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Experimental Study on Spectral Reflective Properties
of a Painted Layer

Hamdy M. Shafey,* Y. Tsuboi,t M. Fujita,t T. Makino,$ and T. Kunitomo§
Kyoto University, Kyoto, Japan

A new diffuse reflectometer using a paraboloidal mirror has been developed and employed to measure various
reflective properties of painted layers for the case of normal incidence. The effects of the pigment volume
concentration, the scattering properties of the pigment (TiO2, Fe2O3, carbon, and ZnO), the thickness of the
painted layer, the reflection characteristics of the substrate (specular or diffuse) on the spectral normal-
hemispherical reflectance, and the angular distribution of the diffuse reflection are studied. The wavelength
dependence of the results is examined over the range of 0.45 ~ 10 jim. The comparison with the analysis indicates
that the experimental results, with the exception of the interference effect at large pigment volume con-
centrations, are in reasonable agreement with the analytical results.

Nomenclature
C = correction factor
d = pigment diameter
L = layer thickness
M = detector output for specular reflection measurement
np = refractive index of pigment
R = reflectivity
V - detector output for diffuse reflection measurement
v = volume concentration of pigment
W = weight
x = correction factor
7 = specific gravity
X = wavelength
6 = polar angle
00 = semiapex angle of incident hole
TJ = optical thickness of painted layer
& = scattering albedo

Superscript
( )* = reference mirror

Subscripts
c = dense state
D = diffuse component
h = hemispherical
pig = pigment
S = specular component
veh = vehicle
w = wet state

Introduction

REFLECTIVE properties of paint coatings are of par-
ticular importance for the design of various types of

thermal equipment and the development of new coatings with
spectrally selective radiative properties, e.g., coated surfaces
for solar energy collectors and thermal control coatings for
spacecraft.

Theoretical studies1"5 have been carried out by the present
authors on the radiative transfer in the general and practical
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application of a painted layer to investigate the effects of
various factors on its reflective properties. In these studies,
the intensity of the diffuse radiation field and the intensity of
the attenuated incident beam were obtained as the com-
plementary solution and as the particular solution, respec-
tively, of the general transfer equation. The factors con-
sidered were the shape, size, optical properties, and volume
concentration of pigment, the optical properties of vehicle
and substrate, and the thickness of painted layer.

Previous experimental studies6"12 have been limited
generally to the short wavelength range, simple systems of
paints, and approximate measuring techniques. Usually
reflectance techniques are used to measure the radiative
properties of painted samples at room temperature employing
a suitable diffuse reflectometer. Directional-diffuse reflec-
tometers, operated in the direct or reciprocal mode, have been
discussed widely in the literature.13'14 They include integrating
sphere reflectometers,15 heated cavity reflectometers,16 and
integrating mirror reflectometers. Integrating mirrors are
used to collect diffusely reflected light in the hemisphere of
reflection (2-7r-sr). Three types of integrating mirrors have
been used: Coblentz or hemispherical mirror,6'17 ellipsoidal
(spheroidal) mirror,18 and paraboloidal mirror.19

The primary aim of this paper is to describe a revised ex-
perimental technique to investigate various diffuse reflective
properties of a painted layer using a new diffuse reflec-
tometer. This reflectometer employs a paraboloidal mirror,
and it has many advantages compared with those developed
by other investigators,15'18'19 such as measuring in a wide
range of the wavelength (0.45-10 /mi~) and having the
facility of measuring the angular distribution of diffuse
reflection. The measurements of the spectral hemispherical
reflectance and the angular distribution of the diffuse
reflection are carried out for the normal incidence. The effects
of shape, size, optical properties, and volume concentration
of the pigment, the thickness of the painted layer, and the
reflection characteristics of the substrate are studied. The
experimental results are compared with the calculated results
based on the analyses described in Refs. 1-5, using available
data regarding shape, size, and optical properties of the
pigments. The purpose of the comparison is to examine if one
can obtain the reflective properties with the analytical
techniques for engineering predictions, and to check the
various assumptions which have been considered in modeling
the painted layer.

Selection and Preparation of Samples
The selection of the samples was guided by a survey of the

available pigment materials that are manufactured for
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engineering applications. Representative pigments were
selected on the basis that they include a variety in color
(absorption properties in the visible region of the spectrum)
and in the shape of the pigment particle, and where optical
constants are known. The selected pigments for the present
study are rutile titanium dioxide (TiO2), zinc oxide (ZnO), red
iron oxide (Fe2O3), and carbon black. Available data for the
average shape and size of these pigments were obtained from
Refs.21and22.

