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1. List of Acronyms

Acronyms used in this Manual are shown in Table 1 below.

2D
3C
3D
BB
BRDF
CPU
DHR
EE
FOV
GB
GUI

MB
MCRT
MS
0OS
PC

PR
PSO
RAM
RT
SDHR
S
SP3
SPR
VC

Table 1. Acronyms used in Manual.

Two-Dimensional

Three-Component (BRDF model)
Three-Dimensional

Blackbody

Bidirectional Reflectance Distribution Function
Central Processing Unit
Directional-Hemispherical Reflectance
Effective Emissivity

Field-of-View

Gigabyte

Graphical User Interface

Kelvin (the basic Sl unit of thermodynamic temperature)
Megabyte

Monte Carlo Ray Tracing

Microsoft

Operating System

Personal Computer

Partial Reflectance

Particle Swarm Optimization

Random-Access Memory

Radiance Temperature

Spectral Directional-Hemispherical Reflectance
International System of Units (from French: Le Systéme international d'unités)
Service Pack 3

Spectral Partial Reflectance

Viewing Conditions
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2. Introduction

The program STEEP323 working under OS MS Windows XP (with the SP3), Vista, 7, and 8 (in
compatibility mode) is intended for numerical modeling of spectral radiation characteristics of
isothermal and non-isothermal blackbody cavities using the three-component (3C) BRDF model [1, 2] .
The program is applicable to parametric study, design optimization, and performance assessment of
blackbodies (BBs) used as standard reference sources in radiation thermometry (pyrometry),
radiometry, photometry, for of optical sensors calibrations (e.g., in remote sensing), etc.

According to the Kirchhoff law and the reciprocity principle, results obtained for effective emissivity of
isothermal cavities can be also used for effective absorptivity of cavity detectors of optical radiation.

STEEP323 is based on the proprietary algorithm of the Monte Carlo ray tracing method (MCRT)
implemented for axially symmetric cavities formed by revolution of polygonal line around the axis. The
algorithm allows modeling various viewing conditions of cavities with arbitrary axially symmetric
temperature distributions. Different 3C BRDF models can be used for each surface forming cavity.

STEEP323 is the only program of STEEP family that allows employing experimentally determined optical
properties of cavity wall. Initial experimental data are:

1) BRDF measured in the plane of incidence at one wavelength A, for up to 6 incidence angles.
Measurements of BRDF require special equipment (see [3-21]).

2) Spectral directional-hemispherical reflectance (SDHR) measured at one incidence angle within a
wavelength range [ﬂj,ﬂz] which includes the wavelength 4, . Usually, these measurements can

be conducted using conventional reflectometric accessories such as integrating spheres (see,
e.g., [22-25]).

If experimental data are unavailable, STEEP323 allows building a priori reflection models to perform
parametric studies.

The minimal requirements for hardware and software are the following:
e CPU frequency 2 GHz

e Screen resolution 1600x1024

e RAM 3GB

e Hard disk space 25 MB

e Video card 1 GB video RAM; OpenGL 2 compatible

e OS MS Windows" XP (with SP3), 7, 8 (in compatibility mode)
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3. Theory basics

3.1. Definitions of Principal Quantities

A source of optical radiation whose radiation characteristics can be calculated on the basis of
fundamental physical laws makes possible calibration of radiometers, spectroradiometers, radiation
thermometers, etc. From theoretical point of view, a perfect blackbody (BB) is the most suitable object
for this purpose. If its thermodynamic temperature is known, spectral characteristics of BB radiation at
any wavelength can be computed with the help of Planck’s law. However, a perfect BB is a physical
abstraction that does not exist in real world. The perfect BB conditions are approximately realized inside
an isothermal cavity with opaque walls. The radiation escaping cavity through a tiny opening imitates BB
radiation very closely. In order to employ a BB as a standard reference source for optical radiometry and
radiation thermometry, it is necessary to know how large are differences between radiation
characteristics of a cavity and those of a perfect blackbody due to cavity geometrical parameters, optical
properties of the wall material, and actual temperatures of cavity walls.

There are two different objects referred in literature as “blackbody”:

1. Atheoretical object that completely absorbs all radiant energy incident upon it. A BB emits
maximal amount of radiant energy at given wavelength and given temperature in comparison
with all other radiating bodies.

2. An artificial source of optical radiation designed to simulate characteristics of a perfect BB and
used as a reference radiation source of calculable radiation characteristics.

In order to differentiate them, we shall use the term “perfect blackbody” for a theoretical object,
keeping the term “blackbody” for an artificial source.

Quantitative measure of the difference in radiation characteristics between an artificial BB and a perfect
one is the effective emissivity (EE). The qualifier “effective” is used due to the effect produced by
multiple reflections. Unlike a flat sample, outgoing radiation of an element of a cavity wall consists not
only of its own thermal radiation, but also of radiation falling from other surface elements and reflected
by the element under consideration. The EE is determined by the cavity geometry, optical properties of
the cavity walls, viewing conditions (VC), i.e., geometry of collecting the cavity radiation, and the
temperature distribution over the radiating surface.

Generally speaking, EE is the ratio of a radiometric quantity (usually, radiance or spectral radiance) that
characterizes a BB at a certain temperature to the same quantity of a perfect BB with the same
temperature. However, real-world cavities are always nonisothermal. Temperature non-uniformity can
change cavity radiation characteristics significantly. To avoid ambiguity in temperature assigned to the
perfect blackbody in the EE definition, the reference temperature T . has to be introduced and assigned

ref

to the perfect BB. T, itself has no specific physical meaning; its choice, in general, is arbitrary.
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Depending on the T, choice, the spectral EE of a nonisothermal BB can take any positive value, i.e., be
greater than one. The spectral radiance of a BB do not change their values at any choice of T . In

practice, the temperature measured by a contact temperature sensor is commonly used for T, to keep

ref
EE of the nonisothermal BB comparable with those for the isothermal case. EE of a nonisothermal cavity
depends on the wavelength even if the cavity internal surface has wavelength-independent optical
characteristics.

The quantities characterizing BB radiation sources are usually defined for the non-refracting, non-
absorbing, non-scattering, and non-emitting environment (i.e., vacuum at 0 K). It is also supposed that
optical properties of cavity walls do not depend on temperature. Effect of background radiation will be
considered in this Section later.

The primary characteristic of an artificial BB is the spectral local directional EE ¢,. It is defined by the
following equation:

L,(2.8.0)

ge(ﬂvi’w,Tremer (1)
A, ! lre

where L, is spectral radiance (in W-m~-sr!) of the radiation coming from a point on BB wall at a
particular wavelength A, with coordinates specified by the vector &, and the direction in which the
radiation is emitted specified by the vector ; L, ,, is spectral radiance of a perfect BB at a reference

temperature T, and the same wavelength 4.

The numerator in Eq. (1) refers to the sum of own thermal radiation of the surface element and
radiation that is falling from all possible directions and is reflected by this element in the direction o.
Denominator in Eq. (1) is expressed by the Planck law:

L/l,bb(i'Tref ): 4 (2)

where ¢;= 3.74177153-10"° W-m? and ¢, = 1.4387770-10% m-K are the 1% and 2" radiation constants,
respectively [26].

Integration of Eq. (1) over a hemispherical solid angle transforms the spectral local directional EE
ge(/I,é';,(o,T ) to the spectral hemispherical EE geyh(ﬂ,é’;,T ) According to Lambert’s law, spectral

ref ref
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radiance of the perfect BB does not depend on the angle of observation and can be expressed through
the spectral exitance M , (surface density of the emitted radiant power):

Li,bb(ﬂiT)Z%Mz,bb(/LT)- (3)

The spectral hemispherical EE can be defined by the following equation:

_oMu(R8)  M(R8)
ge’h(ﬂ’g’-rmf )_ Moo ATrer ) 7 Lapn( A Trer )’ @

Depending on particular viewing conditions used for various types of radiometers, radiation
thermometers, etc., one can define appropriate types of effective emissivities by averaging local
directional effective emissivity over a visible part of cavity’s internal surface and an appropriate solid
angle. Some most practically important types of effective emissivities and corresponding types of
viewing conditions are considered in Section 3.3.

Definitions (1) and (4) have been developed for a non-radiating background environment. However, real
environment may have temperature greater than 0 K. Thermal radiation from surrounding environment
falls onto the aperture of a BB cavity and can irradiate detector after multiple reflections inside the
cavity. The simplest case of isotropic radiation of a perfect BB with the background temperature T, is

usually considered. The effect of background radiation is taken into account by the second term in the
Eqg. (5).

exp| — 2 |1
ﬂTref
8e(l,§,w,Tref 1Tbg ): 5e(}“l‘tss(‘):Tref )+ [l—ge(ﬂ,é,m)] (5)

exp G -1
AThg

where ge(/l,ﬁ,m,Tref ’Tbg) is spectral EE of a nonisothermal BB taking into account background radiation;

ge(/l,?;,(o,Tref ) does not include this correction; ge(/l,é’,w) is spectral EE of an isothermal BB.

Correction for the background radiation can be neglected if T,, <<T,; .



STEEP323 v. 3.X MANUAL © 2013-2014 Virial International, LLC

Radiance temperature (RT) Ty is defined as temperature of a perfect BB, for which the spectral radiance

at the given wavelength A has the same value as for thermal radiator under consideration. RT is
sometimes called brightness temperature in such areas as remote sensing, astrophysics, etc. The RT T

is defined by the equation:

Lﬂ(/i,f;,m)z L/I,bb(/LTS)' (6)

For an artificial BB, the radiance temperature can be expressed through the spectral EE:

- -1

exp| —2— -1
To(4,60)=cyl Aln 1+ Alre . (7)
geulé"’%Tref )

Egs. (6) and (7) are also written for zero background radiation. Note that the RT does not depend on
T . but depends on wavelength and VC.

ref
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3.2. Cavity Shapes

STEEP323 deals with axisymmetrical BBs, i.e. cavities whose internal surface is formed by revolving of
non-self-intersecting polygonal line around the cavity axis. The great majority of BB radiators are
axisymmetrical. STEEP323 allows to model axisymmetrical cavities from the simplest (like cone or
cylinder) to complicated shapes consisted of hundreds of segments (see Fig. 1).

0.6 T

0.4
0.2

el

- 0.8

0 1 z 3 4 0

Cone with diaphragm (2 surfaces) Cylinder with diaphragm (3 surfaces)

0 1 2 3 4 5 6 7 8 1 A : 3 1 5 s

Cylindro-cone with diaphragm (3 surfaces) Cone-cylindro-cone (3 surfaces)

i 1 2 3 4 5 6 7 8 s 10 ] 20 40 60 a0 10 1 40 160 180 20 20 20 20

Cylinder-inner-cone with diaphragm (3 surfaces) Cavity with reflector (9 surfaces)
1
1
Cylinder with V-grooved bottom and diaphragm; V-grooves Sphere (399 surfaces)

have flat areas on the peaks and valleys (23 surfaces)

Fig. 1. Examples of axisymmetrical cavity shapes.
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3.3. Viewing Conditions

EEs and RTs derived from them depend on viewing conditions (VC), i.e., geometrical conditions of
collecting the radiation by a measuring device. EEs for corresponding VC can be obtained by averaging
local directional EEs over given spatial and angular domains. The types of VC which can be modeled in
STEEP323 are shown in Fig. 2.

Normal Directional

Conical (convergent beam) Conical (divergent beam)

Integrated Hemispherical as the limiting case of Integrated

Fig. 2. The types of viewing conditions in STEEP323.

Normal VC corresponds to collecting rays which are parallel to the cavity axis. Beam radius R, can be
determined by an external diaphragm. If R, — 0, the distribution of local normal EEs across the cavity

aperture describes spatial uniformity of cavity radiation. Normal VC correspond to the collimated beam.
Such viewing conditions are approximately implemented for the radiometric or pyrometric
measurement scheme that uses very long focal-length optics or when the optical system is focused at
infinity.

11
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Directional VC with the beam of small radius passing through the aperture center is used for
characterizing angular uniformity of cavity radiation. Directional VC also correspond to the collimated
beam. Normal VC can be considered as a special case of Directional VC.

Conical VC reproduce the pinhole model mimicking the optical system that collects the cavity radiation
onto the detector. They are defined by the angular field-of-view (FOV) and the axial coordinate of the
focal point. The beam axis is parallel the cavity axis. Cases of divergent and convergent conical viewing
beams are depicted in Fig. 2. To model divergent viewing beam, the apex of viewing cone must be
placed behind the cavity.

Integrated VC reproduce collecting of radiation emerging from a cavity by a circular detector (shown in
blue in Fig. 2) without optical system. Hemispherical VC can be considered as a special case of the
Integrated VC when the detector radius is equal to the BB aperture radius and the distance between BB
aperture and detector is equal to zero.

3.4. Methods for Calculation of Effective Emissivities

Direct measurements of EEs of BB radiation sources are often extremely difficult or even impossible.
Sometimes, computational methods are the only way to determine EE. Moreover, calculation of EEs
should be done at the design stage. Many computational methods have been developed to this end (see
Refs. [27-29]). They are based on the various physical and mathematical assumptions, have different
areas of applicability and provide different degrees of accuracy. For diffuse cavities (i.e., cavities whose
walls are considered as Lambertian emitters and reflectors) of simple shapes, series of papers by R. E.
Bedford and C. K. Ma [30-32] established de facto standard method for calculation of local hemispherical
EEs which can be used subsequently to calculate EEs of diffuse cavities for any types of viewing
conditions.

At present, the most comprehensive and flexible method for calculating radiation characteristics of
blackbody radiators is the Monte Carlo method (see, e.g., Refs. [1, 2, 33-42]). It is based on the ray
tracing algorithm that models radiation heat exchange among cavity walls and propagation of radiation
from a blackbody to a radiation detector. The Monte Carlo method uses the ray (geometrical) optics
approximation; such phenomena as polarization and diffraction are not considered.

EE calculations by the Monte Carlo method use the optical reciprocity principle and the technique of
backward ray tracing. The history of a ray directed from the point of observation toward a cavity
aperture is being traced until it leaves the cavity after reflections from the walls, or until its energy
becomes less then the given threshold value. The last point of reflection is considered as a birth point of
a ray propagating in opposite direction. The spectral radiance acquired by a ray consists of the spectral
radiance of own thermal radiation (computed by Planck’s law) at the point of the last reflection in the
viewing direction and the sum of spectral radiances at the points of successive reflections computed
along the ray trajectory and impaired by multiple reflections.

12
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Averaging of spectral radiances of a large number n of ray trajectories allows to estimate the EE and RT
of a BB. Precision of the Monte Carlo calculations is proportional to 1/\/ﬁ Usually, it is necessary to
trace from 10° to 10 rays to achieve the EE accuracy of 10*..10°° (convergence of the computational

process depends upon many factors and can be assessed by performing repeated numerical
experiments).

Adequacy of the Monte Carlo ray tracing (MCRT) depends to a great extent equally upon two factors.
The first is the temperature distribution over the BB walls, especially over their directly viewable areas.
Even the most precise BB calibration sources (fixed-point and heat-pipe blackbodies [43, 44]) may have
non-negligible decrease in temperature toward their apertures. Usually, temperature of BBs is measured
by contact methods only in several points (often, only in the bottom center). In this instance, one can
evaluate the influence of temperature non-uniformity on the radiation characteristics of a BB by
performing calculations with several feasible temperature distributions.

The second factor crucially affected EE is the adequacy of angular dependences of the model adopted
for optical properties of materials forming a cavity. The simplest (but very often insufficient) model is the
diffuse model of reflection. The most powerful models must take into account bidirectional reflectance
distribution function (BRDF) [45] that describes angular distributions of reflected radiation for every
direction of incident radiation. Since the measurement data required for such a model is very often
incomplete or absent at all, the specular-diffuse model of reflection proposed in 1960ths [46] and
representing BRDF as a sum of the Lambertian (diffuse) and the perfect specular components is in
common use up to date. However, BRDF for specular-diffuse model of reflection includes Dirac’s delta-
function in the expression for specular component what makes impossible its fitting to measured BRDFs.
Separation of reflectance into the perfect diffuse (Lambertian) and perfect specular components cannot
be done unambiguously. Besides, specular components of reflection for real-world materials of
blackbody cavities have small but finite divergence what can lead to effects which cannot be predicted
within the framework of the specular-diffuse model of reflection [1].

STEEP323 uses three-component (3C) BRDF model [1, 2] and provides tools for fitting 3C model’s
parameters to BRDFs measured in the plane of incidence (so-called “in-plane BRDFs”) and for splitting
the spectral directional-hemispherical reflectance (SDHR) into three components — perfectly diffuse
(Lambertian), glossy (having wide specular lobe), and quasi-specular (having narrow specular peak). For
the moment, STEEP323 is the most powerful program for modeling radiation characteristics of
axisymmetrical BBs.

