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Abstract The ability of clothing to provide protection against
external environments is critical for wearer’s safety and thermal
comfort. It is a function of several factors, such as external
environmental conditions, clothing properties and activity
level. These factors determine the characteristics of the different
microclimates existing inside the clothing which, ultimately,
have a key role in the transport processes occurring across
clothing. As an effort to understand the effect of transport phe-
nomena in clothing microclimates on the overall heat transport
across clothing structures, a numerical approach was used to
study the buoyancy-driven heat transfer across horizontal air
layers trapped inside air impermeable clothing. The study in-
cluded both the internal flow occurring inside the microclimate
and the external flow occurring outside the clothing layer, in
order to analyze the interdependency of these flows in the way
heat is transported to/from the body. Two-dimensional simula-
tions were conducted considering different values of microcli-
mate thickness (8, 25 and 52 mm), external air temperature (10,
20 and 30 °C), external air velocity (0.5, 1 and 3 m s−1) and
emissivity of the clothing inner surface (0.05 and 0.95), which
implied Rayleigh numbers in the microclimate spanning 4 or-
ders of magnitude (9×102–3×105). The convective heat trans-
fer coefficients obtained along the clothing were found to
strongly depend on the transport phenomena in the

microclimate, in particular when natural convection is the most
important transport mechanism. In such scenario, convective
coefficients were found to vary in wavy-like manner, depend-
ing on the position of the flow vortices in the microclimate.
These observations clearly differ from data in the literature for
the case of air flow over flat-heated surfaces with constant
temperature (which shows monotonic variations of the convec-
tive heat transfer coefficients, along the length of the surface).
The flow patterns and temperature fields in the microclimates
were found to strongly depend on the characteristics of the
external boundary layer forming along the clothing and on
the distribution of temperature in the clothing. The local heat
transfer rates obtained in the microclimate are in marked con-
trast with those found in the literature for enclosures with
constant-temperature active walls. These results stress the im-
portance of coupling the calculation of the internal and the
external flows and of the heat transfer convective and radiative
components, when analyzing the way heat is transported
to/from the body.
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Introduction

Clothing plays a central role in the protection of the human
body against the surrounding environment. In many profes-
sional activities (e.g. military personnel, firefighters, cold/hot
chamber operators, chemical-biological-radiological-nuclear
(CBRN)-protected personnel), clothing is expected to offer
efficient protection against potentially health-threatening fac-
tors (e.g. heat/cold, hazardous agents), while ensuring a level
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of thermal comfort that is compatible with the tasks to be
performed. This dual goal of protection versus comfort poses
a great challenge because of the often contradictory require-
ments, which implies that, for every type of activity, an opti-
mal balance needs to be found between clothing thermal per-
formance and its protective capacity. This requires a solid
understanding of the different parameters influencing
performance.

Clothing thermal performance depends on different factors,
from environmental conditions to activity level, from clothing
design to material properties. These factors influence the way
clothing and body interact, thus dictating the characteristics of
the different microclimates existing inside clothing. Several
works in the literature show that the features of these micro-
climates play a central role in the transport processes across
clothing (Torvi et al. 1999; Song 2007; Ding et al. 2010; Kim
et al. 2002; Barker et al. 2004; Min et al. 2007; Psikuta et al.
2012; Morrissey and Rossi 2013;Mayor et al. 2014a). In these
regions, heat is transported by radiation and conduction or
natural convection, depending on the distance and tempera-
ture difference between their boundaries. Estimates of average
transport rate across microclimates can be obtained with cor-
relations of the Nusselt number as a function of the Rayleigh
number (Hollands et al. 1975; Çengel 2007), and its use has
been reported while addressing different aspects of fabrics/
clothing performance (Torvi et al. 1999; Ding et al. 2010;
Barker et al. 2004; Sawcyn and Torvi 2009; Li et al. 2012).
However, these correlations provide no information on the
local transport rates inside the microclimates, which influence
local thermal effects, and ultimately, are needed to understand
the interactions between fluid flow and heat transfer across
clothing.

Different experimental techniques have been used to study
clothing microclimates and their effect on heat transfer across
clothing. Some researchers report the use of three-dimensional
scanning techniques together with data from thermal mani-
kins, in an attempt to relate the features of the clothing micro-
climates (e.g. thickness, volume) and the heat transfer mea-
sured across protective clothing (Song 2007; Kim et al. 2002).
Others used different types of heated-guarded hotplates to
study the transport rates across microclimates, in a variety of
conditions mimicking clothing use (Torvi et al. 1999; Ding
et al. 2010; Morozumi et al. 2012). However, despite produc-
ing valuable information, these techniques suffer from an in-
trinsic limitation, which stems from the nature of the assess-
ment that they enable. These techniques allow integral analy-
ses, whose spatial resolution is limited to the dimension of the
smaller thermal element existing in the used equipment, be it
the plate when using a heated hotplate, or the individual man-
ikin zone when using a thermal manikin. This is particularly
restrictive when studying microclimates with natural convec-
tion, because such transport mechanismmay result in complex
flow and temperature patterns, leading tomarked oscillation in

the local transport rates (e.g. heat fluxes) across the microcli-
mates (Corcione 2003; Vivek et al. 2012; Mayor et al. 2014a).
By not capturing these local effects, the mentioned techniques
skip important information to allow a better understanding of
the local transport processes in clothing microclimates. This is
becomingmore relevant as the complexity of clothing systems
increases (e.g. with integration of active heating/cooling ele-
ments, embedment of inflatable elements to alter local thermal
properties; Couto et al. 2011; Zhao et al. 2013; Scott 2005;
Neiva et al. 2011; Neves et al. 2014, 2015b).

Natural convection has received a considerable amount
of attention from the research community, given its high
importance in many industrial processes, e.g. solar energy
systems, double-glazed windows, cooling of electronic
components and machinery. Focussing mostly on flat en-
closures with constant-temperature active walls (i.e. walls
where cold/hot temperature is maintained constant),
several aspects of buoyancy-driven flows have been stud-
ied for different geometry aspect ratios (Soong et al.
1996; Corcione 2003; Vivek et al. 2012), system orienta-
tion (Baïri et al. 2007; Khezzar et al. 2011; Vivek et al.
2012) and position of the active walls (Corcione 2003;
Wang and Hamed 2006). However, despite the importance
of the mentioned works to our understanding of transport
processes in spaces with natural convection, there are fun-
damental differences between the conditions addressed in
these studies and those prevailing in clothing microcli-
mates. The assumption of constant temperature in the ac-
tive walls implies that the transport processes occurring
around the enclosures can be neglected relative to those
occurring inside the enclosures. Although this may be
reasonable in industrial processes with highly insulated
walls/boundaries, it is far less reasonable for clothing
products, given their range of different materials and
structures. This implies that one should not neglect the
effect of the external flow on the local transport processes
occurring in the clothing microclimates and the influence
of transport processes in the microclimates, on the way
heat is transferred from the latter to the surrounding
environment.

