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Abstract

In this report, a computer simulation code called CIRCE is discussed and exam-
ples of its application to several solar collector geometries are presented. CIRCE,
an acronym for Convolution of Incident Radiation with Concentrator Errors, was de-
veloped for the optical analysis of point-focus concentrating dish collector systems.
CIRCE, as in Greek mythology, is the “daughter” of HELIOS, a computer code de-
veloped at Sandia National Laboratories, Albuquerque, NM, for evaluating the optical
performance of solar central receiver systems. CIRCE was developed from HELIOS
specifically for the analysis of dish systems with the objective of providing users with a
design tool that is relatively easy to implement and does not require a large investment
of time to obtain results.

The solution techniques of CIRCE, in which the concentrator errors are convolved
with the solar intensity profile (sunshape) to produce the flux density distribution on
an arbitrary target, are identical to those used in HELIOS. CIRCE may be used
to analyze reflectors that are spherical, parabolic, or flat and are either a continuous
or faceted surface. Additionally, a polynomial fit for the facet contour is available for
modeling concentrators such as the stretched membrane reflectors. The curvature and
aim point of each optical facet that comprises the reflector may be individually assigned.
The current version of CIRCE, referred to as CIRCE.001, is restricted to analyses
of reflector systems with flat rectangular or circular targets. Future upgrades will
allow two-dimensional axisymmetric external or internal cavity target geometries to
be analyzed. Currently, user inputs include the concentrator geometry, the reflectivity,
specularity, and slope error of the optical surface, the collector tracking error, the
insolation level and sunshape. Output from the code includes a two-dimensional flux
density map along the target surface, a “hit” map which indicates the number of facets
contributing to the flux at a point on the target, and the concentrator optical efficiency.

CIRCE has been developed with the philosophy that “user-friendliness” is a neces-
sity. Therefore, we have also developed an interactive data file generator DEKGEN,
a graphics package PLOT, that utilizes DISSPLA software, and a procedural file
that executes this suite of computer codes on a VAX system. In addition, procedures
have been developed for executing CIRCE and DEKGEN on IBM-compatible per-
sonal computers. Important features of CIRCE and the subsidiary codes are provided
in this report as are several examples of the use of CIRCE for optical performance
calculations of both faceted and continuous reflector systems.
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Nomenclature

Symbols

Aj Reflector subfacet area

B; Target blockage factor

d Diameter of reflector dish

D;; Defined by Eq.(2)

E Error distribution

E, Effective sunshape distribution

f Focal length of parabolic facet

F;;  Flux incident on target point « from subfacet j

I Solar intensity

L Limb darkening distribution

Ni Unit normal vector

Nr  Number of subfacets per facet

Nr  Total number of reflector subfacets

r Major axis extent for elliptic normal error
distribution

T Radial extent for circular normal error
distribution

rusn Parabolic dish radius

R Radial position on circular facet

R Radius of curvature for spherical facets

S Minor axis extent for elliptic normal error
distribution

S Sunshape distribution

S Normalized sunshape distribution

S) Slant length from subfacet to target point

T X-—coordinate position

J, Y--coordinate position

z Z~coordinate position

A Facet displacement (contour)

vil

|milliradians|

|milliradians]
|m]
|m!
|m]

imilliradians]
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Nomenclature (contd.)

Greek

a Angle (see Figure 3) [degrees]

a Start of sun limb [milliradians]
B Edge of sun limb [milliradians|
n Parabolic dish rim angle [degrees]

Nopt Concentrator optical efficiency

0 Rotation angle for elliptic normal error distribution [degrees|

0 Circumferential angle on circular target |degrees]

U Incidence angle on reflector subfacet (see Figure 3) [degrees|

P Angle with respect to sun central ray [milliradians|
Ps Reflector solar specular reflectivity

o Standard deviation of error |milliradians|
@ Incidence angle on target (see Figure 3) [degrees]
Subscripts

edge Edge of sunshape limb

T Pertaining to major axis of elliptic normal error distribution

s Pertaining to minor axis of elliptic normal error distribution

slope Pertaining to slope error

t,tot Pertaining to effective or total error

target  Pertaining to target

1D One—dimensional

2D Two-dimensional

Abbreviations

CIRCE Convolution of Incident Radiation with Concentrator Errors

PC Personal computer

SNLA  Sandia National Laboratories, Albuquerque, NM
STTF  Solar Thermal Test Facility of SNLA

TBC-1 Test Bed Concentrator #1

VDI Virtual device interface

1-D One-dimensional

2-D Two-dimensional
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Preface

The CIRCE simulation described in this report was developed from HELIOS,
which was created by F. Biggs and C. N. Vittitoe during the 1970s principally for
modeling central receiver solar energy collection systems. HELIOS was developed
with flexibility in mind so that it could also be used for evaluating parabolic dish and
trough solar collector systems. Indeed, much of the 2-m parabolic trough analysis work
performed by A. C. Ratzel in the late 1970s used the EDEP optics subroutine package
that was being developed concurrently with HELIOS by Biggs and Vittitoe.

More recently, efforts have been initiated to evaluate the optical and thermal per-
formance capabilities of point—focus or dish solar collector systems. While, in theory,
HELIOS could be used for these optics calculations, we determined that a dish—specific
optics package utilizing the modeling theory of HELIOS would be superior to using
HELIOS in its current format. To use HELIOS, update files would have to be con-
structed for the many different faceted and continuous-surface reflector systems to be
considered, and this would require a working knowledge of the many coordinate sys-
tems in HELIOS and of the internal source code structure. Instead, we configured
CIRCE from HELIOS to be a stand-alone code. Principally, we have simplified and
streamlined the HELIOS simulation, and have restructured the algorithm to be more
amenable to dish analyses. Presently, CIRCE.001 will provide flux density profiles
on flat targets; future generations of this simulation will be useful for providing flux
profiles on 2-D axisymmetric external or internal receiver geometries, much needed
for thermal performance design and optimization studies. Nonetheless, we want to
acknowledge the earlier development work of Biggs and Vittitoe from which this work
has evolved.

Caution

The CIRCE simulation and subsidiary codes discussed in this report are still in
development. While we have performed numerous comparative tests with HELIOS
and have attempted to insure that all options perform as “advertised”, there may still
be “bugs” in the simulation. The authors should be informed if any problems are
uncovered during execution of this suite of codes so that future releases will reflect
all possible upgrades. Further, the authors would appreciate feedback on this work,
especially recommendations for modifications to existing options or for modifications
that might serve future needs.

ix
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1 Introduction

In this report, a computer simulation code called CIRCE! is discussed and exam-
ples of its application to several concentrating solar collector geometeries are presented.
CIRCE, an acronym for Convolution of Incident Radiation with Concentrator Errors,
was developed for the optical analysis of point-focus concentrating dish collector sys-
tems. The development of CIRCE was predicated on the need for a user-friendly
simulation that would provide incident solar flux depositions on flat targets and 2-D
axisymmetric cavity and external receivers from continuous— and faceted-reflector sys-
tems. Results from such a simulation would be used not only to assess the performance
of candidate reflector systems, but also for the design of receiver geometries. Addition-
ally, it was desired that such a simulation be applicable not only on computer systems
such as VAX and CDC-mainframes, but also on small personal computers. The latter
capability is especially important for eventual dissemination to the developing solar
industry.

Development of CIRCE was initiated following a review of existing optics simu-
lation codes available for modeling point-focusing collector systems. Candidate sim-
ulations included CAV [1]?, a continuous-surface parabolic dish reflector simulation
developed by Ford Aerospace, COPS [2], a Monte Carlo simulation developed by
Honeywell, and HELIOS (3], an optics simulation developed at Sandia National Lab-
oratories, Albuquerque, NM for modeling central receiver—heliostat reflector fields. Of
these simulations, the HELIOS simulation developed by F. Biggs and C. Vittitoe was
best suited for modeling the large variety of reflector and receiver configurations possi-
ble for point-focusing solar systems. HELIOS is, in theory, capable of modeling any
practical reflector and receiver configuration. Realistically, however, using HELIOS
is difficult since, for most geometries, this would require developing an update file to
modify the HELIOS source code (which would require a working knowledge of HE-
LIOS and in particular, a thorough understanding of the many coordinate frames used
throughout the simulation). We chose instead to reconstruct the HELIOS simulation
to be dish-specific (hence the name, CIRCE, who in Greek mythology was the daugh-
ter of HELIOS) and to provide users with a tool that is relatively easy to implement
and does not require a large investment of time to obtain results.

The solution techniques of CIRCE, in which the concentrator errors are convolved
with the solar intensity profile (sunshape) to produce the flux density distribution on
an arbitrary target, are identical to those used in HELIOS. CIRCE may be used to
analyze optical elements that have spherical, parabolic, or no curvature and are either
continuous surfaces or faceted. Additionally, facet curvature can be specified using a
polynomial fit. This latter option is amenable for modeling stretched membrane con-
centrator contours. The curvature and aim point of each optical facet comprising the
reflector may be individually assigned. The current version of CIRCE, referred to

'In this report, words in uppercase boldface are names of computer simulations or are computer files.

“Numbers in brackets are the references cited in this work and are given in the References Section.



as CIRCE.001, is restricted to analyses of reflector systems with flat rectangular or
circular targets. Future upgrades will allow two-dimensional axisymmetric external or
internal cavity target geometries® to be analyzed. Currently, user inputs to CIRCE in-
clude the concentrator geometry, the reflectivity, specularity, slope, and other reflector
errors for the optical surface, the collector tracking error, the insolation and sunshape.
Output from the code includes a two-dimensional flux density map along the target
surface, a “hit” map that indicates the number of facets contributing to the flux at
a point on the target, and an overall optical efficiency for the reflector-target system
that accounts for possible target shadowing.

CIRCE has been developed with the philosophy that “user-friendliness” is a ne-
cessity. To expedite usage of this simulation, we have therefore also developed an
interactive data file generator DEKGEN, a graphics simulation PLOT, which uti-
lizes DISSPLA software, and a command procedure file CIRCE.COM which exe-
cutes this suite of codes on a VAX computer system. Additionally, we have modified
CIRCE.001 and DEKGEN to execute on IBM-compatible personal computers. For
the latter case, a PC command procedure has been developed. Graphics capabilities
for the optics simulation have not been completed for PCs, although work on this is in
progress.

Important features of CIRCE and the subsidiary codes are provided in this report
as are several examples of the use of CIRCE for optical performance calculations of
both faceted and continuous reflector systems. The modeling assumptions and theory
used in CIRCE.001 are the same as those in HELIOS; therefore, detailed descriptions
of the models are omitted from this report and the appropriate HELIOS documenta-
tion is instead referenced for review by the reader.

We recommend that the first time user of CIRCE read this report in a cursory
manner to get an overview of the simulation structure and capabilities. The user may,
in fact, prefer to omit the numerical modeling overview (Section 2) initially. The early
emphasis should be to review the CIRCE Usage Section (Section 7) so that the user
will be able to implement the simulation on his particular computer system. Once
the CIRCE simulation has been installed, the user should attempt to create a data
file using DEKGEN (preferably modifying the example data files provided on the
floppy disks and given in Appendix B). During this execution, Section 4 may need to
be reviewed, although all prompts for input in DEKGEN should be self-explanatory.
Following several executions of the simulation, the user should probably again review
the documentation to become more familar with the different features of CIRCE and
the background theory. At this time, the user may also want to review the HELIOS
support documentation referenced in this report.

SRealistic receiver designs for point-focusing concentrators will be internal cavity geometries. External
receiver modeling capability is included so that flux spillage on the receiver outer structure can be
quantified. This effect may need to be included in receiver thermal analyses.



