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1 Analytical clothing model for sensible heat transfer considering
2 spatial heterogeneity

3

4  Abstract

5  Existing clothing models assume spatial homogeneity of the enclosed air layer between skin
6 and fabric, which contradicts real-life scenarios. Furthermore, depending on the thickness of
7  enclosed air layer and the temperature difference between skin and fabric, natural convec-
8 tion may occur but it is often neglected in the theoretical models. In this study, we have de-

9 veloped a theoretical model that considers the spatial heterogeneity of enclosed air layer and
10  natural convection. It computes the sensible heat transfer (conduction, radiation and natural
11 convection) in the heterogeneous enclosed and boundary air layers. The heat transfer in the
12  clothing layer is calculated based on the thermal resistance of the fabric.

13

14  The model presented in this paper is systematically validated for natural convection and spa-
15  tial heterogeneity using a thermal cylinder and a thermal manikin with increasing level of spa-
16  tial complexity. The validation of the model was performed for a wide range of temperatures
17  (-10°C to 26°C), enclosed air layer thicknesses (homogeneous and heterogeneous), and am-
18 bient air speeds (0.2m/s, 1m/s) and demonstrated a good agreement between predicted and
19  measured heat flux with an average error of 3.7% and 9.3% for homogeneous and heteroge-
20 neous enclosed air layers, respectively.

21
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1. Introduction:

Thermoregulation of human body aims at maintaining body core temperature in a narrow range
and depends on metabolic heat production and the exchange of heat between skin and envi-
ronment. When the human body is covered with clothing, it affects human physiological
regulation mechanisms. Thus, the design and material aspects of functional clothing (e.g. pro-
tective or sport clothing) requires a detailed understanding of heat transfer processes. In the
clothing research, heat transport is usually assessed by hot plates, thermal cylinders or thermal
manikins in steady-state measurements. The experimental methods of assessing heat transfer
require the availability of prototypes and testing facilities (e.g. climatic chambers) [1] , which
can be costly and time-consuming. On the other hand, the theoretical modelling provides many
advantages over experimental measurements, such as no prototype requirement, modelling
of wide range of ambient conditions, detailed insight to the heat transfer process, and a time-
efficient optimization of the product through parametric study.

The thermal conductivity of stagnant air (0.026 W/(mK) at 300 K) is very low compared to
most of the fibres, which makes it a good thermal insulator. Therefore, the enclosed air layer
(air layer between skin and clothing layers) has a more pronounced effect on total heat trans-
fer than actual fabrics constituting the garment. Depending on the thickness of enclosed air
layer and the temperature difference between clothing layers and skin, natural convection
may reduce the insulation of the air layers due to buoyancy effect. The density difference in
fluid due to temperature gradient results in onset of buoyancy force and hence fluid motion
(natural convection). The natural convection inside a cavity is complex phenomenon and de-
pends on its size and shape (aspect ratio is a ratio of height to width), orientation of geome-
try, and temperature difference between enclosing walls (e.g. skin and clothing tempera-
tures). For horizontal and vertical cavity, the natural convection was observed for minimum
enclosed air layer thickness of 13mm and 8mm, respectively [2, 3]. Most of the theoretical
clothing models have neglected natural convection in an enclosed air layer [4-7]. For exam-
ple, the only mathematical model considering natural convection in boundary air layer but ne-
glecting it in enclosed air layer was developed by Min et al. [8]. Since, the thickness of
enclosed air layer in clothing was not addressed till recently, it was not possible to character-
ize the magnitude of natural convection heat transfer properly. Recent developments of 3D
scanning methods made it feasible to determine the thickness and its spatial distribution of
the enclosed air layer with great accuracy [9, 10]. A detailed distribution of enclosed air gap
enables the computation of local heat transfer for individual body parts.

Until now, all the theoretical models assume either full contact area or homogeneous air layer
between skin and different layers of clothing [4-6, 8, 11-14]. This assumption contradicts a
realistic scenario of skin and clothing layer system and affects the accuracy of the simulated
heat flux by the theoretical model. Therefore, consideration of only average air gap thickness
is not sufficient (as thermal resistance of air layer is non-linearly related to the air gap thick-
ness) and orientation of air gap and contact area affects the heat flux. As shown in Figure 1

(b), heat flux can vary up to 26-28% for the same average air gap thickness [15]. Another
2
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model attempting investigation of the effect of heterogeneous air gap on thermal protective
clothing was reported by Udayraj et. al, [16]. However, only small folds in a large distance from
the horizontal plate (as opposed to realistic large and small folds and accompanying contact
with skin) were investigated and results were not validated against the experimental data. The
accuracy of clothing model largely depends on the input data and especially accuracy of the
air gap thickness input as the majority of thermal insulation is due to the low thermal conduc-
tivity of enclosed air. Ismail et. al, [14] also developed a model that predicts the segmental heat
loss in static and dynamic condition. However, their assumption of air gap thickness on the
major body parts was unrealistic for single and multi-layer garments (assumed 5 cm for trunk
and 4 cm for leg, which was 2-3 times beyond the 3D scanned data reported for loosest gar-
ments [17] [18]), which questions the overall model quality. The model developed by Ghali et.
al, [19] considered periodic contact between skin and cotton fabric with still homogeneously
varying air gap on a horizontal flat plate with poor validation record (reported relative error of
= 35% in heat loss validated on just one case). Since this is not a realistic representation of
enclosed air layer around human body, the applicability and accuracy of the model is uncertain
for the heterogeneous enclosed air layers.

