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Abstract

Infrared radiative properties of a polymer containing hollow glass microspheres are studied by means of the measurements of direc-
tional-hemispherical reflectance and transmittance in the wavelength range from 2.6 to 18 lm. The measurements are performed for sev-
eral samples containing different series of microspheres of volume fraction from about 6% to 66%. Relatively strong peak of reflectance at
the wavelength 4.5 lm was observed. This peak is explained in terms of theoretical model based on Mie theory calculations for single
microspheres and modified two-flux approximation proposed recently by the authors. The reflectance of the composite material in
the important range from 8.5 to 13.5 lm is determined mainly by rough surface layer of microspheres and it does not described by
the model for semi-transparent media. The conditions of a considerable decrease in radiative heat losses from the buildings due to paint
coatings containing hollow glass microspheres are discussed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, composite materials containing hollow
glass or ceramic microspheres have attracted considerable
attention. Such materials exhibit unusual mechanical prop-
erties and high heat-insulation characteristics, which are
largely defined by special features of absorption and scat-
tering of thermal radiation by thin-walled hollow particles
[1,2]. Therefore, a number of developments associated with
the production of glass microspheres are oriented toward
development of heat-insulating coatings. Such coatings
have already found application for the purpose of reducing
the heat loss from the walls of buildings owing to a
decrease in thermal radiation at night. Present-day techni-
cal potentialities enable one to manufacture glass micro-
spheres of different geometric parameters. The choice of
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijheatmasstransfer.2006.08.034

* Corresponding author.
E-mail address: dombr@online.ru (L.A. Dombrovsky).
disperse composition of microspheres for use in building
paints and other polymer coatings remains a problem
which requires theoretical and experimental investigation.

Theoretical prediction of wide-range spectral radiative
properties of the coatings containing polydisperse hollow
microspheres based on traditional radiation transfer model
in combination with the Mie theory for single particles
(as was suggested in paper [2]) may be not adequate at
high concentration of microspheres because of specific
scattering effects in the volume and at the coating inter-
face. It is known that the so-called dependent scattering
effects can be observed in densely-packed disperse systems
[3–7].

We are presenting now probably the first experimental
study of the main radiative properties of polymer films with
microspheres in spectral range from 2.6 to 18 lm. The mea-
surements of directional-hemispherical reflectance and
transmittance of coatings at various concentrations of hol-
low glass microspheres were performed by use of FTIR
spectrometer. The new experimental data are compared
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Nomenclature

a particle radius
A, B, C, D, D1, E coefficients in analytical solutions (4),

(8) and (11)
D thickness of the sample
fv volume fraction of microspheres
F particle size distribution
h height of roughness
k1, k2 coefficients in Eq. (9)
n index of refraction
N number of points in the roughness measure-

ments
P parameter defined by Eq. (18)
Qa efficiency factor of absorption
Qtr

s transport efficiency factor of scattering
r1 coefficient in the reflectance approximation
R reflectance
R0 specular reflectance
R1 normal reflectance from smooth surface
s, c designations of hyperbolic functions (13)
Y coordinate along the surface
T transmittance
x diffraction parameter

Greek symbols

a absorption coefficient
a1 absorption parameter

b eigenvalue of the problem
c, �c coefficients in boundary conditions
d wall thickness of microsphere
j index of absorption
k radiation wavelength
�l asymmetry factor of scattering
lc cosine of the critical angle defined by Eq. (13)
e emissivity
q density of material
r scattering coefficient
s optical thickness
u coefficient in Eqs. (9) and (10)
x albedo

Subscripts and superscripts

a absorption
d diffuse
d-h directional-hemispherical
g glass
h hemispherical
m microspheres
s scattering
t total
tr transport
k spectral
0 polymer matrix, referenced value
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Fig. 1. Normalized size distributions of glass microspheres.
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with theoretical predictions based on the hypothesis of neg-
ligible role of dependent scattering effects.