2 Overview of CIRCE Numerical Modeling

Point-focusing solar collector systems that can be analyzed with CIRCE.001 con-
sist of two parts, a reflector/concentrator and a receiver/target!. Future versions of
CIRCE may also include a reconcentrator that would be positioned near the focal
plane to redirect the solar flux from the reflector to the target. Such a reconcentrator
would allow for reducing the aperture area of a cavity receiver and/or “tailoring” the
incident flux distribution on the receiver.

The reflector can be constructed as a continuous surface or a number of smaller
facets that comprise the reflector geometry. Two very different reflectors that have
been in operation and that can be analyzed using CIRCE are the Lalet LEC460
solar concentrator used at Solarplant 1 [4], which consists of 24 spherical facets, and
the General Electric parabolic dish [5| used at the Shenandoah Georgia solar plant.
Photographs of these reflectors are provided in Figures 1 and 2, respectively.

It is assumed in CIRCE that the reflector surface is specular, so that the incident
and reflected angles for a point on the surface are equivalent within the respective
errors associated with the reflector surface. The reflector elements are assumed to be
aligned such that the reflected solar flux is directed at particular locations, referred
to here as aim points, which can be on or off the target surface. Current reflector
contours allowed for in CIRCE include spherical, parabolic, and flat surfaces as well
as a user-supplied polynomial fit for the facet contour.

Only flat targets, circular or rectangular, can currently be analyzed using CIRCE.
Flat target modeling capability has been initially emphasized since these targets are
useful for assessing the effectiveness of a reflector system for concentrating the solar
flux (i.e., reflector optical efficiency). Additional work is currently underway to allow
for modeling 2-D axisymmetric internal cavities and external receivers.

In the following subsections, a brief exposure to the modeling theory included in
CIRCE is provided. The modeling theory incorporated in CIRCE is identical to that
in HELIOS, which has been extensively used to model central receiver solar collector
fields. Significantly more detail on the theory is provided in the HELIOS reference
guide [31, if the reader needs further background.

_r) N . « B

Throughout this report, the term “collector” is used to denote the reflector and receiver system to-
gether. The terms “reflector” and “concentrator” are equivalent as are “target” and “receiver”. A
“reconcentrator” is often referred to as a “secondary” or “terminal” concentrator in the literature.



Figure 1: Photograph of a LaJet LEC460 Concentrator located at SNLA.

% e

Figure 2: Photograph of the General Electric 7-m para]ic dishes located at Shenan-

doah, Georgia.



2.1 Incident Flux on Target

The modeling theory of CIRCE follows that in the HELIOS simulation. That is,
the target and reflector are discretized and the flux contribution from each reflector
subdivision is computed for each of the target subdivisions. The total flux on the
target is then found by integrating the resulting flux profile (map). Figure 3 shows
in schematic the reflector-target arrangement as modeled in CIRCE. The reflector
surface is typically subdivided; the centroid of each “subfacet” comprising the facet
or continuous surface reflector is used in the calculations. It is assumed that results
calculated for different positions on the subfacet would be the same as the results
computed for the subfacet centroid position. It is also assumed that the reflector
tracks the sun (so that the sun orientation relative to the reflector is known), and that
the reflector and target positions are defined relative to a single coordinate system, so
that pertinent angles and distances (slant lengths) can be computed®.

TARGET
AIM TARGET
POINT POINT

Z>

INSOLATION

4

>

AREA A,

SUBFACET
I

Figure 3: Reflector-target geometry modeled by CIRCE.

®Data files for CIRCE calculations are generated using a single coordinate system with the origin at
the vertex of the concentrator. The coordinate system is “right-handed”, with the z-axis vertical,
corresponding to dish axis. Although additional coordinate frames are incorporated in CIRCE, they
are transparent to user. This single coordinate frame is sufficient for defining the solar collector system
and for understanding the modeling theory.



The solar flux F;; incident at a target point ¢ (where ¢ is for coordinates z;, y;, 2;)
from a portion of the reflector (subcript j) is given by Eq.(1). Details on the derivation
of this relation are given in References 3 and 6.

Fij(zi,yi,2i) = ps A;(1 — By)ID;; (1)
where p
COSftj €OS i)
Dy =\— " Eeun iy Yiy <) 2
! < S? cosPay run (i Ui, 21) 2)

In Eq.(2), y; is the incidence angle for the solar intensity referenced to the local normal
of the reflector subfacet, «; is the angle between the two rays from the subfacet centroid
passing through the target aim point and from the subfacet centroid through the target
point being analyzed, and ¢, is the angle between the target normal and the ray from the
subfacet centroid to the target point (These angles are shown in Figure 3). S}, I, A, and
p. are the slant distance between the reflector subfacet centroid and the target point,
the solar intensity, the subfacet projected area, and the subfacet specular reflectance,
respectively. B; is the target blockage (or shadow) factor, and ranges between zero and
unity®. The remaining quantity, En(z:, ¥, 2:), is the effective sunshape contribution
at the target point. The effective sunshape distribution is computed by convolving the
sunshape and the collector error distributions and is described in the following section.

The total flux incident on a target point is computed by summing the contributions
from the Nr subfacets, given by Eq.(3).

N
Fi(zi,yi, 2) = Z].:TI F; (3)

Upon completion of these point by point target calculations, the net flux incident on the
target is obtained in CIRCE by integrating these values numerically. Included are the
9-point integration schemes implemented previously in HELIOS (3] and also Legendre-
Gauss and Newton-Cotes integration packages. The Legendre-Gauss integrator is used
for slowly varying functions (e.g., circumferential variations in the incident fluxes on a
circular target), while the more robust Newton-Cotes algorithm is used for integrating
rapidly changing flux distributions (as in the radial direction on a circular target).
Finally, the optical efficiency for the reflector--target system is obtained from Eq.(4),
where again A; and p; are the areas and solar flux incidence angles for each subfacet.
The optical efficiency defined in Eq.(4) is the ratio of the integrated flux incident on
the target to the total flux incident on the concentrator.

[ FdA

77 Afurg/w! (4)
opt — N
IEJ-:TI A]' COSHL,

SThe shadow factor accounts for the fact that the target, when positioned above the reflector, can block
the incident solar radiation from striking part of the reflector. In these situations the solar flux would
be incident on the back side of the target. Shadow factors are computed in CIRCE by projecting an
effective blocking disk of radius r,,,; onto the reflector and determining the region of overlap for each
facet. Alternatively, target shadow factors can be set to zero or can be assigned by the user.



2.2 Effective Sunshape

In CIRCE, the reflected solar intensity is distributed over the target surface. This
arises because the sun is treated as a disk, rather than as a point source, and because of
reflector and tracking errors. In general, the intensity at a point on the target decreases
with increasing distances from the aim point, with E.,, depending on the sunshape
distribution and on the magnitudes of errors associated with the reflector and tracking.
Cursory descriptions of the sunshape, of the statistical models for the collector errors,
and of the computation of the effective sunshape are provided below. Note that much
greater detail is provided in the HELIOS reference guide (3].

Sunshape Distribution

The sunshape is assumed to be one-dimensional with the magnitude of the sun’s
intensity being only a function of the angle with respect to the sun central ray. Sunshape
distribution options available in CIRCE include “pillbox””, Gaussian, and user-input
tabulated distributions. Representative examples are shown in Figure 4.

10° | [ [ T

104
User-Tabulated

108 —
Gausslan

102

Sunshape (S)

Pillbox ———=

100 p—

I l

0 2 4 6 8 10

100

Angle p wrt Sun Central Ray (mR)
Figure 4: Typical sunshape distributions used in CIRCE and HELIOS.

7“Pillbox” distributions are sometimes also referred to as “top-hat” functions. In CIRCE, six options
are provided to smooth the abrupt drop of intensity at the sun edge. These options are discussed in
the Sun Parameters section.



The sunshape distribution S{p) conforms to Eq.(5), where p,44. is the angle formed
by sun central ray and the outer limit of the solar disk beyond which there is no intensity

contribution.

[ S(0)odo = 10 5

Note that S is the normalized sunshape distribution that is computed internally in
CIRCE using S(p). This distribution can be user-input or is defined internally in
CIRCE for pillbox or Gaussian sunshapes. Note that this normalization allows for the
separation of the magnitude (/), and shape (S) of the insolation distribution.

S(p) = (6)

IS (p)pdp

Collector Error Distributions

CIRCE allows the user to specify multiple reflector errors (e.g., reflector slope,
mirror specularity, random misalignments, etc.,) and vertical and horizontal tracking
errors. Reflector and tracking errors are treated statistically yielding elliptic-normal dis-
tributions when the errors are 2-D (see Eq.(7)) and reducing to 1-D circular-symmetric
distributions (see Eq.(8)) when the errors are 1-D. A 2-D error distribution is specified
by the standard deviations, o, and o, for the principal axes of the elliptic normal error
distribution, for which r and s refer to the major and minor axes, respectively (These
axes are related to the x-y dish coordinate frame by the angle 8, which is the angle
between the x—axis and the r-axis of the elliptic normal error distribution.). For the
1-D case, 0; = 0, = 0, and the distribution reduces to Eq.(8), where 7 = /7% + sZ.

RN
PR S LA :
2D 210,00, erp o? o? (7)
. 1 { 7l } (8)
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Since all errors are analytical distributions, they can be convolved analytically to
obtain a single effective elliptical normal error distribution. When the errors are 1-D,
the effective error (o;) reduces to the root-mean-square of the K, individual errors as

given by Eq.(9).

K, .
0y = Zlc:l Uli (9)



It is important that the reader realize that all reflector errors are treated in CIRCE
as if they were slope errors. That is, all errors are defined as the difference between the
actual surface normal and the theoretical “perfect” surface normal. This is different
from tracking and specularity errors, which are more typically defined between a point
sun source and the reflected ray. Since the factor of two associated with the slope
error is “hardwired” in CIRCE, the user must accordingly reduce the magnitude of
non-slope errors such as specularity or random misalignment. As an example, if the
specularity error is to be 1.5 mR for a reflector, then the error should be input as
0.75 mR, since the error will be doubled during CIRCE execution. Note also that the
statistical treatment of tracking errors is the same as for reflector errors such as slope
or specularity errors. When tracking errors are convolved with the reflector errors to
create the total error distribution, the resulting distribution should be interpreted as
the time-averaged probable error distribution which would occur for a reflector with
an incremental tracking system. Tracking errors should not be included in Eq.(9) when
instantaneous results are desired.

Convolution of Sunshape and Error Distributions

The effective sunshape distribution F,,, is obtained by convolution of the nor-
malized sunshape S with the reflector and tracking errors [3]; this resulting intensity
distribution can be 1-D or 2-D, depending upon the dimensionality of the errors. As in
HELIOS, the convolution of the sunshape with the elliptic normal error distributions
can be accomplished analytically or numerically (using fast Fourier transforms). In
CIRCE, it is assumed that the effective sunshape distribution is the same for all posi-
tions on the concentrator and is computed for the the first subfacet centroid position.

Convolution of the sunshape and error distributions yields an effective sunshape
which is described mathematically in terms of coordinates in the reflected-ray reference
plane (referred to as the U-V plane in the HELIOS reference report) shown in Figure
5. This reference plane is perpendicular to Bo, which is the unit vector for the ray from
the subfacet centroid to the target aim point. Similarly, B and C are unit vectors from
the subfacet centroid to the target point, and the projection of unit vector B in the
y -z plane, respectively.

The effective sunshape magnitude E.,,, at target point P is defined in the reflected-
ray reference plane at point Q shown in Figure 5. For 2-D distributions, E,, is
quantified in terms of the components U and V. Relations for the magnitudes of these
components in the z,y, z coordinate frame are derived in the HELIOS reference guide
13]. Equations (10) and (11) shown below express these quantities in terms of the unit
vectors shown in Figure 5%

1-(B-C)?