In light of the above, the transport processes occurring in
clothing microclimates were numerically studied for horizon-
tal air layers trapped inside impermeable clothing. The flows
inside and outside the microclimate were addressed in a
coupled way in order to study their interdependency while
considering all relevant transport phenomena (e.g. natural
and forced convection as well as radiant exchange inside
and outside the microclimate). The effect of different micro-
climate thicknesses, external environmental conditions (air
temperatures and velocities) and fabric optical properties were
studied in a systematic way in order to investigate the trans-
port processes from the microclimates to the surrounding
environment.
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Simulation model

Domain geometries and boundary conditions

The transport phenomena across clothing were studied numer-
ically through an analysis of the fluid flow and heat transfer
occurring in clothing microclimates and surrounding environ-
ment. Focus was put on the phenomena occurring across flat
geometries consisting of a trapped air layer (i.e. the microcli-
mate), a fabric layer (i.e. the clothing) and an external air layer
(i.e. the surrounding environment; see Fig. 1).

The analyses were conducted considering several microcli-
mate geometries and environmental conditions to address sce-
narios found in different human activities. Increasing values of
microclimate thickness, external air temperature and external
air velocity were considered in three individual studies (stud-
ies I, II and III, Table 1). In all the studies, the microclimate
aspect ratio (AR=L/H; Fig. 1) was maintained constant by
adapting as needed the microclimate’s length. In the external
air layer, whose thickness was found adequate to ensure the
normal formation of the dynamic and thermal boundary
layers, air enters the simulation domain with uniform velocity
and temperature profiles and flows parallel to the fabric sur-
face. A 1-mm-thick fabric with a thermal resistance of
0.01 m2 K W−1 was considered.

For each study, two scenarios were considered regarding
the optical properties of the fabric inner surface. The emissiv-
ity of this surface was considered to be either 0.95 or 0.05,
corresponding to fabrics treated with high- and low-emissivity
coatings, respectively. The latter addresses the case of the
typical infrared-reflective fabrics. For the external fabric sur-
face, a typical cotton fabric emissivity of 0.77 was considered
(Zhang et al. 2009; Ding et al. 2010, 2011). The vertical
boundaries of the microclimate were taken as adiabatic and
perfect radiators (ε=0) to minimize their influence in the total
heat transport.

The microclimate lower boundary (representing skin or a
heated-guarded hotplate) was considered to have a constant

temperature of 36 °C and a surface emissivity of 0.95 (Ding
et al. 2010). A summary of the conditions used in the study is
given in Tables 1 and 2.

Modelling assumptions and approach

The internal flow was considered to be two dimensional,
steady and laminar (Baïri et al. 2007; Khezzar et al. 2011;
Lartigue et al. 2000; Davis 1983; Souza et al. 2003;
Vierendeels et al. 2003; Corcione 2003; Lee and Ha 2005).
The external flow was also considered to occur in the laminar
regime because the Reynolds number along the geometry
length is always lower than the critical value of 3.5×105, for
all conditions considered in this study (Coulson et al. 1999;
Lienhard and Lienhard 2003).

The fluid was assumed incompressible with constant prop-
erties (obtained at the reference temperature, i.e. the average
temperature between the microclimate lower boundary and
the environment). The buoyancy effects in the microclimate
were implemented considering the Boussinesq approxima-
tion. The latter is applicable for scenarios with small temper-
ature differences, such as the case in the study, and implies that
the variations in fluid density have a negligible effect on the
flow field except for the case of buoyancy forces (Bejan and
Kraus 2003). Buoyancy effects were discarded in the external
flow due to the much more relevant effect of forced
convection.

The fluid flow and heat transfer occurring in the simulation
domain were described by the classical set of continuity, mo-
mentum (Navier-Stokes) and energy equations (Leal 2007):

∇⋅u ¼ 0 ð1Þ
ρ0 u⋅∇ð Þu ¼ −∇pþ ∇⋅μ ∇uþ ∇uð ÞT

� �
þ F ð2Þ

ρ0Cpu⋅∇T−∇⋅ k∇Tð Þ ¼ 0 ð3Þ

where ∇ is the differential (nabla) operator; u is the fluid ve-
locity vector (m s−1); p is the pressure (Pa); T is the tempera-
ture (K); k is the thermal conductivity (W m−1 K−1); ρ0 is the
reference density (kg m−3), obtained at the reference temper-
ature (T0); μ is the fluid dynamic viscosity (Pa s−1); Cp is the

Fig. 1 Representation of the domain used in the analysis (microclimate+
fabric+external air layer) with labels used for each boundary

Table 1 Environmental conditions and domain geometries considered
in each parametric study

Units Study I Study II Study III

Air temperature °C 10 10, 20, 30 10

Air velocity m s−1 0.5 0.5 0.5, 1, 3

Microclimate thickness mm 8, 25, 52 37.5 37.5

Microclimate length mm 32, 100, 208 150 150

Fabric thickness mm 1 1 1

External air layer thickness mm 50 50 50
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specific heat capacity of the fluid (J kg−1 K−1); and F is the
buoyancy force acting on the fluid elements (N m−3). The
vertical component of the buoyancy force was implemented
using the Boussinesq approximation:

Fy ¼ ρ0gβ T−T0ð Þ ð4Þ

where g is the gravity acceleration (m s−2), and β is the coef-
ficient of volumetric thermal expansion (K−1).

The radiant exchanges in the domain were calculated using
the surface-to-ambient model in the layer representing the
external flow (to account for the radiant losses from the fabric
outer surface to the environment) and the surface-to-surface
model in the layer representing the internal flow (to account
for the radiant exchanges between the fabric inner surface and
the microclimate lower boundary). In the latter, the radiant
heat transfer depends on the view factors between the several
surfaces exchanging radiation, which are functions of their
spatial arrangement (i.e. distance and length).

Grid tests, convergence criteria and computational
requirements

Grid tests were conducted for all the tested conditions to iden-
tify the grid characteristics that ensure grid-independent re-
sults. Different grids were used in the three layers of the sim-
ulation domain by adapting, as needed, the corresponding
maximum sizes of the grid elements. Grid-independent results
were obtained when a minimum of 80, 25 and 80 grid ele-
ments were vertically distributed in the microclimate, fabric
and external air layers, respectively. This resulted in a mini-
mum of 240 grid elements horizontally distributed across the
domains’ length. Higher clustering of the grid elements was
considered in the vicinity of boundaries to accurately capture
the heat and momentum transport in those locations (e.g. in
the boundary layer forming over the fabric surface).

