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Abstract: The infrared optical properties of textiles are of great importance in numerous
applications, including infrared therapy and body thermoregulation. Tuning the spectral
response of fabrics by engineering of composite textile materials can produce fabrics targeted
for use in these applications. We present spectroscopic data for engineered polyester fabric
containing varying amounts of ceramic microparticles within the fiber core and report a
spectrally-dependent shift in infrared reflectance, transmittance and absorptance. A thermal
transport model is subsequently implemented to study the effect of these modified properties
on the spectral distribution of infrared radiation incident upon the wearer of a garment
constructed of this fabric.
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1. Introduction
The engineering of textiles to exhibit desired optical properties has long been explored, with
success demonstrated in various methods including: co-spinning of different materials,

introduction of gradients in fiber cross-sectional shape, inclusion of inorganic content, or use
of dyes and other additives [1,2]. Recently, increased attention has been paid to the
interactions between textile products and infrared radiation, due to the potential impact in
applications ranging from body cooling to industrial drying processes to infrared therapy [3–
6]. Mid-infrared optical properties are of particular importance when considering interactions
with the human body, as at nominal skin temperature much of the body’s emissive radiative
power is centered in the mid-infrared between 7 and 14 µm, and infrared heat losses account
for approximately 50% of body cooling in typical indoor conditions [7,8].
In the work presented herein, we utilized Fourier transform infrared (FTIR) spectroscopy
to assess the spectral optical properties – namely the near-normal reflectance, transmittance,
and emittance – of textile fabrics knitted with varying percentages of ceramic-bearing
polymeric fibers. The biological effects of garments manufactured from these fabrics are
presently under investigation [6]. The fabrics, which we also studied in our previous work [3],
were nominally identical in thickness, basis weight, knit structure, and color. All fabrics
consisted of 8% elastane fibers and 92% polyethylene terephthalate (PET, i.e., polyester)
based fibers; the only difference between the samples was the fraction of these fibers that
contained a core of polyester blended with ceramic particles (e.g., titanium dioxide) for
optical property modification.
The measured optical properties were subsequently utilized in a first-principle-based heat
transfer model, accounting for emitted, reflected and transmitted radiant energy as well as
thermal transport via conduction and convection, to determine the magnitude and spectral
distribution of infrared energy received by a wearer of each fabric in the 0.8 – 16.7 µm
spectral region. It is demonstrated that with increasing added ceramic content, the modified
textile fabrics reflect and transmit less infrared energy and thus absorb more. This is
particularly evident at wavelengths shorter than 6 µm. As a result, the modified fabrics with
added ceramic content can absorb incoming radiation from the sun in the near-IR region, and
emit increased levels of infrared energy at longer wavelengths, as compared to the same
fabric without ceramic content. Thermal modeling indicates that this effect persists over a
broad range of environmental and fit factors; such a fabric could be utilized when the physical
properties of a polyester blend warrant its selection over alternative fabric materials, yet
modified near- and mid-infrared optical properties are desired.
2. Experimental Methods
A Nicolet iS50 FTIR spectrometer (Thermo-Fisher Scientific) was used to measure the
spectral reflectance ( ) and transmittance ( ) of the fabric samples with differing
percentages of ceramic-bearing fibers. Because of the diffuse nature of reflection and
transmission from composite surfaces [9], a mid-IR IntegratIRTM integrating sphere (Pike
Technologies) with a reflective gold inner coating and a deuterated triglycine sulfate detector
was used to measure the reflected or transmitted infrared radiation from the fabric samples.
Mid-IR measurements were conducted across a wavenumber range of 4000 – 600 cm-1
(corresponding to wavelengths, , ranging from 2.5 – 16.7 µm), using a potassium bromide
(KBr) beam splitter. Near-IR measurements, ranging from wavenumbers of 12000 – 4000 cm1
(0.8 < < 2.5 µm) were conducted using a near-IR Nicolet iS50 NIR integrating sphere
module (Thermo-Fisher Scientific) with an indium gallium arsenide detector.
A schematic of the FTIR setup, indicating the sample placement relative to the IR source
and detector for the various reflectance and transmittance measurements is shown in Fig. 1.