Paints of each pigment with dense concentrations were
prepared by dispersing the pigment powder in the wet vehicle
(alkyd resin + dryer + mineral spirit). Preliminary experiments
were carried out to determine the appropriate values of the
pigment volume concentration for each paint, which have a
distinct effect on the measured reflectances. The required
pigment volume concentration in the wet state vw is obtained
by mixing uniformly the paint of dense concentration vc with
pure vehicle of the same kind according to the weight ratio

(1)

mv- recorder - Lock in
amplifier

Detector

K veh

where 7pig and 7veh are the specific gravities of the pigment
and the vehicle, respectively.

A specular Al substrate for each sample could be obtained
by evaporating a thin opaque film of high purity Al on clean
glass plates. Optically thick layers of white (TiO2) or black
(carbon) paints were used as diffuse substrates. Then painted
layers of specified pigment volume concentration were ad-
justed to have the required thickness on the prepared sub-
strates. This was accomplished by the use of thin film ap-
plicators having nominal sizes ranging from 50 to 500 /mi.
The applied painted layers were allowed to dry for three days
under nearly dust free conditions. Dry painted samples were
prepared in square areas 9 mm x 9 mm for diffuse reflection
measurements.

Description of the Diffuse Reflectometer
Figure 1 shows schematic plan view of the diffuse reflec-

tometer developed in the present study. A 50-W halogen
(tungsten-iodine) lamp S} with a filament size of 3 mmx2
mm is used as a light source in the visible (VIS) and near
infrared (NIR) regions of the wavelength spectrum
(X = 0.43 ~ 2.4 /mi). An infrared (IR) radiator S2 is used with a
plane mirror as a light source in the infrared region
(X = 2.4~10 /mi). It consists of a mullite (3A12O3 -2SiO2)
blackbody cavity with a target size of 9-mm diameter, which is
heated by a 300-W silicon carbide heater. For requirement of
steady conditions a dc voltage stabilizer is used in the input
power circuit of the halogen lamp, while a temperature
controlling silicon-controlled rectifier (SCR) unit is used in
the input power circuit of the silicon carbide heater.

The light beam emitted from the light source is chopped
with a 8-Hz frequency by the chopper blade C, and focused by
the lens R t at the entrance slit of a grating-type
monochromator. The entrance and exit slitwidths were set at a
maximum of 3 mm. This value corresponds to a resolution of
the wavelength AX = 0.021 /mi for X = 0.43 ~ 0.7 /mi, 0.084 /mi
for X = 0.75 ~ 4.0 /mi, and 0.34 /mi for X = 4.2 ~ 10.0 /mi. The
lens R2 focuses monochromatic light in the normal direction
at the sample surface within a cone whose semiapex angle is 7
deg. The sample surface is located in the focal plane of the
paraboloidal mirror Mp by mounting the sample on a suitable
holder which can be positioned precisely by a micrometer-
operated mechanism. The mirror Mp has a 30-mm focal
distance and a 120-mm i.d. at the focal plane. The
hemispherically reflected light at the sample surface is in-
cident on the paraboloidal mirror and then reflected in a wide
collimated beam. This beam is reflected on the spherical
mirror Ms and then focused by lens R3 at the surface of a

r'0°

——————————————————' Monochromator
Fig. 1 Plan view of the diffuse reflectometer.

pyroelectric IR detector. Lenses of BK7 glass are used in the
VIS and NIR regions, while they are replaced by lenses of
KRS-5 material in the IR region. The use of lenses for
focusing instead of mirrors decreases the aberration errors.

It must be noted that the specular component and a small
portion of the diffuse component of the reflected light escape
through the hole of incidence (in mirror Mp), and return back
to the light source. This returning light is attenuated greatly
due to the absorption by the light source and other optics. To
avoid the multiple reflection of the stray light on the walls and
the covers of the reflectometer, they are painted with an-
tireflection black paint.

For measuring the polar angular distribution of the diffuse
reflection a circular aperture A with varying size is located
between mirrors Mp and Ms.