Solutions were considered to be fully converged when the
normalized residuals were smaller than 10−6. In addition, the

heat and momentum imbalances in the system (i.e. the error in
the conservation of heat and momentum in the system) were
taken as a further indicator of solutions accuracy; the global
heat imbalance was always lower than 1 %, and the momen-
tum imbalance (in the external air layer) was even smaller. The
simulations were performed following a finite element meth-
od (FEM), using a Core I7 2.80-GHz PC, with 64 GB RAM.

Definition of relevant model variables

The convective heat transfer coefficient (Wm−2 K−1) obtained
along the length of the fabric is obtained by

hc ¼ qouterconv

Touter
fabric−T amb

ð5Þ

where T fabric
outer is the temperature of the fabric outer surface

(K), Tamb is the temperature of the air far from the fabric
(i.e. the temperature of the free stream, K), and qconv

outer is the
convective heat flux obtained along the fabric outer surface
(W m−2).

For easier comparison of our results with those in the avail-
able literature, two dimensionless parameters are used to char-
acterize the extent of heat transfer across the microclimate and
the corresponding complexity of the flow, i.e. the Nusselt and
Rayleigh numbers, respectively.

The Nusselt number (Nu), relating the total heat transfer
along the microclimate lower boundary with the theoretical
conductive transfer in purely conductive regime, was calcu-
lated by considering both the convective and radiative com-
ponents (NuC and NuR, respectively) in order to obtain infor-
mation on the importance of each transport mechanisms in the
overall heat transport:

Nu ¼ NuC þ NuR ð6Þ

where each component was obtained following the usual def-
inition (Çengel 2007)

Table 2 Boundary conditions
(BCs) considered in the
simulation domain (BC labels
according to Fig. 1)

Boundary Description Fluid flow Heat transfer

1 Skin No slip: u=0 T=36, ε=0.95

2, 8 Microclimate walls No slip: u=0 Adiabatic: n⋅q=0; ε=0
3, 7 Fabric walls – Adiabatic: n⋅q=0
4 Inlet (cf. Table 1) ux=uair, uy=0 T=Tair
5 Environment Symmetrya: un=0 Symmetrya: n⋅q=0
6 Outlet p=0 –

9 Fabric outer surface No slip: u=0 ε=0.77

10 Fabric inner surface No slip: u=0 ε=0.95 or ε=0.05

u velocity vector, n vector of directions normal to the boundary, q heat flux vector
a Although a null shear stress BC would be more realistic in boundary 5, preference was given to a symmetry
BC for the sake of faster/easier convergence, because both alternatives result in similar temperature and velocity
distributions along and across the external air layer
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NuC ¼ qconv
qcond

¼ qE

k⋅ T skin−T
inner
fabric

� �
=H

ð7Þ

NuR ¼ qrad
qcond

¼ qrad

k⋅ T skin−T
inner
fabric

� �
=H

ð8Þ

In these expressions, qconv and qrad are the average convec-
tive and radiant heat fluxes observed along the microclimate
lower boundary (i.e. the skin), whereas qcond is the average
conductive heat flux that would be obtained in purely conduc-
tive regime (W m−2). Moreover, k is the thermal conductivity
of the fluid (W m−1 K−1), Tskin is the skin temperature (K),

T
inner
fabric is the average temperature of the fabric inner surface

(K), and H is the thickness of the microclimate (m).
In the above expressions, the average value of parameters

changing along the length of the domain (e.g. T fabric, qconv and
qrad ) was obtained by integration along the domain, as fol-
lows:

z ¼ 1=L

ZL

0

z xð Þ dx ð9Þ

where z refers to the variable being averaged, and L is the
length of the domain (m).

The Rayleigh number (Ra), defined as the product of the
Grashof number (Gr, describing the relation between buoyan-
cy and viscous forces) and the Prandtl number (Pr, describing
the relation between momentum and thermal diffusivities),
was obtained using (Çengel 2007)

Ra ¼ Gr⋅Pr ¼
g⋅β⋅ T skin−T

inner
fabric

� �
⋅H3

ν2
⋅Pr ð10Þ

where g is the acceleration of gravity (m s−2), β is the air
thermal expansion coefficient (K−1), and v is its kinematic
viscosity (m2 s−1). The Rayleigh number, which can be seen
as an indicator of flow complexity, is usually used to charac-
terize the transition between conduction-dominated and
convection-dominated heat transfer. For flat enclosures with
horizontal constant-temperature active walls, this transition is
reported to occur for a critical Rayleigh number of 1708
(Çengel 2007).

Validation of modelling approach

For validation purposes, the present modelling and numerical
approach was used to replicate several studies from the liter-
ature involving buoyancy-driven flows in enclosures (Soong
et al. 1996; Wang and Hamed 2006; Vivek et al. 2012;
Cuckovic-Dzodzo et al. 1999; Corcione 2003; Davis 1983)
as well as external convective flows over flat plates (Çengel

2007; Coulson et al. 1999; Lienhard and Lienhard 2003) and
radiant heat exchange between plates (Çengel 2007). Table 3
shows a summary of the average Nusselt numbers obtained
for buoyancy-driven flows in enclosures with several aspect
ratios (in the range 1–4) and Rayleigh numbers (in the range
103–106). The consistency between the present data and the
published results is clear, as shown by the small relative dif-
ferences obtained (below 1.2 %, for all the tested cases). The
predictions for the radiant heat exchange were compared with
literature data for the case of infinite flat parallel plates
(Çengel 2007) and for buoyancy-driven flows in cavities
(Vivek et al. 2012) (as shown in Table 3), with deviations
being smaller than 0.03 and 0.7 %, respectively. The results
of the present model for the convective flow in the external air
layer were also compared with literature data regarding lami-
nar external flows over flat hotplates (Lienhard and Lienhard
2003). Figure 2 shows this comparison focusing on the
profiles of temperature and convective coefficient, obtained
along the length of the hot surface. The agreement between
the predictions of our model and those from previously pub-
lished works confirms the adequacy of the modelling and
numerical approach followed in this study.

Results and discussion

The influence of different parameters over the heat transfer
from the skin to the environment is discussed in this section.
Special attention is put on the steady-state transport phenom-
ena in the microclimate, in the external air layer and in the
interdependency between the two, followed by a discussion
on the implications of the findings, in different application
fields. The analysis was initiated using the implemented mod-
el to study the transport phenomena in horizontal flat geome-
tries for three different microclimate thicknesses and constant
external air velocity and temperature (cf. Table 1, study I).

Transport phenomena in the microclimate (internal flow)

The temperature and velocity maps obtained in the microcli-
mates are shown in Fig. 3 together with the corresponding
temperature isotherms and flow streamlines. For the sake of
clarity, the maps in the figure are shown with different mag-
nifications (to ensure the same height and length in the figure).