Fig. 1. Schematic illusttrating an FTIR seetup for measureme
ment of a) direct refflectance, b) directt
mittance, and c) ind
direct transmittancce via change in reeflectance
transm

Because the
t near-IR inttegrating spherre did not alloow placement of the samplee directly
between the IR
I source and the sphere inleet, the transmitttance was insttead assessed iindirectly
by comparing
g the reflectan
nce where tran
nsmitted IR w
was permitted to escape thrrough the
sample ( ) to
o the reflectancce with a refleective backing behind the sam
mple ( ). Thee spectral
transmittance can be shown
n to be related to
t the and
reflective m
measurements iillustrated
nd Fig. 1(c), respectively, by::
in Fig. 1(a) an

ρλ′ − ρλ
τλ =
1 + ∞j =1 ρλj

1/2

(1)

hip are includeed in the Appenndix. The methhodology of caalculating
Details off this relationsh
and without a 1100% reflectivee backing
transmittance from the refleectance measurrements with an
d through comp
parison of indiirect to direct transmittance measurementss with the
was validated
mid-IR integrrating sphere seetup where succh direct measuurement was poossible.
To minim
mize the effect of
o absorption by
b water vapoor and other traace gas compoounds, the
integrating sp
phere was surrrounded with desiccant andd the interior w
was swept witth 5 scfh
(standard cubic feet per hou
ur) of inert nitro
ogen gas duringg all measurem
ments.
mples were exaamined, each coontaining 0, 0..82, 0.91 or 1.118 weight
Four diffeerent fabric sam
percent inorg
ganic content from modified
d ceramic-bearring fibers. Foor each fabricc sample,
absorption an
nd transmissio
on spectra werre calculated by averaging the respective spectra
measured for 5 unique speciimens. For each specimen, thhe absorption aand transmissioon spectra
d from 256 scan
ns at a resolutiion of 16 cm-1.
were obtained
3. Experim
mental Resultts
The results off the FTIR meeasurements aree reported in tthis section. Allthough reflecttance and
transmittance are often used
d interchangeab
bly with reflecttivity and transsmissivity, resppectively,
‘
is used
d in this paper to note that teextiles are a m
mixture of
the terminology ending in ‘-ance’
fibers and airr, and not puree substances. Because
B
radiatiion properties such as reflecttance and
transmittance of non-condu
ucting materials such as textiiles do not varry for incidencce angles
10], the valuess measured acccording to the sschematic show
wn in Fig.
less than 70° from normal [1
d as near-normaal properties.
1 are reported
While no
ot directly meeasured, the spectral
s
absorpptance ( ) oof each fabricc can be
determined beecause the reflectance, transm
mittance and abbsorptance muust sum to unityy ( +
+ = 1). Allso, according to Kirchoff’s law, the specctral near-norm
mal emittance ( ) must
equal the nearr-normal absorrptance [10].

3.1 Mid-IR re
eflectance, tra
ansmittance and
a emittance
e
The spectral mid-IR propeerties of the textile samplees are shownn in Fig. 2. T
The most
ween the vario
ous fabrics apppears in wavvenumbers greater than
significant diifference betw
approximately
y 1700 cm-1 (wavelengths
(
below
b
6 µm). Each of the fabric samplees exhibit
similar overall spectral pattterns, with a series
s
of narroow absorption peaks betweenn 3000 –
w
Increasing am
mounts of ceeramic contennt, however, generally
2000 cm-1 wavenumbers.
decreases the reflectance an
nd transmittan
nce, and increaases absorptancce, in the 4000 – 2000
vior occurs at smaller wavennumbers; how
wever, the effect is less
cm-1 region. Similar behav
pronounced because
b
the oveerall absorptancce is already hiigh at these lonnger wavelengtths.

Fig. 2.
2 Spectral reflectaance ( ), transmitttance ( ), and abbsorptance ( ) in the mid-IR regionn
for kn
nit textile fabrics consisting
c
of varyiing wt. % of ceram
mic contained in thhe fiber cores. Alll
plots have
h
a common y--scale ranging from
m 0-100%.

