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ABSTRACT 

The Ratio of Solid Angles <ROSA) computer code was developed as 

part of the Crosbyton Solar Power Project <CSPP> for calculation 

of optical power concentrations due to reflection from a 

spherical segment mirror. It was developed primarily in support 

of Department of Energy Contracts DE-AC04-76ET20255 and 

DE-AC04-83AL21557. This report provides technical information 

about the ROSA code. 

The CSPP is concerned with the development of a technology for 

producing electric power from steam generated by reflection of 

the sun's rays from a fixed-mirror solar bowl onto a tracking 

receiver. In this system, the receiver is cantilevered and 

pivots about the center of curvature of the mirror. The ROSA 

code gives optical power concentration ratio profiles at points 

along the receiver surface. 

The ROSA code is written ·for a spherical segment mirror and the 

rim angle of the mirror is an input variable. Orientation of the 

axis of symmetry of the bowl is specified in terms of a 

vertical-east-north coordinate system. Location of the sun 

relative to this coordinate system is also an input variable. 

Shading and rim cutoff effects are automatically included in the 

computation. 

The code permits any convex surface of revolution as a receiver. 

Normally a cylinder or a cone would be used. For optimum energy 

capture, the axis of the receiver should lie along the from the 

center-of the sun through the center of the bowl. However, 

tracking errors can cause misalignement of the reciever axis with 

this line. The code handles such misalignment in terms of 

misalignment angle input parameters. 
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This report consists of two parts, a technical reference manual -

and a user's guide. The reference manual provides the background 

material and derivations necessary for the implementation of the 

code. Computer listings for ROSA are also included in the 

reference manual. 

The user's guide contains an explanation of the input data for 

the program, special user supplied subroutine requirements, a 

discussion of the output data, sample output and graphs of sample .. 
concentration profiles. Sample BOILER subroutines are given for 

a right circular cone and a right circular cylinder boiler. A 

sample RIM subroutine is given for an alternate rim shape. 
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ROSA TECHNICAL DESCRIPTION 

Introduction 

The Ratio of Solid Angles <ROSA) computer code was developed as 

part of the Crosbyton Solar Power Project CCSPP) for calculation 

of optical power concentrations due to reflection from a 

spherical segment mirror. It was developed primarily in support 

of Department of Energy Contracts DE-AC04-76ET20255 and 

DE-AC04-83AL21557. This report provides technical information 

about the ROSA code. 

This report consists of two parts, a technical reference manual 

and a user's guide. The reference manual provides the background 

material and derivations necessary for the implementation of the 

code. Computer listings ROSA for the code are also included in 

the reference manual. The user's guide contains an explanation 

of the input data for the program, requirements for BOILER and 

RIM subroutines, a discussion of the output data and sample 

output. Sample BOILER subroutines are given for a right circular 

cone and a right circular cylinder boiler. A sample RIM 

subroutine is given for an alternate rim shape. 

In the CSPP solar bowl concept, incident solar energy is focused 

onto a tracking receiver by the spherical segment mirror. The 

solar focal region of a spherical segment receiver is the 

frustrum of a cone. The vertex of the cone is at the center of 

curvature of the mirror. The axis of the cone lies along the 

line through the center of curvature of the mirror and center of 

the sun. The vertex angle of the cone is equal to the angular 

diameter of the sun. The frustrum is one-half the sphere radius 

in length, extending from the mirror surface half way to the cone 

vertex. 

1 



The tracking receiver is cantilevered and pivbts about the center 
of curvature of the mirror. It is perfectly aligned when its 
symmetry axis points directly toward the center of the solar 
disk. For a perfect spherical mirror, the optimal receiver shape 
would be the frustrum of a cane, with vertex angle equal to the 
angular diameter of the sun. However, for imperfect mirrors, a 
cylindrical receiver is nearly as effective and is cheaper to 
manufacture. Maximum solar energy is captured at noon and, 
because the mirror is fixed, the power entering the bowl aperture 
decreases according to the cosine of the inclination angle of the 
sun (angle between the sun and the bowl symmetry axis) at other 
times during the day. 

In order to fully describe the optical power concentration 
profile along a receiver, it is necessary to consider several 
geometrical and physical factors. The size of the bowl aperture 
determines the maximum amount of incident energy available to the 
system. However, as the inclination angle of the sun increases, 
shading and vignetting effects are seen on the receiver. In 
addition, misalignment of the receiver effects the optical power 
profile. Finally, the shape of the receiver itself must be 
considered. All of the above complications are effectively 
handled in the ROSA computer code. 

The Ratio of Solid Angles formulation yields an analytical 
formula for the solar concentration ratio at a field point, Q, on 
a receiver surface. The result is in the form of a sum of 
integrals, where the region of integration for each integral is 
described by a solid angle. Rays strike the receiver after 
reflecting one or more times from a mirror surface, and the 
integration regions can be described as the collection of all 
directions from which reflected rays strike the receiver at Q. 

This formulation is applicable to concentration calculations for 
general reflecting surfaces and general receiver shapes. 

2 
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However, for the solar bowl technology associated with the CSPP, 

it is sufficient to consider a spherical segment reflecting 

surface and a receiver/boiler that is a convex surf~ce of 

revolution. The ROSA code is implemented for such shapes. 

The technical reference manual portion of this report consists of 

several chapters. The first chapter gives a derivation of the 

model. The results are due to Reichert and Brock [1,2] and yield 

an integral expression for the concentration ratio at a receiver 

point due to reflection from an arbitrary reflecting surface. 

Chapter 2 is devoted to deriving the necessary formulas for 

evaluation of this concentration ratio integral for the case 

where the reflecting surface is a segment of a sphere. Multiple 

reflections, rim cutoff and rim shadowing effects are also 

accounted for in these derivations. Several coordinate systems 

are introduced in Chapter 3 in order to account for the 

geometrical relationships between the sun, collector, and 

receiver. Chapter 4 discusses the numerical solution of a family 

of "structure relations" that must be solved in order to evaluate 

the concentration integral. A description of the ROSA code is 

presented in Chapter 5 and a complete listing of the code is 

given in Appendix A. Alternate rim shapes are discussed in 

Chapter 6. 

3 



1. JHE RATIO OF SOLIO ANGLES FORMULATION 

Introduction 

The original formulation of the Ratio of Solid Angles Method was 
due to Reichert [11. A very complete discussion of the model was 
given by Brock in his disertation [21. The material appearing in 
this chapter follows his presentation very closely and is 
included in this report for the sake of completeness. 

The Solar Model 

When viewed from earth, the sun appears as a disc with some 
distribution of light across its face. The effects of its 
spherical geometry can be lumped into the intensity distribution 
over the apparent flat disc. In describing the light from the 
solar disc, it is useful to take advantage of some of the 
terminology and concepts of the metrologies of photometry and 
radiometry. Terms will be defined as used. 