The hemispherical emissivity of optically thick coatings
containing hollow glass microspheres is analyzed to find
the conditions of considerable decrease in radiative heat
losses from the building walls during clear sky nights.

2. Samples of composite material and experimental
procedure

Two series of hollow glass microspheres produced by
3M Company were used to prepare the samples of compos-
ite material. The normalized size distributions F(a) for
microspheres K20 and S38 are shown in Fig. 1. These dis-
tributions were obtained from volume distributions given
by 3M Company. To estimate an average wall thickness
of microspheres one can use the following equations
assuming the definite relation between the wall thickness
d and particle radius a:

qm ¼ 3qg

�d
a32

; �d ¼ 1

a20

Z 1

0

dðaÞa2F ðaÞda ð1Þ

where qg is the density of glass, qm is the apparent density
of polydisperse microspheres, and the parameters aij are de-
fined as follows:
aij ¼
Z 1

0

aiF ðaÞda
Z 1

0

ajF ðaÞda
�

ð2Þ

It is known that a32 = 50 lm, qm = 0.202 g/cm3 for K20
and a32 = 40.7 lm, qm = 0.387 g/cm3 for S38 microspheres.
Substituting these values and qg = 2.54 g/cm3 for soda lime
borosilicate glass in Eq. (1), one can find the average wall
thickness �d



Fig. 2. The fragments of the rough surface of the polymer samples
containing microspheres of series K20: the upper image – sample 1, the
lower – sample 5 (see Table 1).
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�d ¼ a32

qm

3qg

¼
1:3 lm for K20

2:1 lm for S38

�
ð3Þ

We have no data for the dependence of d(a). For this
reason, the further analysis will be based on the results
for the following two assumptions: d ¼ �d ¼ const or
d ¼ �da=a32.

The samples of composite material were made by mixing
of glass microspheres in polymer ACRONAL 290D, which
is made from emulsion of styrene-acrylique from BASF
Corporation. The mixture was spread out over a plane sur-
face and it was then dried. The resulting parameters of thin
square samples of area 16 cm2 are given in Table 1. When
the polymer layer dries out, the distance between the
microspheres decreases differently in different directions.
This results in the anisotropy of the volume concentration
of microspheres and in the respective anisotropy of the
radiative characteristics of the medium [2]. The esti-
mates showed that this effect is not significant and we
assume the composite material to be homogeneous and
isotropic.

Because of specific manufacturing process, the one side
of each sample was relatively smooth while the other side
appears to be rougher. Two typical microphotos of rough
side view of the samples are presented in Fig. 2. The major-
ity of particles are ideal spheres but some of large particles
are damaged (at least, near the sample surface). One can
see also several irregular small fragments of the glass
microspheres. The roughness profiles of the sample sur-
faces h(s) were measured by using wide-field confocal
microscope MICROSME-2 with the interval Dy = 5 lm
at distance y0 = 10 mm. The average height of the rough-
ness h(y) was determined as follows:

�h ¼ 1

N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i¼1

½hðyiÞ � h0�2
vuut ; h0 ¼

1

N

XN

i¼1

hðyiÞ ð4Þ

The value of �h for pure polymer film appears to be equal to
3.5 lm for the rough side and 0.7 lm for the smooth side.
The other values obtained for the samples containing glass
microspheres are given in Table 2. One can see that the
Table 1
The main parameters of the samples

Type of
microspheres

Sample
number

Thickness, d

(lm)
Thickness deviation, Dd

(lm)
Volume fraction of
microspheres, fv (%)

Volume fraction uncertainty,
Dfv (%)

K20 1 141.9 3.2 6.6 3.4
2 138.9 8.0 23.3 7.4
3 140.2 5.6 37.4 4.4
4 156.6 4.8 50.1 2.9
5 174.9 3.5 65.4 1.5

S38 1 142.6 5.7 9.6 6.0
2 144.7 2.0 23.4 1.8
3 149.4 4.9 38.2 3.9
4 152.2 5.9 52.8 4.1
5 165.6 4.4 66.4 2.4



Table 2
The average height of sample roughness

Type of
microspheres

Sample
number

�h (lm)