To better illustrate how the optical pro
operties align w
with infrared rradiation emitteed by the
human body,, Fig. 3 plots these propertties as a funcction of waveelength, as oppposed to
wavenumber, for the fabricc with the max
ximum amountt of added cerramic (1.18 wtt. %) and
he figure also illustrates thee spectral distrribution of inttensity of
with no addeed ceramic. Th
radiation emitted by a blacckbody at a no
ominal skin tem
mperature of 335°C. This em
mission is
described by Planck’s
P
distrib
bution:

Eb (λ , T ) =

C

λ e
5

1
C2 λ T

−1

(2)

where the firsst and second radiation constaants are C1 = 33.742 × 108 W··µm4/m2 and C2 = 1.439
× 104 µm4·K, respectively [10].
where the imppact of added cceramic is
n Fig. 3, the sp
pectral region w
As can reaadily be seen in
greatest ( < 6 µm) corresp
ponds to an area
a
with less significant maagnitude of raddiation at
y temperature; less than 5%
% of the total radiation of a blackbody att 35°C is
nominal body
contained in this
t region [10]]. To provide a representativee value for an ooptical propertty, it must
be spectrally weighted by itts source of rad
diation. For exxample, the aveerage reflectannce over a
wavelength raange of 1- 2 iss:

ρ λ −λ =
1

2

ρ λ ⋅ Eb (λ , T ) ⋅ d λ
Eb (λ , T ) ⋅ d λ

(3)

Fig. 3. (Top) Spectral optical
o
properties of
o the fabric samplles containing the maximum (1.18
wt. %) and minimum (0
0 wt. %) added cerramic content. (Boottom) Normalizedd Planck’s
distrib
bution for a blackb
body at 35°C.

Similarly, the average spectrral transmittan
nce and absorpttance/emittancee are given by::

τ λ ⋅ Eb (λ , T ) ⋅ d λ
Eb (λ , T ) ⋅ d λ

τ λ −λ =
1

2

ε λ −λ = α λ −λ =
1

2

1

2

α λ ⋅ Eb (λ , T ) ⋅ d λ
Eb (λ , T ) ⋅ d λ

(4)

(5)

s
we used an IR cameraa, with spectrall sensitivity beetween 7.5 – 114 µm, to
In our prior study
investigate the same four faabrics considerred herein, andd found a statisstically significcant trend
h increasing added ceramic content [3]. T
The FTIR emitttance and
of increasing emittance with
n be weighted by the source ppower distribuution for a
absorptance reesults in Fig. 2 and Fig. 3 can
wider wavelength range. Th
he emittance values measuredd via FTIR in the present woork agree
nts (i.e., Pooleey, et al.) for thhe 7.5 – 14 µm
m spectral
well with the prior IR cameera measuremen
c
contennt vs. emittancee linear best fitt curve in
range used in that study; thee slope of the ceramic
m
teechniques. Morreover, while the absolute vvalues of
Fig. 4 matches between measurement
FTIR, the diffferences are w
within the
emittance aree slightly lower when assesssed by the F
experimental error bars.

Fig. 4.
4 Emittance of th
he fabric samples as a function of aadded ceramic maaterial. Data pointss
for th
he present work reepresent the mean
n of spectrally avveraged emittance values from fivee
indepeendent samples. Two
T
separate specttral ranges – 7.5-114 µm to match thhe detection rangee
of thee IR camera and the
t entire 2.5-16.7
7 µm measuremennt range – are utiilized to calculatee
averag
ge emittance valuees.

When the broader 2.5 – 16.7 µm mid-IIR spectral rannge is considerred, the impact of added
nce is even greeater, as evideenced by the stteeper gradiennt for this
ceramic conteent on emittan
wavelength raange in Fig. 4,, due to the mo
ore significantt difference in properties whhere < 6
µm. Table 1 summarizes th
he spectral aveerage mid-IR pproperties of tthe four fabricc samples
c
conten
nt. It should bee noted that thee wt. % valuess reported
with varying wt. % added ceramic
ot account for the
t inorganic aadditive presennt in standard ppolyester;
in our prior sttudy [3] did no
hence the valu
ues reported in
n Table 1 vary
y slightly from what was prevviously reporteed for the
same sampless. However, theese slight variaations do not aaffect the concllusions from thhat study,
which remain
n unchanged.
Table 1.