Consider a spherical source viewed from a point Oas illustrated 
in Figure I-1. The radiant exitance, M <emitted power per unit 
area) of the source will be considered to be uniform, 

M = 
PT 

AT 
(1-1) 

where PT is the total power emitted from the source and AT is 
the total surface area of the source. The radiance vector, e, 
(radiance is power per unit area per steradian>, is 

• • 
L = M B<fi,e5 ,~5 >ns < I-2> 

where B<0,65 ,~s> is the radiant brightness distribution which in 
general depends of the position <es,fs> on the sun and the solid 

4 
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-angle n. The usual radiance that occurs in radiometry is 

(1-3) 

where ~OE is the unit vector in the direction of the observer. 

If the solid angle emission characteristic is uniform everywhere 

on the source (isotropic) then 

L = B <ll> cos <X • (1-4) 

The radiant brightness distribution, B<fi>, is normalized so that 

I I B(fi) cos <X dfi = 1 (1-5) 

If the radiant brightness B(fi) is constant for all fi, then 

B<fi> = 1/n (1-6) 

and the source is a Lambertian radiator. The radiance Lis then 

proportional to the cosine of the angle, <X, between the direction 

to the observer and the surface normal to the source su~face. 

This is known as Lambert's Law (cosine law) and the source is 

said to have uniform brightness. 

The quantity of interest is actually the power per unit area per 

unit solid angle (irradiance per steradian> that passe~ through 

an element of area on the earth. This element of area is 

oriented so that its normal lies along the direction to the sun, 

~s. An element of area on the sun dA illuminates an element of 

area dA at the earth which subtends the solid angle 

= dA_ ~. ~ 
2 s fis 

J. I 
<I-7) 

.hen viewed from the sun along direction ~fiE as illustrated in 

s 



en 

dA 

t, 
- i\ 

L 
2., 

I I --= -
e 

-• __:n,. 
i. 

sino=d/L 

.. 
n 

s 

dA 

Solar 
Sphere 

Figure I-l. Element of Area dA on Sun Illuminates Element of Are~ dA on the earth. 
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Figure I-1. The power received at dA is 

PT dA 
= (---- B(fi)cos«><---- cos~)dA 

AT 1'2 

The area on the sun dA subtends a solid angle 

dA 
= cos« 

when viewed from the earth. The power passing through 

dA becomes 

PT ~ dA 
= <---- B<fi> cos~><---- cos«>dA 

Ay 1 ,2 

where 

< 1-8) 

( 1-9) 

(1-10) 

(1-11) 

is the received radiance vector at the earth. The irradiance at 

dA from solid angle dfiA is 

dP __ Q_ ( 1-12) 
dA 

The total irradiance from the entire sun is 

= J J < 1-13) 

Os 
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- B(w,~> cos~ sin~ dw d~ 

For an isotropic Lambertian source, B<n> = 1/n and 

The incident radiance I 1irradiance per solid angle) can be 

written as 

I 
I = ___ g __ 

nsin2 CT 

cos 'f 

where 

The radiance of the source in this case is 

<I-14> 

(l-15) 

I 
L = ---0 -- cos« <I-16> 

nsin2 cr 

It is interesting to note that when the source is Lambertian 

(follows the cosine law) it produces an incident radiance vector 

~E which produces an incident radiance that follows a cosine 

law at the point of incidence.· Emission and reception are 

isotropic in the same sense. 

Few sources are truly Lambertian and the sun is no exception. At 

optical wavelengths, the sun appears slightly less bright at the 

limbs, an effect called limb-darkening. <It is interesting to 

note that at much longer wavelengths, this effect is reversed and 

limb-brightening occurs.) 

radiance I becomes 

In such a case, the incident 

I = -------------
--. .,.. -tw .... 

B<~> cos~ sin~ d~ 

8 

(1-17) -
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... 
since B<O> depends only on~ for limb-darkening effects. 

However, the limb-darkening effects are slight, so considering 

the sun to be a Lambertian source is a useful model. Since the 

sun is so far away, u is small <a= 0.267°> so that 

... 
COS'f' = 1 

1 1 
sin2 i > 1 - a2 = 1 

2 2 

In this case, the incident radiance can be modeled as 

I I= __ g __ 

lls 

where 

... ... 
= si nlf' dw dlf' 

= 411' sin2 (u/2) 

< I-18) 

<1-19) 

< I-20) 

Eq. I-19 is the constant irradiance for solid angle model for the 

sun. 

The solar model for the radiance given by Eq. (l-19) will now be 

used to obtain the general expression for the optical power 

concentration. However, it is only used for convenience and it 

will be shown how it can be replaced by the general model of Eq. 

<I-17>. The results displayed in Chapter II are based on the 

model of Eq. (l-19) simply because the limb-darkening effects are 

so small. 

9 



-Generalized Optical Power Concentration 

The optical power concentration, C, at a point on a receiver in a 
collector system is defined to be the ratio of the total optical 
power per unit area (irradiance) received at that point to the 
direct irradiance at that point. The direct irradiance is that 
optical power per unit area (normal to the earth-sun line) 
received by the collector aperture. If an area ·A"R at a receiver 
point is illuminated by the area AAA in the aperture plane then 
the total power received at A"R is 

IoAAA 

where 10 is the direct irradiance in the aperture plane. The 
total irradiance at the receiver point is 

so that the concentration is 

C = ------------ = ----- (I-21) 

The concentration is simply a ratio of areas, but AAR depends not 
only on ~AA and the location of the receiver point, but also on 
the shape of the collector mirror. To carry this method of 
analysis further requires specification of the collector shape, 
but this approach serves to illustrate the definition of 
concentration. 

Consider an element dA of receiver area with local "'outward" 
surface normal,~, located at q in the neighborhood of a 
mirror surface as indicated in Fig. I-2. Light from the sun 
reflected to dA through the differential of solid angle dfl may 
be considered to come from a patch of area dS in a plane tangent 
to the mirror. The image of the entire sun in the same tangent -
plane subtends the solid angle Os parametrized above. The 
differential of irradiance at dA through dfi is, therefore, 

10 



-

Su"'M 

Figure 1-2 -

-+ 
b 

-+ 
dO • v sin6 dBlw 

Section of Generalized Mirror 
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-• • 
di = 1 dfi•b • < I-22) 

with the requirement that drt·d > 0 for illumination only on 
the outward side of dA. The differential of optical 
concentration• at dA is the di.fferential irradiance divided by the 
input solar intensity, 1

0 : 

The optical concentration, then, at dA is 

• • • • 
C<q,b) = for b•dfi > 0 only, 

<I-23) 

<I-24) 

where flM is the apparent solid angle of the entire sun as viewed 
in the mirror. For a concentrating mirror, one finds nM > fls-

Light in a differential of solid angle will always consider the 
reflector to be locally flat; i.e., will reflect repeatedly as if 
from the local tangent planes. Thus the expression Eq. 1-24 may 
be used in the presence of multiple reflections in the mirror by 
separating and adding the contributions from light that has 
reflected n times: 

• • • • 
C(q,b) =~Rn Cn<q,b) 

n = J I <I-25) 

Mn 

The solid angle nMn 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 in Eq. 1-25 to account 
for reflective losses. The factor R ,must be kept inside the 
integral if one wishes to include angle of incidence effects. 
Similarly, if the wavelength dependence of the reflectivity is o. 
interest, one must add an integral over W<A>dA to the form shown 
in Eq. 1-25, where W<A> is a spectral density weight. 

