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iNTRODUCTORY COMMENTS

Roy Lee
Sandia Laboratories
_Livermore, California

Good morning.

George Kaplan who is the Branch Chief of ‘the Central
Receiver Solar System at ERDA headquarters is unable :
to come because of his 1nvo]Vement with the selection
process for the desigh of thé 10MWe pilot plant. He
has asked me to'say a few words in his behalf. Conse-
quently, this morning I am representing ERDA and Sandia
at the same time. First of all, on behalf of ERDA and

of Sandia Laboratories, I would 1ike to extend a warm .
welcome to those attending this solar workshop and hope

this workshop will be beneficial to all people here.
In the last few years, during the qonceptqa].develop-v,
ment of the central receiver solar system, considerable

effort has been expended to develop techniques, method- .. -

ology, and computer codes to. study the optical perform-
ance of the central receiver system. It is the inten-
tion of ERDA to disseminaté these techniques and also
this collection of computér.codes to as wide an audi-

ence as possjb]e so that this effort can be put to good
‘use. It is also especially important that prospective

contractors and commercial companies, be they small or

PROCEEDINGS--SOLAR WORKSHOP

'1arge, be made aware of these computer codes .and tech-

niques so they can make the best use of these efforts
for their response to ERDA's requeét for proposals for
future central receiver projects. Therefore, the main
purpose of this get together is to disseminate infor-
mation about the existing state of the art, techniques
and .computer codes, and also to encourage exchange .of
information amongst specialists and potential users.
Let us hope this.workshop fulifills its purpose and
will be beneficial for everyone concerned here.

-This is the first workshop on the central receiver
~system, and we would certainly Tike to have your opin-
~ion and feedback on the usefulness of this werkshop at

tomorrow's session or by phone or.in writing.

1 would like to take this opportunity to thank the

University of Houston for providing facilities -and al-
so to thank the Solar Energy Laboratory, especia]]y(
the people who are involved in the workshop and have.

. expended effort to make the workshop a possibility.

15
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INTRODUCTORY COMMENTS

Lorin Vant-Hull
Solar Energy Laboratory
University of Houston

In his informal greetings to participants of the Work- -

shop, University of Houstor Vice-President Barry Munitz’
mentioned the Solar Energy Laboratory and the Energy
Foundation of Texas. I wonder if you would say a few
words about those organizations to clarify terms for
the group. :

Alvin F. Hildebrandt
~Solar Energy Laboratory
University of Houston

The Solar Energy Lab was started at the University of
Houston three years ago. Professor Vant-Hull and I

were the key people from the Physics Department to start -
‘ thelLab. Since that time, we have been joiqed by a

number of others from the academic disciplines, includ-

ing Ray Wentworth (Chemistry), William Prengle (Chemical

Engineering), and Dr. Waldron who is in the audience

today. We have twenty-five faculty and twenty graduate

students involved in a summer program to develop pro-
posals and concepts and to submit proposals. Through
the years we have submitted programs to ERDA and four

PROCEEDINGS--SOLAR WORKSHOP

proposals on storage. To fuhd'those on a continuing

- basis, we have formed a consortia between Texas Tech .

and the Uhiversity.of Houston called the Energy Founde—
tion of Texas. - It is essentially a research foundation

: between the two universities. The main reason for the

Foundation is to be responsive to ERDA on proposals.

“Universities are known for having overhead and finan-

cial problems with the state legislatures and, to a
certain extent,,being somewhat unresponsive to large
proposals and 1arge operations. For that reason, the
Energy Foundation of Texas was formed to have a rather
short response time and to operate more directly re-
sponsive to ERDA. - o

Lorin Vant-Hull

‘Let me. say a.few'wordé about our ERDA grant. We have

support in that grant for computer code development.

“and also support to develop the code center. This task
is two-fold. First, we will document a reasonable set

17



o and submltttng this set . to our own code center.

'of U Owr: codes, preparing a- users guide'fbrithem;

- These
will be made available for qua11f1ed distribution.
Second;.wegwaT,receive codes_from'thbsetof you who are-

_inwa.position-tO'submit a .reasonably documented code..’

i-SuYe]y,_HELIOS and MIRVAL will-be among the first codes -
available from.the library, and other_government=fgnded .

codes will be following shortly thereafter, I am sure.

,If*anyone~hés a.private1y developed code that he wishes:ﬂ

to-contribute to- the 11brary, we would be willing to.
accept it a]so

Later

Timinary. document during one of his talks which will be

a preliminary effort to organize the information that
will be-maintained in the code center.

? Mtkefwa1ze1vismcUrrently designated as the coordinator
of the code- center, although he has not as yet had an
_opportun1ty to-respond to the code center requ1rements
-Qur-funding became effect1ve on]y a month or so- ago
He,” Fred: Lipps, and 1 will attempt to ensure that our
»_1nventory of documented codes is kept reasonably up to
date:and available.- e |
"Sense, fbrzseverél months, for our.University tomputer

’is currently being conVerted from'Univac to Honeywé]],

in this session, Dr. Lipps will distribute a pre-

We will not be operational,-in any .

8

- and ‘we must becﬁme familiar. W1th Honeywell. operations. 7
'before we undertake any operat1ons with contr1buted
' codes--read1ng them, trans]at1ng them into a form com-

pat1b1e w1th ours or any otner computer, etc. I th1nk

‘there are substantive prob]ems involved in trans]at1ng
-or transferring codes from one computer to another, and
1 am not yet -sure how these problems will be reso]ved.

I would now 1ike to turn the floor over to Roy Lee
who will chair the first technical session.
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FUNDAMENTAL PHYSICS OF CONE OPTICS AND THE’SIMULATION'OF-SOLAR-THERMAL SYSTEMS

George L. Schrenk
Department of Mechanical Engineering
University of Pennsylvania
Ph11ade1ph1a PA 19171

ABSTRACT

New and powerful analytical techniques were developed
in the'early 1960's for the design and analysis of
solar-thermal energy conversion systems for space power
appiications; these techniques are also most useful in
the design and analysis of terrestrial -solar-thermal
The primary uniquenéss of'these techniques is
that they are based on the fundamental physical reali-

systems.

zations that we have an extended finite-sized source
and that the resultant radiation transfer must there-
fore be analyzed using cones, either infinitesimal or
finite, rather than optical rays as the basic vehicle

for energy transport. Classical ana}ytica] optical

" procedures do not deal with the energy flux distribu-

tion in the image of an extended source. Accordingly,

direct analytical methods and their accompaning compu- :

ter codes have been developed for using finite-sized.
cones to treat the finite size f]@x distribution on any
‘These analytical
methods include provisions for eva]uaiihgﬂthe'effects
of both concentrator surface errors and orientation

Sz L
TR,
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errors. Moreover, a unique distinction is made be-
tween the prediction df the performancé of a solar
concentrator before it is actually built and calcula-
tion of the performance on a solar concentrator after
construction.  Utilizing the physical insights gained
from these direct analytical methods, a comprehensive

approach to the design, ana]yéis, testing, and opera-

" tional use of solar-thermal -systems has been developed

and will be présented. The accompanying computer -

codes, originally written as large FORTRAN IV programs,
have recently been rewritten in APL on the APL-PLUS
Scientific Time Sharing Corporation System. As a re-
sult, an extremely powerful and versatile 1nteract1ve
mathematical" solar simulator has been created. APL-

PLUS service is readily available on a nat1onw1de basis;

thus, it is quite easy for anyone, even with only
limited programming exper1ence to utilize these exist-
ing APL routines.
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INTRODUCTION

A central problem with solar-thermal-energy conversion.

systems ‘utilizing focusing solar concentrators is the

- efficient concentration of an -adequate quantity of

‘diffuse solar energy into a sufficiently confined

space and the subsequent absorption thereof at the‘
desired, often rather high; operating-tempergtures.
Furthermofé,;these desired temperatures must.be_approp—
riately diétributed and maintained over a range of
power demands and environmental Qberating conditions

without exceeding local material design limitations.

The problems are similar in nature both for distribut- .

ed systems (wherein each concentrator has its own

absorber) and for central tower systems (wherein a

large field of concentrators utilize a single absorber) .

In addition thermal -energy storage may also be used to.
stabilize system operation in the presence of wide"

variations in input flux and output load. .

Extensive work was carried out by this author and co-.
workers(in'the.1960's (Ref . 1—9)'to develop4general '
mathematical simulation procedures to analyze vapioué
solar-thermal energ& conversion systems.proposed for,l
space=power systems, Almost all of thisvwork is. ;
directly applicable to the systemS»undér'consideration_

today. The primary uniqueness of this work is in the

FUNDAMENTAL PHYSICS OF CONE. OPTICS - L R

. realizations that we have an extended finite-sized

Py g

" source-and that the resultant radiation transfer must

be analyzed using cones,veither infinitesimal or fin-
ite, rather than optical ra&s“as‘the basic vehicle for
energy transport. Classical analytical optical proée-
dures primarily deal with information transfer and
resolution, not with the energy flux distribution in
the image of an extended séurce. Accordingly, proce=
dures. were developed for'ﬁsing finite-sized cones to
treat the-finite size of the solar source and there-
fore to calculate the energy flux distribution on any
arbitrarily shaped absorber surface, Direct analyti-
cal methods and their accompanying computer codes were
developed--methods that not only can be faster in com-
puter time than alternative Monte-Carlo ray trace codes
but also can offer additional valuable physical in-

sighté.

. These analytical methods include provisions for evalu-

ating the effects of both concentrator surface errors

- and orientation errors.  Moreover, a distinction is

made between the prediction of the performance of a

solar concentrator before it is actually built and the

.calculaticn of the performance of a solar concentrator

after construction. In the first case, before a solar

concentrator is éonstructéd,_only the most prqbable"




solar flux distribution can be predicted at aﬁy one
point in time. To do this, a statistical description
of the reflector surface contour (accuracy) must be
 used. This requires a priori knowledge about the sur-
face and must therefore-be'based on engineering- judg-

- ment.

After cdnstructiOn of a solar concentrator, the baéis
of the calculation of the solar flux distribution on
the absorber-surface is deterministic rather than
probabilistic. The concentrator is now a unique, exis-
ting entity from which the actual surface contour can
be measured. Only fhrough_a detailed measurement of
the surface contour and its optical characteristics

can sufficient information be specified about the solar
concentrator to allow a unique éimulation of its per-
formance at any given point in time. This is most
readily accomplished through the uée of various .types
of experimental ray'trace pfdcedures (Ref. 4). ‘There-
after, the calculation proceeds via the actual reflec-

tor contour rather than the hypothetical route,

MATHEMATICAL SOLAR SIMULATOR

The broad scope and generallty of this mathematical

-solar simulator can read11y~be seen from the following

outline of the available input parameters: A
- = i - T -
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Mathematical Solar Slmulator Input Spe01flcat10ns

1. Source Parameters
) A. Solar half angle
" B. Source type
1. Uniform
2. Limb darkenlng

II. Reflector.and Surface Parameters (including
blockage effects)
A. Arbitrarily shaped hypothetical reflector
surface
1, Perfect surface
2. Imperfect surface (statlstlcal errors
of all sizes)
a., One-dimensional normal distribution
applied to surface normals
b, Two-dimensional normal distribution
applied to surface normals
B. Actual reflector surfaces (as determined
by experimental ray trace procedures)

ITI. Orientation Parameters
Orientation errors of all sizes

Iv. Vignétting Parémeters*
Arbltrary shape, position, 31ze, and
~orientation of opening

V. Focal Surface Parameters ‘ .
Arbltrarlly shaped focal surface

* The term vignetting refers specifically to blockage
of reflected light by a cavity opening. This is in
contrast to the term blockage, which is used to
refer specifically to blockage (shadowing) of 1n01—
dent 1light on the reflectors -~ °
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The: fundamental equation that must be evaluated for a

given‘point (infinitesimal area) on a receiver surface

Joncentrator TLT tandy ""2’6 A VA

surface

where '
I/I = concentratlon ratlo for the spe01f1ed
A point (x N y/, z ) on the recelver surface
T-' = coeff1c1ent of reflect1v1ty of the surface

of the concentrator

N
h S
I

1nf1n1te51ma1 area of the concentrator

perpendicular to the principal axis of the

concentrator (i, e. the projected area) loca-

ted around the point (x , y s 2 )

'fD = the probablllty that the area’ at the p01nt -
(x s Voo 2 ) of the concentrator contrlbutes

" to the energy flux at ',y ,z’) (O<P‘1)

A = solar half angle

3”= angle between surface‘normal of receiving

surface (A+, B~ C ) and 11ne from
'A(x » Yoo 24 ) to rece1v1ng surface p01nt

(X:Y: ’)

« For a perfect concentrator, P takes on only two .
values-1 or O-depending on whether ; <o or X )a( /
respectlvely.' For an imperfect concentrator, P can

take any value between O and 1.

FUNDAMENTAL PHYSICS OF CONE OPTICS™ = . - 7]

/(: = distance frbmA(xv;‘y , Z ) to réceiving
surface point. (x , y ‘Yz ') |

‘4 = angle between line from (x » Vo1 24 ) to
receiving surface point (x y‘ A’) and

center line (central ray) of reflected

cone . '

‘direction cosines of concentrator surface

(/4,’-8;c")=

A
*Xt = angle between center llne(central ray) of

at (x » Yor-2Zg )

incident cone and the concentrator surface
normal at (x _,
T (x5 ¥, 2) |
This equation is exact for a uniform solar disk., An
energy flux distribution is obtained by evaluating
this double integral over the concentrator surface for-
z ’) and

» v (Ags s G2 -

Furthermore, it is not necessary to restrict ourselves

various values of (<’

to uniform solar disks; this equation can easily be

expanded to include Limb Darkening effects...




"A detailed description of this mathematical sdlar-
siniulator is beyond the scope of this paper; a more
complete description is given in Ref, 2-4. As can .
readily be seeﬁ, the outpﬁt of this simulation is the
energy flux distribution on a specified absorber sur-
face—fassumihg a specific definite orientation error;
such fesults must then be integrated over "typical"
operating days with an appropriate statiétical distri-
bution of orientation errors being folded into the

result.

The power of this mathematical solar simulator can

best be seen by examination of some typical results.

The importance of surface contour and orientation
accuracy can be easily understood by examination of

the incident flux distribution on a plane focal sur-
face perpendicular to the opfical,axis and’ intersecting
the optical'axis at'the point source focus. Let the
source be a uniform disk subtending a half.aﬁgle

of .,00465 radians (approximately 16 min., of arc). Let

6; = circumferential standard deviation of the surface
normalj

¢- = radial standard deviation of the surface nofmal

%Z = local concentration ratio of reflected light.

Multiplication of I by. the solar constant and

the coefficient of reflection results in the

PROCEEDINGS--SOLAR WORKSHOP
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. actual energy flux per -unit areé incident on a
given focal surface point;
P = polar orientation angle between the central ray
. from the sun and the optical axis of the reflec-

tors . )
= power concentrated in area77r2'as a

fraction of the total power refiected

from the reflector¥ ¥

*% Total power reflected from the reflector = (co-
efficient of reflection) x (total power incident
on the reflector); r dénotes- the focal plane

radius.

23
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Figure 1 shows the effect of surface contour erroré on
.the performance of a perfectly aligned- parabolic con-
centratof. 'Figure 2 shows. the effeéts of solar mis-
orientation on the performance of a parabolic solar
concentrator. with a perfect surface. However, since

no energy transformatibn occurs at this point in an
actual systém, these results, though valid for the det-
ermination Of')z'c':oliection can be taken only in a qué.l—
itative 'sensé for design purposes., These results show,
for example, the extreme sensitiVity of collection -

- efficiency to both surface and orientation errors.. The
random errors of the surface normals which are related
to concentrator fabricational techniques are most in-
strumental in spreading the reflected flux beyond a
fixed aperture in the focal plane. The flux spreading
duefté:misorientation is largely directional and can
-be’ compensated somewhat by automatic control of -the

concentrator and cavity locations,

1Either'a’one.or'two-dimensional,normaljdistribufiqnﬂof
surface normals is employed in this simulation to
predict the'most probable performance of a solar con-
centratofrbefore it is built, Other choices of erfor-
distribution functions and frames of reference are;
possible-and have been employed. For‘example, a ndrmal

distribution function can be applied to a scattering of

points in a focal plane (Ref. 4). Such a choice, how-

. ever, is a superficial approximation bearing no rela-

tion to the fabricated structure. For a distribution

- function to have any relevance to manufacturing proce-

dures, it must be appliedAdirectly to the surface nor-
mals; only the choice of distribution function remains

unanswered.,

: Cpnsiderable research has been devoted to establishing

the validity of the normal distribution as applied to
surface normals. While the question has not been
answered for all conceivable types of solar collectors,
those studied to date have been~found to possess sur—.
face error characteristies that are reasonably well
represented by a normal distribution applied to sur-
face normals, For example, experimental ray trace
data (Ref, 5) taken on the TAPCO S/N 4 reflector  and
reduced to Ty.'s and 0;'3 in tﬁe matheﬁatical solar
simulator is shown in Figure 3. This figure represents

the actual cumulative probability distribution blots

referred to a normal distribution taken about the mean

errors. The-data consisted of 5771 individual ray
intercept points measured by TAPCO's grid inspection
technique (Ref. 5). As would be expected from detailedb.

investigation over the reflector surface, the local

. values of'q;andG' can vary considerably from hub to rim

Y
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Figure 1. Surface error effects for a 60° paraboloidal solar concentrator
with~ perfect solar orientation; r= focal zone radius, R= coneentrator radius
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Figure 2. Oriéntation effects for a 60° paraboloidal concentrator with a
perfect surface contour. ¥), =% of energy collected within a circle of
- radius .01l centered about the principal axis. :
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and from azimuthal zone to another. For this TAPCO
reflector by sorting the data into a number of small

azimuthal and radial zones, it was found: that @y

ranged from 1.3' to 9.8' and ¢ varied from 1.0' to 4.8"', .

Y

As pointed out previously, useful quaﬁtitative results
from a solar coﬁcentrator simulation require a deter-
mination of the actual flux distribution on the absor-
berusurféce itself'(as opposed. to a plane focal sur-
face), This requires, in turn, that a barticular fo-
- cal zone surface be specified prior to use of the
mathematical solar simulator. Figure 4 shows the
distribution of incident solar flux on the walls of a
typical cylindrical cavity absorber with surface errors
as specified thereon. The sharp variation of flux
distribution on the cylinder is readily apparent and
suggests that radical means would be necessary in
cavity design to equalize the resultantvtemperature
and net heat transfer distfibutions if this configura-
tion is to be employed with a heat exchanger expecting
a reasonably:uniform flux distribution, The spherical:
cavity configuration shown in Figure. 5 obtains a con-
siderabiy more uniform flux distribution, The large
difference in flux level between -Figures 4 and 5 is
due to the-felatiyevsizes chosen for these_cavitiés in

obtaining these sample results and is not inherently

. -related to the cavity configurations.

SOLAR-THERMAL INTERFACES

- detail.

Fundamental to solar—thermalﬁenergy conversion systems
is a thorough understanding of the solar-thermal inter-

face.

. This mathematical solar simulator has allowed us to

explore in detail the appropriate interfaces between
various system components. For example, the concen-

trator/cavity-absorber'intérface has been explored in
Plane focal surface results have been used in

the past both as a means of comparing various concen-

“trators and for optimizing concentrator designs. The

validity of this approach, however, is rather dubious.

-This approach was based on the premise that the pre-

‘diction of the performance of the heat receiver could

effectively be isolated from the reflector. More spec-
ifically, ‘t was usually assumed that reradiation

losses from the heat receiver could be calculated as ‘

if the cavity opening were a simple gray bbdy.  The
" reflector deéign was then optimized~dn the basis of .

_this simple prediction of reradiation losses.

TAPCO S/N &4 is a2 5.0 ft. diameter 60° rim angle

paraboloidal reflector fabricated. from eight rigid

. aluminum honeycomb-sandwich segments.
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Detailed calculations of heat receiver performance have
shown that the assumption that the cavity opening .can
be considered as if it weré.a simple gray body is in-
correct; in fact, the reradiation losses for high temp-
erature cavities are usually muchAgreater than would

be expected from simpie‘gray and/or black body cavity.
concepts (Ref. 1,2,10). Thus, the optimization of the
concentrator design can no longer.be considered inde- .
pendent of the cavity; instead, they must be optimized-
as a system, Detailed calculations of the heat receiv-

er performance are essential.,

Now, in the detailed prediétion of cavity perforﬁance
another question arises that makes the usefulness of
plane focal surface results even more dubious. In or-
der to calculate the performance of the cavity,.it"is'
necessary to know the energy flux distribution on the
walls of the cavity. Before the development of this
~extended mathematical modél (Ref. 3); it wasAnotlposf
sible to calculate this energy flux distribution di-

rectly. Instead, it was necessary to take plane focal

surface results and make a crucial assumption about the-

directional distribution of the radiation entering the
cavity. The directional assumption ordinarily made
(Ref. 7,8) is that the cavity opening can be treated as

if it were a plane surface that emitted radiatiqﬁ ac-

"PROCEEDINGS--SOLAR WORKSHOP

~ analyzed (Ref. 1,10) and the results clearly indicate
“that Lambert's Law is in substantial error for both .. !

. perfect and imperfect concentrators.

cording to Lambert's Law (i.e., the cosine law). Thus,

the predicted energy flux on plane focal surfaces was

used--via ‘Lambert's law--to éalculate the solar energy

flux incident on the walls of the cavity. Clearly,
this type of -approach tends to isolate the study and

design of the.cavity from that of the refléctér, al-

though to a lesser degree than the simple gray cavity

approach. (An alternative assumption occasionally

- made is that the energy flux distribution on a spheri-

cal surface is uniform (Ref. 9). This can also be

“shown to be in substantial error - see Fig. 5). With

~ the development of this generalized mathematical model.

(Ref. 3) is was possible for the first time to inves-

tigate this assumption. Various systems have been

In fact, the

variations are often such that the use of this assump-

Ation for the design-of a system could lead to signifi-

‘éént_problems and/or failures. Figure 6 shows a typi-

cal flux distribution on the'walls of a cylindrical
receiver. The concentrator cannot be isolated and in-

depehdently optimized from the absorber; they must be

"studied as interacting components of a total system -

with the system being optimized‘from a total system

view-point.,

31



S - FUNDAMENTAL PHYSICS OF CONE OPTICS ~ S

#

600

H j—

60° PARABGLOIDAL REFLECTOR
R =1.0
O: =— G')'/ =0
CYLINDRICAL:CAVITY
| R = .03 '
c - .

R = ,006
open -

Dcollection

500

400
.90

300

LAMBERT'S

A — LAMBERT'S LAW

200

100

-O_.'  SENECELE SR L‘. 1 \ L - ——— [ L . -nv 1; L V J L 1 ’
03 06 i .09 /‘12 o150 18 .03 %200 .03 x 0,03 x 0
CHMd =1 | Lld = S ML =3 A ='-1 . A/d=2 L/d = 3

Figure 6. . In01dent energy flux on the walls of a typlcal cylmdrlcal cav1ty for a 60

parab0101dal reflector with U‘ G'Y 0.



The next step is the simulation of the cavity absorber

system—-the intermediate link in the energy transforma-.

tion between the solar concentrator and the conversion . |

subsystems. Its interface with the solar collector is
the solar flux distribution on the cavity wail, as de-

termined above, while ‘its interface with the conversion

subsystems is taken at the same physical surface and is

described by a specification of the net local heat
transfer rate as a function of cavity wall (interface)

temperature.

Because of the many variables breSent in the specifica-
tion of a cavity configuration, a cavity absorber does
not readily lend itself to a generalized design anal-

ysis. To date, only specific geometries have been ex-.

plored. While it is not appropriate to go into speci-

‘fics in this paper, the results and experience that

have been obtained clearly show that the cavity can be
a major design problem (Ref. 1,9,10); a very detailed .
cavity analysis must always be made in order to estim;
ate cavity performance éccurately. Furthermore, éince
the incident flux distribution on the cavity wall is a
function of the actual concentrator configuration used
and since the cavity wall temperature distribution is

a function of whatever connects to the cavity walls

(thermal energy storage material (Ref. 9), heat exchan-
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ger, etc.,) the cavity cannot be studied and optimized ...

independently. A total systems. approach must be utili-

.zed,

As readily apparent, this solar simulatdr‘is not re-

.stricted to ‘paraboloidal concentrators with cavity

receivers. It is fuliy applicable to various central-
receiver systems with the appropraite inclusion of.
shading and blocking effects in the definition of the
concentrator surface. It is alsc applicable to various
distributed systems - e.g., line-focus spherical con-
centrators (Figure 7 shows the solar flux distribution

of a spherical concentrator line-focus system - Réf.ll)

MATHEMATICAL SIMULATOR STATUS

The mathematical solar simulator described herein was

originally made operational as large FORTRAN IV pro-

grams., More recently the original optics programs

‘have been rewritten in APL on the APL-PLUS Scientific

Time Sharing Corporation System, As a result of com-
bining the power and versatility of APL with these

direct analytical methods, an extremely powerful and

_versatile interactive mathematical solar simulator has

‘been created,
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Figure.7. Incident solar flux dis:zribution. on the surface of a conical absorber

from a perfect 60° 1ine focus spherical concentrator. R = 1.0 ; the paraxial

focus is at z = 0.5. Note that the-.conical absorber is the minimum sized surface

. that can be used to reccive all the reflected solar energy; the half-angle of
e cone is the same as that of the sun. :




APL-PLUS service is readily available on a nationwide

basisy thus, it is quite easy for anyone, even With,
only limited programming experience, to utilize these
existing APL routines -~ without the numerous difficul-
ties inherent in making large programs operative-on

different compﬁters.

CONCLUSIONS _

The design of a solar-thermal energy coqyersion system
depends on a fzrge.number of parameters that relate to
the characteristics of tﬁe solar concentrator and the
absorber, Some of these parameters afe,readily»amen—

able to experimental determination; others are not. A

balanced experimental-mathematical simulation procedure. -

for the solar-thermal subsystem has been described.
This procedure has been démonstratéd to be capable-of'

quantitative evaluation of the variables critical to

-the design of a realistic solar-thermal energy conver-. .

sion system,

The basis for an actual system design cannot be inferr-.
ed from the specific results presented in this paper.
These results have been presented solely to illustrate
the power of the tools'now available and to. indicate
problem areas which mustibe‘subjected to a thoroﬁgh

parametric investigation for any proposed design., Fur-.

PROCEEDINGS--SOLAR WORKSHOP

thermore, once a design is obtained and reduced to
practice, these same simulation tools can.be used to

evaluate the performance of the hardware.

A mathematical model for analysis of actual solar con-

-_céntrators'has been developed., This solar concentrator

model is truly a mathematical solar simulator; thus it

is a necessary and indispensable tool in any realistic

'systems study involving a solar concentrator. .Because

of the broad scope and generality of this model and the
ease of availability through the nationﬁide Scientific
Time Sharing Corporation APL-PLUS Network, its perfec-
tion now provides the solar-thermal energy conversion
systen designer with tools that have been heretofore
unavailable. Its use can lead.to substantial econom-
ies--both in time and in money--in the design, con;
struction, and testing of solar-thermal energy conver-

sion power systems.,’
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IMAGE GENERATION FOR SOLAR CENTRAL RECEIVER SYSTEMS

77004

|
Michael D. Walzel
Solar Energy Laboratory
University of Houston
Houston, Texas
ABSTRACT

Computer programs developed at the University of Houston
Sb]ar»Energy Laboratory involving the calculation of
images formed by heliostats comprise an integral part of
the system simulation, obtimization'and design phases
for ‘the so]éf-tower’method.df Solar energy collection.:

Four subroutines are currently available. The kqutines

vary in.method, capability, -computer time requirements,
and accuracy. ‘ ‘ ‘

Two subroutines can simulate flat polygonal reflectors.
A subroutine called FLASH provides an exact analytic
result for reflected sunlight} The sun.is represented .
by an analytic function, and an integration is performed

 PROCEEDINGS<-SOLAR HORKSHOP

over the visible portion of the sun as viewed from sel-
ected nodes on an image plane. HCOEF is a subroutine

: uti]izing.Hermite‘po]ynomia]s.resulting in an analytic

function for the image which may be evaluated at any
point on the’imége*p]ane. ‘The Hermite function method .
is mu;h\faster;.but']ess accurate than FLASH. '

Two other subroutines canihahdle arbitrary ref]ecfor
surfaces .and boundaries. -Initially a set of central
rays . from the sun.is traced to the image plane for a
SUNCONE
places a solar image of correct ‘size and power at each
ray's impact point. This neglects the size of the
mirror e]ement’Which the ray represents. - HFOCUS, a
modification of HCOEF, uses the same set of impact

selected set of nodes in the mirror surface.
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points: to: find moments for the mirror as required by
the Hermite function method. The moments of the image
- approach their analytic values to an extend dependent

upon.the number of traced rays.

1.0 INTRODUCTIQN - IMAGE GENERATION FOR SOLAR CENTRAL"
RECEIVER SYSTEMS

Fortran subprograms which calculate the flux of sun]1ght
from a heliostat on an image plane comprise that port1on
of the system simulation package known as image genera-

tors. Nested within lToops of the calling program; YEAR,
these 'subroutines can be called to compute f]uxﬁfof any

heliostat Tocation for any time of the year. Coupled

with associated subroutines, image generators provide

_interception. fractions, aiming strategy, and flux maps
on a receiver. These outputs are necessary for the sim-
~ulation, optimization and final performance data needed

to design and characterize a so1af'¢entra] receiver

system..

Four'Sprrograms named FLASH, HCOEF, SUNCONE and HFOCUS
are available for constructing images.  The calling
structure is devised so that either FLASH, HCOEF or
TRACE can be called from YEAR.

J.

TRACE is a ray tracing

‘sun, heliostat and image plane.

" of the receiver.
“tines is to take the intermediate image plane step to

‘tracing subroutine which calls either SUNCONE or

HFOCUS.

A conf1gurat1on common to a11 the image generators and
every image generated is the relationship. between the
(Figure 1) The unit
normal at the origin of the heliostats' reflecting sur-
face, w bisects the angle between a central ray of the
sun, So’ “and the optic axis, ro. ro is a unit vector

“oriented along a line from the center of the heliostat

to the origin of the image plane. The orthogonal unit

vectors u and v lie in the plane of the helijostat while

(x,y,ro) orients the image plane.
ro’from the heliostat ta the image plane is called the

The distance along
slant range.

The origin of the image plane is located at the center
The philosophy of receiver subrou-

allow several receivers to be studied from one set of
images. The points on the reeeiver,which require a
flux evaluation are projected parallel to the optic
axis to a point in the image plane. The value of that
flux multiplied by the cosine of:the'ang]e of incidence
on the receiver results in an adequate eya]uation of

the receiver flux since the distance of the prqjection '




Figurs 1. Shows the geometry of theé image-
- forming process. (Q,¥,%) is the
orthonormal triple associated
IAAIN(BEE S with. the plane of ‘the heliostat.
, . , (%,9,8) is the orthonormal triple
N ‘ ' - associated with the image plane.

vuo,v'o) -
HELIOSTAT

'PROCEEDINGS--SOLAR WORKSHOP" .
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- to the image plane is small compared to the slant range.

2.0 FLASH -

The method employed by FLASH is based upon an incoming "~

ray formulation (1). An analytic integration is per-
formed over -the visible_portipn of the sun in a flat
mirror as viewed from selected (x,y
(Figure 1) This is the solid angle interval:

F(x,y) = f(?o' r) R(x,y,?)dn.

plane.

F(x,y) is the f]ux at the point (x,y) in the image
plane. R(x,y;r )dQ represents the irradiance of the
reflected rays at the point (x,y) within the infinite-
'simal solid.angle do having a direction specified by
the unit VectorA;. r is the direction of a ray from |
a point (u,v) in the heliostat plane to the point (x,y)
under ‘consideration. If we let H denote the luminous
reg1on»(not shaded or blocked) of the heliostat, then
| | o oS(a), if (u,v) e H

-R(X*Y’T) =_ -0 , otherwise _
p is the coeffieient of reflectivity of the he]iosfat
“for sunlight... S(a) is a function describing a so]ar A
disc. -a is the ang1e measured from the center of the

solar disc, and therefore -

) points on an image -

(;‘O' ;) = CO0Sa )
aL is- the 1imb angle of the sun and we requ1re
| S{a) > 0 'y
S((_x) =0 if a > aL'

if a<a

.The f1ux,1ntegra1 then reduces to

F(x,y) = pfcosa S(a) da.

-The reg1on of integration is ‘taken over the intersec-

tion of the solar disc and the solid ang]e subtended
by the reflecting region of the heliostat plane as
seen from (x,y). o becomes the polar angle of an image
oriented spherical coordinate system (asd,r) with the
polar axis parallel to the optic axis ;o’ [f we make
the following substitutions, -

do cosa = d¢ da sina cosa

= 1/2 d¢ dv

where

y = (sinu)?,
the flux 1ntegra1 becomes

F(x.y) = /2 [do [dv S(¥

S(¥) is conveniently constructed as a polynomial in v.
S(y) f C; n

i= 0

We currently fit the solar disé with four constants 50




that N = 3 in the_summation.' The integrand is in a
simple form, but the region of iﬁtegration can become
quite comp]icéted; The boundary of the intersectijon
consists of circular sun segments and linear mirror
segments. A |
of the intersection requires more éna]ysis before coding
can take place. The reader is directed to References
(2) and (3) for further derivations concerning this

method.

FLASH has no I/0 through arguments of the subroutine.
Naturally, all references to the four image generators
This allows the
interchange of the subroutines without code modifica-
A1l I/0 is managed
through group common statements and there are no con-
stants to be initialized within FLASH.
1ist reveals the variables input through common state-

by the calling program are compatible.
tions in the calling routine.
The following

" ments: S _
1. Boundary vertices of the flat polygonal reflector
given as (u,v) points in the plane of the heliostat
2. Coefficients Ci for the solar brightness distribu-
tion ‘
Ambient direct beam solar intensity -
Orthonormal trip]eté (tower based'coordinate Sys-
" tem) for the unit vectors u,v and §,9

PROCEEDINGS~-SOLAR WORKSHOP

The handling of such arbitrary»configuratiohs-

in watts per square meter.

. 5. Slant range

6. Cosine of the angle of incidence at the mirror ‘

' plane . ' .

7. DELR, the step size in metefs between.(I,J) nodes

" on the image plane where a flux evaluation takes
- place B '

Thé output of FLASH consists of a matrix of flux values
This is currently a 21 x 21
square array representing nodes on the image plane.
(Figure 2). The array is returned to a receiver via a
group common statement where projections and interpola~
tions take place for the determination of receiver flux

values. The step size DELR varies for different loca-

“.tions in the heliostat field such that the angle- sub-
. tended by the array of nodes is a constant as viewed

from positions throughout the heliostat field. Since’

'n'distant'he1iostats have larger images than nearby he-

1io$tats, a constant DELR for the 21 x 21 array that

.does not allow a remote image to overspill the nodes
~would have much less information about -smaller images.

The variableée DELR corrects this situation.

© The limits to the capabiiities of FLASH allow only

images formed by flat polygons to be constructed and
allow only one mirror segment per call to be processed
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FIGURE 2

Shows a sample heliostat image. At 5.33 hours before noon on the 162nd day after
vernal equinox, the sun is almost exactly due east at an elevation of 12.87° for a
site at 35° of latitude.. At this early morning hour we expect a considerable amount .
of shadirig. We have selected a heliostat Tocation one-half a tower height north of
the -tower. The tower height is.110 meters, the slant distance to the heliostat
is 123 meters, and the,heliostat is an octagon of width 6.5 meters. The tabular data
is flux density in W/m®-versus x and y coordinates in meters. .

H
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as determined by the input boundary vertices. However,
the polygons may be any shape. If shading and blocking
occur, the boundary vertices are changed accordingly by
~the shading and blocking subroufihe. The resulting
polygoh can be quite different than the original.

FLASH is Capable_of integrating the flux from a uniform
sun, a limb darkened sun or a degraded sun. The choice
of suns is determined by the input coefficients to the
function describing the solar brightness distribution.
The degraded sun is formed by a fine numerical convolu-

tion of a guidance error distribution and a 1imb dark- :

ened sun.
the coefficients of S.

A least squares fit on this data determines
The image formed by broadening

the solar brightness distribution can represent a popu- .

lation of heliostats within a zone of the field, where-
as the image formed by the limb darkened sun represents
tne flux from one perfectly flat heliostat.:

.FLASH can also simulate flat canted segmented helio-
stats. Currently one image is generated for a square
segment representative of the actual segments of the

heliostat. This image is then shifted within the

receiver program according to the aberration associated

~with each segment. Shading and blocking on a particu-

Tar segment is taken into account by multiplying the

. PROCEEDINGS--SOLAR WORKSHOP

. pared-to the sun.

"a run time six times as long.
~-may not be worthwhile if the image is formed near the -
" focus of the segments with moderate aberrations and

. m

- intensity of the representative segment's image by the
fraction of the particular segment that is not shaded
- or blocked. - ‘

This approach can give an adequate approximation to the

image providing the segment subtends a small angle com-

An obvious modification to make is
calling FLASH for each segment and constructing the
image .exactly. However, six segments would. result in
The extra computer time

small segments. In this case the representation
approach for the segments may perform as well as the

exact model.

A detailed description of the tasks performed by the

" ‘code in FLASH can be obtained by examining a copy of

the FORTRAN source as well as a flow chart generated
by a processor on the currently available UNIVAC 1108.

"A-user's manual will also describe FLASH and other
" image generating subroutines when completed. The

genera] program structure of FLASH appears as follows:
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- D0 loops over nodes of the image b]ane-(I,J)

'DO_100ps over boundary vertices
[Summation of sun segments and mirror segments -

FLUX (1,d) is determined

END

The primary task of FLASH is to:fill the FLUX (I,J)

matrix with appropriate values of intensity (w/mz) and -

" return this information to a receiver program.

FLASH requires about 1995 msec of computer time on the .

About half of the
nodes on' the image plane represented by the 21 x 21

UNIVAC 1108 to generate one image.
array are non-zero. Nodes having a zero flux value
take:less time to process. An image will take more or

less- time depending upon the number of non-zero nodes

as well as the number of vertices of the mirror segment

and the extent of the complications at the-boundary‘of
the intersection 0f S and H. The overall time required
to generéte a set of 120 1mages'to represent 120- cells
or zones of the heljostat field is on the order of 270
sec or about 4% minutesﬁA Printing of . the: flux matrix
FLUX(I,J) cah be suppreséed to save some time in the.
overall program execution. '

o

o -

- The accurécy of FLASH allaws its use as a norm for

other image generators invo]Ving'flat polygonal reflec-

tors. There are no internal variables or switches to

~ extend the accuracy of the result. However, any node

where flux is evaluated would have the following
errors. The analytic fit on the choice of sun, be it
uniform, 1imb darkened far degraded,.has some error.
There is also no stereographic projection from each -
(x,y) flux point when shading and'blocking occur.
These projections are taken paralle] to §0 and ;o’
respectively. These errors, of course, are not the
fault of the mathematical methods employed in FLASH,
but are limitations on the model used to represent

image- formation.

3.0 HCOEF

"HCOEF is a subroutine whiéh.uses a Hermite function

expansion (4) at the image plane to represent an jmage.
In order to make such an expansion, toefficients must
be calculated to the desired order for the Hermite
polynomials. This is the task performed by HCOEF.

This allows an analytic function, F(x,y), to be evalu-

. ated at any poirit on the image plane for the appropri-

ate flux. In contrast, FLASH results in a nodal
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representation of F(x,y) which must be "{nterpolated for
flux between the nodes. - o

The expansion in question is one of a conyolution inte-

gral. The convolution of .distributions representing

the sun, heliostat and guidance errors gives an excel-

lent representation of the image formation process. By

making a good approximation to the convolution, images
can be constructed which give good agreement with those
produced by FLASH.

The convo]ution‘intégra] can be written

F(x,y) = ff M(X],y]) S(x - IS A y]) dx]dy].
= M*S . |

M is the distribution at the image p]ahe that would re-
sult if the sun were a point source.

this is the projection of the heliostat onto the image- -

plane along ro. S is the normalized distribution at .

the image plane due to the reflection of the solar disc .

by an infinitesimal mirror.. A normalized distribution,
G, can be convolved with M and S to produce an image
representing a population of heliostats if desired. G-
represents the distribution of errors in the angle of -
reflection. In this case, F = M*S*G,

PROCEEDINGS--SOLAR WORKSHOP

For a flat mirror,

Each of the distributions has a set of moments defined

by the following:
uf,j = [f x'y? f(x,y) dxdy

whefe.f.is either F, M, S or G. The convo]utioh inte- -

.gral defining F(x,y) can be substituted into the monient

integra1-above for F(x,y). After a change of variable

- and use of binomial formula, the result is

Fooy T (m] [n) M S

mn 20 150 kf 11} "m-k,n-1 "k,
If G is included, result is
S A ][ I TN
MmN k20 120 i=0 j=0 kI L)L) " m-k,n=-T"k=-1,1-3"1,]

In this way, the moments of F can be obtained if the.
moments of M, 'S and G are calculated and combined. -

- The homents of F allow the calculation of the Hérmite

coefficients.  The expansion of F in Hermite polynomi-
als can be written '
o x° 4y

_ © ' -1 -
F(;,y)_;,mzo nzo Cp n(2mint) ™" He(x) Hm(y}-e 2
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- Due to the orthogonality of the Hermite polynomia1s, the

coefficients Cm n are given by

b

(x) F(x,y) dxdy

If the integration is performed term by term, each term |

is merely a particular moment of F.

The problem at this point reduces to finding the moments
of M,”S and G. If they are known, the function F(x,y)
can be constructed and evaluated in a straightforward
-manner.. S and G are rotationally symmetric distribu-
tions and their shapes are not considered to be func-
tions of time. Thus their moments can be precalculated
and are not. subject to change for different heliostat
shapes, different heliostat locations or different sun
positions. ‘M varies for all of the preceding occur-
rences.
calculated in terms of the vertices of its polygonal
bounddary which are projected to the imége plane paral-

lel to ro.

For a f]at mirror, the moments of.M can be

The following list reveals the inputs HCOEF requires.
A1l are introduced via group common statements. }

1. Orthonormal triplets (tower'based coordinate .
~ system) for the unit vectors u,v and ;,§

- a uniform sun.

2. Boundary.vertices of the flat po]ygonal
reflector given as (u,v) points in the pjane
of the heliostat

The number of bouhdéry vertices

Siant rahge '

Solar 1limb angle

Choite of sun, eTtHer uniform or 1imb darkened .
Ambient direct beam solar intensity |

0 N 0 AW

Size of the degrading function G given in .
milliradians for the one sigma point

There is an internal initialization of the normalized
moments of S and. G. This involves the calculation of
all moments in terms of their ratios to the second mo-
ment. - For S, this is done for a 1imb darkened sun and
This choice is controlled by a switch
variable. The size of these distributions is con- _
trolled by the input 1imb angle for S and the one sﬁgma
But the distribution of
probability in these functions remains the same when
standardized to their sigma, the square root of the

If the guidance errors change for the

point given in radians for G.

second moment.

“heliostats or if one requires a different distribution

of energy in the solar disc, the precalculated moments
of S and G will have to be replaced with the newer =~

.values.




_ The output from HCOEF at the present is just 29 coeffi-

cients for the pending expansion, which can be up to
sixth order, and for the image plane flux evaluation. -
The receiVer program accepts these in one group ‘common
statement and can then calculate f]ux-dt desired points
in the receiver after a projection along ;o to the
image plane. Thus the function evaluation takes place
in a receiver program. HCOEF has. no output to print, '

" but code controlled by a switch variable could be con-

structed to give image plane output on nodes, like
FLASH. The coefficients can also be stored in a perma-
nent file to be used with other receiver geometries if
desired. |

The restrictions on the capabilities of HCOEF are such
that only flat polygons can be processed ‘and only one
segment is treated per call. Like FLASH, HCOEF can con-
struct images for different sun models, various degrad-

ing functions, flat or canted heliostats with or without
shading and blocking. .Changing sun models is done with .
" the same switch variable that FLASH uses, choosing a

uniform or 1imb darkened sun. If a different 1imb dark-

ening function is required, FLASH and HCOEFﬂcan'adapt by
inserting new function coefficients for S(v¥) and -new mo-

ments for S, respectively. However, HCOEFAhas the abil-
jty to change the degrading function G by a simple-
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moment calculation and substitution. FLASH must employ

“a costly numerical convolution on each image, or a new
- degraded run must be constructed. " This involves a
"~ fine numerical convolution and least squares fit to -

require new coefficients for S(¥), a much more involved
and lengthly process than analytically calculating a

" few moments for G.

A possible modification of the HCOEF §ubroUtine would

be to call it for each segment of a canted heliostat.
Currently HCOEF deals with a representative segment as
does FLASH.  HCOEF is many times faster than FLASH and
such a modification might be feasible. Another possi-
ble change would be to construct the input boundary
vertices so that all segments of a heliostat have their-

- moments calculated together. This would result in one

set of Coefficients per heliostat for the receiver
routine to handle rather than a set for each segment.
This would result in a savings in time when one wishes
to deal with each segment individua]Ty.

The general program structure looks Tike the fo]TowingA

“when compared with that of FLASH:
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DO- Toop over: boundary vertices

[Ca]cu]ation of the moments of M
Calculation of the moments of S and G
‘Combination of moments resulting in moments of F
Calculation of corfficients from the moments of F
END

Note there are no loops for the (I,J) nodes of the image
“plane as-in FLASH, only the loop over the boundary ver-
tices. .Also, the combination of moments by the quadru-
ple sum shown earlier is.coded explicitly without sub-
scripts. The rotational symmetry of S and G make many
of their moments zero, and coding the combination with
subscripts and loops would result in many multiplica-
tions'by zero. These two characteristics: of HCOEF
increase. its speed and efficiency of word usage.

" HCOEF requires an average of 17.2 milliseconds of compu-
ter time on the UNIVAC 1108. This is for coefficients
only, not for function evaluation or image prints. A
-set.of 120 images would therefore require about 2;06
-seconds.. The.overall program execution usually takes 30
to 40 seconds. The extra time is spent in the associa-
ted programs which result in receiver flux maps, inter-

ception fractions, contours of data, aim points, etc.-

| e '

-when using HCOEF (4).

- slant range varying from 300 m to 1300 m.

 order expansions were prcduced.

Notice that images created by FLASH that cover a
majority of the nodes in the image plane will take

longer than images which cover fewer nodes. HCOEF, on

-the other hand, will take same time for either case.
‘More time istaken only if a finer node structure is put

on the receiver, and this isltime-required of the re-
ceiver program, whether HCOEF or FLASH is used. Of

. course, more boundary vertices will increase the run

time for HCOEF, but FLASH also has a similar loop.

Figure 3 reveals the kind of accuracy one can expect
The peak flux error of HCOEF
compared with FLASH is graphed versus slant range. A
square heliostat 6.1 m on a side was used with the
Different
amounts of degrading were employed and fourth and sixth
Our typical degrading

‘function G has one sigma value of 3 mrad and is a

gaussian function. Sixth order expansions are used on

| all runs. HCOEF can therefore claim a 2% maximum error

in peak flux. Usually the greatest error occurs at the

peak of the image when HCOEF is used, and thus other

regions of the image are better represented.

"Proof of this comes when interception fractions are

compared to those of FLASH. A .2% maximum error occurs
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for interception fractions in the range of -.800 to .999.
This is because the expansion in orthogonal polynomials
- works in the we1ghted least squares sense, and for

et _____JL_

Hermite polynomials, the weight funct1on i$
' 2

This weights the periphery.of the image more
than -the central region resulting in good interceptjon
fractions and poorer peak flux estimates.

The flux profile on a receiver should not have errors

worse than 2% since a great number images are projected
to the.receiver. The high and low estimates of many
projected images shou]d tend to cancel out and make

the error much less than 2%.

Figure .4 reveals two things that can be done . to increase -

the accuracy of HCOEF. The amount of degrading can be
This tends:

to make the image more gaussian like and the density -

increased with a gaussian type of function.

function of the.Hermite polynomials is gaussian. The

approximation is thereby bettered. However, if the

“simulation does not call for increased degrading or if

the function G is not gaussian in nature, the order of
the expansion could. be increased for more accuracy in
the image. Of course, more accuracy would cost.more

computer time.

" image plane are the same length.

"the image plane by a subroutine named TRACE.

pact points on the image plane.

The HCOEF model has the same limitations as FLASH in

‘that shad1ng and blocking is considered paraxial to

and ro respectively. Also the convolution assumes

0

- all central rays of the sun from the heliostat to the

These errors are
Timitations to the model ahd cannot be improved by
increasing the order of the. expansibn or the amount of
degrading.. However, they have only a minuscule effect
on the results and can be ignored in practical app11- :

cations.

4.0 SUNCONE

A third subroutine used to calculate solar flux at the
image plane is called SUNCONE. Central rays from the
sun are traced from elemental areas in the mirror to
-SUNCONE
is ca]]ed by TRACE to progect solar discs about the im-
‘The flux is then eval-
uated.at specified points )nvthe image.plane producing

. a nodal representation of the fTuans FLASH does.

:'F1gure 4 shows how the f]ux of a flat mirror might be

represented by SUNCONE. The boundary of this projected-
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mirror ié-a paralielogram. - Because the mirror is flat,
the regular array of nodes in the mirror results in a
regular-pattern of impact points on the image plane.

However, there are not enough rays traced in this par-

- ticular schematic to give a good representation of the -

flux. The solar discs are about the same size as the

‘projected elemental areas of the mirror. The idea is

to have the elemental areas very small compared to the

projected solar discs. In this way,»the elemental area

can be neglected in the image formation process.

The flux F(x,y) can be evaluated at any point on the. .
image plane using the following equation.

N S
F(x,y) = axay cos i pIo Y S(x - Xio¥ - yi)

i=1
axay - =- elemental area of the reflector
cos i .= cosine of ‘the angle of incidence of
sunlight at the mirror plane-
p. = reflectivity of mirror surface .
Io = ambient direct beam 1ntens1ty
S = distribution of power in a solar image
x1,yi =~ position of 1ED-centra1 ray traced to
image plane '
"N = number of traced rays

The same coefficients derived for the sun for use in

. In the present design,

* ‘group common statement.

FLASH can be used to construct a po]ynomié] in r for
the distribution S. C
S =A+Bré+ crt o+ pro

“r is the distance away from the center of a projected

solar disc at the image plane. Of course S is zero if

r > r,, where r, is the radius of a solar disc at the

image plane.

The following 1ist reveals the inmputs to SUNCONE, all

.. of which are made-through group common statements.

1. Solar limb angle (choice of true limb angle
or degraded sun's limb angle)
-Slant range ' R
Traced rays (Xi’yi)
Elemental area axay .(all are presumed to be
‘the same size, but they could vary)
Cosine of incidence ahgle

- 6. Ambientidfrect'béam,intensity

Reflectivity of mirror

the coefficients of the function
S representing the solar disc are initialized internal-

1y. However, these could also come to SUNCONE via a

This wdu1d stabilize the code

. by not requiring editing and compilation'oflthe source

when various sets of coefficients for S are desired.



SUNCONE has no output fo print at present although the

v cal]ing'prograijRACE_can write the matrix of traced
rays (x;,y;). YEAR, which calls TRACE, can also write
a flux matrix like that of Figure 2. SUNCONE outputs
this FLUX (I,J) matrix, just as FLASH does, to a re-
ceiver program for subsequent projection and—interpola-.
tion to determine receiver flux patterns. FLUX (I,J)‘ |
can also be se to permanént storage for later receiver
work if desired. '

SUNCONE has the added capabi]ity of dealing with dished

or curved reflectors whereas FLASH and HCOEF could han- .

dle only flat polygonal mirrors. Canted segmented he-
liostats with or without dished segments are also within
the capabilities of SUNCONE. SUNCONE is still in a

" developmental and changing stage, and needs to have
shading and blocking included. This can be done by
de]etihg the appropriate traced central rays from ele-

mental areas affected by shading and blocking.

Another_possib]e refinement of SUNCONE would be to re-
quire that the solid aqg]e subtended by an elemental
area as seen from the imége plane always’ be in a certain
proportion to the solid angle of the sun or degraded
sun. This would insure an image of-adeqUate quality

regardless of the s]ant'range. This would mean that
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. remote heliostats would require less traced rays while

nearby reflectors would require more rays. Thus the
number of rays traced would be proportional to the

4reciproca1 of the square of the slant range. -Once the

ratio. of run size to elemental area size was defined
for a qUality image, comparably accurate images for
any slant range could be constructed.