Specttral average mid-IIR optical properrties at 35°C (2.5 – 16.7 µm)

Samp
ple
Wt. % ceraamic from
Trransmittance
Reflectance
Emittance
No
o.
modified
d fibersa
[%]
[%]
[%]
1
1.1
18
0.34 +/- 0.19
10.5 +/- 0.2
89.2 +/- 0.2
2
0.9
91
0.68 +/- 0.21
11.3 +/- 0.3
88.0 +/- 0.4
3
0.8
82
0.53 +/- 0.10
11.6 +/- 0.3
87.9 +/- 0.3
4
0.0
00
0.92 +/- 0.15
13.3 +/- 0.8
85.8 +/- 0.7
a
Calculated from the
t ratio of the cerramic mass contaiined in the modifiied fibers to the
overall
o
mass of thee fabric, using ash
h-content data colllected using AST
TM D5630. The
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o optical pro
operties on infrared
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4.1 Heat tran
nsfer model
To understand the impact of
o the change in radiative ooptical propertties on the weearer of a
fabric, an energy-conservatiion-based heat transfer modell was developeed. This model accounts
ble modes of radiative
r
interaaction – reflecction, absorptioon, and transm
mission –
for all possib
between the body, fabric and environm
ment, as welll as non-radiaative heat trannsfer via
a
convection
n. The fabricc is modeled as being in instantaneouss thermal
conduction and
equilibrium with
w
its surrou
undings. The ambient surrooundings are aapproximated as being
sufficiently laarge relative to the fabric surfface such that rradiation is ex changed with tthe fabric
as if the surrroundings beh
have like a blackbody
b
at Tamb. The fabbric is assumeed to be
sufficiently th
hin such that itss temperature is
i uniform andd cross-fabric thhermal gradiennts can be
neglected. Ev
vaporative coo
oling is negleccted in the moodel, as the goal of the moodel is to
compare the relative
r
radiatiive heat transfe
fer rates for fabbrics with diffferent ceramic contents,
and evaporatiive cooling is expected to be
b relatively inndependent of this effect [122]. Under
these assump
ptions, the skin
n-fabric-enviro
onment system
m and pertinennt mechanismss of heat
exchange are shown in Fig. 6.

Fig. 6. Fabric geometry
y and relevant moddes of heat transferr

Each radiiative heat flux
x component, shown in redd, includes refflected and traansmitted
radiation in ad
ddition to emittted radiation (i.e.,
(
it represennts a radiosity [10]). Radiativve energy
is transferred from the skin
n to the fabric (Jsf), the fabrric to the skinn (Jf.s), the fabrric to the
oundings (Jf.a),
) and from th
he ambient suurroundings too the fabric (JJa.f). The
ambient surro
radiative heat flux from the surroundin
ngs can includde both solar irradiation (JJsolar) and
irradiation fro
om the surroun
ndings (Jenv) at ambient tempperature (Tamb). The non-radiaative heat
fluxes due to
o convection and/or
a
conducttion (Qi and Q o) are shown in blue. The fabric of
thickness t is located between the wearer (at temperaturre Tskin) and thee surroundingss (at Tamb)
y a gap of b thicckness.
and is separatted from the weearer’s skin by
At steady state, the eneergy conservatiion on the fabbric can be reppresented, on a per unit
W/m2] by:
area basis [W

(JJ sf + Qi + J af ) − ( J fs + J faa + Qo ) = 0

(6)

