of the European Union THERMPROTECT project. Thermal 
manikin results of dry and wet heat loss are presented from different laboratories for a range of 2-layer 
clothing with similar dry insulations but different water vapour permeabilities and absorptive properties. 
The results obtained from the different manikins are generally consistent with one another. For each climate, 
total wet heat loss is predominately dependent on the permeability of the outer layer. At 10 °C, the apparent 
evaporative heat loss is markedly higher than expected from evaporation alone (measured at 34 °C), which is 
attributed to condensation within the clothing and to increased conductivity of the wet clothing layers. 
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1. INTRODUCTION

The presence of moisture within clothing can 
increase the wearer’s heat loss dramatically [1, 2, 
3], with the evaporation of sweat from the surface 
of the skin usually being one of the most important 
methods of losing excess body heat. However, 
personal protective clothing (PPC) tends to hinder 
the heat and moisture transfer from the wearer, 
which can lead to heat stress, even under cold 
conditions, if a strenuous workload is undertaken 
[4]. Although standards for predicting heat and 
cold stress [5] continue to be developed (e.g., 
Malchaire, Piette, Kampmann, et al. [6]), current 
methods of describing the heat transfer through 
PPC are still inadequate and inaccurate [7]. 

Heat and moisture transport through clothing 
involve complex processes and are coupled 
through evaporation, condensation, sorption 
and desorption of moisture [8, 9, 10]. However, 
at present, standards for predicting heat and 
cold stress [5] are based on a body heat balance 
equation (as defined in Blatteis, Boulant, 
Cabanac, et al. [11]), which does not take such 
coupling into account. The total heat exchange 
between the skin and the environment over the 
clothing is defined in such standards as being 
purely the sum of its dry and evaporative heat 
exchanges. These heat exchanges are estimated 
using the dry thermal resistance and water vapour 
resistance (or permeability) values of the clothing 
worn, which have been measured without the 
presence of additional moisture. Nevertheless 
additional moisture is often present in clothing, 
particularly from sweat which accumulates 
during and following exercise. Such moisture 
reduces the effective thermal insulation of the 
clothing, can increase the effective water vapour 
resistance and, under cold conditions, increases 
the total heat loss from the wearer [1, 2, 3, 22].

The European Union research project 
THERMPROTECT, entitled “Thermal Properties 
of Clothing and Their Use”, was set up to provide 
data on and models to be used to improve 
standards for the use of PPC. Work package 
(WP) 2 of this project investigated the effects of 
moisture on the heat transfer through clothing in 
relation to the water vapour resistance, type of 

underwear, location of the moisture and climate. 
An extensive series of material tests, manikin 
experiments and human trials was carried out by 
seven European research institutes [12]. 

As part of THERMPROTECT WP2, the 
aim of this study was to use manikin results 
to investigate the effect of moisture on the heat 
transfer through two-layer clothing combinations 
with different properties in order to gain a better 
understanding of the heat transfer processes 
involved when working in the cold.

2. METHODS

2.1. Materials/Clothing Investigated

The clothing materials investigated in this study 
had a range of different properties, the underwear 
being hygroscopic, hydrophilic or hydrophobic 
and the outerwear having different permeabilities. 
Intrinsic dry thermal insulation (Icl) and water 
vapour resistance (Re,cl) values for these materials 
(measured as separate textile layers using 
Standard No. EN 31092/ISO 11092:1993 [13]) 
and calculated water vapour permeability index 
values (imt) are listed in Tables 1 and 2. 

The underwear clothing consisted of two 
pieces with long-arm tops and long johns. The 
outer garments were one-piece coveralls without 
pockets, but with a drawstring at the waist and 
Velcro® ties at the wrists and ankles. For most 
tests all openings (at the neck, wrists and ankles) 
were closed. Clothing fit was kept as constant as 
possible.

2.2. Climates Used

The climates used in this study were ambient 
temperature ta = 10 °C with 80%  relative 
humidity (RH) and ta = 34 °C with 18% RH. The 
relative humidities were chosen to ensure the 
same water vapour partial pressure of 1 kPa for 
both climates. For ta = 34 °C, the measurements 
were isothermal with the manikin surface 
temperature also being 34 °C and so, as no dry 
heat loss and no condensation within the clothing 
took place, enabling the evaporative heat loss to 
be measured alone. 
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2.3. Manikins Used

Results from three different thermal manikins are 
presented here:

· EMPA manikin (SAM) [14], 26 heated 
sweating sectors and 8 heated guard sectors;

· TUT (Tampere University of Technology) 
manikin (Coppelius) [15], 18 heated sweating 
sectors; and

· LU (Loughborough University) manikin 
(Newton) [16], 32 heated sectors.

