DEIIN G T T DNES

AN = 77— /155 2.

HELIOS: A COMPUTATIONAL MODEL FOR SOLAR CONCENTRATORS*

)50
F. Biggs and C. N. Vittitoe r\;qi/ /7Qﬁ

‘Sandia Leboratories, Albuquerque, New Mexico 7115

ABSTRACT

The HELIOS computer code calculates the power concen-
trated by a field of individuelly guided heliostats and
the resulting flux density (watts/cm?) falling upon an
arbitrary target grid. The problem has individual sub-

routines for each task in order to incorporate options

" for a variety of facet shapes, heliostat designs, field

layouts, and tower-receiver apertures, and to facili-
HELIOS evolved
cqncurfently with the construction of the Solar Thermal
Test Facility (STTF) at Sandia Laboratories and has
been used extensively by the STTF engineers to analyze

questions on safety, performance, design trade-offs,

tate additions and code improvements,

and tower protection engineering. Ccmparisons of
HELIOS results with measurements have given good

egreement,

HELIOS calculates the "sun position" and uses it to
establish alignment geometries. Atmcspheric attenua-
tion effects are included. Measured angular-distribu-
tions of incoming photons (sunshapes) and effects of

aureole scattering are incorporated. Nondeterministic

factors such as sun-tracking errcrs end facet-surface
errors are described statistically ard combined with
the sunshape by numerical convolutiorn. Shadowing and
blocking are included. Several output choices are
avellable, including graphical display of flux deasity
distributions, of shedowing and blocking and of

sunshape.

Some of the modeling in HELIOS ani samples of results

.will be described.
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INTRODUCTION

 The computer program HELIOS calculates the power con-
centrated by a field of individuelly guided heliostats
and the flux density (w/cmz) falling upon an arbitrary
target grid. The program evolved over the past two
years concurrently with the construction of ﬁhe Solar
Thermal Test Facility (STTF) at Sand’a Laboratories in
Albuquerque, NM. We worked closely with the STIF
engineers and as new questions arose, options were
added to the code to answer them and to present the

solutions in a convenient form.

It became clear early in the code development that the-
. priority of questions to be answered changed with time.
An earl& priority was performance predictions but soon.
safety analyses took top priority. Later the emphasis
shifted more to design trade-off studies, then to an
analysis of célibration and alignment effects and %o

general parameter studies., This required us to adopt

& philosophy of constructing a usable computer program '

quickly using approximetions where necessary, then to
improve upon them as the needs were identified. More-

/ -
.over, 1t was necessary to structure the program with

individual subroutines for each major task to facilitate

the addition of new options for an everchanging variety
of facet shapes, heliostat desigﬁs, field layouts, and

target-grid specifications.

As HELIOS continued to evolve, there were fewer new

kinds of questions to answer and the emphasis shifted
from adding new capabilities to improving existing ones,
streamlining the code, and documentation work,
still in the latter phases of the project.

We are

A users

~guide is now availsble (Ref. 1) and & report giving the

development of the nodel is in progress (Ref. 2). Pre-
liminary versions of HELIOS have now been distributed

to several agencies outside Sandia Laboratories.

‘The remainder of this report is organized as follows:

(l)'an overview summarizes the important functions of
the model, (2) some of the statistical optics are

examined, (3) & more detailed description of the com-
puter code is given emphasizing the input parameters,

and finelly (4) some examples of muxiliary prograns are
presented. ‘

MODEL DESCRIPTION

Figure 1 shows a schematic drawing of a central-receiver
solar-collector system emphasizing the important ele-
ments. Three heliostats are shown on a small hili to

There
sre, of course, more than three heliostats in the usual

illustrate that the ground may not be level,

collector fleld but these will be adejuate toillustrate

] .



the main ideas of the model including shadowing and
blocking.

From the time a photonhleaves the sun until 1t reaches
the receiver aeperture, it is subjected to many effects.
HELIOS is designed to simulate these effects and to
determine the consequences of them on the performance
of the collector system. We now give ah overview of -
the model organizing the discussion in roughly the

order a photon encounters the system.

We first go through the system to define a few épecial
terms, then go back through it describing effects and

how HELIOS simulates these effects,
from the sun originates from the center of the solar
disk.

The "central ray"

elevation) of the incoming central ray. Each heliostat
consists of one or more reflecting surfaces called
"facets".‘ Figure 1 shows 9 facets for convenience in
drawing. The heliostat is guided so that a central ray
j from the sun will reflect from the center of the
"reference facet" (center facet) to intersect the "aim
point". The distance from & heliostat reference-facet
' to the aim point is called the "slent range" for that
heliostat and the path followed by a reflected central
ray is called the "slant-path", Thes facets also have

slant-ranges, these may differ slightly from the

The "sun position" is the direction (azimuth and

correspohding heliostat slant-range. The "target-grid"
is a grid of points at which HELIOS calculates the
"flux density" in watts per cn®. '
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Figure 1. A schematic drawing of a central-receiver
solar-collector system showing a three-
heliostat portion of the collector field,

'The central ray does not follow a straight path through

the atmosphere but is curved by refraction. HELIOS

'



- the sunshape.