Despite the constant aspect ratio of the microclimate (AR=
4), the three tested thicknesses lead to totally different flow
patterns in the microclimate. The thinner microclimate (8mm)
implies heat transfer in pure conductive regime, as shown by
the almost parallel and horizontal isotherms (Fig. 3(a)) and the
absence of flow vortices (Fig. 3(b)). The thicker microclimates
(25 and 52 mm) lead to different degrees of convective heat
transfer, as indicated by the different (but typical) mushroom-
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shaped isotherms (Fig. 3(c, e)) and the several vortices seen in
the velocity maps (Fig. 3(d, f)).

The fact that the thinner microclimate did not yield natural
convection was expected because the corresponding average
Rayleigh number (907) is far below the critical value of 1708,
which is known to mark the onset on natural convection in
horizontal flat enclosures with constant-temperature active
walls (Çengel 2007). Furthermore, the increasing complexity
of the flow pattern with increasing microclimate thickness is
also consistent with the variation in the corresponding Ray-
leigh numbers, which span 4 orders of magnitude for the test-
ed microclimate thicknesses (Table 4). Given the dependency
of this dimensionless number on the ratio between the buoy-
ancy and viscous forces (i.e. the Gr), the increasing Rayleigh
number is a direct indicator of increasing importance of buoy-
ancy forces and, hence, of natural convection intensity, as the
microclimate thickness increases.

The increasing intensity of natural convection as microcli-
mate thickness increases is evident in the velocity of the fluid
elements in the microclimate (Fig. 3(b, d, f)) and in the corre-
sponding average Nusselt numbers, which show an approxi-
mate sixfold increase as thickness augments from 8 to 52 mm

(see NuC in Table 4). Interestingly, despite this marked in-
crease in convection intensity with increasing thickness, the
average convective heat fluxes observed at the skin decrease
by 17–31 % (depending on the optical properties of the fabric
inner surface; Fig. 4). This variation, however, is very small

Table 3 Summary of Nusselt
numbers obtained from the
literature and in the present study
for various aspect ratios (ARs)
and Rayleigh numbers (Ra)

AR Ra Nupresent Nuref. % Dev. Phenomena

Davis (1983) 1 1×104 2.243 2.243 −0.02 Convection
1×105 4.516 4.519 0.06

1×106 8.802 8.800 −0.02
Soong et al. (1996) 4 2×103 1.116 1.120 0.36 Convection

5×103 2.008 1.989 −0.96
2×104 3.088 3.054 −1.11

Wang and Hamed
(2006)

4 1×103 1.000 1.000 0.00 Convection
3×103 1.559 1.561 −0.13
5×103 2.008 2.017 −0.45

Vivek et al. (2012) 1 1×105 4.096 (NuC) 4.099 (NuC) −0.07 Convection
+radiation6.892 (NuR) 6.937 (NuR) −0.65

1×106 7.642 (NuC) 7.680 (NuC) −0.49
14.939 (NuR) 15.040 (NuR) −0.67

Nupresent and Nuref. refer to the Nusselt numbers obtained in our simulations and in the reference studies,
respectively; % Dev. is the relative difference between the two Nusselt numbers

a b
Fig. 2 Comparison of the present numerical results with predictions from
expressions in the literature (Lienhard and Lienhard 2003) for a
temperature profile along the external air layer and b heat transfer
coefficient along the fabric outer surface

a

b

c

d

e

f

Fig. 3 a–f Temperature and velocity maps (and corresponding isotherms
and streamlines) in the microclimate for microclimate thicknesses of 8, 25
and 52 mm and fabric inner surface with high emissivity; simulation
conditions are as given in Table 1 (study I); the maps for each
microclimate thickness are shown with different magnifications though
with constant aspect ratio (AR=L/H)
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when compared to the 6.5-fold increase in the thickness of the
tested microclimates. Ultimately, this confirms the importance
of convective transport in the two thicker microclimates. Fur-
ther details on the effect of changing microclimate thickness
over the convective and radiant transport are discussed in the
BRole of the fabric optical properties^ section.

The increasing complexity of the flow pattern inside the
microclimate due to the increase of its thickness has several
implications. Firstly, there is an increase in the number of
counter-rotating vortices in the microclimate (from 0 to 2 or
4, as the thickness increases from 8 to 25 or 52 mm, respec-
tively) as well as the already mentioned marked augmentation
in the velocity of the fluid elements (Fig. 3(b, d, f)). This
produces totally different temperature distributions in the mi-
croclimate (Fig. 3(a, c, e)), with clearly different temperature
gradients near the skin and near the fabric. For this reason, the
local heat fluxes observed along these two boundaries are
different, as they are dependent on the surrounding tempera-
ture gradients. This is visible in Fig. 5a, where the obtained
temperature field is shown together with the heat fluxes along
the skin and along the fabric, to highlight the consistency
between both parameters. The skin and fabric heat fluxes os-
cillate in an opposite way, depending on the local temperature

gradients prevailing in the microclimate. For the conditions
addressed in this figure, the heat fluxes vary up to 100% along
the skin and 50 % along the fabric, with consecutive peaks as
close as 9 cm (or x/H≈1.7 in dimensionless form). Neverthe-
less, these heat flux curves vary with the chosen microclimate
thickness because that affects the flow pattern and temperature
fields prevailing in the microclimate. This is evident in
Fig. 5b, where the mentioned fluxes are plotted along the
microclimate length, for the three thicknesses under consider-
ation. In this figure, one clearly observes that it is the occur-
rence and extent of natural convection that determines the
difference between the heat fluxes observed along the skin
and fabric. As such, for the lower thickness, which produces
no natural convection in the microclimate, the skin and fabric
heat fluxes are fairly similar (except for the very left portion of
the microclimate where the external boundary layer is very
thin and thus the heat flux at the fabric is very high). For the
thicker microclimates, the curves have very distinct shapes,
depending on the number and position of vortices forming
inside the microclimate.

The evident differences between the heat fluxes curves
along the skin and fabric are a clear indicator of the potential
errors that would occur if trying to predict heat transfer at the

Table 4 Average (convective
and radiant) Nusselt numbers and
Rayleigh numbers obtained in the
microclimate for the different
conditions considered in each
study