3.5. Optical Properties of Materials for Blackbody Cavities

The choice of materials or coatings for radiating BB cavities is determined by many parameters:
operational temperature of a BB, required EE values of the BB, cavity geometry, as well as VC. BB
operating at low temperatures have radiating cavities internally coated with various black paints like
those used for thermal detector of optical radiation [47-52]. High-temperature BBs usually made of

13
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graphite, pyrographite, ceramics, or other refractory materials [53, 54]. Cavities for intermediate
temperature range frequently have oxidized metallic surface. The spectral range, in which the cavity
operates, depends on the BB operating temperature. SDHR measured within some spectral range at a
single incidence angle is the most accessible optical characteristic that can be measured with the help of
standard measurement equipment (e.g., spectrophotometer with the integrating sphere or other
reflectometric accessory).

Together with the spectral emissivity or spectral reflectance, the angular distribution of the radiation
reflected from or emitted by a material is the matter of the first importance for the problems concerned
with the calculation of radiation characteristics of blackbodies. This distribution is described
comprehensively by the BRDF. In the spherical coordinate system (see Fig. 3), BRDF, f, [sr!], is defined
[45] as

_dLﬂ,v(/l’ei’ﬂ’Hv7¢v)_dL/l,v(ﬁ“'ei’¢|10W¢v)
f(2.0.0.004.)= dE,;(4.6,4)  dL,;(4.6,4)dQ,

: (8)

where @ and ¢ are the polar and azimuthal angles, respectively, L, is the spectral radiance of reflected
radiation, E, is the spectral irradiance of incident radiation; dQ is elementary sold angle; subscripts “i”
and “v” refer to incidence and viewing directions, respectively.

AZ

Incidence direction, w; Halfway vector, h

Viewing direction, w,

Fig. 3. Schematic for the BRDF definition.

It is supposed that fluorescence and translucency are absent. BRDF, as the function of 5 variables,
comprehensively describes optical properties of a material. Without loss of generality, until Section 3.8,
we will consider monochromatic radiation only and omit dependences on A as well as the adjective
“spectral”.

14
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Physically plausible BRDF must obey the following two conditions:

1. Reciprocity principle which allows to interchange the incidence and the viewing directions:
£.(0.4.0,.4.)=1.(0,.4..0.4). (9)

2. Energy conservation law, i.e. DHR which can be computed as the integral of the BRDF over the
hemispherical solid angle, cannot be greater that unity for any incidence angle:

2z 72
_f f ¢.0,,4,)sin6,cos0,d0,dg, <1 forany 6, (10)

#,=06,=0

Unfortunately, BRDF of materials and coatings used for radiating surfaces of BBs are studied
insufficiently. Very often, BRDF is measured only in the plane of incidence (so-called in-plane BRDF) and
only for several incidence angles. Although some materials are used in BBs operating at elevated
temperatures, BRDF measurements are usually conducted at ambient temperature. The use of published
data is problematic due to many uncontrolled parameters of the material such as roughness, granularity,
treatment, etc., which vary significantly from sample to sample. Obtaining reliable data requires
individual investigation of each specific material.

For precise radiometric calculations, it is necessary to know the BRDF values at any combination of
incidence and viewing directions. Habitual incompleteness of BRDF measurements dictates necessity of
introducing BRDF models, usually, in the form of analytical functions. A number of such models were
developed for computer graphics, digital image synthesis, and remote sensing during two last decades
(the extensive bibliography can be found, for instance, in [55-62]). These models can be subdivided onto
physically-based (i.e., describing real physical phenomena such as a reflection of optical radiation from
randomly rough surfaces or volumetric scattering in turbid media), empirical (which are no more than
mathematical formulae with a set of tunable parameters), and semi-empirical models, which are in-
between two first categories.

Physically-based models cannot be too sophisticated; they better describe behavior of materials
exhibiting only one type of scattering (e.g., scattering on the surface roughness or subsurface scattering)
and provide reasonable predicting of optical characteristics of such materials outside the angular range
of measurement. However, real-world materials seldom or never exhibit scattering conditioned by only
one physical phenomenon. For instance, reflection of infrared radiation from a metallic substrate
covered with a black paint is conditioned by scattering on the rough surface of black paint, volumetric
scattering within a paint layer, reflection from metallic substrate, and so forth.

15
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A well-chosen approximating function and a set of tuning parameters can ensure excellent fitting of
empirical model to the measured BRDF but there is no guarantee for physical plausibility of these results
for all possible incidence and viewing angles.

The best approach is to combine two above-mentioned methodologies.

3.6. Three-Component (3C) BRDF Model

As can be seen from Figs. 4 and 5 that present BRDF measurements at ambient temperatures for a black
coating and graphite sample (see also [47-52, 54]), most BRDFs can be represented as the sum of three
components: near-Lambertian (diffuse), almost specular (quasi-specular), and glossy (having wider
forward-scattering lobe). The names of components are not concerned with physical phenomena they
determine but refer to their shapes only. Only isotropic BRDF models depending on ¢ = |¢, —¢v| instead

of ¢ and ¢, are considered.

Black Paint; BRDF at 10.6 pm

oot - Incidence
H Angle

¥ = 5°

W - 15

= ag°

W e 457

W = g0°

BRDF (1/sr)

=
2

0.001

P i : ‘ : :
-80 -70 -0 -50 -40 -30 -20 <10 0O 10 20 30 40 50 B0 70 8O
viewing Angle (°)

Fig. 4. Logarithmic plot for BRDFs of a black paint with predominantly specular reflection measured at
ambient temperature and wavelength of 10.6 um.
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Fig. 5. BRDFs of graphite sample measured at ambient temperature;
left plot is for 0.65 um, right plot (logarithmic) is for 10.6 um.

In Ref. [1], the Three-component (3C) BRDF model f .., that can be represented by the linear

combination of diffuse, f, ;, quasi-specular, f_.,andglossy, f__ , components was introduced:

rgs’ rg’

fr,3C = kd fr,d + kqs fr,qs + kg fr,g ’ (11)

where kK, and kg are non-negative and

as
kg +Kge +Ky =1. (12)

Diffuse component might be caused by multiple scattering on the surface roughness, or by volumetric

scattering inside a translucent coating etc. Diffuse component corresponds to reflected radiation more

or less uniformly scattered within the hemispherical solid angle. Lambertian reflection (also known as
ideal diffuse or perfectly diffuse reflection) is the extreme case of diffuse reflection when f_, =const.

Quasi-specular component has small but finite divergence unlike specularly reflected ray in the case of
perfectly specular reflection.

Glossy component is similar to the quasi-specular component but so wider that it forms rather specular
lobe then peak.

The schematic representation of 3C BRDF model is shown in Fig. 6.
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Fig. 6. Schematic representation of 3C BRDF model.

For the diffuse component, the Lambertian BRDF is used:

R

fg=-2, (13)
Vs

where R, is the partial diffuse reflectance that defines the directional-hemispherical reflectance (DHR)

py of the diffuse component.

For the quasi-specular and glossy components, the isotropic version of the model, proposed in [63] for
rough surfaces, was adopted:

R(8 tand, \’ 2|1+ cos 6, cosé, —sin 6, sin 6, cos
f(6.0,.9)= i;)exp{—( ah]} | (cosé, cosd, ) ¢]' a4

where o is the roughness parameter, 6, is the halfway angle (see Fig. 3 and explanation below).

This BRDF model is based on the microfacet model of reflection [64] that represents rough surface as a
set of randomly oriented perfectly specular tiny facets. Specular reflectance, R, of microfacet depends
on the angle 6, of the incidence onto the microfacet. This halfway angle is formed by the surface

normal and the halfway vector h = (cov -, )/(2||0)V —coi”) (see Fig. 3). It is assumed that microfacet

normals have Gaussian distribution with zero mean value and standard deviation o . BRDF lobe
becomes wider with the growth of o . Elementary physical reasoning suggests that DHR of a microfacet
model must equal 1 for all incidence angles if R(6,)=1. However, DHR of all microfacet models, which
neglect multiple reflections among microfacets, deviate from 1 for such a case; the greater roughness
the greater this deviation. Last term in Eq. (12) is constructed to minimize the deviation of DHR from 1 at
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R(@h)zl. Deviations become significant only for large o and large 6, . Since the reflectances of

materials of blackbody cavities are essentially low, uncertainty due to neglecting multiple reflections for
the DHR calculation by integration of BRDF (12) is essentially very small.

The original model [63] uses Schlick’s approximation [65] of Fresnel’s reflection law for unpolarized
radiation:

R+(1-R)1-cosd.)’, if R>0
RSch(eh):{o (if R:)(O h) (15)

where R is the partial specular reflectance (specular reflectance of a microfacet at the normal
incidence).

Eqg. (15) is slightly modified as compared with the original Schlick’s formula to correct the approximation
behavior for R=0 and &, > 0. For non-dielectrics, Eq. (15) gives greater deviations from Fresnelian
reflectance at large 6, . However, large 6, values are typical for very rough surfaces when the effect of
multiple reflections among microfacets overrides error of Schlick’s approximation. Eq. (14) is used for
both quasi-specular and glossy components; it is allowed that 0.0001 < Oy < 0.01 for the quasi-specular
component and 0.01< o, <1 for the glossy component. In-plane BRDFs of glossy component plotted in
the Cartesian coordinate system according to Egs. (14) and (15) for R, =0.1, o, =0.1, and six values of
6. (0°, 15°, 30°, 45°, 60°, and 75°) are shown in Fig. 7. The negative values of viewing angles 6,

correspond to backscattering.

BRDF (sr)

-90 -60 -30 0 30 60 90
Viewing Angle (°) Viewing Angle (°) Viewing Angle (°)

c =0.05 c=0.1 =02

Fig. 7. In-plane BRDFs for the glossy components for R, =0.1; o,=0.05,0.1, and 0.2.
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The 3D plots of glossy BRDFs expressed in relative units for R, = 0.1 and 0,=0.05,0.1,and 0.2 are

presented in the spherical coordinate system in Fig. 8 for 45° of incidence.

6 =0.05

c=0.2

Fig. 8. The three-dimensional plots in the spherical coordinate system of glossy BRDFs expressed in
relative units for R, =0.1 and o, =0.05,0.1,and 0.2 for 45° of incidence.

Although the model expressed by Eq. (14) is developed for randomly rough surfaces, it was found that it
satisfactorily approximates glossy lobes of other nature.

DHR of the 3C BRDF model can be represented in the form
Psc(0)=pa+ pg(6)+p, (), (16)

where every summand is the DHR of the appropriate component:

27 7/2
Po=ks [ [1.4(Ry.0,0,.¢)sin0,c0s0,d0,d¢ = k;R,, (17)
$=00,=0
27 72
Pe(@)=K, [ [ 1, (Rec1040.0,6,,9)sin 6, c0s0,d0,d9, (18)
$=06,=0
27 7/2
py(0)=K, [ [14(Ry.0,.6,0,.4)sin0,cos0,d0,dg. (19)

$,=06,=0

We call Ry, R, and R, partial reflectances (PRs) of corresponding components.
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3.7. Fitting Parameters of 3C BRDF Model to the In-Plane BRDFs

The 3C model of reflection has 8 parameters: k,,R,, k., R

41 Kesr o..k R,,and o . Three of them are

gs'>~gs’’ g’
interrelated as it is shown in Eq. (12). Besides, the following conditions must be fulfilled:

0.< Ky, Ry, Kgss Res Ky Ry <1, (20)
0.0001< o, <0.01, (21)
0.01<o, <1. (22)

Mathematically, we deal with the problem of constrained optimization and have to find 8 values of the
3C model parameters which minimize distances between computed and measured BRDFs according to
some goodness-of-fit criterion. Multiple numerical experiments did not help in isolating a unified
criterion for all variety of BRDF shapes. For smooth BRDFs with the moderate dynamic range, the L,

metric ensures the best fitting results. The objective function F(kd R,k ,R 0.k Rg,og) for the

d? gs? ' ‘gs? gs''vg!

metric L, equals

n; Nyg

F :Z [fr,m(ei,k’gv,jk)_ fr(ei,k’ev,jk)]z ’ (23)

k=1 j=1

where f. and fr'm are computed and measured in-plane BRDF, respectively, n, is the number of
incidence angles, n,  is the number of viewing angles in the BRDF measured at k™ incidence angle 6,
0

v, j

. is the j™ viewing angle for the BRDF measured for 7

It was found that for very non-uniform BRDFs with a large dynamic range (for instance, for almost
uniform BRDF with a narrow specular peak), the C metric for relative deviations is more suitable:

0, if fr,m(ei,klev,jk):fr(ei,kig ):0,otherwise

v, jk
F= max max { fr,m(ei,klev,jk)_ fr(eik’ev,jk)‘} (24)
k=1,...,n; j=1,...,n,

, fr'm(ﬁi,k 10, i« )+ f, (ei,k , ev,jk)
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The objective functions defined by Egs. (23) and (24) have multiple minima but only one of them is the
deepest. Therefore we have to deal with multimodal objective functions and, correspondingly, with the
global optimization problem. For such problems, the solution usually depends on a starting point. It was
assumed that there is no a priori information which would allow us to select a “good” starting point
needed to detect the global minimum among several local minima. The particle swarm optimization
(PSO) method [66] was chosen to solve this problem due to the following two main reasons. First, PSO
only requires knowledge of lower and upper allowed values for each variable instead of its “good” zero
approximations. Second, PSO is capable (at least, in principle) to solve global optimization problems.

PSO is a stochastic, derivative-free, iterative optimization method that imitates random movement of
“particles” in the multidimensional search-space. The movements of the particles are determined by
their individual best known positions as well as the best known position for a swarm as a whole.
Although PSO does not guarantee locating the global minimum, the probability of its detection is high at
the optimal tuning of the algorithm. STEEP323 uses the algorithm described in Ref. [67] conjugated with

the normalization of parameters k;, k,, and k; for calculation of f, .. after successive iterations.

Normalization is performed according to Eq. (12). Multiple re-starts strategy is used to avoid stagnation
and convergence to wrong solutions (local minima).

Maximal number of iterations (particle movements in the swarm), which can be executed without
restarts equals n,,, =10 in STEEP323. Default number of restarts n, .,
number between 1 and 100. Increase in number of restarts increases the probability of achieving the
best fit but also increases computation time. To initiate restart, one of two criteria must be fulfilled:
1) Objective function did not decrease during y-n..., where 0 < y <1 is the Stagnation Length

=20 ; user can vary this

iter

iter 7

2) Radius of the hypersphere circumscribed in the 8-dimensional space of 3C model parameters is
reduced by the factor of Swarm Contraction in comparison with the initial radius of the swarm.
Swarm Contraction can take values 102, 1073, 10*, 10°, 10°, 107, 10®, and 10°; the default value
equals 10™.

The final solution is made by the set of parameters corresponding to the minimal value of the objective
function. For defaults settings taking in STEEP323 and overwhelming majority of BRDFs considered, the
probability of finding the global minimum estimated by numerical experiments exceed 99.7%.

The approach described in this Section allows not only fitting the 3C model parameters to the measured
2D (in-plane) BRDF but also to recover 3D (hemispherical) BRDF and compute the DHR of a material at
any incidence angle using numerical integration.

3.8. Spectral DHR Splitting

In the previous Sections, only the case of monochromatic radiation was considered. Such an approach
makes sense because BRDF is frequently measured at one or only a few wavelengths (usually,
wavelengths of laser radiation). However, spectral EEs and RTs of BB radiators often should be
computed for a continuous spectral range (actually, for sufficiently dense discrete set of wavelengths). If
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we have SDHR of a material measured at the incidence angle &, , within the spectral range from the

wavelength 4, to the wavelength 4, and BRDF of the same material measured for the wavelength
2y € [Anin» A | » ONE can suppose that [2]:

(a) The relative shape of BRDF remains the same for all A € [ﬂmin,ﬁmax] if the scattering type does not
change abruptly within the spectral interval [ximm,/lmax]. For the 3C BRDF model, this means that
parameters kK, K;,0,, and o, remain constant within spectral range considered, but partial
reflectances Ry, R, and R, are wavelength-dependent (spectral partial reflectances, SPRs).

(b) Relative contribution of partial DHR p;, o, and p, of each component in the SDHR p does not
change within the spectral interval considered, that is ratios y, = P;/P*(é’i,o)’

Vos = pss(é?i’o)/p*(@i’o), and y, = p, (ﬁivo)/p*(ﬁi’o) do not depend on wavelength for all
A €[ A2 Anm |- Here, asterisked values are obtained using the 3C BRDF model with best fit values
of parameters and Eqgs. (17)-(19).

If condition (b) fulfills, one can calculate the SDHR at & , of components forany A e [oins A )
Pu (ﬂ'): 7dp(l’0i,0)r (25)
pqs(l’Hi,O):]/QSp(j”ei,O)' (26)
Py(40,0)=7,p(2.0,0), (27)

Comparison of Egs. (25) — (27) with Egs. (17) — (19) leads to the following independent equations for
SPRs Ry, Rqs, and Rg forevery 1 e [/1 A

min ? max]

J/dp(ﬂ’ei,o):kd Rd(ﬂ’)' (28)

2z 7[/2

YsP(20o) =k [ [ fr0o(Re (1), 0.0, 9)sin 0, cos0,d6,dg, (29)

$=06,-0
27 /2

7,p(0.0,)=k, [ | f.,(R,(2).5,.,6,0,6,,¢)sin6,cos6,d6,dg . (30)

$=06,=0
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Eg. (28) has infinite set of solutions; any solution can be chosen because only the SDHR p()t,@i) is a
measurable value; y, is the result of calculation according to y, = p;/p*(ﬂo); therefore, any product

kyR, (/1) is acceptable. Egs. (29) and (30) are nonlinear and can be solved numerically for every 4 from

the given wavelength set. STEEP323 uses Brent’s method [68] to find the roots of Egs. (29) and (30) and
multidimensional adaptive quadratures [69] for integration over the hemispherical solid angle.