U = - ~
(Bo - B)

(10)

8The U expression has been corrected from that in the HELIOS reference guide.|3]



1-(By-C)?
V= (Bo-C) (11)
(Bo - C)
For 1-D circular symmetric distributions, E.,, is a function only of p = tana. The
reader is referred to the HELIOS reference report for additional details pertaining to

the effective sunshape.

Figure 5: Geometry of target point P and the reflected-ray reference plane.
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3 CIRCE Structure

CIRCE was developed for analyzing/designing point-focus solar collectors. Al-
though much of CIRCE is taken directly from HELIOS, the structure of the code
is somewhat different. HELIOS was developed using an overlay structure compat-
ible with the CDC NOS operating system used at SNLA. This structure has been
eliminated in CIRCE, thereby eliminating large quantities of redundant source code.
Additionally, the central receiver options included in HELIOS have been eliminated,
since CIRCE is a “dish specific” simulation. Many other HELIOS options were also
omitted to reduce the size of the simulation when it was felt that the options were either
not needed (e.g., atmospheric attenuation models) or were redundant (e.g., sunshapes
that could be specified using the tabular option).

As opposed to HELIOS, CIRCE is a “stand-alone” simulation. Although HE-
LIOS provides most, if not all, options pertinent to central receiver applications, the
user must supply subroutines or alter the source code via updates for a significant num-
ber of dish applications. We have included a sufficient number of target, reflector, and
sunshape options such that CIRCE should not need to be modified by the user. In
addition, work is underway to incorporate options such as internal and external receiver
geometries and reconcentrators to make CIRCE more useful for dish modeling.

The CIRCE execution sequence is summarized below:

1. Read data file and compute reflector and target orientation

based on sun position
(Developed from HELIOS Overlay 1,0 - Program A)

2. Compute target blockage factors if required
(Developed from HELIOS Overlay 2,0 - Program B)

3. Compute sunshape distribution
(Developed from HELIOS Overlay 5,0 - Program D)

4. Compute effective sunshape distribution
(Developed from HELIOS Overlay 3,0 - Program C)

5. Perform facet to target point incident flux calculations for Nt subfacets
(Developed from HELIOS Overlay 3,0 - Program C)

6. Integrate flux distribution on the target and compute optical efficiency
(Developed from HELIOS Overlay 3,0 - Program C)

Since the basic HELIOS framework has been maintained where possible, we have indi-
cated the particular HELIOS overlays from which the CIRCE calculation sequences
were developed. Flowcharts for the HELIOS overlays are provided in Reference 7 and
additional support documentation is provided in Reference 8.
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4 Data File Generation

Utilization of the CIRCE simulation is facilitated by DEKGEN, which is an
interactive data file generation code. DEKGEN produces a data file that consists of
the four data groups given below:

e General problem parameters
e Sun and error parameters
e Target/receiver parameters

e Reflector/facet parameters

The structure of a CIRCE data file was taken from the structure required for HE-
LIOS data files, described in Reference 7, but is considerably different. We have greatly
reduced the quantity of parameters and have streamlined the data file structure from
the eight data group format required by HELIOS. Additionally, the data files are read
by CIRCE using a free-format structure, as opposed to the fixed-format structure of
HELIOS. The free-format structure allows the user to easily modify existing data files.
Most importantly, we have made it easier for the user to supply coordinate locations
for the reflector facets and the target plane because a single “right-handed” coordinate
system is used. The origin of this system corresponds to the dish vertex and the z—axis
corresponds to the axis of the dish reflector. Figure 6 shows a typical reflector/target
system in the dish coordinate frame used in CIRCE. This coordinate frame is com-
parable to the facet coordinate frame used in HELIOS. Since many of the coordinate
frames of HELIOS still remain in CIRCE, we have included the appropriate trans-
formations from the “dish” coordinate frame to the appropriate HELIOS coordinate
frames.

DEKGEN can be used to create a new data file, or can be used to modify a
previously generated data file. When the latter option is specified, DEKGEN accesses
the previously created file, and displays the current values for the parameters from each
data group prompting the user as to whether any of the parameters from that group
are to be altered. If one parameter is to be altered, then all parameters from that
data group must be redefined (input). Additionally, DEKGEN allows the user to
access previously generated files containing sunshape data and reflector geometry data
that can be quite lengthy. These options are intended to simplify the data generation
procedure.

In general, the creation of a CIRCE data file using DEKGEN is straightforward
and the user should not need any support documentation to understand the prompts
provided during a data file generation session. DEKGEN writes to the computer
monitor the variable definitions and options, and then prompts for the parameter. For
many variables, default options are suggested. Logic internal to DEKGEN is used
to simplify the data input so that the number of prompts is minimized. Finally, the
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user is offered detailed or cursory variable description options. For first time users of
DEKGEN, detailed descriptions are provided; on the other hand, experienced users
will appreciate the brevity of the cursory variable prompts. Given that the prompt
descriptions can be reduced and that existing files can be used during a data file gen-
eration, we recommend that DEKGEN be used to edit an existing data file until the
user is quite familar with the data file parameters and structure.

Data files for CIRCE consist of four parts as indicated above, with a user-input
title initiating each part. The general problem parameter title should be used as a
descriptor for the entire data set, while the other three descriptors are useful for defining
the specific reflector and receiver geometries and the sun data. These latter descriptors
are prompted for upon completion of the generation of the particular data group, rather
than at the start, so that the user can create a descriptor representative for his answers
to the DEKGEN prompts. Below, additional descriptions of the variables of each data
group are provided. We have also tabulated the variable names used in DEKGEN,
as well as providing a brief description of the variables and the appropriate units to be
used, in Appendix A.

XEXT A DXTARG3, DYTARG3, DZTARG3

( DXTARG1, DYTARG1, DZTARG1

YEXT A/7
DXTARG2, DYTARG2, DZTARG2

RIMANG

DRAD PN,QN, RN

t
|

U1, U2, U3
X

Figure 6: Schematic of a concentrator/target in the dish coordinate system used in the
CIRCE simulation. Variables shown in figure are same as used in DEKGEN.
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4.1 General Problem Parameters

The general problem parameters include output options for printing (IPRINT?®) and
plotting (IPLOT), as well as parameters defining the time of day (SOLTIM), day of
year (SDAY), and latitude (PHIL) for the solar collector. The latter parameters are
used to define the sun position and to orient the solar collector. Since it is assumed
that the reflector is oriented so that the projected reflector surface is perpendicular to
the sun central ray (i.e., on-axis tracking) subject to tracking errors, these data are not
critical to the analyses; default options of SOLTIM=0, SDAY=80, and PHIL=34.96
are used unless otherwise specified.

The IPRINT = 0 option is the normal output mode; IPRINT=1 allows for addi-
tional output for flux contributions from each facet for 5 or less target points. When
IPLOT=1, output for later plotting is saved; for IPLOT=0, a null file is generated.

4.2 Sun and Error Parameters

Sunshape Definition

The solar intensity distribution is defined by the insolation level (SI) and the sun-
shape. As indicated previously, the sunshape S(p) is assumed to be one-dimensional.
Three options are available for the sunshape type (defined by JSUN). The sunshape
can be user tabulated (JSUN=1), Gaussian, (JSUN=2) or a “pillbox” distribution
(JSUN=3). For the pillbox distribution, one of 6 smooth-down options (IDL) for the
limb (end of) of the distribution can be chosen. In addition, the user must specify the
start of the limb o (ALO) and the end of the limb 8 (BLIM). Available limb profiles
L(p), where p is the angle measured with respect to the sun central ray and a < p < 3,
are given below. Figure 7 shows these different limb decay options, assuming that the
start and end of the limb correspond to 4.6 and 5.6 milliradians, respectively.

Cosine decay (IDL=1):

t‘”&‘ta"ab (12)

L(p) = 0.5(1. 1 co
() cosm tanf — tana

Gaussian decay (IDL=2):

tanp — tanar>
~ern( s @ 13
Lip) e:tp( [tan[f — tana (13)
Linear decay (IDL=3):
tanf — tanp

L = 14
(0) tanf — tana (14)

No decay until end of limb (IDL=4):
L(p) =1.0 for a<p<pf; L(p)=0 for p>p (15)

®Variable names listed in this report are the same as used in DEKGEN and are capitalized.
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No Limb (IDL=5):

L(p) =0 for p> « (16)
Exponential decay (IDL=6):

(17)

tanp — tanaD

When JSUN=1, the user must provide a sunshape distribution as a function of
increasing angle p from the sun central ray (p = 0). If the selected sunshape is to be
Gaussian, the user must provide o (ALO) which corresponds to the edge of a uniform
sun disk and is used to generate a Gaussian distribution with an equivalent rms width.
Additionally, the cutoff for the Gaussian distribution § (BLIM) must be specified. The
Gaussian distribution is given by:

tanp — tanar)

—_— 18
tanf — tano (18)

S(p) = ezp<~5[

1-2 -’ ; ] 1 T 1 ¥ T L
No Limb =
1.0 mb (IDL = 5) ﬂ
J—
- e
< 1 . \
-§ ) ) K N No Decay (IDL = 4)
3 - - . i
a A
N Cosine (IDL =1
3 06 \ — ( ) \
g “‘ ]
g \ " 2e—Linear (IDL = 3)
5 Gaussian _______._——--——'\ ‘
(pL =2) A
Z o4 : . .
Exponential __| ____ »- l
(iDL = 6) h
02 - ]
|
]
0.0 4.25 4.50 4.75 5.00 5.25 5.50 5.75 6.00

Angle p wrt Sun Central Ray (mR)

Figure 7: Six limb options for pillbox sun. The sunshape magnitudes here have been
normalized using the “no limb” normalized sunshape magnitude S.
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Error Definition

Reflector errors are specified as area—averaged and tracking errors as time-averaged
normal error standard deviations between the surface normal and the theoretical “per-
fect” surface normal (refer to Section 2.2 for more detail). Up to 5 reflector errors
(0 < NER < 5), such as slope and specularity errors, can be handled by CIRCE. Since
all errors are treated as slope errors in CIRCE, the user should reduce non-slope er-
rors by a factor of two when the errors are input. As an example, a slope error of 2.5
mR would be input as 2.5 mR, while a specularity error of 3.0 mR would be input as
1.5 mR. It is also assumed that all errors conform to an elliptic normal distribution.
Reflector errors are specified by the standard deviations for the major and minor axes
(SIGX and SIGY in milliradians®) of the elliptic normal distribution; these axes need
not correspond to the x and y axes of the dish coordinate frame but can be offset from
the x—axis by some rotation angle § (TH in degrees).

Tracking errors are defined as the standard deviations of 1-D normal distributions
describing the accuracy of tracking along the horizontal elevation axis (TRH) and the
vertical azimuthal tracking axis (TRV). For situations where the user does not wish
to model reflector errors (NER=0) and where he assigns no tracking errors (NTR=0),
DEKGEN will assign an arbitrarily small 1-D reflector error of 0.01 milliradians. This
is required so that the effective sunshape can be computed by CIRCE.

Convolution of Sunshape and Errors

CIRCE convolves 2-D errors with 1-D sunshapes to create either a 1-D (IDIM=1)
or 2-D (IDIM:==2) effective sunshape. The convolutions can be performed numerically
(IANLYT=0) using fast Fourier transforms or analytically (IANLYT=1). When the
user chooses to perform the convolution analytically, the sunshape is represented as a
Gaussian distribution with the same rms width as for the input sunshape. IANLYT
and IDIM default to unity for situations where the sunshape is Gaussian (JSUN=2)
and the errors are 1-D, respectively. When CIRCE is executed on PCs, the analytical
convolution and 1-D effective sunshape options should be used where possible since
execution time is reduced for these choices.

