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A B S T R A C T   

Over the past few decades, several models of heat and mass transfer have been based on the assumption of the 
homogeneous thickness (or absence) of the enclosed air layer contradicting the real-life scenario of the skin- 
clothing-environment system. To address this research gap, in this study, the comprehensive model for heat 
and mass transfer was developed which considers thermal phenomena such as evaporation, condensation, and 
the effect of liquid moisture on the thermal insulation of fabrics (wet conduction) along with sensible heat 
transfer mechanisms and effects of spatial heterogeneity of air layers. The coupling between heat and mass 
transfer in the modelling approach resulted in an accurate evaluation of the mass of evaporated liquid moisture 
and condensed water vapour in a skin-clothing-environment system. The developed model is systematically 
validated with an increasing level of spatial complexity using homogeneous and heterogeneous air layers with 
single-layer and multi-layer clothing ensembles. The model is validated for 21 different experimental cases 
covering various parameters that affect mass transfer such as enclosed air gap thickness (clothing fit), evapo-
rative resistance (permeable, semi-permeable, and impermeable to water vapour), ambient temperature (− 10 ◦C 
to 34 ◦C), and relative humidity (80% to 18.5%). Finally, the relevance of the model for product development is 
demonstrated by a case study about smart skiwear. The presented study provides detailed insights into individual 
heat and mass transfer mechanisms in the skin-clothing-environment system, which is very useful to develop an 
in-depth understanding about local heat transfer mechanisms and for designing and development of functional 
and protective clothing.   

1. Introduction 

During intense physical activity or exposure to warm environments, 
the deep organs of human body (e.g., liver, brain, and heart) produces 
more heat than sensible heat loss at the skin. This imbalance causes a 
rise in body core temperature and, consequently, onset of thermoregu-
latory responses including vasodilation and sweating. The heat of sweat 
evaporation helps to dissipate this excess heat efficiently and to keep 
body core temperature constant. The human skin is covered with a 
clothing layer that typically reduces the evaporative and sensible heat 
loss at the skin. The reduction in heat loss is caused by both thermal and 
evaporative resistances of the fabric and air layers inside and outside of 
clothing (enclosed and boundary air layers). 

A wet clothing layer due to sweating or an external source of mois-
ture affects the heat transfer and thermal comfort of the human body due 
to evaporative cooling and the high thermal conductivity of liquid in the 

fabric (wet conduction). Therefore, depending on the environmental 
conditions, sweating can help in maintaining thermal balance in warm 
environments and lead to excessive chillout in cool environments. 

The thermal performance measurement of functional and protective 
clothing is done based on experimental methods such as sweating 
guarded hot plate, sweating thermal cylinder, a thermal manikin, or 
human subject trials. The measurements on a sweating guarded hot 
plate or thermal cylinder are based on an assumption of simplified ge-
ometry of the human body and air layers. They give information about 
thermal properties of the fabric and simplified air layers alone and 
facilitate their classification rather than provide realistic clothing ther-
mal insulation. A more realistic method to measure thermal insulation of 
clothing is an anatomically shaped thermal manikin with more hu-
manlike features, such as the representation of more realistic air layers 
in the clothing, the ability to move limbs, sweat, and absorb thermal 
energy (actively cooled thermal manikin). However, there are also 
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several limitations of these devices, such as limited human movement 
type (e.g., only walking or bicycling), sweating through a limited 
number of nozzles and moisture spreading textile skin that affects the 
surface temperature measurement, and finally, manikins that can 
replicate only limited postures due to their rigid structure (e.g., stand-
ing, sitting). Besides this, the costs (purchase and maintenance), space 
(climatic chambers), and time factors are also major limitations. Human 
subject trials for clothing research have several limitations as well such 
as the ambient condition and exposure being limited because of health 
and safety reasons and requiring approval from an ethical committee. 
Additionally, variability between subjects is often large that requires a 
certain number of human subjects and experiments, which is time- 
consuming and expensive. 

Alternatively, the mathematical modelling of the heat and mass 
transfer in the skin-clothing-environment system is promising tool to 
develop an in-depth understanding of local heat transfer mechanisms 
and for designing and development of functional and protective 
clothing. However, the existing clothing models face several research 
gaps; for example, the assumption of skin-clothing-environment system 
as simplified fabric assembly (without enclosed air layers) [4,5,and17]] 
or air layers were simplified as a layer with homogeneous thickness [13, 
14,and16]]. Furthermore, the model developed by Lotens et al. [14] and 
Fukazawa et al. [17] used an assumption that condensation occurs at 
particular predefined location. The model developed by Lotens et al. 
[14] assumed that condensation occurs at the inner and outer garment 
interface, whereas Fukazawa et al. [17] assumed that condensation 
occurs on the external surface of the garment. The model developed by 
Wissler and Havenith [16] provided the pathway to simulate the heat 
and mass transfer in multi-layer clothing ensembles; however, the effect 
of condensation on the thermal conductivity of fabric (wet conduction) 
and total clothing thermal insulation was neglected. Therefore, existing 
clothing models for heat and mass transfer have limited applications in 
the designing and development of functional and protective apparel and 
providing inputs to models of thermal physiology and comfort due to 
their oversimplification of air layers in the clothing [1–3]. Air layers 
play an essential role not only in dry heat transfer (still air is an excellent 
insulator) but also in mass transfer since water vapour molecules 
diffusion through air layers is affected by the gradient of water vapour 
partial pressure and thickness of air layer in the 
skin-clothing-environment system. The clothing surface affects the 
convective and radiative heat transfer from human body to environment 
which is often not investigated in detail [4–6]. Moreover, the effect of air 
layers on clothing thermal and evaporative resistances is often neglec-
ted, and only heat and mass transfer through a fabric assembly (without 
air layers in between) is considered [7–12]. Mangat et al. [10] and Hes 
[9] analysed the effect of moisture on fabric properties such as thermal 
insulation and air permeability, but they did not address these effects in 
the clothing ensembles, where enclosed and boundary air layers are 
present. Several heat and mass transfer models account for air layers but 
neglect the heterogeneity of air layers [13–21]. The assumption of a 
homogeneous air layer causes an error in the computation of conductive 
and convective heat transfer because the thermal conductivity of air 
layers is not linear to the thickness of an air layer, and the size and 
orientation of an air layer affect the natural convection intensity [2]. 
Therefore, oversimplification of geometry can cause an error in simu-
lated temperature and water vapour pressure in clothing microclimate 
[2]. Very few models consider the spatial heterogeneity of air layers in 
clothing, but these models do not consider the latent heat transfer and 
effect of moisture on thermal insulation of clothing [1–3,22–24]. The 
possible condensation in individual clothing layers was also neglected 
by assuming that condensation occurs only in the most outer layer 
(facing the ambient air) and homogeneous enclosed air layer [17,18]. 