Those manikins were used to measure the total 
dry heat flux of different protective clothing 
according to Standard No. ISO  15831:2004 
[17]. Additionally, sweating resulting from a 
moderate-to-high workload was simulated using 
an integrated sweating system (EMPA and TUT 
manikins; sweat rate of 200 g/m2·hr) or by a pre-
wetted wicking skin layer worn tightly around the 
manikin (LU manikin). All values of dry and wet 
heat loss presented here are steady-state values 
for the areas of the body covered by clothing 
only, excluding heat loss from the head, hands 
and feet. 

3. RESULTS

The dry heat loss and the increase in heat 
loss caused by sweating, termed the apparent 
evaporative heat loss, are shown for ta = 10 °C 
in Figures 1a and 1b respectively. For each 
manikin, the average dry heat loss for IMP was 
slightly higher than for PERM, as expected from 
the lower insulation values for IMP (Table 1). 
Comparing results from the sweating manikins 
at TUT and EMPA in Figures 1a and 1b, the 
EMPA manikin tended to give slightly lower 
dry heat loss but similar apparent evaporative 
heat loss. In spite of differing manikin designs, 
the relative changes in heat loss were similar for 
IMP clothing. Impermeable clothing gave lower 
apparent evaporative heat loss than permeable 
clothing and the increase in heat loss caused by 
sweating was greater for synthetic underwear 
(PES and PP) than for cotton (CO).

Total heat loss measured using the EMPA 
and LU manikins for ta = 10 °C for different 
outerwear but the same underwear (PP) are 
presented in Figure 2 (with the EMPA manikin 
giving 175, 204 and 203 W/m2 and the LU 
manikin giving 166, 203 and 207 W/m2 for IMP, 
SEMI and PERM respectively). This total heat 
loss is broken down into dry, evaporative and 
additional heat loss components. In each case the 
dry heat loss was determined without simulating 
sweating. The value for actual evaporative heat 

TABLE 1. Underwear Materials Used

Code Material Moisture Property Icl (m2·K/W) Re,cl (m2·Pa/W) imt

CO 100% cotton hygroscopic 0.024 4.2 0.34

PES 100% polyester hydrophilic 0.029 3.4 0.51

PP 100% polypropylene hydrophobic 0.026 3.7 0.42

Notes. Icl—intrinsic dry thermal insulation, Re,cl—water vapour resistance, imt—water vapour permeability index.

TABLE 2. Outerwear Materials Used 

Code Material Moisture Property Icl (m2·K/W) Re,cl (m2·Pa/W) imt

IMP PA webbing with outer PVC coating impermeable 0.007 ∞ 0

SEMI hydrophilic layer with outer  
PTFE membrane

semi-permeable 0.023 18.6 0.07

PERM hydrophobic layer  with inner  
PTFE membrane

permeable 0.025 5.6 0.25

Notes. Icl—intrinsic dry thermal insulation, Re,cl—water vapour resistance, imt—water vapour permeability;  
PA—polyamide, PVC—polyvinyl chloride, PTFE— polytetrafluoroethylene.
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loss is based on results with sweating obtained 
for ta = 34 °C, which increases with clothing 
permeability as expected . The additional heat 
loss is the total heat loss minus the sum of the 
dry and evaporative heat loss. This additional 
heat loss, present for all clothing at ta = 10 °C, is 
seen to increase with water vapour resistance and 
accounts for as much as 34–45% of the total heat 
loss for IMP. 

The moisture collected within the clothing 
layers measured using the EMPA manikin for 
ta = 10 °C is shown in Figure 3. As expected the 
total moisture collected was strongly dependent 
on the water vapour permeability of the outer 
layer, with most moisture collecting in clothing 
with the IMP outer layer. For a given outer 

layer, the moisture accumulation within the 
underwear was dependent on its absorptive 
properties, with the most moisture collecting 
in CO (being very hygroscopic) and the least in 
PP (being hydrophobic). The moisture within 
the tight-fitting skin on the manikin surface was 
dependent on the underwear layer, being least for 
CO and greatest for PP for a given outer layer. 
For the IMP results, almost all the water sweated 
in 2.5 hrs collected within the clothing. Some 
water dripped down and was collected below 
the manikin and some evaporated sweat (about 
20% of the total 550 g sweated) could escape 
through the collar of the coverall which was not 
completely closed for these manikin tests.