-

determines the sun position (actualiy apperent sun posi-

tion) that corrects for atmospheric refraction. This
information is subsequently used by the code to help

esteablish alignment geometries for the heliostats,

Photons are incident on the atmosphere, not as & colli- .
. mated beam of light but with an angular distribution of }

directions, called the "sunshape", &bout the central
ray. The solar disk subtends an angle of approximately
10 mrad as viewed from the earth.
the atmosphere scattering (eureole scattering) broadens
This 1s especially evident during hazy

atmospheric conditions. HELIOS uses sunshapes that are

measured at the collector site,

As sunlight travefses the atmosphere, it is attenuated -
by ebsorption and scattering. . Several models of the
atmosphere are avallable to determine insolation at the
site and to calculate absorption losses along the slant
faths from each heliostat to the tower receiver., Mea-
sured values of soler insolation can also be used as

input.

Each heliostat is aligned by rotation sbout two axes.
The alignment is calculated so that the central ray
reflecting from the center of the reference facet
(center facet) will intercept the aim poiﬁt. Since the

As sunlight traverses

- alignment rotations may cause cisplecements of the

reflecting surfacs, the alignment calculation is iter-
ated until the calculation is tased on the corract :

final position of the reflecﬁing surface,

The facets‘are przaligned with respect to the helio- .
stat frame to obtain the desired focal properties for ;
the heliostat., Figure 1 shows 9 facets per heliostat
fof simplicity in dfaWing; however, zone-A heliostats
of tﬁe‘STTf have 25 facets. It is, of course, possible

to have only one facet periheliostat. A common "pre-

- alignment" option is designated as "on axis" where the
.facets are set so that light incident and reflected

at a zero angle of incidence would come to a focus at.

a distance from the hellostat equal to its slani range,

_ In this option, ‘the total heliostat surface epproxi-

mates a parsboloid of revolution as closely as ié
possible by the prealignment of facets. Another op-
tion is obtained by specifying s date and time of day
from which HELIOS calculates an apparent sun poSiﬁion
and theﬁ uses it to determine the preelignment condi-
tions thet will pérmit central rays to reflect from

the center of each facet to interceot the aim ?oint at

A the specified time., The prealignment information is

stored and used in subsequent calculations,



Several options are available for specifying facet - calculations but these are specified separately from -

+ shapes, among these are flat, spherical, parsboloidal, ‘those used in the simulation "run-time" calculations.
and some surface shapes obtained fron stress-snelysis The run time consists of & date and time of day which
~ calculations. If the shape is specified to be para- is used by HELIOS to calculate the corresponding
boloidal, a focal length equal to the slant range is *  apparent sun position which it then uses to determine
used, In the present stress-analysis options a ‘facet the hellostat alignment geometry.
center pull-down distance is used to adjust the focal | A .
properties of the facet, HELIOS uses an optimization The target grid is shown in Figure 1 to coincide with.
routine to find the velue of the pull-down parameter - the receiver aperture arid centered on the aim point,
that maximizes tne flux density in the solar image Although this is a common arrangement for performance
projected on the barget grid for each facet. calculations, the spec1f1cation of the target grid is

. independent of the aim point; it can be placed any-
As shown schematically in Figure 1, & heliostat may be . where., It may be positloned on the tower to simulate

partially shadowed from the sun by another heliostat or  spillage effects in order to answer questions on tower-
a hellostat may block light that is reflected from protection engineering. The target grid is shown as
another one, These effects are calculated by HELIOS rectangular in Figure 1, but options are available for

and options are availasble to display the results graph- - it to be spherical, cylindrical, or an arbitrary shape
jcally. A to be specified'by'the'user. Currently, the code is

set up to calculate the flux density (W/em®) at 121
points (on.an 11 by 11 grid) on the terget grid. It also
calculates the radiant power dbtained.by integrating

The aim point is used for heliostat guidance calcula-
tions. It would usuelly be placed at the center of the N
receiver aperture for most performance calculations,

over the target grid.
but it would be someplace else for purposes of simula-

‘ting a standby mode of operation. Separate aim points When the computer calculates heliostat alignments, it
for different heliostats can be specified if desired. . does so to machine accuracy whereas the sun-tracking’
- This would be necessary for some shapes of receiver mechanism can guide the heliostats to within some (much -

apertures. Aim points are 8lso used in the prealignment more course) error tolerance. A similar effect occurs

i
!



in the prealigmment of facets., There are also many
oﬁher nondeterministic factors that degrade the per-
formance of the system, The facet shapes vary about
their designed shapes because of marufacturing toler-
ances, because of temperature effects, and even because
of changes in gravity loading as the heliostat tracks
.the sun, Turbulent wind-lcading mey cause the fécets
to vibrate. There is a non-specular component to the
reflection of sun light., These nondeterministic factors
degrede the average performance of the solar collector,
It is important to include them in & model thet simu-

lates the behavior of the system,

HELIOS subdivides each facet into an integration mesh.