We will refer to the approach and the algorithm described in this Section as Spectral DHR Splitting. If

BRDF is measured at several wavelengths 4, ,, k =1,...,n, within spectral interval [/1 /lmax], this
wavelength range can be splitinto n, subranges containing A, . It is supposed that two above-

min?

mentioned conditions are fulfilled for each spectral subrange.

3.9. Algorithm for Calculating Radiation Characteristics of Blackbody Radiators

Calculation of the EEs of isothermal cavities using the MCRT method can be performed using the
Kirchhoff law for the cavity EE and effective absorptance [70]. However, Kirchhoff’s law cannot be
applied to nonisothermal cavities due to thermodynamic equilibrium violation. At the same time, the
Helmholtz reciprocity principle remains in force and allows employing the backward ray tracing [71]. The
MCRT method requires averaging of spectral radiances of a large amount of rays launched from the
points and in the directions determined by the VC. STEEP323 employs the importance sampling [72]
technique to generate randomly reflected ray according to the given BRDF.

A large number n of rays have to be launched into a cavity; their start points and directions are
generated randomly, according to the viewing conditions which have to be modeled. The statistical
weight w,, =1 is assigned to the k -th ray before tracing. Before each reflection, the type of reflection is

chosen with the help of pseudo-random number u uniformly distributed fromOto 1. If u<k,, a

random ray is generated according to the Lambertian BRDF; otherwise, if u <k, +Kk,, reflection is

gs’
guasi-specular; otherwise it is glossy.

Importance sampling for diffuse component can be done using well-known method [73]:

sin”6, =u,
(31)

¢, =2ru,

where u,and u, are two random numbers from a uniformly distributed set between 0 and 1, 6, and

¢, are the polar and azimuthal angles of a reflected ray in the local spherical coordinate system with the
origin at the point of reflection and z-axis coincident with the surface normal.
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STEEP323 uses an alternative, faster method that produces Cartesian coordinates of the unit vector
directed along the reflected ray. The pair of uniformly distributed random numbers u, and u, are

generated and accepted if uf + uj <1, otherwise the new pair of u,and u, are generated. Cartesian

coordinates of the unit reflection vector ®, in the local coordinate system are computed as

, =2u,-1

o, =2u, -1 . (32)

_ 2 2
@, =+\1-w; — o,

The statistical weight w=R; is assigned to the diffusely reflected ray.

The sampling procedure described in Ref. [63] was applied to quasi-specular and glossy components.

First, spherical coordinates of the halfway vector h (see Fig. 3) are computed using random numbers
Uyand u,:

{Hh —tan(-olnu,) 3

¢, =2mu,
Second, spherical coordinates are transformed to Cartesian coordinates:

h, =sin 6, cos ¢,

h, =sin g, sin ¢, (34)
h, =cosé,

When coordinates of the halfway vector h are found, one can compute coordinates of the viewing
vector m, specularly reflected from the microfacet with the normal h for the given incidence vector w, :
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o, =0, — 2(o, -h)hy : (35)

According to the sampling procedure proposed in Ref. [63], the statistical weight

W= 2Rqs,g (gh )

- 1_a)iz/a)vz (36)

is assigned to the quasi-specular or glossy reflected ray.

Thus, after each reflection, the statistical weight is multiplied by the factor that is determined by the
sampling procedure:

R,(1) for diffuse reflection
2Rqs (/1’ ei,j—l,k )
(L+cosd, 1, /cos6, 4 )
2R (4.6,,.1.)
(L+cosd, 1, /cos6, 4 )

=W

ik for quasi —specular reflection, (37)

for glossy reflection

where ‘9i,jk and 9V'jk are the incidence and viewing (reflection) angles, respectively; the index “j” denotes
the number of reflection.

The ray is traced until it escapes the cavity or until its statistical weight becomes less than predefined
threshold value (102 in STEEP323). Backward ray tracing considers the last reflection point as the
emission point of the ray propagated in the opposite direction, i.e. toward the observer. At the j-th
reflection point, the spectral radiance of the backward propagated k -th ray comprises the radiation
emitted and reflected at this point and can be expressed by the recurrence relation:

26



STEEP323 v. 3.X MANUAL © 2013-2014 Virial International, LLC
L/l,j,k (/1) = (1_ Wi,k )Li,bb (/17Tj+1,k )"’ Wi,k Li,j+l,k ’ (38)

where L, is the spectral radiance of the perfect blackbody expressed by Planck’s law, T, , is the

temperature of a cavity surface at the point of the j+1-th reflection of thek -th ray.

The spectral radiance of the k -th backward propagated ray leaving the cavity can be written as

Li,k(ﬂ): [1_Wl,k(ﬂ)] Lﬂ,bb(ﬂ”Tl,k)-'-2[1_Wj,k(ﬂ“)] Lﬂ,bb(ﬂ“’Tj,k)]:ill[Wl,k(ﬂ“)l (39)

where m, is the number of reflections in the k -th ray trajectory. Finally, the estimator for the spectral
directional EE of a cavity at a wavelength A is

1 n
ge(ﬂ”Tref ):m; L/I,k (ﬂ“) (40)

For an isothermal cavity, T =T

o forall j=1..,m, and k =1,...,n. Simple transformations lead to

1 n
ge(ﬂ”Tref )=m;[(l_wjl) L/Lbb (ﬂ”TFEf )+

1 mj k-1 ! (41)
:_z (l_le)+Z(1_ij) WJ|:|:
N k=2 I-1
1S
=1-=>"T]w;, =&(4)
N5=a
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Thus, Egs. (39) and (40) are transformed into the equation derived in Ref. [1] for an isothermal cavity
using the approach based on the Kirchhoff law. Effect of background temperature can be taken into
account analytically by substitution of effective emissivity values computed according to Egs. (40) and
(41) into Eqg. (5). The RT can be computed using Eqg. (7).

Time-saving algorithm implemented in STEEP323 allows computing radiation characteristics of BB
radiators for isothermal case and up to 6 axisymmetrical temperature distributions using the same set of
ray trajectories. Calculations for each wavelengths are performed successively, wavelength-by-
wavelength.
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4. Key Features of STEEP323

e Modeling of axially symmetrical cavities formed by revolving of a polygonal line having up to 1000
segments (1001 vertices)
e Successive (wavelength-by-wavelength) calculation of effective emissivities and radiance
temperatures for up to 501 wavelengths
e Possibility to build 3C BRDF model from scratch or to fit its parameter to in-plane BRDFs measured at
up to 6 incidence angles for one wavelength
e Possibility to separate the spectral directional-hemispherical reflectance measured at one incidence
angle into the components of 3C reflection model to make it wavelength-dependent
e Calculation of effective emissivities and radiance temperatures for up to 6 axisymmetrical
temperature distributions simultaneously (at one run, using the same set of ray trajectories)
e Defining of up to 1001 temperature points in each temperature distribution
e Four types of viewing conditions (Normal, Directional, Conical for divergent and convergent viewing
beams, Integrated ) each having up to 3 variable parameters
e Successive calculations for up to 201 viewing conditions of the same type
e Possibility to take into account the contribution of a background radiation
e Built-in expandable databases for:
e Geometrical parameters, reflection models for materials, temperature distributions, and
viewing conditions for blackbody radiators (the DATASETS database)
e Measured BRDFs and SDHRs, results of BRDF fitting and SDHR splitting (the FITTING

database)

e Wavelength-dependent 3C BRDF models of materials and coatings (the MATERIALS
database)

e MCRT results, i.e., spectral effective emissivities and radiance temperatures (the RESULTS
database)

e Interpolation of spectral data stored in the MATERIALS database on the wavelength set specified in
the DATASETS database
e Automatically generated and stored in the RESULTS database calculation reports in ASCIl format
e Editable, exportable, and printable 2D graphs representing:
e Scaled cross-section of cavity generatrix
e Viewing conditions
e Measured and fitted BRDFs; measured SDHRs and results of their spectral splitting
e Dependence of material’s SPRs on wavelength
e Temperature distributions along cavity generatrix
e Dependences of effective emissivities on the wavelength
e Dependences of effective emissivities on one variable parameter of viewing conditions
e Possibility to save 2D graph data in text file or as MS Excel spreadsheet
o 3D interactive and editable plots of 3C BRDF models in spherical coordinate system
e Possibility to save 3D graph data in text file
e Possibility to save in file or copy to clipboard 2D and 3D graphs as bitmap
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5. Structure of STEEP323

The functional scheme of the STEEP323 program is shown in Fig. 9. The DATASETS database
(steep323.dbs file in the DB folder) contains initial data on geometry, materials, and temperatures of
blackbodies. Measured BRDFs and SDHRs as well as fitting and spectral splitting results are saved in the
FITTING database (steep323fit.dbs file in the DB folder). The BRDF Fitting and SDHR Splitting Unit
performs fitting 3C BRDF model parameters to the measured BRDFs and computes SPRs of the model
using spectral splitting of measured SDHRs. Data on materials optical properties (parameters of
wavelength-dependent 3C models) are saved in the MATERIALS database (steep323mat.dbs file in the
DB folder). The fitting and splitting results should be exported from the FITTING to the MATERIALS
database to be used in the MCRT calculations of radiation characteristics of blackbodies. Preprocessing
unit extracts all necessary initial data from the DATASETS and MATERIALS databases, checks data self-
consistency, and performs preliminary calculations. Then the Monte Carlo Ray Tracing unit executes
stochastic modeling and writes the results to the RESULTS database (steep323res.dbs file in the DB
folder). The 2D Visualization unit displays Cartesian plots for functions of one variable (cross-sections of
cavities, temperature distributions, in-plane BRDFs, various spectral dependences, etc.) The 3D
Visualization unit displays hemispherical BRDF plots in spherical coordinates. The BRDF Model Builder
allows creating 3C BRDF models from scratch if experimental data are unavailable or deficient.

T | o Cavity Viewing i
BRDF Fitting | BRDF measured at SDHR measured at o Geometry Conditions |'
and i one wavelength one incidence o !
SDHR Splitting | | andup to 6 angle and multiple i | Temperature Wavelength i
Unit ' incidence angles wavelengths | i Distributions Set |
FITTING MATERIALS DATASETS Preprocessing
Database | Database — Database Unit
' f 7
2D Visualization heiletiis (i) [y
Unit < Tracing Unit
| v
3D Visualization [ BRDF Model RESULTS
Unit Builder > Database

Fig. 9. Functional scheme of the STEEP323 program.

STEEP323 doesn’t require installation. The zip-archive with the Evaluation Version can be downloaded
for free from www.virial.com. STEEP323 folder can be placed at any convenient place of the hard drive.
The folder STEEP323 has the following structure:
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glu32.dll
——DB
——STEEP323.dbs
L STEEP323fit.dbs
——STEEP323mat.db
——STEEP323res.dbs
— Data
—Input
—— FITTING
' BRDF (*.txt)
——DATASETS | .
[ Gen (*.txt) Matrix i .txt)
L MATERIALS ——TD (*.txt) SDHR (*.txt)
— Output i’; RC (*.txt) —vC (*.txt)
. L *
- BRDF2D (*.txt) WL (*.txt)
*.ds

——BRDF3D (*.txt)

—— DHR (*.txt)

—— Fitting Reports (*.txt)
—— Fitting Results (*.txt)
——Graphs Data (*.txt)
——Images (*.bmp)
——Splitting Results (*.txt)
——RESULTS

——EE(VC) (*.txt)
——EE(WL) (*.txt)
—— Reports (*.txt)
——RT(VC) (*.txt)
——RT(WL) (*.txt)

* txt

Figure 10. Structure of STEEP323 folder.
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Table 2. Content of subfolders of the Data folder.

Subfolder Input Output Content

STEEP323\Datasets\Gen ¥ o Coordinates of generatrix nodes
STEEP323\Datasets\TD " o Temperature distributions data
STEEP323\Datasets\VC i i Viewing conditions data
STEEP323\Datasets\WL i i Wavelength sets
STEEP323\MATERIALS\SPR i i Spectral partial reflectances
STEEP323\Data\Input\FITTING\BRDF l b4 BRDFs for one incidence angle
STEEP323\Data\Input\FITTING\Matrix v % BRDFs fqr m.ultiple incidence angles with

shared viewing angles
STEEP323\Data\Input\FITTING\SDHR v % Spectral directional-hemispherical

reflectances
STEEP323\Data\Output\BRDF2D ﬁ i 2D BRDF data
STEEP323\Data\Output\BRDF3D ﬁ i 3D BRDF data

Directional-hemispherical reflectances
STEEP323\Data\Output\DHR F r obtained by numerical integration of 3C

BRDF models
STEEP323\Data\Output\Fitting Reports b o Fitting reports
STEEP323\Data\Output\Fitting Results b4 l Fitting results: measured and fitted BRDFs
STEEP323\Data\Output\Graphs Data ® v \?v?r:zsss’ed from graphs plotted in separate
STEEP323\Data\Output\Images b4 v Bitmaps of 2D and 3D graphs

All results of Monte Carlo modeling:
STEEP323\Data\Output\RESULTS b " effective emissivities and radiance

temperatures

. Effective emissivities vs. variable parameter

STEEP323\Data\Output\RESULTS\EE(VC) | &K - of viewing conditions for one wavelength

Effective emissivities vs. wavelength for one
STEEP323\Data\Output\RESULTS\EE(WL) | & i values of variable parameter of viewing

conditions

; Full report of Monte Carlo modeling: initial

STEEP323\Data\Output\RESULTS\Reports | # . data and results

Radiance temperatures vs. variable
STEEP323\Data\Output\RESULTS\RT(VC) | & " parameter of viewing conditions for one

wavelength

Radiance temperatures vs. wavelength for
STEEP323\Data\Output\RESULTS\RT(WL) | & v one values of variable parameter of viewing

conditions

Most of the files in the subfolders Input and Output are text (ASCII) files. They can be opened and edited
in any text editor, e.g., Windows Notepad. Data from some STEEP323 tables can be saved as text files in

the Input subfolder (see detail in Table 2).
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The *.3C binary files contain 3C BRDF models and intended for data exchange between STEEP323 and
other programs that use the 3C BRDF model.

The *.ds binary files contains entire record of the DATASETS database, i.e., all initial data for Monte
Carlo modeling except data that stored in the MATERIALS database. They allow to transfer data
prepared with STEEP323 running on one PC to another PC and use them with another instance of
STEEP323 providing that records for cavity wall materials will be also transferred using *.3C files.

e To preserve functionality of the program do not change the content and mutual arrangement of
STEEP323 subfolders and files.
. o All records in STEEP323 databases and data files are supplied with the STEEP323 are for exemplification
purposes only and cannot be used as initial data for solving your specific tasks.

' e Only one instance of STEEP323 can be run on one PC.
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STEEP323 uses the International System of Units (SI). Table 3 shows the units of physical quantities that

STEEP323 uses.

Table 3. Units of measurement used in STEEP323.

Quantity Unit Comments

Linear dimensions Arbitrary All the cavity and viewing conditions linear dimensions must be
expressed in the same units

Wavelength Micrometer 1um=10"m

Angular dimensions | Degree, ° 1°=0.0174532925 rad

Solid angles Steradian, sr S| derived unit: 1 steradian is defined as the solid angle
subtended at the center of a unit sphere by a unit area on its
surface

Temperature Kelvin, K Conversion formulas:

[K] = [°C] + 273.15; [K] = ([°F] + 459.67) x 5/9

34




STEEP323 v. 3.X MANUAL © 2013-2014 Virial International, LLC

7. Working with STEEP323

7.1. Working with STEEP323 Databases

The common mode of data representation of STEEP323 databases is a spreadsheet or a table. A table
may be single, or be linked with other table(s). In the last case, the main table is referred to as master
table, and its depended tables are called detail tables. For instance, in the MATERIALS database, each
record of the master table contains fields for material name, date and time of a record creation, weights
of each component, parameters o, and o, for quasi-specular and glossy components, respectively.

The detail table contains fields for wavelength and SPRs R, , R, and Rg for diffuse, quasi-specular, and

Sq ’
glossy components, respectively. Some editable fields can be associated with the stand-alone controls.
Non-editable (read-only) fields have yellow-colored background. “Date and Time” field in DATASETS
database is an example of such a field. It is filling in automatically when a new record is created. All the
fields except two text fields (“Comments” and “Report”) in the RESULTS database are non-editable.

To manipulate data in a table, use keyboard commands or the special control — the Database Navigator
(see Fig. 11). For moving between cells of the table use <Tab> and arrow keys, mouse, or other pointing
device.