The distribution of air gap in an enclosed air layer depends on clothing fit level (ease allow-
ance), body posture, and body region [17, 18, 20-23]. The mean thickness of enclosed air layer
at different body regions can vary between 0 to 55 mm, while contact area between skin and
fabric was observed in the range of 0-60% of the covered body area [24]. As shown in Figure
1(a), the thickness of enclosed air layer and contact area varies depending on the body part,
and therefore the distribution of air gap is spatially heterogeneous. Furthermore, in a study by
Psikuta et al. [24], a more general trend in distribution of air gap thickness in casual clothing
was revealed that for all body parts except chest and back, enclosed air gap thickness in-
creases with increase in ease allowance. On the other hand according to the Fourier’s law of
heat conduction, the thickness of enclosed air layer could have pronounced effect on conduc-
tive heat loss. Similarly, according to Stefan-Boltzmann’s law orientation of adjacent surfaces
and heterogeneous clothing temperature can influence the radiative heat loss. Moreover, nat-
ural convection depends on the length and thickness of enclosed air layer [25, 26]. Thus, het-
erogeneity in the thickness of enclosed air layers and the contact area between different layers
of fabric and skin has a significant effect on heat transfer [15].
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Figure 1 Distribution of air gap thickness and spatial heterogeneity in the enclosed air layer
for a long shirt(a), Thermal resistance for various homogeneous and heterogeneous air gap

thickness systems (b) [15]

The aim of this study was to develop a theoretical clothing model that considers not only con-
duction through the fabric and conduction and radiation in the air layers but also the spatial
heterogeneity of enclosed air layer and natural convection. As an effort to provide more relia-
ble and accurate theoretical model, the results of the theoretical model are systematically
validated against experimental data with increasing level of complexity in definition of the en-
closed air layer measured on the thermal cylinder and thermal manikin. Finally, a parametric
study is also performed to understand the effect of various parameters such as emissivity of
fabric, ambient air velocity and temperature, and contact area, on sensible heat transfer and
different heat transfer mechanisms.
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2. Methods and procedure

2.1 Assumptions made for the heat transfer model in a skin-clothing-environment
system

To understand the heat exchange between human body and environment through the cloth-
ing, the entire system can be divided into three different segments as shown in Figure 2 (a).
The theoretical model developed in this paper is based on the assumption of a steady-state
system including clothing layers, enclosed and boundary air layers.

2.1.1 Clothing layers

The thermal insulation of a fabric used to make clothing depends on thermal insulation of
fibres and yarns but also on fabric thickness, since the bulk of the thermal resistance is pro-
vided by the entrapped air in fabric pores [5]. For fabrics with low porosity the type of fibre and
fabric construction may play a role since the ratio of fibre material to the air will increase. The
value of thermal insulation can be measured on a hot plate or obtained from the literature [5,
27, 28]. In the theoretical model it is assumed that fabric properties are constant and the thick-
ness of the fabric is homogeneous. The porosity and air permeability of the fabric in respect to
mass transfer are neglected as forced convection in an enclosed air layer is not considered in
the model.

qg : .
(@) f L s (b) .
q q, q -n Clothing
= N %
- B = Discretization
= ® i = o of air gap
o F M 3 s
N 5 S
3 ° B
ng 9. A Contact area
(AGT=0mm)
nodes 1 4 5 i
Where,
g, - Conductive heat transfer qn.- Natural convective heat transfer
q, - Radiative heat transfer gy~ Forced convective heat transfer
B

AGT: Air gap thickness

Figure 2 Schematic diagram of heat transfer from human body to environment through cloth-

ing layers (a), principle of discretization of the enclosed air layer (b)
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2.1.2 Enclosed air layers

The thermal resistance of an enclosed air layer depends on its thickness. In the enclosed air
layer, heat is transferred through conduction, radiation and natural convection. Forced convec-
tion inside the enclosed air layer was not considered in this model. For the surface-to-surface
radiation between the skin and different layers of clothing, it is assumed that radiation occurs
between two parallel surfaces. To address natural convection, the enclosed air is considered
as a rectangular cavity with a wide range of aspect ratios.

2.1.3 Boundary air layer

In the boundary air layer, heat is transferred predominantly through convection and radiation.
The convective heat transfer consists of forced convection due to the velocity of ambient air
and natural convection due to buoyancy effect of heated air on the outer surface of clothing.
In the theoretical model, the convective heat transfer in the boundary air layer is calculated
using empirical equations. The view factors to calculate radiative heat transfer and coefficients
for mixed convection are specific for different body regions.

2.2 Mathematical formulation of heat transfer in the enclosed air layer
2.2.1 Conduction

The one-dimensional conductive heat transfer in enclosed air layer (qy,,, ) can be defined by
the Fourier's law as below:

(Ti_Ti+1) ( 1 )

quAL = _kEAL XEAL
Where, T; — T;,1: Temperature difference between two adjacent surfaces (K)
Xga.: Thickness of enclosed air layer (m)
kg a1: Thermal conductivity of enclosed air (W/(mK))

The thermal conductivity of the enclosed air (kga;) is a function of temperature and can be
expressed by equation [29]:

Tpap 0-8646
kg = 002624 (ZEAL) (2)

Ti+Tit1

TEALzT (3)

Where, Tga1: Mean temperature of enclosed air layer (K)
2.2.2 Radiation

The radiation emitted by the surface at a given temperature (T) can be calculated by Stefan-
Boltzmann law as [30]:

q=oceT* (4)

Where, o: Stefan-Boltzmann constant equal to 5.670 x 10-8 W/(m?k*)
&: Emissivity of fabric (-)
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The surface- to- surface radiation between the skin and different clothing layers is calculated
by assuming grey planar surfaces. Radiation between two grey planar surfaces confining the
enclosed air layer can be given by Kirchhoff’'s law as below [30]:

o (T =TH 1)

QreaL = S (5)
& Eita
oI 4T84 ) (Tt i)

hTEAL = l i_l:ll _ll L (6)

& Eit+1

Where,q,,,,: Radiative heat flux in an enclosed air layer W/m?

h,,.: Radiative heat transfer coefficient in an enclosed air layer W/(m?K)

&;: Emissivity of surface at given node (-)

T;: Temperature of surface at given node (K)

The human body and textiles are low-temperature sources (maximal wavelength of 9.5 um),
so emissivity (&) of skin and clothing layer is near to unity for many cases [31]. However, it
should be measured for special purpose clothing such as aluminized firefighting clothing. In
this study, the emissivity of the skin and clothing layer is considered to be 0.95 and 0.9, re-
spectively.