It then calculates a contribution to the flux density at

each of the target grid points from one of these inte-
gration-mesh areas. The progrem then cycles over the
_ integration mesh of the facet to obtain the facet con-
tribution, It cycles over the facets of the heliostat

and finally over the hellostats of the field.

Figure 2 shows one block of the integration mesh within
‘a facet, The incident central-ray from the sun lies
The cone drawn &bout I depicts the
angular distribution of incoming sun rays (sunshepe).
The vector N shows the nominel direction of the normal

for this element of surface and the cone drawn sbout N

along vector I,

" We call this the "effective sunshape",

Figure 2, The broadening of the effective sunshape due :
' to uncertainty in the direction of the
reflecting-surface normel.

deplcts the nondeterministic nature of the direction of
this surface-normal due to the uncerteinties mentioned
above, If the surface normal were known to lie along K.
(no uncertainty) then the reflected sunshépe would be
as shown by the dctted cone about the reflected central
ray R, With uncertaintlies in the direction of the sur-
face normal, the reflected cone is spread out (cn the
average) as indiceted by the solid cone drawn atout R.
The effectivé
sunshape is projected onto the target grid to obtain

the average contributions to the fiux density at each

¢



of the target-grid points., ,
The distribution of directions of the surféce normel is
mapped into a distribution of directions of reflected
rays about R and combined numerically with the reflected
sunshape using the two-dimensional fast Fourier trans-
form to obtain the effective sunshape., This character-
izes the.distribution‘of reflected sun-rays when aver-

aged over time and reflecting surface,

AN ILLUSTRATION A

As an illustration of the use of HEZIOS, we examine the
flux-density pattern on the Martin Marietta one Mega-
watt Receiver that is produced by the 78 heliostats-of
zone A of the STITF., = We also analyze some of the factors
that cesuse this flux-density pettern to change with

time.

The shadowing projection of Figure 3 is convenient for
The 78 heliostats
and the tower are projected onto a plane through the
base of the tower and perpendicular to the central ray
from the sun at noon on March 21,

showing the heliostat arrangement.

This is, therefore,
a veiw of the collectqr field and tower from the south

at an elevation of 55 degrees.

‘ from the vertical.
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Figure 3, The tower and 78 helicstats.of zone A of the
STTF. This is a projecticn on a plane through
- the base of the tower and perpendicular to
the central ray from the sun at noon on March
21l. The xprime axis is horizontal.
The 1-m by 1-m recesiver aperture on the tower faces
north, it is centered at an altitude of 44,5 m sbove
the base of the tower, and is inclined downward 20°
The prealigmnment of facets is for .
noon of March 21. - This means that the facets are pre-
aligned with respect to the heliostat frame so that
central rays from the sun reflect from the center of
each facet to intercept the aim point while in the geo=-
metry of Figure 3, i.e., at noon on March 21, We
assume an insolation of 800 W/m? and a facet refiec-

tivity of 0.8 for this example,

Figure 4 shows the sunshape (dotted curve), the error
cone (dashed curve), and the resultant effective sun-

shepe (solid curve}, A circular-normsl error-cone of
r
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Figure 4. The sunshape (dotted curve), the error cone

.(dashed curve) and the effective sunshape
(solid curve). '

dispersion equal to 2 milliradians is used, The sun-

shape is one that was measured in Albugquerque, NM at
1 PM on June 25, 1976.

Figure 5 shows flux density (W/cmz) patterns on the

receiver aperture. Part a corresponds to 8 AM and part

b to noonj both are for March 21.

at noon is about 300 wat’cs/cm2 (3750 suns) and the

integral of the flux density over the 1l-m by 1l-m &per~

ture is 1.36 MW which corresponds to 1700 suns when
averaged over the aperture, Thus the averégé flux
density is & 1little less than half the peak value, At
8 AM (part a) the peak value of the flux density is
about 120 watts/cm2 (1500 suns) and the power inter-

cepted by the aperture is 0.66 MW. This gives an

The peak flux density
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Figure 5. Flux-density patterns on the 1-m tower
receiver aperture from the 78 heliostats
of zone A of the STTIF on March 21L. The
prealign time is noon of March 21.

averasge of 66 Watts/cm2 (825 suns) over the aperture

which is a little more than half the peak value. There
is, therefore, a significant flettening out of the flux

density pattern between the noon and the 8 AM results.