The present study aims to develop a comprehensive model that 
considers various heat and mass transfer mechanisms in a realistic 
spatially heterogeneous skin-clothing-environment system because air 
layers have significant effect on sensible heat transfer and moisture 

diffusion. The model considered moisture diffusion/evaporation, 
condensation, and the effect of moisture on the thermal insulation of the 
fabric and total thermal insulation of clothing. The model was system-
atically validated for homogeneous (to distinguish between wicking and 
condensation) and realistic heterogeneous air layers with single and 
multi-layer clothing ensembles, which makes it possible to predict the 
heat dissipation from individual body segments. Finally, to demonstrate 
the application of the presented model as a research and design tool, we 
applied the designing and development of smart skiwear as an exem-
plary case study. In this case study, several parameters such as the effect 
of evaporative and thermal resistances of fabrics, clothing fit, ambient 
environmental conditions, and electric heating of fabric were analysed 
to optimize the location of moisture removal panels. 

2. Methods 

2.1. Model assumptions 

The presented model considers heat and mass transfer in the skin- 
clothing-environment system. The model accounts for the effect of the 
moisture on the thermal insulation of the fabric, based on evaporation 
and condensation under steady-state conditions. The thermal inertia of 
fabric and air is very low (0.976 J

g K and 1.006 J
g K, respectively). There-

fore, except for the extremely transient conditions such as a sudden 
exposure to radiant heating/high heat exposure in firefighting, most of 
the applications can be considered as the steady-state conditions where 
the stored heat in the skin-clothing-environment system is very low. The 
liquid wicking in transversal and lateral directions between human skin 
(or manikin surface) and clothing layers and heat of sorption/desorption 
were omitted because they are transient phenomena, and the presented 
model is for steady-state conditions. The porous structure of the fabric is 
considered as a thin layer with the known thermal (Rctf ) and evaporative 
(Retf ) resistances (Fig. 1), which is input to the model, as flow (air and 
vapour) in porous media is not within the scope of the present study. It is 
assumed that the thickness of the fabric remains constant in both dry and 
wet conditions (no swelling). The presented model accounts for the 
spatial heterogeneity of air layers and dry heat transfer definition based 
on the method developed by Joshi et al. [2]. 

2.2. Modelling of moisture transport in the skin-clothing-environment 
system 

2.2.1. Heat and mass transfer in an enclosed air layer 
The air layer trapped between the skin and different layers of 

clothing (so-called enclosed air layer) is heterogeneous and varies 
depending on body parts [25]. Consequently, the distribution of tem-
perature, saturation and water vapour partial pressures over the 
clothing and skin surface are affected by thermal and evaporative re-
sistances of clothing and air layers (Fig. 1). The thermal and evaporative 
resistance of enclosed air layer and saturation and water vapour partial 
pressures can be obtained through the following equations [26,27]: 

Saturation pressure of water vapour: 

psat =
e77.354+0.0057 T − (7235

T )

T8.2 (1) 

Water vapour partial pressure: 

p=
RH
100

Psat (2)  

Where, psat : saturation pressure of water vapour (Pa), 

p: water vapour partial pressure (Pa), 
T: temperature of humid air (K), 
RH: relative humidity (%)
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The diffusion of moisture in an enclosed air layer can be calculated 
by Fick’s law as follows: 

mEAL =
D • (wi − wi+1) • ρairhumid

xEAL
(3)  

w=

P
Rw

p
Rw

+ patm − p
Ra

(4) 

Diffusion coefficient of water vapour in air (D) can be expressed as a 
non-linear polynomial regression (valid for a TEAL range between 0 ◦C 
and 81 ◦C) as follows [28]: 

TEAL =
Ti + Ti+1

2
(5)  

D= − 2.775 e− 6 + 4.479e− 8TEAL + 1.656e− 10T2
EAL (6)  

Where, mEAL: moisture flux that diffuses through air gap 
(

kg
m2•S

)
, 

xEAL: thickness of enclosed air layer (m), 

D: diffusion coefficient of water vapour in air 
(

m2

S

)
, 

TEAL: temperature of enclosed air layer (K) defined as an average 
temperature of enclosing clothing layers Ti and Ti+1, 
wi: concentration of water vapour at ith node (kg /kg), 

ρairhumid: density of humid air 
(

kg
m3

)
, 

Rw: gas constant for water vapour 
(

J
kg•K

)
= 461.5 J

kg•K, 

Ra: gas constant for air 
(

J
kg•K

)
= 286.9 J

kg•K, 

patm: atmospheric pressure (Pa) = 101,325 Pa 

The thermal and evaporative resistance of an enclosed air layer can 
be calculated as follows: 

RctEALi =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

Nu
kEAL
xEAL⏟̅̅̅̅⏞⏞̅̅̅̅⏟

conduction/convection

+
σ
(
T2

i + T2
i+1

)
(Ti + Ti+1)

1
εi +

1
εi+1

− 1
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

radiation

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

− 1

(7)  

RetEALi =
pi − pi+1

mEAL λ
(8)  

Where, RctEAL : thermal resistance of the enclosed air layer 
(

m2•K
W

)
, 

Nu: Nusselt number ( − ), 
kEAL: thermal conductivity of air layer 

( W
m•K

)
, 

xEAL: thickness of enclosed air layer (m), 

σ: Stefan-Boltzmann constant 
(

W
m2•K− 4

)
, 

Ti: temperature at given node (K),
εj: emissivity of surface at given node ( − ),

RetEAL : evaporative resistance of the enclosed air layer 
(

m2•Pa
W

)
, 

pi: water vapour partial pressure at given node (i) (Pa), 

λ: latent heat of water vaporization 
(

J
g

)
= 2257 Jg 

The value of Nusselt number (Nu) depends on Rayleigh number (Ra) 
and size and orientation of heterogeneous air gap, e.g., aspect ratio (AR) 
of the enclosed air layer (for more information please refer [2]). 

2.2.2. Heat and mass transfer in a boundary air layer 
The thermal and evaporative resistance in a boundary air layer can 

be calculated by the Lewis ratio (LR) which provides the correlation 
between convective heat transfer and mass transfer coefficients [29]:  

Fig. 1. Schematic diagram of thermal and evaporative resistances in the skin-clothing environment system.  

RctBALi =

⎡

⎢
⎣

⎛

⎜
⎝

(
anat(Ti − Ti+1)

0.5
+ afrcva + amix

)0.5
⋅fcl

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
conduction/convection

+ σεiθi
(
T2

i + T2
i+1

)
(Ti + Ti+1)
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(9)   
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RetBAL =
1

hcBAL • LR
(10)   

The convective heat transfer coefficient for the boundary air layer 
(hcBAL) is a function of the ambient air speed, the temperature difference 
between clothing and ambient air, and it also depends on the geometry 
and orientation of body parts [30]. The Lewis ratio depends on physical 
properties of gases and atmospheric pressure, but it is independent of the 
shape of geometry, air speed, and ambient temperature [29]. 