Parameter Fabric inner emissivity: ε=0.95 Fabric inner emissivity: ε=0.05

NuC NuR Nu Ra NuC NuR Nu Ra

Study I H=8 mm 1.00 1.53 2.54 9.07×102 1.00 0.09 1.09 1.11×103

H=25 mm 2.86 4.82 7.67 2.43×104 3.02 0.29 3.31 3.13×104

H=52 mm 5.50 10.10 15.59 2.02×105 6.04 0.60 6.64 2.71×105

Study II Tair=10 °C 4.23 7.26 11.49 7.83×104 4.54 0.43 4.98 1.03×105

Tair=20 °C 3.70 7.35 11.05 4.55×104 3.99 0.44 4.43 6.05×104

Tair=30 °C 2.84 7.46 10.30 1.63×104 3.08 0.45 3.53 2.21×104

Study III vair=0.5 m s−1 4.23 7.26 11.49 7.83×104 4.54 0.43 4.98 1.03×105

vair=1.0 m s−1 4.30 7.22 11.53 8.48×104 4.58 0.43 5.01 1.08×105

vair=3.0 m s−1 4.42 7.17 11.58 9.51×104 4.64 0.43 5.07 1.15×105

Fig. 4 Average heat fluxes observed at the skin for microclimate
thicknesses of 8, 25 and 52 mm and fabric inner surface with high or
low emissivity; asterisk since there is no convective transport for H=
8 mm, the corresponding bars represent the heat transferred by
conduction

fabric

skin

a b
Fig. 5 a Temperature map and corresponding isotherms (upper chart),
together with the heat fluxes observed along the skin and along the fabric
(lower chart), for a microclimate thickness of 52 mm. b Heat fluxes
observed along the skin and along the fabric for microclimate
thicknesses of 8, 25 and 52 mm; results for fabric inner surface with
high emissivity (ε=0.95)
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skin level through observations at the fabric level, when nat-
ural convection is expected to occur in the microclimates. That
can be the case in experimental works on the heat transfer in
thick highly porous assemblies (or assemblies with embedded
air gaps), with heat fluxes sensors spread within the assem-
blies. If natural convection occurs inside such assemblies, it is
critically important that the sensors be positioned in a dense
grid, to capture the entire variation of the heat fluxes along the
samples; this is relevant because very small changes in the
positioning of sensors may result in substantial changes in
their readings.

On the other hand, the obtained results are also indicative
of the shortcomings of correlations of the Nusselt number as a
function of the Rayleigh number (e.g. Nu=C ⋅RaLn (Çengel
2007) or a more complex version such as Nu=1+1.44⋅[1−
1708/Ra]+[(Ra/5830)1/3−1] (Hollands et al. 1975)), which
are often used to estimate the average heat transport across
clothing microclimates (Torvi et al. 1999; Ding et al. 2010;
Barker et al. 2004; Sawcyn and Torvi 2009; Li et al. 2012).
Given the marked variation of heat transfer rates across and
along the microclimate (Fig. 5), the estimates of average heat
transfer obtained with the mentioned correlations can differ
substantially from the rates observed locally, which may ren-
der them unfit when high spatial resolution is advisable and/or
necessary (e.g. development of products with localized
heating/cooling elements or, in general, to investigate local
heat transfer in spaces affected by natural convection). For
these activities, preference should be given to approaches such
as in this study, where the fluid flow inside the microclimate,
is duly taken into consideration.

Role of the external boundary layer

Unlike enclosure-based studies whose active boundaries (e.g.
cold or hot surfaces) are considered to have constant temper-
ature (Soong et al. 1996; Wang and Hamed 2006; Vivek et al.
2012; Corcione 2003), in the present study, we considered
both the internal and external flows together. This allowed
the fabric temperature to evolve naturally as the result of the
heat transfer across its structure and allowed capturing the
influence of the boundary layer forming along the external
fabric surface. The thickening of the boundary layer along
the fabric implies, as expected, a reduction in the transport
rate from the internal to the external flow, which is evident
in the gradual decrease of the heat flux peaks observed along
the skin and fabric (Fig. 5a, lower chart). This is consistent
with a general increase of fabric temperature along the micro-
climate length (Fig. 6), as heat is transferred from the skin to
the colder external layer flowing along the fabric.

The general increase of fabric temperature along the micro-
climate length implies a decrease in the buoyancy forces act-
ing on the fluid elements, because of the reducing temperature
difference between the skin and the fabric. As a result, there is

a gradual decrease in the width of the vortices forming in the
microclimate (e.g. Fig. 3(f)) and in the width of the
mushroom-shaped patterns observed in the temperature con-
tour maps (e.g. Fig. 3(e)). Ultimately, this affects the heat flux
curves observed along the skin and fabric, resulting in a de-
creasing distance between consecutive peaks (Fig. 5b). All
these are in marked contrast to the observations in
enclosure-based works with constant-temperature active walls
(Soong et al. 1996; Wang and Hamed 2006; Vivek et al. 2012;
Corcione 2003), where flow vortices, not in contact with the
lateral walls, are seen to maintain their width throughout the
enclosure, and hence, the resultant transport rates oscillate
between constant maxima and minima. Given the evident dif-
ferences in the result of these two alternative approaches, it
follows that it is necessary to address the internal and external
flows in a coupled way in order to accurately capture the
effects of the external boundary layer on the transport phe-
nomena across clothing microclimates.

Role of the fabric optical properties

The role of the fabric optical properties, in the heat transfer
across the microclimate, was analyzed by considering two
different emissivities for the fabric inner surface (ε=0.05 or
ε=0.95). This allowed taking advantage of the dependence of
the radiant transport on the emissivity of the surfaces exchang-
ing heat. The temperature and velocity maps obtained for the
thicker microclimate (52 mm) are shown in Fig. 7.

Changing the emissivity of the fabric inner surface, which
influences its capacity to reflect infrared radiation, alters con-
siderably the temperature distribution inside the microclimate,
as it is evident in the temperature maps of Fig. 7. The use of a
low-emissivity coating in the fabric inner surface results in
clearly steeper temperature gradients across the microclimate

Fig. 6 Temperature of the fabric outer surface for microclimate
thicknesses of 8, 25 and 52 mm and fabric inner surface with high or
low emissivity
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(Fig. 7(b)) as well as generally lower temperatures in the mi-
croclimate and in the fabric (Fig. 6). It affects also the convec-
tion in the microclimate, resulting in fluid elements with gen-
erally higher velocity (Fig. 7(d)).

The overall effect of changing the fabric optical properties
is also evident in Fig. 4, where the average convective and
radiant components are plotted, for the three microclimate
thicknesses under consideration. In this figure, we can see that
decreasing the emissivity of the fabric inner surface from 0.95
to 0.05, i.e. to move towards infrared-reflective coatings, re-
duces the radiant transfer in the microclimates by 92–93 %
and increases the convective transfer by 22–47 %. This im-
plies a net decrease of 43–47 % in the total heat transferred
across the microclimate. The reduction of the radiant ex-
change with decreasing fabric emissivity was expected and
is consistent with previous works in the literature (Vivek
et al. 2012; Ridouane et al. 2005; Couto et al. 2011). Further-
more, the increasing convective transfer with decreasing fab-
ric emissivity can be related to the bigger temperature gradient
between skin and fabric, as a result of the lower fabric tem-
perature that is obtainedwhen using a fabric inner surface with
lower emissivity (Fig. 6). Overall, the decrease in fabric emis-
sivity implies a partial shift from radiant to convective trans-
port, which is not fully compensated for and, hence, results in
a decrease in the total heat transfer at the skin. This shift
between different transport mechanisms when altering the op-
tical properties of fabrics is also consistent with previous re-
sults in the literature (Couto et al. 2011).

