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ABSTRACT

Radiant transport involving arrays of discrete surfaces constitutes one of the major unresolved
problems in the field of radiation heat transfer. This paper discusses the requirements for experimental
validation of a general Monte Carlo solution to this class of problems. This work is a collaborative
effort between Oregon State University, where the experimental portion is being accomplished, and the
Pacific Northwest Laboratory, which is responsible for the Monte Carlo simulation.

The design and calibration of a simple, compact, and flexible instrument for direct measurement
of bidirectional reflectance are presented in some detail. The capability to measure full bidirectional
reflectance, as provided by this instrument, is essential to an accurate portrayal of surface properties in
a Monte Carlo simulation. Measured data for a common fiat white paint are presented and clearly
demonstrate the need for accurate and complete surface property information.

INTRODUCTION

Arrays of fixed, discrete absorbing and reflecting surfaces arc encountered in a variety of circumstances of
practical interest. Examples include ceramic fabrics, fiberglass insulation, and the absorbing section of a central
solar receiver.

A consideration of ceramic fabrics, for example, concerns a material which is fabricated from yarn that is
composed of small ceramic fibers. If radiant interaction with these small fibers is considered, Mie scattering is
encountered. When yarn is evaluated, the dimensions are sufficiently large that photon/surface interactions can be
modeled at the geometric limit.

Individual fibers can have many cross-sectional shapes and a wide range of surface coatings. These fibers can
then be formed into yarns with various dimensions. In turn, the yarns can be woven into fabrics with a range of
yarn spacings and orientations. This range of variability in construction, in addition to the range of properties that
individual fibers may have, indicates the wide range of optical properties thai can be built into these materials.

The example of ceramic fabrics illustrates the broad spectrum of characteristics that may be encountered in
surface arrays. When the array elements are very small in physical size, are closely packed, and are completely
random in orientation, they may be treated as a continuous absorbing/scattering medium and modeled using
techniques similar to those employed for gases and aerosols. When the individual array elements become large, and
separated by distances which are large relative to the wave length of the thermal radiation, then the resulting radiant
transport will be much different, and will vary principally on the array geometry and the properties of the surfaces
involved.

An approach for solving these discrete surface problems, using Monte Carlo techniques, is described by Drost
and Welty [1] and Drost and Palmer (2]. The Monte Carlo approach has become popular in recent years due to the
development of more advanced — principally faster — computer hardware. Using such an approach, full advantage
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can be taken of the detailed surface property descriptions of the surfaces involved. One such property, which is
fundamental to a complete description of radiant transport in an array, is the bidirectional reflectance. It is the ability
to evaluate this property which is the subject of the remainder of this paper.

Bidirectional reflectance is a material surface property that is fundamental to many types of radiative transfer
calculations. An indication of the importance of this property is given by the fact that there are literally hundreds
of archival publications describing methods for analytically estimating reflectivity, explaining and modeling the
effects of variables like surface roughness and polarization, and describing the results of experimental measurement
of reflectance properties (see for example, [3,4]). Although analytical methods have been developed for predicting
surface properties [5,6], their application is often of limited value for use with materials that have been abraded,
oxidized, or had some other action change their surface properties. In these cases, experimental data are required.

Many types of radiative transfer problems are modeled in a such a way that reflectance properties are used
only once for each surface. A simple case would be a flat plate with a beam impinging at a particular incident angle
with the resulting absorption and reflection being functions of the surface properties. The uncertainty associated with
these models includes the uncertainty of the reflectance only once because any given photon hits a surface only once.
In more complex cases the situation can be quite different. For example, in the case of parallel plates in which the
incident beam reflects many times between the surfaces, or with an array of surfaces through which radiative transfer
takes place, each photon may strike a surface many times and the surface properties must be used each time. Monte
Carlo models are often used in circumstances such as this, where a photon (or bundle of photons) may go through
many surface interactions before it is either completely absorbed or it leaves the region of interest. In this case, the
uncertainty associated with reflectance may be compounded several times in the calculation of overall uncertainty.