2.2.3 Natural convection

The enclosure formed by skin and clothing layer is approximated by a two-dimensional rec-
tangular shape. In this enclosure, effects of external forces such as forced convection and
penetration of ambient air into clothing are neglected. The temperature difference in the en-
closure and gravitational forces induce buoyancy effect. Due to this effect, heated and low
density air raises upward and cooled and higher density air moves downward. The heat
transfer due to this movement of air is called natural convection heat transfer and is defined
as:

Ancga, = hncEAL(Ti —Tiv1) (7)

Heat transfer coefficient for natural convection (h ) can be obtained by non-dimensional

NCEAL
numbers such as Nusselt number (Nu), Rayleigh number (Ra), Grashof number (Gr) and

Prandtl number (Pr). The natural convection in a rectangular cavity depends on aspect ratio.
Depending on body part and clothing fit the range of aspect ratio (AR) can vary between 11
to 53 [32]. The empirical equations that cover a wide range of aspect ratios and limitations of
Rayleigh number and AR are described in Equation ( 9 ) [25, 26, 33, 34].

k
hncEAL =Nuﬁ (8)
Where,
hyeg,,: Heat transfer coefficient for natural convection (W/(m2 K) )

Nu: Nusselt number (=)
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Gr = % (10)
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Thermal properties of air and other variables at a given temperature can be obtained from
empirical equations [29], such as:

B: Thermal expansion coefficient of air (1/K)

B:L (12)

TgaL
g: Gravitational acceleration equal to 9.83 m/s?
R,: The specific gas constant equal to 287.05 J/(kg K)
P: The atmospheric pressure equal to 101325 Pa

p: Density of air (kg/m3)
P

p= Ra'TEAL (13)
u: Dynamic viscosity of air (kg/(ms))
_ 1.458x1070-T3%, (14)
TgaL+110.4
Cp: Specific heat of air (J/(kgK))
¢y = 1002.5 + 275 X 107%(Tj,, — 200)? (15)

8
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9 : Kinematic viscosity of air (m?/s)
9==E (16)

a : Thermal diffusivity of air (m?/s)
Nusselt number is the ratio of convective heat transfer to the conductive heat transfer. If the
Nusselt number is less than one then the heat transfer in the enclosed air layer is dominated
by conduction and radiation (hg,;, = + h,_. ). When the Nusselt number is greater than

+

hyc EAL TEAL

one, the heat transfer is dominated by natural convection and radiation (hg, = hucpy,,

h,.,.)- Thus, the total heat transfer coefficient for enclosed air layer (hga;) can be given as:

hEAL = (thAL or hncEAL) + hT'EAL ( 17 )

2.3 Mathematical formulation of heat transfer in the boundary air layer

To develop a clothing model with high spatial resolution, it is necessary to consider the effect
of view factor and mixed convection (forced convection along with natural convection) on dif-
ferent body parts. The effect of convection and radiation on different body parts are dis-
cussed in section 2.3.1 and 2.3.2 respectively:

2.3.1 Convection

The convective heat transfer from the human body or outermost clothing layer to the environ-
ment depends on natural convection and forced convection due to the movement of ambient
air. The convective heat loss by mixed convection can be obtained based on equations (20)
and (21) [35]:

Acmixga, = hc,mixBAL (T; = Tiv1) (18)

0.5
hc,mixBAL = (anat (T; — Ti+1)0'5 + aprc Vg + amix) (19)
Where, h¢ mixg ., - Mixed convective heat transfer coefficient in boundary air layer (W/(m?K))

(T; — T;+1): Temperature difference between outermost clothing layer (skin tempera-
ture for nude body) and ambient air (K)

v,: Speed of ambient air (m/s)

anq:. Coefficient for the natural convection (-)
asr.- Coefficient for the forced convection (-)
anmix: Coefficient for the mixed convection (-)

The derived values of a, ¢, asrc, and a,,;, for different body segments are described in Table
1 [35].

2.3.2 Radiation

The radiative heat transfer from outermost clothing layer to the environment can be calcu-
lated as follows:

:USQ(T;}_T;%‘_:L) (20)

qTBAL

9
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TBAL

Where, h, ,,, : Radiative heat transfer coefficient in boundary air layer (W/(m? K))

T;: Temperature of outermost clothing (skin temperature for nude body) (K)
T;+1: Mean radiant temperature of ambient air (K)

0: View factor between body segment and environment (-)

The view factors between three-dimensional human body segment and environment were
investigated by Kubaha et al. [36] and presented in Table 1. For the simulations of radiative
heat transfer from a heated cylinder in the validation study, the coefficients of the anterior
and posterior thorax have been used.

Table 1 Parameters for convective heat transfer coefficient and view factor (6) [35, 36]

Coefficient View factor (6)
Body segment

Anat Afre Aix Anterior  Posterior Inferior Exterior

Head 3.000 113.00 -5.650 0.9869 0.9643 n/a n/a

Face 3.000 113.00 -5.650 0.8417 0.8909 n/a n/a

Neck 1.600 130.00 -6.500 0.7792 0.9433  0.8659 n/a

Shoulders 5.900 216.00 -10.800 0.9048 n/a n/a n/a

Thorax 0.500 180.00 -7.400 0.9314 0.9590 0.4408 n/a

Abdomen 1.200 180.00 -9.000 0.8923 0.8886  0.6323 n/a
Upper arms 8.270 216.02 -10.801 0.7546 0.9268 0.3356 0.9821
Lower arms 8.270 216.02 -10.801 0.8774 0.9639 0.5065 0.9967

Hands 8.270 216.02 -10.801 0.8835 0.3801 n/a n/a
Upper legs 5.300 220.00 -11.000 0.8761 0.9374 0.4693 0.8793
Lower legs 5.300 220.00 -11.000 0.9282 0.9393 0.7264 0.9800

Feet 6.800 210.00 -10.500 0.8602 0.8955 n/a n/a

The total heat transfer coefficient for boundary air layer hg,; can be then defined as:
hBAL = (hc,mixBAL + h"l"BAL) ' fCl ( 22 )

Where, f, : Clothing area factor (m?)

As shown in Figure 2 (b), due to folds and the enclosed air gap, the surface area of the cloth-
ing is greater than the surface area of skin, unlike in the planar surface system as shown in
Figure 2 (a). To account for this difference between surfaces of inflow and outflow of heat in
the one-dimensional clothing model the clothing area factor (f;) has been used [27].

10
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fa =7 (23)

Ask

Where, A, : Surface area of the clothing (m?)

Ag,: Surface area of the skin (m?)

2.4 Mathematical formulation of heat transfer in heterogeneous air gaps

To obtain the heat flux for a heterogeneous enclosed air layer, it can be discretized into
smaller elements (w;) as shown in Figure 2 (b), where each small discretized element can be
considered as a homogeneous air gap. Applying Equations (20) and (25) for each small ho-
mogeneous section and then integrating them results in an equivalent thermal heat transfer
coefficient (hEALeq and hBALeq) for the heterogeneous enclosed and boundary air layers.