4.3 Target/Receiver Parameters

Target /receiver paramneters are required for the definition of flat targets that are
presently limited to be either rectangular (ITARSH=0) or circular (ITARSH=1). The
size of a rectangular target is defined in terms of extents on each side (XEXT, YEXT);
for the purpose of commputing an accurate flux distribution, the rectangular target can
be divided into as many as 121 parts, using 11 equal subdivisions (IXPTS, 1YPTS)

WSIGX and SIGY are input during DEKGEN execution as milliradian errors and are written to the
.DAT file as radian errors. Similarly, the user is prompted by DEKGEN to provide the solar intensity
SI in units of W/m? and this value is modified to be in units of W/cm?® in the .DAT file. Refer to
Appendix B for examples of DEKGEN-generated data files.
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in each direction. When the target is circular, the target radius (XEXT) must be
specified. Circumferential subdivision of circular targets (IYPTS) is to be < 11 equal
increments, while the target can be divided into 51 or fewer equal radial increments
(IXPTS).

Note that if circumferential symmetry is expected, the user can reduce his execution
time significantly by modeling a circular target with I'YPTS=1"', corresponding to
A® = 27. Additionally, the circular target should be selected if the user wants to
compute the collector optical efficiency as a function of radial distance. When the
target is circular, the optical efficiency is computed using Eq.(4), with the target area
conforming to some delta area, i.e., area for a ring of the target disk from r; to r;4,,
with ¢ incremented from 1-IXPTS. These contributions are summed (7,, = >, 7:) to
compute the overall optical efficiency. For rectangular targets, only the overall optical
efficiency is computed.

The target position and orientation are defined with respect to the reflector coordi-
nate system, with the reflector center assumed to be positioned at the coordinate frame
origin. The target orientation is defined by three noncolinear points (DXTARGI, DY-
TARGI, DZTARGI, 1=1,3) in the target plane. The center of the target (DXTARGI,
DYTARGI1, DZTARGI1) must be input. For reflectors that can be modeled as effective
parabolic dishes, DEKGEN will compute the effective focal length, given the dish
radius r4., and rim angle n'? as shown below; this is useful for defining DZTARG].

f =0.5r4.n <tan_ln +\/tan"?n + 1) (19)

When the target is aligned so that the target plane is perpendicular to the central
sun ray (normal target alignment), then two additional points in the target plane
are automatically generated by DEKGEN. For a canted target alignment, the user
must specify the other two target points in the canted target plane. The user must also
specify the number of aim points (NFOC) for the reflector in the target parameters data
group. At present, NFOC must be 5 or less. These aim points are defined according to
the dish coordinate frame; each aim point is assigned an integer identifier (sequential
identifier from I=1,NFOC) that is used in the reflector data group for assigning the
aim point for each facet.

Two additional data items are required in this data group. The first parameter
allows the user to specify whether target shadowing of the reflector is to be accounted
for, using the integer flag ISHAD. For ISHAD=0, target shadowing is omitted, while for

'7As indicated in Section 2.1, we have included the HELIOS integration schemes and also an improved
integration algorithm for computing the incident power on the target. The target flux integration
schemes taken from HELIOS require that IXPTS and IYPTS be 3 or greater. For IXPTS and IYPTS
less than 3, only the Legendre—Gauss and Newton-Cotes integration schemes added to CIRCE are
used.

12The rim angle is the angle formed between the rays from the focal point to the dish vertex and to

the edge of the parabolic dish. Alternatively, parabolic dishes are often defined by f/d ratios, where

87 /d

d = 2r4;.n; for these cases tann = AT
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ISHAD=1, shadow factors are computed internally by CIRCE. For this latter option,
the user must specify an effective target shadow radius (SHADR). Additionally, for
ISHAD=2, the user can specify that target shadow is to be accounted for, with the
factors user-provided. For this case, the shadow factors are specified for each facet
in the reflector/facet data group. The second set of prompts occur if the extensive
printout option IPRINT=1 was assigned in the general problem parameter group. For
this case, the user can specify 5 or less target points for which facet flux contributions
will be provided and can also specify a single target point (NTAGP) for which D,
defined by Eq.(2), will be provided for every subfacet. These latter options are useful
for assessing which facets are reflecting solar flux to particular target locations. Note
that the prompts for these detailed output options call for the target point integer
designators rather than the target point location. These designators are provided
in the extensive CIRCE output file (see Section 5); we recommend that a CIRCE
simulation should first be performed with IPRINT=0. The user can review his results
and select appropriate target points prior to re-executing CIRCE using IPRINT=1.

4.4 Reﬂector/Facet Parameters

CIRCE can be used to model either continuous-surface reflectors or reflectors com-
prised of individual facets. The VAX version of CIRCE is capable of modeling up to
250 facets (NFACET), whereas the PC version is limited to 50 facets because of storage
limitations. It is assumed that the facets are specular reflectors. The effective specular
reflectance p, (REFLEC) for the reflector is a user input.

Facets are described by their projected shape and contour. CIRCE can be used
to model circular (KORD=1) and rectangular facets (KORD=2). When a reflector
consists of two or more facets, all facets are assumed to have the same area. When
the facets are rectangular, the extents must be specified (ELENX, ELENY); for circu-
lar facets, the radius (FLENG) is required. Each facet can also be subdivided. The
extents ELENX and ELENY can be divided into NX and NY parts, respectively, for
rectangular facets, while for circular facets, FLENG can be divided into NSUBF equal
radial increments. CIRCE will automatically subdivide the circular facet circumfer-
entially, so that the subfacets will have comparable areas. Note that while there is
no imposed limit on the number of subfacets that can be used, the total will seriously
affect CIRCE execution time. In general, the execution time is proportional to the
total number of subfacets Np=NFACET x Ng, where Np=NX x NY for rectangular
facets and is a function of NSUBF for circular facets. Table 1 shown below gives an
estimate of typical N for different NSUBF, as computed for a 7-m radius 45° parabolic
dish (see Example 1 of Section 6 for details on the dish).
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Table 1: Reflector Subfacets as a Function of Radial Subdivisions

Radial Total
Subdivisions Subfacets
NSUBF Ng
3 26
5 77
7 154
10 315
15 710
20 1263
25 1972
30 2839

Contours presently available include parabolic (IOPT=1), flat (IOPT=2), spher-
ical (IOPT=3), and a user specified polynomial fit (IOPT=4). When the facets are
parabolic, the focal length for each facet must be input, while for spherical facets, radii
of curvature are required. The user must specify some default curvature for flat facets
although this input is not used during CIRCE execution.

The fourth reflector curvature option (IOPT=4) has been included for the purposes
of evaluating innovative concentrators such as stretched membrane reflectors. This
option allows the user to input the facet contour using a power series of the following
form:

K
Z(R) = > AR, 0< K <10. (20)
k=1

It is assumed that the Z-displacement is a function of the radial position as measured
from the facet center!®. The coefficients A, may be known a priori or can be obtained
from a least squares fit of displacement data measured for a concentrator.

Within CIRCE, the position on the facet and also the normal vector at that posi-
tion are needed to compute the energy incident on the target from different concentrator
locations. The unit normal vector (N,, Ny, ]AVZ) for any position on the concentrator is
given by Egs.(21-23). These relations were developed from the more general relations
provided in Reference 6.

N, = —BX/C (21)

13This formulation is valid for concentrators with circular projections and can also be used to model
rectangular facets. In the computation of the energy incident at the target from each subfacet centroid,
the centroid is defined in a Cartesian coordinate frame. The facet curvature and also the normal

0.5

components at the centroid are computed as functions of R, where R = (X° + Y?)
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-~

N, = -BY/C (22)

~

N, =1.0/C (23)
where,
K
B =) (k—1)AR*? (24)
k=2
and
C = /1.0 + B¥(X? + Y?). (25)

Results using the polynomial fit contour option have been compared with results
computed for spherical (IOPT=3) and parabolic (JOPT=1) facets. For parabolic facets,
the displacement is given by:

I
Z = Z?R , (26)
where f is the focal length. Results from CIRCE executions using the power series
relation (denoted by IOPT=4) and the built-in option for parabolic contours (IOPT=1)
are identical, as would be expected. For the spherical contour option, we have computed
the Z-displacements for a 7-m radius dish with an f/d of unity and performed a least
squares curve fit generating 2 representative displacement relations given below:

Z(R) = 1.01094(10%) — 1.83299(10 *) R + 1.83601(10" %) R? (27)

Z(R) = 1.22768(10 °) — 2.12534(10"°) R + 1.78794(10" %) R’
~ 7.45046(10°)R® + 6.55119(10"°) R*. (28)

Computed heat flux magnitudes at representative radial positions distributions on a
circular target are provided in Table 2 comparing results from second and fourth order
polynomial fits for the curvature with results computed using the spherical contour
option (IOPT=3) in CIRCE. As is apparent, good agreement is possible if the fourth
order polynomial fit is used. That the second order fit is less accurate should indicate
the importance of determining an accurate functional relation for the concentrator
shape.

The reflector geometry is defined using the dish coordinate system, where it is
assumed that the dish vertex is at the coordinate frame origin. Each facet center must
be input; CIRCE will perform computations for each subfacet centroid position needed
in Egs.(1-2). Additionally, the user can either input each facet normal (ICPQR=1) or
the normals can be computed by CIRCE (ICPQR=0). If the user chooses to input
his own normals, he may either interactively input the facet identifier (IDF) and the
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vector components (PN, QN, RN) or may generate a free-formatted data file prior to
DEKGEN execution which can be accessed by DEKGEN. Note that for this option
(ICPQR=1), aim points are not used in the analyses, since the facet orientation is
defined by the normal vector. When the normals are computed internally in CIRCE,
(ICPQR=0), the facet center locations, the sun position, and the aim points are used
to orient the facet.

When more than one aim point (NFOC>1) is defined in the target data group, then
an aim point integer identifier must be assigned to each facet. Similarly, if ISHAD=2,
the user must provide blockage factors for each facet. When a reflector consists of
many facets, it may be beneficial to assemble a free-formatted facet geometry file prior
to executing DEKGEN. This file would include: the facet number (IDF), the x,y,z
coordinates of the facet center (U1,U2,U3), the facet focal length or radius of curvature
(FOC), the blockage factor (SBM), and the aim point identifier (NFID). DEKGEN
will access this data file, simplifying the data file generation process.

Table 2: Heat Flux Distributions ~ Polynomial Fits Compared with Spherical Curvature
Results

Radial Incident Heat Flux (W /cm?)

Position  Spherical 2nd Order 4th Order
(m) (IOPT=3) (IOPT=4) (IOPT=4)
0.000 1.688E+02 1.770E+02 1.687E+02
0.030 1.626E+02 1.709E+02 1.625E+02
0.060 1.456E+02 1.540E+02 1.455E+02
0.090 1.217E+02 1.296E+02 1.216E+02
0.120 9.548E+01 1.023E+02 9.547E+01
0.240 2.344E+401 2.239E+01 2.348E+01
0.360 3.803E+00 2.160E+00 3.816E+00
0.480 3.190E-01 8.746E-02  3.207E-01
0.600 1.012E-02 1.262E-03 1.017E-02
0.720 9.820E-05 0.000E 4-00  9.891E-05
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5 CIRCE Output

Results from CIRCE.001 execution are provided in two output files, FILE.FLX
and FILE.OUT, where “FILE” is a user-specified filename!*. FILE.OUT is the
extensive output file generated by CIRCE, while FILE.FLX is a summary file which
includes sunshape and flux distributions. When CIRCE.001 is executed on the SNLA
VAX computer systems, FILE.FLX can be accessed to generate graphical output
if desired, and these results are written to FILE.PLT. FILE.PLT is created using a
graphics computer simulation PLOT which utilizes the ISSCO proprietary DISSPLA
plotting software [8] with the Sandia virtual device interface (VDI).