To the best of our knowledge, there have been no Monte Carlo codes reported that make use of full
bidirectional reflectance data. Virtually al! codes that model in three dimensions assume at least one, and sometimes
two or three axes of symmetry. A common assumption is to assume azimuthal symmetry for the incident beam; i.e.
reflectance properties don't change with respect to the azimuth angle of the incident beam, only with respect to the
incident beam polar angle. This is a reasonable assumption for many types of surfaces that are smooth either because
the surface has been carefully prepared (as in a laboratory), or because of a filling process, such as painting, which
naturally results in a smooth surface. However, this assumption of azimuthal symmetry does not seem reasonable
for many common engineering materials containing non-random surface features, such as brush-finished stainless
steel, extruded aluminum, any material that has been machined, or materials that have been sanded in one direction.
For these materials, a full set of bidirectional reflectance data is required to accurately describe the material
reflectance properties and it is for this reason that the bidirectional reftectometer described in this paper was
developed.

In the sections that follow, a detailed description of the bidirectional reflectometer, its operation, and some
example data are presented. The apparatus is described in detail, including its construction, the alignment and
calibration procedures, operational procedures, and a discussion of uncertainty

NOMENCLATURE

The nomenclature used in this discussion follows convention (see for example [7]). The word reflectivity is
reserved for describing an optically smooth uncontaminated surface; reflectance is used with measured properties
where there are no constraints on surface conditions. Geometric descriptions are based on a reference system that
is attached to the surface of interest; the incident beam and the reflected beam directions are defined by two angles
each (Figure I). The bidirectional spectral reflectance is then defined as

where:
p reflectance (BDRF in this definition) w solid angle
X spectral quantity (i.e., wavelength) directional (superscript)
6 polar angle as measured from a normal to the surface " bidirectional (superscript)
0 azimuthal angle as measured from a reference on the i incident (subscript)

s u r f a c e r reflected (subscript)
1 intensity ^ spectral quantity (subscript)
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incident radation

FIGURE 1

Definition of Angles Used in Nomenclature for Bidirectional Reflectance

Examination of this definition reveals that the reflectivity defined in this way can be greater than 1. For this
reason, the nams bidirectional reflectance function (BDRF) is usually used for this quantity.

In addition to BDRF, the directional-hemispherical spectral reflectivity is also a useful quantity. It can be
obtained by multiplying the BDRF by cos $., the area of the sensor, and the solid angle of the reflected beam and
then integrating over the entire hemisphere [7]. The result is given by:

Approximating the integral with a summation of bidirectional data over the hemisphere will allow comparison
with the results from an integrating sphere.

DETAILS OF THE REFLECTOMETER

As implied in the introduction, there have been numerous devices built for measuring BDRF (see for example
[8-11]). The design of the reflectometer used in this project evolved from an apparatus similar to the one developed
by Hsia (10] to a completely new apparatus based in part on the approach used by De Silva [8]. The features that
make this reflectometer particularly useful are (1) resolution of 1/2 degree for each of the four angles (0;, <£,, 0r <t>T),
(2) complete hemispheric coverage with the exception of a small cone around the incident beam and a small band
at the base of the hemisphere where 6r approaches 90 degrees, (3) high sensitivity for use with low reflectance
materials, (4) the ability to easily use virtually any type of source for the incident beam, and (5) direct reading of
the four angles that define incident and reflected directions.

The entire apparatus is shown schematically in Figure 2 and details of the goniometer are shown in Figure 3.
The reficctometer can be considered in terms of three major subsystems: the source, the goniometer, and the
detection system. In the course of subsequent descriptions., note that the reference coordinate system is located on
the sample of interest. The incident beam is fixed and the sample/sensor apparatus rotates around the point at which
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-(Jh, incident azimuth angle

<|>r, reflectance azimuth angle

6 i incident cone angle

FIGURE 2

A schematic representation of the apparatus
(1) goniometer; (2) collimating lens; (3) spatial filter; (4) chopper; (5) HeNe laser

FIGURE 3

A photograph of tht goniometer. The source for the incident beam is mounted out of the photograph on the optical
rail just showing in the lower left corner of the photograph. The inset is a drawing of the reference frame as it
would be positioned on the sample surface (E).
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the incident beam intersects the front plane of the sample. Figure 1 (the standard notation for BDRF) has been
redrawn in the inset of Figure 3 to match the orientation of the sample in the goniometer.