LR=
0.0165
patm

(11)  

Where, RctBAL : thermal resistance of the boundary air layer 
(

m2•K
W

)
, 

anat: coefficient for the natural convection ( − ), 
afrc: coefficient for the forced convection ( − ), 
amix: coefficient for the mixed convection ( − ), 
θi is view factor of any given segment, i ( − )

RetBAL : evaporative resistance of the boundary air layer 
(

m2•Pa
W

)
, 

hcBAL: convective heat transfer coefficient for boundary air layer 
( W

m2K
)
, 

LR: Lewis ratio 
( K

Pa
)

The temperature and vapour pressure distribu-
tion at each node(i) can be calculated as follows [16]: 

Ti = Tskin − (Tskin − Tamb)
Rct→i

Rct total
(12)  

Pi =Pskin − (Pskin − Pamb)
Ret→i

Ret total
(13)  

Where, Rct total: Total thermal resistance from the skin to the environment 
( W

m2K
)
,

Ret total: Total evaporative resistance from the skin to the environment 
( W

m2Pa
)
,

Rct→i: Thermal resistance up to the ith node 
( W

m2K
)
,

Ret→i: Evaporative resistance up to the ith node 
( W

m2Pa
)
,

Tskin: Temperature of skin (K)

Tamb: Temperature of ambient air (K)

Pskin: Water vapour partial pressure at skin (Pa)
Pamb: Water vapour partial pressure of ambient air (Pa)

2.2.3. The energy and mass balance of the skin-clothing-environment 
system 

Condensation occurs when vapour pressure reaches the saturation 
pressure and water vapour transforms into the liquid phase. The 
condensation of water vapour in a clothing layer results in heat release 
(latent heat of condensation) acting as a local heat source. Therefore, 
energy and mass balance are key elements while modelling the latent 
heat transfer. When the latent heat is released in the condensation 
process, the temperature of the condensing node (Tic) increases ac-
cording to the condensation rate (mc). For each node saturation and 
partial pressure of water vapour is calculated, and the condensation 
node is identified by checking the condition Psat < P. The unknown 
parameters, such as condensation rate (mc), temperature at condensing 
node (Tic), and partial water vapour pressure at condensing nodes (Pic)

can be obtained by solving equations of energy and mass balance (eqs. 
(15) and (16)) and using the relation between pressure and temperature 
(eq. (1)) iteratively as follows: 

m →ic − m ic→ =mc (14)  

pskin − pic

λ • Retic
−

pic − pamb

λ • (Rettotal − Ret ic)
=mc (15)  

Tskin − Tic

Rct ic
+ λ • mc =

Tic − Tamb

Rct total − Rctic
(16)  

Where, Tskin: temperature of skin (K), Tic: temperature at condensing 
node (K), 

Tamb: temperature of ambient air (K), 
pskin: water vapour partial pressure at skin (Pa), 
pic: water vapour partial pressure at condensing node (Pa), 
pamb: water vapour partial pressure of ambient air (Pa), 

Rcttotal: total thermal resistance 
(

m2•K
W

)
, 

Ret total: total evaporative resistance 
(

m2•Pa
W

)
, 

Rctic: thermal resistance up to condensing node 
(

m2•K
W

)
, 

Retic: evaporative resistance up to condensing node 
(

m2•Pa
W

)
, 

2.2.4. Effect of condensed moisture on thermal resistance of fabric 
The thermal insulation of the dry fabric depends on the thermal 

conductivity of fibres and the entrapped air in pores. The presence of 
moisture in fabric replaces part of the air volume, and hence, affects the 
insulative property of fabric because the thermal conductivity of water 
(0.598 W

mK) is higher than the thermal conductivity of air (0.025 W
mK) by a 

factor of 23. Therefore, under a wet state, the thermal insulation of a 
fabric is decreased significantly [10,11]. Based on the calculated liquid 
moisture transport due to condensation, the moisture content and the 
change in the fabric insulation can be calculated by the following 
equations [11]: 

Moisture content (MC) =
Wet weight of fabric − dry weight of fabrict

Weight of wet sample
(17)  

Rctdry f =
x • (1 − ε)

kf
(18)  

Rctair =
x • ε

ka • (1 − MC)
(19)  

Rctwater =
x • ε

kw •MC
(20) 

Mangat et al. [11] suggested that under a wet state thermal resis-
tance of air (Rctair ) and water (Rctwater ) can be considered as parallel re-
sistances, while thermal resistance of fabric (Rctdry f ) can be added in 
series. The equivalent thermal resistance of fabric under a wet state for 
different levels of moisture content can be obtained through the 
following equation [11]: 

Rctwet =
Rctair • Rctwater

Rctair + Rctwater

+ Rctdry f (21)  

Where, Rctwet : thermal resistance of wet fabric 
(

m2•K
W

)
, 

Rctdry f : thermal resistance of dry fiber 
(

m2•K
W

)
, 

Rctair: thermal resistance of air 
(

m2•K
W

)
, 

Rctwater: thermal resistance of water 
(

m2•K
W

)
, 

x: thickness of fabric (m), 
ε: porosity of fabric ( − ), 
kf : thermal conductivity of dry fibres 

( W•m
K

)
, 
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ka: thermal conductivity of air 
( W•m

K
)
= 0.025 W

mK, 
kw: thermal conductivity of water 

( W•m
K

)
= 0.598 W

mK, 

The process flowchart of the model is depicted in Fig. 2. The model 
requires ambient conditions and parameters at the skin surface as an 
input. The skin temperature and sweat rate are boundary conditions and 
usually constant in the case of thermal manikin studies; if the model is 
coupled with the thermoregulatory models, then the output from it will 
work as an input to the presented model. The input of fabric properties 
such as thermal and evaporative resistances can be measured on a hot 
plate or readily available in the literature for most common fabric types 
[31]. The clothing fit or ease allowance of clothing can be translated into 
average air gap thickness and contact area based on the existing local air 
gap model [25] or known in the case of homogeneous air gaps (hot 
plate/thermal cylinder measurements). 

2.3. Validation study 

2.3.1. Validation strategy 
The developed model was systematically validated against the 

experimental data obtained from the sweating thermal cylinder and 
sweating thermal manikin. The experiments covered an increasing level 
of spatial complexity (homogeneous and heterogeneous air layers), wide 
range of ambient conditions (temperature and humidity), and fabric 
properties (hydrophobic and hydrophilic). In the first step, the model 
was validated for a homogeneous enclosed air layer around the sweating 
thermal cylinder for a single-layer fabric. Then, the anatomically shaped 
thermal manikin with heterogenous air layers underneath the clothing 
was used for experiments with single- and multi-layer clothing under 
various ambient conditions. The material properties of fabrics such as 
thermal and evaporative resistance were measured on a sweating 
guarded hot plate according to ISO 11092:2014 [31]. The validation was 
performed for multiple parameters such as total heat flux, condensed 
moisture in individual layers of fabric/clothing, and evaporated mois-
ture from the entire system. The evaporation is measured by weighing 
the loss of liquid moisture (mass loss of the entire device with the 
sample). The condensation is measured by weighing the liquid moisture 
gain in the sample at the end of the experiment. The heat flux was 
validated for local body parts, while condensation and evaporation were 
validated for individual clothing layers and for whole body. This is 
because it was not possible to weigh parts of garments corresponding to 
body parts without destructing them. Secondly, the moisture delivered 
at the manikin surface through sweating outlets, and evaporated from 
there might have condensed on clothing of other body parts. Addition-
ally, data from the literature including measurements on anatomically 
shaped thermal manikins were considered for validation as well [32,33]. 