Additional information on these output files is given below.

FILE.OUT
FILE.OUT is the extensive output file generated by CIRCE. It includes:
e Definition of the input parameters from the data file
e Sun angles and associated reflector and target orientation relative to the sun
e Computed facet shadow factors (if required)
e Sunshape distribution
e Convolved sunshape and error distribution

e Flux contributions to particular target locations from all facets (if extensive out-

put options are specified)
e Incident flux distributions and “hit” map for the target

e Collector optical efficiency

The geometry for the CIRCE analyses is transformed {rom the dish coordinate
frame used in the data file generation to the different coordinate frames used in HE-
LIOS (e.g., tower coordinate, heliostat coordinate, and sun coordinate systems). For
details on these coordinate frames, the user should review the HELIOS reference guide
[3]. In particular, the output for the incident flux distribution and for the hit map'®

4The command procedures developed for executing the CIRCE optics package rename the output
files using .OUT, .FLX, and .PLT identifiers (the .PLT file is currently generated only during VAX
execution). The user also must specify a filename, referred to as “FILE” in this text, which is used to
identify the output from a given execution of the optics package.

!5The “hit” map provides a count of the number of subfacets which “contribute” to the flux at the
individual target points. A subfacet is assumed to contribute flux if F;, computed using Eq.(1) is
nongero. The “hit” map is intended only to provide qualitative information pertaining to the flux

distribution.
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are given using the target coordinate system, whose origin is at the target center. This
reference coordinate frame has been maintained in CIRCE since we intend to use this
system for performing receiver heat transfer studies; output and geometry based on
this coordinate frame will need to be used in receiver heat transfer simulations.

FILE.FLX
FILE.FLX contains summary results from CIRCE.001 execution. Included are:
e 1-D sunshape distribution
e Convolved sunshape and error distribution
e Incident flux distribution on target
e “Hit” map for target

e Optical efficiency distribution if the target is circular

Title descriptors are provided for each of these distributions. Additionally, param-
eters (such as row and column magnitudes), needed for executing PLOT on the VAX
computer system, are included in FILE.FLX.

FILE.PLT

FILE.PLT is a binary plot file generated using the DISSPLA plotting software
available to SNLA. Graphical output is generated by a graphics program PLOT,
which produces plots using FILE.FLX data. At present, graphical output written
to FILE.PLT can be disposed (¢.e., printed on) to Versatec printers or QMS output
devices. Graphical results from FILE.PLT are provided in the following section.
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6 Illustrative Examples

In this section, results are presented that illustrate some of the more important
capabilities of the CIRCE simulation. These examples include:

e Comparisons of different spherical and parabolic dish geometries
e Comparison of a three facet dish with a single facet dish

e Test Bed Concentrator #1 (TBC-1) performance

In the first example, comparisons of the performances of several continuous-surfaced
spherical and parabolic reflectors are provided. In the second example, results from
a reflector composed of 3 facets (spherical and parabolic) are compared with single
continuous spherical and parabolic concentrators. In the third example, the TBC-1
reflector at SNLA [10], which consists of 220 rectangular facets, is modeled'®. Here,
results are presented for the reflector as it is nominally configured (i.e., a single aim
point and three radii of curvature for the different facets), along with results for multiple
aim points and for different facet radii of curvature conditions.

For comparison, sun and error parameters have been held constant for each of these
examples. The nominal reflector and tracking errors are given below, and the tabular
sun distribution shown previously in Figure 4 is used. The errors are convolved with
the sunshape yielding an effective 1-D sunshape given in Figure 8.

Table 3: Reflector and Tracking Error Budget

Error Magnitude!
1-D Reflector Slope Error 2.5
1-D Mirror Specularity 1.5
Horizontal Tracking Error 1.2
Vertical Tracking Error 1.2

1 Errors in milliradians as input to CIRCE

For these studies, it is also assumed that the facet reflectivity p. is unity, and that the
target does not shadow the reflector (ISHAD=0). These constraints are imposed so
that the reflector optical efficiency 7., will be unity for sufficiently large targets, rather
than:

SN LA (1 - By)

Lag=1
N bl
]*:1 A]

Nopt = Ps

where A; is the projected area of each facet.

16We also expect to model the TBC~1 reflector to compare with flux maps measured at the SNLA STTF.
To date, these measurements have not been completed.
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Figure 8: 1-D effective sunshape used in examples. This distribution represents the
convolution of the tabular sunshape of Figure 4 with errors summarized in Table 3.

6.1 Example 1: Spherical and Parabolic Dishes

In this example, results are provided for different contoured parabolic and spherical
dishes, all of which are 14.0 m in diameter. Three parabolic dishes with f/d = 0.43,
0.60, and 0.93 are considered, (dish rim angles of 60°, 45°, and 30°, respectively); for
comparison, three spherical dishes having f/d = 0.6, 0.8, and 1.0 are also modeled
(The radii of curvature for the spherical dishes R = 2f). Circular targets are modeled,
each centered at the dish aim points (0,0,f). Incident heat flux and optical efficiency
results are given as a function of radial position on the circular targets in Figure 9 for
the parabolic dishes and in Figure 10 for the spherical dishes, respectively.

Results for these different reflectors are as expected. In all cases the overall collector
optical efficiency approaches unity as the target size is increased. For the parabolic
dishes, the size of the target must be increased with increasing f/d to capture all of
the reflected energy. The peak incident flux density at the target center falls off with
increasing f/d for the parabolic dishes, which would be expected, since the slant lengths
are so much greater. Since we have assumed in these calculations that the error budgets
for each parabolic dish are the same, the trends reported here for parabolic dishes may
be somewhat misleading. In particular, the slope error might be expected to increase
as f/d is decreased, since it would be more difficult to maintain the parabolic shape.
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Figure 9: Comparative results for 3 parabolic dishes (f/d=0.43, 0.6, 0.93). Figure (a)
shows the different curvatures, (b) gives the incident heat flux, and (c) presents the
collector optical efficiency as a function of radial position in the focal plane.
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The results from the spherical dishes are somewhat different from those shown for
parabolic dishes. The peak incident heat fluxes are comparable for the three spherical
dishes, and are also lower than for the parabolic reflectors. The incident heat flux
falls off rapidly with decreasing f/d, as in the parabolic dish comparisons. However,
unlike the parabolic dish results, the flux remains nonzero for large radial distances.
This would be expected for spherical dishes since the solar flux is reflected to a focal
zone rather than to a focal point. The smaller the f/d ratio, the larger the focal zone
becomes.

6.2 Example 2: One Vs. Three Facet Reflector Performances

An interesting alternative to the single continuous reflector is the use of an array
of smaller reflectors. In theory, the manufacturing and assembly processes could be
simplified, and further, reflector slope errors might be smaller. In this example, we
compare the performance of a three dish facet system to that of a single dish reflector.
The three facets are arranged as shown in Figure 11, such that the centers of each dish
are positioned as if they were on the surface of a 45° rim angle parabolic dish 14 m
in diameter. The three facets have radii of 4.04 m, and for this example, are assumed
to be aimed at the focal point of the equivalent single 14 m dish, i.e., 8.45 m above
the dish vertex. The equivalent f/d for each of the smaller dishes is 1.125 and for the
single dish f/d = 0.6. The total projected area for the 3 aligned facets is equivalent to
the single dish, nominally 154 m?. Spherical and parabolic contours are considered for
the single large dish and the three small dishes.

Optical efficiency results for the four reflector assemblies are given in Figure 12. The
results for the single parabolic and spherical reflectors bracket the results for the three
dish facet configurations!”. The single parabolic dish reflector is shown to perform best,
while the 3 spherical and parabolic dishes perform similarly. The fact that the 3 dishes
do not perform as well as the single parabolic dish is not surprising. Each of the facets
has a longer focal length than the single paraboloid. More importantly, each of the
smaller dishes is canted, so that the incident solar flux is not normal to the projected
facet area. Thus, the facets experience astigmatism, t.e., only reflected solar flux from
the facet center is directed towards the target aim point. This is shown schematically
in Figure 13. To capture the solar flux with the 3 facets aligned off-axis (canted), then,
the target must be enlarged, as is indicated in Figure 12.

Figure 14 gives the incident flux profiles for one parabolic dish and for the set of
three small parabolic dishes. For the single dish, circumferential symmetry is apparent,
while three symmetric “tails” can be seen in the flux profile on the target for the 3 dish
reflector. As would be expected, the flux levels are reduced for the three dish reflector,
and the incident energy is “smeared” over a larger surface area. Similar trends were

seen for the spherical dish cases.

!TResults for the single parabolic and spherical dishes are identical to those presented in the previous
section. Note that from Figure 12, it is apparent that the f/d for spherical dishes needs to be greater
than 0.6 for the dish to be an effective reflector.
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Figure 11: Projected view of single dish and 3 facet reflector systems modeled by
CIRCE.
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Figure 12: Collector optical efficiency for single dish and 3 facet reflector systems as a
function of aperture radius in the focal plane.
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6.3 Example 3: Test Bed Concentrator #1

An important capability of CIRCE is that it can be used to model faceted re-
flector systems. At present, the authors are unaware of any other existing dish optics
simulation which can model both faceted and continuous-surfaced reflectors. Model-
ing of faceted reflectors is particularly important, given that many of the innovative
reflectors that are now being constructed cannot be modeled as continuous surfaces.
Notable examples include the LaJet LEC460 [4] (see Figure 1) used at the Solarplant
1 in California and the Power Kinetics Inc., slat reflector used at the Molokai, Hawaii
Small Community Solar Experiment #2.

In this example, we have modeled a faceted reflector system referred to as Test
Bed Concentrator #1 (TBC-1), installed at the SNLA Solar Thermal Test Facility
(STTF). A photograph of TBC-1 is provided in Figure 15. The reflector consists of
220 rectangular facets with spherical contours, each having a projected surface area of
0.438 m?. The facets, depending upon location, have different radii of curvature (R =
13.2 m, 15.8 m, and 16.1 m); the baseline design configuration is shown schematically
in Figure 16. All facets are nominally aimed at a position 7.1 m above the reflector
base.

Figure 17 provides incident heat flux on a circular target and also the collector
optical efficiency for three different cases. Results for the baseline design are shown as
well as results for two off-design configurations. For one of the off-design cases, the
radii of curvature for the innermost facets were set to 10.0 m rather than 13.2 m. For
the other case, three aim points were considered. For the innermost facets (with R =
13.2 m), the aim point was specified as 7.0 m above the reflector vertex, while for the
middle facets, the aim point (facets with R = 15.8 m) was set to 7.25 m. The aim point
for the remaining facets (with R = 16.1 m) was maintained at the nominal position of
7.1 m above the vertex.