12 
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If one wishes to use an effective sun size un that depends upon 

the number of reflections, then ~s should be expressed: 

<I-26> 

and included inside the summation shown in Eq. I-25. Policies 

for selecting un are discussed in [2]. 

The next few chapters of this report will be devoted to 

evaluation of the concentration ratio integral given in Eq. I-25. 

The discussion will be limited to spherical collectors and 

receivers which can be described as surfaces of revolution. 

-
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2. OPTICAL POWER CONCENTRATION FOR SPHERICAL SEGMENT MIRRORS 

Introduction 

The optical power concentration, C, at a point on a receiver is 
defined to be the total normally directed optical power per unit 
area ieceived at that point. In the ROSA code, C is normalized by 
dividing by the direct normal insolation incident upon the 
receiver. The resulting dimensionless quantity becomes a 
concentration ratio expressed as "number of suns." 

The ROSA method deals directly with a finite sun. The sun's size 
is expressed in terms of an angular radius, u. Direct sunlight 
received at a point is viewed as a collection of rays lying 
inside a right circular cone with vertex at the receiver point Q 
and vertex angle 2u. 

The ROSA formula for the concentration ratio, C, at a receiver 
point, Q, due to reflection from a mirror surface is given by the 
integral 

where, 

• • 
CCq,b) = • • • • 

b•dfl, for b•dfi > O, (11-1) 

q = the vector locating a field point Q on the receiver with 
respect to a convenient coordinate system; 

• 
b = the unit outward normal to the receiver at Q; 
n = the number al times a ray has been reflected on the 

mirror before striking the receiver at Q; 

14 



- 0
5 n = 4~ sin2 <un/2), th~ effective solid angle of the sun as 

viewed directly from the field point Q; 
un = the effective angular radius of the sun to be used for 

light which reflect& n times on the mirror (for a 
perfect mirror un= u>; 

OMn = the apparent solid angle of the sun as viewed in the 
mirror from the field point Q from light which has 
reflected exactly n times; 

R = the reflection coefficient of the mirror surface; 
0 ~ R ~ 1; 

and, 

• 
dO = differential solid angle directed toward the apparent 

position of the sun as viewed in the mirror; i. e.,the 
oriented element of surface area on the unit sphere, 
with unit outward normal. 

In order to apply Eq. II-1, a convenient parameterization of the 
solid angle is required. Thus, the receiver and mirror shapes 
must be specified. As illustrated in Fig. II-1, the mirror to be 
studied is a concave hemispherical segment of radius Rs and rim 
angle 6R. The center of curvature of the mirror is at C and the 
axis of symmetry of the spherical segment is along the direction 
• • 
A. The unit vector A is directed from C away from the mirror. 

• The rim angle 6R is the zenith angle <measured from the -A 

direction> of the circular aperture rim of the mirror. The 

aperture radius is RA= Rs sin &R, in units of Rs. In the 
discussion to follow, it is convenient to normalize all units by 
dividing by the radius of the spherical segment mirror. Thus, the 
mirror will always be taken to have unit radius of curvature. 

-
15 
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~he receiver to be studied is assumed to be a convex surface of 

revolution. The symmetry axis of the receiver lies along the unit 

• • 
vector zR. The vector q,.locating a field point Q on the 
receiver surface, has origin at C. The unit outward normal to 

• 
the surface is denoted by v and originates at Q. The receiver 

is suspended from C and hangs ~own into the mirror surface. The 

mirror-receiver geometry is illustrated in Fig. 11-2. 

A parameterization for the integral given by Eq. 11-1 is obtained 

by introducing a local x, y, z coordinate system with origin at 

the field point Q. As shown in Fig. 11-2, the z axis lies along 

the line_segment CQ and the positive z direction is directed 

downward. The directions of x and y will be specified later. The 
., 

integration is to be carried out over the solid angle nMn· Using 

spherical coordinates, Eq. Il-1 can be parameterized in terms of 

a zenith angle 8 measured from the positive z axis and an azimuth 

w measured from the positive x axis, so that, 0 i Bi 1T and Oi w 

i 21T. Then 

• • • 
dfi = v dfi = v sin 8 c:18 dw. 

Thus, Eq. II-1 can be written 

• • 
C<q,b) = 'C' -B~- J J (b•- v• > s1· n ° d 0 d•-• ,L IP IP ""t 

n fisn 
nMn 

• 

• • 
b•v > 0. 

The unit vector y designates the direction of a ray which 

<I 1-2) 

• 
reaches Q after n reflections from the mirror. The vector v can 

be expressed in terms of its components in the xyz coordinate 

system as 

• 
V = (sin 8 COS w, Sin 8 sin w, COS 8). 

-
17 
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unit surface normal to the receiver will have components of 

the form 

so that 

• • 
b·v = <bxcos w +bysin w)sin B + b 2 cos B (ll-3) 

Substitution of Eq. 11-3 into the integral in Eq. 11-2 allows the 

integral to be expressed as an iterated integral. From a 

computational standpoint, it is convenient to carry out the 

integration by first integrating one, followed by integration on 

w. The concentration formula then becomes 

• • Bn • • 
CCq,b) = ! - -- C Cq b) 0 n ' , 

sn 

where, 

Cn<~,~> = f f {(bxcosw+bysinw>sin2 B+b2 cosBsinB}dfklw 

w B<w> 

(11-4) 

The above integral gives a very simple formula for the 

concentration ratio at a receiver point. The difficult part of 

the integration arises in determining the region of integration, 

i.e. describing the solid angle consisting of all directions from 

which reflected light reaches the field point Q from the mirror. 

The complications for a given order of light (fixed n) arise from 

• • 
(1) the limitations on 8 and w necessary to insure that b•v > O; 

(2) the finite size of the sun; 

(3) aperture cut-off effects: vignetting and shading. 

The next several sections of this report will be devoted to 

handling these difficulties. 

-
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• • -THE CONDITION b•v > O. 

• 
In this section we derive the conditions on wand p that insure 

• • 
b•v > O. Using Eq. II-3, this condition can be written as 

(II-5) 

There are three cases that must be considered. 