Let us teke a more detailed look at the reasons for the

differences between these two flux density patterns,

‘The total collector area for the zone A field is

A= (1.22)2(25) (73) = 2902 m2. If this area were

normal to the central ray from the sun, it would inter-

 cept & power of P = AQ = (2902 m?) (800W/m2) = 2,32 MW

vhere Q = 800 W/m® 1s the insolation. Of course, the

area A is not all perpendicular to the sun's rays but
|
i



‘is effectively reduced by the "cosine effect". Shadow-
ing and blocking together with other factors also con-
‘tribute to losses in the power collected., It is of
_intereést to use results from HELIOS to compare the

loss facfors corresponding to the two flux-density
patterns of Figure 5.

The first row of Table 1 gives the cosine-effect loss
factors for the two run-times, The number in paren-
thesis in the 8 AM column is the ratio of the 8 AM
value to the corresponding noon-tim= value. Thus the
" cosine-effect loss-factor at 8 AM is 88% of its value
at noon.
blocking) is given in the next row. This is the product
of the total collector area A = 2902 m2, times the

insolation (800 W/m?), times the reflectivity p = 0.8,

times the cosine-effect loss-factor from the first row. -

The next row gives the shadowing ani 5lockihg loss
factors, multiplying these by the numbers in the row
gbove gives the effective reflected power. However,
not all the effective reflected power is intercepted by
the receiver-aperture. There is & spillage loss-factor
which is given in the next to the last row of the table,
At 8 AM, only 49% of the effective reflected pover
intercepts the aperture to give a collected power of
0.66 MW,

intercepts the apérture giving a collected power of

The reflected power (neglecting shadowing and -

At noon, 80% of the effective reflected power

: 1036 Mw. '

Teble 1 - Loss factors for performence of the T8

heliostats of zone A of the STTF with the
1-m by 1l-m Martin Marietta 1 MW receiver
and using a circular-normal error-cone of
dispersion equal to 2 milliradians, Pre=-
alignment time is noon of March 21, - The
run times listed below are also for March
21, The facet reflectivity is p = 0.8 and
P = (2902 m?) (800 W/m?) = 2,32 MW. The
numbers given in parenthesis in the 8 AM
column are ratios of the loss factor at

8 AM to its value at noon.

Run Times

8 mM Noon
Cosine-effect loss-factor = | 0.84 (0.88) 0.96
<cos i> ’ :
Reflected power neglecting
shadowing and blocking 1.56 MW 1.78 MW
loses = Pp < cos 1 >
Shadowing and blocking : : ’
loss-factor 0.87 (0'91) 0.96
Effective reflected '
power 1.36 MW 1,71 MW
Spillage loss-factor 0.49 (0.61) 0.80
Collected power 0.66 MW 1.36 MW




Note that the loss factor that changes most between the-
noon and 8 AM run-times is the spillage loss-factor
(the smallest of the numbers in parenthesis of the

8 aM coluin). In order to illustrate how heliostat-size

astigmatic-aberrations contribute to the spillage loss

1 ’

factor, we use Some more HELIOS results.

‘Consider the flux-density patﬁerns resulting from only
the four corner facets of heliostat #18 of the zone A
field, This heliostat is in the bottom row of helio-
stats shown in Figure 3 and just to the left of the
shadow of the tower, TFigure 6 shows the flux density
pattern in part a for a run time of 11 AM and in part b
for a run time of 3 PM, The prealignment of facets
and the run times in this exemple are different from
those used in the previous results but the concepts to
be i1llustrated are the same. These four facets are
assumed to be aligned on-exis (zero angle of incidence).
This is épproximately the situation in part a of

. Pigure 6 where the angle of incidence is only 3 degrees.
. The target grid is centered on the Martin Marietta
one-Megawatt receiver-aperture but we have enlarged it.
to 2.5-m in order to show more of the spillage pattern
and to better illustrate the effect of astigmatic
aberrations, The l-m by l-m receiver aperture would
occupy & L-block by h-block square in the center of the

target grid shown in the figure,

obtained.
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Figure 6. Flux-density patterns from the four corner
facets of heliostat #18. 1In part a, the run
time is 11 AM on March 21 and in part b the
run time is 3 PM on March 2%. The facets
are prealigned on-axis.

The heliostat aligmment in both perts of Figure 6 is

such that the center facet. would project a solar image

'cenﬁered on the ain point (the center of the target

If all the facets of the heliostat were
used in the calculation, the flux-density pattern in
part a of Figure 6 would be similar in shape but more |
intense by a factor of sbout 25/4 = 5,25, In part b,
however, the individual peaks would no longer be -
resolved but a generally smeared out pattern would bg

grid here).