The mathematical formulation to calculate heat transfer coefficient for heterogeneous en-
closed air layer can be given as follows:

hEALeq =i hEALj Wj (24)

At each discretized element ( w;), the temperature of the outermost clothing layer should be

different, so the equivalent heat transfer coefficient for the boundary air layer can be given as
follows:

hBALeq = Z}l=1 hBALj Wj (25)

Where, w;: Discretized element (percentage of skin surface area with a certain air gap thick-
ness out of total skin surface area of the considered region)

hEALj: Heat transfer coefficient for enclosed air layer for j¢* element (W/(m?K))
hBALj: Heat transfer coefficient for boundary air layer for j* element (W/(m?K))

J: Element number (-)

n: Total number of elements (-)

Detailed data describing the discretized elements ( w;) of enclosed air layer can be obtained
from the 3D body scanning method [10], or can be approximated for body regions from the
air gap thickness model developed by Psikuta et al. [24].

2.5 Total heat flux

From Equations (26-27) the total heat transfer coefficient for the human-clothing-environment
system (h;,+4;) Can be calculated as follows:
— = — (26)

heotai hEALeq  Met MBALeg

Where the heat transfer coefficient for clothing layers (h.;) can be obtained from the thickness
of the fabric [5] or from a hot plate measurement [27]. For common fibres the heat transfer

coefficient is available in literature in terms of thermal insulation(R;) [27].
11
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Grotal = Peotat(Tskin — Tamp) (27)

The temperature distribution at each node (i) can be calculated as follows [6]:

h
T; = Tkin — (Tskin - Tamb) ;LO_:?Z (28)

Where, q;o¢q:: Total heat flux from skin to the environment (W/m?)
hiotqr: Total heat transfer coefficient from the skin to the environment (W/(m?K))
h_,;: Heat transfer coefficient up to the i** node (W/(m?K))
Tsrin: Temperature of skin (K)

T mp: Temperature of ambient air(K)

2.6 Clothing model validation
2.6.1 Validation strategy

To validate the theoretical clothing model, the simulated data were systematically compared
with experimental measurements using cases with increasing level of geometrical and com-
ponent complexities. First, the theoretical model was validated for the homogeneous en-
closed air layer for different ambient conditions and air gap thicknesses around a thermal cyl-
inder. In the second step, the model was compared to the measurement results for spatially
heterogeneous but regular enclosed air layers around a thermal cylinder. Finally, the applica-
bility of theoretical clothing model was tested on an anatomically shaped thermal manikin
with heterogeneous and irregular air layers representing the realistic scenario of enclosed air
layer around the human body. In these validation tests both single-layer and multi-layer cloth-
ing ensembles were used with the latter one posing a further challenge to the model.

The accuracy of simulation depends on the accuracy of input data. To precisely predict the
heat flux through heterogeneous air gaps, it can be discretised into several elements using
3D scanning. However, in case when 3D scanning method is not available or applicable (for
the case of multi-layer garments), enclosed air layer can be divided into at least two ele-
ments using a local air gap thickness and contact area regression model developed by Psi-
kuta et al. [24] (based on 3D scanning of 51 casual and protective garments): (1 element)
contact area (between clothing and skin), (2 element) average air gap thickness (non-contact
area), as shown in 2 (b). The local air gap thickness and contact area model provides the
distribution of contact area and air gap for different body parts (locally), based on ease allow-
ance, which is easy to obtain based on circumference measurement of the body and the gar-
ment [24]. Both approaches based on regression model or 3D scanning are presented and
validated in the present study.

2.6.2 Homogeneous enclosed air layer around a heated cylinder

In the studies reported by Mert et al. and Richards et al. , the heat flux from a thermal cylin-
der covered by clothing with a homogeneous air gap to the environment was measured [15,
12
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37]. The cylinder was placed vertically and had diameter and length of 0.3 m and 0.46 m, re-
spectively [38-40]. The thermal cylinder was covered with a tight fabric layer which acted as
an artificial skin and was assumed to allow no air layer trapped underneath (layer 1). The
second layer of fabric was placed around the thermal cylinder at a known predefined dis-
tance (layer 2). The thickness of the enclosed air layer, ambient conditions, and properties of
the fabric are listed in Table 2. For the simulation of heat transfer in the boundary air layer
from the thermal cylinder, the coefficient of the thorax has been considered from Table 1.

Table 2. Experimental parameters from the studies of Mert et al. [24] and Richards et al. [35]

Thickness Fabric properties
Ambient conditions of
Case Layer1 Layer2
no enclosed
Tskin ~ Tamb va RH fc air layer R (mz K) R <m2K>
C)  (C)  (mis) (%) () (mm) “\w “\w
1 35 20 0.2 50 1.33 50 0.012 0.012
2 35 20 0.2 50 1.20 30 0.012 0.012
3 35 20 0.2 50 1.07 10 0.012 0.012
4 35 20 1.0 65 1.05 8 0.014 0.023
5 35 20 1.0 65 1.05 8 0.014 0.007
6 35 10 1.0 65 1.05 8 0.014 0.023
7 35 10 1.0 65 1.05 8 0.014 0.007

2.6.3 Heterogeneous enclosed air layer around a heated cylinder

To investigate the heat transfer for the heterogeneous regular enclosed air layer, Mert et al.
[15] performed several experiments on the heated cylinder with different configurations and
size of the folds. The size and configuration of folds were selected based on 3D scanning of
18 casual garments and more than 300 different folds. The experimental parameters were as
described in Table 3 and graphical representations of the folds are described in Figure 3.