The generral form of the non-radiative heat fluxes is Q = heff ·_(Tsurrface – Tsurroundinngs) where
heff is the average convectiv
ve heat transfeer coefficient aand is a functioon of the geom
metry and
flow characteeristics. Condu
uction across th
he air gap forr Qi is a speciial case of hefff = kair/b,
where kair is the
t thermal conductivity of air,
a that occurss when the gapp b is sufficienntly small
such that visccous forces dam
mp out buoyan
ncy effects [10,,11]. It is impoortant to note thhat in the
case of Tamb > Tfab, the direcction of heat transfer
t
will chhange; howeveer, this is accoounted for
appropriately in the modell (i.e., Qo and
d Qi will be nnegative, indiccating heat floow in the
n Fig. 6). The total radiative fluxes (repressented by
opposite direcction of the arrrow shown in
uppercase J’ss in Fig. 6) aree determined by integrating tthe spectral fluux, or the radiaative heat
flux leaving surface x in th
he direction of surface y is Jxy = .jxy( )·dd . Similarly, the solar
b integrating the spectral solar intensityy normal to thhe fabric
irradiation is determined by
surface, or Jsolar_=. .jsolar.( )·cos( s)·d . The spectraal solar intennsity, accounnting for
osses, is taken from
f
ASTM G
G-173 [13].
atmospheric transmission lo
The specttral radiative heat flux leav
ving each surrface has a coomponent of emission,
reflection, and
d transmission and can be wrritten as:

jaf (λ ) = Eb (λ , Tamb ) + jsolar ( λ ) ⋅ cos(θ s )

(7)

j fa (λ ) = ε λ , fab
f ⋅ Eb ( λ , Tam
mb ) + ρ λ , fab ⋅ j af ( λ ) + τ λ , fabb ⋅ jsf ( λ )

(8)

jsf (λ ) = ε skin ⋅ Eb (λ , Tskin ) + ρ skin ⋅ j fs (λ )

(9)

j fs (λ ) = ε λ , fab
f ⋅ Eb (λ , T fab ) + ρ λ , fab ⋅ jssf (λ ) + τ λ , fab ⋅ jaf ( λ )

(10)

Equations (8) - (10) are circularly defined with dependence upon one another. They are
made independent by substituting Eq. (10) into Eq. (9) and solving explicitly for jsf ( ):

jsf (λ ) =

ε skin ⋅ Eb (λ , Tskin ) + ρ skin ⋅ ε λ , fab ⋅ Eb (λ , T fab ) + τ λ , fab ⋅ jaf (λ )
1 − ρ skin ⋅ ρ λ , fab

(11)

An iterative solution procedure can be used to solve for the required fabric temperature to
satisfy the energy balance given in Eq. (6). The specific heat transfer correlations used to
determine the effective heat transfer coefficients in determining the non-radiative heat
transfer components Qi and Qo, as well as the procedure for adjusting the epidermis skin
temperature based on the external heat transfer rate, can be found in the Appendix.
4.2 Spectral shift in incident infrared radiation to the body
Of interest for therapeutic applications is the magnitude and spectral distribution of radiation
received by the body as a result of wearing a fabric, namely jfs ( ) given by Eq. (10). A
common set of baseline input parameters, provided in Table 2, are used in the thermal model.
The fabric gap, ambient temperature, air velocity and solar incidence angle can all be adjusted
in the model to evaluate sensitivity to these environmental and fit factors.
Table 2.
Property
dermis temp (Tderm)
skin emittance ( skin)
height (a)
width (w)
fabric gap (b)
ambient temp (Tamb)
air velocity (v)
solar angle ( )

Thermal model simulation parameters
Value
35°C
0.98
0.3 m
0.3 m
5 mm
23°C
1 m/s
45°

Notes
regulated by vasoconstriction/vasodilation [12]
greybody, opaque ( skin = 1 – skin) [10]
estimate of torso dimensions [12]
estimate of torso dimensions [12]
adjustable parameter
adjustable parameter
adjustable parameter
adjustable parameter

Under the baseline conditions of Table 2, Fig. 7 shows the resulting spectral distribution
of infrared radiation incident on the skin jfs ( ) for the fabrics with the maximum (1.18 wt. %)
and minimum (0 wt. %) added ceramic content.

Fig. 7. Comparison of spectral distribution of infrared radiation received by the skin in the
near-IR (left) and mid-IR (right) regions for the maximum (1.18 wt. %) and minimum (0 wt.
%) added ceramic content fabric.