Measuring Procedure
For the measurement of absolute reflectance a reference

quantity must be measured, which is proportional to the
incident radiation energy at the sample surface. To fulfill this
a reference mirror of known absolute reflectance and having
the same size of the sample is used. Specular surface of
evaporated Al is used as a reference mirror for measurements
in the VIS region, while that of evaporated gold is used as a
reference mirror in NIR and IR regions. The reflectivities of
these reference mirrors are determined directly by Strong's
method.20 The reference mirror is mounted on a similar
holder as for the sample except that its surface is inclined 20
deg to the focal plane of the paraboloidal mirror. This is done
to avoid the escaping of the specularly reflected energy which
is to be detected as the reference quantity. Furthermore it was
checked that the circular surface area of the 8-mm diameter of
pyroelectric detector is large enough to collect the whole
reflected energy, by changing the inclination angle of
reference mirror. All measurements are carried out in groups
at room temperature. Each group includes, at most, four
different samples, and the reference mirror is measured twice
at the beginning and the end of each group.

When measuring the diffuse component RD of the spectral
normal-hemispherical reflectance of the sample the aperture
A is fully opened, while for measuring the angular
distribution of the diffuse reflection the aperture is opened at
a size corresponding to the polar angle of reflection 0. The
diffuse component RD is calculated in terms of the measured
detector outputs V and V* for the sample and reference
mirror, respectively, by

(2)

where R* is the spectral absolute reflectance of the reference
mirror. The correction factor C is introduced to account for
the solid angle effect of incident hole and to correct for the
shadowing by the sample holder.

The specular components Rs of the spectral normal-
hemispherical reflectance of the sample is measured
separately with specular reflectance attachments using double
beam prism-type spectrophotometers. The value of Rs is
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calculated in terms of the measured quantities M and M* for
the sample and the reference mirror, respectively, by

Rs=(M/M*)R*-xRD (3)

where x is a small fraction of the diffuse reflection included in
the measurements of the specular component. The correction
for the solid angle effect of incident hole is - 0.01 and that for
the shadowing effect of sample holder is - 0.052. Values of C
in Eq. (2) and x in Eq. (3) are then taken to be 1.066 and 0.01,
respectively. The maximum error included in this experiment
is estimated to be ±4% of each value for RD and Rh. The
spectral normal-hemispherical reflectance Rh is, thus, given
by

The angular distribution of the diffuse reflection is ex-
pressed by a reflection function R(60~6). It is defined as the
ratio between the radiation energy diffusely reflected in the
finite solid angle confined by the polar angles 60 and 6, and
the incident radiation energy. The angle 60 = 12.4 deg is the
semiapex angle of the conical hole of the incidence, and it
corresponds to the escaping portion of the diffuse reflection.
Thus, R(00 - 6) is calculated by

(5)

where F(0) is the detector output for an aperture opening
corresponding to the angle 6. The function C(0) is introduced
to correct for the shadowing by the sample holder and
calculated easily, assuming uniform diffuse reflection.

Results and Discussion
In the following the comparison is made between the ex-

perimental results and the calculated results based on the
analytical techniques for calculating the scattering properties
and the radiative transfer, that have been discussed in detail in
Refs. 1-5. Average values of the particle diameter 0.3, 0.05,
and 0.3 /-cm are estimated21'22 for the nearly spherical
pigments TiO2, carbon, and Fe2O3, respectively. For ZnO
particles an average size of a square rod is estimated to be 0.1
fjimxOA /ttmxO.7 /zm.21 The thickness of the dry painted
layer, which is used in the calculation, was measured with a
micrometer thickness gage. For each sample, measurements
were made at different points, and an average thickness L was
adopted. For thin layers the value of L was checked by that
estimated from the interference maxima which occur (channel
spectra) in the spectrum of the specular reflectance
measurements. The pigment volume concentration v of the
dry layer is obtained from the following relation:

vL = vwLw (6)

where vw and Lw are the pigment volume concentration and
the thickness of the wet layer.

It should be noted that the interference effects due to the
multiple reflection of light appear in the measurements for the
specular reflectance of thin painted layers (r1 < 2) on the
specular substrate. These effects are observed as maxima and
minima in the spectrum of the reflectance measurements
commonly referred to as channel spectra. For the comparison
with the analysis, the value of the measured quantity M in Eq.
(3) (for the calculation of the specular component Rs) was
taken to be the average over the maxima and the minima of
the spectrum.