Table 3 Experimental parameters from the study of Mert et al. [15]

Ambient conditions Enclosed air rebric properties
Case layer Layer1 Layer2
ne- Tokin+~ Tamp Va RH fl oA AT R m?K R m?K
°C)  (°C) (mis) (%) () ((‘22)) ((r:;)) ct (W) ct (W)
8 35 20 0.2 50 1.15 3% 23 0.012 0.012
9 35 20 0.2 50 1.10 3% 16 0.012 0.012
10 35 20 0.2 50 1.04 1% 6 0.012 0.012
11 35 20 0.2 50 1.10 8% 15 0.012 0.012

13
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12 35 20 0.2 50 1.08 19% 12 0.012 0.012
13 35 20 0.2 50 1.05 42% 8 0.012 0.012
14 35 20 0.2 50 1.03 67% 5 0.012 0.012

CA: Contact Area, AGT: total Air Gap Thickness, AGT* = Air gap thickness for remaining surface (not including
CA), where [* w, = Mean AGT /(1 — (w1/100))]
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Figure 3 Graphical presentation of discretized elements (w; ) over air gap thickness with an

increment of 2mm for different configurations of folds according to Mert et al. [15]

2.6.4 Heterogeneous enclosed air layer around thermal manikin in single-layer cloth-
ing ensemble

To validate the theoretical model presented in this paper, measurements were performed on
an anatomically shaped thermal manikin [41-43] with a single-layer garment representing a
long-sleeve T-shirt. The data regarding the thickness of the enclosed air layer were obtained
from a 3D scan method for single-layer garment [10]. To generate the different configurations
of the folds, the T-shirt was measured while loosely hanging around the waistline (Figure 4 (a)
and (b)), and while being bound at waist simulating the T-shirt being tucked in the lower body
garment (Figure 4(c) and (d)).Both cases presented in Figure 4 have a distinct distribution of
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air gap and contact area. The experimental conditions and material properties of the fabric are

listed in Table 4.
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Figure 4 Thermal manikin wearing loose-fitted T-shirt and the air gap distribution discretized

with an increment of 2mm obtained using 3D scanning technique for back and buttocks [case

15] (a), and chest and abdomen [case 16] (b) in loosely hanging case, and for chest [cases
17 and 19] (c) and back [cases 18 and 20] (d) with a T-shirt tucked in at the waist region
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Table 4 Experimental conditions and material properties for measurement on thermal mani-

kin with single-layer T-shirt

Fabric properties

Ambient conditions Enclosed air layer

Case fel Layer1
no. Tein Tot v, RH i CA AGT* . ( m_2K>

¢c)y  (°C) (mls) (%) W) (%) (w,) (mm) “\w
15 34 05 0.15 50 128 15.8% 257 0.012
16 34 05 0.15 50 1.22 16.5% 16.8 0.012
17 34 05 0.15 50 1.06 21.9% 12.1 0.012
18 34 05 0.15 50 1.04  21.0% 21.2 0.012
19 34 24 0.15 50 1.06 21.9% 12.1 0.012

CAZBontact A%da, AGT: #fal Air @é‘&Thicl@Qess, AGTH@4Air gaﬁ)h-ﬂglkness for%ﬂ?aining surface (noﬂrQit?ding

CA), where [* w, = Mean AGT /(1 — (w,/100))]
2.6.5 Heterogeneous enclosed air layer around thermal manikin in multi-layer clothing

ensemble

For multi-layer clothing including four individual layers it was not possible to obtain the air
gap thickness distribution using the 3D scanning technique since 3D scanner can capture
only the shape of the outermost layer. To obtain this data, the air gap model developed by
Psikuta et al. [24] was used as well as the findings by Mark [44] describing the confinement
of the inner layer by the outer layer. The obtained data of air gap distribution through the air
gap model are listed in Table 5 and the material properties and experimental conditions in
Table 6.

The multi-layer clothing ensemble consisted of fabric skin (layer 1), underwear (layer 2), in-
sulation jacket (layer 3), and outer jacket (layer 4). It is assumed that there is no air gap
(AGT =0 mm) between the skin and fabric skin layer. Table 5 presents the percentage of
area ((wq),%) with 0 mm of air gap and the average air gap thickness for the remaining area
((wy),mm) predicted by the air gap thickness and contact area model [24]. Hence, the air
gap of the enclosed air layer can be discretized into two elements(w;and w,). The value of
w, can be calculated as:

16



Table 5 Distribution of air gap between different layers of clothing obtained from local air gap

thickness model developed by Psikuta et al. [24]

Enclosed air layer Enclosed air layer Enclosed air layer
Layer 1-Layer 2 Layer 2-Layer 3 Layer 3-Layer 4
Body segment
CA AGT CA AGT CA AGT
(wy) (%) (w3) (mm) (wy) (%) (w) (mm) (wy) (%) (wz) (mm)
Chest 24.0% 8.7 13.3% 4.9 10.4% 0.7
Back 21.3% 17.8 13.3% 9.1 11.1% 1.8
Upper arm 16.2% 12.8 14.5% 1.1 11.1% 0.8
4 CA: Contact Area, AGT: total Air Gap Thickness, AGT* = Air gap thickness for remaining surface (not including
5  CA), where [+ w, = Mean AGT /(1 — (w;/100))]
6 Table 6 Experimental conditions and material properties for the measurement of multi-layer
7 garment on thermal manikin
Ambient condi- Fabric properties
Case tions Body Layer 1 Layer2 Layer3 Layer4
N Tn  Tams  Va  RH o segment o (MK (mK) o (mPK) o (mPK
(°C) (°C) (mis) (%) “Aw Aw ) \w) \w
21 34 -5 0.15 30 1.08 Chest 0.017 0.0337  0.0337  0.0105
22 34 -5 0.15 30 1.16 Back 0.017 0.0337  0.0337  0.0105
23 34 -5 0.15 30 1.076  Upper arm 0.017 0.0337 0.0337 0.0105
24 34 -10 015 30 1.076 Chest 0017 0.0337  0.0337  0.0105
25 34 -10 015 30 1.158 Back 0.017 0.0337  0.0337  0.0105
26 34 -10 0.15 30 1.076  Upper arm 0.017 0.0337 0.0337 0.0105
8 2.7 Parametric study
9 The parametric study has been done to understand the effect of various parameters on total
10  heat transfer and different heat transfer mechanisms. The following parameters were ana-
11 lysed over a wide range of thicknesses for enclosed air layer:
12 e The effect of ambient temperature on total heat flux and on different heat transfer mecha-
13 nisms in an enclosed air layer were analysed for three conditions (0°C, 10°C and 22°C).
14 e The effect of ambient air velocity on total heat flux and different heat transfer mechanisms
15 in an enclosed air layer was analysed for three velocity magnitudes (v, = 0.2 m/s, 1 m/s,
16 and 4 m/s).
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e The effect of fabric emissivity on total heat flux and different heat transfer mechanisms in
an enclosed air layer were analysed for three emission coefficients (¢ = 0.05, 0.50 and
0.95).

e The effect of contact area (between skin and fabric) on total heat flux and different heat
transfer mechanisms in an enclosed air layer were analysed for three values (10%, 20%
and 40%).