Smooth
surface

Rough
surface

K20 1 – 5.0
2 – 7.9
3 – 9.2
4 – 14.8
5 – 18.9

S38 1 0.7 3.5
2 0.9 5.4
3 1.1 6.4
4 1.5 10.2
5 2.0 14.0
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Fig. 3. Optical constants of polymer.
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height of roughness increases with the volume fraction and
with the average size of microspheres. To analyze the effect
of the surface roughness on reflectance and transmittance,
all the measurements were performed for two orientations
of the samples with respect to the collimated incident
radiation.

The samples of polymer film containing glass micro-
spheres are illuminated by a collimated beam incident at
the angle 10� to the normal direction. The experimental
set-up consists of two main parts: a BIO-RAD FTS 60A
FTIR spectrometer and a gold-coated integrating sphere
CSTM RSA-DI-40D which collects hemispherically the
radiation crossing or reflected by the sample onto a detec-
tor placed on the wall of the sphere. Not only the total
reflectance and transmittance were measured but also their
diffuse components, which do not include the specularly
reflected radiation and the radiation transmitted in the
direction of the incident collimated beam. In contrast to
similar measurements for fused quartz containing gas bub-
bles [8] the spectra of directional-hemispherical reflectance
and transmittance are not very noisy. The standard abso-
lute deviation is less than 5% for both transmittance and
reflectance in the entire spectral range.
3. Optical properties of substances

Spectral optical constants of the polymer were obtained
from the measurements of reflectance and transmittance
for pure polymer film of thickness 20 lm. The well-known
relations were used for calculating the index of refraction
n0 and the index of absorption j0 of the polymer [9]. The
data obtained from the measurements at various angles
of incidence were averaged to find more accurate results
shown in Fig. 3.

The glass microspheres are made from soda lime boro-
silicate glass (75% SiO2, 4% Na2O, 15% CaO, and 6%
B2O3). To the best of our knowledge, there is no data for
optical constants of this glass in the literature. The wide-
range infrared optical constants of soda lime silica glasses
were investigated in paper [10]. The tabulated results for
a typical clear window glass (73% SiO2, 15% Na2O, 10%
CaO, and 2% Al2O3) are plotted in Fig. 3. We performed
also the measurements for low expansion borosilicate glass
supplied by Verre Labo Mula Company: 81% SiO2, 4%
Na2O, 13% B2O3 and 2% Al2O3. The optical constants of
this glass in the wavelength range 3 < k < 5 lm were deter-
mined from the reflectance and transmittance measure-
ments for the sample of thickness 0.7 mm by use of the
same experimental technique as that used for polymer.
The optical constants in the range 7 < k < 18 lm were
obtained by use of the least squares optimization technique
and experimental data for specular reflectance in the angu-
lar range from 13� to 80�. The wide-range optical constants
of borosilicate glass are also presented in Fig. 4. The spec-
tral behavior of optical constants for two types of glasses is
similar but one can see considerable quantitative differ-
ences both in the range of semi-transparency and in the
long-wave region. The effect of optical constants uncer-
tainty on radiative properties of microspheres and compos-
ite material will be analyzed below.
4. Experimental results for transmittance and reflectance

Consider first the total and diffuse directional-hemi-
spherical characteristics for the case of orientation of the
samples toward the incident radiation by a relatively



1E-4

1E-3

0.01

0.1

1

    1
    2

λ, μm

κ

6 842 10 12 14 16 18

6 842 10 12 14 16 18

0.5

1.0

1.5

2.0

2.5

n

Fig. 4. Optical constants of glasses: (1) soda lime silica glass [10], (2)
borosilicate glass (present paper).