Figures 2-5 show the results for the wavelength dependence
of the spectral normal-hemispherical reflectance Rh and its
diffuse component RD. The effect of the pigment volume
concentration v is shown in Fig. 2 for TiO2-Al (specular
substrate) samples having the same wet layer thickness
£^=50 /*m. The wavelength dependencies of RD and Rh

Fig.
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2 Effect of the pigment volume concentration on the

wavelength dependence of RD and Rh.

predicted by theoretical calculations (Analysis) are seen to
correspond closely with the experimental measurements
(Exp.). For all values of the pigment volume concentration,
RD decreases much due to the decrease of the scattering
properties as the wavelength X increases. Both experiment and
analysis show weak absorption bands by the vehicle in the
NIR region, in the wavelength interval of X = 0.7 ~0.9 /*m,
while they clearly show several strong absorption bands and
peaks in the IR region. The large values of Rh in the
wavelength interval of X = 4.0-5.0 ptm are mainly due to the
large values of the specular component corresponding to the
weak absorption by the vehicle in thin layers (L = 11.4- 17.0
/urn) on the specular Al substrate of high reflectivity.

The diffuse component RD increases with the increase of v
in the VIS region for both the experiment and the analysis. At
longer wavelengths (NIR) the experimental results show
different characteristics for a large value of v = QA. This is
mainly due to the enhanced effect of the interference between
scattered fields of the pigment particles. This effect was
neglected in the calculation for large pigment volume con-
centrations.1 Previous experimental studies23"28 concerning
the interference effect due to the small separation distance
between particles have been limited to specified cases of
spherical pigment, nonabsorbing dispersed medium, and
short wavelengths (VIS region). The formulas derived in some
of these studies to correlate the interference effect are not
considered satisfactory enough to be introduced for the
calculations of the general case of the painted layer. However,
all these studies included the conclusion that the most im-
portant factor, for uniformly dispersed particles, is the ratio
of the separation distance between the particles to the
wavelength. For a large value of v and at a long wavelength
this ratio decreases and a strong effect of the interference
occurs, resulting in a reduction of the scattering efficiency for
the single particle. Thus, it may be useful to explain the
tendency of the present experimental results in the view of the
preceding statement as follows. The reduction of the scat-
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tering efficiency for a large value of v = QA due to the in-
terference effect leads to small values of the optical thickness
and the scattering albedo of the painted layer (in the presence
of the vehicle absorption); accordingly, smaller values of RD
are found, compared with those for a smaller value of
y = 0.132. In the wavelength interval of X = 4.0-5.0 /xm,
where the contribution of the specular component Rs to Rh is
large, the experiment shows larger values of Rh compared
with the analysis for v = OA. This is also due to the in-
terference effect, resulting in small values of the optical
thickness with large values of Rs.

In general, the experiment shows smaller values of RD
compared with the analysis. This may be attributed mainly to
the interference effect, the uncertainty in determining the
dense concentration vc in Eq. (1), the error in measuring the
thickness L of the dry painted layer, and the assumptions in
the analysis that TiO2 particles are exactly spherical and
uniformly dispersed in the vehicle as individual particles;
whereas the experiment deals with real situation of not
restrictively spherical particles, resulting in smaller scattering
properties.4 Also the agglomeration of the pigment particles
in the dry layer and the nonuniform dispersion reduce the
scattering of the layer.22 Examination of the results for
v — 0.017 shows that the analysis has the same wavelength
dependence as the experiment; thus, the choice of d = 0.3 /^m
as average-effective particle diameter for TiO2 pigment is
suitable. Therefore, the factors mentioned above lead to
nearly constant reduction in the scattering properties in-
dependent of the wavelength.

Figure 3 shows the effect of the layer thickness L. Extreme
cases of thin (L- 14.4, 17.0 /urn) and thick (L-274.0, 682.0
jLtm) layers are considered with small and large pigment
volume concentrations. In the wavelength interval of
\ = 0.45~ 1.0 jLtm, the thick layers exhibit larger values of RD
and Rh compared with the thin layers of the same volume
concentration for both the experiment and the analysis. As the