The ambient temperature of 22°C, the skin temperature of 35°C, the ambient air velocity of
0.2 m/s, the emissivity of skin and fabric of 0.95 and 0.90, respectively, homogeneous air
gap thickness and the thermal insulation of fabric (around the thermal cylinder at a given dis-
tance) of 0.012 m2K/W as a base case for all parametric studies were used unless differently
specified.

2.8 Statistical analysis

To validate the theoretical clothing model presented in this paper, and to compare the results
obtained with the experimentally measured data, the relative error (RE) is calculated (Eq.
32), using the experimentally measured value as a reference value:

Experimental data—Modelling data

%Relative error(RE) = X 100% (30)

Experimental data

The deviation of experimentally measured data, and data obtained through the theoretical
clothing model were calculated using following formula:

Standard Deviation (SD) = /Zi%f))z (31)

Coef ficient of variation (CV) = % x 100% (32)

Where x: mean value of sample data
j: sample size.
The SD in experimental data resulted from the repetition of the measurement, while the SD

in theoretically computed data resulted from the deviation in input data (e.g. variation in
measured air gap thickness due to repetitions in 3D scanning).
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Results

Figure 5 presents the comparison between theoretically simulated and experimentally meas-
ured values of heat flux for all validation cases grouped in four levels of validation complexity.
The description of ambient conditions and material properties for each individual case is

given in Table 2-6.

Heat flux, W/m”

Heat flux, W/m’

*: When air gap thickness is discretized into only two elements such as contact area
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Figure 5 Heat fluxes measured using thermal devices and climatic chambers, and obtained
data from the theoretical clothing model for homogeneous (a), heterogeneous regular en-
closed air layer around a thermal cylinder (b), heterogeneous irregular enclosed air layer
around the thermal manikin dressed in a single-layer garment (c), and heterogeneous irregu-

lar enclosed air layer around thermal manikin dressed in a multi-layer ensemble (d)

Figure 6 presents results from the developed model: the effect of various parameters such as
ambient temperature, fabric emissivity, ambient air velocity, and the contact area between
skin and fabric, on total heat flux, and their effect on different heat transfer mechanisms.
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Table 7 Relative Error (RE) and Coefficient of variation (CV) for the different groups of valida-

tion exposures.

for the remaining surface area

21

Experimental Theoretical Theoretical*
c: ze Heat flux[W/m?] Heat flux[W/m?] Heat flux[W/m?] RE/RE* [%]
(CVI%]) (CVI%]) (CVI%])
L5 1 65.6 (1.1) 64.8 (n/a) n/a 1.2
o 1_‘5 2 55.3 (2.1) 61.4 (n/a) n/a 11.0
c—g (_E 3 62.2 (1.1) 62.1 (n/a) n/a 0.1
2 2 4 77.0 (n/a) 72.2 (n/a) n/a 6.2
% % 5 75.0 (n/a) 78.1 (n/a) n/a -4.2
% g 6 121.0 (n/a) 118.0 (n/a) n/a 24
T 7 128.0 (n/a) 127.3 (n/a) n/a 0.5
Average CV[%]=1.4 CV[%]= nla CV[%]= nla RE[%]= 3.7(n/a)
. 8 71.1 (4.9) 64.4 (0.1) 61.4 (n/a) 9.3/13.6
é % 9 70.3 (2.3) 64.2 (0.5) 60.3 (n/a) 8.7/14.3
g Tgu 10 67.5 (1.6) 76.3 (0.3) 71.9 (n/a) -13.0 /-6.5
% f:j 11 68.1 (2.6) 67.7 (0.3) 62.0 (n/a) 0.6 /9.0
%; % 12 70.2 (6.8) 76.6 (0.3) 67.1 (n/a) -9.1/4.4
E, g 13 72.0 (3.6) 80.8 (0.1) 81.3 (n/a) -12.2/-12.9
z k5 14 85.5 (2.5) 96.2 (0.4) 101.3 (n/a) -12.4 /-18.4
Average CV[%]=3.5 CV[%]= 0.3 CV[%]= nla RE[%]=9.3(11.3)
S5 15 119.3 (1.0) 129.0 (3.6) 126.0 (n/a) -8.1/-5.6
é E %’ 16 138.9 (3.3) 124.5 (0.8) 123.8 (n/a) 10.4/10.9
% g ? 17 140.7 (1.5) 131.5 (4.9) 126.3 (n/a) 6.5/10.3
% % é 18 136.7 (0.3) 147.3 (11.1) 126.8 (n/a) 71.717.2
§ % % 19 43.5(4.2) 43.8 (4.9) 42.57 (n/a) -0.5/2.2
% 5 E 20 42.6 (1.4) 49.0 (11.2) 42.61 (n/a) -14.9/0.1
Average CV[%]=1.2 CV[%]=6.1 CV[%]= nl/a RE[%]= 8.0 (6.1)
T 5 21 81.6 (6.4) n/a 97.3 (n/a) -19.2
ig E g 22 82.5 (2.2) n/a 82.0 (n/a) 0.6
§ E § 23 127.8 (7.3) n/a 121.6 (n/a) 4.8
% § § 24 93.9 (1.6) n/a 108.6 (n/a) -15.7
5 §~ é 25 93.7 (1.2) n/a 91.5 (n/a) 2.4
£® 26 120.4 (1.2) n/a 136.5 (n/a) -13.3
Average CV[%]=3.3 CV[%]= n/a CV[%]= nl/a RE[%]= (9.3)
3 *:When air gap thickness is discretized into only two elements such as contact area and mean air gap thickness