For the three microclimate thicknesses considered in this
study, the radiant exchange accounted for either 61–65 or 8–
9 % of the total heat transfer, depending on the optical proper-
ties of the fabric inner surface (ε=0.95 or ε=0.05, respectively).
This high sensitivity of the system to the fabric optical proper-
ties is interesting because it provides a convenient way to fine-
tune performance according to needs. For instance, besides the
direct effect over the total heat transfer (through changes in the
radiant component), this offers an indirect way to affect mass
transport (e.g. of sweat), through the indirect effect of the opti-
cal properties over the level of convection in the microclimate.
This effect can be of use, for instance, when changes in a prod-
uct’s geometry or in the materials’ transport properties are not
possible (e.g. due to design- or requirement-related restrictions).

Furthermore, it is noteworthy that, for the scenario with a
high-emissivity fabric (which encompasses many fabrics used
in apparel industry), radiation accounts for almost two thirds
of the heat transferred from the skin. This confirms the impor-
tant role of fabric optical properties in the overall heat transfer
across microclimates, particularly where air gaps are allowed
to exist, and highlights the relevancy of including radiant con-
tribution in analyses of transport phenomena across clothing.

Transport phenomena in the external layer (external flow)

In order to investigate how heat is transported from the micro-
climate to the environment, focus is put in the interface be-
tween the internal and the external flows, i.e. the fabric sur-
face. Figure 8a shows the external convective heat transfer
coefficient observed along the fabric, for the three microcli-
mate thicknesses under consideration and the two optical sce-
narios regarding the emissivity of the fabric inner surface.

Attention is called to the fact that the vertical spreading of
the several curves of convective heat transfer coefficient
(Fig. 8a) is simply the result of the adimensionalization pro-
cedure applied to the x-coordinate (i.e. division by the corre-
sponding microclimate thickness, H), which allowed for

a b

c d

Fig. 7 a–d Temperature and velocity maps (and corresponding isotherms
and streamlines) in the microclimate for a microclimate thickness of
52 mm and fabric inner surface with high emissivity (ε=0.95; left

column) and low emissivity (ε=0.05, right column); simulation
conditions are as given in Table 1 (study I)

a b
Fig. 8 a Convective heat transfer coefficients observed along the fabric
for increasing microclimate thickness (study I, Table 1) and fabric inner
surface with high or low emissivity. b Temperature map and isotherms
(upper chart), together with convective heat transfer coefficient and fabric
temperature observed along the fabric (lower chart), for a 52-mm-thick
microclimate with a low-emissivity fabric inner surface; the correlation-
based convective coefficient curve shown in chart (b, dash line) was
obtained as hx=0.332 ⋅k/x ·Rex0.5 ⋅Pr1/3, based on the average fabric
temperature obtained in this study
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simpler representation and comparison of the curves, in the
same chart.

Some of the curves shown in Fig. 8a do not have the typical
shape of the heat transfer coefficient curves, which, for a cold
air current flowing over a hot surface, usually display a mono-
tonic decrease along x, as the thickness of the boundary layer
increases asymptotically along the surface. This is clearly the
case for the curves corresponding to the thicker microclimates
(25 and 52 mm), which show increasing complexity in their
variation along x, in particular those regarding the low-
emissivity fabrics. On the contrary, the curves corresponding
to the thinner microclimate show the typical monotonic vari-
ation along x, regardless of the chosen optical scenario. To
explain these results, one has to consider the relevance of
natural convection occurring in the three microclimates. In
the thinner microclimate, no heat is transferred by convection,
as indicated by the corresponding Nusselt number (equal to 1
for both optical scenarios; Table 4) and the velocity map of
Fig. 3(b). On the contrary, in the thicker microclimates, 91–
92 % of the heat is transferred by convection for the case with
low-emissivity fabrics (Fig. 4). These results suggest that the
heat transfer rate along the fabric outer surface, i.e. the con-
vective coefficient curve obtained along the fabric, is depen-
dent on the natural convection occurring in the microclimate,
particularly when such transport mechanism accounts for
most of the heat transfer (as is the case for fabrics with a
low-emissivity inner surface).

This hypothesis is supported by several aspects of our data.
Firstly, an increasing complexity or waviness of the convec-
tive coefficient curves is obtained with increasing microcli-
mate thickness (Fig. 8a); as shown by the increase of the
corresponding Nusselt number from 1 to 5.5–6 (Table 4), this
implies an increasing importance of convection in the micro-
climate. Secondly, for any of the twomicroclimate thicknesses
that resulted in natural convection, the decrease in the fabric
emissivity caused an increase of the complexity or waviness
of the convective coefficient curves; again, an increasing im-
portance of convection can be mentioned here, as the propor-
tion of the total Nusselt number that is associated with con-
vection (i.e. NuC=Nu, Table 4) increases from 37–38 to 91–
91 %, when fabric emissivity decreases from 0.95 to 0.05.
Thirdly, the plotting of fabric temperature along the fabric
length (Fig. 6) shows clearly more complex and more wavy
curves for increasing microclimate thickness and decreasing
fabric emissivity. Finally, the consistency between external
transport rates and flow patterns in the microclimate is evident
in Fig. 8b, where the fabric temperature and the convective
coefficient curves, observed along the fabric for the thicker
microclimate, are plotted together with the temperature map
observed in the microclimate. In this figure, the local minima
of the temperature and convective coefficient curves occur at
the horizontal positions where temperature gradients, in the
microclimate, are the lowest near the fabric; in other words,

the local minima occur where the heat flux along the fabric has
its lowest values. As a whole, these effects and consistencies
lend support to the idea that the natural convection in the
microclimate has a determinant role in the local transport rates
along the fabric.

In order to further test the mentioned hypothesis, two fur-
ther studies were conducted for constant microclimate thick-
ness and increasing temperature or velocity of the external air
layer (study II and study III, respectively; Table 1). The con-
vective heat transfer coefficients obtained along the fabric for
these two studies are shown in Fig. 9 for the two optical
scenarios regarding the fabric inner surface.