1520 L.A. Dombrovsky et al. / International Journal of Heat and Mass Transfer 50 (2007) 1516–1527
smooth surface (the case of smooth front surface). The
data for samples of number 1, 3, and 5 are presented in
Fig. 5 (intermediate curves for samples 2 and 4 are not
shown in the graph). One can see significant increase in
directional-hemispherical reflectance due to scattering of
radiation by microspheres. This increase in reflectance is
approximately proportional to the volume fraction of
microspheres:

Rt
d-h ¼ R0 þ Rd

d-h; Rd
d-h ¼ fvr1 ð5Þ
where R0 is the specular reflectance of the polymer sample
without microspheres. Such behavior of diffuse reflectance
with particle concentration is typical for independently
scattering particles in a weakly absorbing medium. It is
interesting that the value of r1 is not sensitive to the type
of microspheres. The peak of r1(k) at the wavelength
4.5 lm is a result of intense scattering of the radiation by
hollow glass microspheres.

The microspheres decrease the directional-hemispherical
transmittance of the polymer samples. This effect depends
on the type of microspheres (at least for fv P 30%) and
cannot be described by linear function of volume fraction
fv as it was done for the reflectance. It is important that
specular component of transmitted radiation is not small:
about a half of the transmitted radiation is concentrated
near the forward direction.

The experimental data for the case of rougher front sur-
face of the samples are presented in Fig. 6. In this case,
there is no specular reflection from the front surface. At
the same time, the radiation propagating through the front
surface is mainly concentrated near the forward direction
and the reflection from smoother back (shadow) surface
gives specular component in the total reflectance of the
sample. The last effect is considerable only for small vol-
ume fraction of microspheres. Note that reflectance in the
range 9 < k < 13 lm is sensitive to the type of micro-
spheres. This effect was not observed when the samples
are oriented to the incident radiation by their smoother
surface.

It is interesting that the short-wave peak of total reflec-
tance at k = 4.5 lm is insensitive to both the sample orien-
tation and the type of microspheres. The same statement is
true for the corresponding peak of total transmittance. In
contrast to the reflection, one can observe considerable
specular transmission of the radiation in the case of rough
front surface and smooth back surface of the sample. This
result is clear if we remember that the rougher front surface
does not prevent concentration of the propagated radiation
near the forward direction. As for diffuse transmittance, it
is practically the same for various orientations of the
sample.

5. Theoretical modelling of directional-hemispherical

characteristics of polymer layer containing hollow

microspheres

In this paper, we consider a theoretical model based on
modified two-flux approximation for the radiation transfer
and the Mie theory for scattering of radiation by single hol-
low glass particles embedded in the polymer matrix. This
approach can be used when dependent scattering effects
are not significant. The latter assumption should be verified
by comparison of theoretical predictions with experimental
data.

The modified two-flux approach suggested in papers
[8,11] for the normally incident collimated radiation is
applied to the radiation transfer equation for the model
transport scattering function. The use of transport approx-
imation enables us to separate the real diffuse component
of the radiation field in the case of collimated incident radi-
ation. The subsequent approximation of the angular
dependence of the diffuse radiation component includes
the angle intervals which are determined by total internal
reflection and depend on refractive index of the host med-
ium. For the refracting medium, these angle intervals are
not hemispheres as in the well-known ordinary two-flux
method. The mathematical problem statement for a layer
of homogeneous medium can be found in paper [11]. We
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Fig. 5. Total (a and b) and diffuse (c and d) reflectance and transmittance of polymer samples containing glass microspheres: (1, 3 and 5) sample numbers.
The samples are oriented to the incident radiation by their smooth surfaces.
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use the derived analytical solution of the boundary-value
problem to calculate the directional-hemispherical reflec-
tance and transmittance of a homogeneous medium layer
with perfectly smooth surfaces. In the case of nonscattering
refracting medium, the reflectance and transmittance of the
medium layer are expressed as follows [9]:

R0 ¼
R1 þ ð1� R1Þ2C

1� R1C
; T 0 ¼

ð1� R1Þ2E
1� R1C

ð6Þ

where

R1 ¼
n0 � 1

n0 þ 1

� �2

; C ¼ R1E2; E ¼ expð�strÞ ð7Þ

In this case, the transport optical thickness of the layer
str = (a + rtr)d is determined only by absorption coefficient
of the medium a and the layer thickness d. In the general
case of a scattering medium, one should take into account
the transport scattering coefficient rtr ¼ rð1� �lÞ, where r
is the usual scattering coefficient, �l is the asymmetry factor
of scattering. Eqs. (6) and (7) remain the same but they give
only directional components of reflectance and transmit-
tance. The expressions for directional-hemispherical char-
acteristics Rd-h and Td-h are given below. As was shown
in paper [11] these expressions are different for parameter
b = 1 and b 6¼ 1. In the first case, we have

Rd-h ¼ R0 þ D1B; T d-h ¼ T 0 þ D1½Aþ strð1þ R1ÞE�

D1 ¼
c

2n2
0

xtr

1� xtr

1� R1

1� R1C
ð8Þ

A ¼ k1ðusþ cÞE þ k2

ð1þ u2Þsþ 2uc
; B ¼ k1E þ k2ðusþ cÞ

ð1þ u2Þsþ 2uc
ð9Þ

k1 ¼ ð1þ R1Þstr � ð1� R1Þð1þ ustrÞ; k2 ¼ 1� C ð10Þ

In the second case, Eq. (9) is the same but Eqs. (8) and (10)
should be replaced by the following ones:

Rd-h ¼ R0þD 1þB
b
þC

� �
; T d-h ¼ T 0þD

A
b
þ ð1þR1ÞE

� �

D¼ D1

b2

b2 � 1
ð11Þ

k1 ¼ ð1� 2�cÞ � ð1þ 2�cÞR1; k2 ¼ ð1� 2�cÞC� ð1þ 2�cÞ ð12Þ

The following designations are used in the equations pre-
sented above:
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u ¼ 2�c=b; �c ¼ c=ð1þ lcÞ; s ¼ sinhðbstrÞ;

c ¼ coshðbstrÞ; b ¼ 2

1þ lc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� xtr

1� xtrlc

s
;

xtr ¼
rtr

aþ rtr

; c ¼ 1� R1

1þ R1

¼ 2n0

n2
0 þ 1

; lc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 1

n2
0

s

ð13Þ

Note that there is no need in expressions for b = 1 in prac-
tical calculations because the solution is continuous and
same results can be obtained for close values of b.

It was shown in papers [8,11] that the modified two-flux
approximation gives rather accurate results for the direc-
tional-hemispherical characteristics. For the values of
reflectance and transmittance typical for semi-transparency
ranges of the polymer film, the error of this approach is less
than 3%.

Three spectral characteristics of an absorbing and aniso-
tropically scattering medium are included as coefficients in
the modified two-flux approximation: the index of refrac-
tion of the host medium n0, the absorption coefficient of
the composite material a and the transport scattering coef-
ficient of polydisperse particles rtr. The absorption and
transport scattering coefficients can be determined as fol-
lows [2,12,13]:
a ¼ a0 þ 0:75
fv

a30

Z 1

0

Qaa2F ðaÞda;

rtr ¼ 0:75
fv

a30

Z 1

0

Qtr
s a2F ðaÞda ð14Þ

where a0 = 4pj0/k is the absorption coefficient of the host
medium (polymer matrix), Qa, Qtr

s are the efficiency factor
of absorption and transport efficiency factor of scattering
for single spherical particles. The efficiency factors Qa, Qtr

s

can be calculated by the Mie theory generalized to the case
of refracting and absorbing medium as described in paper
[2]. In the monodisperse approximation, which is often
used in engineering calculations [12], Eq. (14) is reduced
to the following ones:

a ¼ a0 þ 0:75
fvQaða32Þ

a32

; rtr ¼ 0:75
fvQtr

s ða32Þ
a32

ð15Þ

Note that monodisperse approximation gives the exact re-
sults for polydisperse systems in the case of constant effi-
ciency factors as well as in the case when Qa, Qtr

s are
directly proportional to the particle radius. In the last case,
the corresponding coefficients don’t depend on particle size
distribution [12].

