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Abstract. Tonatiuh is an open source, freeware, Monte Carlo ray tracer suitable for CST applications, and is currently under
further development to to increase and improve its functionalities. Work has recently been performed to implement the following
functionalities: a flux distribution calculation utility; materials with incidence angle dependent optical properties; and the ability to
import 3D geometries from CAD files. This paper provides a detailed account of these new functionalities, and the tests performed
to establish their correct implementation in the new software version, Tonatiuh v 2.2.3.

INTRODUCTION

The development of Concentrating Solar Thermal (CST) technologies requires suitable tools to design, analyse and
optimize optical systems. During the last decades, several software tools have been developed using convolution or ray
tracing techniques [1, 2]. The detailed study of the solar flux in complex geometry systems, such as plants with cavity
receivers or receivers with secondary concentrators, is mostly performed using software tools applying ray-tracing
methods [2].

Tonatiuh is an open source, freeware, Monte Carlo ray tracer, able to use multi-threading computing, whose
development is being performed by members of the CST Research and Technology Development (RTD) community,
an effort which is currently led by CENER [3, 4]. The software is continuously being updated in order to increase and
improve its functionalities. Under the European Union Seventh Framework Programme project STAGE-STE, a group
of institutions, working in the development and study of point focusing technologies, reviewed currently available
tools to design and optimize high concentration optical systems. The review helped to highlight a set of desirable
functionalities for the new Tonatiuh version, from which three were added to the software: flux distribution calculation
utility; materials with incidence angle dependent optical properties; the ability to import 3D geometries from CAD
files. In the next sections the new utilities are described and scrutinized to confirm their correct implementation.
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FLUX DISTRIBUTION CALCULATION UTILITY

One of the limitations identified in previous versions of Tonatiuh was the absence of a post processing utility for
analysing the various radiative flux parameters [2]. Instead, Tonatiuh users had to rely on external tools, such as
Matlab™, Mathematica® or R, to post-process the results, which is a less user-friendly approach compared to having
a built-in Tonatiuh utility.

The recently added Tonatiuh post-processing utility allows the user to readily visualize the radiative flux dis-
tribution on the modelled surfaces. Parameters such as incident solar power, minimum, maximum and average flux,
uniformity and centroid location may now also be visualised in the Tonatiuh environment. This functionality applies
to both flat and cylindrical surfaces.

The flux distribution utility divides the selected surface according to a bi-dimensional regular grid of equal area
cells. The number of grid divisions in the width (/) and length (J) dimensions is user defined, allowing the definition
of coarser or finer grids according to the user analysis requirements. For flat surfaces the grid is applied to the smallest
rectangle enclosing the surface. Since in local coordinates a flat surface always lies in the y = 0 plane, the 3D impact
position of photons hitting the 3D flat surface is transformed to the 2D rectangular grid following the transformation:

(u,v) = (x,2) ey

For cylindrical surfaces the grid is applied to the rectangle resulting from the unravelled surface of the cylinder
starting from its generatrix. In local coordinates the cylinder lies in the XY plane with its axis parallel to the z axis.
Thus a given photon hit point at the 2D rectangular grid is given by a suitable transformation of its 3D impact position

(x,¥,2):

(u,v) = (rarctan2(x,y), z) 2)

where r is the cylinder radius and Arctan2 is the two argument arctangent function. It is then possible to count the
number of photons intersecting each grid cell. With this knowledge one can compute the flux distribution and other
related statistics.

The radiative flux incident on a given grid cell (i, j) is
NiiPp
WE 3)

where N; ; is the number of photons intersecting the grid cell (i, j), Pp; is the power carried by each photon and A
denotes the grid cell area. To display the flux map, a colour scale is established and a simple interpolation of the
radiative flux between the grid cell centre and its neighbours is performed to smooth the plot.