The performance of the TBC-1 reflector is clearly degraded by altering the aim
point locations and the radii of curvature of the innermost facets. Altering the aim
points, in particular, results in “smeared” target flux distributions. Additionally, some
of the reflected energy completely misses the target for both off-design cases. This is
apparent from the optical efficiency curves which asymptote at 0.97 instead of 1.0. Our
calculations indicate that the baseline configuration of the TBC-1 reflector results in
nearly optimal performance for this reflector. As evidence of this, calculations were
performed modeling the TBC-1 reflector as a continuous 42° rim angle parabolic dish
of diameter 10.8 m and using the same effective sunshape given in Figure 8. Results
from this model were indistinguishable from the plotted results shown in Figures 17 for
the baseline design.
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7 CIRCE Usage

Versions of CIRCE now exist that execute on VAX computer systems and on
personal computers (Additionally, the VAX version of CIRCE has been executed on
the SNLA CRAY computer during code benchmarking studies.). The implementation
of all CIRCE options on the PC has not been completed to-date. In particular, a
graphics simulation to produce plots of CIRCE output has not been completed; this
work is in progress. The PC version can currently be used to model concentrator
systems with 50 facets or less. We expect that further modifications will result in
subsequent versions being able to accomodate solar collector systems comprised of
more facets.

In the following subsections, implementation of the CIRCE simulation is described
for VAX and personal computer systems. A schematic of the execution sequence is
provided in Figure 18. Here it is shown that, except for plotting capabilities, the
execution steps for CIRCE on VAX computer systems and on PCs are comparable.
Note that although implementation of CIRCE on both VAX and PC systems can be
expected to change as additional options are incorporated, we will attempt to maintain
analogous structure for these executions.

7.1 Implementation on VAX Computer Systems

The computer codes comprising the CIRCE simulation were developed for use on
a Digital Equipment Corporation VAX 11/785 computer system using the VMS op-
erating system. Execution of the CIRCE simulation on VAX computer systems is
performed using the interactive command procedure CIRCE.COM. CIRCE.COM
prompts the user to determine whether plotting or data generation is required as well
as for definition of file names, output devices, etc., during execution. It also performs
all file manipulations, including file storages, retrievals, and deletions, and also accesses
the executable versions of CIRCE.001, DEKGEN, and PLOT from the SNLA Di-
rectorate 1500 VAX cluster using DECNET. CIRCE.COM has been configured in
this manner so that the user will always be able to access the most recent version of
the codes saved on the VAX'. For SNLA VAX users on DECNET, CIRCE.COM

can be obtained using the following command:
COPY SAV03::U2:[ACRATZE.SOLAR|CIRCE.COM CIRCE.COM

CIRCE.COM is then executed using the command: @QCIRCE

18We request that this policy be followed, 7.e., that only the executables should be accessed during the
development of the CIRCE optics package. The source listings of the simulations are available from the
authors, if needed. We have “protected” the Fortran source listings so that the simulations cannot be
copied or edited. Upon completion of the previously mentioned updates to CIRCE, these restrictions
will be relaxed.
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Figure 18: Execution sequence of CIRCE simulation on personal computer and VAX
computer systems.
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The VAX VMS operating system uses a tree-structured file storage system that
allows the user to logically group files in different directories. In CIRCE.COM, we
have built in the capability to utilize this structure. CIRCE.COM prompts the user
for the directory containing the data file, if previously generated, or for a disposal
directory, if a new data file is generated using DEKGEN, and also for a disposal
directory for output generated by CIRCE.001 and PLOT. While a single directory
will suffice for CIRCE execution, we recommend using three separate directories for
data (DATA), for results (RESULTS), and for executing CIRCE.COM (WORK).
Figure 19 shows in schematic the directory structure we have used.

ACCESSES

DATA
FILES
Y ~ EXECUTES Y

CIRCE. COM

WORK WRITES
OUTPUT
FILES

FILES GENERATED
DATA DURING RESULTS
CIRCE. COM
EXECUTION

RESIDE IN
WORK

Figure 19: Recommended directory structure for executing CIRCE simulation.

The WORK subdirectory serves as the site from which the CIRCE simulation
is executed; here, the CIRCE.COM command procedure should be stored. During
execution, scratch files and executables of CIRCE.001, DEKGEN and PLOT reside
in WORK. Following execution of the simulations, CIRCE.COM performs a “clean-
up” of WORK, transferring results to appropriate locations and deleting unneeded files.
In the event of a user abort during execution, this clean-up procedure should delete
all executables (see footnote 18), although some intermediate results files will remain.
We have intentionally set up the procedure file in this manner so that the user can
terminate at any time without losing intermediate files that he may want to review.
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RESULTS

Output files are written to subdirectory RESULTS. These files include FILE.OUT,
FILE.FLX, and FILE.PLT, where “FILE” is the user-specified results file designator.
CIRCE.COM performs internal “clean-up” of the RESULTS directory, eliminating
previously obtained output files with the same designator “FILE”; the user should be
careful when naming results files to protect previously generated files.

DATA

Data files generated using DEKGEN are written to directory DATA. Multiple
data sets with the same user-specified designator “FILE” are possible in DATA, since
CIRCE.COM, does not delete previously generated FILE.DAT files. Additionally,
data files that can be accessed during DEKGEN execution can be stored in DATA.
Such files might include, for example, tabulated sunshapes or facet coordinate data.

The DATA subdirectory is the least needed of the subdirectories. We recommend
that if DATA is eliminated, the data files created using DEKGEN be written to
the RESULTS subdirectory along with files such as tabulated sunshapes and reflector
geometry data. This would be consistent with the directory structure and philosophy
developed for PC execution, discussed in the next section.

7.2 Implementation on Personal Computer Systems

Executable versions of the simulations DEKGEN and CIRCE.001 and the com-
mand procedure file CIRCE.BAT are available from the authors on floppy disks. This
software requires an IBM PC compatible with 640 Kb of RAM, a hard disk, a 8087
math coprocessor and MS-DOS 3.0 or later. As indicated in the introduction of this
section, the PC version of CIRCE can be used to model reflectors comprised of 50
or less facets. Appropriate prompts in DEKGEN will instruct the user as to other
limitations imposed when using the PC to execute CIRCE. Additionally, there is no
software presently available for generating graphical output of CIRCE results on the
PC. The plot file FILE.FLX is, nonetheless, still generated, and the user can employ
his own software for presenting the summary results, if desired.

The distribution floppy disks contain an automated installation procedure named
INSTALL.BAT in the root directory that requires minimal knowledge of MS-DOS.
Simply placing the first floppy disk into drive A: and typing A:INSTALL, starts the
procedure that builds the directory structure and copys all the needed files'®. Addi-
tionally, the installation procedure will link the compiled version of CIRCE.001.2° An

!“The procedure INSTALL.BAT facilitates PC execution of CIRCE. An additional command proce-
dure DEINSTAL.BAT is also provided in the root directory of floppy disk #1. This procedure will
eliminate the files and directories created by INSTALL. To implement this procedure, place the floppy
into drive A and type A:DEINSTAL.

“"CIRCE.001 has been broken into sections CIRCE and MATHC to facilitate compilation on the PC.
These parts are automatically linked by INSTALL.BAT.
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executable version of DEKGEN is provided on the floppy disk. Given the current size
of CIRCE, an executable version of CIRCE could not be transported on floppy disks.

Two directories are created by INSTALL.BAT: \CIRCE and \CIRCE\WORK.
Execution of the CIRCE simulation occurs within \CIRCE, and data and results files
are maintained within this directory. The subdirectory \CIRCE\WORK contains the
object and executable versions of the codes, as well as subsidary files needed for file
linkages. There should be no need for the user to access this subdirectory; all accessing
is performed internally by CIRCE.BAT.

The CIRCE simulation is executed on the PC using CIRCE.BAT, which is
comparable to CIRCE.COM developed for VAX execution (see previous section).
CIRCE.BAT is an interactive command procedure that performs all file manipula-
tions, including file storages, retrievals, and deletions. Execution of the CIRCE.BAT
procedure must take place from within the \CIRCE directory which is entered by
typing CD \CIRCE at the C> prompt. Once in the \CIRCE directory, execution of
CIRCE.BAT is as simple as typing CIRCE FILNAM. Here, FILNAM is the name
which will be assigned to files (e.g., FILNAM.DAT, FILNAM.OUT, and FIL-
NAM.FLX) that will be created during execution of CIRCE and DEKGEN.

The command procedure file CIRCE.BAT is configured to execute the CIRCE
simulation on the PC in the same manner that CIRCE.COM executes the simulation
on VAX computers. Execution of the input deck generator DEKGEN can be bypassed
if the user inputs the name of an already existing data file FILENAM?'. Otherwise,
the input file can be created by the user answering the interactive prompts, or the user
can edit an existing data file. Next, CIRCE.001 is executed. Execution times will be
longer than for PCs for VAX systems, butl the numerical accuracy of the results should
be comparable. The user should limit the number of facet and target subdivisions,
where possible, during parameter studies. If more refined results are needed, these
parameters can be increased at the expense of execution time.

7.3 Execution Time Comparisons

Results presented in this report were obtained using VAX 11/785 and VAX/8650
computers, and also an IBM-XT personal computer. Although the simulation is in-
tended for much smaller systems, CIRCE has also been run, during benchmark studies,
on a CRAY computer system. Results obtained from the different systems are com-
parable within + 1.0%, suggesting that there is little loss in accuracy when smaller
systems are used. CIRCE execution times do vary considerably, however, for the dif-
ferent computer systems. As an example, we present execution times for the single
parabolic dish and the 3 facet concentrator system analyzed in Example 2.

21 Users should be careful to rename data files before executing CIRCE on PCs, particularly if previously
output files were generated using the same name, since output files having the same name will be
overwritten. The command procedure will indicate that output files were previously generated with
the same name, and the user can abort CIRCE.BAT execution rather than overwriting the results
files.

38



Table 4: CIRCE Execution Times in Seconds for Example 2

Case Analyzed {BM PC-XT VAX/785 VAX/SGSOH
Single Parabolic Dish 406 7.8 0.24
3 Facet Concentrator 2640 41.1 2.1

It should be noted that the execution time increases as a function of the number of
target points multiplied by the total number of subfacets. For multi-faceted reflector
systems, it is recommended that the user minimize the number of subfacet divisions
for initial executions on personal computers.
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8 Example Data Files and Output

Listings of two data files are provided in Appendix B. One (designated 45DEG.DAT)
is for the 14-m diameter 45° rim angle parabolic dish of Example 1 (Section 6.1) and
the second (designated 3PDISH.DAT) is for the three parabolic facet concentrator
example presented in Section 6.2.

The example data files are included on PC floppy disk #1, to be provided from the
authors upon request. For VAX users on DECNET, these files can be accessed using

the following command:

COPY SAV03::U2:[ACRATZE.SOLAR|data.fil data.fil

where data.fil is either file 45DEG.DAT or 3PDISH.DAT.