4. Discussion

The theoretical model for sensible heat transfer from human body to the environment through
clothing ensemble was successfully developed. The model includes new aspects such as spa-
tial heterogeneity of enclosed air layers and natural convection in both enclosed and boundary
air layers in addition to conduction and radiation. We observed that the highest effect of heter-
ogeneous air gap was observed for body parts with high contact area and relatively low aver-
age air gap thickness compared to body parts with relatively low contact area and higher air
gap. As shown in Figure 7(a), a consideration of the heterogeneity of enclosed air layer can
substantially improve the accuracy of heat transfer prediction, e.g. for the heterogeneous air
gap on thermal cylinder and anatomically shaped thermal manikin accuracy can be improved
up to three times. Finally, the model was validated for homogeneous, regularly heterogeneous
and realistic (irregular) air gaps in single- and multi-layer ensembles in a wide range of ambient
conditions. A good agreement was observed for simulated and measured heat fluxes when
the detailed distribution of air gap as an input was used resulting in an average error of 7%
(between -14.9% and 11%) as compared to experimental data variability of 2%. The results
were also in a reasonable agreement when air gap data were approximated from the air gap
model resulting in an average error of 9.3% (between -19.2% and 4.8%) as compared to ex-
perimental data variability of 3.3%.The accuracy of the model depends on spatial complexity
and availability of detailed distribution of air gap, as for a homogeneous air layer the average
error was 3.7% which increased up to 9.3% for heterogeneous air layers.

The model precisely simulates the heat flux for homogeneous air gap thickness (cases 1-7,
Table 2), with an average error of 3.7% as compared to standard deviation of the experimental
data of 1.4% (Table 7). A good agreement was observed for cases 1-3 consisted of various
air gap thicknesses (10, 30 and 50mm), where for larger air gap thickness of 30mm and 50mm,
natural convection was observed in the experiments [15]. Particularly, the model adequately
simulated the heat flux for larger air gap thickness (Fig. 5(a)). By neglecting natural convection
in their model, Mert et al. [15] observed an error of 15% for the largest air gap (50mm). This
error was reduced to 1.2% by considering natural convection in this study. Depending on the
temperature difference and thickness of enclosed air, natural convection may have a pro-
nounced effect on the total sensible heat transfer. The theoretical model presented in this pa-
per considers natural convection in the vertical rectangular cavity for a wide range of aspect
ratios (1 to 110). Our clothing model showed also good performance when forced convective
air flow (va = 1 m/s) was present in the boundary air layer (cases 4-7, Table 2). As shown in
Figure 5 (a), simulated and measured heat flux was in very good agreement with an average
error less than 4% (between -4.2% and 6.2%) (Table 7).

When the heterogeneity of the enclosed air layer was considered the performance of the the-
oretical clothing model was continuously good with an average error of 9.3%. Mert et al. [15]
have observed that the heterogeneity of enclosed air plays an important role in heat transfer.
It tends to increase the heat loss as compared to homogenous case even if the average air
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gap thickness remained constant, because of increased conduction resulted from the contact
between skin and fabric. In reality the thickness of an enclosed air layer varies between 0 to
55 mm and contact area varies up to 3%-67% for different body parts depending on clothing
fit level [18, 20, 22]. The assumption of a homogeneous air gap or full contact between skin
and fabric clearly contradicts real life scenarios and such a model including homogeneous air
gaps only has limited applicability for the anatomically shaped thermal manikin or the human
body. For a spatially heterogeneous air layer, the surface temperature of the fabric varies at
different distances from the skin (thickness of enclosed air layer). The heterogeneous temper-
ature distribution on the fabric surface has a more pronounced effect on heat loss in the en-
closed air layer and in the boundary air layer. With the method suggested in this paper in
section 2.4, the clothing model calculates individual temperatures at each element and a pre-
cise temperature distribution in a heterogeneous air layer can be obtained, as shown in Figure
7 (a). With this more accurate information about the temperature profile, it is possible to calcu-
late the heat flux for heterogeneous air gaps. As shown in Figure 5 (b), the theoretically simu-
lated and the measured values of heat flux are in good agreement with an average error of
9.3% (between -13% and 9.3%). The induced error due to neglected natural convection and
spatial heterogeneity was 22% [15], which can be improved to 9.3% with the model suggested
in this paper.

The theoretical model suggested in this paper is applicable not only to simplified manikins such
as the thermal cylinder but also to anatomically-shaped thermal manikins due to its ability to
consider spatial heterogeneity, which was confirmed by the validation in cylindrical heteroge-
neous setting. The model accurately predicted the heat flux from the anatomically-shaped ther-
mal manikin for single layer t-shirt (cases 15-20, Table 4, Figure 5(c)) with an average error of
8% (between -14.9% and 10.4%). For the multi-layer garment the air gap thickness distribution
was approximated from the air gap model [24] in form of percentage of contact area and the
average air gap thickness for the remaining area. As shown in Figure 5 (d), theoretically sim-
ulated and measured values of heat flux were in a reasonable agreement with an average
error of 9.3% (between -19.2% and 4.8%). The reason for the reduced accuracy for multi-layer
ensemble cases could be the air gap approximation error as reported by Psikuta et al. [24] and
lack of the detailed distribution of air gap thickness (w; distribution) that can be provided only
from the 3D scanning method [10]. For multi-layer clothing, it will be difficult to obtain air gap
distributions of inner layers of clothing; in such cases, the contact area and the average air gap
thickness could be approximated from the model developed by Psikuta et al. [24] as in this
study. The assumption of average air gap thickness along with contact area (between skin and
fabric) produces reliable results, so for analysis of heat and mass transfer in multilayer clothing
the presented model can be very useful.

In present study, we have demonstrated two approaches for discretization of air layer thickness
distribution. In the first approach, the enclosed air layer is discretised into several elements
using 3D scanning method (element size of 1 mm), in the second approach we discretised the
enclosed air layer into two elements (with area fraction of contact and without contact (AGT))
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using local air gap thickness model as discussed in section 2.6.1. The local air gap thickness
model can predict the air gap thickness and contact area for fourteen body parts for the casual
garments without requiring 3D scanner (the firefighters clothing and other clothing ensembles
where stiffness of fabric is very high, this model may not be applicable). Both approaches yield
good accuracy of the heat flux prediction, and have similar average relative error on thermal
cylinder of 9.3% and 11.3% and on thermal manikin 8.0% and 6.1%, as presented in Table 7.