The total incident power on the surface is given by

1 J
0=Pp ), ) N )

The minimum, maximum and average radiative flux in the surface is given respectively by

(Dmin = mln(ch,]) (5)
LJ
Doy = max(q)lj) (6)
LJ
DYDY L ¥
O = 1 &j=1 J (7)
1J

The coordinates for the maximum flux position are given as the centre coordinates of the grid cell where the maximum
value was found. The centroid of the flux distribution map is given by

I J J I
2i-1 Z_,-:l D; ju; j Z_,-:l 2i-1 ;v j
(Lt, V)|centr0id = 7 7 o - > 7 7 o

i=1 Luj=1 Pij j=1 &i=1
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A uniformity value is computed according to

uniformity =

\/ﬁ po Zle((bi,j - d)?

D

©))

An error value is also computed by considering the difference between the maximum flux value and the one
computed for a grid with one less division:

(Dmax - (I):;mx 10
error = T (10)
where @; , is the maximum flux value obtained fora /7 —1x J -1 grid.
The graphic user interface (GUI) of the new functionality can be seen in figure 1.
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FIGURE 1: Graphic user interface of the flux distribution calculation utility.

Besides presenting the surface flux distribution map and the parameters previously defined, the new tool GUI
allows the user to export the flux distribution map (as an image or a numerical table with the cell centre coordinates
and respective radiative flux value) and to analyse the 1D flux distribution profile for user defined sections along the
width or length direction.

Comparison with Standard Approach

The results obtained with the new functionality were compared with the results obtained when processing Tonatiuh
photon maps with external tools in terms of the most representative parameters, namely total power and minimum,
maximum and average flux. The comparison was performed for two different solar systems: a parabolic dish and a
parabolic trough collector (figure 2). The tests were performed for a pillbox sunshape with 6,,,, = 0 and DNI = 1000
W m~2, with 20 million rays cast for each test. Different grid divisions were tested since some of the parameters under
analysis are sensible to the number of grid divisions. Table 1 presents the relative result obtained with the new utility in
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FIGURE 2: Tonatiuh GUI view of the systems used when testing the flux distribution utility: a) parabolic dish; b)
parabolic trough.

relation to the values obtained with the standard approach (in this case processing the photon map with a Mathematica
10 script).

Table 1 shows the results obtained with the new flux distribution calculation utility are very close to the ones
obtained using an external post-processing tool. Parameters whose computation does not depend on the grid (such as
the total power) present equal values independently of the tool used to process the photon maps. However, the flux
parameters whose computation depends on the grid (such as minimum, maximum and average flux) present relatively
small deviations between the tools.

TABLE 1: Results obtained by the new functionality relative to the external
processing of the photon map with a Mathematica 10 script for different grid
divisions.

Parabolic dish Parabolic trough
20x20  40x40 80x80 20x20  50x50 100x100

Total power [%] 100.00 100.00 100.00 100.00 100.00  100.00
Minimum flux [%] 100.00 100.00 100.00 97.73  96.00 105.00
Average flux [%] 99.46 9946 9946 100.00 100.00  100.00
Maximum flux [%] 100.12 100.06 100.01 99.66  99.81 98.93

INCIDENCE ANGLE DEPENDENT MATERIALS

According to the electromagnetic theory, when an electromagnetic wave hits the interface between two homogeneous
media it will be reflected and/or transmitted. Additionally, the transmitted wave will be attenuated due to absorption
if it propagates through an absorbing medium. The fraction of the wave being reflected, transmitted and absorbed will
depend not only on media properties, but also on the properties of the wave, namely on its wavelength, polarization
and incidence angle.

In Tonatiuh surface properties are defined in terms of a material definition. Until now, Tonatiuh material plug-
ins only considered properties at normal incidence. Thus, the amount of light being reflected or transmitted was
independent of the incidence angle. Such approach demanded from the user the use of a suitable average value for the
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entire range of possible incidence angles. Although such approach can be valid for some applications, it hinders the
development of detailed simulations for systems were non-normal incidence is relevant.

New material types were implemented enabling the definition of angle dependent properties. The new material
type does not account for polarization and wavelength dependencies, assuming that the user will provide the surface
properties according to a suitable average in terms of both polarization and wavelength. The angle dependent material
properties are introduced as a tuple (angle, value) by the user. The GUI of this new material type can be seen in figure
3.
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FIGURE 3: Graphic user interface of the new material type with angle dependent surface properties.