The general program structure of SUNCONE appears as -
follows: | '
Initialization of constants
~ DO .loops sampling traced rays
Restrictions for following loop parameters (window)
DO Toops sampling image plane nodes ’
Restrictions on S, i.e. S =0 if r > s
Evaluation of FLUX (I,J)

END

Sampling a great many rays and image plane nodes -can

~ greatly increase the run time for a particular image as
the structure above reveals. Thus .the programmer must
pay for increased-accuracy with increased run times.

,CUrrent]y SUNCONE requires an average 2700 méec compu-

ter time per image. This image is constructed with 121
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~'rays ref]ected off a square he11ostat w1th an 11 x 11
.square array. of nodes centered. in elemental-.areas 1/121
times the area of the heliostat. The 21 x 21 image
plane array has more than ha]f of the flux nodes greater
. than zero.
not the ray-tracelsubroutine TRACE which requires so
‘much time, but the loops. around the»functionveva]uation
in S in-SUNGONE.- Both SUNCONE and HFOCUS are timed in-
'c1ud1ng the TRACE subroutine to arrive at the averagé .

As will be shown in the next section, it is

CPU.time-per*jmage. Overall, program execution has not
been run at this time since SUNCONE is still undergoing
modifications. However, due to the time required for .
one~image, image, we expect run times comparable to or
'greater-than.that that of FLASH, i.e.

120 images.

>:270 seconds for-

As with most ray tracing-routines, :SUNCONE seems.to be
‘costly .in CPU time requirements.
simple program, and increased accuracy .is simple to
obtain by merely tracing more rays.. This,seemsfto be
the Timiting factor in'fhe use of a ray-trace routine.
Accuracy is good if enough rays are traced,zbut enough
.rays may be too many when CPU‘time-and costs are con-
sidered. : ‘ -

' ‘|'ii.i  |

arbitrary shape via a ray trace.

. stat -and ‘is zero outside.

But it,is‘an extremely.

5.0 HFOCUS

HFOCUS fsia sdbroutine uﬁing the same4methdd${as HCOEF,

but now the method is extendéd to ndn-f]at?mirrors’of

The moment acquisi-
tion for M is based on a ray trace rather than on the

projected boundary vertices of a flat polygonal mirror.

As shown befofe,-the momehts of M are obtained using
the equation '

ff M(x,y) dxdy.

For a flat mirror, M is just the ambient direct beam
intensity inside-the projected boundary of the helio-
; The integral needs to be
done only over the non-zero portion of M, so a conver-
sion is made to polar coord1nates and the integral is
done by 1ntegrat1ng from one boundary vertex to the .
next in a counter-clockwise direction. Each moment
can'be constructed in terms of the boundaryvvertices
of M. ‘

Dished reflectors cannot use’ the above method. M is

_the distribution at the imagg piane if the sun were a

point source, and for a curved reflector is no longer




a constant inside the projected boundary and zero out- .
side. Therefore the traced central rays of .the sun are
used to construct the momehts of M.

becomes
N ' o
M k1o
Mg, 1 ° 121 Xj ¥i Mxpoy) axgay,
xi;yi are the coord1nates of the 1£ﬁ ray at
‘ ' the image plane
AX; Ay, is the projected elemental area repre-
- sented by the 1§b-ray
M(Xi’yi) is the solar intensity reflected by the

elemental area
N is the number. of rays

M(Xi’yi) AxiAyi

tal areas are taken to be equal and the solar intensity.
is the same for all elements, the moment integral can
be written - ' '
N ;
M k]
M, q = M oaxay _Z‘ X3 ¥
: i=1

Since M is required to be normalized for the moment
.combination with S and G, the moments of M become simply

k T
L

2|—

o~ 2

M
ks i0
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represents the power reflected.
reflected by the elemental area, and if all the elemen- .

Powers of the x,y coordinates of each ray result in
" the moments of M.
The moment integral. .

If the elemental areas_afe not all
equal, the ax;Ay; would stay within the summation and
weight each ray according to the area it represents.

The fo]lowing']ist shows the inputs required by HFOCUS.
1. Orthonormal.triplets (tower based coordi-
’ nates) for mirror plane unit vector u,v and
image .plane unit vectors 2,}.
2. X355
~ image plane
3. - Slant range
Solar limb angle and sun choice (uniform or -
1imb darkened)
5. Ambient direct beam solar intensity

impact points of traced rays at the

6. Size of degrading function .
Just as HCOEF, the moments of S and G require initiali-

~zat10n within HFOCUS

The'outputs'from HFOCUS are identical to those of
HCOEF.
via a group common so the Hermite function expansion

The 29 coefficients go to a receiver program
can take p]ace‘for the evaluation of F(x,y). These
coefficients can go to permanent storage to construct
HFOCUS has no out-
put to phint at this time, but image plane output

flux on other receiver if desired.
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‘similar to that in Figure 2 could be an option on a
switch variable. TRACE, which calls either HFOCUS or
SUNCONE, can output the métrix of xi’yﬁ traced ray
coordinates to print for inspection. -

The range of capabilities of HFOCUS is the same as
SUNCONE in that HFOCUS is able to handle-flat helio- -
stats, canted segmented heliostats and dished helio-
stats. The possible modifications of codes are the
same as SUNCONE. Shading and blocking should be in-
cluded, and a variable number of traced rays should be
considered such that the angle of the elemental area of
the mirror remains constant and in a.certain proportion
to that of the sun.
to be applied to TRACE, but they affect HFOCUS and

SUNCONE.
' The general program structure of HFOCUS is as -follows.

DO loop over traced rays
[Ca]cu]ation of moments of M
Ca]cu]ation:Of moments of S and G
Combination of moments resulting in the moments of F
Calculation of coefficients from the moments of F -

END - : : ,
-The structure is identical to that of HCOEF except the

| ’. I..--

These modifications are really ones .

Toop samp]és traced rays instead of boundary vertices.
“Since there are-many more rays than boundary wvertices,

the run time-is expected to be somewhaf,Tonger for

. HFOCUS than HCOEF. "

HFOCUS requires an average of 64.3 moré per image, or -

about four times as much as HCOEF.  This run time in-
cludes the tracing of 121 rays. Since these are the

_same.rays used by SUNCONE, ‘the conclusion is that -the
2700 msec required for a SUNCONE image is indeed used -

by the SUNCONE. subroutine and not the TRACE subroutine
which calls it. Since the TRACE-HFOCUS combination is
fairly fast, the number of rays could be increased in

TRACE to give better estimates of the moments of M - .

_’whi]e still being CPU time efficient and cost effective.-

. Since HFOCUS is four times slower than HCOEF, a set of .
120 Hermite.image»coefficiént5<representing a heliostat .
field could Be-genekated in about eight seconds. This
_has not been .done yet since further modifications and

developments of HFOCUS are taking place.
all program execution involving all the associated sub-

However, over-

. routines should take on the order of 40 to 60 seconds . .
j,bqsed upon the run times encountered when using HCOEF.

The accuracy of HFOCUS has not been determinedAto the -



same extent as HCOEF, but two types of comparisons are
possible. Flat heliostat images ‘can be compared with
FLASH and dished heliostat images can be compared to-
'SUNCONE in the following way. An image from SUNCONE
and HFOCUS can be constructed for a particular number.
of traced rays.

for an increased number of rayS‘and.compared to the pre- -

vious images. This technique is analogous to doing a
numerical integral and subsequently decreasing the step
size until the result no longer changes significantly.
In this way HFOCUS can be compared to SUNCONE after they
both réach a point where adding rays does not alter the
image significantly. Of course, SUNCONE should be a-
very accurate representatidn of the image at this point,
and considered the standard image-just as FLASH is con-
sidered standard for flat heliostats.

Thére are two wayé tp.increése the accuracy of HFOCUS;"

" "The number of'traced”rays can be increased and the order.

of the Hermite function expansion can be increased. In-
creasing the order of the expansion is much easier in
HFOCUS than in HCOEF since the moments of M are essen-

tially powers of ray coordinates. fIncreasing the order -

of expansion in HCOEF involves some long tedious analy-
tic calculations to set up the moments of M in terms of
the boundary vertices. '
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Then the same images can -be constructed

~tation of the image.

. For the reasons given above for ease in increasing the
. accuracy of HFOCUS and the.difference-in speed between

SUNCONE: and HFOCUS, HFOCUS seems to be the most likely

‘candidate for everyday use in construction of fmages due
“to curved glass.  Another reason for optimism is that

focusing. tends to decrease the relative size of M at

the image plane -resulting in a more accurate represen- -.
S and G then become more dominant
in the convolution. The image therefore tends to be-:
come more like S*G which is much easier for the Hermite -

funétions to fit:than the flat-top distribution of M-

. for a flat heliostat.
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* THE RECEIVER PROGRAMS ..

- Fred W. Lipps
Solar Energy Laboratory
University of Houston

Houston, Texas

ABSTRACT

The CYLN subroutine is designed for the MDAC external -
cylindrical receiver, but is typical of receiver pro-
grams. It generates a set of receiver nodes.
,f1e1d subject to a var1ety of options concernlng canted
| heliostats, shading and_b]ock1ng, aiming strategy, and
choice of image genérator.
density map and the various interception factors, etc.

1.0 INTRODUCTION

. Many different'receiver'types can be considered for the

PROCEEDINGS--SOLAR WORKSHOP

‘Secondly,v-
it 1ncorporates the f]ux from each cell 1n the collecter

Finally, it outputs the flux:

~ However, currently,
"date versions.

77004

central receiver system. There are external (i.e. con-

‘vex) types, cavity (i.e. concave) typeé, and for each
.- of ‘these we can-have a north fie]d, or an all around
© -field.

»honeycbmbs, and various cavities with planar or non-
’ p]anar apertures.

Concave types include star bodies, pagodas,

.We have studied the following cases:
1.;~-Truncated Sphere | '

~ Crossed Planes with Flat Top

N-Prong Star Bodies '

Cylinders with Base and Stem

24 Panel Cylinder - CYLN '

Inclined Flats and/or Aperture

7. ~ True Cavities (in fufure)

o B ow N

only CYLN is available in up-to-
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The CYLN subroutine is utilized in thé_program-environ--

INPUT

_ments as shown in Figure 1, which shows the structure
of system simulation programs. -CYLN has multiple entry , ’ l{
points as shown in Table 1. _ S YEAR - |
Table 1. Multiple Entry Structure of CYLN ' ' ' - ANNUAL
, _ T . SUMMARY
CALL CYLN1 Generates Receiver Nodes l : . Etc

AR oy ngaA) [T = CMRECH CONTUR T
CALL SAB - Shading and B]ock1ng (He]xos ) ' ' - o -

CALL FSEG Shading and Blocking "(Segs.) FIELD , :
CALL ANAINT Image Generator SAB : - .. PANPOW
CALL CYLN,  Incorporates flux from given cell in-- - FSEG : ' TRIM

collector field .. HCOEF - RELPOW
CALL'CYLN3:' Outputs Flux Density Map, Interception CYLNZ -~ SUMIT
Factors, Aims, Aberrations, FSEGS | o l ' ~ SAB
Panel Interception File '
' (FLUXES) FIELD
: _ COAIMS) CONTUR
2.0 TASKS PROVIDED BY THE SECOND" ENTRY ’ (INTERCEPTS) ‘ | T
. A 4 . S o | (PANEL) - > YEAR
1.. Optional Ray Trace for Canted Flat Heliostats . . o C o
' Location'of“Segment Centers requifed. . - ‘  R .‘ A e t }
" Choice of Focal Strategy is provided. - ' S 4 ' o " 'INPUT‘

2. Optional Use of Shading and Blocking Input
A. No.shading or blocking.
~B. Norma11ze total flux from cell by FMIRR or
FSEG factors '

 FiGure 1. STRUCTURE OF SYSTEM SIMULATION




C. . SAB ihc]uded in Image Data Input.
‘3. Optional Aiming.Strategy - '
A. No Aiming Strategy = Aim at Belt.
"'B. . 3 or 5 Point Aims fixed with respect to
receiver for all cells. ' .
C. H1 Lo optimum, aim for each cel], optimized
at Spec1f1ed time.
4. Calculates Cosine of Incidence and Absorption
Factor. - |
5. Evaluates Flux Density Contribution
A. Interpolation from Image Plane for FLASH
B. Polynomial Evaluation for HCOEF. |
" 6. Loads Flux Density and PANEL Intercept1on
Matr1ces Separately

The choice of aiming strategy is currently being pro-
vided by mapping in the appropriate CYLN version,
q. e. CYLN, CLYN3, CYL5, or CYLNZ which is the Hi-Lo

optimum. ~All other options are controlled by 1nput o
~variables located in the INPUT program.. See Table 2.

Table 2. Inputs for Receiver Model
ICYLN = 1 EQUALS 1 to CALL CYLN SUBROUTINE,
0 NOT

JTAPE = 1 EQUALS 1 TO -OUTPUT FILE FOR FINT OR

PANEL
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LIMB - =
INTEGRATOR
EQUALS 2 TO READ AIM FOR .CYLNSHRD,
© 3 70 WRITE AIM |
" NFLAT .= 1. EQUALS NUMBER OF SEGMENTS/HELIOS
“NCIRCL = 24 EQUALS NUMBER OF DIVS FOR CIRCUM-
‘ ~ FERENCE
IFOC- = 0 EQUALS 1 TO FOCUS, O NOT
Yyob = 1.0 FRACTION OF IMAGE RADIUS USED FOR
o " (HI) HI-LO 2-PT AIM
YON - = 1.0 FRACTION OF IMAGE RADIUS USED FOR
R 4 (LO) HI-LO 2 PT AIM
ALPHAD = .00466 DEGRADED SUN LIMB ANGLE FOR HI-LO
' AIM IN MRAD
HCYLN = 25.5  EQUALS HEIGHT OF CYLN IN METERS
RREC =

8.46 EQUALS RADIUS OF CYLNAIN METERS

,

3.0 SAMPLE OUTPUTS AND TIME INDEPENDENCE OF

INTERCEPTION |

Table 3 g1ves a 11st of CYLN outputs.
| " Table 3. CYLN Outputs
FIRST ENTRY ‘
Ce]] Structure in Rece1ver
Coordinates of Nodes

" EQUALS 1 TO READ IMAGES, 0 TO USE

Vs
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 SECOND. ENTRY .
Aberrat10n ‘Vectors
Shift - Up and Down for A1m1ng Po1nt _
Foreshortened Receiver He1ght and Image- Radlus
THIRD ENTRY ~
Summary of Shift Up
Summary of Shift Down
Summary of Image Radius
. FTux Dens1ty on Receiver
Day, Hour, Rec. Radius
Total Receiver Power, Average Flux Density,
Concentration Ratio
Panel Geometry .
Flux Density Matrix (See Figure 3.)
Panel Power Vector
Intercepted Power/Cell Versus Ce]ls (See Fagure 2.)
Fraction- of Beam Intercepted Versus Cells.
Panel File: Print

Figure.l shows the data transfer via the PANEL file
from;thé-initjaf interception run to the final.output
run for:an .annual summary of optimized system peffor;
mance. The initial run is usually made at equinox
noon, so- that the interception data'is-reléted_tb
“equinox noon conditions, however, we assume that
interception -is time independent.
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Contour of Fraction Intercepted.




FLUX DENSITY FCR 2 PT ATM TN W/M2 & UNTVERSITY OF HOUSTON

ON DAY 182 AT .00 HOURS FOR A RECIEVER RADIUSS  8.50

TOTAL RECEIVER POWER FOR 2 PT HI-LO ATM
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Figure 3. Flux Density Matrix
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-Heljostat aspect and various focal aberrations cause

time depehdent interception.. Shading and blocking also

causes time dependente; however, the main effect of
shading and blocking is included by the FMIRR factor,
which is evaluated for a good sample of times. The
initial run at equinox noon is made without any know-

]edge of the.collector field and hence the no shading o

and blocking option is necessary. The small amount of
shading and blocking which occurs at equinox noon will
‘cause overestimates and underestimates of the 1nfercep-
tion interception fractions. Heliostat aspect and
focal aberrations might cause a significant reduction
of interception at early and late hours. We have pre-
viously noted that this is not the case for the com--
mercial system with flat uncanted_heliostats; We will.

now present evidence that it-is also true.for the Pilot

plant, which has flat canted heliostats, assuming an-
MDAC cylindrical receiver. See Table 4.

‘Table 4a. Fixed Aims : ,
DAY HOUR ELEV  FINT Worst Cell
AE. 0 55.2 . 984%
$S. 5.70 15. -.003 -.070(1,6)
AE. - 4.78 5. .000 -.048 (1,6)
WS. 3.58 5. +.003

-.039 (6,7)
*Incremental values given below. '

-

Table 4b. Variable Aims
Worst Cell

DAY ~ - HOUR ELEV  FINT

AE. 0 55.2 " .984. .

SS. 5.70 5.~ .000 -070 (1,6)*
AE. 4.78 15. . +.003 -036 (1,6)
WS. . 3.58 15. . -.005 -032 (6.7)

~* 4+ Cases on eastside and - on west as expected for

sun in west.

- Large aberrations occur at-15° of solar elevation,

but they do not contribute significantly to the glass-
weighted. average interception factor FINT. This is a
consequence of the 360° field which always has some
cells with a good cos i and the tall cylindrical re-

- ceiver which can stand appreciable aberrations in the

vertical direction. Notice that the worst time depen-
dent losses occur in the north field. The fixed aims

case assumes that aims were optimized for equinox
- noon, whereas the variable aims case optimizes aims

continuously. Clearly, variable aims are better, but

impractical. -




_ THE SHADING AND BLOCKING PROCESSOR

Fred W. Lipps
Solar Energy Laboratory
University of Houston
Houston, Texas 77004

ABSTRACT

Shading and blocking events reduce the reflective effi-
ciency of a given he]iostat-due to interference by its
neighbors. Shading restricts the incoming rays and

blocking restricts the outgoing rays. The shading and -
blocking subroutine can process any number of events by -

updating the boundary vector of the he]ioétat.

- 1.0 INTRODUCTION

The central receiver system concentrates sUn]ight'by

deploying a large humbér‘of individually guided helio=
. states which are aimed at the tower top receiver. The -

PROCEEDINGS--SOLAR WORKSHOP

set of heliostats constitutes the collector field,
which acts as though it were a very Targe movable par- -
abola. However, the collector field is segmented and
can be regarded as-a Fresnel reflector. - As-in all
Fresnel,optica]~syétems,_we expect inferference be-
tween the<segménts; In this case, it is reasonable

to call this‘interférence shading and blocking.

Shading,occurs when a neighboring heliostat intercepts
a ray incoming to the shaded heliostat. :

Blocking occuré when a neighboring heliostat intercepts-
a ray outgoing from the blocked heliostat.

Shadithand blocking brograms have been increasingly
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sophisticéted and are now applied in a variéty of
program- environments.

Historical Development’

Rectang]eév : ( RECT)  See Reference 1
Regular N-gons  (( SAB)  See Reference 2

" Polygons - ( BOOL) in planning

Program Environments (See Figgré 1.)

. YEAR.  SAB CONTUR.  for output of fractions.
~ YEAR. SAB- FSEG HCOEF . YLN2 for
output of flux densities and Interception.
YEAR SAB FLASH for exact images.

RCELL SABR PLOTo for optimized field.

~ LOSS SAB¢

SeerReference 3 for a brief description of programs.

Shadingrand'b]bcking processors can be classified jnto'

two priméry.types: (1) for single events and (2) for
“multiple evehté.n'The LOSS program utilizes type {1).
Werére p?ﬁmarily'concerned, however, with;procéssors

for multiple events. Invoptimizéd geometry at midday,

- multiple-events are rare but can occur. On'the other

hand, for 1ow suns at startup and shutdown, mu]tip]e
. . events become very complex and cannot be ignored.

.

for LOSS fraction plots.

INPUT

!

- YEAR

!

CONTUR

FIELD

SAB
FSEG
HCOEF
CYLIR

!

(FLUXES).
(AIMS)

- (INTERCEPTS)
- (PANEL)

:

ANNUAL
- SUMMARY

Etc.

PANl;w
TRIM

RELPOW
SUMIT
SAB

FIELD
CONTUR

!

—> YEAR

T

INPUT -

* F16ure 1. STRUCTURE OF SYSTEM SIMULATION -

...‘II....»
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At present we do not have a type (2) processor for
round heliostats, although we will be able to. handle

arbitrary polygons in the near future.- Historically, -

we have progressed from rectangles to regular N-gons.
to polygons. If necessary, rounds can also be proc- .
essed but the trigonometric relations will be slow.

Figure 2 shows some'typica1 events for rectangular
heliostats. These events can be classified by the
control variables as shown in Table 1.

Table 1. Looprontrol Constants 4 _—_ L
Centered Shading - Inn Ordinary Picture i’ ; . ‘ ' -1 b
KA KB KC KA KB KC — . T
3 -1 4 0. | I ] , J
120 2 Corner Bite : '
301 2 2 1 1 Edge Bite | | o
. 3 2. 2 0 Bigger Bite,
33 0 4 1 3 -2 et
5 2 4 -2 !
3 5 2 6 1 5 -4
When an event occurs, the first corner point to be o 'g ‘ ‘ o ' 1
recomputed is designated by the subscript K. The

number of corner points in the boundary is increased

‘by KC. After computing the new corners, control ¢ Figure 2. Typical Events for Rectangular Heliostats

‘reads the remaining old corners into the updated

~-PROCEEDINGS--SOLAR WORKSHOP S ' : : 69
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" boundary vectors SU{K) and SV(K) with'thé statements
SU(K + KA) = BU(K + KB), |
~and: ' o

. SV(K.+ KA) = BV(K + KB).

The above table shows that various types of events

~ require various combinations of the subscript controls.

KA, KB, and KC. This part of the program required
considerable effort to develop. The program is fast,
although not yet optimal. In some cases the boundary
vector contracts because KC<0Q. Fortran V.is somewhat
inconvenient because we require cyclic vectors, i.e.

BU(K + ICARN) = BU(K), | |
and

BV(K + IC@RN) = BV(K).

Figure“3‘shqw5'a typical event for an octagon, along
with most of the control words which are required.

-HoWever,.the lTogical structure is more complex in this .
case. The new boundary points required by this event .-

-“must be solved for, since they represent the.interséc;
tion of .rather arbitrary straight lines. In fact, the
solution for. the new points will be no more difficult
in the general case of poTygons.

The problem of polygons, however, becomes still more

'-sophisticated. One possibTe approach is suggested

below.

BOOLEAN PROCESSOR

- Given Polygons X and Y, Compute:

Z=XnYy
-Let o
| X = {(Xui’xvf)‘1'= 1,2,...Nx}
and similarly for Y and X.
Let )
X + Ay UTAZ"TP AM
where |
8 U Aj = 0 (area),
so that
= Zi U ZZ"'U ZM
where

Zi = 4 ny.

However, this will not be the most efficient approach
when many cases will have a null intersection. .

2.0 SHADING AND BLOCKING FOR REGULAR N-GONS

Most. of our current work relates to squares or octa-

- gons, and, consequently, the current SAB subroutines

e



~ are based on concepts which are reported in Reference 2. - field and is supported by a tower of suitable height.
: : | ’, o | E.  The Boundary Vector is .a set of points in the -
Table 2. Table of Contents for Reference 2 .~ - - plane of the heliostat which represents the vertices
1. Terminology . _ :  of a plane polygonal region. This region.is the
2. Purpose and Scope of Programs . . S 5"'effeqt1vé-1uminous region of the heliostat.
3. Task Structure Common to-Both Versions .7 F. - The Sky View seen in the reflecting heliostat
“4. - Heliostat Boundary Vector ‘ _ o ~ from a particular point in the receiver is limited
~ 5. The Test Procedure - -~ =~ ‘ : " by the neighboring heliostats. The sky view defines -
6. Calculating.the New Points in the Boundary .. the sky version of the shading and.blocking projec-
7. Derivation of the Receiver Version . tion. This version is used to calculate the flux.
8. Derivation of the Sky Version - . density receiver at the view point in the receiver.

G. The Receiver View seen in the reflecting helio-

stat from a point in the center of the solar disk is

2.1 TERMINOLOGY - ' : R  limited by the neighboring heliostats. The receiver
. view defines the receiver version of the shading and

A.  Shading is the Toss of illumination on a given - - - blocking projection. This version is relatively sim-

_heliostat due to the interception of incident sunllght - . ple and provides a rapid estimate of heliostat. effec-
by a neighboring heljostat. S .. tiveness. '

"B, Blocking is the Toss of illumination on the cen-
tral receiver due to the.1ntercept10n of reflected ,
sunlight by a neighboring heljostat. = . " © 2.2 THE PURPOSE AND SCOPE OF PROGRAMS
C. The Collector Field contains a large number of o C : ' :

independently oriented heliostats which are suitably The shading and blocking phenomena play a major role

arranged on a flat ground plane. © in limiting the effectiveness of the tower top solar
D. The Central Receiver is-a radiant energy absorber ‘concentrator. The arrangement of heliostats in the
which is located at the optical center of the collecter  collector field is optimized to reduce the losses due

PROCEEDINGS--SOLAR NORKSHOP S e I . -



THE $HADING AND BLOCKING PROCESSOR AND THE RECEIVER MODEL | 7

to.shadihg-and blocking without wasting the incident
“sunlight unnecessarily.

suffer from interference between neighboring segments.

However, the geometrical s1tuat1on in the tower top
solar concentrator is unusually complex.

The. receiver version of the shading and blocking pro-
“gram provides a rapid estimate of heliostat effective-

ness. It is not absolutely exact because of umbra-and

penumbra effects; these errors are very small, hoWever,
-because of the proximity of the neighboring heliostats.
The receiver version provides an initial optimization
of the collector field geometry, either by ignoring

the influence of receiver efficiency or by estimating
the receiver interception factor for a spherical re-

ceiver,

. The sky version of the shading and blocking program

becomes a subroutine to the flux density calculation. .-

This version provides.a sterographically exact pro-
- jection Of.each.neighbor for a‘given point “in the re-
‘ceivef’ .A11 of these projections are combined to gen-
erate the. final boundary vector which. represents the

sky view.

Both versions of the shading and blocking.computer }'

.

A]]'ségmented dptica] system5~

-can be inclined or Tevel.

“arbitrarily.

s arbitréry .

program receive an initial bouhdary vector and outbut

a final boundary vector. These programs will be gen-
eral enOugh to cope with the fo]]owing geometrical
situations: L

AL~ The reflecting surface of the heliostat can be
the interior of any regular plane polygon. Input
NGON = Number of Sides. -

B;‘ Solar tracking is assumed but the heliostat -
mounting system is arbitrary.

C.” The arrangement of heliostats in the plane of

“the coliector field is arbitrary, and any list of

neighbors is accepted.

D. The collector field is assumed to be flat but

The collector field is
subdivided into cells which can be located and sized
The inner and the outer boundaries of
the coliector field are defined by excluding the un-
desired cells via the input control matrix IGRND.

E. For the sky veréion;,the'lo;ation of the re-
ceiver point R with respect to the optical center 0
(See Figure 3.) For the receiver ver-
sion, the corresponding po1nt is- fixed at the center
of the solar disk. ' ‘

'F.' Although we ant1c1pate the role of gu1dance
- .errors in degrading the image, we are free to assume

perfect tracking for the PHrposes‘of the shading and

= =




.b]ocking programs. Shading and blockfng4caiculationsA " . generate a new boundary vector every fime an event
are performed for the representative heliostat at the - .-occurs.’ In short form ’ |

center for each cell in the co]]ector'fie]df The cell : o ‘ B, +-B] +Byeen > BN .

structure is assumed for convenience but must sample for N events. :

the geometrical situation adequately. ’ , ‘

G. The representative heliostats are assumed to .~ Table.-3 summarizes the structure of the SAB sub-
reflect the central ray from the sun to opt1ca] center. . .routines. '

of the receiver. For convenience, we will assume that = .

the neighboring heliostats are para]lel; which is not . -~ Table 3. The Boundary Vector~Pfocessor
quite perfect tracking, but the error induced in the - .A. ‘Requirements _

shading and blocking calculation is Very small. - o _ ; Initial or Std. Boundary Vector

List of Displacements for Neighbors
Unit Vectors for Optic Axis and Sun

2.3 THE BOUNDARY VECTOR PROCESSOR . = _ ' ~ - . QOrthonormal Basis for He]iostat
B. Tasks : '
The most characteristic aspecf of our approach to- shad- S Select Highest Boundary Point
ing and blocking concerns'our use of the plane of the . - . ~ Exclude Neighbors behind Reflector Surface
heliostat. Given an orthonormal basis for the helio- - =~ - - A Project'Neighbor onto Plane of Heliostat
stat frame, we no 1onger‘care what type of mounting ' " Exclude Neighbors having Remote Images
system was used and it becomes convenient to introduce S Detect Events (See Figure 4.)
- (u,v) coordinates for the vertices of the mirror lying - - -Calculate New Boundary Points
in the plane of the heliostat. The set of vertex - S Update Boundary Vector
points determ1nes a polygonal ref]ect1ng reg1on We . C. Qutput
can write ' - . _ o Final Boundary Vector
= ({ugsvy )|1 = 1...NGON} - Area of Effective Region
for the boundary vector so that the processor must - . S Visibility of Sun by Sun Sensor Print Options

PROCEEDINGS--SOLAR WORKSHOP . S - - 73
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© COLLECTOR FIELD PONER PROGRAM

W. G. Hart

.Solar Power Program
Martin Marietta Aerospace
Denver, Colorado 80201

| ABSTRACT
! o ——————————

IThis paper describes a computer program that was devel- .

oped to calculate thermal power reflected into.a re-
ceiver from a field of heliostats and to determine pow-
er losses. Inputs to the program are the geometry of -
the heliostat, collector field and receiver; alignment
and operating times; insolation; mirror reflectivity;

reflected flux patterns; and mirror structural deflec--

ltions as functions of heliostat elevation angle, wind
've10c1ty and wind direction. The paper includes exam-
p]es of reflected flux patterns obtained from radio-
Emeter measurements and used as the basis for -the re-
gflected flux patterns employed in the program. - Mirror
'structural deflections are ca]cqlated'by another com-
iputer program and have been Verified by testing Ex-
ample structura] def]ect10n data are included in the

paper

PROCEEDINGS~-SOLAR WORKSHOP

'def1ections.

fThe'program determines power losses caused by pointing
“errors, off-axis aberration and heliostat structural
~The computation of aberration effects
‘has been verified by comparison of computer results

‘with test data; this comparison is included in the

paper. Also included are examples of program outputs

‘shOang power losses as a funqtion of time of day and

_time»of year.and as a function of wind velocity and

‘d1rect1on

‘The program is. br1ef1y descrwbed in terms of a top-
level flow chart and major subroutines. 'Program run.
time on a CDC 6500 is approx1mate]y half a minute

“for 100 heliostats.

lPROGRAM DESCRIPTION

Figure 1 is a top- 1eve] flow diagram of the co]]ector

field power program. The program first calculates
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© TOP-LEVEL FLOW DIAGRAM _

Figure 1

Calculate azimuth and elevation glmbal angles |

for operating time. .

|
&.

Add in heliostat pointing errors.

l |

Calculate mirror pointing errors dueto
structural deflection--weight and wind.

f

‘Determine mirror pointing errors due to

aberration,

Y

Using flux patterns based on test data, com-

‘pute power and percentage. power into aperture »

Repeat for additional heliostats.
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‘the azimuth and elevation gimbal ang]eé that are re-

A fquired to direct the reflected beam from the heliostat

into the apérture of the receiver. Next, pointing
" ‘errors are éomputed.' Then, using flux patterné based
ion test data, the program computes,the power and the
ipercentage‘of total reflected power into the receiver.
'The program calculates the pointing error and the
power into thé aperture for each mirror on a helio-
‘stat and then calculates the totals for the heliostat.
" The palcu]ations are then repeated for each heliostat
in the field, or for a representative group of helio-
stats. '

" Heliostat pointing errors affect the whole heliostat,
e.g., errors due to the resolution of the device that
measures the gimbal angles and errors in the calcula-

“tion of sun position. The program has normally been

irun using several different values of pointing error

Lin sequehceltO'determine power loss a5~é function of

ipointing error. Then, using 1nformationvon the sta-

itisticé of»the pointing errors, power losses can be

| estimated for the field.

“'Pointing errors due to structural deformation are cal-

i culated for each mirror. These pointing errors are
‘.calculated using input data defining mirror rotations
~“as a function of elevation gimbal angle and wind

velocity and direction.

PROCEEDINGS--SOLAR WORKSHOP

The program determines mirror pointihg errors due to -
off-axis aberration by first "aligning" each of the
mirrors on the heliostat at a selected time of day

~and time of year--normally noon, vernal equinox.

That same relative mirror orientation is then main-

: tained when the heliostat is positioned to center the

- reflected beam on the target at other times of the day

and times of the year. Because of off-axis aber-
ration, the centers of the reflected beams from the

individual mirrors spread apart for operating times

,g other than the setup time.

" The reflected flux pattern used in the program is é

normal distribution chosen to approximately match test

: data. Power into the aperture is computed by first

- calculating the projection of the aperture onto a

plane perpendicular to'the center of the reflected -
beam and .then integrating under the flux distribution

. within the Timits of the projected aperture.

Inputs to the program include the geometry of the
heliostat, collector field and receiver; align-

ment time and operating time; insolation; mirror re-

flectivity; mirror reflected flux distribution; and
mirror structural rotations as functions of heljostat

- elevation angle, wind velocity and wind direction.

Heliostat geometry is input in terms of the location
of the center of each mirror with respect to the.
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centef of rotation of the hefiostat. The Tocation
of each heliostat in the field is specified with
nrespechto a groUnd reference plane and a vertical
. line through the center of the aperture. The re-
“ceiver is defined by tower height, aperture width
and height and the slope of the aperturé opening
with respect to a vertical plane.

Insolation, mirror reflectivity and mirror area are
normally combined 1hto a single input constant--the
total reflected poWer from the mirror for normal in-
cidence and reflection.

The program uses a two-dimensional normal distribution
to approximate the reflected flux distribution from
each mirror. The required input to the program is the
" diameter of the flux distribution at the point where
the intensity has dropped to 1{11% of the peak inten-
sity.

Mirror. rotations are.input to the program for helio-
~stat.elevation angles of 0, 55.and 90 degrees, for

 wind velocities of zero and 8.94 /s (20 mph) and for -

fkont and back winds.

The primary program outputs are power into- the aper-
ture and powér 1osses.as functions of operating time,
wind velocity and direction and heliostat pointing

~errors. Other quantities that are computed in the

~process of generating these primary outputs .and that

“for the specified site location.

are also printed out‘inc]udéihe]iostat gimbal angles,

cosine loss factors and the. locations on the receiver
éperture of the centers. of the reflected beams. The
primary purposé of this program is»fo determine power
losses. Other programs are used to compute the de-
tailed maps of flux distribution inside the receiver
that are required.for design-of the béi]er and super-

‘heateré.

Major subroutines used -in the program include the sun

position computation, control algorithm, aberration
computation, structural deflection computations, flux

- pattern determination, aperture projection and flux

density integration.

‘The sun position subroutine calculates the sun vector

for the specified time of day and time of year and
The control algo-
rithm determines the mirror normal vector and the

~azimuth and elevation gimbal angles to center the re-

flected beam on the target.

To- deternine - the effétt of-off-axis aberration, the
- program first solves the contro] algorithm for each

meht’time--uéua]]y noon, vernal equinox. Then the
control algorithm is solved for the center mirror for
the specified operafing'time.' The unit vector normal
to each other mirror is equal. to the unit vector

80
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‘normal to the center mirror corrected for the dif-
fference in the alignment angles. The target vector
é(vector from the center of the mirror to the center
of the target)Ais different for each mirror and can
‘be calculated from the heliostat geometry and the
;known gimbal angles. The errors in thé'ref1ected
;beams from each mirror (except the center mirror)
are computed by solving the vector equations for the
%ref]ected beams with the sun vector, mirror normal
-vector and target vector all known.

To determine pointing errors caused by structural
idef]ections, the program first calculates angle of
:attack from the wind direction and azimuth gimbal
gang1e. Mirror rotations are determined from the in-
}put data for the operating e]eVation gimbal angle for
%a wind velocity of 8.94 m/s (20 mph). These mirror
|rotations are then scaled to account for the actual
iwind velocity and angle of attack.

iThe flux pattern used is a normal distribution with

éa diameter to the +3 sigma.points of 17 mr at the
és]ant fange for which the mirror is focused. The pro-
gram calculates the increase in beam diameter caused
'by using fixed-focus mirrors at sTant ranges not equal
Eto their focal length. The program scales the flux
idistribution so that the correct total beam power is
‘maintained. ' '

PROCEEDINGS--SOLAR WORKSHOP:

- frame computer program.

éThe~apparent size of the receiver aperture varies as a
gfunction of location in the heliostat field. The pro-
Ajgram calculates the projection of the aperture on a
Afp]ane that passes through the center of the aperture
iand is perpendicular to the reflected ray from the

- :center of the center mirror. Numerical integration

ftechniques are then used to determine the total power
;being reflected onto the projected aperture.

- EXAMPLES OF INPUT DATA

~Figure 2 shows an example of mirror rotation data used

; in the collector field power program. Mirror rota-
tions caused by weight only and by weight plus an
- 8.94-m/s (20-mph) wind were computed using a space-

The rotations due to wind

+only are calculated by subtracting the weight-only

~data from the wind plus weight data. The wind-only
- data are used when it is necessary to scale the rota-

"tions for a different wind velocity. The rotations

;cauéed by weight are then added back in to obtain the

'total.rotations.

; The computer program used to calculate mirror struc-
" tural rotations was verified by test. A heliostat

“structure was set up in the structures lab and loads

;weré’applied-to produce azimuth and elevation torques.
' Measured deflections of the heliostat structure agreed
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with calculated values within about 15%.

Reflected flux distributions were measured at both
Albuquerque and Denver. Measurements were made in
Denver using the four heliostats of the subsystem re-
search experiment (shown in Figure 3) and radiometers
mounted on a boom as shown in Figure 4. The structure
on the left in Figure 4 is a calorimeter that was used
Thirteen

radiometers were mounted on the boom and flux patterns

to measure total energy into the aperture.

were determined by sweeping the reflected beam from a
test heliostat across the boom and recording the
radiometer outputs.

The radiometer outputs as functions of time were con-
verted to functions of distance using the geometry of
the test setup and the velocity of the drive motor
and the sun.

Example flux patterns from one of the heliostats are
shown in Figure 5. It can be seen that a normal dis-
tribution provides a good approximation of the test

data.

VERIFICATION OF OFF-AXIS ABERRATION COMPUTATION

The technique used to calculate pointing errors of
the reflected beams from individual mirrors has been

previously described. Verification of this part of
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“intervals from 8 am to 3 pm.

‘beams overlapped at 11 am.

the program was accomplished by comparing calculated
results with test data.

Patterns of reflected beam centers were available

from a test that was run May 29, 1974. Pictures of

~ the reflected beam pattern had been taken at one-hour

The computer program was
used to calculate and plot the reflected beam centers
for the same times using the same geometry as the

test setup.

Figure 6 is a picture of the heliostat used in the
test. The mirrors were aligned so the reflected
Figure 7 shows the re-
flected beam pattern at 1 pm. (One of the inside mir-
rors in the row of five is missing in this case.)
Covers were placed over the mirrors with an opening

in the center of the cover to obtain an approximation

to the central ray from the mirror.

Figure 8 shows the computer plot of the target and
the centers of the reflected beams for this case.
Good general agreement was obtained between the com-
puter results and the test pictures throughout the
day.

EXAMPLES OF PROGRAM RESULTS

Examples of program results will be shown for the
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Figure 3 Four Heliostats of Subsystem Research Experiment
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Figure 4 FRadiometers Used tc Measure Heliostat Flux Distributions
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EXAMPLE FLUX PATTERNS FROM RAD|OMETER TESTS
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Figure € Heliostat Used for Azerration Tests
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COMPUTED BEAM CENTERS FOR COMPARISON WITH TEST RESULTS
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Martin Marijetta 10-MW pilot plant design. An artist's
drawing of the pilot plant is shown in Figure 9. The
analytical results shown in the figures that follow
were obtained using a tower height of 90 meters, an
aperture 7.5 meters square and a field of 1554 helio-
stats. Each heliostat has nine fixed-focus mirrors
2.13 meters square; each mirror is adjustable in azi-
muth and elevation so the reflected beams from all of
the mirrors on a heliostat can be aligned to overlap
at a selected time of day and time of year.

Figure 10 shows the effect of off-axis aberration on
the percentage of reflected power that enters the
aperture. The mirrors are aligned at noon on the day
of vernal equinox, so the losses at that time are
caused by spillage due to the size of the reflected
beams relative to the projected aperture. The in-
crease in losses at other times is caused by off-axis
aberration. Heliostat pointing errors and structural
deflection effects were not included in tnese runs.
Also, shading and blocking losses are calculated using
another computer program and are not included in the
plots shown in Figure 10.

The dashed 1ines in Figure 10 apply to the total col-
lector field. The solid lines apply to individual
heliostats at the three corners on the east side of
the collector field; location 1 is the front corner,

and location 3 is the back corner.

Figures 11 and 12 are plots showing the projected
aperture and the centers of the reflected beams from
each of the nine mirrors on the projected aperture.
These computer-generated plots are an aid in visual-
izing the effect of off-axis aberration. They show
that, for the heliostat in the northeast corner of
the field, the spreading of the centers of the re-
flected beams is much greater at 6 am than at 6 pm.
Figure 10 shows that the power loss for this helio-
stat (location 3) is significantly greater at 6 am
than at 6 pm.

Figure 13 shows the effect of heliostat pointing
errors on power loss. The program was run using the
same pointing error for each heliostat in the field
to generate the plot of power loss versus pointing
error. Using the resuTts shown in Figure 13 and the
known or estimated distribution of pointing errors,

annual average energy loss can be calculated.

Power loss as a function of wind velocity and direc-
tion is shown in Figure 14. The program was run using
wind velocities of 8.94 m/s (20 mph) and 13.4 m/s

(30 mph) and wind directions at 45-degree steps from
north. The plots shown were calculated for noon,
vernal equinox. The results are similar, but not ex-
actly the same, for other times of day and times of
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Figure 9 Artist's Drawing of 10-MW Pilot Plant
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PROGRAM OUTPUT--EFFECT OF TIME OF DAY AND TIME OF YEAR ON LOSSES
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PROGRAM OUTPUT--EFFECT OF OPERATING TIME ON BEAM SPREADING (1)
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S PROGRAM.OUTPUT--EFFECT OF-OPERATIN‘G—, TIME ON BEAM SPREADING(2)
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© PROGRAM OUTPUT--POWER LOSS AS A FUNCTION OF POINTING ERROR
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PROGRAM OUTPUT--POWER LOSS AS A FUNCTION OF WIND
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year. Using these results, and statistics on wind
velocity and wind difection fdr the particular plant
location, fhe annual average energy 1oss due to wind--
induced structural rotations can be calculated.

RELATED PROGRAMS

Other computer programs that require considerably more
computer run time are used to calculate the flux maps
required for receiver design.

The losses due.to wind-induced structural. rotations
shown in Figure 14 were calculated for. constant wind
velocities. Another computer program:developed to
model the heliostat drive mechanisms and control feed-
back loops has been used to determine heliostat re-

sponse to wind gusts.

A computer program has been developed and used for:

' a]1gn1ng the mirrors on the heliostats at the Albu-

querque Solar Thermal Test fac1]1ty That computer'

program uses subroutines similar to.or identical to

some of the subroutines used in the collector field
power program. Examples are sun position calculation
and the control algorithm. The alignment program also
calculates mirror rotatiohs caused by weight for the
specified alignment time and compensates for those

rotations 1n the alignment. procedure

PROCEEDINGS--SOLAR WORKSHQP

~tural deflections.
patterns based on test data.

“As stated previously, a structural analysis program

is used- to calculate the mirror rotations that are

~input to ‘the collector. field power program.

CONCLUSIONS

~determining power losses caused by off-axis aber-
-ration, heliostat pointing errors and heliostat struc-

The program uses reflected flux

'The computation of beam
spreadlng due to off-axis aberration has been verified
by compar1son w1th test data. Heliostat structural -
deflections due to weight and wind lToads that are in-

put to the program have-also been verified by testing.

. Program run time on a CDC 6500 is approximately 30

seconds for 100 heliostats.
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ABSTRACT. - | S ‘ . itself or by operational conditions blanking a portion
- o ' o of the field (due, for instance, to maintenance or cloud
An analytical formulation of the solar flux density dis-  cover) are shown to set up flux gradients around the
stributions produced on the surface of a central tower . receiver which can be computed using a flux superposit-
receiver by large mirror fields is developed which ac- 1on technique. The methodology elaborated in the case
counts for dispersion, shading and screening effects of  Of the vertical.cylindrical receiver for simplicity
mirrors, and for degradation of insolation levels. In ~and insight of treatment is applicable to many other
the case of symmetrical geometries involving circular geometries presently envisioned in receiver studies for

mirror fields and vertical cylindrical receivers, agen- 'solar power tower. systems.

eral ‘method of calculation yields closed-form solutions- |

for the concentration ratios in terms of normalized par- : .

‘ameters describing the mirror field configuration, the I - <tzf)
receiver dimensions, the insolation levels, the mirror :
characteristics, and the time of the day. Aiming stfa~

tegies of mirror focusing are devised to reshape the in-

solar flux in accordance with desired distributions.

Mirror field asymmetries created by the configuration -
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Abstract—An analytical formulation of the solar flux density distributions produced on the surface of a central
tower receiver by large mirror fields is developed which accounts for dispersion, shading and screening effects of
firrors, and for degradation of insolation levéls. In the case of symmetrical geometries involving circular mirror
fields and vertical cylindrical receivers, a general method of calculation yields closed-form solutions for the
concentration ratios in terms of normalized parameters describing the mirror field configuration, the receiver
dimensions. the insolation levels, the mirror characteristics, and the time of the day. Aiming strategies of mirror
focusing are devised to reshape the solar flux in accordance with desired distributions. Mirror field asymmetries
created hy the configuration itself or by operational conditions blanking a portion of the field (due, for instance, to
maintenance or cloud cover) are shown to set up flux gradients around the receiver which can be computed using a
flux superposition. technique, The methodology elaborated in the case of the vertical cylindrical receiver for-
simplicity and insight of treatment is applicable td many other geometries presently envisioned in receiver studies

for solar power tower systems.

INTRODUCTION

Among the various solar thermal conversion systems
proposed for large-scale generation of electricity, the
central-receiver tower concept of a solar power plant is
attracting today a great deal of attention for its promising
potentials to conserve fossil fuels, to effect minimal
environmental impact, and to become, as a ready tech-
nology, cost competitive in the future mix of power
generating plants. In this concept, a large field of in-
dividually steered Sun-following mirrors or heliostats on
two-axis tracking mounts reflects solar radiation to a
tower-top receiver or boiler where the concentrated
energy is converted to heat in a2 working fluid for tem-
porary storage and for use in a conventional thermal-
electric conversion equipment or in a total energy
system[1]. This paper develops an analytical approach
for the determination of the solar flux density distri-
butions produced by the large mirror field—the concen-
trator—on the surface of the central receiver. Serving
the function of an optical transmission system, the mir-

ror field essentially is an approximation to the Fresnel

equivalent of a parabolic mirror. Although there exists an
abundant literature dealing with solar concentrators for
such applications as solar furnaces or space power, most
of the studies are not directly applicable to the central
receiver scheme which is characterized by different
constraints, requirements, and ‘operational modes. Typi-
cal factors to be accounted for in considering the central
receiver concept are the large flux or power levels en-
countered with the concomitant long optical transmission
distances, the shadow effects created by neighboring
mirrors which can block the incident and/or reflected
radiation, the time-varying nature of the characteristics
corresponding to continual changes in Sun altitude dur-
ing the day, the effects of “blanking” certain zones of the
mirror field as a consequence of a partial cloud cover,
maintenance, or even malfunction. The mirror field is not
so much designed to produce the largest possible
concentration of solar energy in a focal zone as is the

case, for instance, of a solar furnace; rather its function
is to establish controllable concentrations through the
use of appropriate time-dependent aiming strategies for
focusing (or defocusing) the mirrors in order to.reshape
the flux density distributions in accordance with receiver
désign specifications. With such factors and design ob-
jectives in mind, this paper develops a methodology for
the analysis (and synthesis) of the solar flux density
distributions on a central receiver. Using a continuum
characterization of the mirror field, the approach which
is totally analytical is also general enough to apply to
many concentrator-receiver configurations of interest. In

the special case of symmetrical arrangéments (as ex-.

hibited by the vertical cylindrical open receiver), the
solutions reduce to closed-form exbressions which
provide insight into the behavior of the central receiver
system and also serve as useful tools in preliminary
designs and optimization studies. For dctailed analysis of
the solar flux produced by specific shapes of mirrors (or
blocks of mirrors) placed in defined arrays around the
tower, other computer approaches have been developed
based on the summation of individual cell
contributions[2] or on the use of Monte-Carlo téchniques
applied to ray trace simulation.

GEOMETRICAL CONFIGURATION

Consider the geometry shown in Fig. 1 in which a
mirror M reflects the central ray of the Sun to a fixed
focus or aim point F at a height H above horizontal
ground. The location of this mirror is given by the
angular coordinates (8, 8,) measured with reference to F,
0, being the distance angle (the linear distance to the
tower base B is R = H tan 6,) and B, the azimuth angle
referred to north counted positive eastward. The location
of a point P on the receiver is specified in terms of the
cylindrical coordinates (z,, r,, 8,) having F as origin. The
orientation of the receiver surface at P is established by
the unit normal vector ‘A, making an angle 6, to the
vertical, with the proviso, however, that it intersects the

— e
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Fig. |. Geometry of mirror and central receiver.

central vertical line (or tower line) FB. This condition
imposes restrictions on the shape of receivers to which
the analysis directly applies; it does include, however,
many surfaces of revolution (around the tower line) such
as inverted truncated cones, semi-spheres, cylindrical
shells, flat horizontal planes, and combinations of these
forms that are considered applicable to various open-
type central receiver designs. The tangent plane to the
receiver at P will be called the image plane; its in-
tersection with the vertical plane containing the tower
line FB and point P will be referred to as the image line

GP, where G is the perpendicular projection of F on the

image plane and is labeled the image focal point. .

The Sun image is the ellipse formed by the intersection
of the solar cone of half angle a with the image plane. If
the receiver point P is interior to the ellipse, mirror M is
said to be active at P; on the other hand, if P is exterior;
the mirror is inactive at P. It is shown in the appendix
how the size and placement of the ellipse in the image
plane can be determined in terms of the specified lo-

“cation .parameter§ for M and P in order to ascertain

whether M is active or not at P. The concentrator field
region (possibly multiply connected) in which all mirrors
are active at P will be referred to as the mirror visibility
zone relative to the receiver point P.

DERATING FACTORS
To account for the degradation in concentrator per-

" formance due to inherent imperfections in the mirrors

and to environmental effects on insolation levels, three
derating factors are introduced as intrinsic design
parameters to be specified: the dispersion factor k, the
mirror. utilization factor u, and the degrading factor g
imposed on the insolation level.

Dispersion factor k
Although probabilistic models of surface and steering

errors and limb darkening effects of solar illumination
could be included in the analysis of mirror performance,
a constant dispersion factor, possibly field dependent,
will be introduced here for simplicity of treatment. A
simple definition of k is arrived at by considering a
planar mirror of dimensions L X L located at the (large)
distance T = H sec 6, from an image plane. At normal
incidence, the total dispersion or spread of the solar
image can be expressed as

D=2%a,+e¢,+€)T+L=2aT.

The dispersion factor defined as the ratio of the 'effecti\;e
reflected solar half angle to the actual Sun disc half angle
(a, =4.65x 107 rad) is then given by

a €, T € L
=—=1+"—"4——cos§.
k a, a, 2a,H- !

Thus errors of the order of *1 mrad in steering and
surface errors produce an approximate doubling of the
solar disc in the case of an infinitesimal mirror; with a
finite planar mirror, the dispersion is further increased as
indicated by the last term which depends on radial field
position and mirror-to-tower length ratio. Because tower
height is a function of the square root of the power level,
mirror dimensions may also have to be varied as function
of power in order to achieve tolerable L/H ratios,
especially in the field near the tower. The condition is
particularly stringent at low power necessitating un-
wieldy small planar mirrors. To alleviate this problem,
larger but focused nonplanar mirrors can be used to
reduce the size of the Sun image and achieve also a
modicum of concentration. '

In this paper, the dispersion factor k will be assumed
to cover a range from 2 to 4, with k =1 representing
ideal conditions. '

101
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Mirror utilization factor u

This geometric factor provides a measure of the local
effectiveness of a mirror area in reflecting solar energy to
a central focal point. For an isolated mirror, it is simply
the cosine of the incidence angle of sunlight impinging on
the mirror surface. For close-packed arrays, shadow
effects are produced by neighboring mirrors, blocking the
incident sunlight (Sun shading) and/or the reflected light
(screening of receiver). For such situations, it has pre-
viously been shown{3, 4] that the mirror utilization factor
u is equal-to the cosine of the Sun zenith angle 6, when
Sun shading predominates (i.e. u = cos 6, when 6, <4,),
and to the cosine of the mirror distance angle 6, in the
case of receiver screening (i.e. u.=cos 8, when 6, > 6,).
It is significant to note that, in both shadowing cases, the
utilization factor is uniquely a function of radial distance
and not of azimuth.