In the near-IR spectrum, the body will receive more infrared when wearing a garment
composed of fabric with no added ceramic, due to the higher transmittance in this spectral
region relative to the fabric with added ceramic. In contrast, the fabric with 1.18 wt. % added
ceramic is able to absorb more of this solar near-IR radiation which is then re-emitted by the
fabric at longer wavelengths. This shift in spectral incident radiation can be seen in the midIR portion of Fig. 7, where there is an increase in jfs for wavelengths greater than 4 µm.
To determine if the increase in incident mid-IR radiation persists over a variety of
environmental and fit factors, the model was run at different skin-fabric gap distances,
ambient temperatures, wind speeds, and incident solar angles. The results of these
simulations, used to calculate the total incident radiation in the mid-IR spectrum from 2.5 –
16.7 µm by integrating over this wavelength region for both the 0 wt. % and 1.18 wt. %
added ceramic fabrics, are reported in Table 3. For the baseline case, all model input
parameters match those listed in Table 2. For the other cases, only the parameter noted is
changed from the baseline; the other parameters are held at the baseline state.
Table 3.

Infrared radiation (2.5 – 16.7 µm) received by skin under various environmental and fit conditions
Mid-IR Power [mW/cm2]
Parameter

Value

——— baseline ———
10 mm
fabric gap (b)
1.0 mm
30 °C
ambient temp (Tamb)
10 °C
3.0 m/s
air velocity (v)
0.1 m/s
70°
solar angle ( )
20°

0 wt. %
30.7
30.3
31.8
32.4
27.7
30.1
31.3
30.4
30.8

1.18 wt. %
32.6
32.5
32.8
34.4
29.4
31.6
33.6
31.3
33.4

1.9
2.2
1.0
2.1
1.8
1.5
2.4
0.9
2.6

Table 3 illustrates that the spectral shift in incident radiation to the wearer of a ceramicembedded garment to the mid-IR region is present under a variety of scenarios. The incidence
angle of solar irradiation appears to have the most significant effect on the magnitude of the
shift; a similar effect to a less-normal incidence angle would be expected for cloudy days
where the intensity of solar irradiation is reduced.
Increased solar absorption and subsequent re-emission of energy at longer wavelengths
may be beneficial in numerous textile applications. The impacts of infrared radiation
consisting of wavelengths ranging from 3 – 12 µm on tissue oxygenation and cell stimulation
are under investigation [6]. Additionally, performance thermal outerwear designed for coldweather applications could benefit from additional absorption from the solar spectrum to
warm the outer surface of the garment and provide this heat to the wearer of the garment.
Experimental studies of such ceramic-modified garments incorporating the use of thermal
manikins or similar techniques should be conducted to assess these potential applications.
In summary, this study employed spectrophotometric measurements of textile fabrics
modified with ceramic particles, finding favorable agreement with prior measurements using
a scientific grade infrared camera on such fabrics. The increase in absorptance and emittance
was mainly found to be focused in wavelengths below 6 µm, below the typical wavelength of
human body radiation. However, in applications where the fabric receives radiation in this
near-IR spectral region (e.g., via sunlight), thermal modeling indicates that the wearer will
receive increased infrared radiation at wavelengths in the mid-IR (2.5 – 16.7 µm) portion of
the electromagnetic spectrum, encompassing the wavelengths of human body radiation.
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Appendix
A.1 Mathematical relationship to determine reflectance through the indirect method
Equation (1) shows the mathematical relationship between the spectral reflectivity with ( )
and without ( ) a reflective backing (cf. Fig. 1). This relationship can be derived by
considering the additional radiation reflected by the sample when a highly reflective backing
is present, as shown in Fig. A-1.

Fig. A-1. Reflection from a semi-transparent sample with reflective backing.

From Fig. A-1, it can readily be seen that:

ρλ′ = ρλ + τ λ2 1 + ρλ + ρλ2 + ...