The Source

One of the advantages of this arrangement is that the source is fixed in position; bidirectional measurements
over nearly the entire hemisphere are accomplished by moving only the sample and the sensor. This means that
virtually any source can be used because there are no size, weight, or orientation constraints as might exist if the
source was a moving part of the goniometer system. In fact, a 0.5 mW HeNe laser, a 5 mW HeNe laser and a
Quartz-Tungsten Halogen (QTH) source have already been used with this apparatus and a 2 W Argon laser is
mounted on the same table and available if needed. The source used for the work reported in this paper was a 5
mW HeNe laser operating at 632.8 nm.

As described in detail in the section on the sensor, two source configurations were evaluated for use with this
apparatus: a small-diameter nonuniform beam and a large-diameter uniform beam. In both cases, the beam was
coilimated and monochromatic. When the source was a laser, the output of the laser was used directly for the
narrow band beam. This beam had an output of either 0.5 or 5 mW depending on which laser was used, the
wavelength was 632.8 nm, the beam diameter was on the order of 1 mm, and the beam intensity distribution was
approximately gaussian. For the large-diameter beam, a spatial filter consisting of a focusing lens, a 0.03 micron
pinhole, and appropriate positioning verniers was used to expand the beam. An additional lens was used to
recollimate the center portion of the beam to provide a monochromatic, collimated beam of approximately 25 mm
in diameter with uniform intensity. Only the higher power laser (5 mW) was used for the wide beam.

The Goniometer

The incident beam is horizontal and impinges directly on a sample mounted in the goniometer apparatus
(Figure 3). The entire sample/sensor apparatus sits on a rotation stage (A); changing the orientation of the apparatus
with this stage changes the incident beam polar angle, 0j. Mounted on stage (A) but oriented vertically is another
rotation stage (B). The sample (E) is mounted directly to this stage so that rotating (B) changes the azimuth angle
for the incident beam, 0;.

This arrangement effectively allows the angles defining the reflected beam direction to remain unchanged as
the incident angles are varied; i.e., the sensor rotates with the sample and is therefore maintained in the same
position relative to the (sample) coordinate system as both $t and <t>x are changed.

Coupled directly to rotation stage (B) is rotation stage (C) for changing the sensor azimuth angle, <t>r This
stage has a hole through its center to allow the sample post to come directly out from the center of stage (B).
Finally, mounted on the sensor azimuth stage (C) is an arc (D) on one end of which the sensor is mounted. This
arc can be moved through 90 degrees to change the sensor polar angle, 0r

For convenience, to speed alignment, and to be able to accommodate different-thickness samples, stage (A)
is mounted on an X-Y positioner, stage (B) is mounted on a vertical positioner, and the sample is held in an
adjustable-height post holder.

The Detection System

The detection system consists of a chopper to modulate the incident beam, a photodiode mounted in a baffled
sensor housing, a lock-in amplifier, and a computer used both for control of the lock-in amplifier and to record data
as they are collected. For purposes of discussion, the system is considered in two parts: the sensor and the amplifier.

Although some researchers have used a 'bare' photodetector [8], this apparatus makes use of a sensor housing
to increase the directional sensitivity of the sensor. As described in Nicodemus et al. (12), there are two practical
approaches to the geometric relationship between source, sample, and sensor size. First, the incident beam (source)
can have a small area, in which case the sample and sensor must have areas large enough to encompass the entire
beam at the largest incident polar angle (0;) to be used. Alternatively, the sample and sensor can be small, in which
case the incident beam must be bigger than the area on the sample from which the sensor receives radiation. Both
approaches have been evaluated with this apparatus.
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FIGURE 4

Results of BDRF Measurements Taken for Krylon Flat White Paint (No. 1502) on a Smooth Alum?,;um Substrate.
The top plot shows BDRF for cases where the incident and reflected beams are in the same plane (i.e.,
<>; = (f>r #r+180). The BDRF is ploned as a function of incident polar angle and reflected polar angle. The bottom
plot shows out-of-plane BDRF. Here the variation is in reflected azimuthal angle at specular reflection angles of
30 and 80 degrees.
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In the case of the first approach, a laser beam of approximately 2 mm diameter was aimed at the sample. The
sensor, a 10 mm" photodiode, was just large enough to accept the entire beam. Although a larger sensor would be
desirable, this was adequate for evaluation of the large area approach.