2.3.2. Validation of model with data measured on sweating thermal 
cylinder 

To validate the developed model, simulated data were compared 
with the experimentally measured data obtained on the thermal cylinder 
[34]. The vertically placed thermal cylinder was covered with tight 
’textile-skin’ fabric to spread the sweat moisture homogenously on the 
cylinder surface. The cylinder was further covered with single-layer 
hydrophobic (case 1 and 3) and hydrophilic (case 2 and 4) fabrics 
with pre-defined homogeneous enclosed air gap thickness using the 
supporting grid that maintained required distance and prevented direct 
contact of fabric sample to the cylinder surface. The surface of the 
thermal cylinder was maintained at 35 ◦C, which represents typical torso 
temperature of the human body. However, in cases 3 and 4 temperature 
of the thermal cylinder was set to 36 ◦C (the maximum safe limit for a 
thermal cylinder) to test ambient temperature (and temperature of 
clothing layer) above freezing point and simultaneously achieving 
maximum possible temperature gradient between skin and environ-
ment. The experimental conditions are described in Table 1. 

2.3.3. Validation of model with data measured on thermal manikin 
The experiments were performed on the sweating thermal manikin 

[35] with single and multilayer clothing ensembles on the upper body 
(chest, back, abdomen, buttocks, upper arm, and lower arm). Firstly, the 
thermal manikin was dressed in a tight-fitting suit acting as a fabric 
’skin’ to spread the sweat moisture homogenously (layer 1 in Table 2) in 
all validation tests. The single-layer garment consisted of either tight or 
loose-fitting jackets (layer 2 in Table 2, cases 5 and 6, respectively). The 
multi-layer clothing ensemble consisted of a base underwear layer, a 
middle insulative layer, and a jacket as an outer layer. The surface of the 
thermal manikin was maintained at 34 ◦C, which represents typical 
mean skin temperature of the human body. The experimental conditions 
and fabric properties are described in Table 2. The distribution of air gap 
thickness and contact area were calculated based on the model devel-
oped by Psikuta et al. [25] using garment ease allowances and are listed 
in Table 3 and Table 4. 

Fig. 2. The process flowchart of the model.  
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2.3.4. Validation of model based on literature data 
The developed model was also validated against the literature data 

[32,33]. Havenith et al. [33] performed experiments to study the effect 
of clothing evaporative resistance (permeable, semi-permeable, and 
impermeable overalls) on moisture transport and total heat flux in terms 
of evaporative efficiency for the whole body (case 9 to17). Wang et al. 
[32] investigated the whole body total heat flux during the sweating 
phase for various sizes (small, medium, and large size) of protective 
coveralls (case 18 to 20). Table 5 shows the experimental conditions for 
validation cases, which consist of various ambient temperatures (10 ◦C 
to 34 ◦C), relative humidity (18.5% to 80%), evaporative resistance 
(permeable, semi-permeable, and impermeable to water vapour), and 
different clothing sizes (small, medium, and large size). The ease al-
lowances for clothing ensembles reported in these studies presented in 
Table 6 were used as input data to obtain air gap thickness and contact 
area for body parts by using the local air gap thickness model developed 
by Psikuta et al. [25]. The whole-body heat flux given in the literature 
was compared to the simulated values obtained by area weighted 

average heat flux from simulations of individual body parts. 

2.4. Effect of wet clothing on thermal resistance of fabric and total 
thermal insulation 

The model developed by Mangat et al. [11] analysed the effect of 
moisture on thermal conductivity of fabric with detailed validation 
using fabrics with varying ratios of cotton and polyester. Additionally, 
we have also validated Mangat’s model for a wide range of fabrics such 
as polyolefin (PO), cotton (CO), polyester (PES), wool (WO), and poly-
amide (PA) as described in Table 7. The fabric thermal conductivity 
from another independent study by Rossi et al. [36] was compared with 
predicted values at different moisture contents defined as in Eq. (17). In 
that study the fabrics were soaked in distilled water and then kept at 

Table 1 
Experimental conditions and fabric properties for the validation cases on the thermal cylinder.  

Case no. Ambient conditions Sweat rate Air gap thickness Fabric properties 

Tskin Tamb va RH Layer 1 (textile-skin) Layer 2 (sample) 

Rct Ret Rct Ret 

(◦C) (◦C) (m/s) (%) (g/h) mm (m2K
W

) (m2Pa
W

) (m2K
W

) (m2Pa
W

)

1 35 − 5 0.2 65 98 10 0.014 3.5 0.035 5.2 
2 35 − 5 0.2 65 91 10 0.014 3.5 0.014 3.5 
3 36 2 0.2 65 88 10 0.014 3.5 0.035 5.2 
4 36 2 0.2 65 82 10 0.014 3.5 0.014 3.5  

Table 2 
Experimental conditions and fabric properties for the validation cases on the sweating thermal manikin.  

Case no. Body parts Ambient conditions Fabric properties     

Layer 1 (textile-skin) Layer 2 Layer 3 Layer 4 

Tskin Tamb va RH Rct Ret Rct Ret Rct Ret Rct Ret 

(◦C) (◦C) (m/s) (%) (m2K
W

) (m2Pa
W

) (m2K
W

) (m2Pa
W

) (m2K
W

) (m2Pa
W

) (m2K
W

) (m2Pa
W

)

5(i) 
Chest 34 5 0.2 50 0.017 2.12 0.0441 12.61 n/a n/a n/a n/a 

5(ii) Back 34 5 0.2 50 0.017 2.12 0.0441 12.61 n/a n/a n/a n/a 
5(iii) Upper arm 34 5 0.2 50 0.017 2.12 0.0441 12.61 n/a n/a n/a n/a 
6(i) Chest 34 5 0.2 50 0.017 2.12 0.0441 12.61 n/a n/a n/a n/a 
6(ii) Back 34 5 0.2 50 0.017 2.12 0.0441 12.61 n/a n/a n/a n/a 
6(iii) Upper arm 34 5 0.2 50 0.017 2.12 0.0441 12.61 n/a n/a n/a n/a 
7(a) Chest 34 − 5 0.2 65 0.017 2.12 0.0337 3.35 0.0337 3.35 0.0105 8.88 
7(b) Back 34 − 5 0.2 65 0.017 2.12 0.0337 3.35 0.0337 3.35 0.0105 8.88 
7(c) Upper arm 34 − 5 0.2 65 0.017 2.12 0.0337 3.35 0.0337 3.35 0.0105 8.88 
7(d) Lower arm 34 − 5 0.2 65 0.017 2.12 0.0337 3.35 0.0337 3.35 0.0105 8.88 
8(a) Chest 34 − 10 0.2 65 0.017 2.12 0.0337 3.35 0.0337 3.35 0.0105 8.88 
8(b) Back 34 − 10 0.2 65 0.017 2.12 0.0337 3.35 0.0337 3.35 0.0105 8.88 
8(c) Upper arm 34 − 10 0.2 65 0.017 2.12 0.0337 3.35 0.0337 3.35 0.0105 8.88 
8(d) Lower arm 34 − 10 0.2 65 0.017 2.12 0.0337 3.35 0.0337 3.35 0.0105 8.88  

Table 3 
Air gap thickness and contact area distribution over different body parts for 
single-layer garments (case 5 and 6 in Table 2).  