Figure 1. Results from the sweating manikins at ta = 10 °C; (a) dry heat loss for clothing with permeable 
and impermeable coveralls, (b) apparent evaporative heat loss from the increase in heat loss when 
sweating. Notes. CO—100% cotton, PES—100% polyester, PP—100% polypropylene. For explanation of 
codes PERM and IMP, see Table 2.

Figure 2. Total heat loss measured for ta = 10 °C for different outerwear but the same underwear 
(PP), broken down into heat loss components (with shading as indicated in the key). Results from (a) 
EMPA manikin, (b) LU manikin. Notes. For explanation of codes IMP, SEMI and PERM, see Table 2.
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4. DISCUSSION

Dry heat transfer occurs through conduction, 
radiation, convection and ventilation, whereas 
wet heat transfer when sweating includes 
several additional complex processes including 
evaporation, wicking, sorption and desorption, 
wet conduction (additional conductive heat 
transfer due to the clothing being wet) and 
condensation of moisture [12, 18]. Moisture 
which evaporates from the skin can either diffuse 
through the clothing, escape through the clothing 
openings in vapour form or condense within the 
clothing. As the total heat loss (Figure 2) was far 
greater than the sum of the dry and evaporative 
heat loss alone, one or more other processes must 
be responsible for the additional heat transfer 
observed and possible processes are considered 
further. 

The presence of moisture within clothing can 
affect the heat transfer significantly, particularly 
if the clothing layers are saturated as evidenced 
by studies in both cold and hot environments, 
e.g., Bakkevig and Nielsen [19] and Lawson, 
Crown, Ackerman, et al. [20]. As the wet clothing 
in such studies is free to evaporate, significant 
heat transfer may be due to this evaporation and, 
without further information, it is not possible to 
differentiate between heat loss due to evaporation 
and other wet heat transfer processes involved.

Although sorption of water vapour raises the 
temperature of clothing locally and affects heat 
loss temporarily, it does not affect heat transfer 
when steady state is reached [2]. Similarly 
desorption of water shall have no effect under 
these conditions. Thus the additional heat loss 
observed here under steady-state conditions is not 
affected by sorption or desorption. Nevertheless, 
under transient conditions, sorption and 
desorption of moisture shall affect the total heat 
loss [2]. 

In order to quantify the amount of heat loss 
due to wet conduction, the conductivity of the 
individual layers used in the present study were 
measured as a function of the water content 
[21]. Based on those results for the clothing 
combination CO+IMP with the largest water 
content (Figure 3), the additional heat loss due 
to wet conduction at ta = 10 °C was calculated 
to be only 0.9 W/m2, which accounts for less 
than 2% of the additional heat loss observed. 
This is because the clothing layers studied here 
were much thinner (only ~1 mm thick) than the 
air layers between them and thus the intrinsic 
resistances of the air layers were much larger than 
the clothing layers [2]. Therefore for impermeable 
clothing combinations, wet conduction can only 
explain a small fraction of the additional heat loss 
seen.

Figure 3. Moisture within the clothing layers and evaporated for ta = 10 °C measured using the EMPA 
manikin. Notes. CO—100% cotton, PES—100% polyester, PP—100% polypropylene. For explanation of 
codes IMP, SEMI and PERM, see Table 2.
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Condensation occurs within clothing at 
locations where the saturated vapour pressure is 
reached. The build-up of moisture on the inside 
of the clothing layers, shown in Figure 3, is due 
to wicking (skin and possible underwear layer) 
and condensation. Wicking is a liquid transport 
process and does not contribute to the transfer 
of heat directly [10]. For the present clothing 
systems, a considerable amount of moisture 
collected within the clothing layers, particularly 
for the combinations with IMP. Excess 
condensation contained within the inner webbing 
of IMP, dripped down and was collected below 
the manikin (Figure 3). It is reasonable to assume 
that excess condensation dripped down from 
the outer layer and wetted the underwear and/or 
the manikin skin even before any dripping out 
from the clothing occurred. This may also have 
occurred for SEMI and possibly even for PERM. 
Such dripping condensation would remain within 
the clothing system and could then re-evaporate, 
thus causing further heat to be removed from the 
manikin.