The second approach, using a sensor with a small acceptance angle, was tested using the same 10 mm2

photodiode, but with a series of baffles in the sensor housing to restrict the acceptance angle to approximately 1.9
degrees (plus or minus 0.94 degrees), which corresponds to a solid angle of 0.00084 sr.

In both cases, the sensor was mounted on top of the goniometer arm. As can be seen in Figure 3, this arm
is below the azimuthal axes of rotation W>r 4>T) so that when the sensor is mounted on the arm surface, the sensor
axis is coincident with the other three goniometer axes and the center of the incident beam. Having the arm offset
from the axis of rotation allows the incident beam to reach the sample for all goniometer positions except when the
sensor is directly in line with the incident beam.

The output of the sensor, a voltage that would be dc except that it is being modulated by the chopper, is fed
directly into die lock-in amplifier. A reference frequency generated by the chopper is also connected to the
amplifier. Because the frequency of the signal of interest (the photodiode output) is known precisely, the lock-in
is able to act as a filter with a very narrow bandwidth. When coupled with a high gain amplifier, the result is an
ability to amplify and extract signals that are below the ambient noise level. In this particular case, even though the
output of the photodiode was in the nanovolt range, use of the lock-in amplifier aJlowed work to be conducted in
ambient light conditions. The only constraint resulting from the use of a lock-in under these conditions is that the
time constants required for accurate readings result in periods on the order of minutes for each data point.

SAMPLE DATA

A number of materials have been tested using this reflectometer. As described in the introduction, BDRF data
are necessarily voluminous in nature. Therefore, only partial results for a common flat-white paint are included in
this paper. These results have been selected to demonstrate the importance of considering full BDRF data when
modeling common types of materials.

All of the BDRF data shown is for Krylon Flat-White paint (No. 1502). Two coats of the paint were applied
to a smooth aluminum substrate. The sample was then allowed to age in the laboratory for two weeks prior to the
start of BDRF measurements. The incident beam is from a He-Ne laser operating at 632.8 nM with random
polarization.

The example BDRF data is shown in Figure 4. It is particularly clear in the bar plot that this paint is mostly
diffuse for angles of incidence less than about 60 degrees, but that reflection becomes increasingly specular as angles
increase above that value. The conclusion to be drawn is that if these circumstances of coated surface and incident
beam are to be used in a situation where multiple reflections are likely, the model used for analysis should not ignore
the change in specularity of reflection as a function of incident angle.

CONCLUSIONS

An apparatus for the measurement of BDRF has been described in detail. The key features that set it apart
from previous work are: (1) direct reading of all angles involved, (2) nearly complete hemispheric coverage, (3)
the ability to measure incident flux directly with the same sensor as used for reflected flux, (4) a goniometer that
moves the sample and sensor about all four axis therefore providing great flexibility in the source used for the
incident beam, (S) linear response over five orders of magnitude in intensity, and (6) a minimum of custom
machining (only one axis required a custom rotation machined stage). The opportunities for improvement fall into
the categories of operational improvements and accuracy improvements.

Improvements in accuracy can be achieved by improving the quality of the source beam both in terms of
uniformity and stability, by using a more precise method of measuring the area of the sensor and its distance from
the sample, and by increasing the resolution of the scales used on the goniometer. All of the operational
improvements relate to further automation of the data collection process. Specifically, each of the axis of rotation
could be motorized and the existing computer program for data acquisition could be extended to include control of
the goniometer motion.
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This reflectometer has been used to evaluate the BDRF of several types of common engineering materials.
It is clear that for some materials the traditional practice of assuming azimuthal symmetry, and perhaps even the
practice of modeling reflectance as a linear combination of specular and diffuse components, needs to be re-evaluated
in light of the common availability of computational resources with the power to complete numerical analysis without
those simplifications.
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