Case Body 
segment 

Regular fit garment (case 5) Tight fit garment (case 6)   

CA (w1)

(%) 
AGT (w2)

(mm) 
CA (w1)

(%) 
AGT (w2)

(mm) 

i Chest 24.0 8.7 13.3 4.9 
ii Back 21.3 17.8 13.3 9.1 
iii Upper arm 16.2 12.8 14.5 1.1 

CA: Contact Area, AGT: total Air Gap Thickness. 

Table 4 
Air gap thickness and contact area distribution over different body parts for 
multi-layer garments (case 7 and 8 in Table 2).   

Case 
Body 
segment 

Enclosed air layer 
Layer 1-Layer 2 

Enclosed air layer 
Layer 2-Layer 3 

Enclosed air layer 
Layer 3-Layer 4 

CA 
(w1)

(%) 

AGT 
(w2)

(mm) 

CA 
(w1)

(%) 

AGT 
(w2)

(mm) 

CA 
(w1)

(%) 

AGT 
(w2)

(mm) 

a Chest 24.0 8.7 13.3 4.9 10.4 0.7 
b Back 21.3 17.8 13.3 9.1 11.1 1.8 
c Upper 

arm 
16.2 12.8 14.5 1.1 11.1 0.8 

d Lower 
arm 

N/A N/A 13.9 10.4 4.9 9.1 

CA: Contact Area, AGT: total Air Gap Thickness. 
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room temperature to allow drying naturally until reaching specific 
weight and corresponding moisture content. The thermal conductivity 
of the wet sample was measured by placing it between two heated plates 
at different temperatures and sealing the edges to maintain the constant 
moisture content level. 

In addition, to analyse the effect of thermal conductivity of fabric (in 
wet state) on total thermal insulation of clothing (fabric and air layers), 
the fabric with 100% cotton was used. Since cotton is one of the hy-
drophilic fabrics and has a tendency to absorb the significant amount of 
water amongst typical hygroscopic fabrics, the significant reduction in 
thermal resistance in this fabric was observed. We have compared the 
reduction in thermal resistance in wet and dry states of the fabric alone 
and two cases of hypothetical clothing systems consisting of either only 

cotton fabric and boundary air layer on its outer side or 10 mm of 
enclosed air layer, cotton fabric, and boundary air layer. The reduction 
of clothing thermal resistance in wet and dry states was simulated by 
applying the theoretical model as described in section 2.2. This was done 
to show the perspective in the importance of these parameters on 
thermal calculations in clothing. The thermal resistance of the dry cot-
ton fabric was 0.022 m2K

W , its thickness was 1.29 mm, and porosity (ε) was 
0.89 [36]. 

2.5. Statistical analysis 

The quality of experimental data was quantified based on standard 
deviation (SD) and coefficient of variation (CV). The accuracy of simu-
lated data compared to measured data is quantified using relative error 

(in %) and RMSD (in terms of absolute value) based on equations (22) 
and (23). The variability of measured data can be quantified using the 
coefficient of variation which is the ratio of standard deviation to mean 
as shown in equation (24). 

%Relative error(RE)=
Experimental data − Modelling data

Experimental data
× 100% (22)  

Standard deviation (SD)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(x − x)2

(j − 1)

√

(23)  

Coefficient of variation (CV)=
SD

x
× 100% (24)    

Where, x: mean value of sample data, 

x: observed value of sample data, 
j: sample size 

3. Results 

Fig. 3 shows the first validation step using the thermal cylinder with 

Table 5 
Experimental conditions and fabric properties for the literature validation cases [32,33].  

Case no. Ambient conditions Fabric properties     

Layer 1 Layer 2 

Tskin Tamb va RH Rct Ret Rct Ret 

(◦C) (◦C) (m/s) (%) (m2K
W

) (m2Pa
W

) (m2K
W

) (m2Pa
W

)

9 
34 10 0.2 80 0.026 3.7 0.025 5.6 

10 34 10 0.2 80 0.026 3.7 0.023 18.6 
11 34 10 0.2 80 0.026 3.7 0.007 348.9 
12 34 20 0.2 42 0.026 3.7 0.025 5.6 
13 34 20 0.2 42 0.026 3.7 0.023 18.6 
14 34 20 0.2 42 0.026 3.7 0.007 348.9 
15 34 34 0.2 18.5 0.026 3.7 0.025 5.6 
16 34 34 0.2 18.5 0.026 3.7 0.023 18.6 
17 34 34 0.2 18.5 0.026 3.7 0.007 348.9 
18 34 21 0.2 55 0.036 4.0 0.016 348.9 
19 34 21 0.2 55 0.036 4.0 0.016 348.9 
20 34 21 0.2 55 0.036 4.0 0.016 348.9  

Table 6 
Ease allowances for the garments used in the validation cases 9 to 20 [32,33].  

Case no. Ease allowance (cm) 

Chest Waist Biceps Thigh Lower leg 

Case 9 to 17 20 2 10 6 16 
Case 18 17 5 5 5 7 
Case 19 25 11 7 11 9 
Case 20 33 17 9 17 11  

Table 7 
Material properties of fabrics [36].  

Sample no. Fibre content Weight 
( g
m2

)
Thickness (mm) 

Fabric 1 Polyolefin 61%, 
Cotton 36.5%, 
PES 2.5% 

205 1.91 

Fabric 2 PES 100% 185 1.2 
Fabric 3 PES 100% 121 0.86 
Fabric 4 Cotton 100% 215 1.29 
Fabric 5 PA 30%, WO 70% 810 4.84 
Fabric 6 PES 100% 208 2.88  

Root mean square deviation (RMSD)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(Experimental data − Modelling data)2

j

√

(25)   
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the homogeneous air gap. 
Figs. 4 and 5 show the second validation step using the sweating 

thermal manikin with the realistic heterogeneous air gaps in single-layer 
and multi-layer clothing and for various body parts. 

Fig. 5b and d shows the moisture accumulation in layer 1 of the 
multi-layer clothing ensemble, while the simulated data indicates the 
absence of condensed liquid moisture. The reason for this contradiction 
is liquid wicking from the manikin surface to layer 1, where layer 1 was 
a tight-fitting textile skin to ensure the largest possible contact area with 
the manikin surface to spread the liquid moisture homogeneously over 
surface by wicking. As the presented model does not consider liquid 
wicking, the simulated data for layer 1 does not show any liquid 
moisture. 

The comparison between measured total heat flux in the literature 
[32,33] and simulated total heat flux is presented in Fig. 6. 

Table 8 summarizes the measured and simulated data of heat flux, 
condensation, and evaporation from skin surface to environment 
through clothing layer for wide range of cases. 

The measured and simulated thermal resistances of various fabrics 
are presented in Fig. 7. 

The effect of moisture content on thermal insulation of cotton fabric 
and total thermal insulation were analysed as shown in Fig. 8. 