Case 1: 

In this case, the tangent plane to the surface at the field point 

g contains the z axis of the local coordinate system. Eq. II-5 

then can be written in the form 

cos<w - «) > O, <II-6> 

where cos«= bx and sin«= by, and w € CO, 2nJ. 

Case 2: 

It is convenient to set b~Y = b~ + b~. Then 

bx cos w + by sin w = bxy cos<w - «> 

where,« is defined by the conditions that bx= bxy cos«, and 

by= bxy sin«. Eq. 11-5 then becomes 

or, 

where, 

bxy cos<w - «>sin P + bz cos P > O, 

D<w> cos<P - t> > O, 

D2 <w> = b 2 cos2 <w - «> + bz 2 , xy 

20 

w € co, 2nJ, 

(11-7) 

-



- and,~ is defined by the conditions 

-

D<w> cos~= bz, D(w) sin ( • bxy cos(w - «>. 

Case 3: 

Eq. II-5 becomes bz cos 8 > O. If bz = 1, then this condition 

requires that O ~ S ~ n/2, while if bz = -1, then n/2 ~ 8 ~ n. If 

we set ( = 0 when bz = 1 and~= n when bz = -1, then Eq II-7 

still applies provided we set«= O. 
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The Structure Relations 

The location of the sun is determined by a unit vector, as, 

pointing from C to the geometrical center of the sun. Because 

the sun is very far away, light from a region on the solar disk 

very near the center may be considered to come to the dish 

aperture as a uniform distribution of rays moving in the 

direction, -as. Other locations on the solar disk may be 

specified by a family of unit vectors as' , pointing from C 

toward the solar disk, as illustrated in Fig. II-3. This family 

-

of "sun directions" forms a cone with vertex at C with semivertex 

angle, u, equal to the angular radius of the sun. 

The extension of these directions through toward the mirror 

defines a cone called the "sun cone." The sun cone is a family 

of directions locating distant differential sources of solar 

input power. The direction a 5 is called the axis of the sun 

cone. the x' and y' axes shown in the figure are parallel to x 

and y, respectively, but pass through C as origin instead of Q. 

These axes will be of use later. 

For any one of the directions as' in the sun cone, the angle, P, 
of the light received at Q may be determined as a function of the 

angles, and e illustrated in Fig. II-4. This figure illustrates 

the ray plane for light that can reach Q from sun direction ~5 '; 

i.e. C, Q, and the differential source on the sun located by 
• I es are coplanar and the ray lies in the plane determined by 

these three points. 

The angle 6 is called the "impact zenith" of a ray that first 

strikes the mirror at a point of impact P and eventually reaches 

• s'andA the receiver surface at Q. Note that 6 is measured from e • 

that both the value of and the orientation of the ray plane 

22 
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- depend upon the orientation of ~5 ' in the sun cone. 

-

The angle 'I' is a zenith angle for -~5 ' as measured from the z 

axis through Q. The zenith of the sun cone axis, the angle 

between z and c-as >, is designated ~o- The value of~ in the 

ray plane depends upon the orientation of a5 ' in the sun cone. 

The parameters 'I' and e are the mechanism for describing the shape 

of the receiver and the shape of the mirror. The values of 'I' at 

various q determine the shape and location of the receiver 

surface. The corresponding values of e are essential to the 

description of the mirror shape and location. The relationship 

between these shape parameters and 8 is given by the "structure 

relations": 

8 = 2n e - 'I' - c n-1 > CI I-Ba) 

and 

sine = q sin f3 • CI 1-Bb) 

The structure relations are easily deduced from Fig. II-4, drawn 

for n = 2. They are obtained by considering the-triangle CQP1 • 

Eq. II-Ba is the measure of the angle at the vertex C for this 

triangle and Eq. 11-Bb. follows from an application of the law of 

sines to this triangle. As a convention, if, for any reason, Q 

and the point of ray impact P lie on opposite sides of the axis 

~S, then the angle 'I' from q to <-~5 ' > is assigned a negative 

sign. One may easily verify that e and 8 remain positive and that 

Eqs. 11-8 are still valid in this situation. 

The impact zenith can be eliminated from Eqs. Il-8 to produce 

8 = 2n Sin-1 <q sin8> - 'I' - <n-t>n. (11-9) 

This equation plays a central role in determining the limits of 

integration in the integral appearing in Eq. 11-4. A detailed 

discussion of the solutions of this equation will be given in a 

later section. Graphs of 'I' versus 8 for various values of q will 

25 



also be given. It will be shown that for given values of n and 

Eq. II-9 may have more than one solution, B. With some ray 

tracing, one finds that, typically, there-are two values of e 
(and, hence, two values of B> that contribute light at Q when~> 

O, but only one value of e (and, hence, one value of B> that 

contributes when~< O. A subscript i = 1, 2 will be attached to 

B to distinguish the various solutions of Eq. II-9 for given 

values of~ and n. Thus, if there are two solutions, a1 will 

denote the smaller and~ will denote the larger. 

26 
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Effects of Finite Sun Siz@. 

It should be clear from the discussion above that contributions 

at Q come from a range of values of e and o/ produced by moving 
... I the vector es throughout the sun cone. Due to this effect, for 

each win Eq. II-4, one may find a range of values of o/ locating 

sun axes, ifs' , lying in the plane of constant w. Such a range 

of values for,, when used in Eq. II-9 determines ranges of 

values for the s. The set union of these ranges of values of the 

Si is, for the specified w, the range of S integration required 

in Eq. II-4 to account for finite sun size. As will be described 

later, this range of integration may be reduced because of "rim 

effects." 

The range of values of o/ mentioned above is, of course, 

non-existent if the constant w plane does not intersect the sun 

cone. If it does intersect, then the algebraically smallest and 

largest values of permitted o/ are designated,_ and o/+, 

respectively. Fig. II-5 illustrates a case in which Q lies 

inside the sun cone. As may be seen in Fig. 11-2, by definition, 

the points C and Q lie on the plane of constant w (because w is 

measured about the CQ line, i.e., about the z axis>. Thus, the 

dashed lines marked by o/_ and o/+ are coplanar with CQ and a ray 

plane is defined whose contributions will be received at Q as it 

is located (as in Fig. ll-4) by a range of values of o/ from o/_ to 

o/+-

o/± are always measured from the z axis. The positive direction is 

taken to be opposite that of ~. Thus, in Fig. Il-5, ~- < 0 and 

o/+ > O. This will always be the case when the field point Q lies 

inside the sun cone. If the field point Q lies outside the sun 

cone and thew plane intersects the sun cone, o/+ and o/_ will have 

the same. sign. In particular, if ~ is directed away fro_m the sun 

cone, then both will be positive, while if ~ is directed towards 

the sun cone, both will be negative. 
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Figure 11-5 The· Intersection of a Constant w Plane 
with the Sun Cone 
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The formulas for 'I'+ and 'f'_ can be obtained from a detailed 

consideration of the geometry for thew plane-sun cone 

intersection. The analysis is carried out using spherical 

trigonometry. The appropriate spherical triangle is shown in Fig. 