(A.1)

Because the reflectivity must be less than 1, each term inside the brackets moving
rightward becomes increasingly smaller, and Eq. (A.1) can be rewritten as:

ρ λ′ = ρ λ + τ λ2 1 +

∞
j =1

ρ λj

(A.2)

A.2 Heat transfer correlations for non-radiative thermal transport coefficients
The general form of the convection heat flux (units, W/m2) from a surface to its surrounding
medium is given by Newton’s law of cooling:

Q = h ⋅ (Tsurface − Tsurroundings )

(A.3)

where h is the average convective heat transfer coefficient, which is a function of the
geometry and external flow characteristics [10]. Dimensionless variables describing the flow
and geometry, such as the Reynolds number (ReL) and/or Grashof number (GrL) are first
calculated to understand the characteristics of the heat and momentum transfer, and along
with the fluid’s Prandtl number (Pr) these values are used to calculate an average
dimensionless heat transfer coefficient (.Nu.=.f.(ReL,.GrL,.Pr).). The dimensional average heat

transfer coefficient h is then the Nusselt number multiplied by the characteristic length (Lc)
divided by the fluid thermal conductivity h = Nu ⋅ Lc k fluid [10,11].
In certain geometries, such as the gap between two parallel plates at different
temperatures (i.e., between the skin and fabric), Eq. (A.3) can be employed regardless of
whether conduction or convection is the dominant mode of heat transfer. If dimensionless
analysis indicates that viscous dissipation forces outweigh the buoyancy forces generated by
local differences in fluid density, conduction will prevail over convection and the Nusselt
number will become unity (when Nu = 1 = h ⋅ Lc / k fluid , it follows that h = k fluid / Lc , where

(

)

the characteristic length Lc is the width of the gap between the plates). It can readily be seen
that in this scenario, Eq. (A.3) becomes Q = h ⋅ ∆T = k fluid ⋅ ∆T / Lc which is simply Fourier’s
law for steady-state one-dimensional conduction through a solid of uniform thermal
conductivity.
A.2.1 Outer convection heat transfer coefficient
Convective heat transfer from the fabric to the ambient surroundings can occur by forced
convection (resulting from external flow, such as wind, with a “free stream” velocity u ), free
convection (driven by local buoyancy differences induced by a temperature gradient), or a
combination of both. To determine which of these (or both) is significant; the Reynolds and
Grashof numbers must be calculated [10,11].

Re L =
GrL =

ρ u∞ Lc
µ

(A.4)

gL3c β Tamb − T fab

ν2

(A.5)

where is the fluid density, Lc is the characteristic length (in this case, the width of the plate
w in Table 2), is the dynamic viscosity of the fluid, g is acceleration due to gravity, is the
coefficient of thermal expansion (reciprocal of absolute temperature for an ideal gas), and is
the kinematic viscosity ( = / ). All fluid properties are evaluated at the “film temperature,”
or the average of the fabric and ambient temperature. Three scenarios are possible and must
be considered in estimating the average convective heat transfer coefficient:
1.

The wind velocity u is sufficiently high for forced convection to dominate natural
1, the average
(free) convection. This is the case when GrL⁄ReL2 1. If GrL⁄ReL2
Nusselt number should be calculated based on forced convection correlations. If the
Reynolds number is less than the critical Reynolds number of Recrit = 5.5×105, the
flow is laminar and Eq. (A.6) applies. If not, the flow is turbulent and Eq. (A.7) is
used [11].

Nu fc =
Nu fc =
2.

0.6674 Pr1/3 Re1/L 2
1 + ( 0.0468 / Pr )

1/2
0.6674 Pr1/3 Recrit

1 + ( 0.0468 / Pr )

2 /3 1/ 4

2/3 1/4

0.8
+ 0.037 Pr1/3 ( ReL0.8 − Recrit
)

(A.6)

(A.7)

In cases where the wind velocity is low, natural convection may dominate forced
10, the dimensionless Rayleigh number
convection (GrL⁄ReL2 1). If GrL⁄ReL2
(RaL = GrL·Pr) must be calculated and used to determine the average Nusselt

number from natural convection correlations. The Rayleigh number is first used to
calculate both the laminar and turbulent Nusselt numbers [11].