In the anatomically shaped thermal manikin, different body sectors share a common en-
closed air layer such as back and pelvis, upper and lower arm, and upper and lower leg. In
the vertical position, low density heated air raises and low temperature air sinks because of
the buoyancy effect. Due to this effect, the body sectors that have common enclosed air
layer can have intersegmental heat exchange affecting the local heat flux. The theoretical
model presented in this paper does not consider this intersegmental heat exchange, thus,
the body sectors that share common enclosed air should be considered as one for a proper
representation in the model. For example, in the validation case with the single-layer garment
loosely hanging around the waistline, the back and buttocks have a common enclosed air
layer. Due to natural convection, heated air raises towards the back region and brings along
the energy transferred to the fluid at the buttock region, while low temperature air sinks along
the inner side of the garment losing its thermal energy to the environment and cooling the
buttocks region. Figure 7(b) demonstrates the magnitude of the intersegmental heat ex-
change by comparing individual and lumped heat fluxes for back and buttocks sharing a
common enclosed air space with present free convection (case 15, Table 4).
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Figure 7. increased accuracy when heterogeneity of air layer is considered (Relative error in
comparison to experimental data)(a), Temperature distribution on the surface of fabric at dif-
ferent distance from the skin (Case 8, Table 3, Figure 3) (b) , Effect of intersegmental heat
exchange demonstrated by individual and lumped heat fluxes for back and buttocks sharing

common enclosed air space with present free convection(c)

To understand the effect of various ambient parameters (temperature and air speed), material
properties (emissivity of fabric), and distribution of average air gap and contact area on total
heat transfer and various heat transfer mechanisms parametric study were performed and re-
sults are presented in Figure 6.

e The temperature difference between skin and ambient air is one of the most influential
parameter for total heat flux amongst all studied parameters in realistic exposure range.
With increasing the temperature difference between skin and ambient air, the total heat
flux from human body also increases as shown in Figure 6 (a: left). However, radiative
heat transfer coefficient is relatively constant irrespective of distance and temperature.
The conductive heat transfer coefficient decreases with increase in distance (Fourier’s
law) and after a certain distance due to natural convection it becomes constant as shown
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in Figure 6 (a: middle). The threshold for natural convection depends on the temperature
gradient. At temperature gradients of 35°C, 25°C and 13°C, the threshold for natural con-
vection is 9mm, 10mm and 14mm, respectively.

e The ambient air speed affects forced convective heat transfer in boundary air layer; with
an increase in air speed, the total heat flux from human body also increases Figure 6 (b:
left). However, a change in air speed in the boundary air layer does not affect the radia-
tive and conductive and/or convective heat transfer coefficient in an enclosed air layer as
shown in Figure 6 (b: right).

e The emissivity of fabric affects the radiative heat transfer coefficient, and reducing the
emissivity of fabric results in decreased total heat flux from human body to the environ-
ment Figure 6 (c: left). The lower emissivity of fabric reduces the radiative heat transfer
coefficient in an enclosed air layer as shown in Figure 6 (c: right).

e The contact area between skin and fabric results in higher total heat flux Figure 6 (d: left),
due to the thermal conduction between skin and fabric. As shown in Figure 6 (d: right),
the contact area between skin and fabric does not affect the radiative heat transfer coeffi-
cient but the conductive heat transfer coefficient increases with increase in contact area.

As shown in Figure 6 (middle), at low air gap thickness, the conductive heat transfer mecha-
nism is predominant and as distance increases, the conductive heat transfer decreases. Af-
ter a certain distance due to natural convection, the composition of convective heat transfer
remains constant.

As discussed, environmental parameters have a pronounced effect on total heat transfer but
do less affect the heat transfer mechanisms; on the other hand material properties such as
emissivity of fabric and contact area have greater influence on heat transfer mechanisms.
With the help of the model developed in this paper, it is possible to optimize the localized
thermal insulation for each body part by clothing fit (ease allowances), and emissivity of the
fabric for given ambient conditions.

The clothing model developed in this study simulates conductive heat transfer in one dimen-
sion, and lateral exchange of heat due to conduction is neglected. The clothing model is pre-
dominantly applicable for quasi steady-state exposures, which is the case for many applica-
tions, as the thermal inertia of fabric and air is relatively low, and only a small error would
result in moderately transient exposure conditions. However, in extremely transient condi-
tions, for example when suddenly exposed to radiant heat in firefighting, this clothing model
may not be adequate. The ability to simulate the heat transfer for spatially heterogeneous en-
closed air layer and robustness of model has been proven during in-depth systematic valida-
tion. Hence, the developed model is good alternative to the numerical model, which is com-
putationally very expensive and time consuming. The presented model also provides one
step forward with regard to considering dynamic air gaps (body movement) and helps to
make more accurate predictions for more realistic considerations of enclosed air layer for lo-
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cal body parts. The clothing model presented in this paper is simulating sensible heat trans-
fer in detail, and can be coupled with a vapour transport (gradient of water vapour partial
pressure) model providing fundamental basis for computation/estimation of wet conduction
and wicking due to its ability of considering spatial heterogeneity.
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5. Conclusion

In this study, a theoretical model for sensible heat transfer was developed that considers the
natural convection and spatial heterogeneity of enclosed air layers. The model was success-
fully validated against various experimental datasets obtained using a thermal cylinder and an
anatomically shaped thermal manikin with homogenous and heterogeneous air gaps and sin-
gle- and multi-layer clothing in a wide range of air gaps (0 to more than 50mm) and tempera-
tures (-10°C to 24°C). Moreover, we have demonstrated that the model can address even very
complex exposure scenarios and clothing including the spatial heterogeneity and the contact
area between skin and fabric having pronounced influence on heat loss. It can be concluded
that depending on the temperature difference and the thickness of the enclosed air layer, nat-
ural convection plays an important role in total sensible heat flux. Different leisure activities
and occupational tasks include very limited human movement such as resting, driving, sleeping
etc. Many of such applications may be challenging when using state-of-art methods such as
thermal manikins to evaluate the heat exchange between the body and environment (costly
and time consuming, not portable, generating extreme climatic condition in climatic chamber)
whereas this model can be applied quickly and fully virtually. The theoretical model developed
in this paper can help in analysing the effect of various parameters on heat transfer, and opti-
mizing the product using parametric study.

The theoretical model presented in this paper provides critical inputs to clothing science for
designing and development of protective and functional clothing, thermo-physiological simu-
lations, and in analysis of thermal comfort in various disciplines, such as apparel, automotive,
medtech and indoor research.
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