II-6. The law of cosines for spherical triangles gives 

cos Un = cos "'o cos 'I'+ + sin "'o sin 'I'+ cos w. <I I-10) 

Setting 

D 
✓ 

cos2 sin2 '1'o cos2 w = 'f'o+ ' 

Eq. II-10 can be rewritten as 

cos('f'± +~>=±[cos unJ/D 

where, 

~ - Tan -l{tan 'f'o cos w}, ~Et-!, ~l. 

These results are to be used for all cases with w for which 

• • 
<b·v> > O. 

For any w, once the range 'f'_(w) to 't'+<w> has been determined, 

then the corresponding ranges of Si may be determined from Eq. 
11-9, as mentioned earlier. The nature of the ranges in Si is 

illustrated in Fig. 11-7. For the positive values illustrated 

for 'f'_ and 'f'+, two ranges are indicated: 

range for 81 : cs10 <'f'_), 81 1<'f'+>l 

range for S:z= CS:zo<'I'+>, S:z1 ('f'_) l • 
<II-11) 

Two additional quantities are illustrated in the figure: Bmin an~ 

Bmax· These are constraints on the range of S integration imposed 

by mirror rim effects to be discussed later. 
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If one defines the quantities: 

f\.i= Max <Baatn<w>,Sio<'l't>> 

13ui = Min <Bmax <w>, Si 1 (If t> > 

<II-12) 

where the top subscript on If is intended for i • 1 and the lower 

is intended when i = 2, then Eq. 11-4 can be brought to the form: 

lJ 1 I Bui = - IC<bxcosw + bxsinw><S- -sin213> + bzsin2 8l 
2 1 2 l\.i 

dw 

<I I-13) 

where the 1th term is to be kept only if Sui > l\.i• 

The problem has now been reduced to the numerical work required 

to evaluate the quantities l\.i and f\Ji and, subsequently, to 

evaluate the integral over w. Further progress requires 

determination of the range of w integration. 

If the field point Q lies inside the sun cone; i.e., u ~ 'l'o, then 

there is no restriction on win addition to that shown in Eq. 

II-13. On the other hand, if u < 'l'o, the field point Q lies 

outside the sun cone and thew plane may not intersect the sun 

cone. Since contributions to Cn<q, ff> in Eq. II-13 only arise 

if thew plane intersects the sun cone, it is possible to limit 

the required range of w even more. If Q is outside the sun cone, 

intersection with the sun cone is possible if and only if 

D ~ cos un, where Dis defined above. Solving this equation for w 

yields 

cos2 un- cos2 T0 

sin2 '1'0 

<II-14) 

This relation determines regions in w for which the intersection 

occurs. The set intersection of the set union of these regions 

with the region defined in Eq. II-12 is the required region of 

intergration. 
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Rim Angle Effects. 

The effect of the dish rim will now be considered. It determines 

the availability of the mirror support for contributions at the 

field point Q. This support may be missing due to either cut-off 

or shading. The constant w plane, containing the incoming ray ~, 

cuts the rim of the dish as shown in Fig. II-8. The dish rim 

angle in thew plane can best be expressed ~s the front-side rim 

angle, 9z +, and the back-side rim angle, ez • Both 62 + and 6
2 

-

are zeniths from the z axis, measured positive in the direction 

of ~. When e2 + ~ o, the dish is not seen in the~ direction 

and, thus, there is no contribution. 

When O < ez+ +'I'~ ff/2 there is a rim cut-off; part of the mirror 

support is not present. As shown in Fig. II-9, the effective rim 

angle, ~,eff' describes the "illuminated" region of the dish. 

The angle 'I' shown in Fig. II-9 is measured negative in the 

direction of ~, so e
2

+ + 'I' is less than e2 +. This is the edge 

of the region from which light of order n reflects for the last 

time and leaves the mirror to strike Q •- From the geometry in the 

figure, it is clear that the effective rim angle for rim cut-off 

is 

+ 
6z ,eff = 6z 

+ 
<n-1 > <ff-26 -2'1'> z <I I-15) 

For a finite sun, the incoming rays arrive in a band between 

,_ i ~ ~ '1'+· There is a portion of the dish that will be 

partially cut-off as illustrated in Fig. II-9. This partially 

cut-off region is small enough that 'I' can be approximated as 

<'I'++ 'f'_)/2 and Eq. II-15 becomes 

'1'+ - 'f'_). <I I-16) 

When ~/2 < 6
2 

+ 'I' i ff, a portion of the mirror is shaded. This 

effect is called rim shadowing. As shown in Fig. II-10, ez,eff 
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-describes the "illuminated" region. Again, there is a portion of 

the dish that will be partially shaded as illustrated in Fig. 

II-10. With the same approximation, the effective rim angle for 

rim shado.,dng is 

+ + 
6z ,eff = 8z + n (11'-28z - '1'+ - '(_) • <I 1-17) 

The front-side rim effect comes from either the cut-off or the 

shadowing. Always, the smaller of the values determined by Eqs. 

11-16 and 17 must be used. The overall front-side effective rim 

angle is 

+ + 
= Min C ez - <n-1 > K, ez + K l <II-18> 

+ 
where K = 11' - 2ez - '1'+ - 'f'_ 

The back-side rim angle effect is simpler. If -11' ~ ez - ~ 0, the 

back-side ri~ angle does not affect the contribution, because 

light from this region cannot reach Q. 

receiver field point Q is outside the dish and some of the 

reflected rays will be lost. If ez- ~ -n, a portion of the dish 

will be shaded, as shown in Fig. II-11. The overall result for 

the back-side becomes 

-

= Max[ o, ez ,-ez 11' + 'I'+ - 'f'_] 

back-side rim angle effects place The front-side and 

on the values of B­

l imi ts 

If + 6 z ,eff~ 6z - ,eff ' 
there is 

of e must satisfy 

sin ('IT - Smax > = 

and 

sin <n - Bmin> = 

+ sin< Bmax - 6z ,eff > 

q 

sin<emin - e;,eff) 

q 
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Solving Eqs. II-20 and 21 for 13, one obtains: 

and 

-1 
l3max < w > c: Tan 

-1 
13min <w> = Tan 

J _____ si~_e;,eff _______ } 

l cos e: 'ef f - q 

J ____ sin_ez,eff _______ } 

l cos e;' ef f - q 

<I I-22) 

<II-23) 

These are the quantities required in Eq. II-12 to determine the 

limits of thee integral, 13 Li and e Ui These complete the 

constraints on the 13 and win Eq. II-13 and the power 

concentration is obtained by evaluating the integral. 
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3. THE SUN-RECEIVER-COLLECTOR GEOMETRY 

Introduction 

The previous sections developed formulas for finding the limits 
of integration for the ROSA integral given by Eq. II-4. The 
integration is accomplished by introducing a local xyz coordinate 
system at the field point Q and using spherical coordinates in 
this system. The limits of integration are then found by 
intersecting planes~= constant with the sun cone which 
corresponds to light of order n <light which has reflected n 
times before striking the field point>. 