We recommend that novice users of CIRCE execute CIRCE using these data
files. The user can also use these files when creating files with DEKGEN. Parts of the
output generated for each example (executing CIRCE on the SNLA Directorate 1500
11/785 VAX computer) are also provided in Appendix B, for comparison. This output,
and the graphical results presented in Section 6, should allow the user to benchmark
his results with the presented results.
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Appendix A

A Variables Used in DEKGEN

General Problem Parameters

Variable
IPLOT
IPRINT
PHIL
SDAY
SOLTIM
TITLE

Description

Identifier for plot file generation option
Identifier for print options

Reflector latitude

Day of analysis

Time of day

General problem parameters title descriptor

Sun and Error Parameters

Variable

ALO
BLIM
IANLYT
IDL
IDIM
JSUN
NER
NTR
NTABL
RHO

S1
SIGX

SIGY

SVAL
SUNTIT
TH

TRH
TRV

Description

Start of sun limb

End of sun limb

Identifier for convolution of errors and sunshape
Limb darkening identifier

Identifier for dimensionality of effective sunshape
Sunshape type

Number of reflector errors

Tracking error option

Number of values for tabular sunshape

Sun angle with respect to sun central ray

Solar flux intensity

Major axis standard deviation of elliptic normal
error distribution

Minor axis standard deviation of elliptic normal
error distribution

Tabulated sunshape magnitude

Sun and error parameters descriptor

Rotation angle for elliptic normal error distribution
Horizontal elevation tracking error

Vertical azimuthal tracking error
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Units

|degrees]

|day]
[hours|

Units

[milliradians]
[milliradians]

[degrees]
|W /m?|

[milliradians]
[milliradians}
[milliradians|

imilliradians]
[milliradians]|



Target /Receiver Parameters

Variable

DRAD
DXTARGI
DYTARGI
DZTARGI
IAPT
IRECP
ISHAD
ITARSH
IXPTS

IYPTS

NFLSV
NFOC
NTAGP
NTARSV
RIMANG
SHADR
TARTIT
XEXT
YEXT

Description Unit

Parabolic dish radius [
X position on target (I=1,3) [m
Y position on target (1=1,3) [
7 position on target (I=1,3) [
Cavity receiver identifier (option not used in CIRCE.001)
Reconcentrator identifier (option not used in CIRCE.001)
Target blockage identifier

Target shape identifier

Number of subdivisions in x directions of rectangular

or number of radial subdivisions for circular target

Number of subdivisions in y directions of rectangular

or number of circumferential subdivisions for circular target
Target position identifiers for facet flux printout

Number of target aim points

Target position identifier for printout of D;;

Number of target positions for facet flux printout

Parabolic dish rim angle ‘degrees|
Target blockage radius 'm|
Target /receiver target parameters title descriptor

X extent of rectangular or radius of circular target [m]
Y extent of rectangular target (m]
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Reflector /Facet Parameters

Variable

ASUB
ELENX
ELENY
FLENG
FOCL
FOC

KORD
ICPQR
IDF

IOPT
ITERM
NFACET
NFID
NSUBF
NX

NY
PN,QN,RN
RCURV
REFLEC
REFTIT
SBM
U1,U2,U3

Description Units
Coefficients of the polynomial series for IOPT=4

X extent of rectangular facet

Y extent of rectangular facet

Radius of circular facet

Focal length of parabolic facet

Focal length of parabolic facet or

radius of curvature for spherical facet

Identifier for projected shape of facet

Identifier for input of facet normals

Identifier for facet

Identifier for facet contour

Number of terms for the polynomial series for IOPT=4
Number of facets comprising the reflector

Aim point identifier for facet

Number of radial subdivisions for circular facet

Number of subdivisions in x direction for rectangular facet
Number of subdivisions in v direction for rectangular facet
X,Y,7 components of facet normal

Radius of curvature of spherical facet

Solar specular reflectivity of facet

Reflector /facet parameters title descriptor

Blockage factor for facet

X,Y.Z coordinates of facet center

B8

8

ERERERE]

8
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Appendix B

B Example Data Files and Results

B.1 Example 1: 45° Rim Angle Parabolic Dish

The data file and some of the output generated for the 14-m 45° rim angle parabolic
dish geometry presented in Example 1 (Section 6.1) are provided here. We have in-
cluded the variable names (in parentheses) in the data set to facilitate the user’s dupli-
cation of this file when executing DEKGEN. The output was generated using a VAX

11/785 computer.

B.1.1 45DEG.DAT File

7M RADIUS 45DEG PARABOLIC DISH (TITLE)
) 1 0.000 80.000  34.960 (IPRINT, IPLOT,SOLTIM, SDAY,PHIL)
TABULAR SUN - 1-D NUMERICAL CONVOLUTION (SUNTIT)
1 . 10000 (JSUN, S)
18 (NTABL)
.00000E+00 202.40 (RHO(I),SVAL(1), I=1,NTABL)
.22000E-03 202.40 "
.65000E-03 202. 40 "
.10900E-02 200.28 "
.15300E-02 197.10 "
. 19600E-02 192.86 "
.24000E-02 188.63 "
.28400E-02 182.27 L
.32700E-02 172.73 o
.37100E-02 155.78 "
.41500E-02 105.97 "
.45800E-02 7.5030 "
.50200E-02 .28300 "
.54501E-02 .17600 "
.58901E-02 .12100 "
.63301E-02 .88000E-01 "
.67601E-02 .74000E-01 "
.72001E-02 .66000E-0 1 "
2 1 1 3 (NER,NTR, IDIM, IANLYT)
.00000E+00  .25000E-02 .25000E-02 (TH(1),SIGX(1),SIGY(1))
.00000E+00  .15000E-02 .15000E—02 (TH(2),S16X(2),SIGY(2))
.12000E-82  .12000E-02 (TRH, TRV)
.5M RADIUS CIRCULAR TARGET — NO BLOCKAGE (TARTIT)
0 6 ) ) (IAPT, ITARSH, IRECP, ISHAD)
.5000 6.283 51 1 (XEXT,YEXT, IXPTS, IYPTS)

0.000000E+00 —4.809025€400 6.947713E400 (XTARG(1),YTARG(1),ZTARG(1))
-2.580000E-81 —4.809025E4+00 6.947713E+00 (XTARG(2),YTARG(2),ZTARG(2))
©.000000E+00 —2.225870E+00 8.735705E+00 (XTARG(J).{TARG(J).ZTARG(J))
1 NFOC
1 0©.000000E+00 —4.809025E€+00 6.947713E+00 (I.XFOC.YFO%.ZFOC)
7M RADIUS PARABOLIC DISH — 10 RADIAL SUB (TARTIT)
1 1 1 ) 1.000 (NFACET,KORD, IOPT, ICPQR, REFLEC)
7.0000 10 (FLENG, NSUBF)

1 ©.0000 ©0.0000 0.0000 B.4497 0.000 1 (IDF,U1,U2,U3,FOC,SBM,NFID)
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B.1.2 Partial Results from 45DEG.OUT

sesss FLUX DISTRIBUTION ON TARGET (W/CM2) seses

R(1) THETA=  ©.0000
0.0000 5.761E+02
0.0100 5.665E+02
9.0200 5.486E+02
0.0300 5.144E402
0.0400 4.729E+02
0.0500 4.238E+02
0.0600 3.709E+02
0.0700 3.171E+02
0.0800 2.650E+02
0.0900 2.167E+02
0.1000 1.731E+02
0.1100 1.357E+02
0.1200 1.042E+02
0.1300 7.838E+01
.1400 5.808E+@1
0.1500 4.216E+01
.1600 3.020€+01
0.1700 2.131E+01
0.1800 1.482E+01
0.1900 1.021E+01
0.2000 6.927E+00
9.2100 4.681E+00
0.2200 3.117E+00
0.2300 2.061E+00
0.2400 1.360E+00
0.2500 B.816E-01
0.2600 5.750E-01
0.2700 3.655E-01
0.2800 2.328E-01
0.2900 1.469E-01
0.3000 9.121E-02
@.3100 5.672£-02
0.3200 3.498E-02
0.3300 2.1156-02
0.3400 1.282E-02
0.3500 7.650E-03
0.3600 4.290E-03
0.3700 2.578E-03
0.3800 1.428E-03
0.3900 6.214E-04
0.4000 3.699E-04
0.4100 6.001E-05
0.4200 @.000F+00
@.4300 ©.000E+00
0.4400 0.000E+00
0.4500 0.000E+00
9.4600 ©.000E+00
0.4700 0.000E+00
?.4800 9.000E+00
0.4900 0.000E+00
©.5000 .000E+080
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OPTICAL EFFICIENCY FOR DISK APERTURE

RADIUS (M) EFFICTENCY
.0000E+00 2 .0000E+00
1.0000E-02 1.1641E-02
2.8000E-02 4.5782E-02
3.0000E-02 1.0000E-01
4.0000E-02 1.7047E-01
5.9900E-02 2.5274E-01
6.0000E—02 3.4181E-01
7.0000E-02 4.3289E-01
8.0000E-02 5.21756-01
9.0000E—02 6.0502E-01
1.0000E-01 6.8027E-01
1.1000E-01 7.4610E-01
1.2000E-01 8.0206E-01
1.3000E-01 8.4830E-01
1.4000E-01 8.8560E-01
1.5000E-01 9.1501E-01
1.6000E-01 9.3767E-01
1.7000E-01 9.5483E-01
1.8000E-01 9.6758E-01
1.9000E-01 9.7692E-01
2.0000E-01 9.8365E-01
2.1000E-01 9.8844E~-01
2.2000E-01 9.9181€-01
2.3000E-01 9.9415E-01
2.4000E-01 9.9577€-01
2.5000E-01 9.9687E-01
2.6000E-01 9.9762E-01
2.7000E-01 9.9812E-21
2.8000E-01 9.9845E-01
2.9000E-01 9.9866E-01
3.0000E-01 9.9880E-01
3.1000E-01 9.9889F-01
3.2000E-01 9.9895€-01
3.3000E-01 9.9899E-01
3.4000E-01 9.9901F-01
3.5000E-01 9.9902€E-01
3.6000E-01 9.9903E-01
3.7000E—01 9.9904E-01
3.8000E-01 9.9904E—01
3.9000E-01 9.9904E-01
4.0000E-01 9.9904E-01
4.1000E-01 9.9904E-01
4.2000E-01 9.9904E-01
4.3000E-01 9.9904E-01
4 .4000E-01 9.9904E—-01
4.5000E~01 9.9904E-01
4.6000E-01 9.9904E-01
4.7000E-01 9.9904E-01
4.8000E—01 9.9904E-01
4.9000E-21 9.9904E—01
5.0000E—01 9.9904E-01

»ss [INTEGRATION FOR FLAT CIRCULAR TARGET sasx

INTEGRATED FLUX USING GAUS8 AND QNC7 = 1.5379E+85 WATTS.

ssss SUMMARY RESULTS #+#+«

FACET AREA = 153.9 Ms+2
REDUCED BY COS GIVES 153.9 Mss2
FURTHER REDUCED BY SHBL GIVES 153.9 Ms»2

POWER INTERCEPTED BY MIRRORS = @.1539E406 WATTS.
NO SHBL EFFECTS INCLUDED.
SOLAR INSOLATION = @.10000 W/CMs#2
NO. SUNS IN PEAK = 5760.72
POWER COLLECTED (GAUS8 & QONC7 INTEG) = ©.1538E+06 W
TARGET OPTICAL EFFICIENCY = ©.9990E+00
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B.2 Example 2: 3 Parabolic Facet Concentrator

The data file and some of the output generated for the 3 facet reflector comprised of
8.1-m 45° rim angle parabolic dishes (presented in Example 2, Section 6.2) are provided
here. We have included the variable names (in parentheses) in the data set to facilitate
the user’s duplication of this file when executing DEKGEN. The output was generated

using a VAX 11/785 computer.