Since the material properties are described in a discretized way, it is necessary to interpolate in order to compute
a given material property for incidence angles between the pairs of values defined by the user. These interpolations
are currently performed using a linear interpolation scheme.

According to the new material types, the user is free to define the property values for any angle, thus non equidis-
tant nodes can be defined. A pre-computation is performed in order to reduce the search to find the required pair of
nodes to interpolate to an O(1)-operation, generating a new grid equal or smaller than the one introduced by the user.
Since this computation is performed only once, at the simulation start, the global time spent in the interpolation step
is reduced.

Two new material types were created, one considering an opaque reflector/absorber and another for refractive
materials.

Validation

A set of simulations was performed to check the correctness of the results obtained with the new material types by
checking if the material optical properties are being correctly computed by the software for different incidence angles.
These simulations used two equal flat rectangular surfaces placed on top of each other with a slight distance between
them. The top surface contained the new refractive material where a coherent beam of light is directed to at different
angles. Since Tonatiuh provides the number of intersections occurring for each surface, it is possible to compute the
number of rays transmitted and reflected by any given surface. In these simulations the transmittance is computed as
the ratio between the number of rays incident in the lower rectangular surface and the number of rays reaching the
upper surface. For non absorbing surfaces the reflectance is the symmetric value of the transmittance.
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Figure 4 presents the results obtained for a set of simulations considering the reflectance and transmittance of
quartz glass. The experimental curves for both transmittance and reflectance are displayed, as well as the values
computed by Tonatiuh for a given set of incidence angles. It is possible to observe a good coincidence between the
values computed by Tonatiuh and the experimental curves for the zones with small variations of the properties, which
in this case correspond to low incidence angles. When the variations are larger the results obtained by the software
present larger deviations from the experimental curves. This can be explained by the interpolation scheme between
the user defined data points. Indeed, if one connects the user defined data points with straight lines (also displayed in
the figure) it observes that the values computed by Tonatiuh fall within these lines, being computed as expected.
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0 10 20 30 40 50 60 70 80 90
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FIGURE 4: Reflectance and transmittance of quartz glass as defined by the user and computed by Tonatiuh for
different incidence angles.

When performing simulations, and in order to ensure suitable results, the user should ensure that the grid (of
tuples) describing the material properties should be fine enough to depict the incident angle dependency in an appro-
priate way, particularly in the presence of large and fast variations. Additionally, in future versions of the software,
more complex interpolation schemes could be included (e.g. splines) to allow for more accurate representations of the
original data.

COMPUTER AIDED DESIGN INPUT

So far, complex geometries could be defined by the Tonatiuh user through analytical equations (e.g.: Bezier surfaces),
which can be a cumbersome task. However, in most cases, engineers and researchers use Computer Aided Design
(CAD) tools to design CST components. Thus, the possibility to directly import surfaces designed using CAD software
is a significant work flow simplification, improving the usability and user-friendliness of the ray-tracing software.

The great variety of CAD software currently available results in a large variety of CAD file formats. The majority
of these are vendor dependent, complicating the exchange of CAD information between different CAD tools. However,
there are vendor neutral CAD files (such as STL, IGES and STEP) which are usually supported by the majority of
CAD software. The simplest of these formats is the STL (Stereolithography) format, which uses triangular tesselations
to describe 3D surface geometries. Additionally, the possibility of exporting information in STL format is widespread
amongst CAD software.

A new functionality (CAD_shape) enabling Tonatiuh to import 3D surfaces from CAD files was implemented,
enabling the user to import ASCII or binary STL files. In this format, the 3D geometry is defined by means of a
triangular tesselation, each facet consisting of three vertices and an outward pointing normal vector [5].
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Performing ray-tracing with surfaces imported using the new CAD surface import functionality requires efficient
algorithms to deal with the large number of triangular surfaces and the subsequent large number of ray-triangle inter-
section tests that must be performed. This then dictates the introduction of a new ray-triangle intersection algorithm.