First record Next record Insert record Edit record Cancel

K| | S0 0| 0 = | 720

Previous record Last record Delete record Post record

Fig. 11. The database navigator.

To add a new record to a table, use one of the following methods:

e Click Insert Record in the Database Navigator;
e Press Insert key;

e Press ¢ if you are in the last row of the table.
To delete a current record:

e Click Delete Record in the Database Navigator or
e Press Delete key.
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When a record in the master table is deleted, all records in detail table(s) associated with deleted record
in the master table will be also deleted.

To edit a record, click Edit Record in the appropriate database navigator or directly enter the value in the
input field. Editable fields can be edited by entering corresponding values, or setting switches, or
choosing values from drop-down lists. Usually, changes made in an edited or newly added record are
saved in database after exiting the data grid or stand-alone control. However, to make sure that changed
values are saved, one can click Post Edit button of the database navigator. Until changes are saved, one
can restore previous values in the edited field by pressing Esc key or by clicking Cancel in the database
navigator.

Some fields cannot be left empty. If you leave them blank, the STEEP323 may react by a message Field
“...” must have a value. In this case, press “OK” button below the message then click Cancel or Delete of
the appropriate database navigator.

“Comments” fields store arbitrary text information that can be useful for your records identification.
Master tables of the DATASETS, FITTING, MATERIALS, and RESULTS databases allow performing
incremental search in the first column by using the input field “Find” at the top of the table. Search is
performed as long as symbols are entered. Records in all master tables may be arranged by several
fields. To switch sorting mode, use “Sort by” radio-buttons at the top of the master table.

Four database files (steep323.dbs, steep323fit.dbs, steep323mat.dbs, and steep323res.dbs) are stored in
the STEEP323\DB folder. One can move some or all of them to another place (for example, for archiving
purposes). If STEEP323 cannot find some database file, a new empty one will be created after
notification message. Since cavity data, including names of materials are saved in steep323.dbs while
optical properties for these materials are saved in steep323mat.dbs, the user should watch the
compatibility of these files. If some material assigned to a cavity wall is absent in MATERIALS database,
the message Material “...” created “...” not found will appear before calculations.

All data contained in a table can be loaded from or saved in text (ASCII) file by clicking Load or Save
buttons. To delete more than one record, use Erase button. Clicking it calls the window shown in Fig. 12.

Delete Multiple Records 4 &J

Records
From First to Current

# 1
From Current ta Last From = =

o Al To 1

Total: 17 records
E =

s = = =

Fig. 12. Deleting multiple records.

The same window is used for partial erasing of more than one record, specifically, when it needed to
erase materials assigned to several surfaces, or temperatures assigned to several temperature nodes.
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7.2. Working with STEEP323 2D Graphs

2D graphs for functions of one variable are used in STEEP323 for several purposes:

e To show cavity shape, positions of points in which temperatures are defined, and for targeting
which allows to check up correctness of viewing conditions

e To display temperature distribution along cavity generatrix

e To plot measured and fitted in-plane BRDFs and fitting residuals

e To watch BRDF fitting process

e To plot dependences of DHR and its components (computed by numerical integration of 3C BRDF
models) on wavelength and incidence angle

e To plot SPRs of 3C model against wavelength

e To display results of interpolation/extrapolation of SPRs extracted from MATERIALS database for
the wavelength set that is used for Monte Carlo calculations

e To plot computed spectral effective emissivities and radiance temperatures vs. wavelength and
vs. variable parameter of viewing conditions

STEEP323 allows plotting a magnified fragment of the graph: holding left mouse button depressed, drag
the cursor right and downwards to zoom (see Fig. 13) and left and upwards to unzoom.

Cavity with reflecting concentrator; 11/21/2012 09:48:35 Gavity with reflecting concentrator; 11/21/2012 09:48:35
Wavelength = 8.0000 um

00905 choa 0.9978

0.999
0.9985
0.998
05975 1
0.097 4
0.9965
0.996
0.9955
0.995 s L :

0.0976
0.9974 1_1\\
0.9972 HeioPn

0.997 i
0.9958

0.9966

0.9964
0.9962

Effective Emissivity
Effective Emissivity

0,99
0.9935
0.993
09925 -
0.992

10,9959
0.9956
0.9954

08015 - 0.9z

0 0 100 150 200 250 300 350 400 a0 315 320 375 330 335 M0 345 IS0 385 380 365 370 375 380 365

Fig. 13. Use of zoom: graph before (left) and after zoom (right).

To displace curves relative to graph axes, hold the left mouse button depressed and move cursor. To
restore graph original position, draw a rectangle of arbitrary size by moving from the bottom right
corner to the top left one while left mouse button remains pressed.

The graphs for in-plane BRDFs have the checkbox Logarithmic BRDF Scale on the lower panel. Check or
uncheck it to switch between linear and logarithmic scale for the left axis of a graph. Clicking Show in
Separate Window on the lower panel re-plots graph in a separate sizable window (Fig. 14) that provides
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access to the Graph Editor, allows to save data in text file, copy to clipboard and save in file graph’s

bitmap.

Click Edit Graph to call the Graph Editor that provides comprehensive access to the properties of the
graph via intuitive GUI. The Graph Editor gives the possibility to edit individual curves (series) and all

MANUAL
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major elements of the graph (points, axes, legend, title, etc.), copy to clipboard, save in the file, print the
graphs, copy and save series values in formats of text (ASCII) file, MS Excel spreadsheet, HTML and XML
tables (see screenshots in Figs. 15 - 17).

 Edit Graph
B series | Dot | Expon | Prnt |
Bl - | ves | Legend | Ponel |

BRDF (1/sr)

Logarithmic Scale for Vertical Axis

3C BRDF model (metric C); 11/29/2012 08:12:48
(Symbeols for measured, lines for fitted BRDF)

Incidence I
Angle

W e
=}

oy bk
mTSaoq &
. 23839

— 300
— 450
— 600
— 750

RURUCUC U U KRR

-80 -70 -60 -50 -40 -30 -20 -10 O

10 20 30 40 50 60 70 80

Viewing Angle (°)

[ edteepn | [ £ saveee | [ copyGrapn | [ & saveGaph | (G} cose

12/12/2012 04:4%:17

Fig. 14. Plotting graph in the separate window.
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chon | Oate | Expon |

I Color Ench
[# Clickable
s
None

Dont Pant
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Pt |

] & Limx: 0°

Line Mode:
[ Srairs

r

Qutline...

[¥ Color Each line
- Shodow...
= Gradient.. [ ]

» Edit Graph

chon | Oate | Expon |
.

[+ wisible Shyle:
F F
[ Ifiste Marging

Pt |

] & Limx: 0°

< Circle X
T
Height: lz_il

Eatom Border. —| [ Dotaul

Gradient I
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Access to individual series

(curves)

Formatting series

Formatting points

Fig. 15. Editing appearance of individual series (curves).
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® Edit Graph ® Edit Graph
(EEl sevios | Date | Expont | Brot | (EEl sovios | Date | Expont | Brot | B series | Dote | Expont | Prnt |
Series [ERTR Tives | Legend | Panet | Series | Avs [ Lewend | Panet | Series | Axs | Tites  [EEERE] Panet |
 Visitle Scoles | Tite | Loets | Ticks | Grg | Posiion| Title = Stle | Position | Symbois | Tie | Formet | Borer | Tewt | Grasse 4|+
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Agas: ) Stle | Posiion | Fomet| Border | Tt | Geadiont | Shedow | Ficture | [+ isible Legend Shde. Autometic -
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e | L T | ree |
.
Edit..
Close | Close |
Editing graph axes Editing graph title Formatting graph legend

Fig. 16. Editing graph axes, title, and legend.
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Data Export Graph copying and saving Graph printing

Fig. 17. Exporting capabilities of the Graph Editor.

7.3. Working with STEEP323 3D Graphs

Three-dimensional (3D) graphs in STEEP323 are intended for visualization of 3C BRDF model plotted in
spherical coordinate system. It is supposed that ¢, = 180° that is projection of the direction of incidence
coincides with the x axis. Clicking Plot 3D BRDF button opens the window shown in Fig. 18.

Plots of 3D BRDF are interactive: user can change the incidence angle for real-time re-plotting. All

controls placed on the tabbed page View instantly change the plot. When the checkbox Normalize Plot
is checked, 3D BRDF at any incidence angle is scaled up by dividing by its maximum at the same angle;
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otherwise, dividing is performed by the maximum at normal incidence for all BRDFs. Fig. 19
demonstrates difference in these methods of normalization.

Front =]
Dack: 1~|
Zoom
=|+
Pareing
+
w[o|| |2 &5
+
wcercasege (5| 00000 3] [ 4 soeon | [ & soeniap | [ copymmm Lo coodentes | [} come tatence poge (% | 00000  [X sweoans | [ & swenmee | [ coproams | (5 coorsnwses | [G2_cose |
153pkor avges 392 ammuthal 357468 wonges | BRCF gnomaized | BRDF Mamum = 0, 1269465 Ll 12/ 05 T 153po anges T2 ammutalanges 374 SRCF s nomalzed  BRDF Masmum = 0. 125545 L 12710120515

Fig. 18. 3D (hemispherical) BRDF plotted in spherical coordinates.
Right-hand screenshot: tabbed page View is active;
left-hand screenshot: tabbed page Settings is active.

. L —
= [100x = 4 [[100x
famng oo
+ +
wlo| |2 S wlo| |2 S
+ +
cderce poge (% [ 4510000 5] [2 swevans | [2 svenmas | [ comyieman | Jo Goordnates inadence pege (% | 2500008 [ swevans | [& swvenwmes | [4r copyanss | Jo Goordnates
200 ges 6% ammumanges B33 SRCF 5 nomatzes BRDF avmum « 0,703 Ui 2. 200 ges 6% ammumanges B33 SFCF 15 ot nermakzed BRDF Meawmum = 0. 034 L 12112 vss 18

Fig. 19. 3D plots of the same 3C BRDF model using different normalization methods
(checked/unchecked Normalize Plot).
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If the checkbox Normalize Plot is checked, maximal value of the normalized BRDF equals 1 for any

incidence angle. Uncheck this checkbox to watch angular behavior of the 3C BRDF model using the same
scale of BRDF values for all incidence angles (see an example in Fig. 20).

ei = 400 ei = 500 ei = 600

Fig. 20. 3C BRDF plots for fourth incidence angles 6; with unchecked Normalize Plot.

The tabbed page View contains controls for changing visibility and colors of all 3D plot elements, zoom
and pan tools. To restore the initial view click Restore Defaults button.

User can rotate the plot around three axes by moving mouse cursor over the image while mouse left
button is pressed. Fig. 21 shows an example of such a modified view.

\

Fig. 21. An example of modified view of 3D BRDF.

If quasi-specular component of the 3C BRDF is too narrow to be plotted with the default angular
resolution, the following notification message is appeared:
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STEEP323

] ==

Angular resolution can be insufficient
for adequate rendering of the narrow quasi-specular component
Try to use controls on the tabbed page "Settings”

e — = =

Fig. 22. Notification of possible insufficient angular resolution.

STEEP323 employs non-uniform triangulation of the hemisphere to improve quality of 3D BRDF
rendering. Nodes are arranged more densely toward the direction of specular reflection (see Fig. 23).

Angular resolution (and, therefore, rendering quality) is defined by values of minimal (A6, ..., Ad.., ) and

maximal (A8, .., Ad,.) increments that can be varied in ranges specified in Table 4. User can try to

,min?

change minimal and maximal increments then click Refresh. It should remember that the increase in the
number of nodes leads to substantial reduction of rendering speed.

If increased angular resolution did not give the desired results, one can try to plot BRDF without quasi-
specular component by setting R, =0. Any component of the 3C BRDF model can be excluded from

plot (and restored if necessary) using checkboxes in the tabbed page Settings. An example is shown in
Figs. 23 and 24.

Direction of specular reflection

6,=0° * 6,=90°
@ @
Aev,max Aev,min

b =0° ¢ =360°

Fig. 23. Non-uniform arrangement of nodal points of hemispherical grid.

Table 4. Angular increment ranges.

From | To
Min. increment (°) | 0.05 |1
Max. increment (°) | 0.5 10
Min. increment (°) | 0.05 |1
Max. increment (°) | 2 10

Polar angle

Azimuth
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Fig. 24. BRDF cannot be plotted at maximal angular Fig. 25. The same BRDF plotted without quasi-
resolution due to very narrow quasi-specular peak. specular component at the default resolution.

The following buttons provide exporting capabilities for 3D BRDF:
Save Data saves 3D BRDF data in text file (see examples in Data\Output\BRDF3D);
Save Bitmap saves image in *.bmp file (see examples in Data\Output\Images);

Copy Bitmap copies image to clipboard.

To see coordinate system, click Coordinates (see Fig. 26).

EEZEr D
I
.‘

: Incident ray

Specularly
' reflected ray

[ Close

Fig. 26. Window displaying the Cartesian and spherical coordinate systems used for 3D BRDF plots.
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7.4. Activating STEEP323. Evaluation vs. Full-Functioned Version

In distinct of full-functioned program, the evaluation version does not allow to enter new or drastically
modify existing records in DATASETS, MATERIALS, and FITTING databases. Evaluation version allows to
learn STEEP323 working principles, to investigate examples included in databases and data files, plot
graphs, etc. The evaluation version of STEEP323 can be downloaded for free from www.virial.com. To
obtain activation key and activate STEEP323 you have to purchase the license. Activation transforms the
evaluation version into full-functioned program.

Download the evaluation version. It does not require installation. Just unzip steep323.zip and place
STEEP323 folder to convenient place on your hard drive. Open the folder STEEP323 and run
STEEP323.exe. The main window will appear (see the left-hand screenshot in Fig. 27). If user’s license is
purchased, STEEP323 can be activated by clicking Activate button. The Activation window will appear
(see Fig. 28).

Fig. 27. STEEP323 main window before (left-hand screenshot)
and after (right-hand screenshot) activation.

Enter the activation key and click OK. The screenshot of the activated STEEP323 main window is shown
in the right-hand screenshot in Fig. 27.

STEEP323: Activation

activation key, vist www.virial.com

Activation Key:

||

I |J oK. | |x Cancel | I
L -

Fig. 28. STEEP323 Activation window

To finalize activation, read and accept the STEEP323 Software License Agreement (Fig. 29). One can read
this document in the Appendix.
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F7] STEEP323: End-User License Agreement (EULA) 1 .

STEEP323 Software License Agreement -

License

1. Under this Software License Agreement (the "Agreement"), Virial International, LLC (the "Vendor") grants to the user (the |—
"Licensea") T
a non-exclusive and non-transferable license (the "License”) to use STEEP323  (the "Software").
2. "Software” includes the executable computer programs, related electronic documentation and any other files that accompany
the product. (1
3. Title, copyright, intellectual property rights and distribution rights of the Software remain exclusively with the Vendor.
Intelectual property rights include the look and feel of the Software.
This Agreement constitutes a license for use only and is not in any way a transfer of ownership rights to the Software.
4. The Software may be loaded onto no more than three computers. A single copy may be made for backup purposes onby.
5. The rights and obligations of this Agreement are personal rights granted to the Licensee only.
The Licensee may not transfer or assign any of the rights or obligations granted under this Agreement. to any other person or L
legal
entity. The Licensee may not make avaiable the Software for use by one or more third parties.
6. The Software may not be modified, reverse-engineered, or de-compiled in any manner through current or future available
technologies.
7. Failure to comply with any of the terms under the License section wil be considered a material breach of this Agreement.

| License Fee

8. The original purchase price paid by the Licensee will constitute the entire license fee and is the full consideration for this
B[ Agreement.

= Limitation of Liability

9. The Software is provided by the Vendor and accepted by the Licensee "as is". Liabilty of the Vendor wil be limited to a
maxirmum of

| v  Accept | | X Dedine |

Fig. 29. STEEP323 activation must be finalized by accepting the end-user license agreement.

That’s all. Now, you can start solving your tasks with STEEP323. We recommend to adhere the following
workflow:

N Uk~ W

10.

If experimental BRDF data are available, fit parameters of 3C BRDF model to BRDF data measured
at one wavelength and at 2 to 6 incidence angles. The more incidence angles the more reliable
fitting results. If there are no experimental BRDF data available, use BRDF Model Builder to build
the 3C BRDF model from scratch, e. g., on the basis of some indirect information about reflection
properties of a material.

If experimental SDHR data are available, perform spectral splitting of the SDHR measured at one
incidence angle to determine SPRs R, R, and R, for every wavelength for which SDHR is

measured. If you haven’t measured SDHR data, perform spectral DHR splitting at one wavelength
for which your model was created.

Export your model’s data to the MATERIALS database.

Repeat steps 1 — 3 for all materials used for cavity walls.

Enter new dataset name (and optional comments) to the DATASETS database.

Enter coordinates of the cavity generatrix nodes.

Assign materials to each surface forming the BB.

Specify the number of temperature distributions (0 to 6, 0 is for isothermal BB) for which MCRT
should be performed.