This illustrates the major reason for the change in the

spillage loss-factors between the a and b parts of
Figure 5. Of course, in Figure 5, the flux patterns
are for the 78 heliostats of zone A of the field. The
extent of the astigmatic gberrations changes from one
heliostat to another because of the different geometricl

relationships between each heliostat and its prealign-

‘ment conditions. HELIOS is designed to facilitate such -

parameter studies as these.

CODE ORGANIZATION AND.INPUT CAPABILITY

In keeping with the conference objective of providing

a8 description of the computer code forAsPecialists .i

and potential users, we now concentrate upon the code ;
input as a means of further indicating the capabilities
of HELIOS, The discussion should convince you that :
use of HELIOS is easy and is reasonable for many types %
of problems.

- The basic flow chart is given in Figure 7. The LOCK
and NTLOCK paresmeters allow calculation of the energy

‘flux pattern in two emergency situations, (1) the sun

continues across the sky after motors have been locked -

by a:-power failure, or (2) the sun continues across
the sky after an emergency caused the motors to slew
toward the storage position.,

Set up problem parameters
(Overlay 1,0 - program A)

Set day of year

1= first time
3nd NTLGCK < 0 ?

Set time of day !

I

Find elevation and azimuthal

angles for the sun, solar
Insolation (ELAZS)

K}

Calculate shadowing and
blocking factors for each
heliostat - o-ientation
Information stored on
tape 14 (Qvzerlay2,0-
program 8 )

S

Calcuiate enerqgy flux at:
each tarqet point

{ Overlay 3,G - program C )

Figure 7,

HELIOS Flow Chaxt

H

Progrem A is further subdivided in Figure 8 where con-':
trolling subroutines are identified by parenthesis,
DATAYl sets the defeult values eppropriate for the

Solar Thermal Test Facility at Sendia Leborstories,
'INDATA accepts all the input veriables. This sutrou- -
tine should be studied by proépective users to inéregse'



Set default values for
input variables { DATAL)

I
Read input for first problem

sel, find effective sunshape
LINDATA)

I

Print input paramelers ( OUTP ) Figure 8. Program A
1 Flow Chart

Find focusing parameters for
each facet of each heliostat -
slore on lape 11 ( CPQR)

Exit

understanding of code capabilities and to identify
possible errors in input data. '

The HELIOS input data are separated into seven groups:-4

problem- and output-type data, sun-paremeter data,
recelver data, facet dats, heiiostat-positioning data,
time data, and atmospheric data., Each set is charac-
terized by a group number NGRUP. As each new problem
is encountered, new data need only be read in for
groups with data differing from the previous problem,

Hence, each set of data may be discussed separately

from the other groups. ‘Each of the data groups 1s now

examined briefly with mention of decisions to be made
for each group.

Figure 9 gives the group 1 input. Do you want print

out for each facet, or for each heliostat, or only for
the heliostat field?
Which shadowing and blocking options, are to be used?

Are graphs to be generated?

Do you want repid calculation with less accuracy or
improved accuracy with extended computer time?. Is a
new heliostat distribution to be input or is the STIF

default distribution sufficient? Is the propagation

loss between mirror and recelver to dbe included?

’

NGRUP 1 INPUT

FORMAT VARIABLES <
PROBLEM TYPE COMMENT CARD
0M -
‘ NGRUP_¢ IPRINT _ IPLOTL _ ISHAD _ IACCI _ ISPHE _ IKELD __IPROP
8110 Lt 1 4 1 1 |
: r

" END

' Figure 9. Group 1 input flow chart,

Group 2 data control the effective sunshape. The

parameters in Figure 10 determine the sunshape, -error

. cone, and effective sunshape, They also allow solar

insolation as an iﬁput variable. The sunshape may be

inserted via parameters or as & table of values,’

The receiver data are input as group 3 in Figure l;.

They specify the number of terget points, printing
options, target orientation, target shape, receiver

latitude, coordinates of the targeq'center, of the



NGRUP 2 INPUT TOWER RECEIVER COMMENT CARD

SUN PARAMETER COMMENT CARD 208
DT L 11 1 |
: . , e NGRUP [ NTART  NTARST INVIR . ITAR IGO0 IMD 17 ;
NCRUP _INSOL __JSUN ___ ID INT 31D 16 _ICON - B T [T i i | | s i
8110 [ T ] 1 1 | - S INTART < 1210 - ) i
N repuc - N6l | PHIL XeXT gz XPOW  YPOIT  ZPOIT  ZiF
10X, £10.2 | sunpata - . TES INSOL - . r j l I l I_ l J :
.o 7 l . . R 28 10.4n H
INSOLATION IN Wicm. T'No : Ty eve_ ;
, NTABL <50 s N | : } ‘