Insolation degrdding factor g

The reduction in the direct component of the in-
solation S, (a function of Sun anglé 6,) due to air mass,
turbidity, and cloud cover effects (which in turn depend
on time and geographical location) is lumped in a single
factor g which, for convenience, also includes mirror
reflectivity and area coverage losses. Thus an effective
insolation S =gS, is introduced as an input design
parameter to be specified. For lack of information but
mostly for comparison purposes, it will often be ap-

propriate to assign to S, a constant value of 1kW/m?. .

FLUX DENSITY CALCULATIONS
- Taking account of shading and screening effects, the
effective area of an incremental mirror located at M ina
continuum mirror field can be expressed as -

dA, = uR dR dB, = uH?sin 6, sec’ 6, d6, dB, (1)

where u is the pertinent mirror utilization factor. The
solar flux reflected by this elementary mirror is S dA.,
where S is the effective insolation. If the energy density
is considered to be uniformly distributed over the ellip-
tical Sun image of area A, (see (eqn A2)—a reasonable
assumption for a geometry involving large target dis-
tances—the elementary solar flux density at P can,
therefore, be written as ‘

dA.,
dg= SA’ kf ; U tan 8, cos y dé, dﬂ,, )
provided, of course, that the elementary mirror is active
at P. In general, the total flux density g at the receiver

‘point P can be obtained by integration over the mirror

visibility zone associated with P. Note that q depends
only on angle variables (and S) but not on tower height
H. .

In order to derive analytical closed-form solutions for
the flux density distributions, it is necessary to apply eqn
(2) to symmetric geometries for both receiver and

- concentrator mirror field around the central tower. In the

case of a vertical cylindrical receiver (discussed in the
appendix), the elementary flux density at point P situated at

'
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the height H onthe receiver (measured from the image focal
point G) can be written explicitly in the form

;Ffz,sinz'o, cos B, 46, 4B, (6,>6,) |
dg = )
k“,q 5 sin? 6, sec 8, cos 6, cos B.. dé, dB,,

(0 <8, <8,).

For a circularly symmetric mirror field, the total flux
density at a given receiver height A can be obtained by
integrating first with respect to g8, so that

° On
—*—ﬂ,fzi 3 f sin’ 6, sin B, d6,(8, = 6,)
s J6s .
- : @
28 (% ., .
ke ), SO 6, sec 6, cos 4, sin B, d6,(A,. < 6, <6,)

_ in which sin 8,, can be derived from cos 8, given in eqn

(AlS) in terms of A and 8. The explicit final expression
is, however, complicated so that numerical integration
over the visibility zone will be resorted to in obtaining
the results presented in the following section. '

FLUX DENSITY DISTRIBUTIONS ON

VERTICAL CYLINDRICAL RECEIVERS
Mirror visibility characteristics S

The mirror field visibility zones for a vertical cylin-

drical receiver of radius r can be obtained on the basis of
eqn (Al4) derived in the Appendix. However, for
generality, it is desirable to rewrite the equation in a
non-dimensionalized form in which lengths on the re-
ceiver are normalized with respect to a base length
r,=a,H equal to the perfect Sun disc radius at the
distance H. Thus, after noting that the reflected Sun disc
radius 7, = aH = ka,H = kr,, eqn (A14) divided by To
assumes the normahzed form

hik = csc 8,{(k) cos 6, cos B, * [sec 8- (r/k)2 sin® 8,3
' %)

where the tilde is a mark denoting per-unit lengths. This
equation defines visibility curves which are plots of the
intersection points of the Sun ellipses with the image line
as function of the relative mirror-to-receiver azimuth
angle B, for various mirror distance angles 6, and
receiver radii 7. Figures 2(a) ‘and 2(b) are. two typical-
plots, the first illustrating the dependence on 6, for a
fixed 7k =3, and the second the dependence on /k for a
fixed 9, = 50°. The mirror visibility zone corresponding to
a specified location on a receiver of given radius is
readily obtained from a plot such as Fig. 2(a). As an
illustration, consider the location Alk = 1.5 on a receiver
having #k = 3: Fig. 2(a) shows that all mirrors located in
a region where 6, <40° are inactive at the specified
receiver location, while mirrors at a fixed radial distance
6, greater than 40° are active only within specific az-
imuthal limits 8, (which can be calculated from eqn
Al15). The maximum azimuthal limits of visibility are
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+90°, while the fadial limits are given by the extreme rim
angles 8, and 8, of thglmirror concentrator field..

Single aim-point strategy

"Flux density distributions on a vertical cylindrical
receiver can be computed by applying the limits of the
pertinent visibility curves to the integrals given in eqn
(4). A universal set of curves can be derived as shown
typically in Fig. 3 yielding the flux distributions under the
following stipulations: all the mirrors are located inside a

 circular ring field with the tower at the center having

inner and outer rim angles of 8., and 6,y ; a single-point
aiming strategy is adopted so that all mirrors focus on
point F; the dispersion factor k is taken to be a constant
over the whole mirror field; to achieve maximum solar
flux levels, the Sun zenith angle is assumed to satisfy the

" conditions 6, <86,, (which occurs around local noon)

producing a mirror utilization factor u = cos 6, for the
whole field ‘which is then dominated by receiver
screening effects; finally, a non-dimensional quantity C =

q/$ vepresenting the local concentration ratio is used in

place of the flux deﬁsity q Applic'étion of these stipu-

lations to eqn (4) yields .
' L
ok =2, ] sin 6, sin B, d6,(6, <8,)  (5)
mas 6m B .

whose integration within the previously determined
visibility limits can be represented by the universal cur-
ves of Fig. 3 which show the dependency of the concen-
tration ratio upon vertical position on the receiver for
various receiver dimensions Ak. The plots of Fig. 3 are
derived for a mirror field size bounded by 6, = 70° and
6im = 30°. These concentration ratio curves exhibit no-
table features: An increase in receiver radius F or
dispersion factor k is accompanied by a reduction of the
solar flux concentration and a linear stretching of the
total solar image together with an enlarged tail in the
distribution and a shift of the peaks toward lower
receiver locations; these changes produce an effective
defocusing action. The local concentration ratio C is

independent of -azimuth and is constant around the cir-
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Solar flux density distributions
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Fig. 3. Concentration ratio distributions. Dependence on receiver
) -dimensions.

" cular periphery of the receiver af a fixed height. The total

solar flux Q reaching the receiver can thus be expressed

Q=2wrf<qdh =2mefz<f/k)5j Ck2d(hlk). (6)

To capture all the solar flux reflected by the mirror field,
the receiver radius must satisfy the condition Ak =
sec f.. This means that, with a rim angle of 6, =70°,
receivers having 7k < 2.9 are subjected to a smaller total
flux because, being too thin, they do not intercept all the
reflected flux. On the other hand, all receivers with
Ak > 2.9 must intercept the same available total reflected
ﬂux: In a previous paper{3}], this total flux or power was

“shown to be equal to

Q =2wH*S(sec O —ecb,,) for 6, <6, (7

Thelidentity resulting from comparing eqns (6) and (7),

namely -

(f/k)f Ck2 d(hlk) = sec O — $€C O,m

can serve -a$ 4 means of checking the accuracy of the
universal curves, since the integral on the left-hand side
is given by the area under the concentration ratio curve
for any given #k (greater than sec @,).

Multiple aiming strategies

With a single aim-point strategy of mirror focusing, the
distributions illustrated in Fig. 3 exhibit rather high pcak-
to-average flux density ratios which are not suited to
mcet normal boiler design requirements. To flatten the
flux distributions, it is_necessary to resort to multiple

aiming strategies by which various rings of mirrors .

concentric to the central tower~—the A#f, bands—aim at
different focal points along the center line of the re-
ceiver. Figure 4 presents the concentration ratio con-
tributions of various A#, mirror bands when all the
mirrors in the entire field are aimed. at one focal point so
that the sum of all these individual band contributions

produces the curve of Fig. 3 corresponding to the same '

set of parameters.- When.a particular ring of mirrars is

reaimed at a new focal point, its flux contribution on the’

receiver maintains the original distribution in shape,
magnitude, and azimuthal symmetry though shifted ver-
tically by the identical distance through which the focal
point has been displaced. This preservation of the shape
of _the contributing flux distribution is a valid ap-
proximation here when one cofisiders the large distances
between mirrors and receiver compared to the dimen-
sions of the receiver. Thus by applying selectively ‘mul-
tiple aiming strategies to different bands of mirrors, the
solar flux density distributions can essentially be
reshaped to meet desired specifications. A typical il-
lustration of a possible strategy that will produce a
trapezoidal flux density distribution is shown in Fig. .

Asymmetrical mirror fields
This' section examines the effects of asymmetrical
mirror fields on the flux density distributions under the
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single-aim point focusing, strategy. Asymmetrical fields
can be encountered in various situations, normal or even
abnormal: the actual mirror field may indeed not be
circular; the tower may be displaced from the center
(normally southward to improve mirror area utilization);
portions of the mirror field may become ineffective due

to a cloud cover or maintenance or perhaps malfunction.

With asymmetry in the mirror field, the solar flux density
distributions around the cylindrical receiver are no lon-
ger uniform but exhibit azimuthal gradients which must
be taken into account in the receiver design or in the
establishment of new focusing strategies to reduce their
magnitudes. To render the analysis mathematically trac-
table, the field asymmetry to be considered here will be
established by effectively removing a sector from the
original circularly symmetrical mirror field. Thus, having
previously examined the symmetrical contributions of
A6, bands, we turn here to the contributions of AB,
wedge -segments upon the flux distributions. A wedge
segment is identified by its width AS, and by its bisecting
radius vector of relative azimuth 8, = B, — B, measured
with respect to a reference B, on the receiver (absolute
azimuth is B, measured with respect to north where
B, = 0°); mirrors inside this wedge are, therefore, within
th~ azimuthal limits B, — (AB/2) < B, < B, + (AB,/2), the

radial limits still being 6, < 6, < 8.u. Figure 6 illustrates

the flux contributions of 15° wedge segments for the set
of parameters indicated. Because B, represents a rela-
tive azimuth angle, the curves in Fig. 6 can be interpreted
either as showing- the contributions produced at one
receiver location B, by various 15° wedges located *g,,
away, or as giving the distributions at various receiver
locations due to a single wedge segment situated at g,.
For the chosen parameters, wedges of mirrors in the field
range 75° < B, < 90° are inactive at the receiver and thus
do not appear in the figure. By superposing the above
individual contributions of wedges, positively in the
presence of active wedges and negatively in the case of

removal of wedges, the flux density distributions created "

by various asymmetrical, though circular, mirror field
configurations can readily be obtained. As an example,
consider the original circular field which, for one réason
or another, finds its effective area coverage reduced by
one quarter; assume that the 90°-noncontributing sector
is located due north of the central tower so that it is
bounded by the limits —45°<B,<45°. For this field
configuration and for the given parameters, the concen-
tration ratio characteristics are shown in two equivalent
sets of plots, one as a function of receiver height with

receiver azimuth as parameter (Fig. 7a), the other ex- -
hibiting the dependency upon azimuth at various heights

on the receiver (Fig. 7b). Both figures show the flux
distributions to be symmetrical with respect to the north-
facing image line at 8, = 0 where the minimum flux levels
occur. Figure 7(a) indicates that the receiver zone where
|8,]>120° (facing due South) experiénces the original
total fluxes produced by the circular mirror field; the
reason is that the 90°:northern sector is simply inactive in
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6. = 30°. Non-contributing sector: —45° < B, <45°.

this southern receiver zone. Figure 7(b) shows that the

azimuthal flux gradient at a fixed height on the receiver is

approximately constant and that the S0 per cent flux
levels occur at B, = *45° The high flux density gradients
observed here are obviously the result of the extreme
asymmetry assumed for the mirror field. Nevertheless,
the example is not atypical of the type of severe
problems that could be encountered in central receiver
operation. To alleviate the problem and develop a more
symmetrical flux density distribution around the receiver
from an inherent asymmetrical field may require off-axis
strategies of mirror focusing.

Time effects
Thus far, the Sun zenith angle 6, was assumed to

. satisfy the condition 6, <6,, which occurs (if at all)

around noon and provides for maximum flux density

. levels. At a different time when 6, = 4,,,, the mirror field

experiences shading effects which lower these flux
levels. The computation of the concentration ratios is
now based on using the complete eqn (4) in which the
shading effect clearly appears as the reduction factor
p = sec 6, cos §, whenever §,<6,. The concentration
ratio distributions resulting from a low Sun on ‘the
horizon of 6, = 65° are illustrated in Fig. 8 for a receiver
having 7k =3 and a circularly symmetric mirror field
(having ‘6, = 30° and 0,,, = 70°) focusing at one central
point. Showh are the Af, band contributions and the total
flux densily distributions. By comparing Figs. 4 (for
which 6, <30°) and §, it can-be seen that a Ag, band
contribution of a selected midband location (6, < 4,) in

Fig. 8 can be approximated by multiplying the cor-
tésponding distribution in Fig. 4 by the constant factor
sec 6,, cos 65° which is less than unity. In Fig. 9, a similat
reduction in the contributions of 15° wedges can be
observed for 6, = 65° when compared to the distributions
of Fig. 5 obtained when 6, = 30°. Using such techniques.
the daily time effects as they translate into changes in
Sun angle 6, can be accounted for in the determination
of the time-varying solar flux density distributions and
hence in the establishment of aiming strategies desngned
to control these distributions.

CONCLUSIONS

The solar flux density distributions produced on the
surface of a central tower receiver by large mirror fields
have been determined using an analytical formulation
that accounts for dispersion, shading and screening eff-

ects, and insolation degradation. Simple closed-form
solutions for the concentration ratios effective at the
receiver have been obtained in the case of symmetrical
geometries involving circular mirror fields and vertical
cylindrical receivers. The significance of such solutions
which are presented as universal curves with dimen-
sionless parameters is that they can readily be used to
study the effects of changes in system parameters such
as mirror field geometry, receiver dimensions, mirror
characteristics, time of the day, and insolation level.
Furthermore, the universal ‘curves have demonstrated
their usefulness in the ‘establishment of mirror aiming
strategies for reshaping the solar fluxes on the receiver to
achieve desired and controllable distributions. Finally,
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asymmetries in the mirror field created by design or by
operational conditions (for instance, maintenance or
cloud cover which effectively blanks a whole region)
have been shown to produce flux gradients around the
. receiver which can be evaluated by superposing the fiux

ER e QT xad IO

contributions of pertinent segments of the mirror ﬁeld

The flux density calculations detailed here in the con-
text of cylindrical receivers for simplicity of treatment
and insight afforded by the closed-form results can fur-
ther be applied to many other concentration-receiver
configurations subject to this proviso: the whole mirror
field most focus on a vertical tower line where the
receiver surface normals also intersect. Thus, the ma-
thematical analysis may readily be extended to cover
receivers having surfaces of revolution (about the tower
line) such as inverted truncated cones, semispheres, half
vertical cylindrical shells, flat horizontal planes, as well
as combinations of such shapes. However, special con-
siderations must be given to open receivers with re-
entrant surfaces and cavity receivers which produce

partial blocking of the incoming solar flux. Off-axis or .
- azimuthal aiming strategies of mirror focusing also

require further study.
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. NOMENCLATURE
semi-major axis of elliptical Sun image
semi-minor axis °
area of ellipse =
mirror effective area
concentration ratio = ¢/S~
tower height
distance of mirror to tower base
distance of mirror to focal point F
radius of cylindrical receiver
normalizing length = a,H
distances on receiver image line
dispersion factor = a/a,
unit vector normal to receiver )
“total solar power or flux reactiing the receiver
solar flux density

effective insolation

insolation derating factor

mirror utilization factor )

Sun disc half angle = 4.65 mrad

effective reflected Sun cone half angle
azimuth angles measured with respect to north posmve

eastward

8, mirror distance angle

6, Sun zenith angle )

& profile angle in image plane

v incidence angle on image plane
€. mirror surface contour error

€, steering or pointing error

p shading parameter =sec 6, cos 6,(6, < 4. )

oy
FC

8

™ R
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APPENDIX

SUN IMAGE ON RECEIVER PLANE ~
DUE TO A SINGLE MIRROR

General case of inclined image plane :

In this appendix the size and placement of the solar image in
the image- plane are found in terms of specified location
parameters for the mirror M and receiver point P. The object of
the exercise is to determine the conditions for which mirror M is
active at P. Referring to Fig. i, thi condition is satlsﬁed when P
is inside the ellipse and, therefore, located between pmms U and

- V representing the intersection-of the ellipse with the image line.

The center O of the ellipse which is the piercing point. of the

" tower line or cone axis MF on the image plane is defined in

terms, of the cylindrical coordinates (2, 1o, B.) referred to the

" fucal point F as origin. The incidence angle of the tower line MF

with respect to the image plane is denoted by y. The major axis
of the ellipse is oriented along the line OG which makes a profile

“angle 8 with respect to the image line. The lengths of the

semi-minor and semi-major axes are respectively

b=rsech (A1)
a=bsecy=r,sech secy.

where r, = aH = ka,H is the radius of the reflected circular solar
image on an image plane at normal incidence located a distance
H from the mirror. Thus the area of the sun ellipse is

A, = mab = mka J1H?sec? 6, sec y (A2)

Implicit in these relations is the ]ustiﬁed assumption that receiver
and Sun image dimensions. are small compared to the tower
height H; consequently, the, dlstance MO is approxlmated as
H'sec 6,

To evaluate the profile’and incidence angles 6 and v in terms
of the location parameters specifying M and P; it is convenient

" . to examine a profile view of the image plane as shown in Fig. A
. from which the following relations are readily derived

. h= GP—-z,smG rcoso'v
» FG—z,coso+r sln0

= 7,08 8, + rosin 6,

PROFILE
VIEW ~

~N
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-]

S —
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GJ = 2o5in 8, — roCOs 4,
The right triangles NJO and FNQO yield .

OJ =rytan B, and ON=r, seé B.. = zatan 6,

so that rofzo=tan 8, cos B,, where B,.=8,~B, is the relative

azimuth angle between mirror and receiver point. Similarly, the
right triangles FGO and FNO yield

OF=FGsecy§zos§c 8.

These relations can now be used to express y and § in terms of
the location parameters as follows

Q cosy = ﬁO [cos 8, +(rolzo) sin 6, ]cos 6,
= cos 0, cos 8, + sin 8, sin 6, cos g, _(AJ)
01, 0G_OI r_
@sindsiny= OGX OF "OF 1, cos 8, tan B,,
= 5in B, sin'B,, : (A4)
G] oG _GJ

® cosdsiny= 0] OF =OF

= [sin 8, — (ra/ 2o) cOs 8,] cos 6,

=sin 6, cos 8, — cos §, sin @, cos B., (AS)

sin 8, sin B,
sin 0, cos 8, —cos 8, sin 6, cos B,,

® tand = (A6)

The intersections of the solar ellipse with the image line at U
and V can be obtained by solving simultaneously the cor-
responding equations of the ellipse and -image line. Using x-y
axes coinciding with the principal axes of the ellipse, these
equalions are

{<X’la’>+(y=/b’)= .
y={m-x) tap [}

where

m=0G=FGlany=(z,co8 6, +r,sin6,)tany. (A7)

Eliminating y gives the quadratic equation

xX—a*+(a*b*)(m-x)tan’ 5 = 0

Fig. A. Views of image plane tangent to receiver at P.

i
'
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whose solutions are the projections of U and V measured from

O along the major axis. To find the distances h, = GU and
. h,= GV measured from G along the image line, define the new

variable x' =m — x so that h = x’ sec § and solve the quadratic
equation in x', namely

[1+(a%b*) tan’ 81x'* - 2mx’ + m? - a? = 0.

The result is - - .
m * afl +tan® §(a’ ~ m?)/b?)'?
| +tan® 6(a’(b?)

hu., =secd (A8)

with the plus sign associated with V, the minus with U, A
negative h, means that the image focal point is between U and
V.

The mirror M will be active at the receiver point P {located at

h = GP) when the condition h, < h =< h is met.

Special case of vertical cylindrical receiver

The previous results simplify considerably when applied to the
speciai case of an open receiver having the shape of a cylinder of
radius r whose axis coincides with the vertical tower line FB.
Not only are image line and plane vertical, but the image focal
point G is at the same altitude H as the central focal point F
above ground. More significantly, because the vertical cylindrical
receiver imposes the constraint 8, =90° on the image plane
orientation, all the previous relations can now be written ex-
plicitly in terms of the location parameters.

The incidence and: proﬁle angles are given by the simpler
expressnons

" cos y = sin 6, cos ., - (A9
tand=tand,sinf, (A10)

where
A=1+sec? ytan® 5 = | +sec? §, tan® .. (AL
The tocation of the center O of the solar ellipse formed in the
vertical image plane can be defined by the lengths of these line
segments - )
m=0G=rtany=rvAcoté (Al3)
OJ=rtanB, '
JG=rcot §, sec B,

Finally after noting that
.alb=secy, b=r,secl; m=rtany,

the general expréssion (A:7)‘for the distances h,, between the

image focal point G.and the intersections U, V of the ellipse with

the image line can be reduced as follows

h.= \/A—CA‘”&[ A coto *r, sec 8, csc §, sec B,,

(I

x (A - ; cos® 6,A cae 8, tah’ 8, sin* B.,)"’]

“=csc §, (rcos 6, cos B, £ (r,2sec’ 6, — r*sin’ ,)'7.  (A19)

"1t is important to recognize the simplicity of the final result from

which the visibility zones are readily obtained. In particular,
corresponding to a specified position h on the receiver, the
azimuthal visibility limits for a ring of mlrrors located at a distance

which can be further wrilten in these equivalent forms:

siny = /A cos 6, cos g,,-;'tan v= \/A cot o,

angle 0 are given by

(Al1)

€os B, =-—
. l ir
sind =——tanf, tanB,; cos§ = rsin 0

VA

——sec B..

\/A

Resumen—Una formulacién analitica de las distribuciones de densidad de flujo solar producidas por grandes campos
de espejos en la superficie de una torre central receptora, es desarrollada incluyendo efectos de dispersion
oscurecimiento de los espejos debido a sombras y degradacion de los niveles de aislamiento. En el caso de geometrias
simétricas que involucran campos circulares de espejos y receptores cilindricos verticales, un método. general de
calculo permite obtener expresiones analiticas para los radios de concentracién en funcién de los pardmetros
normalizados que describen la cofiguracién del campo de espejos, las dimensiones del receptor, los niveles de
aislamiento, las caracteristicas del espejo, y la hora del dia. Estrategias de orientacion para enfoque de los espejos son
desarrolladas a fin de modificar el flujo solar de acuerdo a las distribuciones deseadas. Se demuestra que asimetrias en el
campo de los espejos creadas por la configuracién misma o por eliminacién parcial dei campo debido a condiciones
operacionales (por ejemplo, debido a mantenimiento o cielo nublado) producen gradientes de flujo alrededor del

“receptor que pueden ser calculados usando una técnica de superposicién de flujos. La metodologia elaborada para el

caso de unreceptor vertical cilindrico es aplicable por simplicidad intuicién de tratamiento a muchas otras geometrjas
actualmente consideradas para sistemas de torres solares,

Résumé—Une méthode analytique pour la delermlnauon de la dens;jté du flux solalre praduit par un large champ de
mirroirs sur Ia surf; ace d’un capteur placé sur une tour centrale est dévelopée en tenant compte des effets de dispersion,
d'ombres des mirroirs, et dé la dégradation des niveaux du rayonnement soldife. Dans le cas de géométries symétriques

" comprenant des champs circulaires de mirroirs et de capteurs cylindriques verticaux, une méthode générale de calcu! *

permet d’obtenir des expressions analytiques pour la concentration qui est évajuée  partir de paramétres normalisés
représentant la configuration du champ des mirroirs, les dimensions du capteur, le niveau du rayonnement solaire, les
caractéristiques des mirroirs, et I'heure du jour. Des stratégies d’orientation pour la focalisation des mirroirs sont

- déduites afln de redistribuer le flux solaire selon des profiles désirés. Les asymétries du champ des mirroirs établies par

des configurations particuliéres ou par des conditions d'6pération éliminant une partie du champ (causées, par example,

par des réparations ou par le passage de nuages) produisent des changements de la densité du flux sur la périphérie du
capteur qui peuvent étre évalués par un procédé de superpasition des flux. La méthode dévelopée ici en détail pour Ié
cas d'un capteur cylindrique vertical par raison de la simplicité du raisonnement et de I'analyse peut aussi étre appliquée
2 d'autres géomélries de capteurs qui sont actuellement considérées dans les études de tours centrales sokuires.

[‘h cos §, x (h2 +r-r? :9862 '8,)'“],

(A1S)
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RECEIVER FOR ELECTRIC POWER GENERATION :

M. Riaz

"Assoc. Professor
University of Minnesota
Minneapolis, Minnesota

ABSTRACT

The modeling of the performance of large-area solar -
concentrators for central receiver power plants-is for-
mulated using a continuum field representation of ideal
heliostat arrays that accounts for two governing fac-
tors: the law of reflection of light rays imposes

steering constraints on mirrors orientations;. the pro-

- ximity of mirrors creates shadow effects by blocking
the incident and/or reflected solar radiation. The re-
sults of a steering analysis which develops the space-
time characteristics of heliostats and of a shadow an-
alysis which determines the local effectiveness of mir-
rors in reflecting solar energy to‘a central point are
"combined to obtain in closed analytical form the global
characteristics of circular concentrators.

acteristics which appear as time profiles for mirror

. PROCEEDINGS--SOLAR WORKSHOP

These char-

orientations, for effective concentration areas (i.e,’
reflected solar flux), and for concentration ratios
establish theoretical limits of performance against
which actual or realistic solar power systems can be
compared and assessed.
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A'Thebry of Concentrators of

Solar Energy on a Central

Receiver for Electric Power

Generation

The modeling of the performance of large-area solar concentrators for central receiver
power plants is formulated using a continuum field representation of ideal heliostat ar-
rays that accounts for two governing factors: the law of reflection of light rays imposes
steering constraints on mirror orientations, the proximity of mirrors creates shadow ef-
fects by blocking the incident and/or reflected solar radiation. Thé results of a steering

-analysis which develops the space-time characteristics of heliostats and of a shadow

analysis which determines the local effectiveness of mirrors in reflecting solar energy to
a central point are combined to obtain in closed analytical form the global characteris-
tics of circular concentrators. These characteristics which appear as time profiles for
mirror orientations, for effective concentration areas (i.c., reflected solar flux), and for

concentration ratios, establish theoretical limits of performance against which actual or
realistic solar power systems can be compared and assessed.

Introduction .

Several methods are under consideration for converting solar ra-

-diation to electricity at levels commensurate with conventional

power generating plants. The conversion process is either direct,
utilizing photovoltaic cells [1]! or solar-thermal, typically employ-
ing concentrating solar collectors to raise the temperature of a

‘working fluid operating a heat engine [2-5]. The impetus for tap-

ping the abundant and nondepleting, albeit intermittent and di-
lute, energy of the sun stems from the possibilities solar power
plants offer to conserve fossil fuels, to impact minimally the envi-
ronment, and to compete economically in the exnstlng mix of power
generating plants. )

This paper is an attempt to develop. some of the basic physical
and theoretical performance characteristics underlying solar-ther-
mal power systems. It is confined, however, to the study of a gener-

ic concept of particular interest known today as the central receiv--

er system [3-5]. This system consists of a’large field of heliostats
(mirrors) that collects the solar radiation, concentrates it on a re-

! Numbers in hrackets designate References at end of paper.

Contributed hy the Solar Energy Division and presented at the Winter An-
nual Meeting, Houston, Texas, November 30-December 5, 1975 of THE
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. Manusctipt re-
ceived at ASME Heéadquarters July 14, 1975. Paper No. 75-WA/Sol-1.

Journal of Engineering for Power.

- ceiver (located at the top of.a central tower).which, acting as a

hoiler, raises a_fluid to high temperatures and pressures compat-
ible with modern power generating plants. The analysis postulates
an ideal model for the heliostat arrays which assumes that the mir-
rors are perfectly flat with unity reflectivity, perfectly steered to
redirect sunlight to the central receiver, and may be placed in any
desired field configuration around the central tower. A continuum
field approach is adopted to describe the ideal heliostat arrays as a
function of location and time of the day. Two fuidamental consid-
erations govern the space-time characteristics of the mirror field:
(a) the steering relations needed to satisfy the constraint of the re-
flection law of light rays, that is the equalily of incidence and re-
flection angles; (b) the presence of neighboring mirrors which
creates the possibility of blocking the incident and/or reflected
solar radiation. Steering and shadow analyses are therefore per-
formed to determine the local properties of the mirror field. The
integrated properties of the whole ensemblé of heliostats, i.e., the
concentrator, are then derived in closed analytical form for'a circu- -
lar field with the tower at the center. The principal results are pre-
sented as time profiles for mirror steering angles, for effective con-
centration areas (or, equivalently reflected solar flux), and for con- -
centration ratios {which depend upon receiver geometry). The
ideal characteristics of circular concentrators establish theoretical
upper limits of performance against which actual or realistic sys-
tems can be evaluated with the introduction of suitable derating
factors to account for such effects as steering errors, mirror size.
and reflectivity, area coverage and geometry, and solar insolation.

JULY 1976 / 375
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Fig. 1 Geometrical configuration of unit vectors associated with sun,
tower, and mirror

Mirror Stéering Analysis

Fundamental Steering Relations. The geometrical configu-
ration of a steered planar mirror at a given instant of time and a
given location with respect to the central tower is illustrated in Fig.
1. The fundamental steering relation for the mirror is obtained as a
result of satisfying the constraint imposed by Euclid’s law equat-
ing the angles of incidence and reflection of light rays on a planar
mirror. ' .

Let the sun’s position be determined.at a given instant of time
by the unit vector s pointing toward the sun or, more precisely, the
center of its disk. Let the location of a given mirror with respect to
the targeted top of the tower be represented by the unit vector t
(direcy.ed positively from mirror to tower). The orientation of the
mirror, specified by its unit normal (outward) vector n, is then
given by

_ B+t A (1)
n—[s+t|

in order to satisfy Euclid’s laW, namely that

nes = n-t (2).

These relations can be written conveniently in terms of the re-
sultant vector N =8 + t as .
“n = N/N : (3

and . .
“neg = net = N/2 (4)

If the vectors n and s are specified, then the tower vector t is de-

rived from
t = 2(n*s)n - 8 (5

Equation (1) constitutes the basic steering relation for a mirror
defining its orientation as a function of time (because of the sun’s
time-varying position 8) and space (because of the specific location
of the mirror with respect to the tower). Equation (2) giving the
cosine of the incidence angle is an important parameter of mirror
behavior which will be referred to as the incidence factor &;.

The apparent diurnal motion of the sun relative to a given spot
on the earth can be obtained from well-known trigonometric calcu-
lations in terms of three specifying parameters—the area location,
the day of the year, and the time of the day—which can be defined
by the following three angles: ’

A = latitude (positive in Northern he.misphere)
& = declination (positive in the summer for Northern
] . hemisphere) ’
T = time angle (positive in the afternoon, measured from local
apparent noon)

The sun position vector s can be described by two angle compo-
nents: a zenith angle 8, measured from local vertical, and a hori-
zontal azimuth angle 8, measured from true South and counted
positive in the westerly direction. The zenith angle at any time of

the day is given by

cosf, = sin\ siné + cosX cosb cosT (6)
and the azimuth angle by either

sinX coST -~ cosA tand
sinT

M

cotB, =

=N Omenclature

Ai = actual concentrator area

A, = receiver area

A, = effective concentrator area

a, = per-unit effective concentrator area =
A/nH?

C = concentration ratio = A,/A,

D = per-unit distance between two parallel
mirrors (referred to mirror width)

E = offset tower distance angle from center
of circular concentrator field

H = tower height

i = unit local vector pointing EAST

j = unit local vector pointing NORTH

k = unit vector pointing to local zenith
(vertical)

n = unit mirror vector (outward normal)

§ = unit sun vector (toward sun)

t = unit tower vector (toward receiver)

N = resultant vectors + t

N = magnitude of N

kg = derating factor

k; = incidence factor n.s = N/2
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k. = ground utilization factor = 1/D,

ko, = mirror area utilization factor

ko = overall area utilization factor = kkn

k, = shading (sun) factor = cosb,

k, = screening (tower) factor = cos8,

¢ = parameter = cosf,/cosb,

L = per-unit length of mirror

W = width of mirror (unity)

R = distance of mirror to tower base

T = distance of mirror to receiver

P = solar power at receiver

S = solar constant

X = top exposure of mirror

Y = side exposure of mirror

xm = shadow length (perpendicular to mir-
ror horizontal edge) )

ym = shadow skew {parallel to mirror edge)

B = azimuth orientation of mirror

. = azimuth orientation of sun

B¢ = azimuth orientation of mirror location

with respect to tower
pg = azimuth orientation of separation dis-

tance between two parallel mirrors
8, = mirror tilt angle (from horizontal)
8, = sun zenith angle
6, = mirror-tower distance angle
n = concentrator efficiency = A,/A;
p = receiver dimension

. & = declination
- X' = latitude

7 '= time angle .
ws = sun apparent velocity - ’
o = sun disk angle

Subscripts
§ =sun
L = tower

n = mirror normal
M = maximum (rim)

.m = minimum

p = mirror profile view

f = mirror front view

h = projection of vector on horizontal
plane
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or
cosd
sing,

sinf, = sint (8)

It is convenient to indicate the sun’s hourly position by combin-
ing the pair of angles (6,, B,) in quasi-polar plots as illustrated in
Fig. 2. The plots are symmetrical with respect to the North-South
axis. Fig. 2 shows sun paths corresponding to the summer and win-
ter solstices, and the equinoxes; also shown are equivalent polar
plots in the tanf,, 8, plane. The sun’s apparent velocity w, = dr/dt
is 15 deg per hr or 7.2722 X 10~ radian per s.

As indicated in Fig. 1, the location of a given mirror is specified
by the unit vector t pointing from the mirror to the top of the
tower (assumed to be a point at a height H from horizontal
ground). Again, it is convenient to describe this unit vector by two
angle components: a zenith angle 8, cotresponding to & radial dis-
tance R = H tané, relative to the base of the tower, and a horizon-
tal azimuth angle f;- measured with respect to South, positively
westward.

Finally, the mirror orlentatlon defmed by the outward normal
unit vector n, is also described by a zenith angle 0, (also equal to
the tilt profile angle with respect to the horizontal plane) and a
horizontal azimuth angle 8, from South.

The three vectors 8, t, and n subject to the steering constraint
are shown in Fig. 1 with their associated pairs of angular orienta-
tions. The components of these three unit vectors can be expressed
in a local cartesian coordinate system defined by the triad of unit
vectors i, j, and k pointing toward East, North, and the local verti-

. cal, respectively. Specifically, these components are

§ = —'sines sinf,
s; = —sinf; cosB, - Sun (a)
s, = cosf,
t; = —sinf, sinB, . .
t, = -sinb, cosp, o Tower (b} (9)
t, = cosé, s -
“n; = —sind, sinf}, .
n, = —siné, cosB, - Mirror (c)
n, = cosf, s

The magnitude of the resultant vector N = s + t is then

w/—Z[l + cos0, cosb,
+ sinf, sm9 cos(B, — )% (10)

The orientation of the mirror can be obtained using equation (1) in
terms of sun and mirror location angles with the result that the an-
gular mirror tilt is given by

cosl, = 1l\l(c°595 + cosf,) (11)
or equivalently,

_ [sin’g, + sin’9, + 2sinf, sind, cos(B, - BN 2

tané,
(cos8, + cosé8,)
(12)
and the mirror azimuthal orientation is
sinf, sinB, + sind, sinf
tang, = —> > __ ¢ (13
sinf, cosB, + sind, cospB,
or equivalently o
sin(B, - B, sing
: = (14)
sin(B, = B)  sing,
Finally, the incidence factor is given by
k; =nes = N/2 v (15)

where N is computed from equation (10)..Equations (10)-(15) wilt
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Fig. 2 Polar plots of sun’s hourly position (A = 35 deg N)

serve as the starting relations from which the propertles of hello-
stat arrays are to be derived. .

In order to develop. an understandmg of the space-time charac-
teristics of ideal mirrors subject to the above steering equations, it
is helpful to consider the heliostat arrays as a continuum field and
to view this mirror field first as a function of space at fixed times
and then as a function of time for fixed positions.

Space Mapping of Mirror Orientations. Consider a fixed in-
stant of time of day which specifies the sun'vector s in terms of its
zenith angle 6, and azimuth angle ., and examine corresponding
field space distributions of mirror orientations. A mapping of these
distributions can he conveniently visualized by introducing two
sets of loci:

(a} loci of constant azimuthal urientations (constant 8, lmes),

(b) loci of constant tilt (constant 4, lines).

A typical set of polar plots of these loci in the tan#, 8, plane is
shown in Fig. 3. The plots are symmetrical ahout a line repre-
senting the projection 8, of the sun vector s in the horizontal
plane. For convenience of plotting, all azimuth angles are shown as
relative angles, namely 8, = g, — . and Ba.. = B, — B therehy
producing a mapping that is a function of a single parameter —the
sun zenith angle f,. (If ahsolute azimuth angles are to be exhibited,
simply rotate the plots by the specified sun azimuth angle g,.)

The simplest mapping occurs when the sun is at zenith (A, = 0)
because then 8, = 8, and 9, = 8,/2, signifying that constant £, loci
are radial lines intersecting at-the origin (where the tower is locat.-
ed), and that the constant tilt lines form concentric circles with
centers at the origin. For other values of f,, the loci become dis-
torted as shown in Fig. 3 for the case where , = 45 deg. However,
they possess interesting properties. For instance, constant 3, lines
are made up of portions of hyperbolas intersecting at a singular
point located at.f, = f, and g, = f, + 180 deg (or B = 180 deg).
This particular point shall he referred to as the nade of the map-
ping. A specific hyperholic locus defined by a fixed angle Bn. = fn
~ B has its major axes tilted at an angle ~3,,. with respect to the
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Fig.3  Mirror field distribution (8, = 45 deg)

zy axes. The constant 8, or isotilt lines are quartic curves which
form closed paths only when 8, < 45 deg — (6,/2). At the node, 8,

= 0 deg so that this nodal mirror (in fact, the only one) is horizon-

tal.
Since the node constitutes a singular characteristic point defin-

' ing the mirror field distribution at a given time, the time-variation

of the distribution ¢an be visualized by observing the motion of
this node. The path of the node is in fact identical to that of the
sun as shown in Fig. 2. The complete distribution can be obtained
by superimposing the pertinent mapping (for a given 6,) on Fig. 2
such that node and sun position coincide. ' :

Time Profiles of Mirror Orientations. The time evolution of
mirror orientation for a fixed location specified by 8,, 8; can be de-
rived from equations (11) and (13) after expressing the solar angles

‘f, and B, in terms of the time angle r using equations (6) and (8) so

that
cosf, = %,(cose, + sin sind + cosi cosb cosT) (16)

in which

%

MIRROR TILT ANGLE 8,

- §

TiIME

Fig. 4 Time profile of mirror tilt angle
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N= \f?:[l + cosf,(sinAsind + cos\cosd cost) + sinf,sinf,cosd sinrt
+ sinf,cosf;: (sinAcosd cost — cosAsing))!/2

and .
siné, sinB; + cosd sinT

17
siné, cosp, + sini cosd cosT — cosi sind ()

tang, =

As illustrations, Figs. 4 and 5 show time profiles of angular ori-
entations for a ring of seven mirrors located 30 deg apart in the
Eastern quadrants at a constant radial distance from the tower ex-
pressed by 8; = 60 deg (because of symmetry, only the eastern half
of the field is considered); the chosen day is the equinox (6 = 0
deg) and the latitude is A = 35 deg N. It is of interest to note that
the mirror situated at 8, = 60 deg, 8: = 120 deg is close to a node of
the field distribution occurring about 8:30 a.m. (» = —52.4 deg) at
the location 8, = 60 deg and 8; = 113.8 deg, and thus exhibits at
that time very large time rates of change of angular orientations;
this will be a characteristic feature of mirrors in the vicinity of a
passing node. In general, time profiles of angular velocities and ac-
celerations can be derived from the orientation time profiles; they
provide useful information regarding the controls and torques re-
quired for steering action.

Shadow Analysis

The performance of ideal heliostat arrays is to a large measure - -

governed by the effects of shadows cast by neighboring mirrors.
Two types of shadows can render a mirror (or portions of its sur-
face) ineffective: (1) a-mirror can be shaded from the sun by an ad-

jacent mirror which effectively blocks the. incident light rays; (2) a -

mirror, though in-sunlight (i.e., unshaded), can be screened from
viewing the top of the tower by a neighboring mirror which effec-
tively blocks the reflected rays. To distinguish between these two
shadowing possibilities, the first shall be referred to as shading

- and the second as screening. To analyze the shadowing effects of

neighboring mirrors, the shadows produced by a single mirror on
the horizontal surface are first examined as a function of space and
time; such horizontal shadows can be viewed as defining the “foot-
prints” of a mirror. The analysis is confined to rectangular (or
square) shaped mirrors having an edge (i.e., two corners) placed on
the ground which is assumed to be horizontal.

Mirror Shadow “Footprints.” Consider a single rectangular
mirror of unit width (W = 1) and length L at a field location speci-
fied by 8, and §,. At a given instant of time specified by the sun’s
position angles 8, and §,, the mirror orientation angles 8, and 8,
are determined by the steering equations. The shading and screen-
ing footprints have the shape of parallelograms as illustrated in the
plan view of Fig. 6(a). In order to determine the exact size of these

g 8 §

g
3

MRROR AIMUTH ANGLE 8,

-60°

~TIME

Fig. 5 Time profile of mirror azimuth angle
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parallelograms, two special views of the mirror are introduced: a
side (or profile) view of the mirror (Fig. 6(b)), and a front (or face)
view of the mirror (Fig. 6(c)). Projecting the sun zenith angle §, in
the normal plane to the mirror result,s in a sun profile angle 6,,
given by

tanf,, = tané, cos(f, - 13,') (18)

In the front view, the sun angle 8, appears as the front angle 8,/
given by

tanf,, = tané, sin(f3, - 8,) (19)
The two corner points of the parallelogram of sun shade represent
“piercing points’ on the hotizontal surface of sun rays passing
through the upper corners of the mirtor in a direction antipatailel
to the sun vector 6. In the frame of reference of the miirtor; a pierc-
ing point is at 4 distante xm, perpéndicular to the mittor honzon-
tal edge given from inspection of Fig. 6(b) by

;,)/cose,,
= cosé, + siné, tand, cos(f, - B,) (20)

This distance will be referred to as the sun shadow length. The
skew length or lateral displacement of the piercing point parallel
to the mirror edge is found from Fig. 6(c) to be

V., = sing, tanf,, = sing, tanf, sin(, — B, (21)

Xps = cosB + siné, tand,, = cos(é,

ms

It is desirable to express the position of piercing points in a fixed
coordinate system in the horizontal plane defined by East-North
xy axes. The components xo. and yo, of the piercing points along
these new axes can be derived from the components x ;. and ym, in
the mirror frame by performing a rotation of axes involving the
mirror azimuth angle 8., Thus,

KXoy = Xpg SING, ms COSB, :

Vor = o cOSfly + s Sinfh | (22a)

or ‘ ’ T .

’ Xgs = cosf, sinf, + sing, tanf, smﬁ } (225)
Vo5 =-Cosf, cosfB, + sinf; tane ‘cosg, :

Following a similar process, the corner or piercing points of the
screening shadow of the tower (interpreted as the shadow pro-

" "duced by a fictitious light source at the top of the tower) can be oh-
tained by simply interchanging the subscripts s and t. Thus, the .

tower shadow length becomes

X, = cosB, + sinf, tanf, cos(B, — B) (23)

mt

while the tower shadow skew is
Ve = Sing, tané, sin(8, ~ B) - (24)

However,-because the piercing points are established by lines par-
allel to the s and t unit vectors which. are in turn related by the
steering equations, the sun and tower shadows are not indepen-
dent of one another. Specifically, equation (2) yields :

n*s = cosf, cosf, + sinf, sind, cos(8, — B,)

-cosé, x,, = net’
s s (25)

cosf, cosd, + sind, sing, cos{B, — B,
N

= cosb, x,y = 7
so that

X

mt

X

_ cosf,
cosb,

(26)

Furthermore, using equation (14):

Vot _ _COSO, _ v 27

= = =-gq

Yns  COSH,

Journal of Engineering for Power

Because of the significance of the quotient cosf,/cos,, it is denot-

ed by the parameter q. Equations (26) and (27) which summarize '
" the results of the shadow footprmt analysis can be interpreted as

follows:
(a) The parameter q uniquely characterizes the relative extent
of shadows for the sun shade and tower screen: when g < 1, (i.e. 8,

- < 8,), the sun shade is larger than the tower screen; if ¢ > 1, (i.e. 8,

> 8,), the reverse situation holds.

(b) The normal to the horizontal edge of the mirror at its cor-
ner bisects the sun and tower line shadowa produced in the hori-
zontal plane by the tilted side edge of the mirror. Thus, while the
horizontal projections of the three basic vectors (ns, t,, and s;,) do
not satisfy the equality of incidence and reflection angles, this
equality praperty is recovered ih the edge shadows. .

(¢) The skewing of the two parallelogram shadows occurs in
opposife diréétions (from the normal to the horizontal mirror
edge) which are determined by the -sign of the relative angle Bn —
6: (or ﬁn - 6[ .

(d) Shadow computatlons need be performed for only one type
of shadow, the other being derived from it by simple scaling with
the parameter gq. ]

Shadows Cast on Adjacent Parallel Mirrors. Consider next
a neighboring mirror of identical dimensions (1 X L) and orienta-
tion (8,, B,) located at a per-unit distance D (between center) from
the original shadowing mirror; the separation distance between
mirror centers has an orientation specified by the azimuth angle 84
measured as usual from South. This parallel mirror may be par-.
tially shaded from the sun and/or screened from the tower; the
“union” of shade and screen areas constitutes the total shadow
whose “complement’ area is the exposed or available area of mir-
ror. To obtain this expos'ed arca, it is again Lunvenient to examine
a side (or profile) view of the mirrors as well as a plan (or top)
view.,

In a side view, the mirrors appear to be separated by the profile
dmtance

o) PLAN VEW

suG a8 8,

: T }
. , 6

b} SIDE VIEW . b N:A)

7

N - . \k

SEPARATION b—— D,
TOWER SHADOW f.,_--.....__
SUN sm:pow

MIRROR PmcnouL—cosB —l _“

¢) FRONT VIEW

~-~—L—Er—'—h~

Fig. 8 Shadow “footprinis” of a square mirror .
{9, 60deg 6, = 45dcg 0, = dddeg g = 0.7]
B 60deg B, = -25deg £, = 22.8deg '
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tor

Dp = D cos(n — fa)’
vAs seen from Fig. 6(b), the exposed top distance. for the case of

sunshading is

_ {Dp/xy, for D, < x., '
Xo = {1 for D, = x,, (28)

while in the case of tower screening it is »
D,/% = X/q for D, < qx,,
{1 for D Z X, (29)

- The side exposure distance (for either sun or tower) can be ob-
tained from the geometry of Fig. 6(a) as

sin(By — B,) o
Y cos(B = B) T |¥| L_lan < (30)

in which 8, = tan~! x¢/yq is the azimuth angle of the edge shadow
line. If either X = 1 or |Y] = L, the mirror is fully exposed. For

simplicity, the subscripts s or ¢ have been dropped by not referring .

specifically to either sun or tower shadows.
The final step in the determination of the effective mirror area

" used for reflecting the solar radiation to the central receiver must

account for the incidence factor k;. The effective area is simply the
available or exposed area times ;.

Utilization Factors. Utilization factors are introduced to pro-
vide some localized measures of effectiveness of mirror field cover-
age. They are defined in the context of top mirror exposures (X
type) as illustrated by the profile view of two parallel mirrors in
Fig. 6(b). Side exposures (Y type) cannot occur in the case of close-
packed arrays of mirrors.

Ground Area Utilization Factor k,. This is simply the in-
verse of the per-unit profile separation distance D,. Clearly D, 2 1
to avoid overlap of mirrors when placed in the horizontal position;
D, = 1 means that the horizontal parallel mirrors are just touch-
ing.

Mirror Area Utlhzatwn Factor k. This factor represents
the top exposed per-unit length X (or, more precisely, the least of
X; or X,) which is equal to

(D, < xp)

D,/x,,
Fm = {1’ (D, = x,) (31)

Overall Area Utilization Factor ko. This is simply the prod-

uct kykm, that is’

{1/,\-,,, (D, < x,) ' (32)

ko = >
» = ly/p, (D, = x,)

Incidence Factor k;. As usual, this is equal to the cosine of the
incidence angle or :
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) N
ky = n*8 = cosb, x,, = n*t = cosb; x,; = 3

Effective Shadow Factor. This factor is a measure of the
total effectiveness of a mirror in reflecting solar power to a central
point; it is equal to the product kok:.

Three situations can be encountered: )

(a) A mirror which does not experience shading or screening
has an effective utilization factor equal to the incidence factor k;.

(b) In the case of sun shading, the maximum utxhzatxon factor
is given by the shadmg factor

ks = —(n-s) = cosf, (34)
- xms .
(¢) In the case of tower screening, the maximum utilization
factor is given by the screening factor

k, = —l(n-t) = cosé, (35)

xmt

»

It is important to stress the significance of these simple-looking
results. In the presence of either shading or screening, the effective
mirror utilization factor is a function of only the cosine of the ap-
propriate zenith angle (8, or 8,) but not of azimuth angles or mirror
orientation. (This is in contrast to the case of an isolated mirror for
which the utilization factor is the incidence factor k;, a function of
both 8, and 8, as well as 8; and 8;.) When 8, < 6, (q.< 1), k; <k,
so that sun shading overlaps the tower screening and, as such, pre-
dominates. Conversely, when 8, > 6, (¢ > 1), k; < ks, signifying the
predominance of tower screening over sun shading.

Concentrator Analysis
Configuration of Concentrator Model. To develop the theo-
retical characteristics and performance limits of an ideal array of
heliostats, the following model of the concentrator is postulated:
(a) The mirrors constitute infinitesimal close-packed arrays all
arranged at any instant of time so as'to satisfy the steering equa-
tions while reflecting maximum solar flux without shadowing ef-

fects. The mirrors can -be viewed as small concentric ribbons sur--

rounding the node and coinciding with the isotilt lines of the field
distribution. In order to achieve full exposure with maximum field
coverage, the ribbons are separated by the smallest distances com-
patible with avoiding shading and screening.

(b) The concentrator is assumed to have the shape of a circular
ring with the tower of héight H at the center. The outer radius is
Ry = H tanbp, where 8,4 is the rim angle of the concentrator; the
inner radius is R, = H tanf,». The geometry of the concentrator is
illustrated in Fig. 7.

(¢) The land is taken to be horizontal wnth no obstructions
anywhere in the field. In particular, the blocking effects of the cen-
tral tower are ignored.

(d) The days are considered to be cloudless.

(e) Because of the close-packed configuration of mirrors, no
side exposure (Y type) to sun or tower is possible; only top expo-
sure (X type) matters.