Ray-triangle intersection is a paramount operation in modern ray-tracing rendering for computer graphics appli-
cations, resulting in a large body of literature devoted to this subject. The choice of a suitable intersection algorithm
is dependent on the specific implementation (e.g.: using the Graphics Processing Unit (GPU) versus using the Central
Processing Unit (CPU); use of back-facing culling; use of pre-computed data). According to [6], the Moller-Trumbore
[7, 8] algorithm is generally considered to be the fastest for simple CPU implementations. However, the application
of some acceleration techniques, such as back-face culling or the use of pre-computed data, can render the Jiménez
algorithm [9] faster than the Moller-Trumbore for CPU implementations, although not significantly. Tests performed
by the same authors show the Moller-Trumbore for GPU implementations to be the fastest algorithm in all tested cases
[6]. Since refraction must be considered in many optical ray-tracing applications, back-face culling algorithms cannot
be considered since back-face culling discards intersections of the rays with the inner face of the triangle which will
occur during refraction events. Thus Tonatiuh’s new ray-triangle intersection algorithm was implemented following
the Moller-Trumbore algorithm.

The use of a suitable set of accelerating techniques to improve the speed performance of the ray-tracer is also
recommendable, since the simple application of a ray-triangle intersection test implies testing all the mesh triangles at
each step, which leads to high computation times when the number of triangles is large. A possible solution to avoid
such extensive testing is to use spatial data structures to group the triangles within a given boundary, testing only the
set of triangles inside the boundary pierced by the ray. Such approach significantly reduces the number of ray-triangle
intersections at the cost of adding intersection tests for the traversal of the boundaries (which should result in less and
cheaper tests). Several approaches have been proposed in the literature [10]. However, it is not clear which structure
is the best since the results depend on several factors, including the geometry of the problem and the implementation
[11, 12]. It was decided to implement a Bounding Volume Hierarchy, because it is a suitable method that appears to
be the standard within the computer graphics community and is relatively simple to implement, having lower memory
requirements by comparison with space-oriented partition schemes.

Comparison with Standard Approach

Ray-tracing simulations using receivers described by CAD surfaces were performed for two different CST technolo-
gies: a parabolic dish using a flat disc receiver and a central receiver system using an external receiver (figure 5).
Within the same simulation standard surfaces, analytically described, were superimposed as virtual surfaces. For each
case the photon intersections at each surface and the corresponding radiative flux were computed. Table 2 presents the
relative difference of the total radiative flux on the receiver computed using surfaces described by analytical equations
or by an STL surface.

——

iz
-
=

FIGURE 5: Tonatiuh GUI view of the systems used when testing the CAD import utility: a) parabolic dish; b)
central receiver system.

For both cases the difference is very low. When considering a flat surface, such as the flat disc used in the
simulation with the parabolic dish, there is no difference between using both surfaces. However, when using non-flat
surfaces, such as the case of the simulation with the central tower receiver, there are slight differences between the
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TABLE 2: Relative difference of the total radiative flux
impinging on the system receiver between an STL surface
and another described by analytical equations.

Cast rays [x10°] Parabolic dish Central tower receiver

1 0.000% 0.076 %
20 0.000% 0.061 %
50 - 0.073 %

value computed using a surface imported with the new CAD utility (i.e. a surface described by a triangular tesselation)
and the analytical surfaces previously implemented in Tonatiuh.

CONCLUSIONS

A set of limitations have been identified in the operation of the Tonatiuh software, namely the absence of a flux
distribution calculation utility, materials with angle dependent optical properties and a CAD surface import utility.

A new Tonatiuh utility was developed and tested, enabling the direct computation and plotting of the flux dis-
tribution for planar and cylindrical surfaces, as well as additional information such as the total power incident on
the surface, the maximum, minimum and average radiative flux on the surface, the surface position of the maximum
radiative flux, the centroid of the flux distribution map and the uniformity and error values.

New material types were implemented and tested, allowing the simulation of concentrating solar thermal col-
lectors composed of materials having angle dependent properties. The tests show they behave as intended, providing
reliable results.

A CAD surface import utility was added, allowing Tonatiuh users to import CAD files of the STL format. This
utility was tested, being concluded that it is correctly implemented, proving to give valid results for suitable STL
meshes.

In the future additional activities should be planned to further test and enhance these new functionalities.
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