One should remember that physical approach discussed
above is applicable only for weakly absorbing host med-
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ium. The optical thickness of the medium at distances com-
parable with the particle size must be small: s0 = a0a� 1.
In the opposite case, one cannot consider far-field charac-
teristics of single particles and the traditional radiation
transfer theory is inapplicable [14]. It is a limiting case of
opaque medium when the volume radiative properties
don’t determine the reflection of radiation from the com-
posite material. The details of mathematics concerning
the efficiency factors calculation can be found elsewhere
[2,12,15].
6. Comparison of theoretical predictions with experimental

data

We consider the most interesting spectral ranges where
the polymer is semi-transparent and considerable values
of both reflectance and transmittance and observed in the
experiments: k = 4.5 lm and k = 11.5 lm. The first of these
ranges is characterized by the strongest peak of reflectance
and it is a good chance to verify the theoretical model in
the near infrared. The peak of reflectance at k = 11.5 lm
is not so strong but this spectral range is important for
the problem of night cooling of buildings because of the
transparency of clear sky in the range 8.5 < k < 13.5 lm
[16–18].

The results of calculations are presented in Figs. 7 and 8.
Two different assumptions were used for the microsphere
wall thickness: the wall thickness was assumed constant
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Fig. 7. Transport efficiency factor of scattering for single microspheres at k =
and d ¼ �da=a32 (b and d): (1) �d ¼ 1:3 lm (K20), (2) �d ¼ 2:1 lm (S38); (I) soda
or directly proportional to the radius of microsphere. The
calculations were performed for two variants of glass opti-
cal constants corresponding to soda lime silica glass and
low expansion borosilicate glass. The scattering is charac-
terized by the transport efficiency factor Qtr

s (Fig. 7) and
absorption – by the absorption parameter a1 = �Qa/
(4a0/3) (Fig. 8). The physical sense of the last parameter
is clear from the expression for the absorption coefficient
of composite material [4,8]:

a ¼ ð1� a1fvÞa0 ð16Þ

One can see in Fig. 7 that variation of Qtr
s with particle

radius is not strong in the range of a > 20 lm both for con-
stant and variable d and the value of Qtr

s is not sensitive to
the type of microspheres. The difference between two vari-
ants of glass optical constants is small at the wavelength
k = 4.5 lm and significant at k = 11.5 lm. In the first spec-
tral range, one can use the value Qtr

s ¼ 0:45 for micro-
spheres of radius a32, whereas at wavelength 11.5 lm the
following average values should be used: Qtr

s ¼ 0:25 for
soda lime silica glass and Qtr

s ¼ 0:1 for borosilicate glass.
In contrast to the case of large bubbles in a weakly

absorbing medium [4,8], the absorption parameter a1 for
hollow glass microspheres is not equal to unity even in
the range k = 4.5 lm (Fig. 8a) and a1 < 0 at the wavelength
11.5 lm (Fig. 8b). The negative values of a1 show that
absorption coefficient increases when glass microspheres
are present in the polymer. In subsequent calculations,
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we use the average value a1 = 0.9 at k = 4.5 lm and the fol-
lowing values at k = 11.5 lm: a1 = 0 (K20), a1 = �0.4
(S38) for soda lime silica glass and a1 = �0.3 (K20),
a1 = �0.6 (S38) for borosilicate glass.

The results of calculations of total directional-hemi-
spherical reflectance and transmittance by use of modified
two-flux approximation are presented in Figs. 9 and 10.
The calculations were performed for the average values
of sample thickness d and volume fraction of microspheres
fv from Table 1.