Mathematical Model of Concentrator. Since shading and
screening effects are differentiated by the value of the parameter
g.'it is appropriate as shown in Fig. 7 to divide the concentrator
field into two regions separated. by a circle of radius R, = H cosf;
which pusses through the node (at the azimuth angle £,): inside
this circle (g < 1) sun shading dominates, while outside it (g > 1)
tower screening is the governing feature. If the node occurs-inside
the circular hole (6, < 8,,), the whole concentrator experiences
tower screening effects; on the other hand, with the node outside
(6, > 8,p), the concentrator is influenced by sun shading. The total
effective concentrator area A, which intercepts at a given time
(i.e., given node location) the maximum solar flux and redirects it
to the central receiver without shadowing effects can now be ob-
tained in closed form by integrating a circular differential ring ele-
ment of area dA subjéc;ed to the reduction k, = cosf, if located in
the shading zone and to the reduction factor k, = cosé, in the
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screenmg zone. The ring element area is glven by
dA = 2nRdR = 21H? sinf, sec?s N CA

Depending upon the location of the node with respect to the
concentrator, three expressions for its fotal effective area A, can l)e
obtained by integration:

(a) Node inside concentrator (6, < f;n):

’ e .
, = 27rH2_[o"” sinf,sec?6,d8, = 2nH ¥secd,, -
(36a)

(b) Node on concentrator (6, < 8, < 8,p):
A, = 211H2[f:’ sind,sec’s, cosdd, + f:“’ sing,sec?6,dd,]
- tm . S

= tH¥2sech,, - tdsb sec’d,, ~ sech) (368)

{c) Ndde outside concentratoi (0 2 8em):

A, = 27rH2f *t4 sing,sec’d, cosd,dé,

6t
" = 7H?%tan6,, — tan%é,,)cosd, (36c)
Since the concentrator total area A; = nH2(tan20,5 — tan?f;,), a
concentrator area efficiency defined as n = A,/A; can be evaluated
as

Sz(sece,,, + sech, ) (8, = 6,,) (a)

2secf,, ~ cosfsec?d, — secd

(8, < 0, < 6,,)(h)

n_ .
? " . secld,, — sec?q,, :
cosé (6, = 6, () (37

For convenience and generality, it is desirable to express the
concentrator effective area in a per-unit dimensionless form by
using as normalizing base the area H? of a circle of radius equal'to

" the tower height. In this per-unit system, equations (36) become

< 6, (a
= 225ec6,u - cosf,s0c?8,,, —sech (8, < 05< Bpy) (B)

(tang,, — tan’,)cosd, (6, =

It is worth emphasizing that, because the shading and screening
factors are not functions of azimuth angles, the integrated effects
expressed by the concentrator effective per-unit area a, -and the
area efficiency 5 are also independent of these angles and are only

. functions of radial distarices.

Ideal Performance Characteristics of Circular Concentra-
“tors. To simplify the presentation of the characteristics, the con-
centrator is taken here to be a full circle (i.e., with no central hole
or fim = 0 deg) of rim angle 6.

Plots of the ideal concentrator area efflcnency n as a function of
size for various sun zenith angles are given in Fig. 8. The curve for
the vertical sun at f; = 0 corresponds to the well-known ideal char-
acteristics of a Fresnel mirror;’in this case, only tower screening oc-
curs. With an oblique sun, the efficiency is further reduced due to
sun shading effects (, < ,) which are added to the tower screen-
ing effects. :

Plots of efféctive per-unit concentrator area a, versus sun zenith
angles f; for various field sizes iy are given in Fig. 9. It is inter-
esting to note the flat nature of the effective area over a wide range
of sun angles; this flatness is due to the.combined effects of shad-
ing and screening when 8, < fi,p. In fact, in that region all curves
are essentially displaced from one another exhibiting identical ab-
solute drnops given by

arlss=0 - arlos = cosf; +. secf; — 2 (6, = O!M)
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Fig. 8 Concentrator area efficlency characteristics

In the regions where 0, exceeds 8.p (i.e., when the node is outside
the field of the concentrator), the curves drop rapidly as indicated
due to the predominating sun shading effects on the whole concen-
trator. )

The abscissa of the characteristic curves of Fig. 9 can also be
viewed as representing time since zenith angle 6; and time are
known for any given day. For example, in Fig. 10, effective concen- -
trator area-time profiles are plotted for a given size concentrator
(8, = 70 deg) for various days of the year. It is éignificant to note
the rather small change in maximum output effective area (occur-
ring at noon) that takes place over a year. Again, it is stressed that
these characteristics are independent of azimuth angles. The im-

RIM_ANGLE 6,2 80*

EFFECTIVE CONCENTRATOR Py AREA o,

o 15* 300 ase 60* 75° 90°
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Fig. 8 Effactive concentrator area characteristics
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portance of these curves is that they can readily be translated into
reflected salar power profile curves, once the pertinent solar_con-
stant S is introduced as a multiplier. If, as a base, the solar con-
stant is taken to be equal to 1kW/m?, then a, can also he interpret-
ed as an effective output power density referred to the base area
wH2 The total solar power reflected to the receiver is then a,-
nH2kW (H expressed in meters.) However, to obtain accurate
power profiles, complete and detailed insolation data must be
used, expressing S as a function of 6, (or time): )

Effect of Tower Offset. So far in the model of the concentra-
tor, it has been assumed that the tower is located at the center of
the circular field. It is of interest to examine the effect of placing
the tower anywhere in the field. Suppose that the tower is located
at an angle E (in degrees) or at a distance H tan F from the center
of the circular field (azimuth again plays no role). The analysis can
be performed in the same manner as in the case of the central
tower except that the integrations must be performed numerically.
Fig. 11 gives plots of a, versus 4, for various offset angles £ (in the
case of a circular field of rim angle 8,as = 70 deg). Interestingly
enough, the reduction in output effective areas due to the tower
offset is small; even when the tower is close to the rim of the field
(at 65 deg). the reduction in a, is about 17 percent.

Ideal Concentration Ratios. A geometric concentration ratio

can be defined as the area of the effective concentrator divided by
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Fig. 11_ Characteristics of tower. offset
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the area of the receiver, assuming that all solar energy reﬂected by
the heliostat array reaches the receiver. Clearly the shape and size
of receiver will affect this concentration ratio. Three specific re-
ceiver geometries are considered here: a semisphere, a horizontal
flat circular disk, and an inverted truncated cone. The minimum
size of receiver placed on top of the central tower at a height H is
determined by the complete interception of the sun ray cone of
angle o (o = 9.3 mrad) reflected by the far-field mirrors-located at
the rim of the concentrator (at 8;p). Table 1 summarizes the re-
sults of the analysis and indicates the concentration characteristics
of the three receivers for three possible rimn angles of interest. A

comparison of the ideal concentration ratios for the three types of -

receivers is also illustrated in Fig. 12 which shows the superiority
of the conic receiver for large rim angles of the concentrator.

The product of concentration ratio C by the solar constant S
yields a measure of the average solar flux density available at the
receiver. Again it is important to recognize that the flux density
distribution is not a function of azimuth angles around the receiver
surface. '

Conceptual Design

As an application of the theory developed and an illustration.of
the orders of magnitude involved, a conceptual design for a 500
MW (thermal) solar power plant is sketched based on the fol-
lowing simplifying assumptions and specifications:

1 The design point is defined by a power level P = 500 X 10‘?W
to be achieved dt noon (r = 0 deg) at equinox (8 = 0 deg) for a site
located at A = 35 deg N (i.e., this means that the solar zenith angle
8. = 35 deg).

2 'The ring-shaped circular concentrator has a rim angle 6,4 =

Table 1 Concentration characteristics for three recelver geometries

i

Recefver Flat Horizontal Disc - Semi-Sphere Frustuo of Cone
) JH 2 K
Maims Radius P osect Frriom o
. ? (1} ot T+ coeh Zout, (Lengen)
s 22 & m of W 2.2 2
Arca A T CORT mec ——————— 7 ¢’ 1T see’d
¢ g i coolt (1 + coss )’ ™
e (1.
1 2 2 L 2
Concentcat fon < a_ con ) =z & con'P (1 +cosh ) ~ a8 cos 8
atto € o A TA H 1 i o 13 2% ™
(a3 .
s “
£, o | Rt o/ < e/ [4 c
[ 88t | 218 0.026 4000 0.01% $700 . . 5600
[ 00 | 2.7 0.04 2400 0.020 4700 - . 5200
[ 13 | n 0.07 1290 0.029 3500 . 4s00
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70 deg and a central hole with 8, = 30 deg.

3 The central receiver has the geometry of a truncated cone.

4 The direct component of the insolation (disregarding the dif-
fuse component) is taken to have a value S = 800W/m? at noon
and normal incidence. : ’

5 . A derating factor of kg = 0.72 is assumed to account for loss
of mirror ares coverage of 0.85 and for a mirror reflectivity of 0.85.

6 A maximum angular spread of the reflected light beam at the
outer rim is assumed to be oy = 2.50 where the multiplying factor
is to account for the finite width of mirrors and for steering errors.

Since the expression for the power available at the receiver is
given by -

o P = rH%kaS
{wheré a, = 3.53 from equation (38b)), the tower height is found to
be equal to

H =t

500 x 10°
172 _ 172 _
7a k,,s] <355 x o7z w00 = 280m
. With the knowledge of the tower hei'ght, the overall sizinAg of the
solar power plant can be completed as summarized in Table 2.

Conclusions

The principal results of the analysns of the ideal solar concentra-
tor developed in this paper can be summarlzed as follows:

(a) A fundamental theory of solar concentrators for central re-
ceiver power plants has been formulated in terms of a continuum
field model of ideal heliostat arrays. The analytical resuits derived
from this ideal model are inherently simple and, more importantly,
provide the physical basis underlying the central receiver concept
of solar power concentration.

(b) A steering analysis has yielded the space-time characteris-
tics of heliostat arrays in the form of field mappings exhibiting iso-
tilt lines and iso-azimuth lines, and of time profiles of mirror ori-
entations. The notion of a node for the mirror field distribution
coinciding with the sun’'s hourly path is extremely useful in de-
scribing the properties of heliostat arrays.

(e} A shadow analysis has been performed for rectangular mir-
rors showing -the relationship between sun shading and tower
screening. Two key parameters defining the utilization factors

Journal of Engineering for Power

Table 2 A 500 MWt solar power plamt
POMER LEVEL s P v 500 Mw
TOWEZR HEIGHT M H 280 m

2
l‘ = 1.78 km

R, © 770 m R =
l" Om,ﬂ'n 162 m)

CONCENTRATOR LAND DIMENSION

EFFECTIVE CONCENTRATOR AREA - © k= o0.87 !

CONCENTRATOR AREA EFFICIENCY - = 0.49
TOTAL MIRROR AREA . AL e boo e
CONCENTRATION RATIO . (SR uoo.
RECETVER MAIN DIMENSION 2Wm
RECEIVER AVER’AGB FLUX DENSITY 640 Ki/m’

cosé, for sun shading and cosf, for tower scfeening express the
local effectiveness of mirrors in reflecting solar energy.

(d) The ideal global characteristics of circular concentrators
have been derived from the preceding steering and shadow analy-
ses as closed-forim expressions for effective concentrator areas (or,
equivalently, reflected solar flux), concentrator efficiencies, and
conéentration ratios (which are dependent upon the choice of re-
ceiver geometries). From these expressions, dimensivnless. curves
have been obtained to characterize the behavior of large-area con-
centrators and to establish theoretical limits of performance
against which actual or realistic systems can be compared. With
the ideal model providing a best performance benchmark, the base -
design of a solar power plant can proceed with the introduction of
correction terms or derating factors accounting for such effects as
steering errors, mirror size'and reflectivity, area coverage and ge-
ometry, solar insolation, cloud cover, and wind loads, to cite a few.

(e} A major feature of the ideal solar plant characteristics is
their unique dependency on just two parameters: the sun zenith
angle 0, (i.e., the time of day) and the size of concentrator. As a
corollary, the characteristics do not depend upon azimuthal orien- . .
tations. In particular, the solar flux density at a given time is uni-
formly distributed around the receiver. (This would not be the
case had shadowing effects been ignored.).

(/) Although the present model has emphasized a circular field
configuration with the tower at the center, it can readily be adapt-
ed to the study of more complex geometrical configurations. The
added complication is that integrations must now be performed
numerically. A specific study of this type has shown that offsetting
the tower away from the center.of a circular field does not substan-
tially alter the ideal characteristics of the concentrator. The analy-
sis of square, elliptical, or other shaped fields (including multiply-
connected fields containing holes or regions without mirrors) can
be performed using the present formulation.
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_.__DISCU}S‘SION
L. L. Vant-Hull?

The author’s paper develops the usual steering relations and
shadow geometries for heliostats in a central receiver array, but then
goes on to analyze the properties of the sun and tower shadows in a
véry clear and useful manner. In particular, the relations between the
sun and tower shadows expressed through his parameter “q” are in-
structive as is the concept of the nodal point.

The concentrator analysis, which results in maximum realizable
energy reflected toward the receiver provides a useful algorithm for
field scaling relations, etc. It provides a much more realistic upper
limit to the energy one can collect from a specified area than the
zero-order limits of $* cosf,* ground area, or S* mirror area, because
now the effects of incidence angle and shading are recognized through
the efficiency factor n. For a specific time, one now has the tools to lay
out-a field of mirrors and compute the reflected power using only a

. hand calculator. However, the algorithm requires that no light ever

bypass the mirrors and does not allow for edge shadows. Thus at a

. time other than the design instant, the performance will suffer unless

the heliostat locations are continually changed, which is not very
practical, in general. In particular, this analysis provides no guide for
locating the heliostats in the field or for optimizing the heliostat
field. :

A parallel effort in which the same problem has been programmed
in detail on a Univac 1108 allows us to generate data similar to that
of Fig. 10 for a specified nonuniform heliostat distribution. After
evaluating numerous arrays with mean rim angles of about 70 deg at
a latitude of 35 deg north, we have obtained two arrays, one designed

2Solar Energy Laboratory, University of Houston, Houston, Texas.
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for best summer (and annual) performance, and a second designed
for best performance on winter mornings and afternoons (to minimize
variations in peak power to the receiver). In Fig. 13 we show the
diurnal behavior of these fields in comparison to Fig. 10. (WS and SS

noe The curve marked “Riaz"” has been generated by reducing values
of a, obtained from Fig. 10 by 0.85 as suggested by Riaz to account
for loss of mirror area coverage.)

The summer perturbed array has a reflector area 49 percent of the
ground area and the tower is in the center of the field. At noon, the
reflector effectiveness varies from 82 to 62 percent with the solar el-

121

-refer to winter solstice and summer solstice, while EQ refers to equi- .

evation as a result of the average value of the angle of incidence .-

(0.87-0.83) and of shading and screening (0.94-0.80). Because of the

lower solar evaluation in the winter, the winter perturbed array has

a-reflector area only 34 pecent of the field area, and its noontime ef-
fectivity varies from 76 to 66 percent over the year. The tower is lo-
cated 45 deg south of the field center in this case, to take advantage
of the more normal angle of incidence in the north field in the win-
ter.

The general congruence between these results is heartening. The
major reason for the lower values for our fields is that considerable
sunlight is bypassed -at all times so that excessive shading will not
occur as the solar azimuth changes. e heliostat cost predominates, so
every-effort is made to maximize the efficient use of the mirrors. In
conclusion, it appears that intelligent use of the author’s algorithm
will aid greatly in the design and analysis of central receiver heliostat
field arrays. ’

L. Melamed?®

Several independent analyses of real-world 40 MW, Central Re-

ceiver Systems have indicated an optimum cost effective unit heliostat

. size of about 6-m dia. Although the author's derivations based on a

continuum field representation are mathematically attractive, they
may not be useful for a discrete (quantized-type) reflector field. A tacit
acknowledgement of this is suggested in the author’s own analysis of
a 500 MW, plant in which 740,000! mirrors (of 1 M? area) are stipu-
lated: this is virtually a “continuum”-of mirrors. The near-impracti-
cality of this approach arises from the requirements of 740,000 indi-
vidual tracking systems. It would have provided a stronger argument
for the validity of the.sample calculation had a mirror area of 25 —
30 M2 been chosen as the elemental heliostat. Presumably, discarding
the continuum field representation for a discrete (quantized) field

would require numerical integration since closed-form integration .

could not be accomplished. It is not clear to me whether the analysis
as presented would require any major modification in this case. One
question that troubles me is the following: In the presented continuum
field analysis, the reflector is postulated to consist of iso-tilt concentric
ribbons, consisting of infinitesimal close-packed mirrors. The author’s
analysis postulates that shading effects are-independent of azimuth
angles, If a discrete-heliostat concentric collecting ribbon be substi-
tuted for the infinitesimal array, will shadowing still be independent
of azimuth angle of the individual heliostats within a given ribbon?

Author’s Closu_"re

The author wishes to thank the discussers for their pertinent
questions and valuable comments which add considerably to the

paper.

1 Program Manager, Solar Thermal Branch, United States Energy Research
and Development Administration, Washington, D.C.
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It is gratifying to find in Vant-Hull's discussion a computational
confirmation of the general theory developed in the paper as well as
an estimation of the extent to which the “best” performance char-
acteristics of the idealized concentrator exceed those of an actual
heliostat field. Indeed, the stated purpose of the paper was to establish
analytically those theoretical limils of performance against which
realistic heliostat arrays can he compared and assessed; the compar-
ison and assessment now provided by Vant-Hull for his specific
configurations of optimized heliostat arrays in effect answer some of
the queries posed hy Melamed with regard 1o real-world heliostats.
For the paper did not address the admittedly important prohlem of
designing optimum cost-effeclive heliostal arrays in terms of actual
size, siting, and separation of mirrors in the field: rather, it was mainly
concerned with detetmining the maximum possible fefle¢ted solar
power or flux available at the central receiver. This maxithization of
the solar Mux reflected from close-packed heliostat arrays “reguires
that no light ever bypass the mirrors and does not allow for edge
shadows.”™ Under these conditions, the reflected solar fTux is only a
function of radial distance, even though the shadowing of mirrors and
the lengths of the shadows depend on hoth radial distance and azi-
muth angle: thus, for a radially symmetric mirror field in the form of
a ring concentric to the central tower, the Lotal Mux impinging on the
receivet is constant for all directions.

As is also pointed out, maximum reflected flux can he realized only
if the mirror configuration is continually adjusted as a function of time
to conform with the ribbon-like distributions discussed in the paper.
An interesting scheme by which this adjustment can be simply
mechanized is to mount rows of mirrors on a rotating platform. The
rotation of the platform ahout a central axis controls azimuthal ori-
entations; the mirrors can he moved in ganged fashion Lo control their
tilt angles. Although the mirrors are arranged in rectilinear rows and
columns (approximating the theoretical ribhon confliguration), they
need not he coplanar but may exhibit a “toe in"" at initial alignment
to focus on the receiver. Inaddition Lo the ganged motion, second-ltevel

adjustments can be incorporated to correct periodically the tilt and
rotation of a given mirror in order to reduce excessive steering errors.
A detailed description of such turntable heliostat arrangements for
a central tower receiver system can be found in a recent United States
Patent No. 3,924,604 dated December 9. 1975, The size of turntables
can range from 10 to 100 m in diameter. Small turntables of about 10
m in diameter can be equipped with some 70 individual mirrors of 1

m” area mounted in 4 ganged fashion without incurring éxcessive

steering errors: a 500 MWt solar power plant would then require the
steering controls of only 22,000 such turntables needed to cover this
field in close-packed hexagonal arravs {not a million-and-a-half
mirrors!). Large turntables of about 60 m Lo 100 m in diameter can
accommudate larger mirrors of, sav. 5 20 m? area, bul now each mirror
will redquire a second level of steering conlrol.

1t should he emphasized that if the desigh ohjective is to alwavs
rz-('lirt-r! the maximum sunlight to the central receiver. the row-to-row
spacing hefween mirrors on'a specific turntable corresponds to the
shortest shadow length Imin{max x,... 1, )] encountered in a year.
In this respeet, the northern half of the field provides for a greater
mirfor utilization. therehy allowing the use of larger row:to-row
spacings in that, zone: furthermore; the uncorrecled steering errors
are smaller in this northern zone, allowing use of larger turntables.
The main point. of this discussion is to indicate the feasibility of
configuring a heliostat field that will effectively collect some 90 per-
cent {the packing factor for circular turntables in closed-packed
hexagonal arrays) of the maximum solar energy available over all
seasons of the vedr, thereby almost reaching the performance limits
derived in the paper on the hasis of a continuum mirror field. Un-
questionably, reducing the total mirror area means a reduction in
mirror costs, but with a concomitant diminution in solar flux collection
of the kind exhibited in Fig. 13, The trade-off considerations required
to optimize the sizing of a collector-receiver svstem for a central tower
solar power plant arce clearty hevond the scope of the present inves-
Sbigahion, .
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. ABSTRACT

Black & Veatch Consulting Engineers has developed, using’
internal funds, a computer software package for analysis -’

of central receiver splar power plants. This software
package was written in APL-PLUS, an interactive
language, and is implemented on the Scientific Time
Sharing System. This software package has three funda-
mental capabilities, as follows.

1. To calculate, for a single time point, a flux
map on a given receiver geometry.

2. To calculate, for a single time point, the
performance of a he]iostat,fie]d.: This
perfdrmance; Which is calculated as a function of
position in the fie]d; includes the cosine of the
angle of incidence, the losses attributed to
shadowing and blocking, and the cleanly re-
directed power.

. 3. To calculate, for anylgiven time period, the-
integrated average'perfOrmance of a heliostat
field. This performance, which is calculated as

PROCEEDINGS--SOLAR WORKSHOP

a function of position in the field, includes average
insolation, average insolation-weighted cosine of

the angle of incidence, and -insolation-and-cosine-
weighted shadow and block etficiency.

- This backage is highly flexibile with regard to helio-

stat field parameters such as ground cover, field
shape, and heliostat array pattern and orientation.
Because the software package is written in an inter-
active language and because the hardware is extremely
fast, a user can generate dozens of runs in & single

day. Because the APL-PLUS language is 1interactive, and

because it is so condensed, a programmer can make .
major changes to the codes in a short time.
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" BLACK & VEATCH CONSULTING ENGINEERS

- Computer Software Package for the .
Optical Ana]ys1s of Centra] Rece1vers and He11ostat F1e1ds

1.0 INTRODUCTION

B]ack & Veatch. has been 1nvo1ved in study, de51gn and construction” act1v1t1es in connect1on w1th ‘solar power for
about four years. During this period, using internal funds, a computer software package with the capability to
analyze central -receivers and he]ioStat fields with diverse design characteristics was developed for design,
performance, and cost calculations. Those personnel responsible for selecting the analysis techniques to be used
examined the published deacriptions of simiiar software packageé. They attempted to select and combine analytic
techniques so as to yield a software package with high flexibility, ease of use, ease of modification, and low
operating cost. This paper describes that software package. |

2.0 HARDWARE AND LANGUAGE

The Black & Veatch optical analysis eodes are -written in APL-PLUS, a language which is the property of the
Scientific Time Sharing Corporation. The codes are executed on an Amdahl 470 computer. . Using th1s combination,.
a single ana]yst can easily generate resu]ts from dozens of computer runs in a s1ng]e day '

2.1 Language

APL-PLUS utilizes a' large number of primitive operators and, as such, can perform with aféingle statement a
calculation which would require a large number ot FORTRAN statements Because the language is condensed, and
because the'system is irteractive, it is not difficult for a programmer to generate and debug, in one day, a
program which would requ1re hundreds of FORTRAN cards and the considerable associated checgout time. '




2.2 Hardwake '

The computef'on'Which this package is executed is an-Amdah1 470, a computer with a cyéle time: of 29 nanoseconds.
This computer is owned by Scientific Time_Sharing'Corporation and is-located in,Bethesda;vMarylahd;- Black & Veatch-
uses a solely dedicated terminal facility for the:execution of these codes. - The terminal is a thirty character -

“per second Xerox 1700 Communication‘términaI with an'Omniteé'accoustié coupler.

3.0 CAPABILITIES

The software package has the capability to perform thfeevbasic‘types of analyses.. They are single time point~f1uxl~
maps, single time point heliostat field performance, and integrated time average heliostat field performance. .

3.1 Flux Maps

This package can generate flux maps on the following receiver geometries.
o Horizontal plane at any height’
Vertical plane with any orientation .
‘Right circular cylinder with vertical axis- ‘ _ S
Right circular cylindrical cavity with a downward-facing'circu]arAaperture
Right circular cylindrical cavity with a side facing circular or rectangular aperture 4
The software gives the user the optien of viewing the standard error of the flux map. For the cawity geometries,
the. program input and output are stored in a fide for later.use by a detailed cavity ana]ysis»software‘packége.

o o O ©

3.2 Field Performiance

For a heliostat field and a target and for é.sing1e time point,.as a function of position in theffield, the

- software package can generate the following data .

o Cosine of the angle of incidence
o Shadow-block efficiency
o Cleanly redirected power
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The software permits mu]tip]e runs for a single field-target combination. This permjts'the user to enter'only an
~additional day and time and eliminates the need for repetition of the possibly complex he]ioStat field data.

3.3 Average Field Performance

This package can generate for a heliostat field and target and for a given interval of time, as a fdnction of
-position in the field, the following data | ' | ' T |
-0 Average_1nsq]at1on. This is calculated by f1nd1ng the t1me integral of the 1nso]at1on and d1v1d1ng by
the time interval. _ _ .
0. .Average cosine of the'ang1e of 1ncidence *weighted'by 1nso1at10n' Thié is Ca1cu1ated by finding the<time
- -integral of the-product of the cosine of the angle of incicence and the 1nso1at1on and then dividing that -
integral by the time integral of the 1nso]at1on
- 0- Average shadow-block efficiency, weighted by the. product of insolation and the cosine of the ang]e of
‘incidence. This is-calculated by finding the time integral of the product of insolation and cosine of
- the ang]e of incidence and shadow- b]ock efficiency, and dividing that integral by the time 1ntegra1 of the
product of the insolation and the cosine of the ang]e of incidence.

4.0 FLEXIBILITIES AND CONSTRAINTS

This software package has the following flexibilities and constraints.

4.1 Target Points

‘There may be any number- of target pointS‘ Each portion of the he11ostat f1e1d may aim at any des1gnated target
An option. ex1sts to aim each portion of the field at its nearest target.

4.2 Focussing Strategy

There are several opt1ons for tocussing- strategy . Unly one focussing'strategy‘may,be selected; it must apply to the
entire field. These options are as fol]ow ’ - o '
o Flat mirrors.



o Parabolic mirrors with slant range equal to focal length: . _

o Mirrors which are perfectly'focussed for the time point in question; i.e., there are no off-axis-
aberrations at this time point. : '

0 Mirrors which are herfect]y focussed tor some. time and target point;:neiiher of which is required to be
the time and target being analyzed.- ~If this option is selected, there must be only one targef point for:
which the mirrors are perfectly focussed although there may be any number of target points being ana]yzed

The first opt1on f]at mirrors, is treated as a degenerate case of the fourth option. This is accomp11shed by -
making the perfect focussing target po1nt a very large distance from the heliostat field.

The off-axis aberrations of the second option are treated by f1nd1ng, in. closed form, the size and shape of the
image on the target plane; and then selecting.locations from within this image using Monte Carlo techn1ques

The third option is most easily treated as a degenerate case of the second option. This is. accomplished by setting
the mirror size equal to zero. :

The fourth option is treated by finding, at the perfect focus .time, the sagittal and transverse curvatures of the .
mirror surface. Then, for the time point under ana]ysis,‘the curvatures in the new sagittal and trqnsierse blanes
are calculated. This permits the calculation, in closed form, of the image size and shape on the target plane.

- From which point the calculation proceeds as for the second option. - . '

4.3 Heliostat Size and Shape

This code will analyze he]iostaté of .any size and shape. Only one shape and size may be used for the entire field.
Options exist for square, rectangular, or circular mirrors. Heliostats of an arbitrary shape are trééted'by
Aana]yzing an oversized square array of ones and zeros, with ones wherever there is mirror surface, and zeroes
wherever there is not. L '

4.4 Heliostat Field Shape

" This code will analyze a heliostat field of any size and shape. Options exist tor rectangular and circular fields.
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The -option for a circular field will aha]yzera field which can be described by two radii and two azimuths. The
rectangular'andfcircu]ar options may be used only when the field has a .uniform ground cover. and wheh all portions.
', of the field aim-at the nearest target and when the orientation (discussed in-4.7) of the heliostat array pattern
.t(discussed-in'4.6) is constant throughout the field. . ) .

Heliostat fields with.arbitrary shape are treated by analyzing an extra-large heliostat field with a‘rectahgular
shape. This extra-large field-is broken into a rectangular array of small cells. A ground cover of zero is used
to denote areas. of this extra-large field in which there are no heliostats. S o

4.5 Ground Cover

This code will analyze variable ground. cover. The ground cover may vary in any manner:througnout the field. The
variation in ground cover may-be expressed as a function of x and y or as a function of radius and azimuth or may
be input as a tabular function.

For variable ground cover, the code requires the ground cover at. the center of each cell of the extra-large field
(discussed in 4.4) and uses that constant ground cover throughout that cell. Where the variation in ground cover
can-be expressed in closed- form, the calculation -of those ground covers can be performed internally; otherwise
they are entered in tabular form. '

4.6 Heliostat Array Pattern

The heliostats may be arrayed, on the ground, in four different ways: square, rectangular, hexagona]tclose-packed3
- . or rhombic. ‘For a rectangu]ar'array, the .-long side to short side ratio is required. For rhombic, both the long

- side to short side ratio and angle from the long side- to the short side are'required. Ohly one array-pattern may
be used in a field. I | -

4.7 Heliostat Orientation

The heliostat array pattern may be oriented three ways. The -long side of the array pattérn may be at a fixed angle
from- north. »The_long side of the array. pattern may be at a fixed angle from a radial ]jne{ The long side of thg

- ) _ . : Co o
L e . A - - ) . eI L
. N N .« _ =



~array pattern may be oriented as a tabu]ar'orAtlésed form function of position in the field.
4.8 vSCreening |
This code will cons1der shadowing only, b]ocklng only, shadow1ng and b]ock1ng, or neither.

Shadow1ng and blocking are'treated in closed form. The ca]culat1on is performed by cons1der1ng the over]ay of the
 heliostat binary matrix (d1scussed in 4.3) with that of adJacent heliostats. A1l heliostats within five array

pattern unit cells are cons1dered. An 1nterest1ng feature of APL-PLUS is that it automatically recognizes that

an array is binary and a]]ots-oniy.one-storage bit pef variable, thereby permitting calculations of this nature

to be performed with very 1little core space. Further, the calculations.employ Boolean algebra and are very rapid.

4.9 Reflectivity

Reflectivity is a single value for the field, independent of angle of incidence.

4.10 Solar Disk |

The solar disk is modelled as a circle, of diameter 9.3 milliradians, with uniform radiation intensity.
Alternative solar models can be incorporafed with 1itt1e-efforf.,-

4.11 Insolation |

- The insolation is ca]cu]ated as a funct1on of ‘solar e]evat1on and date us1ng the ASHRAE mode] It is possible-
to override this model, w1th any numerlcal va]ue, .following the 1nterna1 calculation.

4.12 Slope and Track Errors

Slope and track errors are treated identica]]y. ‘Each is assumed to be a random variable, in two independent‘
perpendicular directions, with a Gaussian distribation.. The user 1nput for: each error is the standard dev1at1on,
in milliradians, of the probability distribution. These values are constant across the field. ‘
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4.13: Units

This code-uses. SI-units. Distances are in meters, power is in megawatts, and fluxes are in kilowatts per square

meter.

5.0 EXAMPLES

“An-example of each of the.three types. of analysiswﬁs presehted-and éxp]ained. Because ofiformat considerations,

these examples are not true copies of computer output, but have-been retyped.

5.1

Flux Map

An input summary and an output from a flux map run are shown. This case is described as follows.

0

-The heliostat field is a 90° sector to the north of the tower. The inside and outside radii are 37 and

115 m. The uniform ground cover is .3125 and the array pattern is rectangular. The short-side to
long-side ratio is 0.8 and the long sides are in a north-south direction.

The heliostats are square, 6.096 m on a side. - A1l heliostats aim at the single aim point and are perfectly
focussed at that aim point. |

- The analysis is at solar noon on December. 21; while the heliostats are perfectly focussed at solar noon

on September 21. _
The target is a cylindrical cavity, with a height of 1.524 m and a radius of 1.454 m. The aperture is a
north-facing square, .75 m on a side; with the bottom edge even with the base of the cavity. The

.single aim point is the center of the aperture.
" The flux maps are self-explanatory.



INPUT SUMMARY FOR RUN OF FLUXMAPS, WSID BUFLUX
RUN MADE AT 11:21:39 AM 7/12/77

o THE 1 AIM POINT IS LOCATED AT X= O Y=8.69, 7=44.5
HELIOSTATS ARE SUPER-SMART. : :
THE SUPER-SMART AIM POINT COORDINATES ARE: 0 000, 8.69, 44.50.

0 HELIOSTAT FIELD IS A STRIP OF INNER RADIUS 37, OUTER RADIUS 115, BETWEEN 315° AND 45°.
IT IS DIVIDED INTO 6 CELLS ALONG A RADIAL COORDINATE, AND INTO -8 CELLS ALONG AN AZIMUTHAL COORDINATE
THE UNIFORM GROUND COVER RATIO IS 0.3125.
HELIOSTATS AIM AT NEAREST AIM POINTS.

- 0 HELIOSTATS ARE 10 FACET BY 10 FACET ARRAYS
THE HELIOSTAT FACE ARRAY IS 6.096 METERS SQUARE.
THE ACTUAL HELIOSTAT AREA IS 37{1612]6 SQUARE METERS.
THE MAXIMUM PROJECTED HELIOSTAT DIAMETER IS 8.619744 METERS.

o THE HELIOSTAT ORIENTATION IS UNIFORM, WITH A CELL ANGLE OF 0°.CW FROM Y AXIS.
o THE HELIOSTAT ARRAY PATTERN IS RECTANGULAR, WITH A UNIT CELL WIDTH.TO LENGTH RATIO OF 0.8.
o THE FIELD IS LOCATED AT LATITUDE 35.5°.
o SCREENING TESTS PERFORMED: BLOCKING AND SHADOING:
o SLOPE ERROR = 0.65 MILLIRADIANS, TRACK ERROR = 0.65 MILLIRADIANS.
o APPROKIMATELY 10000 RAYS TRACED.
o MIRROR REFLECTIVITY IS 82 PER CENT.
"o THE TIME POINT UNDER TEST IS DEC. 21 AT 12:00.
o THE SUPER SMART TIME BOINT IS SEP. 21 AT 12:00.
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o THE CAVITY IS A -RIGHT CIRCULAR CYLINDER PERPENDICULAR TO THE GROUND, OF RADIUS .1.454 METERS, HEIGHT 1.524

METERS CENTERED AT X=0, Y=7.236, Z=44.887.

" THE CAVITY WALL MAP HAS 12 AZIMUTHAL AND 5 VERTICAL ZONES
THE: CEILING IS MAPPED INTO 10 BY 10 ZONES.

- THE APERTURE IS RECTANGULAR, 0.75 METERS WIDE, HEIGHT 0.7% METERS
THE APERTURE IS CENTERED AT X=0, Y=8.69, Z=44.5,
ITS OUTWARD -NORMAL IS 0° CW FROM NORTH.

. OUTPUT. SUMMARY FOR FLUXCAVITY**]] 25: 43 AM 7/12/77
EXACTLY 9978 RAYS TRACED -

TOTAL POWER WAS 2.150 MEGAWATTS

1.196 MW ENTERED THE APERTURE

.950 MW MISSED THt APERTURE

MAP OF THE INCIDENT FLUX (KW/SQ METER) ON THE CAVITY WALL IS:

COMPUTER SOFTWARE PACKAGE

METERS ' | ° CW FROM NORTH |
ABOVE BASE 15 45 . .75 105 135 - 165 195 225 255 285 315 345
|OF CAVITY | -1 1 | l | | l |
o 0 0 60 . 146 98 59 65 84 160 . 77 0 0
1 0 0 35 46 8 1 5 13 53 . 41 0 0
1 0 0 0 0 0 o0 o 0
0 0 0 S0 0 0 0 0 0 .0
0 00 0 0 0 o 0 0 0




-

CEILING FLUX MAP (KW/SQ METER) IS:

0 .

0
10
64
143

- B om

122
33

5.2 Field Performance

153

5]

265 -

163

158

201

110
46

150

260

237
242

158
150
74
23

69
171
© 219

265
270
183
138
74
38

NORTH
79
145

194

227
209

199
138
- 82 -

43
SOUTH

71

145

229
288

278

224
191
120

61

82

181 .

209
313
257

-~ 204

135
99
59

An input summary and an output tor a field performance run are-shown.

28
138
219

227

224

161
161
89

15.

This case is described as follows.

59
153
206
186
158
104

61

0
66
161"

178

- 82

23

- v m =

o The field is an irregular shape. Itlis‘described by constant ground covers, as shown, within each 10.m'byn

10 m cell of the field.

o The heliostat array pattern is rhombic;

o The heliostats are circular, 2.134 m in diameter. A1l heliostats aim at the single aim peint, 32.5m
above the center of the heliostats. Each heljostat has its focal length equal to its slant range.

The heliostats are arranged at the corners of a diamond. The '
diamond is 8 units in an east-west direction and 6 units in a north-south direction. The distance between
nearest heliostats is 10 units.

o The time point is 11:30 a.m., solar time, on June 21.
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o POWERCELL. shows, for each cell,

0 . COSANGIND shows, for each cell,
o SBFRAC shows, for each cell,

_COMPUTER SOFTWARE PACKAGE

INPUT SUMMARY..FOR RUN OF FIELDPOWER, WSID BVFIELDPOWE
RUN MADE AT 10:23: 12 AM 6/20/77 |

o THE 1 AIM POINT IS LOCATED AT X=0, Y=0, 7=32.5.

0

HELIOSTAT FIELD IS A MATRIX OF 9 CELLS ALONG N S AXIS BY 8

CELLS ARE.10 METERS NS BY 10 METERS EW.

THE FIELD IS CENTERED AT X=0, Y=5.
THE -GROUND -COVER RATIOS FOR THE FIELD ARE:

0.47
0.51
0.57.
0.67
0.73
0.74

0.60
0.60

0.66
- 0.72
0.80

0.80

0.80.

o o o oo o o o

.55
.61 -
.67 .
g1
.76 .
.80
.80
.80

HELIOSTATS ATM

.51
.99
.67
.70

.80
.80
.80 -

o o o o

CELLS ALONG E-W AXIS.

.51
.59
.67
.70

.80
.80
.80

O O O O O O O O

.55
61
.67
71
76
.80
.80
.80

AT NEAREST AIM POINT

O O O O o O O

the power (kilowatts) c]ean]y redirected.
the cosine of the angle of 1nc1dence

.60
.60
.66
72,
.80
.80
.80

the fract1on of - 1nc1dent power wh1ch was cleanly red1rected

0.47

0.51

0.57
0.67
0.73 .
Q.74
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0

0

POWERCELL

HELIOSTATS ARE CIRCULAR, WITH 10 FACETS ACROSS THE DIAMETER..
THE HELIOSTAT FACE ARRAY IS 2.134 METERS SQUARE. |
THE ACTUAL HELIOSTAT AREA IS 3.577 SQUARE METERS. "

THE MAXIMUM PROJECTED HELIOSTAT DIAMETER IS 2.134 METERS.

THE HELIOSTAT ORIENTATION IS UNIFORM, WITH A CELL ANGLE OF 0° Ci FROM Y AXIS.

THE HELIOSTAT ARRAY PATTERN IS RHOMBIC. THE LONG-SIDE TO SHORT-SIDE RATIO OF IS 1.2, AND THE'ANGLE FROM
LONG SIDE TO SHORT SIDE IS 53.1° CW.

THE FIELD IS LOCATED AT LATITUDE 33°.
SCREENING TESTS PERFORMED: BLOCKING AND SHADOWING.
SLOPE ERROR = O MILLIRADIANS, TRACK ERROR = 6 MILLIRADIANS.

'APPROXIMATELY 1000 RAYS TRACED.

MIRROR REFLECTIVITY IS 88 PER CENT.
THE TIME POINT UNDER TEST IS JUN. 21 AT 11:30.

0O o0 39 3 3 38 0 .0

33 43 45 43 43 44 42, 32

i 37 42, 50 51 50 49 43 35
| ' 40 48 54 54 54 53 48 40
45 53 5 0 0 5 52 47

52 5 61 0 0 58 56 47

50 5 59 60 59 58 54 45

0O 54 - 5 5 5 54 5 O

6 0 5 5 0 0 0
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COSANGIND

.000 .000 - .925 .925  .920  .908 ° .000  .000.
.923 .-.936  .945 © .947 - .940  .926  .906  .884
©.934  .951 ' .965  .970  .963  .944  .918  .891.
940 - .963 - .982... .991  .983° .958  .926 .895
.940  .965  .988 - .000 . :000 - .963  .927  .892
931 .955  .977 .. .0000 .000 - .951  .916  .883.
= o o 914 .95 -.950 .957  .948  .925  .8%6  .867
o v - - .000 .933 .96 - .918  .911  .893  .871  .000
| - | .000  .000  .000 = .882  .875  .000  .000  .000
SBFRAC
.000  .060 .975  .975 1 .987  .000  .000
975,975 1 1 1 1 1 1
.987  .950 1 1 1 1 1 1
950 .975 1 1 1 1 1 1
925 L9751 .000  .000 1 1 1
975  .975 1 . .000  .000 1 975 .937
.950 1 1 o 1 1 .962  .900
| 000 © .92 1. ...1 1 975  .925  .000
. . .000  .CO0 " .000 1 950 ..000  .000  .0Q0-:

TOTAL POWER' CLEANLY REDIRECTED FROM THE FIELD IS 2.744 MEGAWATTS.

5.3 Average Field Performance

An input summary'and an output for anAaverage fie]d performance run are shown.. This case is described as follows.
‘0 The sampling times and days were chosen to represent an annual average between 8 a.m. and 4 p.m., solar time.




o The heliostat fie]d is square with a ground cover of 0.7. The heliostat array pattern is as was described

in the prev1ous example. L . ' _ '
-0 The. he11ostats are c1rcular, w1th a diameter ot 2.134 m.: Each heliostat is aimed at the single target,

37.5m above the center of the heliostats. Again, slant range equals foca] length.

0 SUN shows the average 1nso]at1on, in kN/m ' e : _

"0 SUN x COSINE shows the average product of insolation and the cosine of the angle of incidence.

o SUN x COSINE x SBFRAC shows the average product of 1nso]at1on and the cosine of the angle of incidence and
‘the shadow-block efficiency. '
COSINE shows SUN x COSINE divided by SUN.
SBFRAC shows SUN x COSINE x SBFRAC divided by SUN X COSINE.

INPUT SUMMARY FOR RUN OF ANNCELLEFED, WSID BVACED
RUN MADE AT 11:17:24 AM 6/10/77

- 0 HOURS OF SAMPLING WERE 8:30 AM, 9:30 AM, 10:30 AM, -11:30 AM.
THE DAYS SAMPLED WERE JUL. 22, SEP.22, NOV.22.

o THE 1 AIM POINT IS LOCATED AT X=0, Y=Q, Z=37.5.

0 HELIOSTAT FIELD IS A MATRIX OF 12 CELLS ALONG N-S AXIS BY 12 CELLS ALONG E-W AXIS.
CELLS ARE 10 METERS NS BY 10 METERS EW.
THE FIELD IS CENTERED AT X=0, Y=0.
THE UNIFORM GROUND COVER RATIO IS 0.7.
HELIOSTATS AIM AT NEAREST AIM POINTS.

0 HELIOSTATS ARE CIRCULAR, WITH 10 FACETS ACROSS THE: DIAMETER.
THE HELIOSTAT FACE ARRAY IS 2.134 METERS SQUARE.
THE ACTUAL HELIOSTAT AREA IS 3.577 SQUARE METERS.
THE MAXIMUM PROJECTED HELIOSTAT DIAMETER IS 2.134 METERS.
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"0

SUN x COSINE

- SUN
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THE HELIOSTAT ORIENTATION ‘IS UNIFORM, WITH A CELL ANGLE -OF 0° CN FROM Y AXIS.

136

THE HELIOSTAT ARRAY PATTERN IS RHOMBIC ~THE LONG -SIDE: TO SHORT- SIDE RATIO OF A UNIT CELL. IS 1. 2 AND THE

ANGLE- FROM LONG-SIDE TO SHORT- SIDE IS 53.1° CW

 THE FIELD.IS LOCATED AT LATITUDE 33°.

SCREENING-TESTS PERFORMED: BLOCKING AND SHADOWING

© SLOPE ERROR = O MILLIRADIANS, TRACK ERKOR.= § MILLIRADIANS.
APPROXIMATELY 5000 RAYS TRACED.

MIRROR REFLECTIVITY IS 100 PER CENT.

.834 .835 - .835 .832 % .826 .. .814  .799 .779 .757
.836°  .839 .841 - .839 . .833 .82l .804 781 .755
.836 .841 .845 .845 .840 ~ .826  -.808 .781 .752

.833 . .840- - .846 .848  .844 . - .832 .809 .778 .744

.827 .834 .84l  .s45  .842  .829  .804  .769 - .73
.815 . .823. .829- .833 : .830  .816 .78  .750 .71l
.800 - .805 = .809  .810. .804  .788  .759  .722  ..684
.781 783 783+ .779 . .770  .751 - .723  .688.  .654
759 .757°  .753  .746 . .732 .°.712  .685  .655  .625
736 .732  .724 . 713 . .697 -.676 651  .625  .599
14 0 .707  .697  .684  .667 . .646  .623  .600° - .578
698  .684  .672 - .658 . .641 - .622. .601  .530.  .560

8659

734
.730
722
T
.696
675 -
650
.624
.599
576
558
.542

712
.705
.695
.682
.665
.645
.622
.599
.577
.557
.540
.527

691
.682
670
.656
.639
.620
600
.579
.559
.541
526
.514




-

- SUN x COSINE x SBFRAC

.564  .615  .636 .654  .658 - .635 - .618  .636 6627  .609  .564 ~ .511
.568 - .614  .657 ~ .693  .689. ' .698 - .675  .674  .665 ~ .632  .584  .527
679 .628  .670  .713 . 722 730 722 710 .685 . .641  .589 - .530
569  .633  .694  .729  .738  .737 .733 ; .719 ...688  .651 ~ .610  .5648
.607  .634  .695  .734  .751  .742  .724 - .709  .687  .657  .623 . .579
.642  .681  .718  .744 - .744 . .748  .731  .703  ...673  .649 . .622  .587
.869  .702  .725  .730 ..730 .725  .712 . .692  .657 - .630. . .603  .574
.653  .685  .700 .712. .706  .691  .690  .662  .638 - .612 . .579 . .544
.626 . .646  .661  .674  .674  .664 - - .650  .636 - .61z  .585  .554 .51
571 .59  .615  .634  .637  .531° .621  .605 - .587  .560  .534  .483
.538 - .552 .582  .604  .617  .695 ' ..581  .574  .558  .540 - .510 .48l
.496  .526  .554  .574  .574  .555  .543  .533 . - .532  .515  .491  .458

COSINE .968  .965  .965  .961  .954 -.941. .922  .900  .874 - .848  .822  .798
.965  .969 - .971  .969  .y62 - .949. ~ .928  .902  .873  .943 . .814  .788
.965  .922  .976  .976  .970° - .956. .938  .902 ~.868 - .834  .802 :..774
.92  .970- .977 - .979  .975 .961 - .934 . .899 -.859 . .821 .787  .758
.955  .963  .971  .9%6  .973 -.958  .928  .888  .844  .803  .768  .738
.942  .950  .957  .961 -.958  .942  .910  .866 - .821  .780  .745  .716
.924  .930  .93¢  .935  .929 ~ .910 .87  .834 ..790 .751  .719  .692
.902  .904 .04  .900  .889 ~ .867  .834  .795 . .756 -.721  .692  .668
.877  .875  .870  .861  .846  .822  .791  .756  .722  .692  .666  .646
.851  .845  .B36  .823  .805 . .781  .752  .722  .692  .666  .644  .625
;825  .816  .805  .789 770  .746  .720  .698  .667  .644  .624  .608
.801  .790  .777  .760  .740  .718  .694 ..670  .647  .626 ~ .608  .698
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 SBFRAC.
677
680
692

.683
734

787
.836

.837

.824

775
.746

715

6.0 COSTS

736
731
747
754
760
.828
873
.875 .

853
.815
781
.769

761 .

782
793
.820
.826
.866
.897
.894
.877
.850
.885
. .824

786,797

.825 .87 ..

804 - .859  ..88]
.860 -.874 - .886 .
869 .° .892 . .894
.894 . .897  .917
.902° - .907 - .920
914 .917 . .920
.903  .920  .833 .
689 . .914  .933
888 .926  .420
.878  .8Y5  .898.
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780 -
849 .

774
.840
894
.906
901
.928
937
.955 -
.949
.953
932
.908

.816

863
.909
.924
.923

1,937
953
.962
.972
.968
.957
.919

.828

.880

81T

.924
.939
947
.961
.974
.979

980
.967
.951

829
.867 .
.887
915
1,945 -
962
969
961
.977
.971
.96
951

140

793 .789

.829  .772
848 .791-
.895 .835
- .937 .905
.965  .946
969 .957
966 - .941
960 .91
.958  .910
.943 .913
.933 .891

The following are representative computer costs, to Black & Veatch, of the three different types of analysis.

These costs include CPU charges and time-sharing connect charges.

o Flux. Map

o Field Performance

- $ 65
-$10

0 Average Field Performance - $1OC

These costs will vary with the comp]ex1ty of -the helijostat f1e1d data
and represent falr]y complex heliostat field data.

Since this software package was developed with Black & Veatch funds

The costs given here are conservative

and is considered proprietary, it has not

been made available to outside users, but has only been used on Black & Veatch projects.

cost including Black & Veatch engineering setup time and recovery of development costs

Consequently, the total

has not been determined.




Lo : 4 ¢ '
. o ~ : 5 ,

These costs would be deVe]oped for prospéctive users. of the-software package..

7.0 CONCLUSIONS _ : ) o

Black & Veatch has developed a computer software package for-the optical analysis ot central .receivers and
heiiostat fields. This package is highly flexib}e.with_regakd‘to_he]ioétat field parameters such és ground
cover, field shape, and heliostat array pattern and orientation. Because_thé'software péckageiis written in an
interactive language -and because the hardware is extremely fast, a user ‘can generate dozens of runs in a single
day. Because the APL-PLUS language is interactive, -and because it is so condensed, a programmer can make major
changes to the codes in a short time. ' ' I

PROCEEDINGS--SOLAR WORKSHOP
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CIRCUMSOLAR RADIATION DATA FOR ,CENTRAL RECEIVER SIMULATION -

Arlon Hunt Donald Grether,.and M1chae1 Wah1ig
' Lawrence Berkeley Laboratory =
University of California
Berkeley, California 94720

* ABSTRACT

The circumsolar measurement project is being carried
out to provide data to assess the effects of circum-
solar radiation on the operation of solar thermal con-
version systems using concentrating,collectors, especi-
ally central receiver systems. Four circumsolar tele--
séopes have been constructed and are providing detailed
jntensity vs. angle profiles of the solar and circum-

» solar region, as well as other solar and climatological

data. These measurements have been underway for more

than one year at several locations. The current pro- B

gram emphasis is on reducing the'data and making it

available to groups analyzing the performance of cen-
tral receiver systems. In most highly concentrating
solar systems, the size of.the receiver is determined
by the ray bundle originating from the most distant

heliostat. If the bundle size is calculated by using
the solar disc, it is clear that some fraction of the

_PROCEEDINGS—-SOLAR WORKSHOP

circumsolar radiation will fall outside the receiver
aperture. The results of this project provide-the

- detailed type of input data for central receiver simu-

lation codes that are necessary for determining these
losses, optimizing the receiver or field size, and
determining the distribution of stray flux due to
circumsolar radiation.

INTRODUCTION

Circumsolar radiation refers to the light that has its
apparent origin in the region of the sky around the ‘
sun. The term solar aureole is often used to describé,
easily observable or characteristic occurrénces of
circumsolar radiation. The phenomenon can easily be
observed by using a finger or nearby object to block
the direct sUn]ighf from entéring the eye and examin-

'ing the light that streams around the occulting object.
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C1rcumso1ar radiation is caused by the scatter1ng of
11ght by small part1c1es in the earth's atmosphere
The aerosol particles may be composed of .ice crysta]s

or water droplets in thin clouds. They may.be dust or

sea salt pértic]es,,smoke or fumes,-photochemica1.po1fe
lutants, sulfuric acid droplets, solid particles with = °

a water mantel,
smaller particles, or any of a large variety of solid,

Tiquid or heterogeneous materials that are small enough

to be air borne. The amount and character of circum-
solar radiation vary widely with geographic location,

climate, season, time of day and observing'Wavelehgth.
Some of the more- striking cases can be observed in the

-presence of high, thin cirrus clouds.

- Under some circumstances these aerosols can cause a
significant fraction of the solar flux to'beideviated
to angTes»Of several degrees or more. Solar energy .
conversion techniques using high-concentratidn ratios,
such as the central receiver concept, only collect |
light from the solar disc and a small portion of the
“circumsolar region. Pyrheliometers, the instruments
normally used to estimate the direct solar radiation,

typica]1y heve»a field of‘view of 5-6°. The pyrbe1io_

‘meter measurement includes a large portion of the cir-

cumsolar radiation and thus overestimates the amount

. C e

flocks formed of a loose aggregates of

.mounted on a precision solar tracker.

of direct sunlight that would be ccllected by a conceneA
trating system. The detailed angular distribution of
the c1rcumso1ar radiation is impertant, as it affects

the - rad1ant energy d1str1but1on on the surface of the

- receiver in solar thermal power plants.