I | 17 .- ’ 9F8, .
\ ) . VIARIL D) (L 2) (1,3) 12, 1)Lz(2,2i 2,3 (31 3,2) 3.3
XTLOL J) ¢ YTUUL JY13 =1, NTABL : . l . l l T ] l r] 1
¥ 105 . . HEFOC HNFOC ' HZFOC 8.2
' - L |
A ' ' ' i
. . _IXPTS 4 IYPTS _ ITARSH ' ‘ : NO
: BT FEPSUN BUM MO AML e S [ 1 o - .
F105 L. 1 | 1 1< i . END ‘ . |
! Figure 11, Group 3 input flow chart., :
10X, €10.2 {epsv- . . , .
£ND , Figure 12 gives the flow chart for the facet data.
INTERP NDIV JSUNG 105 14 106 16 17 ' . ! )
$110 1 T T | T [ ] | How many facets are on each heliostat? Are the facets !
: circular or square? How many subdivisions of the facet
BETG £EPSG BLIMG ALOGG AHIG EPLE . K . 4 .
105 o | ] | | are to be taken along each edge? Whet is the.surface
END ' shape? If a shape‘reaglting'from'stregs analysis is to

: be used, what is the radius of a stressed ring or disk,
Figure 10. Group 2 input flow chart. ‘ ‘ ' :

. and what is Poisson'ﬂ‘s ratio for the stressed maferia.l?. '
aim point, and of the prealignment point, and effective.  What is the facet dimension? Refleétivity? Distribu- ;
,tower dimensions for shadowing calculations, ' " tion on the heliostat? -

The facet distribution on the heliostat is given in
Figure 13. The U3 axis completes the right handed

coordinate system. The coordinate of the facet centers
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Figure 12. Group 4 input flow chart.
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are needed to proﬁerly locate each fecet in space.

Helidsfat parameters are furnished by the group 5 data
in Figure 14. Heliostat identifying numbers, the :
nunber of heliostats to be treated, the prealigmment ;
strategy, and the emergency parameters are all input

here. If a new heliostat distritution is to be input,i

its x, y, 2z coordinates are read here along with helio-

stat design parameters. These veriebles are shown in
Figures 15-16, ' |

. : |
The time-data input for group 6 are shown in Figure 17%
Here the calculation times and prealignment time are |

specified.

Group 7 of the input gives the atmospheric data, The §

veriebles in Figure 18 specify the model atmosphere
to be used when solar insolation is to be calculated,
The pressure and temperature variables also have a f

slight effect on the solar refraction. g

The appendix describes general program characteristics,’
limitations, running time, hardware and software re- |
quirements, An early version of the users manual 1s :
also available for greater detail (Ref. 1). Let us 'f
assume you are now convinced that HELIOS is easy to '
use, Is 1t reasoneble to use? Wnat real tests of thgg

code are availasble for checking code accuracy?
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Figure 14, Group 5 input flow chart.
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TFigure 15. Heliostat deployment in Tower

Coordinate System, x = HIM(NH,1),

y = HIM(MH,2), z = HDM(NH,3).
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Figure 16. Sample heliostat mounting.
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Figure 17.

Group 6 input
flow chart,

Figure 18.

Group 7 input
flow chart
and end signal.

HELIOS CHECKS

Figure 19 summarizes the checks of HELIOS to date.
Several verifications of the shape of the intensity
pattern for a single mirror were made by Laﬁ‘yl
Matthews. Shapes were checked near the Saggital and
tangential focal planes. Shape checks were also made
for e féw facets or: a single heliostat in scale model
experiments (Ref. 3). The shape of the energy flux
pattern for g field of he].iostats vas verified by
John Holmes, - ’

CHECK POINTS FOR HELIOS

1, Scale model experiments for one heliostat by
E. A. lgel, G. F. Bott, R. L. Hughes, April 1377,

2. MIRVAL compuler code comparlsons by J. O, Hankins
~ January 1977,

3. Comparisons wth shape of hole in iron plate by .
John Holmes ~ May 1977, ‘

4. Shape comparizons with Image formed by 80" fcal length
spherical-mirrzr by Larryl Matthews ~ April 1976,

5. Comparisons wth Martin-Marietta data for one facet by
W. Hart and C.N, Vittitoe '~ April 1977.

Future: - a ' t

1. Comparison with .measurements at Georgla Insiitute -
of Technology by B. G. Levl,

2, Comparison with measurements at the Solar Thermat

Test Facility with concurrent measuremert of lnddent
sunshape,

Mgure 19, Check points for HELIOS.