wavelength increases from 1.0 to 7.0 pun, the thick layer still
has larger values of RD than the corresponding thin layer of a
small concentration (y = 0.017, 0.023). While for a large
concentration (u = QA, 0.486) the experiment shows a dif-
ferent tendency. The values of RD for the thick layer ap-
proach those for the thin layer and become smaller than them.
This tendency can be explained as follows. The interference
effect of scattering due to the small value of particle
separation distance to wavelength ratio, together with the
large absorption by the vehicle, decreases much the scattering
albedo a; for the large volume concentration. The thick layer
(L = 682.0 //in) still has a large value of the optical thickness,
and it behaves nearly as an infinitely optically thick layer
(TJ — oo)2 for which RD and Rh decrease with the decrease in
co. In the wavelength interval of X = 4.0 — 5.0 /urn the small
absorption by the vehicle in the thin layers leads to large
values of the specular component Rs and, accordingly, large
values of Rh. On the other hand, the large absorption by the
vehicle in the thick layers decreases Rs to the limiting value
which corresponds to the first specular reflection at the air-
vehicle interface, resulting in smaller values of Rh.

It should be noted that in the wavelength interval of
A = 0.75 — 1.3 /u,m the experiment agrees well with the analysis
for both RD and Rh of the thick layer with large pigment
volume concentration. This is because the TiO2 pigment is
nonabsorbing and has large scattering efficiency factor, and
the vehicle is weakly absorbing in this wavelength interval.
Therefore, the optical thickness TI still has a large value and
the scattering albedo w is still very close to unity even with the
reduction in the scattering efficiency due to the factors
discussed before.

Figure 4 shows the combined effect of the shape and the
optical properties of the pigment. The results of RD and Rh
for the case of ZnO are smaller than those for the case of
TiO2. This is mainly because ZnO has smaller real refractive
indexes (^—2.0) compared with those of TiO2 (np—2.5) in

Analysis L urn v

O 682 0-486

n 17-0 0400

0 2

Fig. 3 Effect of the layer thickness on the wavelength dependence of
RD and Rh.
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Fig. 5 Effect of the reflection characteristics of the substrate on the
wavelength dependence of RD and Rh.

the VIS and NIR regions. The shift of the RD curve of the
analysis for the case of ZnO to the shorter wavelengths
relative to the experimental results may be due to the small
size of the rod-like particle of ZnO considered in the
analytical calculation. The large absorption efficiency of the
carbon black pigment, even with small volume concentration,
decreases to a large extent the values of RD in the whole
wavelength range. The absorption by Fe2O3 pigment in the
VIS region (red color) decreases RD in the wavelength interval
of A = 0.43-0.6 (Jim. As the absorption coefficient of Fe2O3
pigment decreases with the increase of the wavelength, RD
and Rh increase, and their values approach those for TiO2 due
to nearly the same scattering properties. The results of Rh for
both the experiment and the analysis in the case of Fe2O3 are
in good agreement due to the matching of the data for the
analysis with the real situation. The deviation of the analysis
from the experiment in the case of carbon in the VIS and NIR
regions can be explained by the uncertainty in the optical
constants of carbon adopted for the analysis.1

Figure 5 shows the effect of the reflection characteristics of
the substrate. The results for specular Al substrate and two
other different substrates are plotted. Thick layers of densely
concentrated white (TiO2) and black (carbon) paints are used
to represent highly reflecting diffuse and nearly perfectly
absorbing substrates, respectively, in the VIS and NIR
regions. The analytical results for the case of black substrate
could be obtained by considering a substrate of zero reflec-
tance in the vehicle side. While for the case of white substrate
analytical results could be obtained by considering the
problem of a doubly painted layer,5 and treating the white
substrate as under coat of an infinite optical thickness. The
values for the case of black substrate represent mainly the
contribution by back scattering of the attenuated incident
light, where good agreement between the analysis and the
experiment could be seen. The irregularities in the wavelength
dependence of the analytical results compared with the

Analysis L pm v
——— O 144 0-017
——— A 11.4 Q-132

I" ——— n 17-0 0-400

Ti02 -Al

A = 0-5' jjm

> . : o A n

sin20 '-°
Fig. 6 Effect of the pigment volume concentration on the angular
distribution of the diffuse reflection.
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Fig. 7 TJ dependence of the diffuse component of the spectral
normal-hemispherical reflectance forTiO2-Al system.