In the next section the operation of the telescope is
described and sample data’ are given.. The following A
material includesadiscussion of the effect of circum-
solar radiation on the losses of a solar power -plant,

presehts 16 standard profiles fer use with e»simu1atien

-program, and describes the reduced data base that will

be available to gehera1 users.

CIRCUMSOLAR TELESCOPE

‘The basic instrument was designed and fabricated at
- LBL and consists of a "scanning telescope" that is

A digital elec-
tronics system pravides control for the tracking and
scanning mechanisms. ‘A photograph of three instruments

near completion is shown in Fig. 1.. The design has

‘been described in more detai]lé$sewhere.] The tele-

seope uses as its basic optfca1 e]ement an off-axis
mirror of 7.5 cm- d1ameter and. 1—m focal length. A

- fused silica window protects the mirror from the en- -

vironment. The mirror forms an image of the sun and

sky around it on a plate to the side of the te]escope




- -

axis. A small hole in this plate, the detector aper-
ture, defines the angular resolution (1/20 of the sol-
ar diameter, and the amount of light passing through
the aperture into the detector assembly constitutes
the fundamental measurement. In the detector assem-
bly the Tight is mechanically chopped, optically fil-
tered, and focused onto a pyroelectric (thermal) de-
tector. This type of detector was chosen for its uni-
form wavelength response in the 0.3 to 2.5 um region
and its wide dynamic range.

The telescope scans through a 6° arc with the sun at
the center and measures the brightness of the solar
and circumsolar radiation as a function of angle. The
instrument scans in declination so that at sunrise and
sunset it travels nearly parallel to the horizon and

at noon it moves in a vertical plane.

Each 6° scan requires one minute of time. The bright-
ness is digitized every 1.5' or arc. Within 0.5° on
either side of the sun an aperture of size 1.5' of arc
is used, and outside this region the aperture is in-
creased to 5' or arc. A set of measurements consists
of one scan at each of 10 "filter" positions". There
are eight optical filters, one open (or "clear") posi-

tion, and one opaque position. The opaque position is
used to monitor the detector noise. The absolute de-

Fig. 1. The circumsolar telescopes nearing corpletion.
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termination of the normally incident flux (within 2,5°
of the sun center) is provided by an active cavity
radiometer.2 This device is self-calibrating and has
an accuracy of 0.5%. This pyrheliometer is provided
with a matched set of filters that rotate synchronous-
1y with those on the scanning telescope. Thus the
telescopes produce an absolute measurement of the
normally incident flux along with the detajled solar
profile in eight wavelength bands, Two pyranometers
are used, one mounted in the conventional horizontal
position, and one tracking the sun.

The telescopes are capable of unattended operation for
up to a week, although they typically receive a daily
inspection during the work week. During the night the
solar trackers run backwards and automatically ini-
tiate operation at the beginning of each day. The
data is recorded on magnetic tape and processed at the
laboratory's computer center.

Four of these circumsolar telescopes have been con-
structed. Three of them have been making measurements
automatically fifteen hours each day for approximately
one year at the following locations: Albuquerque,

New Mexico (5 MW, test site), Ft. Hood, Texas (plan-
ned site for demonstration of a solar total energy
system), and China Lake, Ca.

-

Figure 2 shows a computer-plotted graphical display of
a clear filter scan made by SCOPE 1 at Berkeley at
12:50 hours on May 20, 1976. The brightness is inte-
grated from the center to the edge of the sun and from
there to the end of the scan to give the intensities
of the direct and circumsolar radiation respectively.
The ratio of circumsolar to solar radiation is then
calculated and is given at the top of the graph (C/S
=). The normal incidence measurement provided by the
pyrheliometer (NI = ) is also indicated. This parti-
cular scan is for a slightly hazy day, with a circum-
solar to solar ratio of 5.5% and a normal incidence
value of 811 N/mz.

Figures 3 to 6 display the time dependence of various
parameters of the solar radiation for two separate
days. These measurements were taken by SCOPE 2 which
is located at Albuquerque, New Mexico. The total Tlos-
ses that would be experienced by a highly concentrating
collector due to circumsolar radiation can be calcula-
ted by integrating the product of the normal incident
radiation and the circumsolar to solar ratio. If the
collector system fills the receiver with the solar
disc, the total integrated losses for the day in Fig.
3 and 4 would be equal to 1.2%. Figures 5 and 6
illustrate a day that probably had a blue sky slightly

wilPin
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Fig. 2. Computer-plotted graphiéa] display of a clear L , :
filter scan made by SCOPE 1 at Berkeley at 1250 hours - " fig, 3. The time dependence of various parameters of
on May}ZO, 1976. The dots are the 1nd1v1duq1 scan the solar radiation on June 26, 1976 in Albuquerque,
digitizations. The scan started at +3, as indicated New Mexico showing the normal incidence readings from
by the large horizontal arrow, crossed-the sun near 07, the pyrheljometer’ (O0), and the total radiation read-

and ended at -30. The small vertical arrows indicate . from the horizontal pyranometer (A) and from the
the angles where the aperture was switched from 5' of ;Egstrggwina pyga;émeter ?é)_ ( )

arc to 1.5' of arc, and then back aga1n
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Fig. 4. Illustrating the ratio of circumsolar to solar  Fig. 5. The time dependence of various parameters of
radiation for the same day as in Fig. 3. - - , the sclar radiation on December 23, 1976 in Albuquer-

que, New Mexico -showing the normal incidence readings
from the pyrheliometer (M), and the total radiation

‘readings from the horizontal pyranometer (A) and from
the sun track1no pyranometer (0). :




whitened by'cirrostratus cover. (Note the difference

76/12/23 o
SCOPE 2 : : in scale for the circumsolar graphs in Figs. 4 and 6),
' ‘ 37 ENTRIES The normal incidence readings are moderately high
440.' rrrrrrrrr T T |rr’x'|-|||rr . ' . o
i - : . : 1 throughout the day. The circumsolar to solar ratio is

low early in the morning but from 10 a.m. onward its
average is veky high (many points are above the top of - -
_ . the graph). The pyrheliometer data indicates suffici-
g - g ent flux for plant operation most of the day but the
i - ’ o] integrated amount of circumsolar radiation for the
whole day'is calculated to be over 17%. Thus the
errors in utilizing pyrheliometer data for this kind of
day would be considerable. '

]
aad s a0

30

20 o . o _ 3

CS/SOLAR (PERACENT)

10; : o . . o B It is anticipated that solar power plants will be oper-

ated whenever the solar inpUt exceeds the radiative
. Tosses from the receiver. In order to accurately as-

95' I ”"1b"}' f“",g"" "L*”zb' ‘ " sess the effects of circumsolar radiation for a given '

. _TIME OF DAY |
. . L S o ’ XBL- 772-7463

location and . type of collector, it 1s necessary to de-
termine the potential 1osses by an optical simulation .
procedure combined with a knowledge of circumsolar

Fig. 6. Illustrating the ratio of circumsolar to solar radiation throughout the year for various viewing a-.
radiation for the same day as in Fig. 5. . - pertures and minimum thresholds of normally incident
flux. In the next section two sets of data are pre-
sented to determine the impact of circumsolar radia-
tion on various solar collection systems.
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N Table I

DETERMINING LOSSES DUE TO CIRCUMSOLAR RADIATION e Selected Circumsolar Profiles
‘Thére are several ways to estimate the effect of cfr; ‘\\\ ¢/ (C+8)(2) NI (W/m2) STD. Time Date-site*
cumsolar radjation_on a concentrating solar collector. - \ 0.8 953 11:56 76/8/7-A
- The least ambiguous method is to use measured radial ’ : '
intensity profiles of the sun in conjunction with an o 10 714 9554 s 76/8/25-F1
‘optical simulation code. By using the code with and : 2.7 ‘ 918 11:29 ' 76/11720—FH
- without the circumsolar component, the fractional | 29 o4 - is:10 76/11/22;FH'

_energy loss from the system due to that pdrticuTarApro-

. . ~ . . 3.5 ' 948 11:19 -

file can be determined. If this is done for a variety ’ " 76/12/14-A

of profiles with varying ratios of circumsolar to so-- . 5.7 747 15:59 76/12/29-IH

lar radiation, and the frequency of occurrence and cor- 8.9 802 9:39 77/1/25-A

responding normal incident flux is known, the overall 106 .
, . . . v . 781 14:32 76/12/29-FH

effect can be determined. This procedure is being car- /121

ried out for several large heliostat fields with the 14.6 802" 12:57 76/12/14-A

set of profiles shown in Figure 7 and 8. The profiles | . 2044 639 ‘ 11:06 77/1/35-A

are plotted in two sets of 8; one set is selected from :

. 29.4 468 10:14 76/12/14-A
data taken at Albuquerque, New Mexico and the second :
set from Ft. Hood, Texas. - The corresponding ratios of 40.0 .3 14:11 76/12/29-TH
circumsolar to solar-plus-circumsolar, values of normal 47.1 291 10:12 . 77/1/25-A
incident flux, and times of occurrences are given in :

. : L. ‘ 52.6 298 . 10:56 : 76/12/29-FH
table I. The values of circumsolar radiation for .these .
profiles vary over a considerable range. It should be 58.7 87 13:17 76712/29~FH

pointed out that these profiles are meant to represent . 49,2 35 - -‘13:06  37/1/25-A

the:range of possible profiles; they do not occur with
*Site code, A for Albuquerque, New Mexico, FH for
Ft. Hood, Texas - . '

equal frequencies nor do they typically have comparable
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Fig. 7.

Standard solar and circumsolar prof11es, se]ected from :

Albuquerque, New Mex1co
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BRIGHTNESS (ARBITRARY)
%

STANDARD PROFILES (NORMALIZED)
SCOPE 3 (FT. HOOD)
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Standard solar and c1rcumso]ar prof11es, se]ected from
Ft. Hood, Texas. :
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values of normally incident flux.*

The approach discussed above is useful in determining
the sensitivity of a solar power plant to the effects
of circumsolar radiation. In order to determine the
actual monthly losses that would be experienced over
the course of a year, measurements must be performed at
that site for the corresponding period of time. Once:
‘these measurements are in hand, the losses can be de-
termined by sorting all the profiles that occur at that
If the frac-

tional energy loss corresponding to each of the 16 pro-

site into one of the 16 standard types.

files known, the measured profile can be weighted with
the. corresponding value of normal incident flux. These
losses then can be tallied and compared to the total

plant output for the desired period of time.

The original data base for the telescopes represents a
very large amount of data. To put the data into a more
manageable form a reduced data base has been generated
that contains a subset of the original data. This in-
cludes the white light profiles, the pyrhe]iometer‘and
pyranometer data, the spectral pyrheliometer data, cer-
tainindicative information including date,time, solar

angle, etc., and some derived data, including true

*
Detailed numerical values for these profiles are
available from LBL on computer punch cards.

-he1iometerAerrors, etc.

normal incident flux, circumsp]aw'to solar ratio, pyr-
This reduced data base is pro-
duced in the form of one magnetic tape per year per
telescope and will be available to interested users in
the future. ' |

]

CONCLUSTON

The LBL circumsolar te]estopes have completed over one
year of nearly continuous measurements at several lo-.
cations. The resulting set of measurements represents
one of the most intensive and extensive characteriza-

tions of the effect of the atmosphere on the solar in-
tensity profile. In order to evaluate the effect of

circumsolar radiation cn solar energy collection sys-

tems, the data are being treated in a number of ways. -

‘A sensitivity .analysis of targe central receiver sys-

tems, utilizing a selected set of intensity profiles
will indicate whether a substantial fraction of the
circumsolar radiation is lost from the plant. Since

plant performance estimates are based on pyrheliometer.

measurements that include the circumsolar component it

is 1ikely that available normal incidence data should

be corrected, or more accurate measurements performed.
The amount of the correction will depend on Tocation
and season as well as plant design, but the available
data from the circumsolar te1eséopes‘indicate the




e -

errors are from a few percént to nearly ten percent.

Since it is not yet c1eaf‘how to extrapolate the data

to new locations, long tefm measurements of the circum- . - -
solar radiation areist111inecessary-to,determine the
‘magnitude and seasonal variations of -the effect at lo- .
cations with sUbstahtiaT]y different climatic condi-

tions than those already éxp]ored.
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A STRATEGY FOR CALCULATIONS OF OPTICAL CONCENTRATION
DISTRIBUTIONS FOR FIXED MIRROR SYSTEMS

* Dr. John D. Reichert
Director, Crosbyton Solar
Power Project
Texas Tech University

Lubbock, Texas

ABSTRACT

A method of calculation of optical concentration dis-
tributions, developed and implemented for the Crosbyton
Solar Power Project, is described. The concept exam-

ined by this implementation is the Solar Gridiron,

sometimes called FMDF (Fixed Mirror-Distributed Focus), .

differing from the Tower/Heliostat in that the concen-

trator is a large, fixed spherical segment mirror. The -

only tracking element in the Solar Gridiron is a re-

A crucial
feature for the thermal/fluid performance of this
receiver is the non-uniformity of the optical concen-
tration over the receiver surface. The fluid flow
strategy for the boiler must be mated for advantage to
the input power profile of the distributed focus.

ceiver/boiler suspended in the mirror bowl.

In order to develop and confirm the fluid flow strategy

~ PROCEEDINGS--SOLAR WORKSHOP
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" and the thermal absorption and transfer, it is neces-

sary to determine the input optical -power profile
accurately as a function of posit{bn on the receiver
and location of the sun with respect to the fixed axis
of the mirror bowl. In the spherical segment bowls,
certain sharp structure (concentration peéks and
éaustics) is present and it is of interest to deter- -
mine this behavior accurate1y for purposes of thermal
stress analysis as well.as for the heat transfer
analysis.

INTRODUCTION

It is a pleasure to be invited to this workshop as
a visitor with the background of another perspective

on optical concentration calculations. I am very

155




STRATEGY OF OPTICAL CALCULATIONS FOR FIXED MIRRORS o - 156

impressed by the quality and Tevel of effort on the
- adaptive optiés conceptszhjch are eviden:t at this
workshop.
~“been working Tacks the romance of fully adaptive op-
tics, so my discussion will be briefly presented with
"~ due apology to the romantically inclined.

The choice between adaptive optics and fixed optics may

be illustrated with the old story of Archimedes™ dptif

cal defense of the harbor of Syrécuée against Roman
-attack. - In theistory, Archimedes had the defending
army polish its shields to a bright mirror finish and
then deployed his soldiers in densely-patked fashion
around the concave rim of the harbor, shields in hand.
The story does not indicate whether shading and block-
ing features were properly analyzed, but it does de;

"scribe the duty of each soldier to orient his shield to

direct the sun's rays upon the sails of the Roman war

galleys. . Here the story divides into two versions. In’

the more romantic version the sun brightly shone and

the Roman sails bright]y burned. In the‘competfng  A
-account, the sun Was over;aét,and the morning gray, so
" that the defenders reverted to the older-(fossil fuel)
technology of cafapu]ting'balls of flaming pitch onto
. the Roman decks. The versions converge at the end to
conclude with the vision of a saved Citizenry’happi]y

watching fhe Roman ships burn.

n = A

The Solar Gridiron concept upon which I‘havev

'Zone.

Archimedes was killed during-a later, successful, Roman
invasion as he sat upon the beach drawing geometric

~figures ir the sand. There is a legend that he was, at

the time, absorbed in the development of an alternate
Fixed'Shie1d Strategy which I would now 1ike:to de-
scribe. In this approach thé‘high]y polished shields
would be staked into place, lashed to spears planted in
the ground. The advantage: . fewer soldiers would be »
required and those available could-be deployed on other
missions, such as manning the fossil fuel catapult
backup system. The disadvantage: a crew of volunteers
would have to be appointed to man a decoy or, possibly,
a tug galley to Tead the Roman fleet into the focal

Though this "fixed mirror" scheme might involve

"some sacrifice, ¥t could amount to considerable savings

when it came time to pay the soldiers. The choice be-
tween the two alternatives might well come down to the-
number of soldiers that Syracuse could raise or afford

to pay.

Even though Archimedes' later, untested, strategy may
have lacked a certain element of romance,‘those of us
who Tive on the Staked Plains of Texas-can take some
thrill from the spear stakeé.in the story. We have had
to become accustomed in the past, due to the economic
and climatic’reaTitiéé of our territory, to obtaining a

large share of our romance vicariously.

il
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The adaptive optics approach featured in this workshop -

and so well described by the other speakers involves
shading and blocking features which have received a
great deal of careful. attention and analysis. The:

fixed mirror of the Solar Gridiron concept also under-
A-goes.shading,.which is relatively easy to analyze, but

is not subject to the blocking feature. The emphasis

of the analysis, therefore, has been placed upon accu- :

rate mapping of the optical concentration in the dis-
tributed focus region. I would like to describe one of

the formulations that I have used for the problem. The.
formulation is rather general and may prove to be use- -

ful for concentration mapping on fixed receivers moun-
ted on towers. ‘

THE OPTICAL APPROACH

A method of analysis has been developed which allows
the dptital concentratidn to be computed at any point
3 in the vicinity of a reflector surface. Thebpoint

> . . N . N '
q is understood to Tie on a surface oriented as indica-

ted'by a local unit surface normal b and the distant
source is taken to be of finite angular extent. Figure

. 1 gives a sketch of relevant geometry and notation.

- The solid angle of the sun viewed directly from a point

on the earth is QS and infinitesimal patches of area on

the receiving, reflector, and solar disc surfaces are

L)
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Figure 1. Generalized Mirror Geométry
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1abe1éd~ Light received at 3 through_dﬁ is subtended

. by infinitesimal patches of area on the reflector, and :

ultimately, on the-sun disc.

- If, for pre]iminary-consideratiohs, the input from the
“sun is modeled as being of uniform density in solid

angle, then the differential of optical -concentration,
measured:r in "suns”, received through 4@ is proportional .

to do/Q - : : : ‘ :
w@h =62 -Eng - m
S

oy

t ey

where the unit vector ¥ indigates‘the.direction of the

solid angle differential and _

q = 4n(sin 5)2 (2)
“where ¢ is the angular radius of the sun viewed from
the earth, approximately 0.265°. '
tion at 3 for a surface oriented with direction b is
obtained by adding up all contributioné: | _

C(3.6) = o fr bedit . , (3)

s Oy

The region of integration, QM, is fhg solid angle of
the sun when viewed in the ref]ector.' For a concen-
trating ref)ector the solid angle, QM,-subtended by
the sun as viewed in the reflector may{be hundreds of

times larger than the solid angle, Q. 0f the sun viewed.

“directly. Except for a cosine weight factor, Eq. (3)

simply indicates that the concentration is essentially i

ol

The total concentra-

the ratiO‘QM/QS.

The basic formula shown in Eq. (3) is extremely general

-and can be used as the stakting'point for computation of

concentration distributions for-any reflector or reflec-
tor array. The complexity of the problem is hidden in

the range of integration, QM. For a heliostat array,

for example, the shading and blocking, as well as the

facet shapes and locations, must be considered in order
to determine the region QM. In the Solar Gridiron, the
blocking feature is absent, but a muTtipie reflection
feature is added. Light can be used which has bounced
from the reflector several times, as indicated in Figure

2.

It should be emphasized that the Solar Gridiron is not

-a point focus. concept, but a distributed focus concept.

The multiple bounce radiation is part of what those de-

" siring a point focus would call a "spherical aberration”
effect.

From the Solar Gridiron, distributed focus,
viewpoint a point focus would be an undesirable effect

vesulting from "parabloidal aberration", the failure of

a parabloid to adequately represent a spherical segment.
In short, a diétrfbuted focus is essential for good heat
transfer and, in the Solar Gridiron, "spherical aberra-

tion",is the mechanism for achieving the distributed

focus.
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Hemispherical Dish Multiple -

Figure 2.
v . Reflection Geometry
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~in EQ. (4) to account for reflective losses.

: To deal with multiple reflections, it is simplest to
“modify the form of Eq. (3) slightly. Light in a dif--
 ferential of solid angle will always consider the re-

- flector to be locally flat; i.e., will reflect repeat-
gedly as if from the Tocal tangent planes. Thus Eq. (3)
ﬁmay'be used in the presencé of multiple reflections in
Ethe mirror by sepérating and adding the contributions

i from light that has reflected n times:

CC(3.6) =z R (§.5) = Az R" Sr BedB. ()
i . n - n ann Q

i Mn _ :

. The solid angle QMn is the apparent size of the sun as
| viewed in the mirror with radiation that has reflected

n times. A reflection coefficient R has been included

The,f.ac—..
itor R must be kept inside the integral if one wished

t to include angle of incidence dependence.
| : .

A§Simf1ar1y,_if the wavelength dépendence of the reflec-

- itivity is of interést, one must add an integral over

fw(k) d\A to the form shown in Eq. (4), where W()) is a
If one wishes to use an ef-
jfective sun size op,depending upon the number of re-

"spectral density weight.

;f]eétions, to represent mirror imperfections, then Qs
. should be expressed: . o
L o . Opy2 .

= -n
| Q2 4n(§1n2 ) (5)
éand included inside the summation skown in Eq. (4). The
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"self-evident" derivation of’Eq.'(l) relied upon model-
ing the sun-as being of uniform density in solid angle.

The-abi]ity’tO“incJude 1imb darkening effects, apparent-

1y sacrificed to: provide a trivial derivation, can be
recovered in a way to be mentioned later.

"~ In .order to perform the integration .indicated in Eq. (4).

the:integral can: be- parameterized using any convenient
axis, as indicated in Figure 1: .
C (8.6 = &-rr (6-3) singdsdi , 6+7 > 0 only  (6)
. ) S QM
n.

If a cartesian‘coordinatebsystem,(x,y,z) is selected
with origin at a;_then

Sin RCOS M : bX , _
¥ qsingsin@} and b = by where b&EbZ . (7
cosB g . bq ‘ _

The: restriction to positive-values of the dot .product in
Eq. (6) is the requirement that only light impinging
"from one side (the "outside" df thé'recéiver,or probe)
is of interest.at the field point. '

If the mirror shape is extremely difficult to describe
analytically or bears stochastic errors, then one might
divide the mirror surface into cells for interrogation
by. a numerical 1ntegraf10n code. On the other hand, for
simply describab]e:surfaceé;such as sphericé1'segments,
cylindrical surfaces, parabloids, and so fokth, it is

desirable to proceed analytically. For this purpose

e

A Gridiron .will be bhriefly considered.

_ a from C.

the mirror shape and the desired region of integration
may be described in terms of Mirror Structure Relations.

~ As an example, the spherical segment mirror of the Solar

Although the in-
tegrand shown in Eq. (6) is particutarly smooth -and
convenient for imtegration, it is difficult to describe

- the solid angle QMn in terms of the variables B and w.

One way to describe QMn is to consider integration over
variables other than B and .

.Consider a mirror which is a segment of a sphere of ra-

dius R with cemter at C as illustrated in Figure 2.
[Normalized units are used so that R = 1.] Light from
an etement of area dA on the sun enters the dish as a
Such light, strik-

ing the dish at zenith © bounces n times and comes to

plane wave front from direction és.
the- field point q from direction U. The field point is
Tocated by.spherical coordinates: g, the distance from
C, and y, the zenith from the " sun axis", S'C. The
"outward normal’” b associated with an element of area

dA at E’may'or-may.not 1ie in the plane of the figure.

For convenience, the angle B ehp]oyed as a parametér in
Eg. (6) will be measured as the zenith angle of v with
respect to the axis QC passing through the field point
' [t is desired to obtain the geometrical con-

nection relating B, 6, andy. Using Figure 2, one can



deduce that ' o :
K= (6-y) - (n-1) (w-20) and B = K + @. (8)

Eliminating K from these relations, , : 3
B=2n8 -y - (n-1) m. o (9) 2
Using the Law of Sines in the triangle CQPn, one obtains: %
q sin B = sin @ o - (10) -

. . !

so that : §
doy, _ _ cosB | ?
G, = @ oo (1) 5
Using the Mirror Structure Relations (9) and (10) along ;

with Eq. (11), a change of integration variables may be

accomplished in Eq. (6):

c0sO sind . :
qsinw[cose-ancosB]|S1nwdwdw !
CM (12)

where w @-m. Now the differential sinydydw in Eq. (12)
may be interpreted as an element of solid angle dQ

> o 1 ~
C (q,b) = =— s/ (6:V)]
n . QS Q

. cMm?
measured from the center C of the sphere. The angle y,

the field point zenith is measured from the S'CS line

i . which varies inside a cone of angular radius o as S is
swept over the face of the sun. Alternatively, as il-
lustrated in Figure 3, Y may be interpreted as the ze-
nith of the sun axis S'CS measured from the line Q'C

. passing throdgh the field point. Noticing now that Q;]

sin dydw performs an average over positions on the sun, | Figure 3. Generalized Receiver Geometry
one can recover limb darkening effects by weighting the : and Sun Cone.
average with a brightness function B(y,w).
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The "principal sun axis" is the line SO'CSO passing
through the center of the sun disc. The cone generated
by S'C, shown in Figure 3, is called the "sun cone".

The integral in Eq. (12) can be .interpreted as an aver-

age over the solid angle of the sun cone of the quanti-

ty:
N ~ oA cosB sind
Cnp(q,B),- (b V)|q51n¢[bose-2nq~coss]|v

The quantity shown in Eq. (13) must be the "n’bounce

(13)

concentration produced at the field point q by a point
sun at infinity". This interpretation is correct and
can be confirmed by direct derivation. This point sun
concentration is, itself, a useful approximation be-
cause the angular size of the actual sun is so small.
It should be noted, however, that the denominator can
vanish. in.the distribution shown- in Eq. (13) so that
caustic infinities are present in the point sun distri-
bution. Although these singularities are integrable,
the properties of this expression make Eq. (12) dif-

ficult to handle numerically.

A cOnyenﬁent&integration policy is to inteérate the

form shown in Eq. (6), obtaining the integration limits
from the' (y,w) range appropriate for Eq. (12). The mir-
ror rim and its shadow and the restriction b:¢ > 0, are
expressed in terms of ¢,w, and 8 and then the structure
relations, Eqs. (9) and (10), are used to determine the

integration region in (8,&) appropriate for Eq. (6).

Il|||. -

.Speed computer.

The integration region is folded and considerable com-
plexity is involved in accomplishing the determination
of the proper region of integration with the generality
required to handle all cases of interest. Since brev-

ity was promised in the intraduction and since the ba—‘

sic strategy of the approach has been exposed, further

~details (available in Vol. LI of the February 1977
Interim Technical Report to ERDA on thé Crosbyton Solar

Power Project), will be éuppressed and I will conclude
by showing some results.

EXAMPLES OF OPTICAL CONCENTRATION DISTRIBUTIONS ON
CONICAL RECEIVERS IN THE SOLAR GRIDIRON

In order to illustrate the power of the optical method
described above, several figures are included showing
computed concentration distributions on a conical re-
cejver suspended in a spherical segment mirror as il-
lustrated in Figure 4. One of the integrations in Eq.
(6) was performed analytically and one with a high

The axis of symmetry of the cone pas-
ses through the center C of the épherica] segment and,
for the cases shown, is perfectly alidned so that the

axis also passes through the center of the -solar disc.

In Figure 5 the dotted curve shaws the point sun con-
centration (in "suns") from Eq. (13) for a conical
receiver of angular radius Uy = 0.5°. The continuous

=
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curve: shows: the concentration for a finite sun of angu-

lar radius 6= 0.5°from Eqs. (4) and (6). The abscissa
is the.dis{ance'q~(as a-fraction of the sphere radius)
of the:field point on the conical surface from the cen-
ter:C of the. spherical segment. This coordinate is il-
lustrated in-Figure 6. The infinities in the point sun
distributidn locate the-caustics which are converted to
~large peaks in the finite sun distributioh.‘ No ‘Tight
is received on the interval of g from O to 0.5. The
very- sharp structure for q > 0.9 results from multiple
bounce radiation. Very little total power is under
these peaks, as one can see in the integrated distribu-
tion shown in Figure 7.

The rim angle 8 . is 90° for these figures, indicating

a full hemisphereﬁand the reflectivity, R = 1.0. The
inclination I of the sun with respect to fhe dish sym-
metry axis is zero for this case, indicating that the .
- symmetry axiswpasées through the center of the sun.

There -is.complete azimuthal symmetry of the distribu-

tion around the barrel of the cone for this configura- -

tion.. Figures 8 and 9 show details of the single .

."bounce and double bounce peaks from Figure 5, illustra-

‘ting the accuracy and resolving power_of'the‘procgdure;

.Theraccuracylis to five or six significant Figdres in

. the concentration and is essentia]1y exa6t for the ide-
. alized, perfect mirror surfaces assumed. -

re

Figure 6. Geometryﬁof‘conical Absorber
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‘The final fourteen figures, Figures 10-23, show the

concentration distributions for sun inclinations of

30° and 60° from the symmetry axis of the dish. The

- rim angle of the dish is 60° for these cases, prov1dng|

an included angle of 120° of arc for the bowl. Figures
10-16 show the distribution for T = 30° at seven va]uesl

-of the azimuth ¢ around the barrel of the conical re-

ceiver. The az1muth ¢ =0 corresponds to ‘the br1ght-:{
est side of the rece1ver, the side closest to the d1sh'?'
symmetry axis,and 9 ~ 180° Tocates the azimuth of the |
opposite.side. Figures 17-23 show the distribution at
the same seven azimuth slices for a sun inclination of

I = 60° from the symmetry axis. The distribution is
identically zero at ¢ 1800, Figure 23, because when
1 = 60°, the axis of the aligned cone passes through

" For these figures, perfectly aligned "matched receivers"
were. considered. A “"matched receiver" has angular ra-

dius’ Yo equa] to the effect1ve sun angu]ar radius, o.

The sun angular radius g 111ustrated is approx1mate1y

twice as large as the actual sun. Such enlarged suns

“are considered in an effort to partially account for

stochastic.mirror imperfections and irregularities. We
call this the "effective sun size" approach.

, -
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: S 0 .p= —£n0
With wo—o—O.S » R=1.0, erim 60", and
Solar Inclination = 30°.
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CONCLUSION

The calculational approach which has been illustrated

. here has proved to be useful in our Solar Gridiron pro-
blem. Highly streamliined versions of good accuracy
have been;déve]oped for production runs to analyze re-
ceiver thermal performance on hourly, daily, and annual

“bases. There is -perhaps a chance that these ideas may

- be useful for some of the adaptive optics-computatibns.

- At least, this is the approach I am familiar with and
“would use.

It has been a pleasure to be:included here, to have a

~ chance to tease a little and to learn of the excellent
‘work you fellows have done. We all have some interes-

iting and romantic problems to work on and it is a great
prvaiege to enjoy the diﬁcussions of this workshop.
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HELIOS: A COMPUTATIONAL MODEL FOR SOLAR' CONCENTRATORS*

~ F. Biggs and C. N. Vittitoe
Sandia Leboratories, Albuquerque, New Mexico 87115 - -

ABSTRACT

The HELIOS computer code calculates the power concen- -
‘trated by a field of individually guided heliostats and

the resulting flux density (watts/cmz) falling upon an
arbitrary target grid.

routines for each task in order to incorporate options

for a variety of facet shapes, heliostat designs,-fieldi

layouts, and tower-receiver apertures, and to facili-

tate additions and code improvements. HELIOS evolved

concurrently with the construetion of the Solar Thermal .

Test Facility (STIF) at Sandia Leboratories and has :

‘been used extensively by the STTF engineers to anaLyze'

.questions on safety, performance, design trade-offs,
and tower protection engineering, Compar1sons of -
HELIOS results with measurements have given good

agreement

'HELIOS calculates the "sun-position” and uses it to .t

establish allgnment geometrles. Atmospheric attenua-
tion effects are included. Measured angular-dlstrlbu-
tions of incoming photons (sunshepes) and effects of

aureole scattering are incorporated. Nondeterministic.

PROCEEDINGS--SOLAR_WORKSHOP-

The problem has individual sub- -

factors such as sun-tracking errors and facet-surface -

errors are described statistically and combined with

‘.'theASUnshape-byAnumerical convolution, - Shadowing and
blocking are indluded.

Several output choices are
available, including- graphical display of flux density’
distributions, of shadowing and blocking and of
sunshape.

Some of the modeling in HELIOS and samples of results
~will be described. '

*Thls work supported by the U.S. Energy Research and
Development Administration.,
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“fl‘safety'analyses ﬁook'top~priority.-

* HELIOS:

INTRODUCTION

'The computer progream HELIOS. calculates the power con-
centrated by s field Of.lDleldu&lLy guided heliostats .
‘and the flux density (W/cm®) falling upon an arbitrary
. target grid. The program-evolved over the past two

years concurrently with the construction of the Solar -

~ -+ .Thermal Test Facility (STTF) at Sandia-Lsboratories in

Albuquerque, NM. . We worked closely with the STTF
xengineerseand as new questions arose, options were .
" added to the code to answer:. them and to present the

solutions in & convenient.form.

‘}“It-becamc~cleér early:in thé/codeidevelopment-that the .

priority of questions to:be answered. chenged with time.
- An eaily"priority:was performance predictions but soon

: Later the emphasis. .
'shifted -more to design trade-off studies, then to an
analysis of calibration and aligmment effects and to
gcneral.parameter studies. This required us to adopt.
& philcsophy of constructihg a usable computer program
quickly. using apprcximations.whereunecessary,_then to
improve upon them as the,needs were identified. More- =

over, it was necessary to structure the program with

.individual subroutines for -each ﬁajor(task to facilitate.

the addition of neonpfions fof an everchanging variety

of facet shapes, heliostat designs, field layouts, and.

ol

‘streamlining the code, and documentation work.

illustrate that the ground mey not be level.
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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 cnes,
We are
still in the latter phases of the project. A users
guide is now availsble (Ref. 1) and 8 report giving the

development of the model is in progress (Ref. 2).. Pre-

- 1iminary versions of HELIOS have now been distributed

to seversl agencies outside Sandia Leboratories.

The remsinder of this repoff is orgdnized as follows:
(1) -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,

end finally (4) some examples of suxiliary programs are

presented,

MODEL DESCRIPTION

Figure 1 shows a‘schematic drawing of aAcentrQl-receiver
solar-collector system emphasizing the important ele-
Three heliostats are shown on & small hill to
There

ments.

‘are, of. course, more than three heliostats in the usual

collector field but these will be adequete toillustrate

il




the mein ideas of ‘the model 1nc1uding shadowing and
'blocklng.

From the time a photon leaves the sun until it reaches

the receiver aperture, it is subjected to many effects. .

HELIOS is designed to simulate these effects and to
determine the consequences-of them on the performance
ef the collector éystem. We now give an overview- of
the model organizing the discussion in roughly the

order a photon encounters the system, -

We first go through the eystem to define & few special
terms, then go back through it describing effects and .
how HELIOS simulates these effects. The ' central ray"
from the sun originates_from the center of the soler
disk.. The "sun position" is the direction (ezimuth end
elevation) of the incoming central ray.
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
from the sun will reflect from the center of the A |
"reference facet" (center facet) ‘to intersect ‘the " im
point". The distance from & heliostat reference -facet -

to the aim point is called the "slant range" for that

heliostat and the path followed by & reflected central

ray is called the "slent-path". The facets also have

. slant-ranges, these may differ slightly from the

APROCEEDINGS—-SOLARAWORKSHOPn :

Each heliostat .

‘The "target-grid"
is a grid of points at which HELIOS calculates the

"flux density" in watts per cm?.

corresponding heliostat siant-range.

" SUN POSITION Jg::

ATMOSPHERE
o . .
§ - TARGET GRID
& .
\y ) . P~
‘él-_ &&\\\g . AIM POINT o
. - O
SO “
S qﬁb‘
vﬁb
L . . Y s
FACET 2 _ <
"l i .
'BLOCKED -
SHADOWED

'Flgure 1. A schematic drewing of a central-recelver

solar-collector system showing a three-
‘heliostat portion of the collector field.

‘'The central ray does not follow a. straight path through -

the»atmesphere but is curved by refraction, HELIOS
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determines the sun position (actually apparent sun posi-

tion)‘fhat corrects for atmospheric refraction, This - -

information is subsequently used by the code to help

establish 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", about the central

ray. The solar disk subtends an angle of approximately -

10 mrad as viewed from the earth., As sunlight traverses
the atmosphere scattering (aureole . scattering) broadens
thé sunshape. This is especially evident during hazy

atmospheriec conditions. HELIOS uses sunshapes that are

measured at the collector site,

. As sunlight traveises the. atmosphere; it is attenuated
by ebsorption. and scatter1ng. Several models of the
atmosphere are available to determine 1nsolat10n at the
site and to calculate ebsorption losses along the slant_
paths from each heliostat to the fower receiver, Mea~
sured values of solar insolation can also be used‘aé -

input.

Each heliostat is aligned by rotation about 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 point.

" Since the

.of the STTF have 25 facets.

- the specified time.
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alignment rotations may causefdisplacements of the
reflecting surface, the aligmment calculation is iter-
ated until the calculation is based on the correct

final position of the reflecting surface,

The facets are prealigned with respect to the helio-
stat frame to obtain the desired focal properties for
the heliostat, Figure 1 shows @ facets per heliostat
for simplicity in drawing; however, zone-A heliostats
It is, of course, possible
to have only one facet per‘heiiqst&t. 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 heliostat. equal to its slant range.

. In this option, the total heligstat surface approxi-

mates & paraboloid of revolution as closely as is
possible by the prealignment of facets, Another op-

tion is obtained by specifying & date and time of day

from which HELIOS calculates am apparent sun position

and then uses it to determine the prealignment condi-

.tions that will permit central rays to reflect from

the center of each facet to intercept the aim point at
The prealignment information is

stored and used in subseguent calculations,




Several options are available for specifying facet o
shapes, émong these are flat, spherical, parsboloidal,
and some surface shapes obtained from.stress-anelysis
calculations, If the shape is specified to be pare-
boloidal, & focal length equal to the slant range is
uséd.- In the present stresseanalysis_optiohs a facet
center pull;down distance is used fd.adjust the focal
properties of the facet, HELIOS uses &n optimization
routine to find the value of the pull-down parameter
that ﬁakimizes the flux densiﬁy in the solar image

projected on the target grid for each facet,

As shown schematically in Figure 1, & heliostat may be

partially shadowed from the sun by another heliostat or -

a heliostat may block light that is reflected from
another one. These effects are calculated by HELIOS -
and options are available to display the results.graph#

ically.

‘The aim point is used for heliostat guidance calcula-

- tions, It would usually be placed at the center of the

receiver aperture for'mostAperformance4calculations,
but it would be someplace elSe'for puzpres of simula-
ting a standby mode of operation. Separate aim points
for different heliostats can be specified if desired. '.
This would be necessary for some shapes of receiver -

apertures. Aim points are also used in the prealignment

PROCEEﬁINGS--SOLAR WORKSHOP

the receiver aperture and centered on the aim point,

A Although this is a common arrangement for performence

where, -

calculations but these are specified separately from

those used in the simulation "run-time" calculations.

The run time consists of a date and time of day which
is used by HELIOS to calculete the corresponding .

spparent sun position which it then uses to determine

the heliostat alignment geometry, -

The target gridAis shown in Figure 1 to coincide with

; calgulapions, the specification of the target grid is:

independent of the aim point; it carn be placed any-

It may be positioned on the tower to simulate
spillage effects in order to answer gquestions on tower-
protection engineering. The target grid is shown as
rectangular in Figure 1, but options are availablevfor
it to be spherical, cylindrical, or an arbitrary shape
» | Currently, the code is -

to be specified by the user,
set up to calculate the flux density (W/cm®) at 121

_points-(énian.illﬁy 11 grid)'on the target grid. It also

calculates the radiant power obteined by integrating
over the taféet grid,

When the computer calculates heliostat alignments, it

. does so to machine accuracy whereas the sun-tracking -

mechanism can guide the heliostats to within some (much

. more course) error tolerance. A similar effect occurs
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in the prealignment of facets., There are also many
other nondeterministic factors that degrade the per-
formance of the system, The facet shapes vary sabout
‘their designed shapes because of manufacturing tolérf
ances, because of temperature effects; and even because
of changes in:gravity loading as the heliostat tracké
the sun, Turbulent wind-loading may cause the facets
to vibrate, There is & non-specular component to the
reflect1on of sun light,
degrade the average performance of the solar collector.
It is important to include them in a model that simu-

lates the behavior of the system.

HELIOS subdivides each facet into an 1ntegratlon 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 program then cycles over the
integration mesh of the facet to obtain tke facet con-
tfibution. It cycles over the facets of the heliostat

and finally over the heliostats of the field.

Figure 2 shows one block of the 1ntegratlon mesh w1th1n
a -facet. The incident central-ray from the sun lies
along vector I, The cone drawn about I depicts the
angular distribution of incoming sun rays (sunshape).
The vector N shows the nominal direction of‘the normal

for this element of surface and the cone drawn about N:

L=

A COMPUTATIONAL MODEL

These nondeterministic faCtors'

FOR SOLAR
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, Flgure 2. The broadening of the effective sunshape due

to uncertainty in the direction of the

reflecting-surface normal.
depicts thre nondeteiﬁinistic neture of the direction of
this surface-normal due to the uncertainties mentioned
above, If the surface normal were known to lie along N
(no uncertainty) then the reflected sunshape would be
as shown by the dotted cone about the reflected central
ray R. With_uncertainties in the direction of the sur-
face normel, the reflected cone is spread out.(on the
average) as indicated by the solid cone drawn about R.
The effective

sunshape is projected onto the target grid to obtain

We call this the "effective sunshape .

the average ‘contributions to the flux density at each




~ of the target-grid points.

The distribution of directions of the surface normel is
mapped into & distribution of directions of reflected
rays about R and combined numerically with the reflected
sunshape using the two-dimensionsl fast Fourier trans-
form to obtain the effective sunshape, This character5
izes the distribution of reflected sun-rays when aver-

eged over time -and reflecting surface,

AN ILLUSTRATION

- As an illustration of the use of HELIOS, we examine the.
flux-density pattern on the Martin Marietta one Mega-
watt Receiver that'iS'ﬁroduced by the 78 heliostats of
zone A of the STTF.
that cause this flux-density pattern to change with

We also analyze some of the factors

time,

The shadowipg projection of Figure 3 is convenient for .
showing the helioStatlarrangémént. The 78 heliostats .
and the tower are pfojected onto a plane through the
base of the tower and perpendicular to the central ray
from the sun at noon on March 21, This is, therefore,. .
& veiw of the collector field and tower from the south

et an elevation of 55 degrees.

PROCEEDINGS--SOLAR WORKSHOP

" Projection "orthogonalts sun rays.

TP . ET

Figure 3. The tower and 78 heliostats of zone A of the
‘ STTF. 'This is a projection on a plane through
the base of the tower and perpendicular to
the central ray from the sun &t noon on March
21, The xprime axis is horizontal.

‘The 1-m by l1-m receiver aperture on the tower faces

north, it is centered at an altitude of 4kL.5 m &bove

. -the base of the tower, and is inclined downward 20°

from the vertical. The prealignment of facets is for

noon of March 21, This means that the facets are pre-

aligned with réspeét to the heliostat framé so that

" centrsl 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/mz'and a facet reflec-

tivity of 0.8 for this example.

Figure U shows the'éunshape (dotted curve), the error
cone (dashed curve), and the resultant effective sun-

shape (solid curve). A circular-normsl error-cone of
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© Bunshape
%i Vol :k{ﬁ :

Figure k4, The sunshape (dotted éurve); 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 Albuquerque, NM'at

1 PM on June 25, 1976. |

Figure 5 shows flux density (W/cm?) patterns on the
récéiver sperture, Part a_corresponds to 8 AM and part
b to noon, both are for March 21. The peak flux density

at noon is about 300 watts/cm> (3750 suns)-and the
integrai of the flux density over the l-m by l-m aper-
ture is 1.36 MW which corresponds to 1700 suns when
averaged over the aperture, Thus the. average flux
density is a little less than half the .peak valﬁe..-At
8 AM (part a) the peak value of the flux density is
about 120 wat'bs/cm2 (lSOO'suns)-and the power inter--

cepted by the aperture is 0.66 MW. This gives an»A

(0 -
_BAM ‘ ' 3091

2007

1007

FLux Densriry (Wcm2)

Figure 5, Flux-density p&ttefns on the l-m tower
receiver aperture from the 78 heliostats
of zone A of tke STTF on March 21. The
prealign time is noon of March 21.

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

which is & little more than half the peak value. There

is, .therefore, a significant flattening out of the flux

density pattern between the noon and the 8 AM results.

Let us take a more detailed look at the reaéons for the

- differences between these two flux density patterns.

The totel collector area. for the zone A field is
A= (1.22)2(25) (78) = 2902 m°. )
normal to the central ray from the sun, it would inter-
cept & power of P = AQ =‘(290é m2) (800W/m2) = 2.32 MW

where Q = 800 W/m® is ‘the insolation. Of course, the

If this area'ﬁere

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

= =



is effectively reduced by the "cosine effect", Shadow- 1.36 M.

ing and blocking together with other factors also con- . - ‘ s
~ Table 1 - Loss factors for perfonmance of the 78 .
_ N © heliostats of zone A of the STTF with the
interest to use results from HELIOS to compare the .. o " 1-m by 1-m Martin Marietta 1 MW receiver
' -and using a circular-normal error-cone of
, dispersion equal to 2 milliradians, Pre-
patterns of Figure 5. - . ' : - alignment time is noon of March 21, The
: - .run times listed below are also for March
21 The facet reflectiv1ty is p = 0.8 and
= (2902 m?) (800 W/m?) = 2.32 MW. The
factors for the two run-times, The number in paren- L S numbers given in parenuhesis in the 8 AM -

.. s . . , - column are retios of the loss factor at
thesis in the 8 AM column-is the ratio of the 8 A o 8 AM to its value at noon.

tribute to losses in the power céllected. It is of

loss factors corresponding to the two flux-density

The flrst row of Table 1 gives the cosine-effect loss

value to the corresponding noon-time velue. Thus the

cosine-effect loss-factor at 8 AM is 88% of its value o - ' ) Run Times

at - noon. The reflected power (neglecting shadowing and - ‘i.:" e ‘ 8-aM - Noon
blocking) is given in the next row. This is the product Cosine-effect loss-factor = | 0.84 (0,88) |. 0.96

of the total collector area A = 2902 m2, times ﬁhé - -: .< cos 1 > - ]

insolation (800 W/mz), times the reflectivity p = 0.8, " Reflected power neglecting : : v
tiﬁes the cosine-effect loss-factor from the first row. - shadowing and blocking .1’56 MW .1.78'MW

loses = Pp <cos i >

‘The next row gives the shadowing and blocking loss

factors; multiplying these by the mmbers in the row = ig::f?:g%oind'bl°°klng | 0.87 (0.91) | 0.96

above gives the éffectivev.re_flécted,power° However,

not all the effective reflected pbwer'is intercepted by Effect;ve reflected

- power 1.36 MW - L.71 MA
_the receiver-aperture. There is & spillage loss~-factor : - ‘
‘which is given in the next to the last row of the table. Spillage loss-factor Q.h9 (0.61) 0.80
At 8 AM, only L9% of the effective reflected power . Collected power - 0,66 MW | 1.36 MW

intercepts the aperture to give & collected power of
0.66 MW, At noon, 80% of the effective reflected power

_ intergepts the éperture'giving & collected power of
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Note that the loss factor that changes most between the
noon .and 8 AM run;timés is the spillage loss-factor
(the smallest of the numbers in parenthesis of the _

8 AM column). In order to illustrate how heliostat-size
astigmatic-aberratibns'contribute to the spiilage loss

- factor, we use some more HELIOS results.

-Consider the flux-density patterns resulting froﬁ only
the four corner facets of.heliostat5#18 ofithe 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, Figure 6 shows the flux density
pattern in part-a for & run time of 11 AM and in part b
-for & run time of 3 PM. The prealignment of facets
and the run times in this example‘aré different from
those used in the previous results but the concepts to
be-illustrated are the same. These four facets are
assumed to be aligned on-axis (zero angle of incidence):
This is appquimately the situation in part a of -
Figure 6 where the angle of incidence is ohly‘3 degrees.
The target grid is centered on the Martin Marietta
one-Megawatt receiver-aperture bﬁt'we'have enlafged it -
to 2.5-m in Qrder 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 a 4-block by L-block squaré-ip the center of the.

targef grid shown in the figure.

N
N\

(o).
3IPm
Mm=32°

(w/cn?)-
°
\

<
w
AN

Frux DENSITY

Flux-density patterns from the four corner

Figure 6,

. 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 Msrch 21. The facets
are prealignecd on-axis.

“The heliostat alignment in both parts of Figure 6 is

such that the center facet wbuld,project a solar image
centered on the aim point (the center of the target

grid here). 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 = 6.25. . In part b, .
‘héwever, tﬁe’individual peaks would no longer be

- resolveé but a generally smeared out pattern would bve

obtained.
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‘ment conditions.

‘This illustrates the major reason for the change in the

spillage loss-factors between the a and b parts of -
rigure 5, Of coursé, in Figure 5, the flux patterns
sre for the 78 heliostats of zone A of the field. The

extent of the astigmatic aberrations changes from one_-:.v

heliostat to ancther because of the different gécmetric

relationships between each heliostat and its prealign-
parameter studies as these,
CODE ORGANIZATION AND INPUT CAPABILITY

In keeping with the conference objective of providing

a description of the computer code for specialists

and potential users, we now concentrate upon the code _ .

input as a means of further indicaeting the capsbilities -

of HELIOS. The discussion should convince you that,

use of HELIOS is easy and is reasonsble for meny types

-of problems.

‘The basic flow chart is given in Figure 7. The LOCK - -

and NTLOCK parameters 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..

B
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HELIOS is designed to facilitate such -

Set up problem parameters
' (Ove‘rlay 1,0 - program A}

t = first time.
and NTLOCK = 0 ?

ocK- |
NTLOCK

~—{  Last time ?

Set time of day — i

v | Find elevation and azimuthal
- tangles for the sun, solar
insolation (ELAZS)
]

Calculate shadowing and
blocking facters for each
heliostat - orientation

"1 -Infor mation stored on
tape 14 (Overlay 2,0 -
program B )

Calculate energy flux at
| each targel point B
‘(Overlay 3,0 - program.C }

Figure 7. HELIOS Flow Chart

Program A is further subdivided in Figure 8 where con-
trolling subroutines are identified.by parenthesis,
DATAL sets the default values appropriate for the

. Solar Thermel Test Facility at Sandia Laboratories.
INDATA accepts all the input variables.

This subrou-

tine should be studied by prospective users to increaée
° . - ., .
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~.

Set default values for
input variables ( DATAL )

‘e
Read input for first problem
set, find effective sunshape
{ INDATA } .
~{Print input parameters (OUTP) |~ Figure 8, Program A

: I Flow Chart
Find focusing parameters for ’ :
each facet of each heliostat - e v
store on tape 11 { CPQR ) ’

Exit *

* understanding of code capabilities and to identify

possible>errors in input data.

The HELIOS input data are separated into>éeven groups:
problem- and output-type data, sun-parameter.daté,
receiver data, facet data, heliostat-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 ﬁhe‘other groups. BEach of the data groupé is 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? Are graphs to be generated?

Which shadowing and blocking options are to be used?
Do you want rapid calculation with less accuracy or
improved accuracy with extended cdmputer time? Is a
new heliostat distribution to be input or is the STTF
default distribution sufficient? Is the propagation

‘loss between mirror and receiver to be included?

NGRUP 1 INPUT
FORMAT . VARIABLES
PROBLEM TYPE COMMENT CARD
20A4 - : |
NGRUP § IPRINT _ IPLOT]  ISHAD IACCU ISP _ i~ELD _ IPROP
8o R | 1 |8 | ]
:

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 =ffective sunshape. They also allow solar

insolation as am input variable, The sunshape may be

inserted via parameters or as a table of values,

The receiver data are inﬁut as group 3 in Figure 11.
TheiAspecify the number of target points, printing

options, target orientation, target shape, receiver

.‘latitude, coordinates of the target center, of the
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NGRUP 2 INPUT

TOWER RECEIVER COMMENT CARD

SUN PARAMETER COMMENT CARD -

L

J _ 1 ‘ izoM

‘ NGRUP | NTART  NTARST  INVIR  ITAR 1660 IVMD e l ‘
I I T T T T T Qi
. INTART < 121) ‘ :
Pa i PHIL  XEXT  ZEXT  XPOIT -YPOIT  ZPOIT  ZEf

. 204 !
" NGRUP_INSOL __JSUN 1) T JID 16 ICON__
8110 i P 1 1 P
: \menuc= fisl
: YES > ;
10X, E10.2 -|_SUN DATA; _ INSOL ‘
INSOLATION IN WicmC. L O
NTABL=<50 -
. YES JSUN
i5 { ¥ \_7?
XTLOL J) & YILUL J)1) =1, NTABL - '
2F 10.5
BET  FEPSUN  BLIM A0 AHI o
5F 10.5 1 i | § i6<0
. : NO
YES CON
10X, £10.2 EE 0GR 32
1
END : : NO
INTERP_~ NDIV' _ JSUNG __ IDG 14 1106 16 17
810 L | 1 1 i 1 ]
. BETGC  EPSG  BUMG  ALOGG  AHIG ¢ EPLE
#10.5 L1 | | ] ]

END

Figure 10. Group 2 input flow chart.

eim point, and of the prealignment point, and effective

tower dimensions for shadowing calculations, -

® v TR e
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|
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!
-END

Figure 11, Group 3

g

input flow chart.