4. Discussion 

The comprehensive heat and mass transfer model in the skin- 
clothing-environment system was successfully developed and 

validated. The model was systematically validated with increasing levels 
of spatial complexity, which included homogeneous air layers on the 
sweating thermal cylinder and heterogeneous air layers on the sweating 
thermal manikin. The presented model showed good accuracy in the 
predicted total heat flux for both homogeneous (cases 1 to 4) and het-
erogeneous (cases 5 to 20) air layers, with an average relative error of 
11% and 13%, respectively, compared to existing well-known models/ 
methods which have a relative errors up to 19% (permeable/semi- 
permeable clothing) to 30%(impermeable clothing) [16,33]. For ho-
mogeneous air gaps, the relevant heat transfer mechanisms were con-
vection, radiation, evaporation, and condensation. As there was no 
contact between the fabric and the sweating thermal cylinder, the effect 
of wicking on heat transfer was absent. The validation cases also con-
sisted of complex geometries such as anatomically shaped sweating 
thermal manikin with single and multi-layer clothing ensembles. The 
average relative error in predicted total heat flux for heterogeneous air 
gap cases (cases 9 to 20) was 13%, which was slightly higher compared 
to the homogeneous cases. The detailed distribution of spatially het-
erogeneous air gap thickness made it possible to consider the conden-
sation in individual layers of clothing for a multi-layer clothing 
ensemble, as shown in Fig. 5. The heterogeneous enclosed air layer on 
the sweating thermal manikin caused direct contact between fabric and 
manikin surface, which allowed liquid wicking along with sensible and 
latent heat transfer mechanisms. The liquid wicking from the manikin 
surface to clothing affects the heat and mass transfer because it modifies 
the location of evaporation from the manikin surface to further away 
and spreads the moisture on a larger fabric surface which accelerates the 

Fig. 3. Comparison of experimental and simulated data of heat flux (a) and condensed and evaporated moisture (b) for the cases 1 to 4, as described in Table 1.  

Fig. 4. Comparison of experimental and simulated data of heat flux (a) and condensed and evaporated moisture (b) through a single-layer clothing ensemble for the 
cases 5(i) (tight fit) to 6(iii) (loose fit), as described in Tables 2 and 3. 
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evaporation process. Therefore, in present study, cases with heteroge-
neous air layers had a slightly higher error in predicted heat flux 
compared to cases with homogeneous air layer since our model 
neglected the effect of wicking. 

The modelling of condensation in individual layers of clothing was 
possible with the presented modelling approach due to the detailed 
spatial resolution of contact area and air gap. The presented model 
accurately predicted the condensed moisture for individual layers of 
clothing. The RMSD in the simulated condensed moisture was 8 g 
compared to the standard deviation in the measured data of 3 g, for both 
cases with homogeneous and heterogeneous air gaps. Besides the 
condensation, the model also considered the diffusion of moisture in 
enclosed air layers (from human skin to clothing layer/s) and boundary 
air layer (from the outermost clothing layer to the environment). The 
validation was also performed for the evaporated moisture through the 
skin-clothing-environment system. The RMSD in simulated evaporated 
moisture flux was 19 g compared to the standard deviation in the 
measured data of 8 g. The model developed by Wissler and Havenith 
[16,33] neglected the heterogeneity of air layers by assuming the ho-
mogeneous air layer around the human body, the average relative error 

in the predicted heat flux by their model was 16%. The consideration of 
the heterogeneous shape of an enclosed air layer has improved the 
modelling accuracy of heat transfer by reducing an average relative 
error in predicted whole-body total heat flux (cases 9 to17) from 16% to 
12% [16,33]. Additionally, the accuracy of simulated heat flux for local 
body parts and whole-body was similar with an average relative error of 
about 12%. 

In the experimental method, latent heat loss is calculated based on 
observed mass loss and latent heat of vaporization. For water vapour 
impermeable clothing (high evaporative resistance) mass loss cannot be 
directly translated into heat loss due to the heat pipe effect [33]. The 
study by Havenith et al. [33] indicated the limitation of heat loss 
calculation purely based on mass loss, which showed +30% to − 38% of 
error in total heat flux. The heat pipe effect was significant in water 
vapour impermeable clothing because the moisture continuously evap-
orates from the manikin surface and condenses on the clothing layer 
because water vapour cannot diffuse through the clothing layer, and 
forms a continuous cycle of evaporation and condensation. Therefore, in 
the case of water vapour, impermeable clothing heat loss calculation 
based on mass loss can show large errors, as indicated by Havenith et al. 

Fig. 5. Comparison of the experimental and simulated data of heat flux for two different ambient temperatures − 5 ◦C (a) and − 10 ◦C (c), and condensed moisture on 
individual layers of clothing (b) and evaporated moisture through multi-layer clothing ensemble (d). 

Fig. 6. Comparison of simulated and measured whole body heat flux for cases 9 to 20 [32,33] as described in Tables 5 and 6.  
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[33]. The model simulates evaporation, condensation, and sensible heat 
transfer mechanisms in each layer; therefore, the total heat transfer can 
be precisely simulated even for the water vapour impermeable clothing, 
as shown in Fig. 6 (cases 11, 14, and 17 to 20). The average relative error 
in the predicted heat flux for cases 11, 14, and 17 to 20 was 8.9%. 

The condensation in the clothing layer is important not only for heat 
loss but also for thermal comfort because wet clothing can cause an 
’after-chill’ effect. The condensation of moisture in clothing layers re-
sults in increased moisture content in the fabric. Several researchers [6, 
7,37] have indicated that the fabric’s thermal properties such as thermal 
conductivity, vary with an increase in moisture content. The thermal 
conductivity of fabric is a combination of the thermal resistance pro-
vided by the solid fibres and air entrapped in the fabric’s porous struc-
ture. However, when water replaces the air (fully or partially) in pore 
structure, the thermal conductivity of fabric is reduced according to the 
moisture content [11]. The clothing models often neglect the effect of 
water on the thermal conductivity of fabric, and its effect on modelling 
accuracy is still unknown. Hes et al. [10] and Mangat et al. [11] quan-
tified the change in fabric properties due to moisture content. As shown 
in Fig. 7, the fabric thermal insulation decreases steeply with the in-
crease in moisture content by 65%–85% of the fabric in the dry state. 
However, the insulation provided by fabric constitutes a very small 
fraction of the total thermal insulation of all layers in the 
skin-clothing-environment system because it includes the thermal 
insulation of enclosed and boundary air layers beside the fabric. To 
visualize the effect of reduced thermal insulation of fabric on total 
thermal insulation, simulations with two different thicknesses of 
enclosed air layers of 0 mm and 10 mm were performed. As shown in 

Fig. 8b, with 67% moisture content (fully wet fabric), the thermal 
insulation of fabric can be reduced to 83% of the value in the dry state. 
However, the reduction in total thermal resistance of the 
skin-clothing-environment system is just 7% and 3% for no air gap and 
at air gap of 10 mm, respectively. When the fabric moisture content is 
less than 20% (as observed in our validation cases), the reduction in 
thermal insulation of the entire skin-clothing-environment system is less 
than 1.5% (smaller than the standard deviation of experimental results) 
for both cases. Thus, wet conduction has a negligible effect on the total 
heat transfer and the major heat loss in the wet state is due to the 
evaporation process. In the skin-clothing-environment system, major 
thermal resistance is provided by enclosed and boundary air layers, and 
only a small fraction of thermal resistance is due to the fabric layer. 
Therefore, a reduction in the thermal insulation of fabric has minor ef-
fects on the total thermal insulation of clothing, instead, majority of heat 
dissipation (cooling) is due to the evaporation, as shown in Fig. 8b. The 
experimental studies by Bröde et al. [38] and Chen et al. [39] indicated 
the effect of wet conduction on clothing thermal insulation is 9% and 
2%–8%, respectively, which is in line with the observations made from 
the modelling approach. Therefore, findings from the experimental 
studies and this modelling approach confirm that reduction in total 
thermal insulation in the wet state is predominantly a result of evapo-
ration, and wet conduction plays a minor role. 