Magnitude and shape comparisons for the energy flux
from one heliostat were reported by Joe Hankins to be
con51stent with his MIRVAL code.
comparlsons have also been made with experlmental data
collected by Martin Marietta for one facet, These data

are given in Figures 20-21, Uncertainty in the sun-

Magnitude and shape

shape and in the time of data collection suggest the
agreement can be lmproved with more complete informa-
tion.,
in Figure L.

The sunshape used in the calculation is given
A larger error cone should improve the

consistency shown here,

THE SHADOWING ‘AND BLOCKING

One of the HELIOS options which is sometimes useful is -

the computer drawn plots indiceting the extent of
The shadowing is illustrated
by projecting the corners of each heliostat onto a

shadowing and blocking.

plane through the tower base, orthogonal to the sun's
central ray. An example was given in Figure 3. The
blocking is given in Figure 22 as the projection of
the corners of each heliostat onto a unit sphere with
its origin at the center of the target aperture. The
bar graphs at the bottom-left indicate the effective
facet area'(mz) before and after shadowing and block-
ing. Other bar graphs give the power intercepted by
the heliostats and the power incident upon the target

eperture (in units of 10° W).

o4

1/p cost( Wem? )~

03

%6 04 -0-3 =08 -0-1 00 D01 08 03 04 08
Horizontal Distance ( m )

" Target s 56.h m along a 1ize 3U° to the enst of ssuth of the facet. Insolation e . &

l normalized to 0.08 w/cm Iatitude 18 39.8%° N as Cor Denver, Colorado. Targst and

! facet heights ere identical. The distance is horitontal distance across the ~arget
| center, The plansr target Zaces fhe facet.

Figure 20. Energy flux comparison with Martin Marie%tai
date coliected on Noveuber 23, 1976. ;
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: o ACKNOWLEDGEMENT ' §
Target-is 106.68 m géo aznne 340 to the eagt of south of the facet, Insolation : :
48 normalized to 0,08 W/emS, Latitude is 39,8° N as for Denver, Colorado, Target 3 - 2 o :
and facet heights are ldentical, The distance is horizonzal di:!tance across the H:ELIOS has benefltec‘ from 1nteracm.ions W'.l.th maw inai- ;
target center. The planar target faces the facet, .

R viduals. Much of its flexibility resulted from dis-
cussions with J. T. Holmes, D. J., Kuehl, and L. K.

Figure 21, Energy flux comparison with Martin : Matthews of Sandia Leboratories. Extension to new .
bf;;éetta data collected on September 28, ' heliostat deployments resulted from contact with B. G. :

Levi of Georgia Tech and with W. Hart and J. Williamson .
of Martin-Marietta. C. S. Hoyle of SLL furnished the
subroutine giving the facet-shape that results from '
stress analysis, P. Van Delinder and W, C, Burd at .
SLA provided guidance through the early plotting pit-
- falls, Fui‘ther benefits are expectgd from interactions

at this workshop. ,!



APPENDIX 1. HELIOS CODE SUMMARY

HELIOS purpose: The code was developed to evaluate pro-
ﬁosed designs for central receiver sclar energy collec-
for systems, to perform'safety calculations on the '
threat to personnel and to the facility itself, to de-
termine how various input parameters alter the power

collected, and to evaluate possible design trade-offs.

HELIOS structure: The code is designed with numerous
subroutines for treating individuasl effects. This
structure facilitates additions that have been necessary
as.special requirements appeared or as improvements
became necessary, The additions also resulted in
non-optimum code design which will llikely remain for
some time as effort remains concentrated upon addi-

.tionel options.

Mathematical method: The method for evaluating_flux
density is basically the cone-optics approach., Reflec-
“tor surfaces asre divided into small segments that are
treated as infinitesimal mirrors that reflect a solar

image onto the target surface.

HELIOS input: Input varisables include atmospheric

varisbles; sunshape parameters; coordinates for helio- .

stat bases relative to the tower; heliostat design P

parameters, reflector shape information; data deserib-
ing the uncertainty resulting from surface errors, ‘

suntracking errors, non-spectral reflection, and wind

Joading; focusing and alignment strategy; aim point §

coordinates; receiver designj; calculation time; parae
meters indicating effects to be included; and the
chosen output options.