smooth one for the experiment can be explained by the
resonances in the spectrum of the scattering coefficient of the
spherical particle according to Mie theory. In the analysis an
assumption of a monodispersion of spherical particles of
TiO2 pigment is considered. Because of the small con-
centration (v = 0.017) and the nearly perfect absorption by the
substrate, the contribution of the multiple scattering is small
and the single scattering dominates. This results in a direct
correspondence of the wavelength dependence of RD with the
irregular spectrum of the scattering coefficient for single
particles of d = 0.3 ptm. However, the experiment deals with a
real situation of a polydispersion of particles having nearly an
average value of d = 0.3 /xm, and the summing of the
resonances in the spectra of the scattering coefficient for the
different sizes of the spherical particles results in a smooth
wavelength dependence of RD. The clear difference between
the specular and the diffuse substrates can be seen for Rh in
the IR region where the specular reflection at the boundaries
of the painted layer dominates.

Figure 6 shows the results for the angular distribution of the
diffuse reflection. The effect of the pigment volume con-
centration v is shown in Fig. 6. Due to the large values of the
optical thickness for large values of v (0.132, 0.4) both the
experiment and the analysis show linear dependence of
R (00~6) on sin2# up to a value of sin2#^0.75 (0 = 60 deg).
This linear dependence represents a uniform diffuse reflection
since R (00~6) expresses its integration with respect of sin20
(Ref. 1). The experiment shows clearly the slow increase in
R (60~6) near sin20=1.0, which means the decrease of the
bidirectional reflectance to a zero value due to the total
specular reflection in the vehicle side at the air-vehicle in-
terface. The analysis also shows the same tendency, but it is
not clear due to the numerical integration. Figures 7 and 8
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Fig. 8 Ti dependence of the spectral normal-hemispherical reflec-
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Fig. 10 The dependence of the spectral normal-hemispherical
reflectance on the scattering albedo for optically thick layer (Fe2O3).
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Fig. 9 The dependence of the spectral normal-hemispherical
reflectance on the scattering albedo for optically thick layer (TiO2).

show, respectively, the dependencies of RD and Rh on the
optical thickness T } . The results at different wavelengths are
plotted to demonstrate the effect of the wavelength X and,
accordingly, the effect of the scattering albedo of the layer.
The results were obtained for painted samples containing
TiO2 pigment with a wet state volume concentration
vw =0.005 and having varied thicknesses (L = 13.0-274.0
jum) applied to specular Al substrate. Both the experiment and
the analysis show the same tendency of the TJ dependence at
each value of X, where the effect of the interference between
the scattered fields is negligibly small due to the small volume
concentration. As TI increases larger than unity, RD and Rh
increase continuously at X = 0.55 and 1.0 /-im and each ap-
proaches to a corresponding asymptotic value as TJ —• oo, while
they decrease at X = 2.0 /xm. In the case of X = 2.0 /*m there is
very small absorption by pigment and vehicle. This ab-
sorption effect is enhanced by the increased multiple scat-
tering due to the large value of r7 and reflectivities begin to
decrease.2

Figures 9 and 10 show the dependence of Rh on the scat-
tering albedo of the layer or for thick layers with large pigment
volume concentration. The values of o> were calculated
neglecting the interference effect. The analytical curve
describing the Rh vs o3 relation for an infinite optically thick
layer with isotropic scattering is plotted to examine the effect
of the scattering phase function.2 The results for the case of
TiO2 in Fig. 9 show that nearly good agreement between the
analysis and the experiment exists either at large values of &
very close to unity or at small values (c5<0.6). While for other
values the interference effect due to the large value of v leads
to a disagreement. In the analysis the dominant forward
scattering, resulting in smaller values of Rh than those of the
isotropic scattering,2 enhances the effect of the interference at
w^O.9997. This also can be clearly seen in Fig. 10 for the

results of Fe2O3 in the range of 0.99 >£> 0.9. Excluding the
deviation between the analysis and the experiment due to
other factors, the effect of interference may be correlated by
the reduction in the value of o> corresponding to the shift of
the experimental point to match with the analysis.

Conclusions
The experimental measurements of the various reflective

properties of painted layers under the condition of normal
incidence have been carried out using a new diffuse reflec-
tometer. The comparison was made with the calculated results
based on previous analyses to check the analytical procedure
and to examine the various assumptions considered in the
theoretical modeling. In general, the analysis shows good
qualitative and quantitative agreement with the experiment
except for the effect of the interference, which must be
considered by a suitable correlation in the analysis at large
pigment volume concentrations.
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