The location of the sun cone relative to the point Q depends upon 
several factors. These include the position of the sun, the size 
and orientation of the collector, and the shape and position of 
the receiver. It is therefore necessary to define additional 
coordinate systems in order to describe the geometrical 
relationship between these factors. 

The next few sections will be used to define appropriate 
coordinate systems for describing the sun-collector-receiver 
geometry. The location of a field point, a, on the receiver can 
be described in terms of these coordinate systems. In this way, 
the concentration calculations can be associated with specified 
locations on a receiver surface. 

40 

-



-The Earth-fixed Coordinate System 

This coordinate system is a South-East-Vertical coordinate 

system. The axes are called S, E, and V, respectively. The origin 

of this coordinate system is taken to be at C, the center of 

curvature of the spherical segment mirror. 

The Bowl Symmetry Coordinate System 

This collector fixed coordinate system has origin at C, and the 

axes are called D, M, and A. The standard collector is taken to 

be a segment of a sphere, and the A axis is the symmetry axis of 

the collector, pointing away from the bowl <see Fig. II-2). Dis 

oriented such that the lowest point (with respect to the 

vertical) on the rim of the mirror lies in the VD plane and has 

positive D component. If A coincides with the V axis, then Dis 

taken to lie along S. The Maxis is chosen so that the DMA system 

forms a right hand coordinate system. 

The paramaters )' <the tilt angle) and ~d (the dip azimuth> serve 

to define this system with respect to the SEV coordinate system 

as shown in Fig. III-1. Th·e M axis lies in the SE plane. The 

transition matrix from the SEV system to the DMA system is given 

by : 

[ cos)' cos ~d CDS)' sin ~d sin )' 

JCplSEV CplDMA = - sin ~d cos ~d 0 <III-1) 

sin )' cos ~d sin)' sin ~d cos 

The DMA and SEV coordinate systems are identical when)'= 0 and 

~d = 0 (The above matrix reduces to the identity.> 

This coordinate system will also be used in describing alternate 
,_ 

rim shapes. The standard bowl of unit radius is defined as the 

-segment of the unit sphere lying below the plane A= - sin eR, 
where eR is the rim angle of the bowl. 
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The Sun Tracking Coordinate System 

The sun tracking coordinate system also has its origin at C. Its 

axes are denoted by F, G, and es. The positive e 5 axis points to 

the center of the sun. The F axis lies in the plane determined by 

V and es• The positive F axis is chosen so that the projection of 

the positive V axis onto the F axis is negative (if the V and es 

axis coincide, then F and Sare taken to be coincident>. 6 lies 

in the SE plane. Fig III-2 shows the relationship between these 

systems in terms of the solar elevation Es and the solar azimuth 

As· The alternate azimuth A~=~ - As is also used on 

occasion. The tra~sition matrix between the two systems is given 

by: 

[ 
sin Es cos As sin.Es sin As cos 

E
5 1 <I I I-2> 

CpJFGe = - sin As cos As 0 CpJSEV s 
cos Es cos As cos Es sin As sin Es J 
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-Receiver Location and Orientation 

In order to locate a field point Q on the surface of the receiver 
and determine the limits Bmin<w> and Bmax<w>, it is necessary to 
discuss the alignment of the receiver. An XRYRZR coordinate 
system is fixed in the receiver, and locations on the surface of 
the receiver are determined by zR and an azimuth • R, measured 
about the zR axis, positive from xR toward YR• The azimuth • R = 0 

locates the xR axis and, for a perfectly aligned receiver, xR 
is chosen to coincide with the F axis of the FGes coordinate 
system and the zR axis coincides with the es axis direction. For 
a perfectly aligned receiver, the receiver surface generator at 
• R = 0 is the one closest to the -V direction, the negative 
vertical, so that • R = 0 denotes the bottom <or lowest) side of 
the receiver. This is only true for perfectly aligned receivers. 

Receiver misalignment is described by the rotation angles A• and 
A'r'. The rotation is described by a rotation through an angle A• 

about the es axis, followed by a rotation through an angle A't' 
about the new YR axis. The relationship between the F6e

5 and 
xRyRzR coordinate systems is shown in Fig. III-3. The transition 
matrix between the two systems is given by: 

COSA'ljl' COSA • 

- sinA • 

sinAY cosA • 

COSA't' sinA • 

COSA• 

sinLi-'r' sinLi. • 

sinLi.Y l <I I I-3) 
O CplFGe 

s 
COSLI. 'fl 

The coordinates of a point Q on the receiver can be found in the 
sun tracking coordinate system by application of the above 

transition matrices. In order to relate these coordinates to the 
local xyz coordinate system, it is convenient to introduce two 
additional parameters • 0 and '1'

0 
•. The angle •

0 
is the azimuth of 

q (the vector.locating Q from C) measured positive from F 
toward 6. The angle 'r'o is the angle between q and the negative 
es axis. The relationship between the xyz and FGes coordinate 
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-coordinate systems is shown in Fig. III-4. The transition matrix 

between the two systems is given by 

[ 
cos'f,'0 cos_~0 COS1t'0 sint0 si n'f,'

0 
] IIII-41 

[pl><yz = sin •
0 - cos •

0 O [plFGe 
s 

sin'f,'
0 

cos • 0 sinlf'0 sint0 COS'l'0 

-
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ocation of Field Point n the Sun Trackin 

It is useful to obtain expressions for '1'
0 

and ~o in terms of the 

azimuth, tR, of the field point g and the misalignment parameters 

Al and At. It is simple to write down the components of q in 

the FGe5 system and in the xyz system: 

• 
CqJFGe = q(sin '1'0 cos t 0 , sin '1'0 sin ~0 , - cos '1'0 >, 

s 

< I.I 1-5> 

• 
[ql = q (sin 'l'R sin ~R, sin 'l'R sin ~R, - cos 't'R>. XRYRZR 

The coordinate transformation between these systems, given by Eq. 

III-3, may be applied to obtain a second representation of q 
in the FGes coordinate system and the two may then be compared. 