As expected, the convective transfer coefficients are seen
not to depend on the chosen external temperature (Fig. 9a).
However, they show a pronounced dependence on the optical
properties of the fabric inner surface. The convective coeffi-
cient curves obtained for the low-emissivity fabrics are higher
than those obtained for the high-emissivity fabrics for most of
the left portion of the microclimate and show a relatively sud-
den change in the slope around x/H≈1.5, followed by local
minimum and maximum at x/H≈2.7 and x/H≈3.4, respec-
tively. A similar trend is observed in the convective transfer
coefficients for the study with different external air layer ve-
locities (Fig. 9b). Besides the expected vertical spreading of
the curves due to the different thickness of the external bound-
ary layers forming with each chosen air velocity, we observe
again a higher complexity in the curves corresponding to the
low-emissivity scenario and the mentioned change in pattern
(i.e. occurrence of a sudden change in slope, of a local mini-
mum and of a local maximum) at approximately the same
horizontal positions. Consistently, these three different hori-
zontal positions coincide, for both studies, with the positions
where the heat flux at the fabric (or the temperature gradient in
microclimate in the vicinity of the fabric) is either maximum
(x/H≈1.5 and x/H≈3.4) or minimum (x/H≈2.7; not shown
graphically for the sake of conciseness). This provides further
confirmation that the external transport rate along the fabric is
dependent on the natural convection occurring in the micro-
climate, in particular when convective transport accounts for a

a b
Fig. 9 Convective heat transfer coefficients observed along the fabric,
for increasing air layer temperature or velocity, and fabric inner surface
with high or low emissivity. a Effect of temperature of external air layer
(study II, Table 1). b Effect of velocity of external air layer (study III,
Table 1)
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high proportion of the overall heat transfer (as is the case for
the low-emissivity fabrics, with infrared-reflective capacity).

To illustrate the relevance of these results, we compared the
convective coefficient curve obtained for the thicker microcli-
mate with the low-emissivity fabric, with the correlation-
based curve (Lienhard and Lienhard 2003) corresponding to
flow over a hot surface with constant temperature (hx=0.332·
k/x·Rex

0.5·Pr1/3; Fig. 8b). For comparison purposes, we based
the estimate of fabric temperature of the correlation-based
approach on the average value of the fabric temperature ob-
tained in this study. It is evident in Fig. 8b that the correlation-
based curve is different from the convective coefficient curve
obtained in the present work (which accounts for the flow
patterns in the microclimate below the fabric). For the specific
conditions under comparison, the use of the correlation-based
curve would imply errors between −45 % (at x/H≈1.7) and +
175 % (at x/H≈3), because the correlation does not account
for the local effects that are described in this work. From the
above differences, it is clear that decisions based on such
estimates of local heat transfer may suffer from considerable
errors.

Coupling in the flow and heat transfer calculation

In the previous sections, different aspects of the transport phe-
nomena influencing the heat exchange between the body and
the surrounding environment were discussed. The obtained
data indicates that an accurate prediction of the local transport
rates across and along clothing microclimates can only be
obtained if both the internal and the external flows are ad-
dressed in a coupled way (Figs. 5, 8 and 9). The results show
also a clear interdependency between radiant and convective
transport. The extent of these mechanisms determines the lo-
cal fabric temperature along the microclimates (Fig. 6) and, in
turn, the fabric temperatures along the microclimate, and de-
termines the local extent of convection and radiant exchange
tacking place along the microclimate and along the fabric
(Figs. 4, 8 and 9). This indicates that the calculation of the
radiant and convective components should also not be
decoupled.

The importance of these coupling strategies augments with
decreasing insulation of the clothing and with increasing rel-
ative importance of the natural convection in the microcli-
mates (e.g. with infrared-reflective coatings), as such scenar-
ios increase the likelihood of having heterogeneous distribu-
tion of temperature along the clothing. A brief summary of the
rationale for coupling internal/external flow calculation and
for coupling radiation/convection heat transfer calculation is
given below, together with a brief contextualization regarding
alternative approaches from the literature:

& Coupling is needed to ensure that the flow patterns and
temperature distributions obtained inside clothing

microclimates are realistic and that they incorporate the
phenomena that may affect local heat transfer along the
skin (e.g. presence, dimension and position of flow vorti-
ces associated with natural convection). These local ef-
fects are usually not predicted by correlations relating
the Nusselt number with the Rayleigh number of the flow,
since they produce only information about the average
transport rates (Hollands et al. 1975, 1976; Çengel 2007).

& Coupling is needed to capture existing variations in the
local transport rates across clothing, e.g. in the convective
coefficients observed along the clothing surface. These
can depend on the features of the transport phenomena
inside the microclimates, particularly when natural con-
vection plays a dominant role in the overall heat transfer.
These dependencies are usually not considered in correla-
tions of the Nusselt number (or of convective coefficient)
as a function of the Reynolds number and position along
the surface (Çengel 2007).

& Coupling is needed to allow the fabric temperature to
evolve as the result of the local heat transfer between the
internal and external flows, through the interdependency
of radiant and convective transport and the effect of the
external boundary layer on the internal transport. The lat-
ter is particularly important since the features of the
boundary layer depend on several parameters (e.g. cloth-
ing geometry, fabric shape or environmental conditions),
whose effects are not included in the enclosure-based
studies with constant-temperature active walls (Soong
et al. 1996;Wang and Hamed 2006; Corcione 2003; Vivek
et al. 2012).

Practical implications

The results discussed in the previous sections may have prac-
tical implications in different fields. A brief of description of
some practical implications is given below:

& Development of CBRN-protective garments. Accurate
knowledge on the transport phenomena in clothing micro-
climates is of high importance in the development of
CBRN garments because of the problems associated with
local build-up of agent concentration. The need to under-
stand the effect of flow patterns inside microclimates over
the local heat transfer along the skin has a direct parallel in
terms of mass transport, e.g. of agent in a CBRN garment.
The approaches used in this study can be applied to predict
concentration maps of chemical species inside CBRN gar-
ments to identify potentially risky spots.

& Development of garments with heating/cooling elements.
The introduction of heating/cooling elements in garments
may considerably alter the local temperature distributions
in the microclimates near the skin. In case the geometrical
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characteristics of such garments give rise to natural con-
vection in their microclimates, it is important to under-
stand how the heating/cooling elements affect the local
heat transfer rates in the microclimates, in order to identify
potentially problematic transfer rates or hot/cold spots due
to unforeseen local interaction of the active elements and
the flow patterns developing near the skin.

& Analysis of thermal strain imposed by garments. The pre-
diction of the thermal strain imposed by protective gar-
ments relies on the knowledge about the way heat is
transported from the skin to the environment. This is usu-
ally done through the use of correlations to estimate heat
transfer convective coefficients. However, given the
discussed shortcomings of some correlations to predict
local heat transfer rates along clothing surface, it is advis-
able to check the accuracy of the correlation-based predic-
tions, for the specific conditions under analysis. When
natural convection is expected, an approach like that of
the present study can be used to obtain more realistic local
heat transfer rates.