Figure 12 gives the f’low' chart for the facet data,

" How many facets are on each heliostat?

Arg the facets

'circula_r or square? How many subdivisions of the facet

are to be taken along each edge? what is the surface

shape? If & shape

resulting from stress analysis is to

~be used, what is the radius of a stressed ring or disk,

and what is Poisson's ratio for the stressed material?

What . is the facet dimension? - Reflectivity?A»Distribu-
"tion on the heliostat? ' ' '

The facet distribution on the heliestat is given in

- Figure 13, "The U3
EEScoordinate system.

axis completes the right handed
. —r

The coordinate of the facet centers
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* NGRUP 4 INPUT - B : .. are needed to properly 1ocate,'each facet in space.

_ FACET COMMENT CARD A : ' . . o A
A8 L - 1 o : Heliostat parameters are furnished by the group 5 data
: , I‘LGRUP ]NF"CW KORD INSUBF 10FT I = IéJ in Figure 14, Heliostat identifying numbers, the ‘
7110 . 4 : . :

NFACETS25 number of heliostats to be treated, the prealignment

RNAUT  POLS

%20.4 strategy, and the emergency parameters are all input

here. If a new heliostat distribution is to be .input,

1o, Fl0.4 [ FLENG - "its x, 'y, z coordinates are read here along with helio-:

-

10X, F10.4 | REFLEC -

stat design parameters. These variables aré.. shown in

Figures 15-16.

-

The time-data input for.group 6 are shown in Figure 17.

)
4587 10.4, NGRUP1

VARIABLE  ENO Here -the calculation times and prealignment time are

s .
NCI  NC2 § NC3  NC4 pecified,

ano L1 1 |

END

Group -7 of the input gives the atmospheric data. The

variables in Figure 18 specify the model atmosphere

- Figure 12. Group 4 input flow chart to be used when solar insclation is to be caltulated.
o - - - The pressure and temperature variables also have a

up: Co . .. .slight effect on the solar refraction.
: [__l’ m %3 [:l] B g . - .. . . The appendix describes general progrsm characteristics,
E] . BB T limitations, running time, hardware and software re-

M3 also available for greater detail (Ref. 1). Let us
Eﬂ [2_3] o : BN assume you are now convinced -that HELIOS is -easy to

»%%—»ul‘ : " Figure 13. - quirements, An early version of the users manual is

use. 'Is it reasonable to use? What real tests of the

PLANE PROJECTION OF FACET ARRAY
ON ONE HELIOSTAT

. 4"._":::::.--"" o ‘ T - e ) -
_ | - m m

code are available for 'checki_rig code 'accuracy‘?




i ONGRUP S iWAUT

FIRST
CALL FOR NO

DATA OR .
. ISPHE + 1
’ A ' ‘ : CENTER OF
, HELIOSTAT § COMMENT CARD : : 4 4 Rl HELIOSTAT BASE
‘ _ : Nf====" .
NGRUP _ NHEL{ § NHEST _ ICPQR _ LOCK Is___NTocK_ 17 , - .
810 [ . | | I .1 ST 3 E x
{NHEST < 559) ‘ \ 1 |

CENTER OF TOWER BASE
HELIOSTAT DEPLOYMENT IN TOWER

HDM IN FEET IF 17 < 0, OTHERWISE M.

HNMINH, 1) HDMINH, 1) HDMINH, 2)HDMINH, 3)

" COORDINATE SYSTEM
110, 3F10.2
Figure 15, Heliostat deployment in Tower .
Coordinate System, x = HDM(NH,1),
| vy = HDM(MH,2), z = HDM(NH,3).
| BLANK i :
] . . ] . . !
\SIGNAL FOR MAX'NH = NHEST :
“10X, £10.5 [ stewv - - i
|
o, , [—CENTER PORTION OF - .
{SPHE = 1, | {%r Yr ' | RERECTING SURFACE
END - NOT FIRST CALL t
FOR DATA i . ‘Ll“m"l
L2—I{L2
LHLL HL2 N Z)
2F10.4 I LI : 1.
‘ HELIOSTAT BASE
END .
HE _ HN ° HZ _HU K2 “

SAMPLE HELIOSTAT MOUNTING

"5F10.4 | | 1 )i | .

i
i 1
PN QN RN FOR 1 = |, NFACE ’

 Figure 16. Sample heliostat mounting.

251X, 3E18.10, 11

. , |

- Figure 14, Group 5 input™flow chart., ™ - ‘ : A ' ' Silliye - B
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HELIOS:
NGRUP 6 INPUT
. TIME COMMENT CARD
20 Ad [ o ]
NGRUP  -NOY NTD 3oy
ae [ e | ' | [ J
) NDY <365

TY(Y, 1= 1, NDY

A68F10.4,) ] ] | l | |

NTP = NTD WHEN NTD=<48

Figure 17.

TO(), 1= NTP NTP = 2WHEN NTD>48  ~ Group. 6 input
ssr0.an . | ] | | | | ] flow chart,
. TFOC____DFOC
2F10.5
END
NGRUP 7 INPUT
ATMOSPHERIC DATA COMMENT CARD
-20A4 [ |
. ' ' 0SMVIAMS3
NGRUP 11 MVIAM . 8
3110 S | - Figure l .
P PO TEMP ) Group 7 input.
[ [ I YES @ flow chart
{ N0 and end signal.
YES ~TAVIAN
10X, F10.2 | UORW: ~J R Y7
o | INO
END
PROBLEM INPUT END SIGNAL
DATA TERMINATION COMMENT
20 Ad 3 B
110 | -1 |
' . OEND

rtangential focal planes,.

.'experlmants (Ref. 3).
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HELIOS "HECKS

Figure 19 summarlzes the checks of HELIOS to date.

Several “Verifications of the shape of the 1nten51ty I
pattern for a single mirror were made by Larryl

Matthews. Shapes were checked near the saggitsl and’

_Shape cheéks weré also made
for a few facets on a single heliostat in 'scale model
‘The shape of the- energy flux
pattern for a field of hellostats was verified by.
John Holmes,

CHECK POINTS FOR HELIQS

1. Scale model experimemé for one heliostat by
£ A, lge!, G. F. Bott, R. L. Hughes, April 1977.

2. MIRVAL computer code .ompansons by J. D. Hankins
~ January 1977,

3. Comparisans with shape of hale in iron plate by
John Holmes ~ May 1977, .

4. Shape comparisons with image formed by 80" focal fength
spherical mirror by Larryl Matthews ~ April 1976.

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

Future:

1. Comparison with measurnments at Georgla I nstitute .
. of Technology by B. G. Levi.

2. Comparison with measurements at the Solar Thermal,
Test Facility with concurrent measurement of incident
sunshape.

 Figure 19. Check points for HELIOS.



Magnitude and shape comparisons for the energy flux
from one heliostat were reported by Joe Hankins to be

consistent with his MIRVAL code, Magnitude and shape

comparisons have also been made with experimental deta
These.deta,

collected by Martin Marietta for one facet.
are éiven in Figures 20-21, Uhcertainty in the sun-
shape and in the time of data collection suggest the
agreement can be improved with more complete informa-.
tion.

in Figure k.

The sunshape used 1ln the calcu1etion 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 1s
'the{computer drawn plots 1ndicating.the.extent of
shadowing and blocking. The shadowing is illustrated

by projecting the corners of each heliostat onto a

" 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 (m?)'before and after shadowing and block-

ing. Other bar gfaphs give the power intercepted by',-b

the heliostats and the power incident upon the target
aperture (in unlts of lOs”W) ' )
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| Aé 1o .:L_} "::::‘E?j\‘ :/>HOON
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.
Q
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|

96 04 03 <083 -0-1 00 01 02 08 0« 08
Horisonta! Distance ( m )

- Target is 56.4 n along e ‘line 3k% to the east of south of the facet, Insolation is

normalized to 0.08 W/em?. Latitude is 39.8° N as for Denver, Colorado. Target and

facet heights are identical.. The distence is horizontal distance across the target
| center. The planar target faces the facet.

. Figure 20. Energy flux comparison with Martin Marietta

data collected on November 23, 1976.
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Target is 106.68 m along a_line 3L° to the east of south of the facet. Insolation
is normalized to 0.08 W/cmz. Latitude is 39,8° ¥ as for lenver, Colorado. Target
and facet heights are identical. The distance is horizontal distance across the
target center. The planar target faces the facet,

Figure 21, Energy flux comparison with Martin
Marietta data collected on September 28,
1976. ' S

Figure 22, Blocking diagram,
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APPENDIX 1. HELIOS CODE' SUMMARY

HELIOS purpose: The code was deVeloped to evaluate bro—
posed designs for central receiver solar energy collec-
tor syétems, 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 individuel effects. This

structure facilitates additions that have béen necessary -

as special requirements appeared or as improvements
The additions also resulted in-

non-optimum code design which will likely remain for

became necessary.

some time as effort remains concentrated upon addi-

tional options.

Mathematical method: The'ﬁethod for evaluating flux
Reflec-
tor surfaces are divided into small segments that are

densgity is basically the cone-optics approach.

treated as infinitesimal mifrors that reflect a solar

image onto the‘target surface.

PROCEEDINGS--SOLAR WORKSHOP

HELIOS input: Input varisbles include  atmospheric

varisbles; sunshape parameters; coordinateslfoi helios«

stat bases relative to the tower; heliostat design

. parameters, reflector shape information; data describ-

ing the uncertainty resulting from surface errors,

' suntracklng errors, non-spectral reflectlon, and wind

" loading; focusing and alignment strategy; aim point

coordlnates, receiver design, calculation time; para-
meters. 1ndicating effects to be included; and the
chosen output options,

HELIOS output: 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 reduced by

the angle of incidence effect and the area further

’Lvieduced By shadowing and. blocking effects are given, -

" . These data are given for each designated calculation

time, -

- The second output option yields the &bove output
varisbles for each heliostat in addition to the total.

The loss factor caused by light propegation between

facet and receiver is also given for each heliostat,
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. The third output option is still more complex. It is
especially useful for detailed examihation of results
for checking prior to a large computer run. It
includés facet and heliostat alignment information,

sun orientation, target point alignment information,
and detailed_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 a function of

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

describing the built-in model of atmospheric refraction

as a function of solar elevation 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 coﬁponents of the unit féctor ‘
" normal to the targét surféce at each point in the grid,
and (6) a listing of the main problem perameters, As
a special output option, the three components?of the
energy flux dehsity are available at each target poiht

in the grid;

Present HELIOS limitations:

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

1 < number of target points < 121

-PLO -

RELATED CODES: .

BLOSH - movie generation for shadowing and blocking
CDC-7600 15 s/frame for plot tape generation

About 50

s/frame for 222 teliostats in zones A-B of the

for moderate shadowing and blocking.

Solar Thermal Test Facility for L-5 PM on

December 21,

CDC-6600 7 s/frame for post processing to
cbtain tape for microfiche generation of the

DX4U60 microfilm system.

plotting program for flux density distribution,
shadowing and blocking diagréms, sunshape

distribution, etc.

Running time: The required running time is highly
dependent upon input options. It is dominated by the
flux density calculation excepf.at very late or early
times when shadowing and blocking may be extensive,

On CDC-7600 with perfect-focus option, the flux

. density calculation requires éflh;A ms per facet for

121 target points. Zones A-B and A-C-D-E (222 helio-
stats) of the Solar Thermal Test Pacility require 11
to 18 s for shadowing and blocking‘calculations as
those effects reduce the =ffective mirror afea by

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




222 heljostats with 25 faéets/heliostat and 121 target
noints is 120 s including generation of the plotvtape.‘
These times should be multiplied by < n° if the facets
are divided.into a n x n mesh for more precise inte-

gration.

Computer hardware requirements: HELIOS.ié'operational
on the Sandia Leboratories CDC 6600 computer operating
under Scope 3.3. The code requires 142,000 octal

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

after the few seconds required for‘effective sﬁnshape »
calculation. HELIOS is also operational on the Sandia
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 megnetic tapei(disk).

Computer softwére-requirements: The'ching language.

is FORTRAN extended - version L. Required subroutines

from the Sandia Laboratories library that are not

“distributed by the computer manufacturer sare:

FOURT -~ fast Fourier Transform

'MINA - find minimm of a function

QNC7 - integration routine with checkihg routines
o ERRCHK,'ONECHK, ERRPRT, ERXSET, and ERRGET.

PRQCEEDINGS—-SOLAR WORKSHOP

‘R. E. Lighthill

" Alb., New Mexico 87115

SAXB - solve system of real linear algebraic'equations
- with checking routines RFBS, RULD, and ERSTGT..

These routines are includedApn HELIOS program tapes,
The routines ére mentioned in the following reference,
R. E. Jones and C. B, Bailey, Brief Instruc-
tions for Using MATHLIB (Version 6.0), Sandia
~ Leboratories Report SAND-75-05L45, February
1976, -

' For CDC 6600 use, one other supplementary routine is
“available. The REDUCE subroutine allows reduction of

the core storage by deletion Qf'blank commor: that is

. no longer needed. REDUCE is written in COMPASS

assembly langusage.

-~ HELIOS status: The code is operational on CDC: 6600 and
CDC- 7600 computers. Its evolution is still in progress.

‘Developer/Sponsor:

C. N. Vittitoe
F. Biggs

Central Receiver.
Systems Branch .

' Div. of Solar Energy
Energy Research and Dev.
Administration

' Washington, D.C., 20545

Theoretical Division 5231
Sandia Laboratories '

Documentation: C. N, Vittitoe, F. Biggs, and R. E.

. Lighthill, HELIOS: A Computer Program for Modeling
the Solar.Thermel Test Facility, A Users Guide, Sandia
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Laboratories Report SANDQ76-o3h6, March 1977, Second
edition June 1977. ‘
F. Biggs and C. N. Vittitoe, A Computational Modél for

Solar Concentrators, Sandia Laboratories Report
SAND-76-0347, to be published.

Availability:. HELIOS is available from the developers
.. after the potential user obtains approval by ‘the

_sponsor,

Date: HELIOS became‘operational in April 1976. The

- present version of the code was formed in August 1977.

REFERENCES
1. C, N, Vittitoe, F. Biggs, R. E. Lighthill,
SAND-76-0346, HELIOS: A Computer Program for
_ Modeling the Solar_Thermal Test Facility. A Users
Guide, June 1967.

2, F. Biggs and C. N. Vittitoe, SAND-76-0347, A Compu-
tational Model for SolarVConcentrators, to be

published,

3. E. A, Igel, G. F. Bott, R. L. Hughes, Sandia

Laboratories_Internal Memorandum, April 1977.
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COMPUTER PROGRAM CONCEN FOR CALCULATION

OF IRRADIATION OF

SOLAR POWER CENTRAL RECEIVER'
R. H. McFee

McDonnell Douglas Astronautics Company

Huntington Beach, CA 92647

Pfogram CONCEN has been developed for the purpose of
computing the flux density distribution, total incid
and received instantaneous power, diurnal incident

and received énergy, aﬁd related quantities for a

solar thermal power system consisting of an array of -

heliostat-supported mirrors and a central receiver,
under a variety of cohditions~0f insolation, mirror
’ surface characteristics, and receiver gesmetry.
Computafion is accomplished by subdividing each
mirror into 121 elements and summing eleﬁent solar
disk images at the receiver surface. Shading and
blocking effects are treated by testing each element
and‘setting its contribufioﬁ to zefo if shaded or.

blocked. Mirror surface effects are included by -

ABSTRACT

- effect§ such as waviness, spherical curvature, .
ent deformation, and cantihg for focusing purposes;
_ Any segment of the heliostat array can.be se1ecfed,
. from a single heliostat to the entire array.
Systematic or Monte Carle réndom processing can be
- used as required. Output data include power con-
tribution by heliostat array region, total power and
. energy figures, flux density table, and a flux density -

§ontour diagram. -

computing the sldpe variation of the element due to

PROCEEDINGS--SOLAR WORKSHOP




COMPUTER PROGRAM CONCEN 198

INTRODUCTION

Program CONCEN was originally developed for the
purpose of studying the effect of mirror surface
irregularities on the performance of central-receiver
solar power systems (Ref. 1).
developed, it has become more widely employed in the
analysis of collector system performance (Ref. 2).

At the present time, its purpose is to provide computa-
tion of flux density distribution on receiver surfaces,
total incident power at the receiver location, total
received power in the receiver aperture, fraction of
power lost by shading and blocking, total diurnal
energy incident and received, and several related
quantities. The collector system includes a field of

As the program

heliostats in an arbitrary array, any of four types

of receiver configuration, and any avbitrariiyedefined
mirror surface shape.
tool in parametric studies, including error analyses,
relative performance of different mirror geometries,

The program has been used as a

safety considerations, and mirror focusing effective-
ness.

ANALYTICAL APPROACH

The principal feature of the CONCEN program is the
synthesis of the image from a heliostat mirror by the
superposition and integratioh of circular sun images

-

from elements of the mirror. Each mirror element
behaves optically as a pinhole camera, forming a
circular image that can be described in terms of the
solar disk angular diameter and the slant range (see
Fig. 1).
referred to the plane normal to the line connecting the
center of the helios#at mirror with the center
reference point on the receiver (called the reflection-
normal plane [RNP])}, located at the receiver reference
point. A grid of points on the receiver surface, at
which flux density distribution is te be calculated,

is then projected parallel to the reflected beam

onto the RNP, where relations between grid points and

The Tacations of the element images are

image location and image flux density can be determined.
The position of the element image on the RNP is related
to the element location on the mirror and the
orientation of the element normal with respeet to

the reference line. This orientation is influenced by
mirror deviations caused by waviness, curvature,
canting for focus, and structural deformations.

The loss of power due to shading and blocking of one
mirror by adjacent mirrors is simply calculated by
determining whether the element center lies within a
shaded or blocked region of the mirror. If so, the
element's contribution is assumed to be zero.



For heliostat arrays arranged in rectangular configura-
tions, it is convenient to divide the array into cells
in 11 rows and 11 columns. As the size of the array
changes, the number of heliostats in each cell changes
accordingly. Computation then is conducted with the
cell arrangement. For some arrays it is desirable to
trim out some of the cells.

With the large number of heliostats in the array, it
becomes impractical to compute image positions for
every element of every heliostat. Therefore, two
approaches are employed to approximate the array
performance. In one, the center heliostat is assumed
to represent the performance of all heliostats in the
cell. Every element on the heliostat is computed.

The flux contributions are then multiplied by the
number of heliostats in the cell. All cells which
have not been trimmed are calculated to give the total
array performance. In the other approach a Monte Carlo
random sampling is used to approximate the whole array
behavior. Individual elements are selected randomly
from any heliostat in the array. By continuing to
sample elements until the maximum flux density con-
verges sufficiently, or until a maximum number of
samples has been completed, the entire array perfor-
mance is approximated. The latter approach has proven:
to be the more useful for analysis of full arrays of

PROCEEDINGS--SOLAR WORKSHOP

heliostats.
mance, the systematic approach, where every element of
the mirror is included, is move appropriate.

For individual heliostat mirror perfor-

Solar position is determined by approximate ephemeris
relations, given date, hour, and local latitude data.

“Insolation is computed by interpolation in an appro-

priate insolation versus sun elevation curve.

Tracking error is simulated by applying randomly a
normal distribution ef angulér error to the orientation
of each element, which is more convenient than
requiring that all elements of a given mirror have the
same tracking error. | '

Diurnal energy quantities are approximated by summing
the power figures at equal time intervals from noon to
sunset, then multiplying by two, times the time inter-
val in hours, to give energy in watt hours. Annual
energy figures may be determined by plotting the
diurnal energy figures against date and integrating
under the curve for a year. ‘

In order to facilitate relative evaluation of collector
performance, a contour diagram is prepared from the
table of flux density distribution grid values by
interpolation between adjacent rows and columns. The
diagram is normalized at the peak flux density point
for convenience. It appears in the printout along wifh
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d,the tabuiar data.

ANALYSIS

Sotar Position

The sun's.angular ‘position at any t1me is computed from
the approx1mate ephemeris relations.

_ -1 sin h D d o
a = tan l:cos h sin L = tan 6 sin L : ' (1)
€ = 1n' (cos & cos h cos L + sin & sin L) - (2)
where: .
‘a = solar azimuth angle
"¢ = solar elevation angle
h = hour angle = 15(12-H) deg
H = number of hours after midnight, solar time
§ = declination angle c

](sin 23° sin(%%%ggg))»deg.

D = number of days- after vernal equihox~-

_ = sin”

L = local latitude, deg.

For the purposes of this analysis, the fine corrections

L to describe the solar ephemeris precisely are not

necessary, since the image positions are ca]culated

- relative to the nominal tracking line for each helio-

stat, and slight solar position errors would have a
negligible effects.

~locations on a horizontal plane.

Mirror-Receiver Geometry

The heliostats are assumed to be laid out in known
The geometry of
the relations between a mirror on an az-el mount,

~ incoming and outgoing beams, and the receiver is

shown in Fig. 2. Ground cdordinates are defined

.85 X5 Yor 240 with X, directed south, Yo east, and

0 .
zo vert1ca11y upward M1rror coord1nates (az el),-

m® Ym® Zme @re defined with: Xor hor1zonta1 Y
d1rected upward, and Z, para]]e1 to the mirror normal.
Coordinates associated with the incident rays, Xgs Yoo
z,, are taken to be Xg horizontal, Ys directed upward,
z, directed toward the sun. The reflected beam
coordinates Xes Yps Zpos are defined with Xp horizontal,
Ye directed upward, and.zr along the reflected beam

toward the receiver.

The relations between ground coordinates and incident,
reflected, and mirror coordinates are given in terms
of their direction coefficients by:

X [-sina cosa 0 X

s - ol
Yg b - | -cosa sine -sina sine cosefJy, (3)
zg coSa C0Se Sina cCoSe  sine z, 1>
| [ ]



RECEIVER
FROM
SUN
Yo EAST
Yo
. MIRROR |

| XO(SOUTH) ‘

Figure 2. MIRROR-RECEIVER GEOMETRY:-
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N N | o)
*r ,:sinB | .,-cosg : 0 7 X5
4 ’r*L - | -cosB sing- . sinB siné coséqy ¢
- Z | - cosB cos8 -sinB cos6 sine;‘”z "
\ .7/ ' \ 0/
~‘?.<\ . _ o A ( )
Xl -51ny : cosy: , A
-4 yﬁ L = _-cbsy'sinw= -siny siny cosy J Yo q
L Zm) | cosy cosy- swnyvcosw §1nw‘ z,)
where:

B8 =-mirror location angle from receiver base,

8= receiver elevation angle from mirror,
"~y = azimuth angle of mirror normal,

¥ = elevation of angle of mirror normal.. -
, From the reflection law

Mo StST
, -2 cos (¢/2)

where:_

" ¢ = angle between incident and reflected beams:

=-cos'J(S-S‘) X

= cos'](sine sine - cose cosd® cos(a-B))
M= unit vector normal to the mirror surface
' § = unit vector toward the receiver
s ='unit‘vector toward the sun

.

(4)

)

(6)

(7)

From Equations (3), (4), (5)-

S* = cosa coseié + s-ina_cosej-o + sineko. (8)
S = -cosB cosefb - sing co_se-j° + sineko_ (9)
M= cosy coswid + siny coswjo‘+ sinwkd (10)

where igs Jg» k0 are untt vectors along the Xgs Yo»
Z_ axes. o '

0
With Equation (6)
M ='?EE%T$7ZT ((cosa cose - cosB.cose)io

+(sina cose, - sTng cose}j  + (sine + sine)ko)

Equating direction cosines and solving for Y and ¥,

= -1-cose sina - cos@ sinB -
Y = tan L Cosa = cos6 CosB (II)A
Y = sin'][%lgggizg;%§7 - (12)

Image Position on Reflectdon-Normal Plane

The location:of the centerlbf‘the disk image from a

mirror element on the RNP is given by:

X

n "rj-+ sr(émx * 5tfx)

Vet Sop, + 8¢y

In ry’ .

(¥3) -



where:

Sr,az = slant range from mirror to receiver

XY, = coordinates of image center on RNP

XpsYp ® RNP coordinates of m{rror element center .-

qu.smy = angular compqnents of element slope
deviation
Gtrx’ctny = angqlar components of traciing_error

In terms of mirror coordfnates, X.s ¥, can be
determined by 1nvert1ng Equation (S) and substituting

in Equation (4).
x,. = cos(B-y)x, -'sinw sin(B-v)y,

Yy = sing sin(B-y)xm + (cos6 cosy -~ sin® siny

1 ~ cos(B-v)y, ,_ )

The effect of the angular deviation of the element
surface orientation may be derived from the reflection
law (Equation 6). At any instaht~$’ is constant, and,
for small changes in M, '

_ .2 2 < . - _
ds = xS ny 2 (S M)dM - 2(S-dM)M . (15)
Sinee M = km, dM = axlm + Gyjm |
where 1m' I km are Unit-vectors along the Xn* Ym® 2
axes.
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.‘x’ay = components of element angular deviation in
- mirror coordinates. '

‘By referring all quantities to RNP coordinates,
- the slope deviation components can be determined as

S = ZGX(COSG cosy - siné siny cos(B-v))
- 26y sine sin(B-y) : (16)

) y’F 26 simp sinfB-y) - 26y cos(B-6)

Then Equation (13) becomes:

xn = -cos(B-y)xm - s1nw sin(B-y)ym +S (26 (cos6. cosy

- sine siny cos(B-y)) - 2, sing sin(B-y) + 8,..)

= sine_sin(s-y')xm + (cos6 cosy - sind siny
| co;(ny))ym + Sr(26x siny sin(B-y) - 26ycos(B-Y)

+ thy) o - i o (n
The element angular deviation components Gx.dy. are
made up of several subcomponents due to as many

different causes. Thus

Oy = Sux * Sex * Ssx * Ssremx T S7x * %ax * S

(18)
= + + +

% = Sxy ¥ Oy * Oy

Sgrewy t Sy * Sy * Spy
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where:

wa’dwy", = waviness components
ch'dcy = spherical curvature components

Y . = focus canting components

sx* sy
Gslewx’édlewy = heliostat slewing components
aTx’GTy = temperature deformation components
GGx’GGyA = gravity deformation components
Sgy>Spy : = wind .1oad- deformation components

Shading and Blocking

With the close proximity between neighboring mirroes
in an efficient array under some solar position and
mirror locations, loss of effective mirror area
occurs by shading of one mirror by others and by
blocking the reflected rays from one mirror by others.
"Since, in a large array, .the orientation of one mirror
is almost identical to that of its nearest neighbors,
the -shadows and blockage prdjections are the same

size and orientation as the mirror itself, when viewed
on. the mirror plane. The positions of the projections

vary with the mirror, receiver, and sun locations. It.

is necessary to consider the possible shading or
blocking by each of the nearest neighboring mirrors.
This is done by determining which, if any, mirror
elements fall within the shadow or blockage from any
neighbors. Those elements that are shaded or blocked

then are assumed to contribute zero flux to the
receiver. The geometry of the shading and blocking
situation is shown in Fig. 3.

By expressing mirror coordinates in terms of
incident coordinates, for shading, and RNP coordinates,
for blocking, the shadow and blockage center positions

. on the mirror surface may be determined. The shadow

positions, X s Yycs Zpe» are given by:

Xms

cos(a-y), - sine sin{a~y), cos sin{a-y)

sing sin(a-y), sine simpcos(a-y) + cose cosy,
- cose siny cos{x~0)} + sine cosy

H

Yms

- sinaxho + cosay,

sing(cosgx, + svneyho)

- cose(cospx,  + stnByho)

cos .
 ~ Cos(e/2 (cosyxp, + sinyy, ) (19)

and the blockage center positions, Xob* Ymb® by

Xb, - cos(B-y), sine sin(B~y), - cose sin(B-y)

- siny sin(B-y), - sing siny cos(B-v)
+ c0sO cosyp, cos@ siny cos{B-y) + siné cosw

¥mb




sianho - cosByho

sine(cosgx, =+ sinByho)

. . cos '
- cose(cosBxho + S‘"BYho) - Ebst¢77)

-(cosyxho + sinyyﬁo) (20)

Mirror Focusing

For some types of receiver where it is desirable to
concentrate the reflected flux to pass through a
small aperture, it is advantageous to shape the mirror
surface to prévide some focusing action. It is
apparent that, even with ideal focusing, the smallest
image that can be produced from a Single~mirror is
a disk of dfameter equal to the angular diameter of
the sun (9.3 mr) times the slant range from mirror to
- receiver. Ideal focusing can be obtained by shaping
~the mirror to conform to a section of a paraboloid
" ~whose axis is along the line from the receiver to the -
sun. As the sun changes location, the-paraboloid
changes accordingly, as does the section representing
the mirror surface. 4

To determine the slope departure components relative '
to the average mirror.normal, it is only necessary

to set the image position components on the RNP equal
to zero and solve for the deviation angles as functions
of the mirror coordinates. This is done with - |
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Equation (17), settingAthe tracking error to zero.
The slope deviation components, Gsx’dsy’ required
for focus are then

§ 1
Ssx © §§;33§1$7§T'(‘COS(B-Y)(COS(B_Y)xm-

- siny sindB-y)y,) - sing sin(g-v)
(sin6 sin(B-y)xm + (cos6 cosy - sine siny

| - cos(B-v))y, - ‘
(21)

Ssy = 25;3%313727 (-simy sin(e-v)(cOS(?-v)xm
- siny sin(g-y)y, - (cose cosy

- siﬁe‘Sinw cos(B-v))(sino sin(B-y)xm
+ (cos8 cosy - sing siny cos (8-v) )y,

Image Irradiance

The total flux in the image from each element is equal
‘to the product of the direct insolation at the mirror,

q, the element area, Ae’ the cosine of the incident
angle, cos(¢/2), the mirror reflectance, p, and the
transmission of the atmospheric path between mirror

and ‘receiver, Ta.

¢e:= c';Aecos(¢/2)pTa (22)
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The flux density in the element image on the RNP, as a
function of the distance from the image center,'r,.is

L % | '
. Ee = -‘B—;Z_ F]d(r) . (23)
s.

radius of solar image.

s -3
4.65 x 10° Sr

where r

The solar limb darken1ng factor. F]d’ is given by

‘the empirical relation (Ref. 3). ' :
. 1.23(0.44 + 0.56 1 - = (r<r,)

Fld(r) N s _

0 (r> rs) ' ' (24)

The image irradiance on the receiver surface, Erece'

is then

E =E cos a (25)

rece e rec

where Weac

The flux density at a particular point on the receiver
'surface is determined by locating the point's
projection along the reflected.ray to.the RNP. The

=. angle of incidence on receiver surface.

projection is then referred in position to the location

of the image center on the RNP, and‘Ee is determined
from Equation (23). The projection geometry depends
on. the receiver configuration. An external cylinder

receiver geometry is shown in Fig. 4. Projection

H

coordinates are obtained by rotating the receiver
surface coordinates into the RNP coordinates.

- To obtain the total received power onto a receiver,
_the fraction of each element image which falls

within the projected boundaries of the receiver is
calculated and summed. The geometry of the situation
is shown in Fig. 5 for an external cylinder receiver
and a rectangular aperture cavity receiver. The

"proaect1on of the cylinder is independent of azrmuth

angle, and may be approximated by a rectangte of
equivalent area. The projection -of the cavity aperture
is a parallelogram whose shape is related to azimuth,
elevations, and cavity tilt angles. By determining

‘the intersections of the circular image with the
receiver projection sides by means of simultaneous

equation selution, the fraction, F., of the image

i
inside the receiver boundaries can be calculated. The
total received power in the receiver aperture is then

given by:

=L F, (26)

5k 1Jk ejk

COMPUTER PROGRAM

The approach used in Program CONCEN for the computation

- of power and energy quantities may be followed by

reference to the flow chart shown in Fig's 6 thru 9.
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Subroutines are used for the following computations:

Trim unused cells from hel1ostat array '
‘Gimbal angles ' -

Shadow and blockage center pos1t1ons

Mirror element coordinates -
Iemperature, gravity, and wind load deformation
- Shading and blocking logic '
Cant angles for segment focusing
.Rece1ver surface flux dens1ty dlstr1but1on

Cylindrical receiver aim strategy
0. Print output tables and other data
1

— - O O ~N O U OB wWw N —
. e e & & & &

. Print contour diagram

Multiple subroutines are provided where alternate.
functions are required. Two gimbal arrangements, two

mirror.configurations, four receiver designs, and four

focusing approaches are included in the present program.

Both systematic and random Monte Carlo processing .
methods are available., Where the heliostat array is
- subdivided into 121 cells, the computation is looped
121 times for the systematic approach. For each cell
- the center mirror elements are‘processéd by loops

within the cell loops. For random processing, -the

elements are looped once, while the randomly-sélected
element, heliostat, and cell numbers are looped until
the desired convergency is obtained, or until a pre--

determined maximum number of histories (typically

5000-10,000) has been completed.
heliostat is examined, systematic process1ng of all
elements on the mirror is used.

Where a single

Diurral and annual energy figures are cdmputed by
summing power figures at-intervals during the day,
for diurnal energy, and intégréting under the curve
of_diqrna].energy versus date, for annual‘energy,

" The output of the computatioh may be varied to

suit the requirements, with appropriate switches to’
turn off flux density computatioh, data heading, etc.
Typically, a run to determine total received power

- and flux density distribution on a receiver surface

will consist of the fallowing items in the printout.

1. Input data dump
Input data listing .
11 x 11 array listing fractions of power lost
by shading and blocking and incident angle cosine
- for each cell” '

4. Total incident power and total power received by

receiver ‘
5. 11 x 11 array 1istihg average power redirected
- and average power received'by receiver per
heliostat for each cell
6. 21 x 21 array listing flux density values at
441 point grid on receiver surface



7. Contour point diagram, derived from flux density variety of solar power system déSign'prdblems.
table, giving contours in tenths of peak flux | : ' '
density. : REFERENCES:

8. Number of histories, and relative error, if 1. R. H. McFee, "Power Collection Reduction by

random processing 1s used.

An ekample of a contour diagram of the flux density.
distribution on a screen from a single rectangular

heliostat is shown in Fig. 10. The expected parallelo- 2.
gram shape is demonstrated, with the rounded corners

due to the sun's disk shape.

PROGRAM EXTENSION

Hith the flexibility of the basic CONCEN program,

it is possible to extend computation to several other
receiver configurations, heliostat arrays, and gimbal
mounts. An alternate gimbal mount arrangement, called
pitch-roll, is already in the program, as is a
cylindrical cavity receiver. Several heliostat

arrays have been acconmodated by minor changes in

the program. A variety of special receiver configura-
tion subroutines have been. developed, including a
generalized flat-walled cavity, cruciform, star-shape,
and spherical receivers.

Using the elemental image numerical integration
technique, a versatile and flexible analytical tool
has been developed which can be'applied to a great -

PROCEEDINGS--SOLAR WORKSHOP

Mirror Surface Non-Flatness and Tracking Error
for a Central Receiver Solar Power System," Appiied

‘Optics, 14, 1493 (1975).

R. H. McFee, "Optical Systems for Large Scale

- Solar Power Plants," Proc. Electro-Optics/
- .International Laser 1975 Conference, 1976.

J. C. Brandt and P. W. Hodge, "Solar System
Astrophysics," McGraw-Hill, 1964, p. 58. - -

21




LVLSOIT3H JTONIS

WOY4 NIFUIS NO WYHIYIQ dNOLNOD ALISN3Q XN14

‘0L 94nbi4

.y, 14

Ji 42
.

RELAR

.

nboe
.

2,28

1,93

Al'gé;

1,140

(7] ~
w o
.

©
o

.
[
@

A',76

1.5

~

1,90

.

-2,2%.
.

wz,060
)

#3040
.

eY, 42
.

93.80-0000-0015‘-0..01oo-u-'-otc-...oo---t'.-l-c-;c-uo---.cuou.-g--.nn-

93 e1,%2 =

-3, 8¢

3,42

COMPUTER . PROGRAM CONCEN e

FEAK TYALUE ¢F FLux DENSITY #87%3,08 w/53*y COLTOURY N TENTMS, PapEiX

3.50..--.otoom0.-.,...--...-.--5------o-»-.-t»-cJ'0.a.mo..ucn-0.--1o-g'-u--.ona-----~-c..6.ru-.n.omvtot..-;‘o-u-n;gr.o.u..‘..

-_SIU‘

-2t

Caz,ub

.
L

1
1 2 3
-2
-3
123 4
2 3 4 €
2 3 4 5 8
5
J 45 4 7
45 & ¥
5 b @
3.4 5 g
.
e
3
Z
b 2

f

[P

“ B U~

14

PR

-

IR S

st w

o

IRy

Ce-

.-, 7

w oW s G

° 0w

RS,

~

o

- 33

=490

o

.

.

.

.

.

L[]

.

.

.

.

[

.

1 . .
2 .
4 i - .
N 2 A .
3 3 . .
S5 43 2 1 .
! M 2. .
8 5 4 i 0
e 78 -0 4 A 2 1 : .
¢ 5 . .

7 ¢ 4 ' ’

9 & Y6 8 4 Y2 1 .
3 H 5 ’

»

o 387 45 43 2 L .

[ R .

[

9 9 8 76 %4 32 B
.

.

g P 9 8 1 46 %432 4 .

.

9 5 2 .
8 876 %42 .

.

9 L]

P 9 8 746 5 4 ) 2 4 .
: .

g 3 1 .
7 6 5 4 ) 7 4 .

7 7 ¢ T3 .
El [ 5 .
3 ¢ 32 .

4 s 4 .
M ‘ M) .
z H 1 .
2 .

1 .
i .

.

L

.

.

.

.

.

D R N R N I N N N I N N Y Y Y AN R K]

218 VT8 1,14 1,52 1,9C Z,28 2,86 T3,L4 3,42 3,80 ¥

212




I

HASCM - A PROGRAM FOR CALCULATING THE PERFORMANCE
OF A HELIOSTAT FIELD

Mark Rubeck _
- Solar Energy Systems Analyst
Boeing Engineering & Construction
'~ Seattle, Washington

ABSTRACT

The Heliostat Array Simd]ation Computer Model (HASCM)
was developed by Boeing to aid in the design and eval-
uation of the heliostat field in solar thermal elec-
tric power generating féci]ity. The program .accepts
as input the dimensions and performance characteristics

-of the heliostats and the receiver. It takes into
account the relative geometries of the various elements, -

as well as the efficienciesAof'the system components,
to arrive at the heliostat field performance for a:
given design point time and location. The program
uses a finite element method to compute field perfor-
mance. It averages the performance of several reflec-
ted rays to arrive at an efficiency forta-poftion of

the reflector. It then averages the portion efficiencies - -

to compute the performance of a given heliostat.

This paper will present a list of the input options

PROCEEDINGS--SOLAR WORKSHOP

and Variab]es available to the user. It will then
describe the model itself, including the assumptions

,ahd,a]gorithms which are utilized in computing field . .

performance. Infqrmation will also be provided relat- -

-ing to the operation of the program. The'capabilities‘~

of the model will be explained in more detail by pre-

;senting typical output and examining the role of this

data in the determination of optimum heliostat design

- .and overall field configuration.

" INTRODUCTION

The Heliostat Array.Simulation Computer Model wéS'
originally written in 1974 to support studies Boeing
was conducting for the Electric Power Research
Institute. It was rewritten in 1976 to conduct analy-

“ses of the collector subsystem as part of the Energy

Reséarch & Development Administration 10Mwe Pilot
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Plant preliminary design effort.

A sketch ofathe-he1iostat designed by-Boeing is Shown
in Figure 1. The key feature of this heliostat is its
meta}1ized plastic membrane reflector, stretched across.
a circular ring, housed in a protective enc]osure'of

transparent plastic. The necessity of-analyzing the

performance .of such a heliostat had a major influence =~

on the methodology of this computer model.

Figure 1: Boeing Heliostat Design

INPUT OPTIONS AND VARIABLES

The inputs to HASCM can be grouped intc five major
categories. There are those which refer to the helio-
stats, the receiver, the heliostat field layout, the
design pointl(or point of evaluation), and the grfd

"size.

"tor elevation angle.
-are of two types.

definition variables.

Several options are avai1ab1e in describing the helio-

stats. The mirrors can be square or round, and of any
They cam be flat, gravity focused, or mechani-
cally focused. Gravity foéUSing affects membrane
reflectors whose gravity caused deflection, and there-
fore focal 1ength,‘var1es as a function of theeref1ec< -
Mechanically focused reflectors
Fixed focused reflectors keep their
focal length constant, while "smart" focused reflectors
vary their focal length throughout the day so as to
minimize off-axis aberration, and therefore minimize

overflow losses at the recsiver.

-

The aiming error of the heliostat is assumed to be
normally distributed in both the elevation and azimuth
axes. So the only inputs needed are the standard
deviation of the distribution in each axis. The sur-
face irregularity of the mirror is also assumed to be .
normally distributed, and its standard deviation is an

input.

The reflectivity of the mirror is another variable.

The model considers reflectivity as a function of the
incidence angle of the incoming light with the mirror
surface. Material properties of the reflector cause

its reflectivity to vary with this incidence angle.



The point to which the heliostat is to direct the
reflected light, its aim point,.is also an input to
~ the model.

The program has the capability to analyze heliostat

In this -
case, the size of the dome and the transmissivity of
the dome material are inputs. As with reflecfivity,
transmissivity is considered as a function of incidence

fields of enclosed, or domed, heliostats.

- angle with the incoming and refliected direct insola-

tion.  The effect of incidence angle is more pronounced.

in this case, than with reflectivity, as normal and
highly obtuse transmissivity -differ substantially.

In order to examine the performance of the heliostat
field when used in conjunction with various receiver
designs, the model provides several receiver geometries
- to choose from. A cylindrical surface receiver,

annular aperture cavity receiver, rectangular .aperture

cavity receiver, and ciréu]ar aperture cavity receiver

- are all modelled. TheAinputs-re]atihg to these four
receivers are as follows: cylinder - altitude, radius,
absorptivity versus incidence angle; annular aperture-
aperture radius, height, slope; rectangular aperture -
aperture height and width; circular aperture - aperture
radius. The azimuth. and elevation angles of the rec-

tangular and circular aperture are also variable. The

PROCEEDINGS--SOLAR WORKSHOP

“ ... tower at its center.

o« .

‘aperture can face any direction and be tilted at any

angle from vertical to downward facing.

The field is assumed to be square with the receiver
The heliostats are arranged in
a North-South, East-West rectangular grid pattern.
The field is described by its width, the receiver

“ height, and the center-to-center spacing of the helio-

stats in the North-South and East-West directions.

‘The"désighlpoint, or point at which the field perfor-

mance is to be evaluated, consists of three variables:
the site latitude, the solar declination angle (which_'
corresponds to the date), and the time.

The final category of inputs are the grid definition
variables. Since the program anaiyzes large numbers
of eieménts‘by examining the performance of a few, it
is necessary to specify exactly how many will be con-

. sﬁderéd;,~The he]ibstat'fie1d_is'ana]yzed by dividing

it into sections, the number of which is a variable.
In addition, each section can have a different mirror
size, heliostat spacing, and mirror aim point. The
reflectors are é]so modelled as a grid of elements,

again a variable. Finai]y, the cone of reflected

“light from each mirror element is examined by Tooking
"at a square grid of rays within this cone.

-
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THE MODEL .

The Heliostat Array Simulation Computer Model is
broken intd several subrdutﬁnes; each berforhihg a
part of the total heliostat field analysis.- A top.
level flow chart of the program is presented in Figure
2. A brief'description of each of these subroutines

follows.
®  Setdefault values and read inputs
HELSUN | @ Compute Sun's position
HELCRb. - @ _ Datermine field contiguration
HELANG ® Compute cosing and reflectivity losses
o B - N
]
2 : HELELM ®. Calculate mirror position and shape .
5 e ,
§ - HELRAY ® Compute path of reflected rays
sl | : 4 S :
g g HELSHD ® - Compute mirror shadowing and blocking losses
@ . .
2 £ S '
gl 2 HELTRA || ® Compute domae transmission losses
-4 - . . o .
-8l 3 - :
sl 2 HELREC | ®. Computereceiver capture efficiency
3 &,| iweReLl. | -
| @ §| LHELRCZ,
( Stop. ).
Figure 2: HASCM Subroutines -

'HELIN ‘reads and writes the values of the input -

.variables. It first sets the default-values of these = -

vafiab]es. It them makes any necessary changes to the

default conditions as indifated in the input deck..

- The resultant 1ist of inputs is then printed out.

HELSUN calculates the coordinates of the sun relative
to the heliostat field. The latitude, date, and time
at the power plant are used to determine the elevatien
angle of the sun above the horizon and the azimuth

angle of the sun from South. These values provide the

“information necessary to compute the coordinates of

the sun in a 3-dimensiohal coordinate system centered

at the heliostat field. This system regards South as

. positive x, West as positive y, and up as positive z.

HELCRD -determines the configuration of the heliostat
field.
a square grid. The input values for field width and

First, the field is analytically divided into

number of grid sections are used to compute the loca-
tion, in the heliostat field coardinate system, of the
central or representative heliestat in each field sec-

tion. The performance calculated for this heliostat

. will be used to typify the performance of every helio-

stat in that field section. Values of heliostat
center-to-center spacing in the North-South and East-

West directions aflow the program to compute the total

"heliostat area and number of heliostats in each field

section. - These values, combined with the performance



of the representative heliostats, wi11 be used to
derive the performance of every field section.

HELANG calculates mirror cosine and ref]ectfvity loss- .

es. The coordinates of the representative heliostat
center, the center of.the solar disk, and the aim
point are combined to yield the unit normal. vector to
the mirror center. This allows computation of the
“incidence angle of the incoming specular insolation
with the mirror surface. The cosine of this angle is
the fraction of the mirror area which is perpendicular
to the insolation. The incidence angle is used to-
find the mirror reflectivity in a table look-up pro-
cedure. '

HELELM calculates mirror position and shape. The
previously computed mirror unit normal yields values
for mirror azimuth and elevation angles. The radius
of curvature of the mirror is computed as a function
of its foéusing strategy: flat, gkavity focused, or
mechanically focused. The mirror is analytically
partitioned into a square grid and the unit normal to
each of these mirror elements is éomputed. A random
number generator is coupled with a normal distribution
function to give values for mirror surface smoothness
and aiming error in both azimuth and elevation.

These are used to modify the values for mirror element
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unit normals. An aiming error is assigned to each
element on the mirror to represent the fact that every.

_mirror in the fié]d section has a different aiming

error.

HELRAY takes the mirror element unit normals and the =
sun's position’ to arrive at the reflected ray from
each element. It.also calls the remaining subroutines,
which calculate shadowing, blocking, transmission, and
overflow losses for each mirror element. It averages -
these element efficiencies over the entire mirror and

combines this with reflectivity and cosine losses to

- compute representative mirror efficiency.

HELSHD ca]cu]ateé mirror efficiency with regards to
shadowing and blocking by surrounding mirrors. It

- considers the eight mirrors which surround a represen-
- tative heliostat. The incoming and reflected ray from
~ every mirror element is tested to see if it is shadow-

ed or blocked, i.e., if it intersects a surrounding

mirror.

HELTRA is called only if the heliostats being evaluated
have proteétive dome enclosures. It calculates energy
lTost .due to light passage through the dome of the
represéntatiVe heliostat or through the dome of a
surrounding heliostat. It tests not only for inter-
section of incoming and reflected 1ight with a dome;
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but. computes the angle of incidence of the  intersection,

and accesses a table Took-up function to arrive at.
transmissivity as a function:of incidence ‘angle. This
'subrout1ne will handle 11ght rays which pass through
more ‘than one dome. ‘ '

HELREC calculates the fraction of reflected energy
. captured by a cylindrical surface receiver. Until
‘now the program has assumed the sun-to be a point
. source‘of light. In order to accurately model the
~reflected image, accounting for the width of the sun,
the insolation reflected from a mirror element is
treated as a cone of light. A grid is.overlaid on the
circular cross section of the cone to determine the
reflected rays to be examined. Each ray is tested for
intersection with: the receiver. The incidence angle
of the intersection is calculated and table:look-up

. gives absorptivity for a given incidence angle. The
efficiency of the rays reflected from an.element are
averaged to give an elémentfs receivericapturé,
efficiency. ‘ |

If the receiver being considered is a cavity receiver
with a planar aperture (square or circular) then HELRCI
rather than HELREC, will calculate the fraction of.
reflected energy captured by the receiver. It is
"similar to HELREC but doesn't require absorptivity

>

versus-incidence amgle considerations.

HELRC2 is
called when ‘the' power plant has a cavity receiver with
an annular aperture.

- system software.

OPERATORS INFORMATION

The Heliostat Array Simulation Computer Model is coded
in standard IBM FORTRAN IV language using EBCDIC card
format, .compatible with IBM 360/370 computer systems.

" The program consists of about 1200 cards (including

comments) and is totally self-contained in batch
execution, with two exceptions. A rahdom number
generator function and its initialization subroutine .
are both part of the system software. A user would
have to change these instructions to access his own
Otherwise, the program uses only

standard FORTRAN instructions, and conversion to other

*.computer systems would not be difficult.

Central Processing Unit run time for FORTRAN compila-
tion is five seconds and for LINKEDIT is one second.
Execution. time is input dependent, relating mainly to

the number of field sections, mirror elements, and

reflected rays used in each case. A typica1.case
takes about .seven CPU seconds and requires five pages

of output.
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PROGRAM QUTPUT

The,output from each case begins'with a listing of the.
inputs and their definitions. This is followed by the .
elevation and azimuth angles of the sun for the lati-

: fude, day, and time specified in the ‘inputs. The
rémainder of the odtput is a table of performance for
the representative heliostats. It includes mirror
radius (or half side length for square mirrors),
spdcing, aim point (height on z axis), representative

- heliostat cobrdinates, mirror azimuth angle, mirror
elevation angle, and heliostat efficiency for each
field section.
and total reflector area in each section. Figures 3
and 4 are the first two pages of a typical output.
These outputs are for a single set of inputs. Several
input cases can be contained in the input deck and the
program will run each case separately and print the
outputs forveach, - :

APPLICATIONS

HASCM is used in conducting parametric studies to .aid.

in the determination of preferred heliostat design.
Heliostat dimensions and characteristics, such as
mirror size, aiming error, and focusing strategy can.
be studied by inputting different values for them into
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- HASCM.

It also prints the number of heliostats -

" data are combined, the third graph results.

Combining the results with cost data will
allow selection of a cost-optimum design.

| As an‘examp1e, refer to Figure 5. - The first graph
- shows that as reflector diameter increases, the number

of heliostats needed to meet the thermal requirement

of the receiver decreases. This is because each

- heliostat is delivering more energy to the receiver.

But if these larger heliostats suffer. greater overflow

losses, the<tota1 required reflector area will be

greater. So going to bigger heliostats reduces .per
unit costs, such as control electronics, but increases

per area costs, such as mirrors. A cost study, shown.

“in the second graph, takes into account the relative

weight of these costs. .When the performance and cost
From this,

. a cost-optimum- design point can be selected.