HELIOS outpubt: Three output options are available, ?
The first gives the flux density (w/cmz) produced by ;
all the heliostats at the grid of target points. The }
power intercepted by the mirrors and that incident

upon the target are given. The facet area reducecd by
the angle of incider.ce effect and the area further ‘
reduced by shadowing and blocking effects are given,
These data are giver. for each designated calculation

tinme,

The second output ortion yields the above output
variables for each heliostat in addition to the total. .
The loss factor caused by light propegation between
facet and receiver 1s also given for each heliostat,



The third output option is still more complex. It is
especially useful for detailed examination of results
for checking prior to a large computer run. It
includes facet and heliostat aligmmert information,

sun orientation, target point alignment information,

and detalled shadowing and blocking information includ-

ing lists of the blocked (shadowed) and blocking
(shadowing) heliostats. -

A1l the output options include (1) a table describing
the built-in model of atmospheric mass as & function of

apparent elevation angle of the sun, (2) & table

describing the built-in model of atmospheric refraction

as a function of solar élevation angle, (3) brief

descriptions of the input data groups, (4) tabular

distributions of the sunshape, the error cone, and the

effective sunshape, (5) tower coordinates of each

target point and the components of ths unit vector

normal to the target surface at each »oint in the grid,'

‘and (6) a listing of the main problem parameters, As

‘a special output option, the three comporients of the

4

energy flux density are available at each target point
in the grid. '

Present HELIOS limitations:

1 < number of heliostats < 559
1 < number of facets/heliostat < 25

1 < number of target points s 121

PIO =~

RELATED CODES:

BLOSH -~ movie generation for shadowing and‘blocking
CDC-T600 15 s/frame for plot tape géneration -

About 50

s/frame for 222 heliostats in zones A-B o the

Solar Thermasl Test Facility for L-5 PM on i

December 21. ‘

for moderate shadowing and blockipg.

CDC-6600 7 s/frame for post processing to
obtain tape for microfiche generation of the
DX4460 microfilm system.

plotting program for flux density distribution,
shadowing ard blocking disgrans, sunshape '
distributior, etc,

Running time: The required running time is highly
dependent upon input options. It is dominated by the
flux density calculation except at very lafe or early
times when shadowing and blocking may be extensive.
On CDC-7600 with perfect-focus option, the flux
density calculation requires ~ 14.L ms per facet for
121 target points. Zones A-B and A-C-D-E (222 helio-
stats) of the Solar Thermal Test Facility require 11

to 18 s for shadowing and blocking calculations as

those effects reduce the effective mirror area by

factors 0.99 to 0.81., Typical CDC 7600 run time for



222 heliostats with 25 facets/heliostat and 121 target
points is'120 s including generation of the plgt tape.

These times should be multiplied by < n2 if the facets -

are divided into a n x n mesh for more precise inte-

gration;

Computer hardware requirements: HELIOS is operational
on the Sandia Laboratories CDC 6600 computer operating

under Scope 3.3. The code requires 142,000 octal -

storage which may be reduced to 77,000 octal locations 4

after the few seconds required for effective sunshape
calculation.
Laboratories CDC 7600 under Scope 2.1,

Some auxiliary equipment are necessary. Printer -

required; microfiche output - useful; punch - necessary'

for some options; auxiliary storage - necessary for
recall of data temporarily on magnetic tape (disk).

Computer software requirements: The coding language

'is FORTRAN extended - version b, Required subroutines -

from the Sandie Laboratories library that are not

distributed by the computer manufacturer are:.

+;FOURT - fast Fourier Transform

MINA - find minimum of a function

QNC7 - integration routine with checking routines
ERRCHK, ONECHK, ERRPRT, ERXSET, and ERRGET.

HELIOS is alsoc operational on the Sandia .

SAXB - solve systen of real linear algebraic equations
with checking routines RFBS, IULD, and ERSTGT.

These routines are included on HELIOS progrém tapes,
The routines are mentioned in the following reference,
R. E. Jones and C. B, Bailey, Brief Instruc- :
tions for Using MATHLIB (Version 6.0), Sandia 2
Laboratories Report SAND-?S-OSHS, February '
1976. ,
For CDC 6600 use, cne other supplementary routine is
available. The REIUCE subroutine allows reduction of
the core storage by deletlion of blank common that 1s
no longer needed. REDUCE 18 written in COMPASS
asseﬁbly language,

HELIOS status: The code is operationel on CDC 6600 and

CDC 7600 computers. Its evolution is still in progress.

Developer/Sponsor;
C. N, Vittitoe Central Receiver
F. Biggs Systems Branch

R. E. Lighthill
Theoretical Division 5231
Sandia Laboratories

Alb., New Mexico 87115

Div. of Solar Energy
Energy Research and Dev,
Administration
Washington, D,C, 20545

Documentation: C. N, Vittitoe, F. Biggs, and R. E.
Lighthill, HELIOS: A Computer Program for Modeling
the Solar Thermal Test Facility, A Uéers Guide, Sandia

!



Laboratories Report SAND-76-0346, March 1977, Second
edition June 1977. '

F. Biggs and C. N. Vittitoe, A Computational Model for
Solar Concentrators, Sandia Laboratories Report
SAND-T6-0347, to be published,

Availability: HELIOS is availeble from the developers
after the potential user obtalns approval by the

sponsor,

Date: HELIOS became operational in April 1976. The
present version of the code was form=d in August 1977.
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