Enter reference and background temperatures for each temperature distribution (skip this step
for the isothermal BB).

Enter positions of temperature points on the cavity generatrix (skip this step for the isothermal
BB).
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11.

12.
13.
14.
15.
16.

17.

18.
19.

20.

Assign temperatures for the temperature points of each temperature distribution (skip this step
for the isothermal BB).

Specify the type of viewing conditions for which MCRT should be performed.

Enter geometrical parameters of viewing conditions.

Perform targeting to check correctness of viewing conditions specified.

Enter wavelengths (1 to 501) for which MCRT should be performed.

Check interpolation quality of the SPRs for each material used in your dataset; change
wavelength set if necessary.

Perform MCRT with moderate values of accuracy parameter (e.g., for 10,000 rays traced) to
evaluate the necessary values of rays and time required to trace them.

Perform Monte Carlo calculations with the accuracy enough for your goals.

Browse results of calculations in the RESULTS database, plot dependences of EE and RT on
wavelength and/or on variable viewing conditions parameter.

If necessary, save results and report for the task completed in text files.
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8. The BRDF Model Builder

8.1. Working with Monochromatic BRDF Model

If experimental data for BRDF is incomplete or absent, you still can build the 3C BRDF model based on
some indirect information about angular properties of material’s reflection. Such a model might be
useful at the blackbody design stage for material selection as well as for investigation (for instance,
parametric) of dependences of blackbody radiation characteristics on angular properties of cavity walls.
To open the BRDF Model Builder, click BRDF Model Builder button on the bottom panel of the main
STEEP323 window (Fig. 27). Fig. 30 shows the BRDF Model Builder; it that has two tabbed pages:
Monochromatic 3C BRDF Model and Spectral DHR Splitting.

F771 STEEP323: 3C BRDF Model Builder
Monochromatic 3C BRDF Model Spectral DHR Splitting
Model Parameters
Diffuse Component Incidence angle = 0.00°

Weight: 0.300000 i‘ 0.125
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= 0.1054--
Weight: D‘nuusunz‘
010~

I Rgs: | 0.015000 5] 0.0951) -
: Sigma_gs: 0010000 3 0.004--
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2
R_g: 0.020000 <5 2 0.07¢--
™
= 0.0654--
W Sigma_g: 0,100000 5] = |
i @ 0.064--
I 0.055 -
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12/12/2012 07:31:45 "

Fig. 30. The BRDF Model Builder: the Monochromatic 3C BRDF Model tabbed page is selected;
2D BRDF is plotted for one incidence angle

The left-hand panel of the Monochromatic 3C BRDF Model tabbed page contains controls for entering
parameters of monochromatic 3C BRDF model and plotting its 2D graphs. Switches Plot For allow to
choose between plotting for one and for up to 6 incidence angles. In the first case, if the Interactive Plot
checkbox is checked, graph will be re-plotted immediately, as soon as angular resolution, incidence
angle or any parameter of the model is changed. If Interactive Plot is unchecked, user has additionally to
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click Refresh button. The last option can be more convenient when all three components have non-zero
weights since their normalization is performed just after changing one of their values.

To plot 2D BRDF for multiple incidence angles, select Multiple Incidence Angle in the Plot For switch,
enter minimum, maximum, and number of incidence angles, then click Refresh (see Fig. 31). Component
weights will be also normalized automatically before plotting.

— |
FA STEEP323: 3C BRDF Model Builder _ ‘1‘ o 2 e
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Model Parameters
Diffuse Component 34.00
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= E 16.00
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Angular Resolution (%); | 100 il 10.00
Plot For 8.00
Variable Incdence Angle
#) Multiple Incidence Angles 6.00
: Incidence Angles 4.00
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Number: ﬁil -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80O 90
Viewing Angle (°)
L
L Logarithmic Scale Show in Separate Window | |[|
I 181 viewing angles & incidence angles
| 0 Plot 2D BRDF | | 4 Plot 30 BROF ‘ | ,/' Plot DHR vs. IA | ‘ % Plot DHR vs. WL | li-! Save | ‘ B Export to MATERIALS DB |§ Close ‘
12/12/2012 07:32:20 "

Fig. 31. The BRDF Model Builder: the Monochromatic 3C BRDF Model tabbed page is selected;
2D BRDF is plotted for 6 incidence angles

8.2. Making Model Wavelength-Dependent

Method of SDHR separation into components of the 3C model (SDHR splitting) is described in Section
3.8. Application of spectral splitting to the SDHR measured within some finite wavelength range makes
the 3C BRDF model wavelength-dependent. To transform the monochromatic model onto wavelength-
dependent one using the BRDF Model Builder, select the tabbed page Spectral DHR Splitting (see Fig.
32). Click Load to open a text file containing SDHR. A fragment of such a file is shown in Fig. 33. First line
comprises the floating point value of the incidence angle at which SDHR was measured; the text starting
from “//” is considered as comments and will be ignored; next lines consist of wavelength in um and
SDHR itself separated by at least one space or <Tab> symbol. These values will be loaded into two first
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columns of the table and plotted in the graph (see Fig. 31). Examples of similar files can be found in the

subfolder Data\Input\Fitting\SDHR.
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Fig. 32. The BRDF Model Builder; the Spectral DHR Splitting tabbed

page is selected.

Fig. 33. A fragment of text file
containing SDHR.
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Fig. 34. Results of the spectral splitting.
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Click Compute button. The SDHR loaded will be split wavelength-by-wavelength onto partial SDHRs
L (ﬂ,@iyo), qu(ﬂﬂi,o)r and p, (/1,0“)), where &, is the incidence angle which appeared in the input field
at the top in Fig. 32. Simultaneously, SPRs R, (1), Rqs(ﬂ), and R, (1) will be computed, entered into the

table, and plotted. Fig. 34 shows the results of spectral splitting. Calculations can be interrupted at any
time by clicking Stop button.

Since k,, k

range of SDHR values for which a solution exists, that is values of BRDF and SDHR must be self-
consistent. Otherwise, SPRs cannot be found within interval [0, 1], i.e. physically plausible solution does
not exist. The following notification will appear in such a case:

and kg are related by Eq. (12) and inequality (20), for every BRDF model there is certain

gs’

STEEP323  — 1— o 3% =

Record #24; Wavelength = 5.73 pm.
Spectral Partial Reflectance for Glossy Component cannot be found within [0, 1] range.
Parameters of 3C BRDF Model could be inconsistent with the Spectral DHR Value.

Fig. 35. Notification of inconsistency of 3C BRDF model and SDHR.

Results of calculation (entire table) can be saved in text file by clicking Save Table button. The complete
3C BRDF model can be save in MATERIALS database by clicking Export to MATERIALS DB. Before
exporting, the Material Name will be requested (see Fig. 36). On can use any sequence of up to 100
symbols.

Export to MATERIALS Database ==

Enter Material Name
3C Model

=]

Fig. 36. Request for the name under which the 3C Model
will be stored in MATERIALS database.

BRDF Model Builder does not store modeling results, thence the user should take care to export results
to MATERIALS database or save (by clicking Save) in a binary *.3C file the model he built.
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When it is necessary to plot 2D BRDF for a specific wavelength (for a specific record in the table at the
bottom of the tabbed page Spectral DHR Splitting, see Fig. 34), click Plot 2D BRDF. The window shown in
Fig. 37 will appear. The actual wavelength is indicated in the white panel of the status bar.
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Fig. 37. 2D graphs plotted for A = 0.8 um (circled in red).

For description of functions for buttons in the lower panel see Section 7.2.

If SPRs are not calculated (corresponding fields in the table are empty), BRDF will be plotted for
monochromatic model (see Fig. 38); generally, plots will be the same and can be handled in the same

manner as those in F

igs. 30 and 31.
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Fig. 38. 2D graphs plotted for monochromatic model (wavelength is not specified).
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The tabbed page Coordinates shows 2D Cartesian and polar coordinate systems and explains viewing
angle signs (see Fig. 39).

Argpaer Resobuton (%): 100 =

1% edtooon | [ 2 seeoss | [ coovoah | [& seesuen | [Gl e |

& inadence angkes 11 viewing sngles

L2/12/2012 08: 56035 W

Fig. 39. 2D Cartesian and polar coordinate systems.
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Vyavelength = 0.8000 pm

To plot 3D BRDF for a specific wavelength, click Plot 3D BRDF. The only difference of the windows
appeared from that shown in Fig. 18 is the white panel showing actual wavelength (see Fig. 40).

o o

Incidence Angle (°): | 30.0000 =5 |_': Save Data ‘ ‘,‘: Save Bitmap ‘ ‘ﬂ' Copy Bitmap
291 palar angles 675 azmuthal angles | 352080 triangles BRDF is normalized BRDF Maximum = 0. 1744649 1/sr 12/12/2012 09:07:13

Fig. 40. 3D BRDF plot for A = 0.8 um (circled in red).
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8.4. DHR Calculation

BRDF Model Builder provides a possibility to compute dependence of DHR on incidence angle at a given
wavelength by clicking Plot DHR vs. IA button (see Figs. 30-32, 34). Like in the case of BRDF plotting,
wavelength at which DHR is computed is corresponding to the current record in the SDHR table. If this
table is empty, or spectral splitting is not performed yet, DHR will be computed for the monochromatic
BRDF model for which wavelength does not defined. Figs. 41 and 42 show the window for calculating
DHR vs. incidence angle before and after calculations.

P sTEEP222: Dependence of DHR on Incidence Angle . [ e FE) STEEP323: Dependence o OHR on Inadence Angle — [R—y——
| e ngles | Inadence Angies

")

Reflectance (DHR)

Dirwctonal-Hosispherical Roflectnce (D4

= = e e e W s - PSS S

Fig. 41. Window for calculating DHR vs. incidence Fig. 42. Window for calculating DHR vs. incidence
angle before calculations. angle after calculations.

User has to enter min. and max. incidence angles and their number as well as allowable relative error of
adaptive integration (or remain unchanged their default values). Calculations start by clicking Run
button and will be performed for incidence angles uniformly distributed between their min. and max.
values. Computed DHR and their components will be shown in the table and plotted (see Fig. 41).
Calculations can be interrupted at any time by clicking Stop. Results can be saved as a text file by clicking
Save. Examples of such files can be found in the Data\Output\DHR folder.

If spectral splitting is done, one can compute SDHR and its components for a given incidence angle as a
function of wavelength. Click Plot DHR vs. WL button (see Figs. 30-32, 34) to open the window shown in
Fig. 43. If there are no spectral splitting data, the message “No spectral data found” will be displayed.

Enter the incidence angle for which SDHR has to be computed and allowable relative error of adaptive
integration (or remain unchanged their default values) and click Run. Fig 44 shows the window for
calculating DHR vs. wavelength after performing calculations. Like in the previous case, calculations can
be interrupted at any time by clicking Stop. Results can be saved as a text file by clicking Save. Examples
of such files can be found in the same Data\Output\DHR folder.
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before calculations.

Fig. 44. Window for calculating DHR vs. wavelength

after calculations.
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9. The FITTING Database

9.1. BRDF Fitting

To open FITTING database with its own tools for BRDF fitting and spectral DHR splitting, click FITTING
button in the main STEEP323 window (see Fig. 27). The FITTING database window will be opened (see

Fig. 45).

© 2013-2014 Virial International, LLC
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To create a new record click Insert Record (+) button of the Database Navigator under the table in the
left panel and enter the name of material (up to 100 symbols) in the first column. Optionally, one can
enter in the text field “Comments” some additional text information which can be useful for further

Fig. 45. The FITTING database window; the tabbed page “BRDF Fitting” is selected.

identification of your task. The next step is to enter experimental BRDF data.

There are two possibilities to enter measured BRDF data from text files of two different formats. The
first way is to enter BRDF for each incidence angle successively, angle-by-angle, by clicking Load Single
BRDF. This way must be used if BRDFs for different incidence angles contain different sets of viewing

angles. The text files of the format shown in Fig. 46 must be prepared:
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5 // Incidence angle (deg.)

-80
-75

.000242855
.000270645

0.000284425
0.00028157

0.000320945
0.000364755

0.00065106
0.000474505
0.000396925

0.000226735
0.000217455

2013-2014 Virial International, LLC

Fig. 46. A fragment of text file that contains BRDF for one incidence angle.

The first line must contain the incidence angle in degrees; the text beginning from “//”is a comment and

can be omitted.

In next lines, the first column contains viewing angle in degrees; negative viewing angles correspond to

backscattering (see Fig. 47).

Incidence Direction

Viewing Direction

z

Viewing Direction

Fig. 47. Incidence and viewing angles for 2D (in-plane) BRDF

The second column contains BRDF values in sr'’. Columns must be separated by at least one space or
<Tab> symbol. Such a file can be prepared in any text editor, e.g. Microsoft® Notepad, or using
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Microsoft® Office Excel and saving spreadsheet as Text (Tab-delimited) file. Text files must be prepared
for each incidence angle. Some examples can be found in the Data\Input\FFITTING\BRDF folder.

The second way is to enter BRDFs for all incidence angles at once by clicking Load BRDF Matrix. In this
case, the set of viewing angles must be the same for all incidence angles. BRDF can be represented as a
rectangular matrix having n, +1columns and n, rows, where n, and n, are numbers of incidence and

viewing angles, respectively. The first line of the file must contain the number of incidence angles; the
second line contains incidence angles in degrees. Next lines comprise of viewing angle in degrees and
BRDFs in sr’ for each incidence angle separated by at least one space or <Tab> symbol. A fragment of
such a text file is shown in Fig. 48. The text beginning from “//” is optional and can be omitted; it will be
ignored when the file is reading. Several examples of such files can be found in the Data\Input\FITTING\
Matrix folder.

3 // Number of incidence angles
6.00000 30.50000 60.75000 // Incidence angles in degrees
-78.000000 7.17034571290718E-0003 4.41403593868017E-0003 5.08488016203046E-0003

78.000000 7.17034571290718E-0003 2.86295469850302E-0002 5.05613118410110E-0001
Fig. 48. A fragment of text file that contains BRDF matrix.

The data loaded will be saved in the FITTING database, displayed in the graph, and shown in the table for
each incidence angle. To start fitting, click Fit button. The BRDF Fitting Monitor window will appear (Fig.
49). Its right part contains two graphs: the upper is for real-time displaying measured and fitted BRDFs
and the lower for displaying residuals. Red arrow in Fig. 49 shows the splitter that allows to change
relative sizes of both graphs (by dragging splitter using the mouse or other pointing device) or to
collapse one of graphs completely (by clicking the left or right segment of the splitter).

First, the metric (see Eqgs. (23) and (24)), which will be used for fitting has to be chosen. Due to variety in
shape of BRDFs for various materials, it is hard to exactly predict which metric (L, or C) is more
appropriate in certain case; however one can formulate a common rule which is illustrated by two
examples below.

For smooth BRDF curves with moderate dynamic range, metric L, gives best result while the result
obtained with the metric C is unsatisfactory (Fig. 50).
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Fig. 51. Fitting performed for the same sharp BRDF using metrics L, and C.
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For unsmooth BRDFs, especially for BRDFs whose dynamic ranges are of several orders of magnitude
(this concerns BRDFs having sharp quasi-specular and glossy peaks against low diffuse component), the
metric L, , as a rule, gives the worst fitting results in comparison with metric C because it tends to
average the BRDF values (see Fig. 51).

As it was already mentioned in Section 3.7, STEEP323 uses multiple restarts strategy to avoid false
convergence to local minima of the objective function and prevent stagnation (state when the PSO
algorithm cannot find the better solution during a large number of iterations). The fitting reliability is
defined by the Number of Restarts, the Stagnation Length and the Swarm Contraction, which default
values user can vary widely. However, only for experienced users we can recommend changing these
parameters.

Click Run to start fitting. User can watch the fitting process numerically (current values the objective
function, model parameters and DHR of the diffuse component, iteration number, number of successful
iterations and number of restarts) and in two graphs; they will be re-plotted as soon as the next better
solution is found (see Fig. 52). To interrupt fitting at any time, click Stop.

FiF) STEEP323: BROF Fitting Voroe B ii — e FEF) STEEP323: BROF Fitting mwﬁ I -]

Trve of tpcond Crmation: | LL0S2012 08: 19:23 Trna f tpcsed Eraation: | 1209/2012 08:19:23
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Fig. 52. The Fitting Monitor window: Fig. 53. The Fitting Monitor window:
fitting is in progress. fitting is completed.

Fig. 53 shows the BRDF Fitting Monitor for the fitting finished. When fitting is completed or interrupted,
user has a possibility to compare new solution with the old one stored (if any) in the FITTING database.
Three possible cases are shown in Fig. 54. User should decide to save new solution in the FITTING
database by replacing the old one, or to dismiss the new solution.

Usually, the best choice for the first case (No fitting improvement was obtained) is clicking Dismiss. For

the second case (The better solution is found) user can choose between Create New Record and
Replace. To make a choice in the third case when old and new solutions were obtained for different
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metrics, we recommend to choose Dismiss. User will be able to save new solution in the FITTING
database later, after additional thorough comparison of new solution with old one.