B.2.1 3PDISH.DAT File

3 PARABOLIC DISHES — F/D = 1.125 (TITLE)
° 1 9.000 80.000  34.960 (IPRINT, IPLOT,SOLTIM, SDAY,PHIL)
1KW TABULAR SUN — 1-D CONVOLUTION (SUNTIT)

1 .10000 (JSUN,S)

18 (NTABL)

.0000OE+00 202.40 (RHO(1),SVAL(1),I=1,NTABL)

.22000E-03 202.40 "

.65000E—03 202.40 "

.10900E-02 200.28 "

.15300E-02 197.10 “

.19600E-02 192.86 "

.24000E-02 188.63 "

.28400E-02 182.27 "

.32700E-02 172.73 "

.37100E-02 155.78 "

.41500E-02 105.97 "

.45800E-02 7.5030 "

.50200E-02 .28300 0

.54501E-02 .17600 "

.58901E-02 .12100 “

.63301E-02 .88000F-01 "

.67681E-02 .74800E-01 "

.72001E-02 .66000E-01 "

2 1 1 0 (NER,NTR, IDIM, IANLYT)
.00000E+00  .25000E-02  .25000E—02 (TH(1),SIGX(1),SIGY(1))
.00000E+00  .15000E-02  .15000E-02 (TH(2),S16X(2),SI6Y(2))
.12000E-02  .12000E-02 (TRH, TRV)

CIRC TARGET AT FOCAL POINT OF 14M 45DEG PAR DISH (TARTIT)
@ 6 © o (IAPT, ITARSH, IRECP, ISHAD)
1.0000 6.283 51 11 (XEXT,YEXT, [XPTS, IYPTS)
0.000000E+00  ©.000000E+00  8.4497E+00 (XTARG(1),YTARG(1),ZTARG(1))
2.500000E-01 0.000000E+00  B.4497E+00 (XTARG(2),YTARG(2),ZTARG(2))
0.000000E+00  3.141593E+00  8.4497E+00 (XTARG(3),YTARG(3),ZTARG(3))

1 (NFOC)
1  ©.000000E+00 ©0.0P000OOE+00 8.4497E+00 (1,XFOC,YFOC, ZFOC)
3 PARABOLIC DISH FACETS — FOC=9.095M, R=4.040M (REFTIT)

3 1 1 0 1.000 (NFACET,KORD, IOPT, ICPQR,REFLEC)
4.040 5 (FLENG, NSUBF)

1 4.0418 2.3333 ©.6440 9.0950 0.000 1 (IDF,U1,U2,U3,FOC, SBM,NFID)
2 -4.0410 2.3333 ©0.6440 9.0950 ©.000 1 "

3 ©0.0000 -4.6667 ©.6440 9.0950 0.000 1 "
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B.2.2 Partial Results from 3PDISH.OUT

00+3000°0
0e+3000°0
00+3000° 0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000° 0
00+30008°0
00+3000°0
80+3000°0
¥0-3ICIL° L
¥0-361¢°C
¥0-39€L " ¥
v0-3v8L°8
£0-364S° |
£o-3/6v°C
€o-3vil ¥
£0-3GZv’9
Za-3¥20° 1
20-302S° 1
¢o-3.61°C
ce-3Zec’¢
2e-361s°¥
20-365€°9
Z0-3./89°'8
le—3L12° 4
18—-3469° |
10-3L1€°2
1e-3i1e¢ ¢
10—-3%¢0°S
10-3696°L
eo+Ivve i
eot+3dtic e
PO+3¥00 ¥
00+3¢6L°9
le+3eal " |
10+3+89° L
1e+3icy T
le+3asic ¢
Lla+3G62° ¢
10+3$SE°S
10+3939%°9
10+3669° L
le+3116°8
ze+3ize’ i
[4°2x) 4 0"
Zo+38¥Z |
zo+3sic |
Zo+3Eve |

avy Z¢8Z°9

00+3000°9
00+3000°0
00+3000° 0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
20+3000°0
00+3000°0
00+3000°0
00+3000°@
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°09
©0+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°'0
00+3000°0
00+3000°0
¥0-3.6C°9
£0—-3866°¢
20-3669°
Ze-3.10°9
18—3688" 1
10-3G622°S
0e+3vic ]
00+39¢6°2
00+3$G8°S
le+3050° |
10+360.L° 1
10+30¢5°2
10+3G9%° ¢
(LR XTAN A 4
10+388¢°S
10+312¢°9
16+3892° L
le+iiLe’'8
10+38v€° 6
Ze+38+¥0° 1
ce+3LSt i
Zo+3¢sT |
ce+361Le |
ce+3acye |

6¥69°G

¥0—-3968° |
¥0-3209°¢
v0-3L0C°9
£0-3£G6¢° |
£0-390C°¢
£0-3280° ¥
£0-3905°9
Zo-3ect 1
Co-38¥L7 1
¢o-3908°¢C
20-38¥C° ¢
Z0-365¥°9
20-3961°6
le—38Z¢° 1
le—3ie8"|
10-391v°¢C
10-31¢2°¢
le—3890 ¢
10—36S1°S
1o-31e¢°9
10-38+v9° L
10-3¢86°8
00+3090° |
eet+3ece’ |
00+3Liv’ L
00+3v¥9° |
00+3£88° 1
ee+3ii6l ¢
00+35¢S° 2
00+30.6°¢C
ee+318y° ¢
Q0+3SeL ¥
00+31v6° ¥
00+3¢66°S
00+3¢0¢ "L
00+3811°6
Lle+3+¥9t° 1
le+3ciIs |
10+38L6° 1
10+3645°¢C
le+3/0¢°¢
10+3091°¥
1e+3121°S
le+3G61°9
10+306¢€ "L
lo+3969°8
20+3900°
Z0+39¢1° 1
ZO+39%2° 1
co+agIE " |
Zo+3CyL’ L

§9¢0°S

v0-3968° L
¥0-3%09°¢
L) ATAR"]
£0-396¢°
£@—-360C°¢
£0-3880' ¥
£0-3906°9
Ze-3¢¢i 1
co-38¥L° L
¢e—39@e8°¢
(4% N YA 4
Z0—-306¥%°9
4"k YAY AN
le—39e¢° |
le—-3Ze8 " |
to—30Z¥ ¢
le-39¢Z°¢
10—3690° v
10-3991°¢G
le—3¢etc’9
10—3999° ¢
10-3¢66°8
00+3190° |
eo+30¢C |
00+301¥ "t
00+3E¥9° |
00+3v88° |
00+3v61°2Z
00+39¢6°7
eot+3ei6°¢
00+36L¥°¢C
0O+3LCL ¥
00+3096° v
00+3556°S
08+320¢° L
ee+38L1°6
1e+3v91 |
10+321G6° 1
bO+3LL6° L
10+364S°2
ie+39e¢ ¢
10+36Gt ¥
lo+3024°S
te+3v6l "9
Lot+3c6e "L
10+3569°8
¢0+3900° |
co+39¢L " |
ce+3gve |
co+3sle |
(43 1% [

¢86¢€ ¥

00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000° 0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°'0
00+3000°0
Q0+3000°0@
00+3000°0
00+3000°0
00+3000°'0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
eo+3jovoo
00+3000°0
00+3000°0
$0-3L6C°9
£0-3886°¢C
Z0-3869 |
¢0-3Z10°9
lo—3¢e8° |
10-3122°S
ee+3C1ie’ |
0e+32¢6°¢
00+3068°S
le+36v0° 1
te+3gel |
Le+3625°¢
le+3¢9v°¢
lo+36Lv "¢
1+368E° S
Le+3L1€°9
10+389¢C° L
le+3iLe’s
10+39v€° 6
co+38¥0° |
co+3LGL
(A" A T4 T AN
ce+3eie’
Co+3CHE L

669L°¢

00+3000°0
00+3000°0
oe+3000°0
00+3000°0
00+3000° 0
00+3000°0
0e+3000°0
Q0+3Je00° 0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
vo-3I€LLC 0
Yo-361¢°2
v0-39TL° v
¥0-319L°8
£0-3LLG7 1
£0-3G6Sv° 2
£o0-30Z1 ¥
£0-381¥°9
co-3120° L
Zo—-302S° 1
¢0-3G61°¢
Zo-3.62°'¢
Co-3LiS' ¥
[k} FANS ]
20-3Z89°8
le—-3212° 1
10-3.4G9° |
l0-39i¢°2C
10—-326¢°¢
le—31c0°S
1e-3iL6°L
00+3CPE " |
00+30iv°¢C
00+3¥00 ¥
00+326L°9
io+3iel |
1e+3¢v89° |
le+32¢v "¢
le+3isie ¢
lo+3¥6C "¢
10+3¥SE°S
10+3994°9
L0+34G9° L
lot+3C16°8
co+3120° 1
cCotivvl i
co+3I8¥YZ 1
co+3sie i
co+aLHye’ |

9ivi‘¢

co-3iv8°2
Ze-38EY ¥
20—-38vE "L
le—-3L01 "1
(1o | S VAN
10-38L4° T
10—-3809°'¢
10-3L%9°G
10-3006°9
10-3S¥2°6
@e+3zec’ |
00+39¢G° |
0e+3.06° |
oe+3Lic ¢
00+3i8¥L"C
00+3661°¢
00+32¢9°¢
00+3.v0" ¢
Q0+38CY ¥
0e+3Z8L v
00+3¢LL°S
eo+3gev 'S
00+3L1L°S
0e+3i8ve°9
00+392¢°9
00+3106°9
Qe+3016°¢
00+3G2Z°8
00+3901 6
le+3600° |
Le+3avei i
(1-L V8 ZAN!
le+3L48° 1L
18+381S 74
16+3699 "4
lo+36€8 1
lo+3Cve°¢C
le+3cec g
lo+3vE9°C
le+3clo’¢
lo+3629°¢
lo+38e¢ " v
lo+3avel ‘S
16+3211°9
10+369C° L
10+384S°8
10+3086°6
[A 2 TAN
Ce+3v¥T L
2e+38ig° L
Zo+3CyE |

£eis e

00+3000°0
00+3000°0
00+3000°0
00+3000° 0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
0e+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00t+3jeeo’e
00+3000°0
00+3000°0
00+3000° 0
00+3000°0
00+3000°0
00+3000°@
v0—3186¢° L
v0-36L0°C
v0-3iia°¢C
¥0-380G°9
£e-3ige°Z
fo-3jete’'9
¢e-309.°
Ze-3zL€°S
10~36¢6° |
10—38S0° ¥
10—36LL°6
00+38L1°C
Q0+388C " ¥
0e+39c¢0°'8
le+36£€° 1
1e+32¢S0°¢C
10+3906° ¢
lo+3968°¢
10+3168° ¢
10+3498°S
10+3¥16°9
le+dvie’8
10+3891°6
(4L VAN I
Zo+3CGL "}
ce+316T
cot3i61e" |
Zo+3Eve |

0588 1

00+3000°0
00+3000°0
©00+3000°0
00+3000°0
00+3000° 0
0o+3eee 0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3600°0
00+3000°0
00+31000°0
00+3¢00°0
0o+31000°@
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3e00°0
00+3000°0
©0+3000°0
¥0-386¢° |
v0-39.0°C
¥0-3000°¢€
¥0-3905°9
£0-3150°2
£e-3110°9
20-319L° 1
Z0-138LC°S
10—-32867 1
le—3¢90°v
10—-3508°6
00+3081 °¢Z
00+306¢ ¥
@o+39¢ce°8
to+36ce " 1
le+3250°¢
le+3/e6°¢
lo+3/68°¢
10+3968" ¥
18+3998°¢G
10+3416°9
le+ivio’8
10+3891°6
Z0+3(€0° |
co+3aLSt T4
Ze+316C 1
co+361€° |1
Co+3EYE " 1

99GZ° 1

2o-3iv8°¢C
CO-3%CP ¥
¢o-3T6¢ L
10—3901° 1}
le—30iL° 1
10-3SLv° 2
10-3909°¢
le-3ive°S
10—-3288°9
10-31¥2°6
ee+3zelZ |
8o+3G5¢G " 1
00+3G06° |
0e+381¢° T
00+3¢¥L°T
00+3681 ¢
00+3/29°¢
ee+3Zve ¥
0R+3IPCy ¥
eo+3iz8L’ v
ee+3ci LS
00+366¢°S
00+3GiL°S
00+3060°9
00+3iC¥°9
00+3968°9
00+3¥0G° L
0e+37Z7'8
00+3660°6
10+3600 |
Le+3¥21 1
10+3S8vZ° |
Lo+394¢° 1
lo+381G° 1
16+3699° |
le+38¢8 " |
le+3¢v0° 2T
le+3ger -
to+3+v€9°¢C
le+3iL0°¢
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