The comprehensive model presented in this study has several ad-
vantages over existing models. The existing models for simulating heat 
and mass transfer in the skin-clothing-environment system were have 
been based on the assumption of the homogeneous thickness (or 
absence) of the enclosed air layer contradicting the real-life scenario of 

Table 8 
Comparison of measured and simulated heat flux, condensation, and evaporation from skin surface to environment through clothing.  

Case No. Note Heat flux (SD) W/m2 Condensation (SD) g Evaporation (SD) g 

Experiment Simulation Experiment Simulation Experiment Simulation 

1 Thermal cylinder 299.8 (21.9) 288.1 48.7 (4.1) 56.7 98.8 (11.7) 91.0 
2 330.6 (8.8) 297.8 46.4 (5.8) 57.3 117.3 (9.2) 80.8 
3 287.0 (23.2) 244.3 22.1 (1.3) 28.3 107.2 (7.5) 81.9 
4 307.5 (24.4) 261.0 24.5 (2.6) 29.5 110.3 (10.2) 89.4  

5(i) Thermal manikin: Single-layer clothing 201.0 (5.4) 222.8 27.0 (1.6) 20.6 138.5 (7.5) 119.8 
5(ii) 159.2 (7.7) 176.6 
5(iii) 227.6 (14.6) 182.9 
6(i) 224.0 (3.5) 243.9 35.4 (6.2) 34.2 133.7 (12.8) 102.8 
6(ii) 162.2 (0.9) 176.6 
6(iii) 227.6 (14.6) 204.1  

7(a) Thermal manikin: multi-layer clothing 134.6 (1.2) 162.8   68.1 (1.3) 64.9 
7(b) 108.2 (2.1) 140.0 11.8 (2.4)+ 1.4 
7(c) 144.8 (13.1) 165.2 34.2 (0.7) ++ 39.2 
7(d) 197.0 (9.7) 160.2 16.8 (3.1) +++ 21.7 
8(a) 142.6 (12.8) 144.4   89.5 (5.7) 82.7 
8(b) 122.2 (5.0) 148.0 9.3 (2.9) + 8.3 
8(c) 171.1 (10.7) 178.0 44.9 (6.2) ++ 52.6 
8(d) 186.6 (14.6) 181.9 16.4 (0.1) +++ 29.9  

9 Literature data [32,33] 203.0 (10.2) 200.3 Not available Not available 
10 192.0 (9.6) 158.1 
11 168.0 (8.4) 154.2 
12 165.0 (8.3) 159.4 
13 153.0 (7.7) 120.9 
14 106.0 (5.3) 93.6 
15 109.0 (5.5) 93.6 
16 76.0 (3.8) 66.0 
17 13.0 (0.7) 10.8 
18 90.9 (4.5) 97.9 
19 88.4 (4.4) 87.7 
20 87.2 (4.4) 80.1 

SD: standard deviation, +: layer 2, ++: layer 3, +++: layer 4 of the multi-layer clothing ensemble. 
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the skin-clothing-environment system. Moreover, often their applica-
bility and validation are limited to the theoretical cases, such as thermal 
cylinder and flat plate cases only [7–12,14,15]. Consequently, analysis 
of heat and mass transfer in the skin-clothing-environment system still 
extensively depends on the empirical models and experiments. The 

presented comprehensive model for heat and mass transfer in 
skin-clothing-environment systems is not only an alternative approach 
but also synergistically complements the experimental methods for a 
better understanding of individual heat and mass transfer mechanisms. 
As presented in this study, the theoretical models help in understanding 

Fig. 7. The measured [36] and simulated thermal resistance of fabrics (Table 7) [PES: Polyester, WO: Wool, PA: Polyamide].  

Fig. 8. Comparison of experimental and simulated thermal resistance of fabric in the presence of various moisture content (a) and simulated reduction in total 
thermal resistance of a system due to reduction in thermal conductivity of wet fabric (b). 
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the fundamentals of heat and mass transfer mechanisms in 
skin-clothing-environment systems. For example, measuring latent heat 
transfer based on the mass loss (experimental method) in water vapour 
impermeable clothing showed significant limitation and inaccuracy 
[33], whereas, the presented model helped in underlying heat and mass 
transfer mechanisms with improved accuracy. Similarly, the effect of 
moisture on fabric’s thermal conductivity was studied in detail by 
existing studies; however, the effect of wet fabric’s thermal conductivity 
(wet conduction) on total clothing insulation was only analysed and 
quantified using the model presented in this study. The improved un-
derstanding and modelling approach of heat and mass transfer mecha-
nisms will help in design optimization of functional clothing efficiency, 
prototype development, and designing experimental protocol which is 
presented as a case study in section 5. 

The heat and mass transfer from the skin to environment through 
complex clothing layers is basic input parameter (boundary condition) 
for several advanced thermoregulation and thermal comfort models [24, 
30,41–43]. The presented model can be effectively applied to predict the 
heat and mass transfer from the individual body segments along with 
thermoregulation models to simulate human thermal response and 
thermal comfort in built environment, design of HVAC systems, devel-
opment of functional clothing, automotive industry, and assessment of 
heat/cold stress as clothing obstructs the natural pathways of heat and 
mass transfer. The model shows potential applications in optimizing the 
functional clothing design (as demonstrated in case study) and selec-
ting/developing the ideal materials for superior performance and com-
fort of clothing ensembles. The data provided by model can also be 
helpful in interpreting the experimental data and identifying its limita-
tion as shown in the case of computing latent heat loss based on mass 
loss for impermeable clothing. 

The developed model considers several heat and mass transfer 
mechanisms such as conduction, radiation, convection, evaporation, 
condensation, and diffusion in stationary conditions, which is valid for 
most cases in real-life conditions and clothing research because thermal 
inertia of most fabric and air is very low. Therefore, the specific heat of 
the skin-clothing-environment is very low, thus, most experimental 
studies on sweating thermal manikin, hot plate, and thermal cylinders 
were performed under steady-state conditions. However, the presented 
model cannot address the heat and mass transfer for transient conditions 
such as sudden exposure to radiant heating/high heat exposure (e.g., 

firefighting), the heat of sorption, and wicking. The presented model 
assumes the constant thickness of fabric as well, whereas it is affected in 
the wet condition through fabric swelling. 

5. Example of modelling application in clothing research as a 
case study 

5.1. Definition of the case study 

Our model provides detailed information about sensible and latent 
heat transfer mechanisms with a high spatial resolution (individual layer 
and local body parts) that helps in understanding the role of various 
parameters on heat and mass transfer, such as air gaps (clothing fit), 
evaporative and thermal resistance, ambient conditions, and other pa-
rameters such as electric heating. The parametric study and optimiza-
tion can be easily done with the help of a presented modelling approach 
to identify the most influential parameters on clothing thermal insu-
lation. The modelling approach can be a very time- and cost-efficient 
approach for clothing design. The major advantage of this presented 
model is that it considers the actual shape of heterogeneous air layers; 
hence, it can be effectively applied to real-life scenarios for designing 
and development of functional and protective clothing. 