STEEP323: Compare Solutions

===

STEEP323: Compare Solutions

)

STEEP323: Compare Solutions

Material Name: |Oxidized rough Copper surface (metric L2)

Date and Time: | 12/09/2012 08:19:23

0ld Solution
Metric: |L2

Objective Function:
0.12914141322
Fitting Finish Time:
12/09/2012 14:51:19

Fitting Duration: |00:00:58

il -Diffuse Component

Weight: 0.667755365937
R_d: 0.084004371908
DHR_d: 0056034370104

Quasi-Specular Component:

Weight: 0.072039878219
R_as(0%): 0.001
Sigma _gs: 0.01

Glossy Component

New Solution
Metric: [L2
Objective Function:
0.129141442343
Fitting Finish Time:
12/12/2012 09: 16:19
Fitting Duration: |00:00:43
Diffuse Component
Weight: |0.667706429135
R_d: 0.084061043271

DHR_d: 0056128099032

Quasi-Speculfar Component:
Weight: |0.072018733043
R_gs{0): 0001000000000
sigma_gs: |0.010000000000

Glossy Component

Weight: | 0.260204755844 Weight: | 0260274837822
R_gl0?):|  0.332904908678 R_gl09: 0332794313795
Sgma_g:| 0113150561039 Sigma_g: |0.113147003190 I
‘/ Compute DHR ‘ ‘ Create New Record ‘ ‘-.“‘ Replace ‘ |f§ Dismiss

Material Name: |Oxidized rough Copper surface (metric L2)

Date and Time; | 12/09/2012 08:19:23

0ld Solution
Metric: L2

Objective Function:

0.129141442443

Fitting Finish Time:
12/12{2012 09:16:19

Fitting Duration: [00:00:43

New Solution
Metric: |L2

Objective Function:
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Fitting Finish Time:
12/12{2012 09:19:09

Fitting Duration; |00:00:57

Materisl Name: [Oxidized rough Copper surface (metric L2)

Date and Time; | 12/09/2012 08:19:23

0ld Solution
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Objective Function:
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Fitting Finish Time:
12/12/2012 09:19:09

Fitting Duration: |00:00:57

New Solution
Metric: |C (Rel)

Objective Function:
0.255991603136
Fitting Finish Time:
12/12/2012 09:21:04

Fitting Duration: |00:00:38

Diffuse Component Diffuse Component | | Diffuse Component Diffuse Component
I
Weight: 0.667706429135 Weight: |0.667762442423 Weight: 0.667762442423 Weight: |0.179971558023 W
R d: 0.084061043271 R_d: |0.084002663570 R_d: 0.08400266357 R_d: 0.117898393165
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Quas-Specular Component Quasi-Specular Component: Quasi-Specular Component Quasi-Specular Component

Weight: 0.072018733043 Weight: |0.072041154917 I weiht: 0.072041154917 Weight: |0.583938208937 r
R_as(0%): 0.001 R_gs(0%): 0.001000000000 R_as(0%): 0.001 R_gs(0%): 0.001000000000
Sigma_gs: 0.01 Sigma_gs: |0.010000000000 Sigma_gs: 0.01 Sigma_gs: |0.009920920958
Glossy Component Glossy Component | | Glossy Component Glossy Component i
Weight: 0.260274837822] VWeight: |0.260196402659 Weight: 0260196402659 Weight: |0.236090233040

R_g(0%): 0332794313795 R_g(0%): 0.332917864866 I R_g(0%): 0.332917864866 R_g(0%: 0.505160132515 N
Sigma _g: 0.11314700319 Sigma_g: |0.113150870311 [ Sigma_g: 0.113150870311 Sigma_g: |0.179381232212 (|
‘/ Compute DHR | ‘@ Create New Record ‘ “..“‘ Replace ‘ ‘G Dismiss ‘ [ |,/ Compute DHR | |@ Create New Record | |‘."' Replace | ‘fw' Dismiss

No fitting improvement was obtained 12/12/2012 09:16:27

|

The better solution is found

12/12201209:19:57 ||

Solutions were obtained for different metrics 12/12/2012 09:21:08

No fitting improvement was obtained

The better solution is found

Solutions were obtained for different metrics

Fig. 54. Three possible cases of comparing new and old solutions.

The Compare Solutions window will be closed at any choice but user still can save new the solution in
the FITTING database by clicking Create New Record or Replace in the BRDF Fitting Monitor window
(see Fig. 53). Besides, Compute DHR buttons of both BRDF Fitting Monitor and Compare Solutions
windows allow computing the dependence of DHR on the incidence angle for the fitted model.

The fitted BRDF and model’s parameters can be erased by clicking Erase Fitting Results button in the
FITTING database window (Fig. 45). After an affirmative answer to confirmation request, erased data
cannot be restored. The measured and fitted BRDFs can be saved in text file using the Save button.
Examples of these files can be found in Data\Output\Fitting Results folder.

9.2. Spectral DHR Splitting

Method of SDHR splitting is described in Section 3.8; its use in the FITTING database is analogous to that
described in Section 8.3. Open the tabbed page “Spectral DHR Splitting” of the FITTING database
window (see Fig. 55). If the spectral DHR separation for the current material was not performed yet,
both graphs and the table beneath them will be empty. To enter SDHR from the text file click Load. The
text file must be prepared as it was shown in Fig. 33; examples can be also found in the folder

Data\Input\FITTING\SDHR.
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Purpose, functions, and operating modes of buttons Load, Save Table, Erase, Compute, Stop, Plot 2D
BRDF, Plot 3D BRDF, Plot DHR vs. IA, and Plot DHR vs. WL are no different from the corresponding
buttons in BRDF Model Builder described in Section 8. Fig. 56 shows the FITTING Database window
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Fig. 55. The FITTING database window: the “Spectral DHR Splitting” tabbed page before splitting.
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Fig. 56. The FITTING database window: the “Spectral DHR Splitting” tabbed page after splitting:
left — tabbed page “Spectral DHRs”; right — tabbed page “Spectral Partial Reflectances”.
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When the BRDF fitting ends, all initial data, settings, and results are saved in the FITTING database as a
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large text field called “Report”. Additional data are appended to its end when the SDHR ends. “Report” is

a read-only field (see Fig. 57) however one can make it editable if uncheck the checkbox Read Only.
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Fig. 57. The tabbed page “Report” of the FITTING database window.

The Report can be saved in text file by clicking the Save button. Examples of such text files can be found

in the Data\Output\Fittin

g Reports folder.
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To open the MATERIALS database window, click MATERIALS button placed in the group “Databases”, in
the left panel of the main STEEP323 window (Fig. 27). The window shown in Fig. 58 will appear.

- | — E I
fi[m STEEP323: MATERIALS Databasl W _—_— =y j
Sort by 3C BRDF Components B
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| [Rough Graphite Sample = 2 @ 658 m 11/18/201203:3210 + 0.22082085232
i, = 7 Show in Separate Window
_K I % | = | = | + | - | = | | Wavelength (um) R d R_as R g a
3 0s 0.038433 0.000000 013953
Record 5 of 22 0.55 0.035416 0.000000 | 0.14306
Comments: [f Potmeror 06 0.039508 | 0.000000 | 014390
Measurements were performed at 500K - = 0.65 0.039555 0.000000 0.14356
[2»  Potaoeeor 0.7 0.037656 0.000000 | 0.13657
|E potorvs.1a |« [m '
[% PlotDHR vs. WL | "‘ | « I > l > ‘ * ‘ = | = ‘ = |
Record 1 of 21
Select | [ toadfom =3¢ | [ saveas=ac | By clone £ Erase [& wa ] @ sve | [{ Emse |
3 dese |

12/25/201208:22:23 et
|

The MATERIALS database can be opened also at the assigning of materials to the cavity surfaces (see

Fig. 58. The MATERIALS database window.

Section 11.2). In this instance, the button Select in the lower left panel will be enabled.

There are five ways to add new material to the MATERIALS database:

1)
2)
3)
4)

Exporting 3C model from the FITTING database (see Section 9).

Exporting 3C model from BRDF Model Builder (see Section 8).

Loading 3C model from binary *.3C file using Load from *.3C button.

Creating a copy of already existing record by clicking the Clone button and modifying some

parameters; cloning is especially convenient for parametric studies of BB radiation

characteristics.
5)

Entering all data manually.

The binary files of *.3C format can be created by the BRDF Model Builder and using Save as *.3C button
of the MATERIALS database itself. Files of this format are convenient for data exchange between
STEEP323 programs working on different PCs. Manual data entering is less convenient and can be
recommended only for simplest 3C models, e.g., consisted of one component only.
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In order to make some partial changes in the Material record, one can create a copy of the existing
Material by clicking Clone button. The new material name will be requested:

—
New Material Name. S|

Enter Material Name:

Fig. 59. Request of new material name.
One can keep the name of original record for its copy; records will differs in dates of their creation.
Be careful when change data in the MATERIALS database manually: all the 3C BRDF model parameters

o and SPRs must be self-consistent, i.e. must not produce SDHRs greater than 1.

The SPRs contained in the right table can be saved in and load from text file using Save and Load
buttons, respectively. Examples of such files can be found in Data\Input\MATERIALS\SPR folder.

Purpose, functions, and operating modes of buttons Erase, Plot 2D BRDF, Plot 3D BRDF, Plot DHR vs. IA,
and Plot DHR vs. WL are the same as corresponding buttons in BRDF Model Builder (Section 8).
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11. The DATASETS Database

11.1. Creating New Dataset

The DATASETS database stores all initial data for BB cavity modeling except data for cavity wall materials
which is stored in MATERIALS database. The DATASETS database is associated with the main STEEP323
window (see Fig. 60) which consists of the left part with the table of datasets (and optional comments)
and the tabbed pages at right. We recommend entering the initial data in the same order in which the
tabbed pages are ordered.

F7A STEEP323: Effective Emissivity of Axisymmetrical Blackbodies *** 3C Model of Reflection
Sortby Cavity | Temperatures . Viewing Conditions | Wavelengths
Find: DatasetName (<) Date and Time
‘Cavity with reflecting concentrator; 11/21/2012 09:48:35
Dataset Name Dateand Time | = - - - -
Long graphite cylinder 11/23/2012 04:52:01 507
Bafied cylindro-cone 11/22/2012 05:52:55 anl--
Cone-ylindro~cone coated with almost specular black coating 11/22{201205:11:14 o ke
Diffuse Cone-cylindro-cone, Normal VC 11/22{201205:07: 12
Diffuse Cone-cylindro-cone, Conical V€ 11/22/2012 03:56:20 204
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Short cylindro-conical cavity, Glossy 0.05 11/22/201202:37:10  |= 20}--
¥|Cavity with reflecting concentrator 11/21/2012 09:48:35 o s
Cylinder-inner-cone 11/21/201207:10:53
Cylinder with V-grooved bottom 11/20/2012 13:07:49 l'E {
Cylinder with diaphragm 11/20/2012 11:25:18 S0
Cylindro-conical cavity, Conical VC 11/20/2012 08:08:03 - - - - - - - - - - - -
Cylindro-conical cavity, Directional VC 11/20/2012 08:04:34 0 20 40 60 80 100 120 140 160 180 200 220
Cylindro-conical cavity, Normal VC 11/20/201207:21:22 z
< [m] » /| Highlight current surface Show in Separate Window |
™ ‘ « ‘ . ‘ > ‘ * | = | - ‘ ‘ ‘ z Y Material Dateand Time | » | Cavity Generatrix
110 35 Amost speclar black paint 11/18/201203:30:55
Record 1of 17 P p /18 Bottom Center
Y 38 Almost specular black paint 11/18/201203:30:55 | =
Comments: * o o
150 22.75 Amost specular black paint 11/18/2012 03:30:55
Modeling of dependences of spectral effective emissivities and radiance temperature for cavity with P 3 . )
reflecting concentrator on the position of the focal point. Radiometer's FOV span angle equals 8°, = 50 ey Gokispen bxcoatng 11/20/2012 12:16: 14 e 0
Blackbody is described in: 168 44 Laser Gold specular coating 11/20/2012 12:16:14
V. B. Khromchenko, S. N, Mekhontsev, and L. M. Hanssen, Design and Evaluation of Large-Aperture 173 55 Laser Gold specular coating 11/20/2012 12:16:14
Gallum Fixed-Point Blackbody,” Int. J. Thermophys. 30: 8-12 (2009). -
< [ b
o | o [ v [ o [ ¢ ] -0 ~1]~7¢«]
~ |Record 2 of 9 = Load
= Compute ‘ 5 Load from =.ds ‘ = Saveas *.ds | | Bpy  clone ‘ ‘.«'4 Erase | ‘ | A Assign Material ‘ ‘&é Erase Materials | ‘_J{ Erase |‘ 2 Sae ‘ fl
[EE resuts |[at maremass | E FITING | %) BROF Modelpuider | [FH  about | [#D  mat |
Cavity boundaries: -55.0000<=X,Y<=55.0000, 0.0000<=2<=220,0000 Cavity length = 220.0000 Aperture radius = 22,7500 12/12/2012 08:31:07

Fig. 60. The DATASETS database window; the tabbed page “Cavity” is active.

To create new record (dataset), click Insert Record (+) button of the database navigator below the left
table. Enter the dataset name (up to 100 arbitrary symbols) then click Post Edit. Optional comments can
be entered at any stage of dataset creation or editing.

User can make a copy of existing dataset by clicking Clone. This possibility is convenient when only a part
of initial data should be modified.

Entire dataset can be saved as binary *.ds file by clicking Save as *.ds and loaded from *.ds file by

clicking Load from *.ds. This possibility is provided for dataset exchanging between SPEEP323 copies
working on different PCs.
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11.2. Defining Cavity Shape

First, user has to specify geometrical dimensions of a cavity. Cavity shape is defined by coordinates of
generatrix nodes as it is shown in Fig. 61. Small red numbered circles represent the generatrix nodes;
linear segments between neighbor points represent generatrices of surfaces of revolution numbered
with blue figures.

Fig. 61. Defining the cavity shape by generatrix nodes.

The 0" node (the center of the cavity bottom) may have any value of Z-coordinate, but Y-coordinate
must be equal to zero. The 0" node Z-coordinate has separate input field in the lower right panel of the
tabbed page “Cavity”.

Z- and Y-coordinates of all other nodes have to be entered into appropriate columns of a table at the
bottom of the tabbed page “Cavity”. All nodes are numbered and linked in the order of their position in
this table; thus n” and (n-1)" generatrix nodes form the n surface. A circle formed by rotation of the
last node around Z-axis is considered as cavity aperture.

Coordinates of a cavity generatrix nodes can be entered into two first columns manually, point-by-point.
In order to insert a node after the current record, use the <Insert> key or the button Insert Record (+) of
database navigator. Use the <> key to append a node to the end of the table. As soon as Z- and Y-
coordinates of a node are posted to the database, the scaled cross-section of the cavity will be re-drawn
above the table. Check the checkbox Highlight Current Surface to highlight in red the current (selected
in the table) surface as it is shown in Fig. 60.

One can also save in and load from text file entire generatrix by clicking, correspondingly, Save and Load

buttons on the lower right panel of the tabbed page “Cavity”. Examples of such files can be found in the
Data\Input\DATASETS\Gen.
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11.3. Assigning Materials

To assign material to one surface, double-click the appropriate row of the table. The MATERIALS
database window will be opened. Double-click the material selected, or select material, then click Select
button. The material chosen together with the date and time of this material’s record creation will be
entered into the current row of the lower right table in Fig. 60. A material specified in certain row will
be assigned to the segment of the generatrix starting at the point defined by the previous row and
ending at the point defined by the current row. One can assign materials to the surfaces in an arbitrary
order.

It is possible to assign material to one or multiple surfaces by clicking Assign Material button. The
window shown in the left part of Fig. 62 will appear. Clicking Find opens MATERIALS database. Double-
click the material selected, or select material, then click Select. The window like that shown in the right
part of Fig. 62 will appear again. Select an item in the group of switches “Surface(s)” and enter surface
numbers in the fields “From” and “To” if the item “From... to...” was chosen.

- = - = . - = - = .
Assign Material to Cavity Surface(s) — Assign Material to Cavity Surface(s) X
Selected Material Mame: Selected Material Mame:
Oxidized Al Alloy
Record Creation Time: Record Creation Time: | 11/26/2002 07.03:06
Surface(s) i Surface(s] i
Current Current
e ek s BVt From # 1 :I Tott 9:' From First to Current From # 1 :I To# S:I
From Current to Last From Current to Last
= Al = &l
From .. to 5 | From . to - |
N W Assign 1 I | '  Assign | | X Cancel ‘ 1
Total: 3 sufaces Selected Material will be assigned to surfaces from 1 to 9 | Total: 9 sufaces Selected Material will be assigned to surfaces from 1 to 9 |
. — = ) L — = )

Fig. 62. Assigning material to multiple surfaces.

Clicking Assign completes the assignment of the same material to multiple surfaces.