The systematic underestimation of the reflectance in the
calculations at the wavelength 4.5 lm (Fig. 9a) can be par-
tially explained by small additional reflection of radiation
from the rough surface of the samples. Additional calcula-
tions showed that another possible reason of low predicted
reflectance is the total internal reflection taken into account
in the modified two-flux approximation. One can expect
that effect of total internal refection decreases with the vol-
ume fraction of microspheres. The experimental data for
directional-hemispherical reflectance do not show any spe-
cific behavior at high volume fraction of the microspheres.
It means that dependent scattering has no significant effect
on the reflectance. Note that this result was not evident.
One can remember the recent study of microsphere ceram-
ics [19]. At the same wavelength, the calculations of total
directional-hemispherical transmittance give the results
which are closer to the measurements of samples with
smooth front surface (Fig. 9b). The difference between
the results for microspheres of series K20 and S38 is
approximately the same in the calculations and in the
experiment. The role of optical properties of glass is negli-
gible in this range. The theoretical model gives rather good
qualitative description of the peaks of reflectance and
transmittance at k = 4.5 lm and their dependences on vol-
ume fraction and average size of microspheres.

At the wavelength 11.5 lm, the discrepancy between cal-
culated and measured reflectance is significant (Fig. 10a).
Comparison of the experimental results for different orien-
tations of the samples shows that relatively large measured
values of reflectance are explained by the roughness of
front surface of the sample. The effect of roughness on
reflectance is greater than the difference between two types
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Table 3
Directional integral emissivity of the polymer samples containing
microspheres

Type of
microspheres

Sample number e(h)

h = 0 20� 40� 50� 60�

K20 1 0.96 0.96 0.94 0.92 0.86
5 0.89 0.89 0.88 0.87 0.77

S38 1 0.97 0.97 0.96 0.93 0.87
5 0.92 0.92 0.92 0.90 0.82
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of microspheres but the roughness is not taken into
account in approximate radiation transfer model. The
low transmittance at k = 11.5 lm (Fig. 10b) is explained
by absorption of radiation in the polymer and additional
absorption in glass of microspheres. These effects are well
described by theoretical model which shows that more than
90% of radiation is absorbed in the samples with high vol-
ume fraction of microspheres. Both measurements and cal-
culations show that transmittance is considerably less in
the case of thick-wall particles.

It should be noted that theoretical model cannot give
good predictions of reflectance at the wavelength 11.5 lm
because of too high absorption of the polymer. The above
mentioned condition s0� 1 is not satisfied for particles of
average radius a32: s0 = 0.65 for K20 and s0 = 0.53 for S38
microspheres.

The experimental results showed small reflectance from
the optically thick layer of the composite material in the
spectral range 8.5 < k < 13.5 lm which is important for
radiative heat losses from the buildings. It means that
decrease in integral hemispherical emissivity eh of the poly-
mer coating due to presence of hollow glass microspheres is
not expected to be significant. The integral emissivity of
optically thick polymer samples in the wavelength range
from 8 to 14 lm was measured directly by pyrometer
CYCLOPS COMPAC 3S for several directions from
h = 0� to 60�. The samples were placed in a heated metal
frame which is maintained at the temperature 373 ± 2 K.
The measured values of e(h) with uncertainty ±0.02 are
given in Table 3. The high values of emissivity are in good
agreement with the low reflectance of the samples in the
range 8 < k < 14 lm (see Fig. 6).

7. The minimal emissivity of a polymer coating containing

hollow microspheres

As was shown in the previous section, the decrease in the
long-wave emissivity of polymer ACRONAL 290D by
introducing the glass microspheres K20 and S38 produced
by 3M Company is insignificant (about 10%) and explained
mainly by surface effect at high volume fraction of micro-
spheres in the polymer layer. It is interesting to analyze
another possibility of a more considerable effect of hollow
microspheres. The latter might be realized for not so
absorbing coating when volume scattering is important.
The comparison with experimental data showed that our
theoretical model is applicable in this case.