AnotheriapDTicatioh of HASCM is the determination of
In this case, the
output from HASCM serves as input to the Field Layout

heliostat field configuration.
Optimization Program (FLOP). As seen in Figure 6,
HASCM computes heliostat efficiencies, number of -
he]iostats; and effective heliostat area (total ref-
lector area times efficiency) for each field section. °
FLOP takes this data, along with the specular insola-
tion and the receiver thermal requirement to determine
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ASIGAZ
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SSIGT
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PHI
PSI
MEFF
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0.0
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0.0
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12.50
0.920
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DEGREES
DEGREES

DEGREES

METERS

RADIANS
RADIANS
RADIANS

METERS
METERS
METERS

.000 20.0
.908 0.9
.871- 0.8
.000 1.0

METERS
METERS
METERS
METERS
METERS’
METERS

SQ METERS

DEGREES
DEGREES

DEGREES
DEGREES

0 PLASTIC MEMBRANE, GRAVITY FOCUSSED
1 MECHANICALLY FOCUSSED

(1 1]

2 FLAT
= 0 CIRCULAR
= 1 SQUARE
= 0 CYLINDRICAL SURFACE RECEIVER
= 1 AHNNULAPR APERTURE. RECEIVER
= 2 RECTANGULAR APERTURE RECEIVER
= 3 CIRCULAR APERTURE RECEIVER

DECLINATIOHN

NORTH LATITUDE

HOURS AFTER MOOM TIMES FIFTEEN
FIELD MWIDTH

HUMBER OF FIELD SECTION ROWS |

NUMBER OF MIRROR ELEMENT ROW
STANDARD DEVIATION OF AIMING
STANDARD DCEVIATION OF AIMING
STANDARD DEVIATION OF MIRROR

S

ERROR IN THE AZIMUTH
ERROR IN THE ELEVATION
SURFACE ERROR

HUMBER OF SOLAR WIDTH CIRCLE
HEIGHT OF RECEIVER CENTER
RECEIVER RADIUS :
RECEIVER HEIGHT

RATIO OF MIRROR RADIUS TO DOME RADIUS (RATIO =

ROWS

0. MEANS NO DOMES)

00 30.000 40.000 50.000 60.000 70.000 80.000 906.000
19 0.930 0.932 0.935 0.935 0.935 0.935 0.935
69 0.864 0.854 0.831 0.803 0.700 0.50¢ 6.0

00 1.000 1.000 1.000 1.000 0.770 0.530 0.300

FIELD SECTION ROHN

FIELD SECTION COLUMN

MIRROR RADIUS

CEHTER-TO-CENTER NORTH-SOUTH HELIOSTAT SPACING
CENTER-TO-CENTER EAST-WEST HELIOSTAT SPACING

HEIGHT OF AIM POINT ' .
REFRESENTATIVE HELIOSTAT X~COORDINATE (WHERE WEST IS POSITIVE)
REPRESENTATIVE HELIOSTAT Y~-COORDINATE (WHERE SQUTH IS POSITIVE)
TOTAL MIRROR AREA

HUMBER OF HELIOSTATS

HIRROR AZIMUTH ANGLE

MIRROR ELEVATION AHNGLE

HELIOSTAT EFFICIENCY

SOLAR ELEVATION ANGLE
SOLAR AZIMUTH ANGLE

Figure 3: Sample Output

-

INCIDENCE ANGLE
MIRROR REFLECTIVITY

"DOME TRANSMISSIVITY

RECEIVER ABSORPTIVITY
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1 1 3.93 15.00
1 2 3.93 -15.00
1 3 3.93 15.00

1 4 3.93° 15.00

1 5 3.93 15.00.
1 6 3.93 15.00

1 7 3.93 15.00

1 8 3.93 15.00
2 1  3.93 15.00

2 2 3.93 15.00

2 3 3.93 15.00

2 64 3.93 15.00
2 5 3.93 15.00
2 6 3.93 15.00
2 7 3.93 15.00
2 8 ' 3.93 15.00
3 1 3.93  15.00

3 2 3.93 15.00

'3° 3 3.93 15.00

3 4  3.93 15.00

3. -5 3.93 15.00
3 6 3.93 15.00
3 7 3.93 15.00
3 8 3.93 15.00
4 1. 3.93 15.00
4 2 3.93 15.00
§ 3 3.93 15.00

4 4 3.93 15.00

10.00

10.00
10.00
10.00
10.00
10.00
10.00

10.00

10.00.

10.00
10.00
10.00
10.00
10.00
10.00
10.00

10.00

©10.00

10.00

10.00

10.00

10.00
10.00

10.00

10.00
10.00
10.00

10.00

80.57

80.66

' 80.74

80.80
80.80

80.74

- 80.66

80.57
£0.66
80.80
80.97
81.11
81.11

80.97

1 80.80

80.66 .

80.74
80.97
81.34
81.81
81.81

81.34

80.97

20,74
86.80
81.11
81.81

84.17
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Figure 4:

XM YN
~350.00  350.00
-250.00  350.00
-150.00  350.00

-50.00 350.00
50.00  350.00
150.00  350.00
250.00  350.00
350.00  350.00
-350.00 250.00
-250.00 - 250.00
-150.00 250.00
-50.00  250.00
50.00  250.00 -
150.00  250.00
250,00 250.00
350.00 . 250.00
-350.00  150.00
-250.00 '150.00
-;56;00" 150.00
’ %50.09' 150.00
50.00  150.00
150.00 150.00
250.00 150.00
350.00  150.00
-350.00 50.00
-250.00 - 50.00
-150.00 50.00
-50.00 50.00

32364.77

3234.77

3234.77

| 3236.77

32364.77

3234.77

3234.77

3234.77 -

32364.77

3234.77

3234.77

3234.77

32364.77

- 32364.77

3234.77

3234.77

3234.77

.32364.77

3236,77 -

3234.77

. 32364.77

3234.77

3234.77
32364,77

3234.77

'32364.77

32364.77

3234.77

NUM

66.67

. 66.67

66.67

66.67.

66.67

66,67

66.67
66.67

66.67

© 66,67

66.67
66.67

66.67

66.67

"66.67

66.67
66.67
66.67

66.67

" 66.67

66.67

66.67

66.67

66.67

66.67

66.67

66.67

66.67

Sémple Oufput

-

100.27
1{1;81
130.642
160.73
-160.73

-130.42

‘-111.81

-100.27
90.01
99.76

‘117.32

152.88

-152.88
-117.32
-99.76
~90.01

78.34

84.85

97.90
134.52
-134.52

~97.90

~84.85

~78.34
65.86
67.73
71.28

77.39

51.18

55.83

62.51
69.65

69.65

62.51

55.83

51.18

47.89

52.27

60.03

72.50

72.50

.60.03

52.27

47.89

644.24

47.58

54,55

73.04

MEFE -
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the optimized field layout.

Fiald performance ttudies

\ |

Ralleztor dizmeter

Number of hialiostats

Subsystem cost aitimate

Reflecior dismetar -

Individual heliostat

Figure 5: Parametric

Receiver

Subrystem cost optimization .

Cont
. optimum
solution

Retlactor dismater

Collector syztem cost

~

Studies

Receiver thermal

Heliostat geometry Design requirement
characteristics point Insolation
'HASCM | o FLOP - |Optimized
) v - (field layoud

¢ Heliostat efficiencies

* Number of heliostats .
o Effective heliostat area

Figure 6: Field-Design '

. -
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The field design process begins by running HASCM
several times, each time with different values for;the
North-South and East-West heliostat center-to-center
spacing parameters. Smaller spacings will increase
shadowing and blocking, while larger spacings will
increase the field size and the distance from outer

-heliostats to the receiver (causing larger image sizes .

and more  overflow losses). As a result of these runs, .
performance data for every section of the field for
several spacing configurations will be available.

FLOP will then determine which sections and which of’
the candidate spacings in each yield the field that
delivers the specified receiver thermal requirement
with the fewest number of heliostats. Modifying FLOP
by providing cost calculating algorithms to minimize
field cost will allow optimum field configuration by
utilizing not only non-uniform spacing, but non-uniform
heliostat size or Focusing strategy.

An-optimized field is pictured in Figure 7. (The
réceiver‘being considered is the cylindrical surface
receiver. It has additional circumferential flux

" limitations which require some modification of the
- FLOP results). Note how FLOP determined the field

perimeter as well as the spacing in each section. Just-
as one would expect, in order to minimize blocking,
optimum North-South spacing increases as heliostats




--'- — - - -

get further from the tower in the North or South. -
The same is basically true for the East-West spacings.
The clear area around the tower is accounted for out-

Once the field is totally described, as in Figure 7,
‘a.detailed determination of its performance can be
computed by rerunning HASCM for this field configura-
tion. The performance of the field at off-design

side the Field Layout Optimization Program. .
' points, i.e., other dates, and times, can be calculated..

oom . o ﬁﬁg;, : ——t Finally, a detailed breakdown of the heliostat field
(328 ft) ——— . 968 1) . . . .
‘ 20 : 20 A efficiency into the various loss categories can be
< 15 computed, as -in Figure 8. '
15 -
1
15 QO%
——— Direct 93%
insofation -
10 Less: .
18 R ] reflection
) .
10
67%
s ¥ Loss:
B ., 0, .
; SN S £ wmiion | 58% " 56% ~ 55.5% 55.5%
’ 10 0 E {includes Less: ’ .
| 3 dome cosine Less: Less: Less:
. 20 [ shadowing losses overflow reflector tower
i and (14%) tosses shadowing | shadowing,
’ blocking) * lincludes -and (= O%)
a, aimin i
Key (28%). error gnd- :’-:t;:)‘ ne
off-axis .
N-S L aberration)
J (3%)
E-W
Center-to-center
spacing {meters)
Figure 7: .Optimized Field Layout _ '
Figure 8: Heliostat Field Efficiencies
- .
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MONTE CARLO RAY TRACE SIMULATION FOR
SOLAR CENTRAL RECEIVER SYSTEMS

G. A. Smith
- Honeywell, Inc.
Energy Resources Center
2600 Ridgway Parkway
Minneapolis, Minnesota 55413

ABSTRACT

A Monte Carlo ray trace technique for the optical
simulation of a solar central receiver system using a
field of heliostats.is presented. The ray trace tech-
nique has been used in ahalyzing heliostat and helio-
stat field trade-off issues and can provide flux maps :
for receiver design evaluhtion.
has been applied to a variety of designs. ‘This paper
describes a specific design and the compﬁter code

used to calculate desired performance parameters'.‘

Sample results are shown.

PROCEEDINGS--SOLAR WORKSHOP

The geéneral technique

INT RODUCTION

A solar central receiver system consibsts of a field of
individually sun-tracking mirror units (heliestats)
redirecting sunlight to a central station (receiver)
where energy is absorbed by a workmg fluid for'later
conversion to’ electrimty ‘Quite a variety of design
options exist for both the heliostats and the receiver.

The general Monte Carlo ray trace approach has been

applied to several heliostat and heliostat fietd config-

urations and various receiver geometries, including

both exposed tube receivers and cavities. (1, 2, 4).

225




MONTE CARLO RAY TRACE SIMULATION FOR SOLAR CENTRAL RECEIVER SYSTEMS

The use of Monte Carlo ray trace methods was first

applied by Honeywell over five years ago for the simu-
- lation of parabolic trough solar collectors (3). The -
extension of this work to paraboloid of revolution solar
collectors and solar central receiver concepis develop-
ed gradually as Honeywell's involvement in solar energy
systems widened. For the simulation of solar central
réceiver systems, the Monte Carlo ray trace software
at firstomodeled a quite simple design involving single
facet heliostats, a rectilinear field packing geometry
and common geometric'shapes for exposed tube re-.
ceivers. As the design of a specific central receiver
system evolved, the sofﬁvare was modified to accurate-
ly model the details of a more sbphisticated system.
In fact, the final computer code used in the analysis of-
a 10 MWe pilot plant (4) is necessarily quite.design o
specific. It is a feature of the Monte Carlo ray trace
technique that a great deal of design defail can be

handled in the simulation.

‘The central receiver systém, the compﬁter code and -
siinulation results described in this paper will show the

level of detail which can be modeled using the Monte

. Carlo ray trace technique. It is beyond the scope of

7 W

‘Babcock & Wilcox, is shown in Figure 1.
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" this paper to present the vector derivations used in the

ray trace code, however, interested readers will find
complete documentation on the methodology in Refer-

ence 4. This documentation also contains complete

‘subroutine descriptions, a comp\iter listing and other

-information pertinent to potential users.

CONCEPT DESCRIPTION

An artist's drawing of the 10 MWe solar pilot plant,

.designed by the team of Honeywell, Black & Veatch and

The design
consists of the heliostat, receiver, storage and elec-
tric power generation subsystems. The storage and

electric power generation subsystems are located in a

. clear area of the heliostat field surrounding the base

of the tower. The tower is located one-half of the field
outer radius south of the field center. Heliostéts sur-

round the tower and redirect incoming solar radiation

- to the receiver at the top of the tower. The optical

perforrﬁance of ‘the concept can be simulated by model-

ing the heliostat and receiver éubsystems.

-0




Figure 1. Artist's Drawing of the 10 MWe Solar Pilot Plant Designed by the Team of
Honeywell, Black & Veatch, and Babcock & Wilcox

PROCEEDINGS--SOLAR WORKSHOP
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MONTE CARLO RAY TRACE SIMULATION FOR SOLAR CENTRAL RECEIVER SYSTEMS

Each heliostat in the heliostat field has four mirror
modules mounted on a single frame. The heliostat is
shown in Figure 2. Each heliostat will be aligned so
that each mirror module is aiming to a preselected
point on the receiver aperture. This is done by toeing-
in the outer mirrors slightly more than the inner
mirrors. This alignment will be done for every helio-

stat in the field.

The heliostats track the motion of the sun to keep the
reflected image on the receiver. Tracking is accom-
plished by rotation of the heliostat frame around the
outer axis and the mirror facets about the inner axis.
This movement is accomplished by motors operating

two ball screw linear actuators for the outer axis and

a motor acting on crank arms on each mirror connected

to the motor through tie rods. Heliostats are non-
uniformly spaced in the field with a resulting average
ground cover (mirror area/field area) of 0.29.

The receiver is shown in Figure 3. It is located atop
the concrete tower and is supported by three corbels.
The tower top, the corbels and the receiver lower

structure form the boundaries of the cavity aperture.

Do
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Within the cylindrical cavity, the steam generator unit
is mounted. Areas around the cavity aperture are
covered with heat shields to protect the concrete and

metal surfaces from spilled radiation.

ELEMENTS MODELED

The Monte Carlo ray trace simulation code models
each element of the optical system including solar
limb darkening, finite quality optics, a variable field
geometry, tower and receiver shading, the details of
the heliostat structure, the receiver supports and
structure, and a heliostat aim strategy. Each element
will be discussed and the assumptions used in each

element will be described.

e Solar limb darkening involves the process of
accounting for the finite size of the sun and the
degradation in solar intensity as a function of
angular distance from the sun's center. The

limb darkened solar intensity profile used in the

simulation code is shown in Figure 4. When
used with the Monte Carlo technique, the inten-

sity profile creates a weighted draw of rays over

Ay —*
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the sun radius. The weighted draw must be

- accomplished rs.u,'éh' that a sufficient number of . -,

randomly selected-:ray's will'statistiéélly. repre- -

sent the sun's intensity pattern at the earth's

surface.

The assumed intensity distribution shown in
Figure 4 is based on measured data available 5

years ago and the effect of circumsolar radia-

tion is ignored in this curve. An opﬂon to model ;

the sun with limb -darkening and circumsolar
radiation does exist in the code, however, we .
have primarily used the limb darkened sun only.
Erroré in the redirected flux profile will be -

present to the extent that this data is in error.

Finite quality thics are introduced into the
model to account for uncertainties in ’trjacking :
accuracy and mirror quality. There are four
uncertain optical_: pérameters that are assumed .
to be known only. ététistically. The first two
parameters are uncertainfies in the angular

position of the two tracking drives.. The second

PROCEEDINGS--SOLAR WORKSHOP -

-'two parameters are the angular uncertainties

in the mirror surface normal at any point on
the mirror surface. We assume: that each of

these four parameters is statistically indepen-

dent of each other or any other des ign=para—

meter. For example, a given error in the

mirror normai is equally likely anywhere on

-the mirror surface. The mirror is not known

as a continuous surface with smooth waves or

ripples but rather as a probability distribution

~of mirror normals perturbed from the math-

.ematically correct shape by an assumed:

probability distribution. For each of the

‘tracking drives,.the distribution is assumed to

be a normal distribution of angular error. For
the mirror surface normal, the angular error

from the ideal normal is also assumed to be a

-normal distribution - and this error is assumed

to be equally likely in any rotational direction.

"No dependence of these errors on wind, mirror

attitude or position on the mirror is now

. included in the analysis.
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e Variable field geometries availabte in this code
are accomplished by changing the radial'}spacing .
betweén heliostats. Both uniform and non-unifofm
field,packing may be used. The mirror modulé-
to-mirror mod.ulé,spa'cinvg. may also be .Va_'ri‘éd‘but
the code, as exiété,' is Hmited to four fnirror
1 ‘ T modules per heliostat. Limits on the variability
| of the layout are largely dictated by the particu-
lar heliostat geometfy as shown in Figure 2. If
the specific frame structure shown were elimi-
nated, the code can be applied to any number of
mirror modules. This modification is relatively

simple. A

o Shadows cast by the tower and receiver are cal-
c‘ulaAt.e'd assuming "a" pvointi sun. To keep-the
shadow’ feSt“sirnble the aperture is also assumed

to block incoming solar radiation.

- @ The details of the hleiostat frame structure are
modeled by evaluating ray interactions with the
[-beam frame. Both outer I-beams, as well as

three cross support I-beams are accounted for

L PROCEEDINGS--SOLAR WORKSHOP.

such that shading and blocking interference

caused by the heliostat support structure is

calculated.

R.ec'eiver 'supports and surr‘_oundi,‘ng strﬁctures -
are modeled as shown in Figﬁre 3 éuch that the
remaining aperture opening conéists of a por-

tion of a cone. This portion of a cone is com- :
plex in that the slant width of the aperture varies -
around the azimuth. Each support is modeled

as a flat plane tangent to the aperture at the

support center.

Heliostat aim strategy is required to cause each

‘heliostat to redirect energy at the nearest aper- |

ture'opening., Thus, the.aim stratégy'mu,st

guide the heliostat to miss the support structure. -

Unknowns in receiver position relative to the
heliostat, as may be caused by wind, are

ignored.

In addition to the above elements, the program now
assumes that mirror reflectance and atmospheric

attenuation effects can be accounted for by a simple
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4 - Monte Carlo technique.
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‘loss fraction of the incoming direct normal intensity.
Thus, the wavelength dependence of these factors is
ignored. Other versions of ithe Monte Carlo software
have included the wavelength dependence of reflectance

(2).

METHODOLOGY

Using the above models of the system elements, the
method used to solve for the system performance is 'a B
. Any Monte Cérlo computation
that yields quantitative résults may be considered as
: estimatirig the value of a multiple integral. The sim-
plest Monte Ca'rlo .approach is to obserée random
numbers, selected in sucﬁ a way that the& diréctly
simulate the physical random pfocessés of the proble'rn_
‘at hahd, and to deduce the required‘solufibn ffom the’
behavior of these numbers. As an example, theﬁ pro-
gram can solve for the power entering thie.-c':avity
aperture. Using the Monte Carlo technique, 1t is

known that the ratio of the power into the cavity to the

totai power on the heliostat field is equal to the conver-

_gent ratjio of randomly drawn rays which eAnt_er‘thev

cavity divided by the total number of rays drawn uni-

formly over the heliostat field. Appropriate scaling

of each ray value for reflectance and absorptance

.losses, tracking and reflective surface errors, etc.,

is included in the Monte Carlov simulation.

The simulation is accompiished by randomly selecting

a number of sun rays to describe the sun's intensity

~pattern, allowing the rays to impinge upon an imagi-

nary plane-c’overr"ing the heliostat field and tracing

- the rays to determine whether they strike the ground,

a mirror surface, the receiver, etc, The rays drawn

must fepresent the sun's power at the time simulated

'so each ray is given a relative weighted value as a

function of the time and the number of rays drawn.

If annual energy is being calculated then each fay

carries the appropriate amount of energy.

The general program flow to follow the physics of

.each interaction of individual rays through the optics

train is shown in Figure 5. All executive-level tests

are shown in the flow chart, from the mirror hit test

to the receiver hit test. At each check point along

the ray path the value of the ray is appropriately
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scaled and the final destination of each ray traced is

kept track of in the program accounting.

INPUT/OUTPUT

Simulations are initiated by card'inpuf using the

" FORTRAN NAMELIST feature." All variables in the
NAMELIST table are defaulted to a spe'ct:-ific céntral
receiver baseline model. Only those portions of the -
| model which change from the baseline need-be in.put by
card. The input parameters which ma{y. be varied are

shown below;

e Time Point or Timé Integration Option
e Field Specifications

- outer field radius

~ inner field radius

- ground cover (uniform or hdnuniform)
‘e Heliostat Specifications ‘

~ facet dimensions

- frame dimensions

- tracking error .statist,ics

- optical error statistics

- focusing strategy --—
- toe-in strat'egy
e Receiver Specifications
- tower height
- tower location
- support size
- support location
- aperturé size and shape

- aim height

. cavity dimensions
e Plant Latitude

e Initial Random Seed and Number of Draws

.Outputs of the ray trace code include both non-dimen-

sional and dimensional parameters. Non-dimensional

~ ratios are formed by any desired ratio of ray counts
by final ray destination. For example, the ;ra'tio of
.rays which hit supports to the rays which were redir-

‘ected from the field is convenient in anaiyzing the

effect of various aim strategies. The possible ray

destinations which are kept track of are;

Rays. drawn before sunrise

Rays drawn when the sun was too low on horizon

-~




Rays
. Rays
Rays
Rays
" Rays

Rays

Rays
Rays
Rays
Rays
Rays
- Rays
Rays
| Rays
'R_ays

The ray couflts, modified by weighting each rays value; .

‘which were in the tower shadow. o

drawh that ;.h:it the open field -~

Whic_h‘ffam‘e shadowed on adjacent'héliostat :

which frame shadbwed on same heliostat -
which frame blocked on samie heliostat
which mirror blocked on samie heliostat

which frame blocked on adjacent heliostat

which mirror blocked on adj ac’:enf heliostat .

which missed low of the aperture
which missed high of the aperture
which missed wide

which hit supports

which whistled-through the aperture
which hit walls of the cavity .

which hit roof of the cavity

are turned into dimensional performance parameters.

Available as outputs are the following: -

e Power or En-e.rgy' Vali_le Calculated are: : .

Total available .

_Total on mirrors

Total lost in deer shadow

PROCEEDINGS--SOLAR WORKSHOP

~ . Total.lost in mirror shadows’

" . Total leaving mirrors .

. Total lost to blockage

‘T-otal on cavity supports

Total »whic»h whistled-through

Total which missed aperture

e Calculated- Maps Include:

Flux on cavity walls

‘Flux on- cavity ceiling:

Redirected flux from field cells
Shadow losses in field cells

Blockage losses in field cells

~Aperture misses from field cells
‘Whistles~through from field cells
‘Support hits from field cells

In addition, the distribution of .r‘ediArected*-é'n'ergy over

RESULTS

" ‘the year is output for annual energy runs.’

"A's an example of the use of the simulation code output,'

Figure 6 shows the 10 MW pilot plant power stair step

237




MONTE CARLO RAY TRACE SIMULATION FOR SOLAR CENTRAL RECEIVER SYSTEMS 238

- for design time plant performance. The design time
for the pilot plant was specified as Winter Solstice at
2p.m. The -output of the ray trace code provides the-
power values from the top of the stair-step (total '
power available = 60.70 MWjy) to the cavity input power
(40.85 MW3). Power losses due to cosine effect,
' shading, blocking and aperture effects are all comput-
ed within the ray trace code. The code can provide
“this performance break-down for any time point or for
any time integration interval desired. A separate
"computer program, which accounts for reradiation
conduction and convection losses is 'used to convert
direct solar power into the cavity to the absofbed
‘power. The absorbed power is converted to net elec-

tric power using turbine heat balance data.

To establish cavity performance, the program which
calculates Aabsorbed thermal power needs m‘ore infor-
mation th,anA sifnply the cavity input power. Tfie
‘distribution of this input povsfer on the cavity walls is
required. - The ray trace procedure can provide this
type of data. - For the pilot plant design; a map of the
- distribution of power on the cavity walls is shown in

Figure 7 for the equihox day at solar noon. Flux

| ™

isopleths are shown over the cavity interior. The flux
shown is an incident, or direct, solar flux striking
the cavity walls. The view of the flux map has opened

the cavity cylinder to look at a planar surface.

The flux map shows two relatively high flux spots on
the south wall. South is defined as 180 degreeé and
north'is zero or 360 degfees in the figure. The hot
spots occur on the south.wall be'cause a majority of the
heliostats are in the north field. These heliostats aim

at the north aperture opening and the energy strikes

' the opposite or south wall. At the bottom of the south

wall we see that the flux isopleths run off the cavity.
The slight loss of flux is approximately one percent of
the redirected powér; This loss could be avoided if
the receiver had been designed with a larger upper
aperture tilt angle. The baseline aperture tilt wés

selected to dpti'mize the net annual energy and some

loss through the aperture is acceptable. The pilot
- plant preliminary design receiver upper aperture tilt

"is shown in the flux map figure by the daShéd line

representing the cavity interior boundary.
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It is impof{ant to point.out that the high flux regions .-

are located at the bottom half of the cavity wall where
the boiler sﬁrface is present. The boiler surfaceé can
accept a local flux peak of. 400 kW/mz,, while the
superheater surfaces should not exceed 150 kW,/m?2

absorbed flu’ﬁ;. The differences in allowable peaks is

primarily due to the poorer heat transfer 'in.the super-

heater tubes. Poor heat transfer can cause overtem-
perature and stress problems. In the upper, or .

superheater regions, a slightly more uniform circum-
ferential flux distribution is shown, with the flux peak

near 100 kW/m?2.

CONC LUSIONS

- This paper has shown how Monte Carl'o- ray trace. .
svimulation te:chni'quebs ‘can‘ éffectively be used for the“
analysis of the optical performance of a specific

~detailed solar central receiver design. - It has also
been pointéd out that the same basic Monte Carlo ray

trace technique has been applied to a wide variety of
design alternatives. The féchnique has been shown to

be an extremely powerful tool for predicting the

PROCEEDINGS--SOLAR WORKSHOP ..

.optical performance of simple to sdphis_tic’ated solar

central receiver systems.
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DESCRIPTION OF MIRVAL

Dr. Joe D. Hankins
Member of Technical Staff
Sandia Laboratories
_Livermore, California

MIRVAL (MIRror eVALuation ) is a Monte Carle ray trace

program which is designed to assess the overall opt1ca1

performance of arb1trary.dep10yments of heliostats used
in the central receiver or power tower concept:
Briefly, the geometry of the heliostat field, the -
tower, and the receiver along with miscellaneous physi-
cal data such as mirror reflectivity, insolation, etc.,
are input and thermal power into the receiver-and the
thermal power density on the plane of the receiver:

" opening are output. By pkoper]y thoosing control
parameter values, anyone of three versions of four:
different heliostats .and any of three receivers can be
selected for a run '

Prior to the beg1nn1ng pf the Monte Carlo trials, an-
“impact regjon for randomly selected rays dis determined
as follows: First, a sphere is constructed about the’

center of each heliostat which is just large enough to

contéin the heliostat in any possible orientation.
Then a rectangular box is ‘constructed which is large

enough to contain the spheres. Any light ray which

PROCEEDINGS--SOLAR WORKSHOP

" made egua]
the ‘selected time and Tatitude of the site.

" from-the apparent sun disk.

“strikes a heliostat must strike an illuminated face
-of the box first.

A condensed description of a Monte
Carlo ‘trial will now be given to communicate-a feel
for the way the program works.

A time is selected at random from a predetermined
interval aecording to a uniform distribution. To
obta1n the performance at a fixed time, the beginning
and end1ng po1nts of the time integration interval are
The sun pos1t1on is then determined from '

Next, a sun.ray. is selected by choosing a point
uniformly from the parallel projection of the illumi-
nated faces of the box onto a plane perpendicu]ar to
the d1rect1on of the center of the sun. The direction
of the ray is determined by se]ect1ng a point un1form1y

If N-rays are to be

" traced, that 15; if N'Monte Car]o'tria1s are to be

made, then the ray carr1es AI/N units of power where A
is the prOJected area and I is the insolation -(power
per unit of area normal to the direction of the sun).
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MIRVAL

The validity of the Monte Carlo process is most easily
seen for a fixed-time run. Then the position of the

~sun is constant and thus the amount of solar power

falling on the box is the same for each Monte Carlo run.

In this case one counts the number of rays that strike
the box, N, and also counts the number of rays, NR’
which enter the receiver. It is intuitively obvious
that the ratio NR/N approaches the probability, p, that
.a ray which strikes the box will enter the receiver, as
N increases. - The quantity of power<incident in the
receiver is then p times the amount of power, AI, inci-
dent on the box. Thus (NR/N) (AI) provides a good
. estimate of the power provided N is large enough. It
is also clear that in this (fixed time) -case the set
of Monte Carlo experiments forms a Bernoulli sequence
and thus confidence levels are easily found [1]. The
confidence level for a given number of trials is -
essehtﬁal]y independent of the number bf loss processes
and/or integrations that the ray is subject to on its
~journey to the aperture. This accounts for the
popu]érity of Monte Carlo methods whénever the corre-
spohding numeriéa] integration method would lead to a

large number of iterated integrations.

If the ray hits the tower before it wou]d have hit the
box, a tally corresponding to this event is augmented
by one and the next ray is selected. Otherwise, the

e

- reflection.
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ray is traced from the point of énterfng the box to
the point of exit. Prior to the beginning of the
trials, the box is partitioned into an appropriate set
of rectangular cells and an array is created that con-

tains the mirror numbers of those mirrors whose centers

1ie approximately within a heliostat radius of any
point in the cell. Thus, the cells through which the
ray has passed are quickly computed and a list of

possible mirror targets is provided. Partitioning the

box in this manner is extremely useful since it reduces

the number of candidate mirrors for impact; jrregu]ar
deployments of mirrors are handled without approxi-
mation as readily as regular ones and the machine time
for analysis is independent of the number of heliostats
deployed.

From amongét the mirrors which are candidates for

- impact, an efficient method is used to obtain the

first (if any) of the mirrors hit. If none is hit,
then a "hits the ground" tally is augmented and a new

ray is selected. If one is hit, then it is first

.determined whether the impact actually lies between two.

If so, the "hits the ground" tally is
augmented and a new fay is selected. 'Othersze,Aone

mirror facets.

next determines whether the ray is absorbed during
If it is, then an appropriate tally is

made and a new ray is selected. Otherwise, the next




-

step is to deiérmine the direction of the normal to'the -
surface of the facet at the point of impact. To find

the normal, the following information is needed:

1. The intended sprféce figure. -In MIRVAL, the-facet

Asurfaces‘are either sphericé] or parabolic with
arbitrarily assignable focal 1ength including
infinity for flat facets and‘négative-vaTues'for'
mirrors which have been distorted. ‘ '

2. The calibration time of the particular mirror

impacted. .Ca11bration time refers to the time of. - -

year and day when a mirror is adjusted to give the
desired pattern on the interior of the receiver.

3. The aiming strategy. An aiming strategy is defined -

by specifying a point, relative to the receiver, to -

which a ray from the center of the sun sha]ltbe“

reflected if it impacts in the center of the center’

facet of the:given heliostat. This point is the
aimpoint and may be different for different
‘héliostats. '

4. The relative orientation of mirror facets. = The

orientation of the éentra]‘facet of 'a heljostat is

determined by the aimpoint. . The relative orienta- -

tion of the remainihg.facets can be prespecified
in several different ways. The relative orienta-

tion need not be the ‘same for different heliostats.

5. The magnitude of aiming point errors. MIRVAL .

'PROCEEDINGS--SOLAR WORKSHOP

_permits uncertainty in-achiévihg a given aiming

- point strategy. In MIRVAL, the azimuth and eleva-
tion angles of the central normal are normally
distributed random variablies whose means are -equal

- to the intended values determined by the aiming -
.. point strategy-and whose ‘standard deviations are

input parameters.

6. The magnitude of slope errors. In addition to the

_perturbation of the normal due to previously

- defined aiming point'erroré'the normal ‘to -the sur-
facé;at the impact point is given an additional
(1hdependent) error.(the slope error) to account

for imperfections in achieving the desired smooth -

- figure.

" With this information, the surface normal and the
‘reflected ray are determined. The reflected ray is

again traced through the box-to the point of exit and
a list of mirrors whose backs may be hit is obtained.

" These are culled and then checked for impact. If an
“impact occurs, an appropriate tally is made and a new
“trial starts. Otherwise, the ray is traced to the .

* receiver. If it misses the receiver a new trial is

started; otherwise, the position of impact within or

" on the reteiver is computed and a‘bower flux density
“'map ‘is built up. -

The‘suhAposition in MIRVAL 1s~determined by assuming
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that one year is exactly 365 days and the earth's orbit
is a circle. The insolation at the plant site is an
input in the fixed-time case. For time integration

runs, the insolation I at time t is given in

M (t)
I (t) =Kp Mo
where M (t) is the atmospheric mass traversed by a
light ray at time t, Mo is the atmospheric mass that
would be traversed by a vertical ray, and.K and p are

empirical constants (See [2]).

The'outpuf obtained from_tﬁme points runs include the

following: ' '

Tota] power into the receiver.

.Power flux density map on (or in the 1nter1or of) the

receiver. v

Diagram showing 1light rays 1mpacts on the p]ane in the

receiver opening. ‘

~ Views. of the mirror field as seen from the receiver and

as seen from the sun. '

Performance of mirror field averaged over the zones of

a predetermined partition, in¢luding:

- Fraction of mirror area shadowed by towéh,Aby other
mirrors, and by tower or other mirrors. '

- Fraction of the reflected power that is blocked by
mirrors. o

- Spillage - fraction of the power that clears the

-

MIRVAL

- tional on a CDC 6600.

-is utilized.

- to three hours.

mirrors but which fa1ls to h1t the des1red part of
the receiver.

- Power efficiency - power to the desired part of the

- receiver divided by the sum of the area of the mirrors.

- Field efficiency - cosine of incidence angle times
spillage. ' ’

The output is appropriéte]y modified for a time inte-
gration run. ‘ o

- The code is organized into portions which deal with
- field geometry, mirror geometry, mirror surface figure,

aiming point strategy, and insolation. These portions

are modularized so that changes in one of them produce -

very few if any changes in the others.

MIRVAL is written in CDC Fortran Extended and is opera-
A CDC extended core is used for

storage of large arrays and a local graphics package

. These two features would no doubt require
modificatibn»if MIRVAL‘were to be used at other instal- .
Tations. Run times for éccurate mirror by mirror

performance and 100+ entry flux maps require from one

For total power into the receiver or -

- for the performance on one mirror, fair accuracy is

achieved with runs of about 10 minutes. These running

times are to be expected with a Monte Carlo program in

which the objectives are detailed and accura e simula-
-tion and simplicity of programming changes to modules.

— e
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Thus, MIRVAL provides é-f]exib]e tool for evaluating. ...

proposed designs. It may not be ‘the best tool for..
'synthesizing'a'design in which many computer runs are
required and5in'whidﬁ some of the.features modeled in-
MIRVAL may be irrelevant. | '
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COLLECTOR FIELD OPTIMIZATION AND LAYOUT

F. W. Lipps - : ,
Solar Energy Laboratory _ _ :
University of Houston C
Houston, Texas 77004

ABSTRACT

A preliminary study via fhe LOSS program suggests-that

radial stagger neighborhoods are desirable for an opti-
mized collector field. This conclusion is supported by
the more comprehensive RCELLfoptimization program, and

the subsequent layout processor which generates a com-

plete set'of heliostat coordinates.

The RCELL program generates-optimized-he]ibstat spacing
coordinates for the vepresentative heliostats of a uni-
form.cell structure in the collector field for the power
tower system. RCELL inputs a trial set of spacing.coor=
dinates and outputs an improved set of estimates based

on a sample of variations. A convergent optimization is
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*1.0 INTRODUCTION -

obtained by iterating the solution with successively
smaller variations and by adjusting the input figure
of merit to equal the output figure of-merit. This
program contains an adequate cost model; and an ade-
quate optical model for the net annual receiver power,
so that a meaningful figure of merit can be:computed.
1t,a1so outputs a brief performance summary.

In this talk we are concerned with-the optical behavior

of the-collector field and itS'interaction with the
receiver. We have a computer. model of this behavior
and:will consider methods whith lead to. an economically
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optimized design of the collector field.  We will con-

sider: ‘

1. The nature of the desired optimization and the
resulting figure of merit.

2. The economic model for the commercial 'system.
The design requirements.

4. The basic variables of the collector field geometry

-and various practical subsets. |

5. The'mathematical formulation of the optimization
and its computerized solution.

6. The optimized collector field geometry.

The collector field contains a large number of helio-
stats whose Jocation with respect to the recejver and -
with respect to each other creates an intricate design
problem. Heliostat location is measured with respect
to the base of the tower. An optimized set of heliostat
coordinates provides an optimized collector field for

the present purposes.

The tower-top receiver is designed to absorb solar
energy and to deliver this energy to an electric utility
for electric power production. The best economic meas-
ure of performance for this composite system is a suita-
bly adjusted busbar cost estimate for the output elec-
“tric power.

However, we feel that an effort to optimize

the collector field geometry via busbar-cost would make

'the collector field design too difficult, and much too

dependent on the design of the thermal storage system,
the turbo-generator system and the capacity disp1ace- "
ment credits. It seems desirable to consider the
tower-top receiver as a source of thermal energy which
can be "sold" to the utility system and therefore the
cost of thermal energy at the base of the tower can. be |
used as a suitable figure of merit‘for the optimization.

of the collector field.

Specifically, we assume a figure of merit equal to
system cost divided by net annual thermal energy de-

livered at the base of the tower. The use of annual

Vtherma]’énergy implies that thermal energy is always

useful to the utility. This assumption would be in-
valid for-a seasonal application such as irrigation
pumping. It is not uniformly valid for utilities;
however, it should be valid in an energy hungry commu-
nity, if the power plant is assumed to incorporate_ ,
three to six hours of thermal storage. 1In the futdre,
we may consider ways of biasing the energy towards
desirable times, but for the present we accept the
verdict of the éystem performance analysis. By cost,
we mean cost traceable to the system prior to Qe]ivery
of the energy at the base of the tower. Of this cost,




the he]iostat fie]d‘islpredominant; and hénce is a
worthly object for optjmizafiqn.

At this point we must hentioh the source of energy,.lv'
-i.e., the insolation, &nd the loss model for our system.
The system collects direct beam solar insolation at a

" site which will experience local weather conditions.

However, we are not concerned with the specific details .-

of the insolation record, but instead, we are concerned
“with predictable average insolation behavior which will

determine the outcome cf investment decisions. - Conse-

quently, it is reasonable to use our analytic insolation.
model with a percent of possible insolation factor. The -

following list of energy loss mechanisms 1s‘proposed:

1. Percént'of possible insolatibn~due_to local-weather
conditions. o

2. He]iostat related factors: ref1ect1v1ty, dust,.
gu1dance errors and malfunction. A

3. Shading- -and b]ock1ng losses due,to heighboring
heliostats. . -

4. Start up and shut down losses due to wasted inso-
lation and heat.

5. Atmospheric transmission losses between heljostat
and receiver. o '

6. Receiver related factors: 1ntercept10n,.absorptia

vity, emissivity, convection and conduction.
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7. Parasitiglenergy reqdirements,fOr heliostat guid-
‘ance and coolant pumping.

‘.The central receiver system concept is an opt1ca] con-
.- cept and as such it can be optimized over many design
variables which -are not included in the collector field

layout. The heliostats are optimized for mass produc-
tion cost savings and performance under reasonable
loads. This 1is basically a mechanical problem and the-
resulting heliostat design is an input to the collector
field problem. Usually heliostat size is fixed. The
tower design is also basically a mechanical problem;
however, in this case we specify tower height to satis-
fy the name plate power requirements for the utility
power plant. ~Consequently, the tower height becomes a

by-product of the collector field opt1m1zat1on

" The .receiver design also affects the optical perfor-.

mance of thefsystem. However, for our purposes; it

is assumed given. Receiver.size was optimized-at an
earlier stage when various receiver geometries were

being considered. The receiver size is adequate to

" handle the required power and its configuration is

appropriate for the anticipated variation in flux dis-

tribution with time. The resulting interception must

‘be acceptable and can be optjmi;ed by varying the
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aiming strategy, which is independent of the collector

field layout. See Table 1.

Table 1. Interception Performance Averages for
MDAC External Cylindrical Receivers
System Aiming Strategy Interception Flux Spillage
3 Point 95. 8% 4.2%
Commercial i 1o 97.0% 3.0%
Pilot Hi-Lo 98.0% -2.04%

The receiver design is complicated by many considera-
tions. For the present, we assume either a cylindrical
external receiver-or a flat external receiver. - The two"
most serious design requirements (in addition to ‘inter-
ception) are the peak flux density limit and the average
flux density requirement. Any heat transfer device has
a flux density limit, beyond which some form of damage

or malfunction will occur.

The cylindrical receiver contains 24 panels each having
an input and an output manifold with sensors and con- - -
trols. Flow control must be positive, and for two phase
flow, a limited range of flow control is possible. Con-
sequently we must maintain a minimum panel. power at all
"times during useful operations. Furthermore, the mani-.

‘folds will fail to distribute flow satisfactorily to

each of the tubes in a given panel, if the flux gradi-

a maximum flux gradient limit.

-ent across the panel is excessive. Hence, we also have

Similar considerations

apply to any receiver.

The design procedure is as follows:

1.

~ power minimum if necessary.

‘weaker as latitude increases.

Set scale of system by specifying the total ther-
mal power at equinox noon.

. “Scale receiver dimensjons to. satisfy flux density

Timit assumfng that adjustmehts will be made in
the aiming strategy.

.- Optimize the collective field.
. -Adjust the aiming strategy to reduce the bright

spots on the receiver..

.7 Adjust the trim of the field to satisfy panel

At 35° latitude, the
southern field tends to be weak, and becomes

A slight departure
from optimization may be required here, although
the use of preheat panels in the southern quadrant

" of 'the receiver removes most of the pkob]em;

Scale tower height and collector field to achieve
exactly the desired system power level.

‘Generate final heliostat coordinates. We must
“..give a complete list of coordinates for roughly
< 20,000 heliostats allowing for free turning of




the heliostats, roads, tower exclusion, and heljio-
state access ways..tEach heliostat must have a
suitable designation for the surveyors, and the
.subsequent control connections;

At this poiht we'psually'assume that the heljostats are
identical and that the centers of the heliostats are
co-planar so that the collector field is.flat, although
it may have a slope. Allowance for contours in the col-
lector field is a step beyond the current.state of the
art. The intersections of the tower center line with:
the plane of the heliostats determines a natural origin
for the coordinates of the heliostats in the collector:
field. The complete list of heliostat coordinates can
be visualized as a set with the fo]lowing additional
structure. Let H be a heliostat in the set of helio-
stats S, so that the list of. heliostat coordinates, E,
can be expressed as ' ' ‘

L= {(XHayH)!H'E s}’

where (xH;yH) gives the coordinates of heliostat H.". Now

let H be identified by a pair of integers (i,j).such
that ‘ -

H (1H’JH)’ |
i.e., H is one to one correspondence with (iH,jH).n
Consequently the 1ist of coordinates can be written as-

L= {[x(3,3),y(1,3)3[(1,3) € $)
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and the mapp1ng from S to the collector field is given
by the functions x(i,j) and y(i,j) which are determined
by the optimization procedure. If the coordinates are
expressed .in units of heliostat-width, we can visualize
the coordinate mapping as an‘actua1 layout process in

whjch.thefheliostaté are moved from a storage area

where théy‘are kept in:a state of rectangular closest
packing, so that their coordinates are (iH,jH) in® -

~heliostat units. Currently we expect that i will be
~a circle label and j will be an azimuth label.

Historically, we have.approéchéd the collector field

- design by assuming the simplest possible layout and
. gradually-adding variables, but never allowing a chao-

tic solution to occur.  In general the optimization is
non-unique and leads to chaotic solutions similar to

.dislocations in a crystal. This type of result is to °

be expected from a straight forward rigorous minimiza-"

“tion of the figure of merit. For example, if L is an
arbitrary set of heliostat coordinates and F is the
~ figure of merit, then the optimization 1mp1ie$‘that;

F = MIN F(L) = F(L),
4 {L}
where [ is the optimized coordinate set. The function
F(L) is difficult to construct, for several reasons.
1. There are many 1hdependent variabies.
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2. The insolation average must be performed numeri-

cally.

3. The instantaneous reflected power from each helio-

stat is a function of the heliostat coordinates,
which has at Teast eight analytic branches. (we.'
expect non-ahalytic behavior from every shading
and blocking event. Norma11y4eight neighbors can
. contribute. events, hence eight branches.) - -

However, F(L), can be defined as follows. Let

F(L) = C(L)/E(L) .
where C(L) is the dollar cost of the system and E(L) is
. the net-annual thermal power delivered at the base of
the tower. C(L) is determined by the economic model.
~E(L) is determined by the optical model of the system.
We can write '

E(L) = a EO(L)-— b, -

- and then '
EO(L) = stanH(L)AH’
where o
AH is the reflective area of a heliostat,

gH(L) is the annual total thermal energy reflected
by heljostat H:-in a field specified by L,

H is the receiver interception factor for -
heliostat H, which is assumed to be time

independent for purposes of simplicity,-and-

- E (L) is the annual thermal power incident on the
receiver. -

‘_ -

The coefficients a and b contéin’a11 other losses, so
that E(L) becomes the net thermal energy delivered at
the base of the tower.

Currently, our .computer facility is able to generate
quantities such as EO(L)‘for a collector field, only
if the summation is Timited to several hundred terms.
Consequently we are forced to a system of representa-

tive heliostats, which is called the "cell-wise approx- '

imation for large collector fields". The expression
for EO(L) is replaced by

Eo(L) = I nencdc (DA
where n. is the nufiber of heliostats in a cell c.
Consequently, .

anC(DC) = anH(L)>
where H is the representative heliostat for ceil c.

"The variables Dc are the displacements of the appro-

priate neighbors with respect to the representative
heliostat. Hence DC is a function of L, but not vice-
versa in general.

The cell-wise optimization procedure presented in
Reference 1 proceeds along Tines suggested by the
expression for EO(L). ‘Unfortunately, it leads to a
solution for the displacements and not the coordinates

themselves. Fortunately, the results for the displace-
ments vary smoothly from cell to cell. The use of



‘locations in the collector field.

representatives implies that each he]iostatAin a cell”
has a similar neighborhood. This assumption greatly.

reduces the number of independent disp]acemehtsu In

practice we solve for two components, a radial-x compo-

nent and an azimuthal-y tomponenﬁ, as shown in Figure 1.
The results show that y is nearly constant throughout
the collector field, and that x is nearly independent

of azimuth with respect toAihe tower. Furthermore, x

can be represented as a quadratic function of the tower

elevation angle. Figure 1 defines cornfield and stag-

gered neighborhoods.

2.0 THE LOSS PROGRAM FOR'A PRELIMINARY OPTIMIZATION

The LOSS program shows the amount of ground space re- -
quired by a heliostat at edch of the representative
This program calcu-

lates the MWH/m2 of Tost energy due to a single neighbor’

as a function of displacement from the representative:
heliostat. The LOSS'brogram provides a good sun sample
for the whole year and ufi]izes a very efficient version
of the shading and<b1ocking processor which neglects

overlapping events. Overlapping events are rare under
optimized conditions. The L0OSS ﬁrints provide a good

starting point for further collector field optimization
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. Fngre 1

Upper figure shows a Radial Cornfield
neighborhood; Lower figure shows:a
Radial Stagger neighborhood.
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studies. See Figure 2. This is a small stand alone
~program which can provide various comparison and/or
sensitivity studies.

The LOSS‘program provided the following table, which
shows the percentage of advantage (i.e., higher ground.
coverage) for the radial stagger arrangement as compared
to the next best alternative. Negatives indicate that .
a better alternative occurs. The radial cornfield is
never best although it‘béats radial stagger in 3 out of
121 cells.

in which N-S cornfields are best and 10 cells in which.

The 24 negative entries represent 14 cells

N-S staggers are best. The occurrence of large nega-
tives in the southern field suggests that it might need
special treatment, but this is not confirmed by: the '
pilot-plant study which assumed radial stagger through-
out. The complications and unaccounted losses associ-
‘ated with chaotic cell boundaries and varying cell
configurations were avoided by using the radial stagger
array throughout our final commercial and pilot plant
studies. ‘

-
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Table 2. Percent of Advantage for Radial Stagger
(Note that J = 1 to 6 is the West Half Field)

" J =] 2 3 4 5 6

1 =1 6.7 2.9 .-3.0 -5.1 13.3° 0.0
2 6.5 12.2 1.2. 2.9 13.5 0.0 .
3 5.0 -0.6 -5.3 1.3 16.2 0.0
4 -1.0 -6.8 -7.1 3.5 88 0.0
5 . 5.9 1.0 . -1.1. 2.8 2.0 10.0
6 . 6.8 4.3 -5.5 -7.2 -10.8 5.2
7 1.6 12.2 7.6 6.5 -4.3 0.0
8 12.8 3.8 3.0 -11.8 5.1  Tower
9 6.6 -1.5 -6.5 -12.8 4.8 0.0
10 5.8 -18.6 -11.1 -14.3  -.006 0.0
11 1.0 -4.9 -10.5 ~-11.1 7.7 0.0

3.0 -TYPICAL RESULTS FROM RCELL

. 3.1 Purpose

The RCELL program generates optimized heliostat spacing
coordinates for the representative heliostats of a

uniform cell structure 1n’thé‘c011ector field. RCELL

_inputs a trial set of spacing coordinates and outputs

an improved set of estimates based on a sample of
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variations and by adjusting the input figure of merit

.to equal the output figure of merit. This program con-

- tains an adequate cost model and an adequate optical
~model for-the net annual receiver power so that a mean-
ingful figure of merit can be computed. It also. outputs.

a brief performance summary.

3.2 Méin Features

‘The RCELL program integrates the reflected power from a

set of representative heliostats over a useful day which
starts and stops at a specified elevation angle. The
time between sun samples is varied to emphasize the more

complex behavior at low sun angles. We typically use 19-

samples/day and 7 days from solstice to solstice.- .Con-
sequently, we assume a symmetric year and an east-west -
symmetric collector field.

The neighborhood of the representative heliostat can be
selected from the. four options: R

Radial Stagger, N/S Stagger,

Radial Cornfield, and N/S Cornfield.
However, at present we are committed to the radial stag-

- ger option, as this option has been found to give best

performance in a majority of the cells.

-

Each neighborhood is parameterized by an x and a y
spacing coordinate. Both'goordinates are given four
variations independently. In the radial stagger case
x is the radial coordinate and
y is the azimuthal coordinate.

This set of 16 variations provides a basis for estima-
ting all of the partial derivatives which areArequired
by the optimization theory, provided that the solution
occurs within the range of the variations. Consequent-

-1y we expect to apply our iterative approach to the

final solution by progressively decreasing the size of
the ‘variations. -

After estimating a set of optimum coordinates the data
base is interpolated to provide estimates for the per-
formance of the optimized system. At this point it is
also possible to determine the optimym trim (i.e., the
set of ‘excluded cells which are too remote for effec-
tiveness). And finally, we output a performénce sum-
mary which includes a new figure of merft,

3.3 Executive Requirements

The executive program contains permanent assignments



- -

for the following files:
PFILE.  for the print f11e,

XYPLOT for coord1nate'pr1nt file,
SAMPLE storage for expensive data, .
DATA - for toefficients of (x,y) data from PLOT¢

or alternatively the (x,y) data itself.’
It also requires active aséignments'for
AA] | containing’the source programs, and
PANEL - for interception data.

The SAMPLE data can be reused in an .optional mode which
allows modifications of various inputs such as the fig-

ure of merit or even the interception data, without re- .

peating the most CPU costly run. See Figure 3.

The (x,y) data files are-small data files of 66 lines
'wh1ch can be accessed and edited to remove bad ce]]s

and to merge data from severa] runs.

The XYPLOT .output file <is designed for PLOT¢ which

prints, plots and performs'a variety of linear fits on. .

the (x,y) data. In the future PLOT¢ can be expanded to
drive a CALCOMPER. '

B
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(Interception factors)

(Std. pr1nt output)

PANEL \

. | O
SAMPLE >

(Optional SAB date)

DATA Cards  °J
(Optional)

RCELL
SAMPLE A
(Same if input)
LIFE]

XYPLOT v
(Optional)

¥

PLOT¢ -~ ———  PRINT PLOTS

Figure 3. DATA FLOW for RCELL

-Coefficients for (XY) fits
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3.4 Inputs to RCELL

The following 1list i

COLLECTOR FIELD OPTIMIZATION AND LAYOUT

s self-explanatory and is complete

‘except for an alternate source of input for selected
variables via the DATA cards after the @XQT card in the

executive program.