The case study was performed for designing and development of a 
skiwear system. The skiwear consisted of three layers: base layer, insu-
lative mid-layer including electric heating elements, and outer jacket 
with a moisture removal panel to remove liquid moisture with electro- 
osmosis technology, as shown in Fig. 9. In this way, skiwear features a 
smart sweat management system with active moisture transport. For the 
optimal performance of this moisture removal panel, it is required that 
either liquid sweat migrates to the moisture removal panel or that the 
evaporated sweat condenses on it. 

The aim of the case study was to analyse the effect of various pa-
rameters that affect the thermal comfort and performance of the skiwear 
system, such as condensation of moisture in the insulative mid-layer and 
outer jacket to identify the optimal placement of moisture removal panel 
in the outer jacket. This parametric study considered several parameters 
that affect the heat and mass transfer in skiwear systems, such as fit 
level, thermal and evaporative resistance of fabric layers, ambient 
conditions, and electric heating. To prove the robustness and accuracy of 
the parametric study, the simulated heat transfer for some parametric 
cases was compared with the experimental results using a thermal 
manikin. Additionally, the temperature in individual layers of clothing 

Fig. 9. Schematic diagram illustrating different clothing layers and air layers in 
multilayer smart skiwear. 

Table 9 
Experimental conditions and fabric properties [36].  

Ambient conditions 

Skin temperature 34 ◦C 
Ambient temperature − 5 ◦C 
Ambient air speed 0.17 m/s 
Relative humidity 65% (±5%). 
Thermal resistance of fabrics 

Layer 1 
0.017 

m2K
W 

Layer 2 
0.0337 

m2K
W 

Layer 3 
0.1298 

m2K
W 

Layer 4 
0.0105 

m2K
W 

Evaporative resistance of fabrics 

Layer 1 
2.12 

m2Pa
W 

Layer 2 
3.35 

m2Pa
W 

Layer 3 
21.83 

m2Pa
W 

Layer 4 
8.88 

m2Pa
W  
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was measured using the MSR temperature sensors and data loggers 
(MSR GmbH, Switzerland, accuracy ±0.5 ◦C) and compared with the 
simulated data. After the model validation for the case study, the 
parametric study was performed to analyse various factors that affect 
the performance of the jacket, such as clothing fit (related to air gap 
thickness), material properties (Rct and Ret of fabrics), ambient envi-
ronmental conditions, and the interference of electric heating with the 
condensation process. From the point of view of clothing design and 
functionality, some constraints regarding the placement of the moisture 
removal panel were considered. The placement of panels depended on 
the positioning of pockets in the jacket which are placed on the front side 
and the predominant sweating regions of the human body. According to 
the sweat mapping of male athletes during mild exercise, higher sweat 
rates were observed on the shoulder and lumbus area (average 447 g/m2 

h) compared to the chest and abdomen (average 241 g/m2 h) [40]. 
Therefore, the moisture removal panels should be placed on the poste-
rior side of the outer jacket, and hence, only the shoulder and lumbus 
regions were considered for this case study. 

5.2. Experimental conditions and fabric properties 

Experimental conditions and fabric properties for the measurement 
of heat and mass transfer through the skiwear system are described in 
Table 9. The air gap thickness and contact area details for the local body 
parts are given in Table 4. 

5.3. Parametric study 

The total heat flux condensed and evaporated moisture weight and 
temperature distribution in skiwear showed good agreement with the 
modelled data as shown in Fig. 10. 

The parametric study was performed using a modelling approach to 

identify the most influential parameters on clothing thermal insulation. 
The important outcomes from the parametric study were as follows:  

• The body parts with higher air gap thickness such as the lumbus 
experienced no condensation in the clothing system, as shown in 
Fig. 11b. Therefore, the body parts with lower air gap thickness 
(shoulder in Fig. 11a) are ideal for the placement of the moisture 
removal panels relying on the condensation process.  

• The tighter design of the mid thermal layer (in combination with the 
unchanged outer jacket fit) showed no condensation rate on its inner 
side (Fig. 11c) as compared to the loose design (Fig. 11a), and 
condensation on the moisture removal panel was unaffected. This 
makes the jacket more thermally comfortable.  

• Increasing the thickness of the insulative mid-layer by a factor of two 
increases its thermal and evaporative resistances to 0.26 m2K/W and 
43.66 m2 Pa/W, respectively, and reduced the condensation by 40% 
in the mid-layer and 43% in the outer jacket as shown in Fig. 11d. 
Therefore, increasing the thermal and evaporative resistance of 
fabric results in a relatively dry insulative mid-layer, but it also re-
duces the performance of the moisture removal panel due to reduced 
condensation on the outer jacket. 

• At higher ambient temperatures (+5 ◦C and +10 ◦C), no condensa-
tion occurred in the system at any layer (Fig. 11e). When removing 
the insulative mid-layer, the condensation on the outer jacket was 
again observed (Fig. 11f). This implies that, even for higher ambient 
temperatures, the skiwear can be effective in removing moisture but 
in the absence of an insulative mid-layer (suggestion of proper use 
advice of the product).  

• The effect of different levels of electric heating and its effect on 
clothing microclimate conditions are simulated and results are pre-
sented in Fig. 11g and h. The integrated electric heating in the 
insulative mid-layer raises the temperature and partial pressure of 

Fig. 10. Comparison of experimental and simulated data of heat flux (a), condensed and evaporated moisture (b), temperatures across clothing and air layers in 
shoulder region (c), and lumbus region for the case study (d) (cases 21a to d). 
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Fig. 11. Effect of location on the body (body parts) (a, b), clothing fit (c), material properties (d), ambient condition (e, f), and electric heating (g, h) on total 
moisture flux, condensation, and temperature distribution. 
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water vapour in enclosed air layers because of additional heat 
sources, which helps avoid moisture condensation in insulative mid- 
layers and moisture removal panels. 

6. Conclusion 

In this study, the comprehensive model for heat and mass transfer 
from the skin-clothing-environment system was successfully developed. 
This model considers the effect of heterogeneous air layers on heat and 
mass transfer, which improved the accuracy of simulated total heat flux 
by reducing the average relative error to 12% compared to 16% when 
the heterogeneity of air layers was neglected. The robustness and ac-
curacy of the model have been proven by systematic validation cases 
over wide range of homogeneous and heterogeneous air layers, a wide 
range of ambient conditions (temperature and relative humidity), 
evaporative resistance (permeable, semi-permeable, and impermeable 
to water vapour), and clothing fit (various air gap thickness). The pre-
sent study indicated that the wet conduction (reduction in thermal 
insulation of wet fabric) has a negligible effect on the total thermal 
insulation of the clothing. There are several advantages of the modelling 
approach over experimental methods such as parametric study can be 
easily performed (as shown in the case study) with much detailed in-
formation regarding the individual heat and mass transfer mechanisms 
and does not require several clothing prototypes except one as proof of 
concept for modelling, which can be very time and cost-efficient. 
Therefore, the presented modelling approach is ideal for research and 
a design tool for product development and optimization of protective 
and functional clothing. 
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