Consider spectral hemispherical emissivity eh
k of opti-

cally thick layer of a weakly absorbing coating. At large
volume fraction of microspheres, the angular distribution
of thermal radiation in the coating is expected to be
smooth, without effect of total internal reflection. Follow-
ing the paper [2], one can use the ordinary two-flux approx-
imation which gives the following equation:

eh
k ¼

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� xtr

p

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� xtr

p
=c

ð17Þ

Note that the effect of the refractive index of polymer is
likewise minor (at n0 = 1.5, we have c = 0.92 instead of
c = 1 at n0 = 1). The transport albedo of the medium turns
out to be the main parameter of the problem. A low emis-
sivity of the coating can be obtained only in the case of a
significant share of scattering in the extinction of radiation
by the disperse system. The effect of surface roughness is ig-
nored in Eq. (17). The previous analysis showed that it is a
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reasonable assumption for the thermal radiation of a semi-
transparent material in contrast to the case of strongly
absorbing coating. In the case of a weakly absorbing med-
ium (s0� 1), Eq. (17) can be simplified:

eh
k ¼ 2

ffiffiffiffiffi
pk
p

; pk ¼
a
rtr

¼ 4

3

1� a1fv

fvQtr
s

s0 ð18Þ

The calculations showed that parameter pk strongly de-
pends on the wall thickness of glass microspheres in the
range 8.5 < k < 13.5 lm and the best results can be ob-
tained for microspheres with very thin walls [2] or for
microspheres produced from a weakly absorbing material.
In this limiting case, one can use the values a1 = 1 and
Qtr

s ¼ 0:9ðn0 � 1Þ for large gas bubbles in the polymer.
The volume fraction of microspheres in the coatings is usu-
ally about 0.5–0.6. It corresponds approximately to the
densely-packed microspheres. The index of refraction for
the majority of polymers is 1.3–1.5. The resulting approxi-
mate relations are as follows:

pk � 3s0; eh
k ¼ 3:5

ffiffiffiffi
s0

p ð19Þ
It is clear that desirable value of emissivity about eh

k ¼ 0:35
can be reached only in the case of s0 � 0.01. For the aver-
age radius of particles a32 = 50 lm, we have the following
estimate for the favourable absorption index of the poly-
mer matrix: j � 2 � 10�4.

The analysis showed that one should use thin-wall
microspheres and a polymer with low absorption coeffi-
cient in wavelength range from 8.5 to 13.5 lm to reach
the maximum decrease in integral emissivity of the coating.

8. Conclusions

The experimental investigation of infrared radiative
characteristics of polymer films containing hollow glass
microspheres has been performed. The spectral measure-
ments of both total and diffuse components of the direc-
tional-hemispherical reflectance and transmittance in the
range of 2.6 6 k 6 18 lm for near to the normal incidence
of collimated radiation are performed for several samples
containing different series of microspheres of volume frac-
tion from about 6% to 66%. The effect of the roughness of
the sample surface is also studied in the experiments.

The strong peak of reflectance is observed at the wave-
length 4.5 lm. Position of the peak is the same for polydis-
perse glass microspheres of two different series. The
maximum value of the total directional-hemispherical
reflectance is not sensitive to the sample orientation
(smooth or rough front surface of the sample). It enables
us to analyze these results by use of the Fresnel boundary
conditions at both sample surfaces. The calculations of
total reflectance and transmittance on the basis of the mod-
ified two-flux approximation for radiative transfer in
refracting and scattering medium and the Mie theory for
hollow glass microspheres give the results which are in
good qualitative agreement with the experimental data. It
confirms an applicability of traditional radiation transfer
theory and independent scattering approach even for the
case of high volume fraction of microspheres in the
polymer.

The reflectance of the polymer layer containing micro-
spheres is of another nature in the important spectral range
from 8.5 to 13.5 lm. In this range, the reflectance is deter-
mined mainly by rough surface layer of microspheres and is
not described by the model suggested for a semi-transpar-
ent medium because of strong absorption in the polymer.

The analysis of spectral hemispherical emissivity of
polymer coatings containing hollow glass microspheres
showed that the most significant decrease in the emissivity
in the spectral range from 8.5 to 13.5 lm and hence in radi-
ative heat losses from the buildings can be expected for
thin-wall microspheres and a polymer with low absorption
in the above mentioned spectral range.
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