One obtains: 

'1'0 = Cos-1 {cos'l'R cos A'I' + sin 't'R cos ~R sin A'I'} 

and (111-6) 

sin '1'0 sin ~o = 
sin'l'R cos~R COSA't' sinA~ + sin'l'R sin~R COSA~ - COS't'R sinA'I' sinA~, 

sin '1'0 cos ~o = 
sin'l'R cos~R COSA't' COSA~ - sin'l'R sin~R sinA~ - COS'l'R sinA'I' COSA~ 

If sin '1'
0 

= 0 in the above formula, then ~o is assigned the value 

O. Otherwise, ~o and lo are uniquely determined by Eqs. 111-6. 

-
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Local Coordinates of the Unit Surface Normal • 

The components of the unit surface normal, d, in the xyz 

coordinate system are obtained by manipulations similar to those 

of the previous section. Writing d =<Bi, e2 , B3 > in the xRyRzR 

coordinate system, and using the rotation matrices given by Eq. 

III-3 and III-4, we find that: 

bx = B1 [cos 'l'o CDS A 'f' cos <•o - A • ) - sin ,,0 sin A 'f'] 

+ B2 COS A'I' sin <•o - A•) 

+ 93 [cos 'l'o sin A'f cos <•o - A• ) + sin 'l'o cos A 'f'] ' 

-

by= B1 cos A'I' sin ( • 0 - A•) - 92 cos ( • 0 - A•) 

+ B3 sin A'I' sin ( • 0 -A•), <III-7> 

bz = B1 [sin '1'0 cos A 'I' cos <• o - A • ) + cos 'l'o sin A 'I' l 

+ B2 sin A'I' sin <•o - A•) 

+ 93 Csin 'l'o sin A 'I' cos <•o - A• ) - cos "'o· cos A 'I' l . 

In order to obtain expressions for the components of d in the 

xRyRzR coordinate system, we use the assumption that the receiver 

surface is described as a surface of _revolution, with the zR axis 

being the axis of symmetry of the receiver. The surface is then 

described by an expression of the form 

where r denotes the perpendicular distance from the zR axis to 

the receiver surface. A straightforward calculation then gives 

the formula 

• 
bcxRYffZRl = (cos • R cos,, sin • R cos,, -sin,>, <III-B> 

where, -
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- ~ E <-1J'/2 1 1T/2l, 

and tR denotes the azimuthal angle of the field point in the 

receiver coordinate sy•tem. 

-



4. SOLUTION OF THE STRUCTURE RELATIONS 

Introduction 

The structure relations arise in determining the S-limits on the 

solar concentration integrals. The structure relations were 

derived in Chapter II and are given by Eq.II-Ba and II-Bb and in 

combined form by Eq. II-9. They are applied to the integral 

given by Eq.II-13. 

The structure relation has the form 

-

If'= 2nsin-1 <qsin8> - S - <n-l>n, <IV-1 > 

where e E CO,nl, 0 < q ~ 1, and n is a positive integer. Fig. 

IV-1 through IV-3 illustrate the relationship between If', B, and q 

for n = 1, 2, and 4. 

various values of q. 

The curves show If' plotted against 8 for 

In the application of the structure-relation IV-1, q, n, and two 

values of If', 't'±, are given, where -n <If'_< If'+< n. The problem 

is to find S-intervals on CO,nl such that the inequality 

'I' - < If' < e> < If'+ <IV-2> 

is satisfied. A case where two S-intervals exist is illustrated 

in Fig. IV-4. The number of solution intervals depends upon the 

values of y_ and 't'+- It should be clear from Fig. IV-4 

that the possibility exists for no solution to Eq. IV-2, one 

solution, or two solutions. The remainder of this chapter is 

devoted to describing a method for finding these limits 

numerically. 

so 



-
AO 

co 

40 

20 

0 
JllO 

a: 
r-
w 
en 

• 
(/) 

> 
-40 ....... 

(/) 
CL 

-EiC 

-1!0 

-JGC 

-120 

- Figure IV-1 ~-B curve for n=l (g=0.55-0.95,0.99) 

51 



-
80 

60 

110 

20 

0 
C 150 180 

cc 
I-
LLJ 
CD -20 

• 
(/) 
> 

-110 
~ 

(/) 
a.. 

-60 

-80 

-]00 

-J20 

-]110 -

Figure IV-2 i-a curve for n=2 (q=0.90-0.99) 

-
52 



-
80 

60 

20 

0 
C 30 120 ISO )80 

a: 
r-
w 
CD -20 

• 
U) 

> 
-40 ....., 

(f) 
a.. 

-6C 

-80 

-JOO 

-)20 

-)40 

- Figure IV-3 ,-a curve for n=4 (q=0.95-0.995) 

53 



~'+ (w) 

lj,_ (w) 

General shape of the lj,-B s curves for fixed q and n 

B 

-

Figure IV- 4 The Ranges in Bi Determined by Range in ,p -

54 



-

-

Properties of the ,~e curve 

In this section we show analytically that the graphs shown in 

Figs. IV-1 through IV-3 are representative of the~ vs e curves 

given by Eq. IV-1. Differentiation of Eq. IV-1 with respect to 8 

yields 

d~ 

dS 
= 

2nqcos, 

✓1-q2sin2e 
- 1 • <IV-3> 

We note that at S = O, do//d8 = 2nq - 1, and hence is positive 

provided q > 1/2n, while d~/dS < 0 for 8 > ff/2. Thus, for 

q > 1/2n, f must attain a maximum on the interval CO,ff/21. 

Moreover, df/dS vanishes only once on the interval CO,ff/2] and 

hence ~<S> has exactly one maximum and no minimum on this 

interval. The value of S where this maximum occurs will be 

denoted by f\>eak and is given by the formula 

4n2 q2 - 1 
[ ]

1/2 

Speak= sin-1 (4n2-1)q2 <IV-4) 

where q must satisfy 1/2n ~ q ~ 1. The corresponding maximum 

value of, is denoted by ~peak and is obtained by substituting 

Speak into Eq. IV-1. 
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The Solution Strategy -
In this section we briefly describe the logic involved in solving 

the inequality given by Eq. IV-2. We assume that~- and'+ are 

given and that ~peak has been calculated from Eq. IV-4. 

Reference to Fig. IV-4 will be helpful in understanding the 

various cases. The case when n = 1 differs slightly from the 

case n > 1, and will be treated separately (compare Fig. IV-1 and 

Fig. IV-2). 

1. Solutions for n = 1. 

a. If~-~ ~peak' then no solution interval exists. 

b. If O i ~-<~peak i ~+, then a solution interval of 

of the form [f\_,f:\.JJ exists, where Ba_ and Bu are the 

two solutions to the transcendental equation 

2sin-1 (qsinB> - 8 = v_. (IV-5> 

c. If~- i O < Vpeak ~~+,then the solution interval has 

the form [0,f:\.JJ, where Bu is the positive solution to 

Eq. IV-5. 

d. If O i ~- < V+ < Vpeak' then two solution intervals exist 

of the form [E\_i,Bt.Jil, [f\_2 ,f\J2 J, where l:\._t and Sui are 

the smaller and larger of the solutions to 

2sin-1 <qsin8> - B = ~-

and f\_2 and E3u2 are the smaller and larger of the 

solutions to 

2sin-1 <qsinB> - 8 = ~+. 