Nunc ,lam =

2.0

ln 1 + 2.0 ( Clam ⋅ Ra1/4
L )

Nunc ,turb =

Cturb ,V ⋅ Ra1/3
L

1 + (1.4 ×109 ) ⋅ Pr / RaL

(A.8)

(A.9)

where Clam and Cturb,V are dimensionless parameters given by:

0.671

Clam =

1 + ( 0.492 / Pr )

Cturb ,V =

(A.10)

4/9

9/16

0.13 ⋅ Pr 0.22
1 + 0.61 ⋅ Pr 0.81

(A.11)

0.42

The average Nusselt number can then be determined by asymptotically averaging the
laminar and turbulent Nusselt numbers through the following empirical formula:

Nunc =
3.

( Nu

) + ( Nu
6

nc ,lam

nc ,turb

)

6 1/6

(A.12)

If the Grashof number is of the same order of magnitude as the square of the
Reynolds number (0.1 GrL⁄ReL2
), the average Nusselt number can be
determined by asymptotically averaging the natural and forced convection Nusselt
numbers from Eqs. (A.6) – (A.12) through the following empirical formula [11]:

Nu =

( Nunc ) + ( Nu fc )
3

3 1/3

(A.13)

Once the average Nusselt number is determined, the outer convection heat transfer
coefficient can be determined [10,11].

ho = Nu ⋅ k fluid / w

(A.14)

A.2.2 Convection heat transfer coefficient between skin and fabric
Similar dimensional analysis can be used to determine the inner convection heat transfer
coefficient. It is assumed that the fabric is impermeable and, as such, no bulk flow exists in
the space between the fabric and the skin. For the case of two vertically-oriented parallel
plates, the convection coefficient will again depend on the Rayleigh number. In this case, the
characteristic length is the gap between the parallel plates (b), as opposed to the plate width
[10,11]:

Rab = Grb ⋅ Pr =

gb 3 β Tskin − T fab

ν2

⋅ Pr

(A.15)

The average Nusselt nu
umber and heaat transfer coeffficient will deepend on the m
magnitude
mpared to a crritical Rayleigh
h number (Racrrit = 1708). If R
Rab Racrit, thhe viscous
of the Rab com
dissipation fo
orces of the flu
uid in the gap will outweigh buoyancy-drivven forces. Ass a result,
convection caannot be established and con
nduction is thee dominant heaat transfer modde across
the gap (Nu=
=1). For Rab > Racrit, the Nu
usselt number w
will be greaterr than unity ddue to the
presence of convective
c
flow
ws, but the appropriate correelation dependds on the maggnitude of
Rab. The overrall relations fo
or various levells of Rab can b e summarized as [11]:

Nu = 1

Rab ≤ 11708

Nu = 0.42
2 Rab1/ 4 Pr 0.0122 ( a / b )

−0.3

Nu = 0.046 Rab1/3

(A.16)

1708 < R
Rab ≤ 106

(A.17)

106 < Raab ≤ 109

(A.18)

Once thee average Nussselt number is determined froom Eqs. (A.166) – (A.18), thee average
inner convection coefficientt between the skin
s
and the fabbric can be deteermined [10,111]:

hi = Nu ⋅ k fluid / b

(A.19)

A.2.3 Determ
mination of sk
kin temperaturre
The human sk
kin consists of the inner derm
mis and the outeer epidermis, w
which are roughhly 2 mm
and 0.15 mm thick, respectively. The epid
dermis thermal conductivity ((kepidermis) is 0.221 W⁄m·K
umed that the dermis is main
ntained at the cconsistent tempperature of 35°°C due to
[14]. It is assu
vasoconstrictiion and vasod
dilation. Howev
ver, it is nece ssary to accouunt for the tem
mperature
drop across th
he epidermis where
w
there is no blood vessel or capillary thhermoregulatioon.

Fig. A-2. Skiin vascular system
m (adapted from Guuyton and Hall, 20000) [14].

The epidermis is modelled as a solid material
m
experiiencing one-diimensional, steeady-state
A such, the heeat flow from the
t dermis musst match the nnet heat leavingg the skin
conduction. As
towards the fabric
fa
(Qloss,net = Qi + Jsf – Jfsf ). Fourier’s laaw of conductiion then can bbe used to
determine thee temperature drop
d
across the epidermis:

Tskin = Tdermis − Qi + J sf − J fs ⋅ t epidermis kepiderermis

(A.20)