11.4. Entering Temperature Distributions

STEEP323 allows computing EE and RT for up to 6 temperature distributions at one run. This facilitates
investigating dependence of radiation characteristics upon uniformity of cavity’s temperature. Open the
tabbed page “Temperatures” (Fig. 63). The Number of Temperature Distributions can be defined by the
edit field at the left top corner of this tabbed page. For each temperature distribution, the reference Tref
(K) and background Tbg (K) temperatures have to be entered.

Zero number of temperature distributions corresponds to the case of an isothermal cavity at zero
background temperature (see Fig. 64). If RT for an isothermal cavity still have to be computed, cavity
should be treated as non-isothermal but having constant temperature (it is enough to enter the

temperature equal to the reference temperature T, at any point of cavity generatrix, and, if necessary,
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a non-zero background temperature Tbg ). Note that the isothermal case is processed for any number of

temperature distributions.
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Fig. 63. The tabbed page “Temperatures”:
the left screenshot shows positions of temperature points on the cavity generatrix;
the right screenshot shows the temperature distributions plot.

Fi7) STEEP323: Effective of Axdsymmetrical Blackbodies *** 3C Model of
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| Short cylindro-concal canity, Dffse +5oecular 1WZY1202:53:04
| Short cylndrn-conical canvity, Clossy 0.2 1URA01203:51:13
‘Short eyinro-conical caity, Gleasy 0. 1 10203912
Shert eyleo-corical conily, Gy 0.05 18222012 02:3%: 18
| Canvity math reflectng concentrator WYL 0935 | =
| Cyinder nner-oond W2Y012 07 10:53
X Cinder with ¥-grogved bottom 1420/2012 13:07:45
Cyinder with dachragm 1202012 11:28018
Cyleko-conical canity, Corical VE 102072012 08:08:03
| Eyindra-conical canity, DiecSoral V€ 112072012 08:04:34
Cyncro-coneal canity, Normal VC {201 072122
< [ '
OO AT S T I I 2
Record 1 of 17
Comments:
[2 h ‘- [ X s on the pesks and valleys. .
Batiom andl the nearest part of cylnder are sothermal at 100K, 1500K, 1750 K, 2000 K, snd 2600 K.
Spectalronge 5 from 0.4 1m o L5 um. N
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[= Compute | [ osdfiom s | [y sovess=as | [By cone |[£ o |
B reun [« weus | [@ rrme | (@ eorkoebie | (@ st | [0 =
Cavity boundanes: £.0000 =X, <=6.0000, -1.8000< =2 €= 75,0000 Cavity kngth = %0000 Apesture radus = 1.5000 T T |

Fig. 64. The tabbed page “Temperatures” for an isothermal cavity.

The next step consists of the input of points on the cavity generatrix in which temperatures will be
defined. This set of points is the same for all temperature distributions. In order to provide self-
consistent representation of temperature distributions for cavities of various shapes, the uniform

68



STEEP323 v. 3.X

MANUAL © 2013-2014 Virial International, LLC

coordinate & (Xi) is used. It passes from cavity bottom center, where £ =0, along the generatrix, to the
aperture edge, where £ =1. STEEP323 offers several ways to enter points where temperature should be

specified.

To enter new temperature point, click the New Point button. The small window (see Fig. 65) will be
opened. The & value is synchronized with the movement of the slider and of the red marker in the

cavity section drawing. After choosing suitable place of temperature point, click Append. New point will

be entered into table

and will appear as a small blue square on the drawing.

a [

STEEP323: Effective Emissivity of Axi ical Blackbodiies *** 3C Model of Reflection S =l E -
oy Cavity | Temperstures | Viewng Condsons | Wavelengths
s Diakaset Name (<) Date ared Time
Pt | T e Distbnaions
Murrber of Temperabire Disbidnstorn: s
L] Datesad Tine | . | Cylinder with V-grooved bottom

Lang graphite cylrder B2 M2 501 = .
Bafled cyindr-cone. 11/22/M012 055255 1207012 1I07AP
Cone -yl o with 1 )

L : o # Tref(K)  Thg(K) 0
Diffe Core evireka o, Hermd 0 /21T OSOT:12
it Corm-cylrcacone, Coricl V0 11/23/201 035620 1 1200/ L) 5 1
short cylndra-conical caity, Diffuse +Glossy 0.1 120X - 1500 2] Y o
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Shert cyimdre conical cavity, Cloasy 0.2 22012035113 3 1750] 9 5| = |
Shert cylexiro-torical canity, Gessy 0.1 1222012 03412 ‘ 2000 n 10
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- = |3 2500 [
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Cylincer with dhaghrage Fxw iy Seper abe Wi
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NN

Record 1 of 17
Comments:
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LOCO0  TE0000 2.5000 O 000000 950000 1050.0000 1N00.0000 1100,0000
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Fig. 65. Interactive input of a new temperature point.

Use Add Nodes button to employ all generatrix nodes as points where temperatures will be defined (see

Fig. 66).

Dataset Name: Cavity with reflector
Created: 01/08/2012 07:29:24
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Fig. 66. Use of generatrix nodes as temperature points

Manual input of temperature points is also possible.
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Load and Save buttons are intended for loading from and saving in text file all temperature distributions.
Fig. 67 presents the content of such a file. Starting from the second line, the first column represents Xi
values, five other columns correspond to five temperature distributions. Other examples can be found in
Data\Input\DATASETS\TD folder.

5 // Number of temperature distributions

0.0000E+0000 1.2000E+0003 1.5000E+0003 1.7500E+0003 2.0000E+0003 2.5000E+0003
2_5053E-0001 1.2000E+0003 1.5000E+0003 1.7500E+0003 2.0000E+0003 2.5000E+0003
4.0421E-0001 1.1800E+0003 1.4750E+0003 1.7000E+0003 1.9000E+0003 2.3000E+0003
6.1286E-0001 1.1500E+0003 1.4250E+0003 1.6000E+0003 1.7000E+0003 2.0000E+0003
8.7096E-0001 1.0000E+0003 1.1750E+0003 1.3000E+0003 1.3500E+0003 1.5000E+0003
9.7263E-0001 9.5000E+0002 1.0500E+0003 1.1000E+0003 1.1500E+0003 1.2000E+0003
1.0000E+0000 9.0000E+0002 9.5000E+0002 1.0500E+0003 1.1000E+0003 1.1000E+0003

Fig. 67. An example of text file which contains 5 temperature distributions.

The Erase button allows deleting multiple temperature points. The Erase Temperatures button calls the
window analogous to that shown in Fig. 12 and allows erasing several or even all temperatures at once
but keeps temperature points unchanged.

Note that the temperature distributions composed from a cavity having one shape can be applied to the
cavity of different shape, but temperature points will be displaced.

11.5. Entering Viewing Conditions

STEEP323 provides 4 types of different viewing conditions, but only one certain type can be used in one
run of a modeling code. However, one can use up to 201 combinations of geometrical parameters that
define the given type of viewing conditions (see Fig. 68).

Type of Viewing Conditions (Normal, Directional, Conical, and Integrated) can be chosen by clicking
radio-buttons of the group in the upper left part of the tabbed page “Viewing Conditions”.

Simultaneously with the switching radio-buttons, the table at the bottom of tabbed page changes
columns corresponding to geometrical parameters of selected Viewing Condition type. These
parameters are shown in the pictures (see Fig. 59) displayed in the top right part of the tabbed page.

For the Normal Effective Emissivity, rays inside a collimated beam of circular section with the radius RB
achieve the detector. The beam axis is parallel to the cavity axis and YB is the distance between them.
This case is defined by two parameters, RB and YB and can be applied to modeling, for example, of a
blackbody with external aperture and distant detector, or to a case of long focal-length optics. If RB =0,
dependence of the effective emissivity on YB allows to estimate the radiance non-uniformity across the
cavity aperture.
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Fig. 68. The tabbed page “Viewing Conditions” of the DATASETS database window.
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Fig. 69. Four types of Viewing Conditions used in STEEP323.

The Directional Effective Emissivity is similar with the Normal Effective Emissivity but the beam axis
forms the angle b (°) with cavity axis and crosses it at a point with the coordinate ZB. If RB =0,
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dependence of the effective emissivity on b (°) allows to estimate the radiance indicatrix of the radiation
emerged from the cavity .

The Conical Effective Emissivity is the case of observing a cavity by radiometer or radiation thermometer
with the optical system whose optical axis is parallel to the cavity axis. YB and ZB are the coordinate of
cone vertex (focal point of optical system); w (°) is the cone vertex angle (angular FOV — field-of-view).
Situation shown in Fig. 69 is for the convergent viewing beam; the divergent beam can be modeled if the
focal point is placed behind the cavity.

The Integrated Effective Emissivity corresponds to the case of registration of the cavity radiation by a
circular detector placed on the plane perpendicular to cavity axis at the finite distance to the cavity
aperture. If the detector radius RD is equal to the radius of a cavity aperture, YD =0 and H =0, the
hemispherical effective emissivity will be modeled.

Viewing Conditions parameters can be loaded from text file using the Load button (and saved in text file
using the Save button). Text file must contain the integer index of viewing conditions (0 is for Normal, 1
is for Directional, 2 is for Conical, and 3 is for Integrated) in the first line, and viewing conditions
parameters in next lines; columns must have the same order as in the table for these viewing conditions.
A fragment of such a file is shown in Fig. 70. Other examples can be found in Data\Input\DATASETS\VC
folder.

2 // Conical Effective Emissivity and Radiance Temperature
0 35 10
0 37 10

0 113 10
0 115 10

Fig. 70. A fragment of text file, which contains parameters of conical viewing conditions.
Regular viewing conditions correspond to a case when one of the geometrical parameters defining

viewing conditions, changes incrementally, i.e., with constant step. After clicking the Regular button, the
window like that shown in Fig. 71 will appear.

P STEEP323: Regular Conical Viewing Conditions "t\éj

el o | | [0 |

©
Mi
[o
Max.:
N

Bl [v] Erase Existing Viewing Conditions | W oK | ‘ X Cancel |

Dataset Name: Cavity with reflecting concentrator; Created 11/21/2012 9:48:35 AM
L — —

Fig. 71. Defining Regular Conical Viewing Conditions.
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Using the switches Variable one can choose a parameter that will change incrementally, enter values of
constant parameters, then enter minimal and maximal values for the variable parameter, as well as the
number N of its values, then click OK. To add new viewing conditions parameters to those previously
entered into the table, uncheck the checkbox Erase Existing Viewing Conditions. In such a way one can
change more than one parameter throughout the viewing condition parameters set. Manual entering is
an alternative for regular viewing conditions and also allows changing more than one geometrical
parameter in the table. However, it should be noted that the resulting graphs become in this case
useless because they show dependence only upon one variable.

11.6. Targeting

Click Targeting in the tabbed page “Viewing Conditions” (Fig. 68) to open the window shown in Fig. 72
that allows to perform initial (until first reflection) ray tracing in order to check the correctness of
defining the viewing conditions. The results of preliminary ray tracing are shown for two orthogonal
planes YZ and XZ (it is supposed that the coordinate system XYZ has the right-handed orientation, i.e., in
the top graph in Fig. 72, the X axis is directed behind the plane of the graph).

s —— ~
F7 STEEP323: Targeting - Conical Viewing Conditions I ==y X"
— —
YZ XZ
Low-temperature cylinder-inner-cone; 12/19/2012 9:41:55 AM
YE = 0.0000; ZB = 16.5000; w (°) = 10.0000
L
Y
T
I 0 1 2 3 4 5 6 7 8 9 o 11 12 13 14
z
Viewing Conditions #: 28 il Mumber of Rays Traced: | 1000 j | Iy Copy Graph | | ﬁ Close |
Conical Viewing Conditions Number of viewing conditions: 45 I
- - 2

Fig. 72. Targeting (initial ray tracing).

As soon as Targeting window is open, ray tracing for the first set of viewing condition parameters is
performed and displayed. By default, the number of rays traced is 1000. One can change this value on
100, 10,000, or 100,000. Ray tracing and drawing will start automatically. After changing the viewing
conditions number (i.e., number of a set for viewing conditions parameters) in the Viewing Conditions #
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input field, ray tracing will be performed and redrawn automatically. If a traced ray is directed out of a
cavity aperture, ray tracing will be stopped, and blinking text “OUT OF CAVITY APERTURE” will appear
below the graph.

11.7. Entering Wavelengths and Performing Spectral Interpolation

Since spectral reflectance of different materials assigned to different surfaces forming a cavity may be
defined over different sets of wavelengths, STEEP323 uses interpolation and extrapolation of all spectral
data for the joint wavelength set ( i.e., wavelengths for which spectral effective emissivities and radiance
temperatures will be computed). These wavelengths have to be entered in the table on the tabbed page
“Wavelengths” (Fig. 62).

F7A STEEP323: Fifective Emissivity of Axisymmetrical Blackbodies *** 3C Model of Reflection = X
Sertby Cavity . Temperatures /. Viewing Conditions | Wavelengths
Find: Dataset Name (+) Date and Time
wavelength (pm) | «
4 8.0
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Cone-cylindro-cone coated with almost specular black coating 11/22/2012 05:11:14 A
Diffuse Cone-cylindro-cone, Normal VC 11/22/2012 05:07:12 Ae
Diffuse Cone-cylindro~cone, Conical VC 11/22/201203:56:20 PR
Short cylindro-conical cavity, Diffuse-+Glossy 0.1 11/22/201203:54:34 5
short cylindro-conical cavity, Diffuse+Specular 11/22/201203:53:04 &8
short cylindro-conical cavity, Glossy 0.2 11/22/201203:51:13 &
Short cylindro~corical cavity, Glossy 0.1 11/22/201203:48:12 o
Short cylindro~corical cavity, Glossy 0.05 11/22/201202:37:10  |= o
¥ Cavity with reflecting concentrator 11/21/2012 09:48:35 =
Cylinder-nner-cone 11/21/201207:10:53 =
Cylinder with V-grooved bottom 11/20/2012 13:07:49 o
Cylinder with diaphragm 11/20/2012 11:25:18 o
Cylindro-conical cavity, Corical VC 11/20/2012 08:08:03 o
Cylindro-conical cavity, Directional VC 11/20/2012 08:04:34 %
Cylindra-conical cavity, Normal VC 11/20/201207:21:22 £
= 23
4 |l » 10.0
e [ < [ e [ o[ +«[ =TT~ 7¢x] o1
Record 1 of 17 o2
Comments: s
Modeling of dependences of spectral effective emissivities and radiance temperature for cavity with m: N
reflecting concentrator on the position of the focal point. Radiometer's FOV span angle equals 8%,
Blackbody is described in: 106
V. B. Khromchenko, 5. H. Mekhontsev, and L. M. Hanssen, "Design and Evaluation of Large-Aperture 107
Galium Fixed-Paint Blackbody,” Int. 1. Thermophys. 30: 9-12 (2009). e
A e -] A
~ ||IRecord 1 of 41
B Comuto [ ionirone] [ smeonv ] By cow |[ s | | [ i [ tom [ sme ][ e ][ ]
| BB REsuTS ‘ | «, MATERIALS ‘ ‘ & FrTnG ‘ ‘ (4, BRDF Model Builder | ‘ A About ‘ ‘ o Bt
Cavity boundaries: -55.0000<=X,Y<=55.0000, 0.0000<=Z<=220.0000 Cavity length = 220.0000 Aperture radius = 22.7500 12/12/2012 11:43:24

Fig. 73. The tabbed page “Wavelengths” of the STEEP323 main window.

Wavelength can be entered manually, value-by-value, or loaded from (and saved in) text file using Load
(and Save) button. These files have simplest structure; several examples can be found in
Data\Input\DATASETS\WL folder. Click Regular to define the set of wavelengths uniformly distributed
from minimal to maximal value. In the window shown in Fig. 74, one can specify number of wavelengths
or constant wavelength step. After clicking OK, the equidistant wavelength set will replace the existing
one if the checkbox Clear Existing Wavelength Set is checked. Otherwise, it will be added to the existing
wavelength set; duplicated wavelength will be rejected.
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Fig. 74. Two cases of the regular wavelength set defining.

The Interpolate button can be used for visual evaluation of interpolation/extrapolation quality.
STEEP323 uses linear interpolation for calculation of spectral values between points extracted from the
MATERIALS database and holds the constant values outside the spectral range of data extracted from
the MATERIALS database. Fig. 75 illustrates interpolation and extrapolation rules used in STEEP323.

Spectral Value ’ @ Spectral values extracted from database
A o \. ® Prescribed wavelengths
\ @ Interpolated/extrapolated spectral values

>

ro——9®
| |
| |
I I
| |
I I
I I
| |
I\ I\

‘I\ %,
I e
| |
| |
| |
| |
e Py

Wavelength

Fig. 75. Interpolation and extrapolation rules for spectral values used in STEEP323.

After clicking Interpolate, both SPRs extracted from MATERIALS database and interpolated/extrapolated
values of R;, R, and R will be plotted in the graph for each cavity surface (see Fig. 76). Surface

number can be changed using the input field Surface #.
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Fig. 76. The Spectral Interpolation window.