& Thermal characterization of fabric assemblies. When
studying experimentally the heat (or mass) transfer
through thick porous assemblies (e.g. using a sweating-
guarded hotplate), it is important to bear in mind that the
occurrence of natural convection across their structures
may significantly affect the phenomena being monitored.
Because of the discussed effect of natural convection on
the temperature and heat flux distributions along different
regions/surfaces of the assemblies, any sensors used to
monitor such parameters should be distributed in a tightly
dense grid (i.e. considering small distances between sen-
sors) so that their readings inform about the entire varia-
tion, throughout the assemblies, of the parameters being
monitored. Failing to do so may lead to misleading read-
ings (i.e. readings that may not capture the entire variation
of the mentioned parameters inside the assemblies), which
may preclude the full understanding of the transport
mechanisms.

Limitations and suggestions of further work

In this section, limitations and suggestions of further work are
briefly presented.

& Microclimate orientation. The approach and results
discussed in this work refer to horizontal scenarios,
representing, for instance, the geometries occurring when
humans are seated (thighs region), reclined or sleeping (e.g.
bed, tent or sleeping bag). However, there are other situa-
tions that are better described by vertical (e.g. a person
standing or working in upright position) or tilted geome-
tries (e.g. arms, legs or body in neither horizontal nor

vertical position). In these different orientations (relative
to gravity), the flow patterns and the local heat transport
rates occurring inside clothing may be very different
(Sobera 2006; Mayor et al. 2015). Thus, further studies
are needed to promote the full understanding of the way
heat that is locally transported from the body to the envi-
ronment (or vice versa), for any given orientation. This is
important when developing, for instance, high performance
protective products used around the body (e.g. garments).

& Microclimate geometry. The range of microclimate thick-
nesses considered in this study (8–52 mm) is relatively
large in order to cover situations where natural convection
is unlikely (e.g. thicknesses in the range lower end) and
others where it becomes probable (e.g. thicknesses in the
range upper end). However, since the distribution of mi-
croclimate thicknesses along the body may be very wide
(from negligible values near contact zones to substantial
air gaps as in CBRN-protective garments) and the geomet-
rical properties of the microclimates (e.g. thickness,
length, shape and volume) can have a strong effect on
the transport processes to/from the body, further studies
are needed to shed light on the controlling parameters and
dependence relations, particularly for geometries with
larger dimensions, closer to that of the human body. Yet,
given the still high computational cost of analyses based
on computational fluid dynamics (CFD) as those reported
here and the complexity of the above relations, it is impor-
tant to address the systematic study of these relations in an
incremental way, considering geometries as small as pos-
sible (but still big enough to represent processes in a real-
istic way) and increasing its size as the available compu-
tational power increases over time. This is important to
ensure the optimal pace in terms of calculation, manage-
able computer memory requirements and reasonable post-
processing times. Examples of such size-wise segmented
approach can be found in the literature (Gibson 2009;
Rocha et al. 2012; Mayor et al. 2014b).

& Pumping effect. The conditions considered in this study
regard static scenarios in which it is reasonable to assume
relatively constant microclimate geometries. This is the
case for situations implying negligible body motion (e.g.
seated, reclining and sleeping). However, in activities im-
plying motion (e.g. walking, running and jumping), the
pumping effect caused by the moving body parts (Wang
et al. 2011, 2012) and by the changing distance between
these relative to the clothing originates complex transport
processes within and around clothing, which advise fur-
ther investigation. As the computational power increases
over time, it would be interesting to use numerical
(CFD-based) approaches like that of the present work to
study the influence of the body movement and the
pumping effect on the heat and mass that are transported
to/from the body.
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& Mass transport. The present study focuses on the effects
of natural convection on the heat transport from the body.
Although some of these effects may also be relevant in
problems involving mass/sweat transport (since the
discussed convective currents inside the clothing micro-
climate affect the transport of water vapour/sweat in a
similar), other relevant effects are not addressed in this
work, since they are beyond its scope. This is the case,
for instance, of the effect of sweat evaporation/
condensation in the clothing layers (Barker et al. 2004;
Neves et al. 2012, 2015a) and its impact on the
heat/mass transport from the body. Thus, further studies
are needed to investigate the coupled heat and mass trans-
port from the body to the environment, considering both
sensible and latent effects (i.e. involving phase change).
This is important in an overall strategy of moving towards
more integrated numerical approaches, linking various as-
pects of the problem of heat and mass transport around
humans—from the thermoregulation mechanisms of the
body to the their impact on the transport processes across
the gear used to protect it, e.g. clothing, helmets (Bröde
et al. 2014; Bogerd et al. 2015).

Conclusion

A numerical study was conducted on the transport phenomena
across horizontal air layers trapped inside impermeable cloth-
ing, using a finite element method. Considering both the in-
ternal flow in the microclimate and the external flow around it,
in a fully coupled way, the transport phenomena across the
microclimates were analyzed for different microclimate thick-
nesses, external air temperature, external air velocity and op-
tical properties of the fabric inner surface. The main conclu-
sions of this study are as follows:

& The local transport rates between the clothing layer and
the external air layer (i.e. the convective heat transfer co-
efficients obtained along the clothing) were found to
strongly depend on the transport phenomena in the micro-
climate, in particular when natural convection is the pre-
vailing transport mechanism in the microclimate. In such
scenario, the convective heat transfer coefficient curves
obtained along the clothing layer were found to markedly
differ from those found in the literature for the typical case
of air flow over a warm surface. The dependency between
the transport rates of the internal and external flows was
found to augment with the increasing importance of natu-
ral convection in the microclimate (and hence with de-
creasing emissivity of the fabric inner surface).

& The local heat transfer rate along the skin strongly depends
on the flow patterns (and temperature distribution)

prevailing in the clothing microclimates and can be mark-
edly different from the average estimates obtained with
correlations of the Nusselt number as a function of the
Rayleigh number. The temperature distributions (and,
hence, the heat transfer rates) in the microclimate are very
sensitive to the characteristics of the external boundary
layers forming along the clothing and to the distribution
of temperature along the clothing, particularly for low-
insulation fabrics. The local heat transfer rates obtained
along the microclimate are markedly different from those
resulting from enclosures with constant-temperature ac-
tive walls.

& The dependencies between the transport phenomena oc-
curring inside and outside the clothing microclimate stress
the importance of addressing, in a fully coupled way, both
the calculation of the internal and external flows and the
calculation of the heat transfer convection/radiation com-
ponents. For low-insulation clothing, only a coupled ap-
proach guarantees accurate estimation of the local transfer
rates along the skin and along the clothing.

The practical implications of the described work encom-
pass different fields. The described approach can be used to
study/predict the performance of CBRN garments regarding
convective mass transfer of hazardous agents in the microcli-
mates or to study/optimize the thermal performance of ad-
vanced clothing systems with embedded heating/cooling ele-
ments. It can also be used to analyze the accuracy of transport
rates often used in analysis of the thermal strain imposed by
garments. Finally, our results may promote a better under-
standing of data obtained during thermal characterization of
thick porous fabric assemblies (affected by natural convec-
tion) or provide useful hints on the optimal placement of sen-
sors inside the assemblies.
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