~ INPUT DATA
JDVEQ = 2442859
- ALPHAL = .004660

XLAT = 35.
ESUND = 15.0
NGON =
NTOW =
IMAX = 19
JMAX =
NREAD = 66
JTAPE =
LTAPE = 1
KTAPE = 1
KPANL = 1
NCEL =1
NGEO = 4
NDIV = 10
ICNTR = 1

-

JULIAN DAY OF VERNAL EQUINOX

SOLAR LIMB ANGLE IN RADIANS

LATITUDE OF SITE IN DEGREES
ELEVATION OF SUN AT STARTUP
NUMBER OF SIDES FOR HELIOSTAT
CELLS FROM CENTER ‘TO TOWER
SAMPLE HOURS = 3,7,11,...
SAMPLE DAYS :
LINES IN (x,y) DATA FILE ACELL
1 TO WRITE BCELL; O NOT

1 TO WRITE SAMPLE; -1 TO READ; O NOT

1 TO READ PANEL; O NOT
FIRST PANEL FOR FINT

CELLS ‘ACROSS COLLECTOR FIELD
CELLS IN DISPLACEMENT ARRAY
DIVISIONS. for INTERPOLATOR'

0 FOR NO DAILY PRINT; 1 FOR 3 DAYS; -

2 FOR EVERY DAY

CW

IAXIS =1
ISUN-= 1
HT = 259.

DA = HT/1.41421]

DMIR = 6502
HGLASS = 37.932463
DGEO = 1.710.
CMW = 1.44

REARTH = 6370.
HATMOS = 8.430
RH = REARTH/HAIMOS

CFIXD
CTOWR

7.260E6

- C1-= 66.

C2 = 83.

C3-= 100.

FM1 = 45.6

FM2 = 53.4 -
FM3 = 61.2

CL =-1.08

3.30

NF = .25
BOILER = 1.525

260

INDEX OF MOUNTING SYSTEM
0 FOR UNIFORM WTS; 1 FOR SINE WTS
HEIGHT OF TOWER IN METERS

SPACING BETWEEN CELL CENTERS
WIDTH .OF HELIOSTAT IN METERS

AREA OF GLASS/HELIOS. .

CELL SPACING FOR LOSE PRINTS

CM OF ATMOSPHERIC WATER VAPOR
RADIUS OF EARTH IN KILOMETERS
HEIGHT OF ATMOSPHERE IN KILOMETERS
CONTAINS CONSTANTS FOR COST MODEL
(100 MWE) |

FIXED COST IN DOLLARS

8.5E6*((HT-22.)/308.)**2 + 1.86E6*HI/315

TOWER COST

"HELTO. COST IN $/M2 -- 1ST OPTION

HELTO. COST IN $/M2 -- 2ND OPTION
HELIO. COST IN $/M2 -- "3RD OPTION-
FIGURE OF MERIT IN $/MWH FOR C1
FIGURE OF MERIT IN $/MWH FOR C2
FIGURE OF MERIT IN $/MWH FOR C3
COST OF LAND IN $/M2 '

COST OF WIRING IN $/M
HELIOS./FIELD CONTROLLER

CONV&RAD. LOSSES IN MW/BOILER PANEL

ul-




.762 CONV&RAD. LOSSES IN MN/PRE;HEAT PANEL

HEATER =

HYEARS = 3315.  HOURS/YEAR FOR SUN ABOVE 15 DEG.
PREPAN = 3 HALF OF PRE-HEAT PANELS
ABSOR = .95 ABSORPTIVITY |

REFLT =

.91*1.0  REFLECTIVITY AND DUST

3.5 Summary of Outputs from RCELL

LISTING FOR EXECUTIVE PROGRAM

LISTING FOR RCELL INPUTS

INTERCEPTION FACTORS FROM RECEIVER PROGRAM

SLANT DISTANCE FROM HELIOSTAT TO RECEIVER

SAMPLE OF SUN POSITIONS FOR GIVEN LATITUDE

LOSS PARAMETER SUMMARY 4

LOSSES/YR IN MWH/M2 VERSUS DISPLACEMENT FOR CELL (I,J)
OPTION FOR NEIGHBORHOOD ~
INPUT (x,y) IN HELIOSTAT WIDTH
OUTPUT (x,y) IN HELIOSTAT WIDTH
OPTIMUM VARIATION (x,y) (dimensionless mutliplier)
DAILY KWH/M2 AND ANNUAL MWH/M2 FOR ZERO S & B
LOSS FRACTION (4 x 4) (i in Optimization Notes)
TOTAL ENERGY (4 x 4) (E in Optimizaton Notes) -
LAGRANGIAN ENERGY (3 x 3) (E+fa.E in Optim. Notes).
GRADIENT ENERGY (3 x;3)'(afE'in Optimization Notes)
TRANSVERSE ENERGY (3 x 3) (3,E in Optimization Notes)
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. OPTIMUM LOCATOR PLOT
ZEROS FOR-3,E. = 0
STARS FOR E, = E

‘OPTIMIZED FIELD SUMMARY

"TRIM CONTROL MATRIX
NUMBER OF HELIOSTATS/CELL
~ TOTAL NUMBER OF HELIOSTATS
TOTAL AREA OF GLASS
MAXIMUM NUMBER OF HELIOSTATS/CELL
RCELL FACTOR
AREA OF HELIOSTAT
AREA OF SEGMENTS o
" LAGRANGIAN PARAMETERS FOR OPTIMIZATION
TOTAL ENERGY IN MWH/M2 FOR OPTIMUM SPACINGS
EQUINOON POWER IN KW/M2 FOR OPTIMUM SPACINGS
ACCURACY OF SOLUTION FOR OPTIMUM SPACINGS
FRACTION OF ENERGY LOST FOR OPTIMUM SPACINGS
~ PARTIAL OF ENERGY BY DENSITY FOR OPTIMUM SPACINGS
TRIM RATIO FOR OPTIMUM SPACINGS
FRACTION OF GROUND. COVERED (f) FOR OPTIMUM SPACINGS
ORTHOGONAL COORDINATE (t) FOR OPTIMUM,SPACINGS:
FIRST SPACING COORDINATE (x) FOR OPTIMUM SPACINGS
SECOND SPACING COCRDINATE (y) FOR OPTIMUM SPACINGS

-PERFORMANCE SUMMARY AND COST BREAKDOWN
EQUINGX POWER
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ANNUAL POWER

FIXED COSTS

TOWER COSTS

-LAND COSTS

WIRING COSTS

HELIOSTAT COSTS (3 options)
TOTAL COSTS (3 options)
FIGURE OF MERIT (3 options)

3.6 Summary of Theory for RCELL

~.See Reference 1 for a complete discussion of the opti-

mization theory. The figure of merit is given by

F = CS/ET,
where ET is the total thermal energy output per year
and C. is the relevant total system cost in dollars..

S
The economic model gives
Cg = Cy + CH(AT + C+AL)
C = az¢ + gYg f 2
e thec
a = CL/CH = .0]644

B = CAB/C = 0145,

| where CO is the f1xed cost, C is. the cost of

he11ostats/m , L is the cost of ]and/m , and Cw is the

cost of wire/m. AL is the area of land/cell, ¢ is the

- fraction of cell included in the field, and f_ is the

ground coverage in the included part of the cell.

AT is the total area of glass in the collector field,
and is given by

p ZA zcl’c ctL’
where § represents a sum over ce]ls in the collector
field.© The total thermal energy is given by

= JE.n. = S (Ir.n:A.)
CCC OCCCC

- where nc’is the interceptidn fraction which is input

from the PANEL file, SO is annual total direct beam
insolation as discussed in appendix B, and AC is a
dimensionless efficiency for cell c. AC depends on
shading and'b1ocking_event5'which can occur throughout

the year.

At this :point we parametrize the collector field neigh-

borhood at cell c. Let (xc,yc) represent the radial
and azimuthal spacing coordinates in units of heliostat

width. We have

fc_- a /x Ve
and it .is useful to def1ne a shape parameter
2 .2
tC4_ (x-y,)

.s0 that



A (xeaye) = A(Fut).
The functions (fc,tc) form a system of orthogonal hyper-

anla as shown in Figure 4.

According to Reference 1, at the optimum point (xZ,yZ), = = S
' X
we have . * % : N — :
- Xo ~
. w=uc(xey ) _ ' - L‘~\\\£E\'
and * % :
where -
= CH/(FSO)
and

melxesyed = (g + FagrIn.

t3

' 7
i
4.0 TYPICAL RESULTS FROM RCELL N\
‘ . | | & t_, o .at , }\C—O
Table 2 shows a typical performance summary from RCELL. ' \
The more interesting (x,y) outputs are print plotted by )(cff4 fs f, f, t.'3 ﬁ: : .

PLOT¢. Some early results are shown in Figures 5 and 6.
Rehember that RCELL may be'iterated for three reasons:
1. to converge the input figure of merit to the .
output figure of merit; . L -} Figure 4 The functions (f;t) form a system of

2. to reduce the step size in the sample of varia- orthogoned hyperbolac (xo, yp) are
. _ . input coordinates and (x,y) are
tions in order to better approximate af and at; 7 output coordinates for cell geometry.
and. : . Heavy Tines for i and at A=0 conditions
: determine the optimum. _

3. to converge the output power on the-design‘day.
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~ to the design requirement. (This is achieved by
adjusting the fower height and computing new .
PANEL files.)
Gn]y'the~stép size adjustment can affect the scatter_in
the (x,y) plots as shown in Figures 5 and 6. Experience
shows that some points will converge asAthe“step size is
decreased ‘but most will not. This is due to accidental

shading and blocking behavior in certain cells which

cannot be completely averagéd’but.-‘However, caution is =

needed in these interpretations because the sun sample
may not be good enough in some cases.

We. conclude that thé expressions
' x = A/6 + B + Co,
-and
y =D,
where

i

8 tan'](HT/(x2 + yZ)%)
" represents the collector field geometry for field lay-
out, in terms of the constants A, B, C, and D.

5.0 THE LAYOUT PROGRAMS
5.1 Introduction to the LAYOUT Programs

The-RCELL program determines the collector field geome-

try at se]ectedArepresentative”points in the collector

field without regard for the interaction between neigh-
boring cells which occurs when an aCtual layout is

attempted. .If each cell were filled with a uniform

- field having the (x,y) spacing parameters output by

RCELL the mismatch at cell boundaries would be very

~costly in terms of de]eted‘heliostats.' The boundary -

- problem will still occur if"aﬁ-attempt'is‘made‘to blend
'the cells instead of filling them with uniform arrays.
But fortunately, ‘the resu]té:from RCELL indicate that

circular-fields are very near optimal, so that only
zonal boundary problems occur. Figure 7 shows the
structure of the LAYOUT programs. |

INPUTG

v

MECHLIM .
v o ‘
LAYOUT —=@———— (AIMS)

v

(XYZ FILE)

Figure 7. _Structuré of LAYOUT Programs -
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5.2 The COMMECH Subroutine

The results of the RCELL optimization program suggests
that the field of heliostats for the commercial system
consists of concentric circles of heliostats with the

tower at the center.  The subroutine COMMECH.is designed -

to utilize the information provided by RCELL to produce
the commercial system's set of heliostat coordinates.

In addition, a minimum spacing, or mechanical limit, is

imposed such that no two heliostats are allowed to be
closer than the measure specified.

COMMECH is called by INPUTG, the initializing and call-
ing program, and determines the radii.and azimuths of
the circular field. A starting radius. is the:largest
of all circles to be generated. A maximum azimuthal
spacing is chosen for the first circle. A radial .spac-.
ing function, producedAby RCELL, generates the next two
circles, eachAhaving'the'séme angular spacing between
their_he]idstats. This process is repeated until the
azimuthal spacing along the arc reaches~avsbecif1ed
minimum. At this point, the number of heliostats.on
the next circle is reduced by some integer ratio (for
example, 7/6 or 4/3). This is turn gives the maximum
azimuthal spaéing along the arc for the first circle in-

the new zone as well as the new angular separation which
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'_to‘eXpedite the layout of ‘a symmetric field.

remains constant until the next zone is encountered.

A zone contains a group of successive circles having-

the same number of heliostats per unit azimuthal angle.

‘Zone boundaries occur when two neighboring circles have -

different azimuthal spacings. For counting purpcses,

‘the vectored variable ISLIP is aséigned the value one

for the first circle in each zone and is zero for ali
other circles. The circle preceding this first circle

“usually has deleted heliostats due to excessive block-

ing 'so that the number of heliostats on it is the same.
However, deletes are reckoned within another subroutine:
which calculates actuail coo}dinates based on the occur-

rence of unity in the ISLIP vector.

Each zone is required. to have -an odd number of circles
The ex-

ception is the last zone which terminates at an exclu-
_-sion radius. No heliostats are permitted within the

exclusion radius. Should the Tast circle in a zone
give that zone-an even number of circles, that circle

becomes the first circle of .the next zone to meet the

- above requirement,

In addition to the starting radius;‘which defines the
outermost circle, a trim vector RSECT is obtained from
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RCELL.. RSECT contains the angle at-which each circle
of heliostats terminates.
due South.
circle, it terminates Southeast of the tower, and South-
west of the tower dué to the symmetry of the field. .
This effect is expected for the Northern 1atitudes
‘where an optimum field has more heliostats North of the
tower,
tional form such that the-trim‘angle is a function of
radius. RSECT is never zero for a circle, because .
there is a road south of the tower which is currently
66 feet wide. If the input function or data gives zero,
a default value of the RSECT is calculated based on

the input width of the South road.

RSECT can be input as data or can take a func-

Throughout the calculation of radii and azimuths for the"

field, mechanical limits must be satisfied. The minimum

spacing~betweeh heliostats on the same circle as deter-.

mined from RCELL is well above the 1limit. - Likewise -
heliostats located on a radial line from the tower,ére
spaced well above the mechanical limit since they are
separated by another circle of heliostats accordfng‘to
the radial stagger procedure. The intermediate circle
contains heliostats that are located neither radially
nor tangentially from a given representative. They are

located on a diagonal or spiral that runs through the

- COLLECTOR FIELD OPTIMIZATION AND LAYOUT

This angle is measured from . -
For instance, if RSECT is 45° for a certain

field and constitutes the only important consideration
for mechanical limits. The distahce to a diégona]
neighboring heliostat is calculated at each circle as
the radii are being constru;ted; If the distance is
shorter than the limit, the radius of the inner circle
is reduced until the mechanical limit is satisfied.
Then the calculation is repeated for the circle of
reduced radius,.until all diagonal radii are properly
separated. This includes the more comp]icated compu-

tation involving these circles near a zone boundary

-which may: ‘have changed azimuths in the vicinity of a

deleted heliostdt. See Figure 8.

The field is currently divided into eight 45° sectors.
Based upon this circle-sector cell model, the following
outputs are produced in addition to those mentionedll
above: The ground area per cell and the number of he-

liostats per ce}] are disp]ayed as well as the fraction

" of ground covered'by heliostats in each cell. Frac-
‘tional (I,J) values are also output for correlating the .

location of the circle-sector cells with the (I,J)
cells from the RCELL prbgramf

- COMMECH generates the radius of.each circle, the azi-

muth, the RSECT and ISECT vectors and NROW, which is
the number of circles. COMMECH outputs to a subroutine
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called COMMLAYOUT.

5.3 The COMMLAYOUT Subroutine

The actual (x,y) coordiantes for the commerical field
are generated by the subroutine COMMLAYOUT. The sub-

routine is called by COMMECH which supplies the informa-

tion needed to produce coordinates. If aiming points
for the heliostats are supplied in terms of (I,J) or
circie-sector cell locations, each heliostat can also.
have a specific aiming point assigned to it in terms of
a positive or negative vertical displacement on the re-

ceiver,

The main portion of COMMLAYOUT consists of a loop which
runs- from one to NROW, the number of circles in the

field.
called according to the position of the zone boundaries
as determined by ISLIP.
thal slides and deleted heliostats has been determined

Once a specific set of azimu-
for the chosen zone ratios, i.e., 7/6 or 4/3, specific -
internal subroutines can be constructed and called when

appropriate.

The internal subroutines are simple in principle since

azimuthal spacing off of due Worth.
"the radial stagger layout.

At each circle the proper internal subroutine is -

-all the heliostats are constrained to a certain radius.
- This leaves only the azimuth to be determined in light

of heliostat de]étes, slides and the trim angles con-
tained in RSECT.
are begun a full azimuthal spacing off of due North

and continue clockwise until the trim angle is encoun-

The first and last circles in a zone

tered. Between the first and last circles of a zone,
the starting point alternates between a half and full
This results in
Heliostat locations due
North of the tower are not included because a North
road is assumed.

An aiming point is assigned to a heliostat based on
After the
(x,y) location has been calculated, the heliostat is
determined to lie within a certain cell which is asso-

input data for (I,J) or circle-sector cells.

ciated with an aiming point. The aiming points alter-

- nate in sign along a circle incorporating the .two point

high-low aiming strategy.

The coordinates and aiming points. are dumpéd to a tape
and/or print file one circle at a time. For the symme-
tric Western half of the field, which is not output,
one need only replace the positive y coordinates by
their negatives. ‘ ' '




APPENDIX A." REMARKS CONCERNING THE SEL/UH COMPUTER
PROGRAM REFERENCE MANUAL AND CODE CENTER

Having just given out copies of the Reference Manual,
let me hasten to add that all suggestions in regard to
the code center and the Réference Manual aré welcome. .
It will
'provide a current list of references, and it can serve

The manual will serve to identify programs.

“as a log for ingoing and outgoing programs at the code
center. 1 héve made an effort to organize the various.
approaches to the simulation problem. There is also a
1ist of components which are required by the centra] |
receiver system model. Obviously, this list needs

enlarging.

APPENDIX B. ANNUAL INSOLATION VERSUS LATITUDE AND
STARTUP ANGLE

At the end of the manual there are three extra tables:

which can be considered as dessert after a salad of . . -

programs. The tables give annual sunlight hours, annual
direct beam energy at normal incidence and annual
direct beam energy at horizonal incidence versus lati--

tude and startup angle. " Each entry represents an inte-

gral over the year for a given latitude and startup
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- Handbook formu]as.

.some .extent.

‘angle. Startup angle delimits the daily time integra]s
“to.that portion of the day for-which the.solar eleva-

tion angle exceeds the startup angle.  Diurnal-and "

annual motion are uniform but solar obliquity, declin-

‘ation and mean longitude follow the Nautical Ephemeris

Compensation for varying solar

" distance is included but the year is symmetrized about

the solstices which misrepresents solar distance to
These tables represent a guassian quad-

" rature based on 35 points/day and 37 days/year. The

integrated sunlight hours would be exact, -except for

- effects due to the equation of time which. render the

north and south latitudes slightly asymmetric. The
direct beam insolation at normal incidence is based on
Allen's clear air model which is somewhat optimistic.
We have assumed sea level and 1.44 cm of water.

S It s interesting to consider the startup losses at 35°

of latitude, assuming a 15° startup angle. The tab]és
show-
© 22.0% losses for the sunlight hours,’
13.3% losses for the direct beam at normal
“incidence, and _
3.7% losses for the direct beam at horizontal

incidence.

~ The central receiver system makes reasonably efficient
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use of the direct beam at normal incidence so that the
13.3% figure becbmes a rough estimate of startup losses.
Notice that .this is the largest single loss in the sys-
tem, éxcept for the sunlight which hits on the ground.

. The question of land use can be considered as follows.

A typfca] central receiver system may deliver a total
thermal -power P
tower. This system requ1res .869 x 10° m2 of glass at
a ground coverage of .261,Aso that the total land used
is given by A 4
A = .869 x 10%/.261 = 3.33 x 10%
Consequently, the energy dens1ty ‘of useful therma] power
per square meter of land is g1ven by
PT/A 1.534 x 10 /3 33 x 10

= .46] MWH/m YR,
- which compares to 2.014 MWH/m2YR for the annual direct .
beam at horizontal incidence, 35° latitude and 15° of
The efficiency of land use becomes
n = .461/2.014 = 22.9%.
For a comparison we can formulate the eff1c1ency of
glass use as follows. From the tables, we see that

F _3.214 MWH/mZYR ét normal 1ntidence,

startup.

i
and .
F,; = 2.014 MHH/m*YR at horizonal incidence

assuming 35° latitude and 15° of startup angle. The

= 1.534 x 10® MWH/YR at the base of the

" (1) Lipps, F.W., and L.L. Vant-Hull,

efficiency of.glass use becomesf
ng = (Pt/AT)/FN
= 1.765/3.214 = 54.9%

Clearly, FH/FN = .627, and

n = (Fy/Fg) fgng
1.596 x .261n; =

417nG

L 22.9% . o )
We feel that this is an adequately good use of land,

- and compafes favorab1y to photosynthesis,

REFERENCES

A Cellwise
Method for the Optimization of Large Central.Receiver
Systems, accepted by SOLAR ENERGY.




-

CONCLUDING DISCUSSION

INTRODUCTION

The two-day workshop concluded with a-general
discussion Thursday afternoon, August 11. The dis-
cussion -covered a number of issues summarized in the

following pages. Major points of discussion were:

1. The desirability of.additional workshops

sharing information on Central Receiver Systems.

2. The establishment of a bibliography of materials
related to Central Receiver Optics: e.g. ERDA reports,
publications by those working in the field,'and re-
latively inaccessible information from abroad, such

as Russian papers.
3. Standardization of terms in a glossary.

b, Standardization of terminology in the treatment

of radiometric quantities.

5. Preparatlon of a standard set of initial 1nputs

"to enable valid comparlsons of" dlfferent models,

such as programs similar to MIRVAL.

6. The need to.correlate simulations with well in-

strumented and well defired experiments.

7. The need to estimate the accuracy of a result,

~ for example, by keeping-track of the number of cones

contributing to a particular answer. .

. PROCEEDINGS--SOLAR WORKSHOP

8.v Avallablllty of codes and the extent .to which data

are of a proprletary nature

_9. Malntenance of codes for retrieval in a natlonw1de

system with the cepablllty of allow1ng the programmer to -

. update data [Code Center].

10. Provisions for including information about sucess—
ful transfers of.a code from one computer to another in

the central data bank [Code Center].
11. .Code.Exchange. "Standard" Fortran.
12. " A common Insolation Model.

13. The publication of an aperiodic newsletter to in-

volved and interested personnel and firms..

14. Problems in studying stochastic data ir the analy-
sis of flux distributions; problems in determining the
effects of systematic or stochastic pfooess on flux-’

distributions and on overall‘system performance..
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The desirability of additional workshops sharing

information on Central Receiver Systems.

The establishment of a bibliography of materials
rélated to Central Receiver optics: e.g. ERDA re-
ports, publications by thosé working in the field,
and relatively inaccessible information from

abroad, such as Russian papers.

Standardization of terms in a glossary.

Preparation of a standard set of initial inputs to
enable valid comparisons of different.models, as

formulated in programs such as MIRVAL.

Roy Lee, Sandia Laboratories: I would like to thank
all the speakers and participants. I feel it has been
very useful and very helpful to listen to all the
different talks on codes and techniques. I think it
has been a very useful workshop, and I'd like to see
others organized in the future. In the last two days,
people have talked to me about possible things that we
might want tO'discuss. For example, Professor Riaz

. had merntioned a possible set of standard inputs for

code verification among the different codes.

Prof. M. Riaz, Electrical Engineering Department,
University of Minnesota: Well, I've a list of four
items that I thought might be of some interest.

. First, everybody who attends here might provide Lorin

Vant-Hull with a complete listing of references that
can be added so that we have a library. Probably most
of the people working in the field are here and yet
are not always aware of what everybody else is doing.
The list should include available literature, not’
internal memos; certainly ERDA reports and literature
you have discovered from abroad that others may not
know of, Russian or French papers, for example.

Riaz: ‘That's one set of comments. The other, which I
have mentioned, in part, was some sort of a suggestive
glossary or nomenclature of terms so that there might
be some sort of standardization; so we agree, for .
example, whether zero degrees is north or south and
whether an angle gives altitude with respect to the
vertical or the horizontal; I can never be quite sure.

Riaz: Then it appeared to me that we've seen a number
of approaches and very similar answers in many cases.
At least for my own edification as an outsider, I
would like to see a comparison eventually being per-
formed. That's perhaps the idea of MIRVAL. I'd like
to suggest that the comparison can be done by hypothe-
sizing a case where we all agree on an arbitrary set




L L. Standardization of terminology in the treatment of

of radiometric guantities.

mented andlﬁell defined experiments.
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6. The need to correlate simulations with well instru-

of inputs simplified at the outset and see what the
outputs are. Let me just take, for example, Alb-
uguerque. We know the size of the mirrors, ‘and we know
where they are, and we've decided on a tower and a
particular receiver. With a certain set of assump-
tions, no guidance, no tracking error to start with,

‘let's compare. some of these outputs that youa'll have

available, using the same insolation models so that
one can see the features in terms of length of time
taken. That's something that would be very useful
for an outsider like myself, and, I would assume, for
ERDA, as well. ‘

R. H. McFee, McDonnell Douglas: I am .sure we would be
very happy to participate in running a problem which

* has ‘been-submitted to various organizations. Another

area, too, I think that really needs to be cleaned up
is the proper terminology in what we call radiometric
quantities. As an example, when you are talking about

‘watts per square meter on the surface, you may talk

about flux density. You talk about power raceived;
you talk about flux. This has been used very care-
lessly. I don't think it's.nitpicking; I think it is
a basic thing that should be considered seriously to
effect proper communications. "Use the propsr terms

~when we are discussing various quantities w2 wish to
.inter-compare.

. Participant: Along that line of the sample problenm,

it would be nice if the sample problem could be selec-

" ted as ‘one where measurements were either on the way

or planned because we get various ranges of results.
The experiment might play a role in deciding which
model is best, rether than trying to argue it out in
pure modeling.

C. L. Laurence, Aerospace Corp.: Yes, I really feel

.the ultimate determination should bé whether or not it

agrees with what we would consider to be the best
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The need to correlate simulations with well instru-

mented and well defined experiments.

available experimentation.

McFee: Well, what if it's not a clear-cut experiment.
This is not an easy thing to come by because you may
find it - is very difficult to really know the para-
meters under which the experiment is conducted.

Lee: That's what we do at the test site.

Participant: It took them a long time to correlate
the results of the Odellio test. .

George. G. Schrenk, Department of Mechanical Engineer-
ing, University of Pennsylvania: But it is certainly
better to work against the experiment as a check, even
though you would rather argue against one another for
models.

-Lee: That's why I suggested the test at Albuquerque

as a reference. :

Charles N. Vittitoe, Sandia Laboratories, Albuquerque:
[Measurement is] one place where we learned from
Odellio. For our tests there, we had built specific
pieces of measuring equipment that we had gone to

'<greatzpains to: make as accurate as we possibly could -

for measuring full field intensities.. So at Albu-
querque, -{the SMW STTF) we will have the capability to
give you a wide selectiorn of data of what's going on.

"We have, Tor instance, ecuipment to measure aerosols

in the air, if you want to include that.

We have a circumsolar telescope there. We can get the

data at the same time. We'll have a measuring system
which will be available in the same November or
December time frame, as will the field heliostats,
which could be used to measure an actuasl full field.
And, of course, we have the conventional equipment
such as pyreheliometers, Eppleys, as well as a Kendall



7. The need to estimate;the'accuracy of a result, for
example, by keeping track of the number of cones -

- contributing to a particular»anewer; -
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(which is a much more accurate instrument). And a
wide range of instrumentation certainly will be avail-
able in a November or. December time frame. I think we
could give you gooi information and probably more .than
you could use.

.Lee: I think cehfirmation of experimental data is
_ probably the .best test.
‘times it mlght be kind of a complex type of thlng to

On the other hand, some
set up to go in terms of 1nsolat10n, ete.

Vittitoe: Seems there's a need for several types of
testé, too, because there are several parts to all the
codes--maybe a one facet test, a one heliostat test,
and .a one field test.

Schrenk: I concur with that; I think therein lies the
test of the basic models. It is best not. to compound
too many things together at the start. Deal with a
single heliostat or a single concentrator. Deal with
something that you can well define. Then worry about
building up the field complexities, the shading and
blocking, and all the other things you are going to
fold into the systems model.

McFee: This wili be set up in stages;

. Schrenk: Yes, Set up in stages and concentrate first
~with the basic problems.

~-lLee: And theﬁ, maybe the final stagee-—

Participant' The final stages will be with the total

system that you will simulate as far as the thermal’
system

Schrenk: One specific comment continuing along this"
line but toward specifics on the codes, those codes
that use cone concepts. We've seen’a lot of approxi-
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The establishment of a-bibliogrdphy of materials
related to Central Receiver optics: e.g. ERDA re-

ports, publications by those working in thé field,

Lo

mations of curved surfaces, planer surfaces, and so
forth, by single cones. I'd like to urge a word of
caution in this respect. If your image size is large
compared to the facets you're approximating by a

‘single cone . .. . that's a necessary condition for

your approximation to hold; it's not a sufficient
condition. And the reason I say it's not sufficient

"is the fact that you've got to be near the zone of

focus. If you get away from that, you're going to
get approximation errors, and you're going to approxi-

-mate, for example, a smooth surface by planes and,

depending on how you subdivide it, you get quite
different results and scatter as you get away from
the focal zone. So a suggestion I'd like to make as
a handle for accuracy, a back of the envelope ap-
proach, is keep track of the number of cones con-
tributing to a particular answer.

McFee: Oh, yes, I agree with that.

Schrenk: So that if you've got ten cones as a back
of the envelope approximation to a particular answer,
well, if you add one more, that's ten percent. A
very simple approximation. On the other hand, if you
have two. cones, beware. That gives you a judge as an
approximation and it would be useful, I think, to
know- some of these numbers. Perhaps, some people are
already bringing them out, but I think it's useful as
a. general rule to deal with this type of number as a
feel for approximate accuracy.

Lee: You certainly want to look at the sensitivity '

[to consider] how good the approximation is.

Lee: Here's another area. Phillip Torvinen, not
here now, mentions [setting] up a bibliography, as
Professor Riaz also mentioned. I wonder where we
should have that set up. Where is the central place

‘that we can put [it]? Houston will have the code



13.

11.

and relatively inaccessible information from.

abroad, such as Russian papers.

The publication of an aperiodic newsletter to in-

volved and interested personnel and firms.

Code Exchange. "Standard" Fortran.

Availability of codes and the extent to which data

are of a proprietary nature.
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center. T was wonderlng whether the documentation

'should also be a part of the center.

Vant-HU]]: Perhaps. I am sure we would be willing

to do that.

- Schrenk: . In that respect, a newsletter or periodic

publlcatlon that would carry this type of 1nformat10n
could be very useful.

Lee: Perhaps it would be a .good idea [not -to publish]

‘unless information had been obtained and [#irst]

circulated around.

. Vant-Hull: Something like anm aperiodic update to the

referehce volume on our existing codes which Fred
Lipps .Solar Energy Laboratory, University of Houston]
distributed earlier.

Schrenk: And along with that, it could carry listings
of different programs, whether they would be in a

code center or not. .Also, a synopsis-of different
people working in different areas would be useful.
What codes are around? [Are they] in your library or
not? What are the different codes around? And who
has them? What's the purpose of each code?

- Lee: Another area that quite a lot of people-are

asklng about is the code exchange, of course, and

“there are lots of problems in relation to code -ex-

change. One of the primary problems is the proprie-
tary type problem. I was wondering, just as a matter
of curiosity, [if] that wasn't quite -decided on by
each individual contractor or company. How many of
those codes are actually proprietary and how many are
actually going to be released to the public?

McFee: Our code [McDonnell Douglas] at the present .
time is . . . considered to be basically proprietary.
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However, I think there's a good chance that the
-management will make a decision to make it available
on some sort of basis. I can't say myself at the
present time.

Lee: I assume the Houston code will be released to
the public. ’

‘Vant-Hull: 'You bought it. [laughter] Or paid for
it, anyway.

Lee: How about the Honeywell code?

Gary Smith, Honeywell, Inc.: We delivered that to
ERDA.

Lee: So that will be public domain. How about
Boeing?

Mark Rubeck, Boeing Engineering & Construction:
Boeing's code is also ERDA property now. That's the
~simulation-code. The optimization program is. proprie-

tary. '

Lee: - The optimization is proprietary. Let's see,
what else?

Fred Lipps, Solar Energy Laboratory, University of
Houston: "The two Sandia codes. I take it they're
both non-proprietary.

Lee: ' Yes, they are in the public domain--when they

- are ready for release. When it is internal, we don't
want to release it. But when it's ready for release,
it will be released. '

Frank Biggs, Sandia Laboratories, Albuquerque:

HELIOS has already been transferred to several ex-
ternal agencies. We will continue to do that with

R . - L —
‘ {




9. Maintenance of codes for retrieval in a,nationwidé
system.with the capability of allowing the program-

mer to update data {Code Center].
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. ERDA approval even while it's evolving.

.Lee:

: Georgié Tech
has it [and] several other places.

I think that as long as it is not related to
contract applications we need ERDA's- approval on a
case by case basis for distribution of MIRVAL or

.HELIOS.

- Lipps:

With regard to the code center, it may be
that it doesn't have to be localized. TFor instance,
it doesn't matter .to me whether a user obtains MIRVAL
from me or from Livermore. If I put it in here (our
user's document) with an explanation of what it is, I
can say right there where to get it. We don't have to
have it just so someone else can get it.

Lee:
tributing it.

vou'd think that one performs a service dis-~
We certainly appreciate that.

Lipps:

we?

Well, we don't have to be the middle man, do

Lee: I don't know.

We. .
So, it

Vant-Hull:  We can distribute it if you like.
probably can't read the code at the moment.

“might be the people would rather get a copy from the

author rather. than from someone who is simply main-
taining a copy of the code.

Lipps: That's exactly right. If all of you are CDC
people, then why bring it over here and try to service

you frcm our Honeywell computer?

| Lee:

| Lipps:

In that sense, then, the code center will be
Just an information documentation depository.

Sure, all I have to know is the name

of the
code, where it is, and what documents are on

it.
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Vant-Hull: T think in the long run that we would be
interested in having the codes and translate them

- .ohto our computer and perhaps do some interchanges,
but that's a long term effort--on the level we are
working now,

- S5chrenk: Go a step further than that. I think the
-really key role is information exchange, and the code
is secondary. --That is as far as the actual punched
cards can make out from your local machine. What I'd
like to suggest is that those who want to make the
codes available or plan to make them available
consider maintaining those codes on nation-wide ser-
vices. For example, those with CDC codes -consider
maintaining them on CDC Cybernet, which means that
you no longer have to transpert them from computer to
- : computer and deal with compatibilities. You have the
o '~ creater, who can maintain that code on a big machine,
one similar to whsat he's developed it on, and anybody
that wants to us it contacts CDC, pays for the time,
and goes and uses it.

"Lee: Well, you know, not everybody's on Cybernet.

Schrenk: 1It's available in practically every big
-city in the country. You can call your local CDC
- office and walk over to the terminal, drop your cards
in and use it. That deals with the compatibility
o problem. ‘

- Lee: "I agree, but most of the time you‘d like to run
-it in .your own .computer, and using the commercial CDC
is an expensive operation.

Schrenk: Shall I simply say the problems of real-
istically transferring many thousand card programs
across computers become very difficult; even the same
manufacturer's computers have many machine-dependent
special features. When you cut across machines from




10. Provisions for including information about. sucess-
Cful transfers of a code from one computer to.

another in.the central data bank [Cdde Center].-
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~ hands.

~ _operativeé program.
" cards and fight the compatibility.

- having the thing already operational.

CDC to IBM, gcod luck. You've a major rewrite on your
And then you have to question the validation
against [the author's meaning], or have you made some

‘changes that louse something up or changs something.
" I'd like to really encourage the original creator of

the code to maintain it on a nationwide service to
make 1t available.

Lipps: Well, we can put such information in the

manual. - If it is on a Cybernet system, we can put it
in as such. But mostly I think we're not dealing with
conversational computers. '
Schrenk: The Cybernet is not conversational and
doesn't have to be. Cybernet is bulk Fortran and
remote access. So I'm not talking APL. APL's another
system, but Cybernet happens to be the nationwide CDC
hookup with remote access so that you can maintain any
program you want in the system. :

Lee: Yes, that's one approach. But if you don't have
a Cybernet hookup and you have to go to Cybernet, you
might just as well go to the source rather than pay

 for time.

Schrenk: Well, but you don't. Cybernet nas an.

You don't have to get the punch
There's a source
deck zalled Cybernet Source and objéect decks there, or
maybe- Just object decks alone, and you're essentially
putting the input into the program. So it's like
walking into Sandia, for example, for MIRVAL, and

All you [must
do] is create the inputs and drop it into the hopper,
drop the proper cards in and use it.

Participant: Along these lines, if someone does -

- successfully transfer codes from one computer to

another, that might be valuable information to put in
the data bank. .
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Lee: That's a good suggestion. See how many codes
had been implemented in combination.

Vant-Hull: I don't believe you finished your list of
proprietary codes. For example, Black and Veatch?

Lee: Oh, yes. I assume it will be proprietary and
will not be released to the public.

Edward J. McBride, Black & Veatch: Black and Veatch
has never specifically considered the terms and
condition on which we would release the codes, either
for use as a sealed black box or as an open listing.
If there are serious prospective users, I would
suggest they call me at Black and Veatch. I will not
be the person who will make that decision. I don't
even know who will make it now, which is why I suggest
you call me, and I will make sure that within a day or
two I do have the name of the person at Black and
Veatch who will be making the decisions under what
situations our codes wowld be released. We're totally
flexible at the moment. It would probably be the
easiest code to transfer in the sense that a person

- can call Scientific Time-Sharing and get a user number

and through internal software modifi--not modifica-
tion--I just type the number into my machine, and you
can dial your local number and you can use the code.

I have to know your number, and I'll have to know your
log, but I just have to know what number you want to
load it onto, and I have to give you certain informat-
ion. And then you can call up and use it. So all
that's necessary is that we do it beforehand. There

.1s no possibility of converting the code to any other

system.

Lee: Let me ask a related question. Will you supply
all the information to Houston's code center, [in]
this form and give them a tape or whatever?
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McBride: I can't speak for Black & Veatch management,

‘but there are two chances of it happening--slim and

none. [Laughter] :

Vant-Hull: There's the intermediate level where you
might maintain your proprietary rights to it. Give us
documentation on it for users so that people can find

~ out by looking at our library whether they want to go.
~to your codes. »

McBride: That involves one small problem, and it's
Jjust whether there are potential users. We have not -
spent our time and money developing the type of
users' manual that someone not familiar with the code
would need to use it. Now every code has little
tricks. You remember not to put the heliostat loca-
tions at integer points, but you always add .00l
meters. Little things you Jjust remember. I mean
occasionally things happen. Our users' manual for
internal use enables me and the people that work with
me and for me to use the codes. But if they have a
little mistake, they can walk eight feet and say,
"Hey--I forgot." Unless there are serious prospective
users, 1 do not know whether we would spend our time
and money developing that manual. Obviously, the one
we have is near what you saw today.

Vant-Hull: Which is nearly enough for someone to
decide whether he would like to use your code. And
I'm suggesting, in that sense, that you heve-already

‘put this into a publication manual.

McBride: I'm sure something of'that‘nature can be

~ arranged with no problem.

Lee: How about Aerospace?

Laurence: Anything that we have, with the permission
of anything we might have gotten from: somebody else,
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would be available. Presently, we have a program that
has been specialized for use in the pilot plant
evaluations. So, primarily, it's got all the geome-
tries. The basic theory and operation of the program
is the theory shown by Ray McFee. That's the

[issue of] basic equations and fundamental techniques,

- and so forth. It has been changed a lot, expanded a
. Yot to-fit all the various geometries and the various

techniques -that have been advanced for the pilot plant
designs. But since it does contain Dr. McFee's
techniques and equations, and so forth, we couldn't

.- release it unless McDonnell Douglas said it was okay.

Vant-Hull: And then one might be better off getting

it from them, where it would not be specialized.

Laurence: The two versions are different. We've gone
our way, and he's gone his.

Lee: You know, in the future, if there are other
projects that are related to the pilot plant and a
prospective contractor wants to use that, I can tell
you, it remands to the public to be certain he can use
it. " No other comment on this area of proprietary
codes?

Yesterday afternoon, Lorin, Fred, Mike, and Steve

" 'Orbon and myself talked about code exchange. Our

problem involves code exchange, especially between
different computers. There are problems even between

~ the -same computers. The result of that conversation
"is that maybe there should be some kind of standard
- required of people who generate codes so that the

"portability" problem would be easier.

Lee: You-know there is such a thing as ANSI Standard
Fortran, which essentially all computers-can accept.

" Maybe, some people should try to use some kind of
- standard set of graphics, statistical packages etc.,
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for ease of exchange.

McBride: Most of the codes that we're talking about

here are not proprietary, with.development via ERDA
funding many of them. Isn't the problem not so much
developing a set of standards, but implementing one?
We've never developed a code that I know of at Black
and Veatch under ERDA funding, so I'm just a little
bit ignorant on this. But I personally. worked at
Boeing one summer, and I was writing some computer
software in Fortran for the Air Force, and I had a
rigid list of rules that I was required to comply
with. Is it possible that the rules have just not
been enforced, rather than needing rules?

Lee: There are no standard rules, for éxample at.
ERDA. I'm sure if you'd been in the Army, they might
have better guidelines. '

Laurence: I was wondering about the ANSI; is it
standard FORTRAN? If you stick to those rules, do .
most computers compile it?

Lee: Well, with some minor modifications.

Laurence: Because I invoked an option on our CDC that
tells me every statement I've got that's ANSI in--
compatible. And I got lots of comments. [laugater)
Unfortunately . . . I'm not sure it's very flexible

“because I sure like those little extras--format

stdatements and things like that.

Lee: T think this Is a very difficult problem, and I
just want to bring it up so anybody can say a few
words about it. People are constantly trying to

“exchange codes, and there's always a problem.

Lee: Is there any other area people would like to

‘discuss?
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Vant-Hull: I guess one more possibility is to say

- something about the insolation model that people use.

It may ‘be that it's impossible to convince everyone to
use the same insolation model, but, surely, it should
be possible to crank out the insolation model. . . in
most cases, anyway. I don't know that there is a
standard insolation model that we can agree on. If
someone thinks there is, I would like to hear his
suggestions. The model we use is a pure, clear air
which has no allowance for clouds or turbidity. . . .

Rfaz: I would say one kilowatt per meter squared at
all times. [laughter] : '

Vant-Hull: WeIl, I think that's what ERDA has done,
only they chose. 950 watts/m“ to confuse the issue.

But for optimization that's unrealistic because you
clearly don't get that when the sun. is variable in the
sky. What we do is also not completely realistic.

Lee: 1Isn't there a one year data tape from China. Laké

“that we can use for direct insolation? Is one year

enough? It's better than none.

Vant-Hull: But the Aerospace insolation tapes. are
made up by picking a year of horizontal data at
Inyokern and trying to figure out how to get direct
beam data from that. So I think that's probably even
less good than the year's data that has been obtained

‘recently at Barstow.

Lee: Well, I guess we don't really want to talk about
realistic data. _ -

Laurence: I disavow all knowledge of those Aerospace
tapes. ’

Lipps: I object strongly to using real insolation
data, as data for any one year is totally spurious.




PROCEEDINGS--SOLAR WORKSHOP |

:Participant: I think the Inyokern tapes, for example,
* have very low insolation for winter. There are nonths

there with essentially no direct beam sunlight, but

" there's your problem.

MLippS: ‘'The only thing that you can do which is better

than idealized insolation, is [provide] well-founded
correlations. For instance, if you know very well
that at the site you have problems in the winter, you

~ought to put it in; but, if you don't really know what
‘the correlations are, then you really ought to use an

idealized insolation. Now, there are two ways to get
that: you either get it out of the astronomical people
who have good air measurements that are smooth to
begin with, or you take . . . a lot of data and smooth

~it out statistically. The kind of data that we need

nowv--direct beam--there isn't enough of. There surely
isn't enough that's been looked over well enough that
the "glitches" are all out of it.

.Lipps: There's getting to be quite a bit of direct
" beam data accumulated. But putting that in a format

where I think anyone would be happy with using it
other than to crank through the performance of a
typical year of a particular power plant, if that

‘should be a requirement, would be a lot of work.

Lee: There are TDF 1k tapes with a horizontal sensor,

“and we use that with an accurate model to come up with

at least a whole stream of direct insolation. That
would mean everybody uses the same thing and that's
impossible.

Participant: That requires you to run.your simulation
routine for every hour of every day of the year before
you can use that. :

lLee: That correlation is very cheap. There are cloud

covefs, ete., that can be involved in a standard
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correlation. Any other comments?

McFee: I think you have a similar situation impressed
on this circumsolar radiation as well as the atmos-

- pheric attenuation in the intermediate path between
heliostat and receiver . . . not as significant as the
insolation period. . However,; we do need to use them in

“any model of precision, and that needs to be stand-
ardized to some degree, perhaps.

Lee: Right.

“‘Laurence: As I've heard various papers, I've heard
people who -are taking into account different effects.
- Some ‘people neglect this; some people are taking this
into account; some people get concerned about dif-
ferent things. Very few of us have gotten it all in
‘there, and I'd like to encourage everybody to write up
©_ those specialized aspects. I don't know how we'll
disseminate that kind of information, but it would be
very useful material to other people. I'm talking
about things like wind deflection effects and special
" -gtudies. And I krnow a lot of people are going to be
modelling -the circumsolar effects. Again, that varies
- an awful lot, too, and I don't know how that‘s going
to be dene.

AHon Hunt, Lawrence Berkeley Laboratory: Right,
Berkeley is working very hard on that problem and will
"come up with some specific answers designed for appli-
cations such as ours.

"Lee: IBL will come out with tapes, data tapes, that
‘we can get or card decks that you can get and go off

and use. it as a standard.

Laurence: Yes, but I agree with Fred that with the
- computer programs we're going to need models.

- ————



13. The publication of an aperiodic newsletter to in—-A

volved and interested personnel and firms.

ik, Problems in studing stochastic data in the analysis .-

of flux distributions; problems in determining the

effects of systematic or stochastic processes on .

flux distributions and on overall system perfor-

mance.
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Lipps: Well, anyhow, I'd started a checklist, and the
circumsolar is an item that's not in there, and I can
put it in. [laughter] And you're welcome to return as
many ideas like that as possible. That's the reason
we can update the things like this catalogue. Of
course, it won't be any good unless we mail it out
often enough . . .and I don't know about that.

Hunt: I think the first thlng is o get people that
look at our circumsolar date tc make any comments they-

 are willing to make. And I think we can attempt to

update this once within a few months and get it out
and then consider where we go from there

Lee: Again, I tkink an idea of an aperiodic news-
letter is the best thing. Anytime you feel you're
comfortable, you send out some information. - You send
it to everybody.

Vant-Hull: For example, the bibliography that people

"send us--bibliographic lists--we can compile after a

while, and [when] we seem to be not getting many
anymore, either send it out or send a note that we

_have it available for anyone who asks for it.

Lee: I think that is a great thing for information
exchange, and I think we should try to encourage
everyone to try and do that. Concentrate information
like the bibliography and other information like that
[in] Houston, and Houston, in turn, can distribute it.
Any other area?

John ‘D.- Reichert, Electrfca] Engineering.Department,

Texas Tech University: I'm kind of curious what the

state of the attitude is toward the kind of stochastic

data that you have in.the distribution inside a re-
‘ceiver where you're trying to interface wita the guys

who've got to pick up the light and absorb it and
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and get it to the fluid, and they, for some reason or
other, didn't care what the distribution is either on
the outside or on the inside of the receiver.

Lee: You're talking about the Flux distribution?

Reichert: Yes. The guy after us [who] has to get it
into his fluid. Some Sins in computing the optical
distribution are forgiven by the thermal transfer.
The fluid doesn't care about some of these things,

- but we have various deploys and presences of winds

and this deploys them a little bit. And then there's
a stochastic kind of error that has to do with the
specs. that we met when we put the mirrors up. So
there's a kind of uncertainty involved when we predict
a concentration distribution. I think that before we

‘build the system, we would: like to estimate what is
-the likelihood that the specific system that you

build, trying to represent this idealized case, will

. actually give a distribution that looks like the one

we expect. .Now, the methods T think-people are using
are of two kinds: [1] Some people try to blame it

-on the sun and speak of an effective sun size.

That's largely when the wind rattles the rig a little
bit, so that it's just sweeping the sun back and

-forth a little bit in that particular element and you

try to blame it on the sun . . . and it's kind of
like the sun is bigger in the sky. And then you need
some rule of thumb for how much bigger and what kind
of wind or how much bigger and what kind of tolerance
in the specs or how much bigger and what kind of work
crew you've got to set them up. [2] The other kind
of philosophy would be to assign some kind of g

" . priori probability distribution function and then

attempt to do an expected concentration and, maybe, =~

- moment of that concentration. . . and [estimate] what
kind of shape‘. . . the world [is] in in that situa-
tion. )
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Lee: I don't know; it depends. I think the heat
transfer people would probably be happy to discuss a
flux map--a single average map. I don't know anybody

"who has given that much thought to the probablllty of

dlstrlbutlon

Vant-Hu11:4 Well, one can do some worst case things.
For example, with the wind, rather than putting it in
stochastically, you could say the wind is blowing from .

the north and every heliostat deflects . . . . What
. does that do to the location of the flux zone or the
peakedness of the flux?.

Reichert: 1It's hard, Lorin, to know what wcrst case
is. - The wind blows and redistributes the flux in the
peak, and the thermal guy says, 'Great, that spreads
the flux over a bigger transfer area.". . .  It's a
little hard to judge what worst limit is in these
things; performance is so many codes downstream from
the optical concentration code that you've got to talk
to three guys later down to find if that change in the
distribution hurt themn.

Vant-Hull: But you can find out how big the change is.
Lee:; Get an estimate. I don't know.

Rejchert: I think there's a lot to be said if you can -
get some kind of correlation just for oversizing the
sun a little bit . . . say, if the disc of the sun is
bigger than it really is. That's simplest of all wrong
methods, and I think that one has a lot to:be said for
it.

- Lee:  That's one way . . . one experiment we can do.

Reichert: Yes. I think we can use that method, and I
think a number of people in the room have done so.
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lee: Well, if there's no other comment then, we'll
close the meeting and everybody's free to organize his
own discussion group and continue from there. And
again, I thank everybody for participating. I'd also

“'like to thank the Houston people for organizing this
[workshop]. ‘

The transcription. of the discussion has been edited
to retain essential dialogue.

A complete record of the discussion is available on
two cassette tapes at a cost of $8.00 for the set.
Tapes may be ordered by writing to: .

" Coordinator, Solar Workshop

. Solar Energy Laboratory 105 EOA
University of Houston
4800 Calhoun Road
Houston, Texas T7004

Responsibility for editing the discussion rests
with the Coordinator of the Solar Workshop on

" Methods for Optical Analysis of Central Receiver
Systems.
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George Schrenk, University of Pennsylvania
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Mike Walzel, University.-of Houston
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Fred Lipps, University of Houston

‘ABERRATIONS, APERTURE EFFICIENCY, ETC., FOR THE

SMW TEST FACILITY HELIOSTAT
Walter Hart, Martin-Marietta

LUNCHEON - (RECONVENE AT 1:00 P.M. in SOLAR' ROOM)

PRESENTATIONS AND DISCUSSIONS WILL BE RECORDED ON AUDIO CASSETTES. CASSETTES WILL
- BE AVAILABLE FOR PURCHASE. DETAILS WILL BE ANNOUNCED AT THE WORKSHOP.




ERDA

1977

WORKSEOP ON METHODS FOR OPTICAL ANALYSIS OF CENTRAL RECEZIVER SYSTEMS

ORGANIZED BY THE SCLAR ENERGY LABORATORY
UNIVERSITY OF HOUSTON

AUGUST 10-11, FOR SANDIA LABORATORIES--LIVERMGRE
SCHEDULE WEDNESDAY, AUGUST 10, 1977
1:00 P.M. - 2ND SESSION--HELIOSTAT ARRAYS

'SOLAR ROOM--180

2:00 P M.
SOLAR ROOM-—18O

3:00 P.M.
SOLAR ROOM--180

3:15 P.M.
SOLAR ROOM--180

3:45 P.M.

SOLAR ROOM--180 :

4:15 P.M. ,
SOLAR ROQOM--180

5:30 P.M.

6:30 P.M.

FRONT ENTRANCE.

- Frank Biggs and Charles Vittitoe,

Roy Lee, Sandia Laboratories,'Livefméré_(Chairman).

ANALYTIC CALCULATION OF CENTRAL RECEIVER FLUX
Mahmoud Riaz, Unlver51ty of Minnesota

CENTRAL RECEIVER OPTICS
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PROCEEDINGS--SOLAR WORKSHOP

- TAPED PROCEEDINGS

Cassette tape recordings arenavailablelof the com-

plete proceedings of the ERDA Solar Workshop on

| Methods for Optical Analysis of Central Receiver

'Systems, Organized by the University of Houston Solar

Energy Laboratory for Sandia Labofatories,'Livermore,

;August-10-11, 1977. A complete set of fourteen -90-

minute tapes may be purchased at a cost of $56.00. -
Tapes bf individual papers may be purchased at a cost
of $4.00 each.

Write:

Coordinator, Solar Workshop
Solar Energy- Laboratory--105E0QA
University of Houston

Houston, Texas 77004
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