It is recommended to check the quality of spectral interpolation/extrapolation before Monte Carlo
modeling to be ensured that spectral ranges of the joint wavelength set matches well those of data

extracted from database and that interpolated spectral dependences adequately reproduce all features

of dependences stored in the MATERIALS database.
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12. Monte Carlo Calculations

Now, when all the initial data are prepared, one can start MCRT calculations by clicking Compute.

If the dataset from contains materials which are absent in the MATERIALS database, STEEP323 before
calculations will show the notification (Fig. 77) and cancel the Monte Carlo modeling. Another material
instead of absent one should be assigned.

STEEP323 —— 1 X

Record "Rough Graphite Sample # 2 @ 658 nm"” created 11/18,/2012 03:32:10 not found

= == = = = =

Fig. 77. Notification about absence of the material in the MATERIALS database.

If checking test is passed, the window Compute will appear (Fig. 78, the upper screenshot). Enter the
number N of rays that will be traced. This parameter defines the random component of uncertainty for
EEs and RTs calculations. Due to stochastic character of the algorithm used in STEEP323, the random

uncertainty of calculations varies in inverse proportion of \/W The choice of N to a great extent
depends on cavity blackness, i.e. deviation of effective emissivity from the unity. Probably, the best way
is to evaluate the required values of N from numerical experiments. We recommend to begin with N =
10,000. This also allows to evaluate the total time needed for final modeling. Usually, for modeling a
cavity with effective emissivity from 0.995 than 0.9999 for isothermal condition, N = 100,000 is enough
for any realistic temperature distribution.

Click Run to start the Monte Carlo modeling. It can be interrupted by clicking Stop at any time.

First, the initial data preprocessing will be performed, including spectral interpolation for the diffuse,
quasi-specular, and glossy SPRs for each surface forming the cavity. Then STEEP323 will perform Monte
Carlo calculations successively, wavelength-by-wavelength and for each set of viewing conditions
parameters (see the second screenshot in Fig. 78).

If the checkbox Show Results after Completion is checked, the window Compute will be closed
automatically after successful modeling and the RESULTS database window will be opened. Otherwise, it
is necessary to close the Compute window by clicking Close (see the third screenshot in Fig. 78) then
RESULTS on the lower panel of the STEEP323 main window in to browse results of calculations.
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Before modeling

Modeling in progress

Modeling is
completed

STEEP323: Monte Carlo Modeli [

Number of Rays:

100,000

Show Results

after Completion
Viewing Conditions: 0%
Wavelength #: 0%
Ray Tracng Progress: 0%
(1w
MNumber of wavelengths: 23 Number of temperature distributions: 5 Mumber of temperature points: 7 MNumber of viewing conditions: 41

STEEP323: Monte Carlo Modeli [

Dataset: Cylinder with V-grooved bottom; 11/20/2012 13:07:49 -
Number of Rays: Preprocessing initial data... i

Done.
100,000

Monte Carlo modeling started at 12/12/2012 11:47:27
Monte Carlo modeling in progress. ..
Show Results
v
after Completion

Wiewing Conditions: 3 of 41 | ] 5%
Wavelength #: 10023 8%
Ray Tracng Progress: [l 3%

O (@ s ]

Number of wavelengths: 23 Number of temperature distributions: 5 Number of temperature points: 7 Humber of viewing conditions: 41

STEEP323: Monte Carlo Modeli [

Preprocessing initial data. .. -
Number of Rays: Dome
& Monte Carlo modeling started at 12/12/2012 11:47:27
100,000 Monte Carlo modeling in progress. ..
Monte Carlo modeling finished at 12/12/2012 12:56:05

Saving results in database (943 records)...
[ Show Resuits P
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m

=
Vening Condtons: 41of 41
Wavelengn 7. 23F23

Ray Tragng rogress:

| (@ s ]

Number of wavelengths: 23 Number of temperature distributions: 5 Number of temperature points: 7 Humber of viewing conditions: 41

Fig. 78. Three stages of the MCRT calculations (the Compute window).
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13. The RESULTS Database

13.1. Viewing Results

The screenshot of the RESULTS database window is shown in Fig. 79. All fields in both tables are read-
only. After completing MCRT calculations, the text field “Comments” contains the copy of the similar

© 2013-2014 Virial International, LLC

field from the DATASETS database. This field is editable; user can add some information after analysis of

results.

FFF) STEEP323: RESULTS Database
Sort by Resits Rorpee |
Find by Name: Catzset bame (=) Modeling Start Tme: Wavelength (ym] ¥C& YR m w{*) Eflso EEL RT1L [{7] RTZ | -
15 » ] ] 10 05998310 09916011 1BALTEY  OO9ENOLS 14959
Dataset Name Time Time Time | s [T ] n 10 ORI OOWEIGOS 1IVRJINT  Q.0WEINESE  1WR.60L
P Cyinger mih V-grooved bottom LW 13079 L2/12/2012 11:47:27 112 1EH0S s m ] n 10 05RO OSRIINT LFTIN  09EIND 149959
Cylnder with V-groowed botinm 112002012 1 12710201 7] 1212012 145225 15 n ] 75 10 05999506 O99TEISXT 1MG6TS0  O.O9S03647 149953
Cavity with reflectng concentrator 1172172012 0% 12032012 16:58:00 12032012 1%:13:08 L5 n ] n w 0. 99988106 QOMTEETS 11995145 099718992  1499.3410
Cone-cyin 4 with lmost & 11/22/20120: 1203012 15:55:07 120012 Wedk06 = s B ] ] 10 0SUETNS  OURWSITS 1GIMD O9USTESSE 1499006
|| |Baffed cvindn-cone 11/22/20120 L1/26/2012 103114 10/26/2012 11:36:23 15 M ] 81 10 05MA7I43 00900 IHABSEA 009MS3E  1HASIE
Cyleter with dingie agem 11/20/2013 11:75:18 11/25/2013 10:18:58 11/25/2012 13548 15 5 ] L] 10 0.000RSIS0  O.NMOSMT IMENO 00010401 1497000
Cylndro-conical caity, Normal VC 1Y2f01207:21:22 11/25/2012 03:08:52 11252012 04524 s oW ] 8 10 0SNG0 OSENRMS 1PANE  0SESIG0N  149R21%
Cyindro-conical caity, Direcsonal VG 11/20/2012 08:04:34 LU2472012 e 2920 L1/24/2012 22220236 T ] 87 10 09088533 0981036 1H7.1810  00BMTISE 146390
e n-cerical ey, Corieal VC 11/20/2013 08:-08:03 11/2472013 150103 11342012 167844 15 W ] " 10 0.000MES1  OOTSIZN  1MAAE]  O0RITIMT 1495.45H
Cyinder with V-grosved button 10202012 13:07:49 11/24/2012 12:38:02 14/24/2012 1E4RIS IO ] 0 10 OSRRLEL  OONLTLE IWRAALD 09I 19408
Cynder erer cone LU20/201207:10:53 LU2472012 12233 LU/2472012 111828 U ] 93 10 059990520  O.06086246 19AMIS 097U 199307H
Sheet ey ey 0,085 11722/ 1724 13 1724 T 15 m ] a5 10 0.99NEI0T  O0MOS0S) IMLTEBS  O0GEMEZI 14917
Short ybndro-conical cavity, Glossy 0.1 11/23/2012 034512 10/24/2012 06 28:45 T2 TR AT e [T ] 7 10 0RITIY OSSEGLIG ILULM 0SS 1490.06K
Diffuse Cone-cyindro-cone, Conical VO 11/22/201203:56:20 LU/Z4/2012 4 30 LUZH012 044 15 » ] ] 10 059969130 O94NN2IZ 1SLESTT 09510473 1498.66%
Diffuse Cone yinocons, Normal VE  11/23/201205:07:12 11/232012 19:58:10 1124012 00:31:48 FEI ] 101 10 0HNEISIT OOHAE IHOSEM  OMSBATS 1485085
Short cylnro-conal canaty, Giossy 0.2 11/23/201203:51:13 10/23/2012 19:14:38 1232012 15500 - [E I ] 03 10 OSNERRT  OUNG9ATI LISRII6T  Q.007EGWSY 14851060
15 % ] 0 10 0599 OSZISEM LI00M6  05ZMTEM 1490164
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Fig. 79. The RESULTS database window.

Columns of the table on the tabbed page “Results” present: the wavelength (in um); viewing conditions
number (VC #); viewing conditions parameters in the next columns; effective emissivity for the

isothermal case (EEIso), then — the EEs and RTs (in K) for all temperature distributions (EE1, RT1, EE2,
RT2, etc.) Clicking Save allows to save all results of calculations in the text file (for instance, to import
them into MS Excel or some other software for further processing). Examples of such text files can be

found in the folder Data\OUTPUT\Results.

13.2. Plotting Graphs

The buttons Plot vs. WL and Plot vs. VC open windows where EEs and RTs are plotted against
wavelength (Fig. 80) and against variable parameter of viewing conditions (Fig. 81), respectively.
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In the first case, to plot these dependences for different viewing conditions, change viewing conditions

© 2013-2014 Virial International, LLC

number in the input field Viewing Conditions #. In the second case, select the variable parameter using

drop-down list Viewing Conditions Variable Parameter (if it should be changed). To plot dependences of
monochromatic EEs and RTs on the viewing condition parameter for different wavelengths, change
wavelength number in the field Wavelength #.
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Fig. 80. Plots of spectral effective emissivities and radiance temperatures against wavelength.
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13.3. MCRT Calculation Report

© 2013-2014 Virial

International, LLC

The tabbed page “Report” contains the report on MCRT calculations. It consists of initial data together
with results of modeling (see Fig. 82). To edit the report, uncheck the Read Only checkbox.

Report can be saved as a separate text file by clicking Save button below the Report. Multiple examples
of report files can be found in the Data\Output\RESULTS\Reports folder.

F7# STEEP323: RESULTS Database

Sort by
DatasetName (*) Modeling Start Time

Results Repart

Dataset Name
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] - > > = 3
|Record 9 of 19
Comments

Cyiindro-conical cavity with predeminantly specuiar coating of internal walls, Bottom center temperature is 350 K; background -
temperatures are 0K, 77 K, and 300 K. Spectral range is 5 pm to 9 pm, Dependences of conical effective emissivities and radiance
temperatures on the span angle of radiometer’s FOV are computed.

wwwwx STEEP323 v. 3.1 **%* Copyright © 2012 Virial International,
Dataset Name: Cylindro-conical cavity, Conical VC

Dataset Creation Time: 11/20/2012 08:08:03

Modeling Start Time: 11/24/2012 15:01:02

Modeling Finish Time: 11/24/2012 16:23:44

Modeling Duration: 01:22:41

Number of Rays Traced: 100,000

Cavity (¢ points, 3 surfaces):

z v Material
0.000000 0.000000
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Fig. 82. MCRT calculations report.
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15. Appendix. STEEP323 Software License Agreement

License

1. Under this Software License Agreement (the "Agreement"), Virial International, LLC (the "Vendor")
grants to the user (the "Licensee") a non-exclusive and non-transferable license (the "License") to use
STEEP323 (the "Software").

2. "Software" includes the executable computer programs, related electronic documentation and any
other files that accompany the product.

3. Title, copyright, intellectual property rights and distribution rights of the Software remain exclusively
with the Vendor. Intellectual property rights include the look and feel of the Software. This Agreement
constitutes a license for use only and is not in any way a transfer of ownership rights to the Software.

4. The Software may be loaded onto no more than three computers. A single copy may be made for
backup purposes only.

5. The rights and obligations of this Agreement are personal rights granted to the Licensee only. The
Licensee may not transfer or assign any of the rights or obligations granted under this Agreement to any
other person or legal entity. The Licensee may not make available the Software for use by one or more
third parties.

6. The Software may not be modified, reverse-engineered, or de-compiled in any manner through
current or future available technologies.

7. Failure to comply with any of the terms under the License section will be considered a material breach
of this Agreement.

License Fee

8. The original purchase price paid by the Licensee will constitute the entire license fee and is the full
consideration for this Agreement.

Limitation of Liability

9. The Software is provided by the Vendor and accepted by the Licensee "as is". Liability of the Vendor
will be limited to a maximum of the original purchase price of the Software. The Vendor will not be liable
for any general, special, incidental or consequential damages including, but not limited to, loss of
production, loss of profits, loss of revenue, loss of data, or any other business or economic disadvantage
suffered by the Licensee arising out of the use or failure to use the Software.
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10. The Vendor makes no warranty expressed or implied regarding the fitness of the Software for a
particular purpose or that the Software will be suitable or appropriate for the specific requirements of
the Licensee.

11. The Vendor does not warrant that use of the Software will be uninterrupted or error-free. The

Licensee accepts that software in general is prone to bugs and flaws within an acceptable level as
determined in the industry.

Warrants and Representations
12. The Vendor warrants and represents that it is the copyright holder of the Software. The Vendor
warrants and represents that granting the license to use this Software is not in violation of any other

agreement, copyright or applicable statute.

Acceptance

13. All terms, conditions and obligations of this Agreement will be deemed to be accepted by the
Licensee ("Acceptance") on installation of the Software.

Term

14. The term of this Agreement will begin on Acceptance and is perpetual.

Termination

15. This Agreement will be terminated and the License forfeited where the Licensee has failed to comply
with any of the terms of this Agreement or is in breach of this Agreement. On termination of this
Agreement for any reason, the Licensee will promptly destroy the Software or return the Software to the
Vendor.

Force Majeure

16. The Vendor will be free of liability to the Licensee where the Vendor is prevented from executing its
obligations under this Agreement in whole or in part due to Force Majeure, such as earthquake,
typhoon, flood, fire, and war or any other unforeseen and uncontrollable event where the Vendor has
taken any and all appropriate action to mitigate such an event.

Governing Law
17. The Parties to this Agreement submit to the jurisdiction of the courts of the State of Maryland for the

enforcement of this Agreement or any arbitration award or decision arising from this Agreement. This
Agreement will be enforced or construed according to the laws of the State of Maryland.
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Miscellaneous
18. This Agreement can only be modified in writing signed by both the Vendor and the Licensee.

19. This Agreement does not create or imply any relationship in agency or partnership between the
Vendor and the Licensee.

20. Headings are inserted for the convenience of the parties only and are not to be considered when
interpreting this Agreement. Words in the singular mean and include the plural and vice versa. Words in
the masculine gender include the feminine gender and vice versa. Words in the neuter gender include
the masculine gender and the feminine gender and vice versa.

21. If any term, covenant, condition or provision of this Agreement is held by a court of competent
jurisdiction to be invalid, void or unenforceable, it is the parties' intent that such provision be reduced in
scope by the court only to the extent deemed necessary by that court to render the provision
reasonable and enforceable and the remainder of the provisions of this Agreement will in no way be
affected, impaired or invalidated as a result.

22. This Agreement contains the entire agreement between the parties. All understandings have been
included in this Agreement. Representations which may have been made by any party to this Agreement
may in some way be inconsistent with this final written Agreement. All such statements are declared to
be of no value in this Agreement. Only the written terms of this Agreement will bind the parties.

23. This Agreement and the terms and conditions contained in this Agreement apply to and are binding
upon the Vendor's successors and assigns.

Notices

24. All notices to the Vendor under this Agreement are to be provided at the following address:
Virial International, LLC

538 Palmspring Dr.,

Gaithersburg, MD 20878-2972
USA

88



	1. List of Acronyms
	2. Introduction
	3. Theory basics
	3.1. Definitions of Principal Quantities
	3.2. Cavity Shapes
	3.3. Viewing Conditions
	3.4. Methods for Calculation of Effective Emissivities
	3.5. Optical Properties of Materials for Blackbody Cavities
	3.6. Three-Component (3C) BRDF Model
	3.7. Fitting Parameters of 3C BRDF Model to the In-Plane BRDFs
	3.8. Spectral DHR Splitting
	3.9. Algorithm for Calculating Radiation Characteristics of Blackbody Radiators

	4. Key Features of STEEP323
	5. Structure of STEEP323
	6. Units of Measurement
	7. Working with STEEP323
	7.1. Working with STEEP323 Databases
	7.2. Working with STEEP323 2D Graphs
	7.3. Working with STEEP323 3D Graphs

	8. The BRDF Model Builder
	8.1. Working with Monochromatic BRDF Model
	8.2. Making Model Wavelength-Dependent
	8.3. BRDF Plotting
	8.4. DHR Calculation

	9. The FITTING Database
	9.1. BRDF Fitting
	9.2. Spectral DHR Splitting
	9.3. BRDF Fitting and SDHR Splitting Report

	10. The MATERIALS Database
	11. The DATASETS Database
	11.1. Creating New Dataset
	11.2. Defining Cavity Shape
	11.3. Assigning Materials
	11.4. Entering Temperature Distributions
	11.5. Entering Viewing Conditions
	11.6. Targeting
	11.7. Entering Wavelengths and Performing Spectral Interpolation

	12. Monte Carlo Calculations
	13. The RESULTS Database
	13.1. Viewing Results
	13.2. Plotting Graphs
	13.3. MCRT Calculation Report

	14. References
	15. Appendix. STEEP323 Software License Agreement