Under cold conditions condensation causes the 
inner surface of an impermeable outer clothing 
layer to heat up by several degrees [1, 2]. Such 
increases in inner surface temperature were 
observed for the overalls measured here (up to 
4.5 °C for IMP and up to 3.3 °C for SEMI). As 
the underwear and outer layers were mainly 
separated by air, apart from contact areas at the 
shoulders and closed openings, almost all of 
the moisture within the outer layer is assumed 
to be due to evaporation from the skin and 
underwear condensing on the inside of the 
outer layer. For IMP, assuming that all of the 
103–132 g of moisture which collected in the 
outer layer was due to condensation and all of 
the heat generated by this condensation was lost 
to the environment over the 2.5 hrs of simulated 
sweating, 55–72% of the additional heat loss 
would be accounted for. However, some of this 
heat was used to heat up the outer layer. This 
suggests that much more condensation took 
place than the moisture collected in the outer 
layer, which would confirm the hypothesis that 
some of the outer layer condensation dripped 
back down onto the manikin skin and underwear 

layers and evaporated again (thus drawing more 
heat from the manikin) and then recondensed on 
the outer layer in a cyclic manner. Furthermore, 
such a cyclic process would account for the 
large increases in the outer layer temperature 
observed. Heating up of the outer layer increased 
the temperature gradient between this layer and 
the environment and enabled heat to be lost to the 
environment more efficiently.

Consequently, the only two processes which 
can be identified as being responsible for the 
additional heat loss observed are condensation 
and an increase in conduction of the clothing, 
with the former involving a cycle of evaporation 
and condensation of moisture which remains 
within the clothing and heats up the outer layer 
and accounts for almost all of the additional 
heat loss for impermeable clothing. Other work 
[22] has shown that condensation increases with 
decreasing temperature. Therefore the additional 
heat loss due to condensation and wet conduction 
should also increase when the air temperature 
is reduced. This has been confirmed by a more 
recent study [23].

Preliminary results from the EMPA manikin 
have been presented previously [24], where the 
evaporative heat loss was estimated from the 
mass loss of evaporation by assuming that all 
evaporative cooling removes heat from the body. 
However, depending on the location, as some 
of the evaporative cooling may remove heat 
from the clothing [1], measuring the evaporative 
heat loss directly at 34 °C, as in this paper, is 
considered to be the more accurate method of 
determining evaporative heat loss.

An interlaboratory study of six sweating 
thermal manikins [25] (including the TUT and 
EMPA manikins but excluding the LU manikin) 
showed that such manikins tend to give limited 
reproducibility due to different manikin designs 
and experimental techniques. Thus it is to be 
expected that comparing the heat loss values 
of different manikins here, which indeed used 
different experimental techniques and included 
the characteristics of each manikin, shall give 
different results. The differences between 
the results for the TUT and EMPA manikins 
presented here are 7–11% for dry heat loss in 
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Figure 1a and up to 13% for apparent evaporative 
heat loss in Figure 1b. Differences between the 
EMPA and LU manikins are somewhat higher. 
In Figure 2, the LU manikin gives on average 
23% lower dry heat loss than the EMPA manikin 
but 24 and 34% higher evaporative heat loss for 
SEMI and PERM respectively. In spite of these 
differences in heat loss measured using different 
manikins, by considering the results for each 
manikin alone, general trends of changes in total 
and evaporative heat loss with the properties of 
the clothing are clearly seen. 

5. CONCLUSIONS

Contrary to present standards for predicting 
thermal stress, dry and evaporative heat loss 
are found not to be the only heat loss processes 
when performing moderate to high workloads 
in the cold (for ta = 10 °C). Additional heat loss 
increases with decreasing permeability, becoming 
up to 45% of the total heat loss for impermeable 
clothing. Under steady-state conditions, this 
additional heat loss is attributable to a cycle 
of evaporation and condensation of moisture 
which remains within the clothing and removes 
heat from the skin, heats up the outer layer and 
releases heat into the environment and into the 
increased (wet) conductivities of the clothing 
layers. Under transient conditions, sorption and 
desorption of moisture shall also affect the heat 
loss. Thus, depending on the permeability of the 
clothing, the total heat loss under cold conditions 
can be much higher than expected from the sum 
of dry and evaporative heat loss and this fact shall 
need to be considered in future standards which 
consider heat transfer through clothing.
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