<IV-6) 

<IV-7> 

e. If~-< 0 <~+<~peak' two solution intevals exist of 

the form [O,f3u1 J an_d [~,f:3u2 J. Bt.J2 is obtained as the A 

positive solution to Eq. IV-6, while l:\Jt and 8i....2 are theW' 

smaller and larger solutions to Eq. IV-7. 
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- f. If,_<~+< O, then a single solution interval exists of 

-

the form [f\_,f\Jl, where f\_ satisfies 

<IV-8) 

and f\J satisfies 

2sin-1 <qsin8> - 8 = ,_. <IV-9) 

2. Solutions for n > 1. 

a. If,_~ ,peak' then no solution interval exists. 

b. If,_< ~peak i o/+, then a solution interval of the 

form-[Ba__,f\Jl exists, where Ba_ and f\J are the smaller 

and larger solutions to 

2nsin-1 Cqsin8> - 8 - <n-1>n = o/_. CIV-10) 

c. If o/_ < o/+ < o/peak• then two solution intervals exist of 

the form CBa__i,f\Jil and Cf\_2 ,f\J2 l. 8t...t and f\J2 are the 

smaller and larger of the two solutions to the equation 

2nsin-1 Cqsin8> - B - (n-l>n = o/_ <IV-11) 

while 8t.J2 and 8t...t are the smaller and larger of the two 

solutions to 

2nsin-1 <qsin8> - B - <n-l>n = o/+. (IV-12) 
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Numerical solutions of the structure equations -
Finding solutions to the structure equation involves solving the 
transcendental equation 

2nsin-1 (qsin8) - e - <n-t>n = o/, <IV-13> 

where q, n, and o/ are given and e is to be determined. This 
equation is readily solved by Newton's method provided a 
sufficiently accurate guess is made for the starting value of the 
iteration procedure. 

Because of the nature of the curve described by Eq. IV-13, a 
parabolic approximation is used. The approximating parabola is 
defined to have its vertex at <Bpeak,fpeak> and contain the point 
<O,<n-1>n>. The resulting equation for the parabola is 

<IV-14) 

where 

CIV-15) 

The starting values for the iteration for finding the smaller and 
larger solutions to Eq. IV-14 are then given by 

<IV-16) 

where the+ sign is used for the larger solution and the - sign 
is used for the smaller solution. 
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5. ROSA PROGRAM STRUCTURE 

Introduction 

The ROSA code gives the normalized optical power concentration 
' 

ratio at user specified points on a receiver surface. The 

calculated values are normalized to units of number of suns. The 

code also uses normalized dimensions, with the radius of the 

spherical segment bowl taken to be unity. Physical and 

geometrical parameters for the program include the solar 

inclination and size, position of the receiver, receiver 

alignment, bowl rim angie, and the reflection coefficient the 

bowl. The receiver shape must be a surface of revolution and 

must be described in a subroutine named BOILER. Alternate rim 

shapes can be introduced by providing a RIM subroutine. 

Receiver points are specified in terms of a distance, zR, 

measured along the axis of symmetry of the receiver and an 

azimuthal angle, ~R, measured about this axis. If the 

concentration ratio is to be computed for several CzR,~R> pairs 

the compution is most efficient if the outer loop is on the ~R 

variable. The program requires that loop parmeters be input for 

each of these variables. 

The program flow for the ROSA code is given in the next section, 

together with a short table describing the ROSA subroutines. A 

complete computer listing is given in Appendix A. 
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ROSA Calculation Procedure 

The calculation procedure which is used by ROSA can be divided 
into three segments, an initialization segment, a computational 
segment and an output segment. The procedure is listed below: 

BEGIN INITIALIZATION SEGMENT 

1. Read Input Variables 

A. Boiler title: !TITLE 

B. Boiler-sun alignment parameters: DPSID,DPHID 

C. Sun parameters: 
Sun cone half-angle: SIGMAD 
Sun position parameters: elevation <ED>, azimuth <AD> 

D. Dish parameters: 
Dish half-angle: THTARD 
Dish alignment parameters: GAMMAD,PHID 

E. Reflection coefficient: REFC 

F. ISTEPS--number of omega integration steps 

G. STPHIR,SPPHIR,DPHIRD--initial and final values of the 
receiver azimuthal angle PHIR, and the amount to be 
incremented each time in the PHIR-loop. 

H. NZRR--number of reciever axis subintervals to be used. The 
data in H. below will occur NZRR times. 

I. NZZ, ZSTART,ZSTOP-the number of times Z will be incremented 
in the Q loop, and the initial and final values of Z <this 
line is read NZRR times). 

2. Convert angles from degrees to radians 

3. Calculate rim angle constants 

4. Calculation rotation matrices 

5. Initialization of PHIRD-azimuthal angle, and JSTOP-number 
of times PHIR loop is to be repeated. 

6. Echo print all input values. 
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BEGIN COMPUTATIONAL SEGMENT 

Begin PHIR loop 

Begin NZRR loop 

Initialize Z loop parameters <Z=ZSTART>, NQSTOP <number of 
times Z loop is repeated>, and DZ (the Z increment) 

Begin Z loop 

CALL BOILER--B• ILER subroutine gets ·z and PHIR and 
returns Q, PSIR, and XR,YR,and ZR--the components of the 
outward normal to the receiver in the XR-VR-ZR coordinate 

system. 

Calculate PSIO and PHIO--the rotation angles between the 
F-G-ES and the X-V-Z coordinate systems. 

Calculate the components of the unit outward normal to 
the receiver surface in the X-V-Z coordinate system 

Find OMEGAU and OMEGAL--the omega limits and NOMEGA--the 
number of omega-intervals. 

Begin OMEGA integration loop 

CALL INTGRL - This subroutine computes the 
concentration integral for the given omega-interval. 

END omega interval loop 

END Z loop 

END NZRR loop 

BEGIN OUTPUT SEGMENT 

Begin Z loop 

Print Z 

Begin NBOUNCE loop 

Print contribution from n-th bounce 

Add n-th bounce contribution the total concentration 

END NBOUNCE loop 

Print total concentration 

END Z loop 

END PHIRD loop 

END PROGRAM 
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Table 5.1: ROSA SUBROUTINE SUMMARY 

Subroutine Purpose 

BLIMIT Performs the logic for computing the beta integral 

integration ranges. 

BOILER 

INTGRL 

RIM 

SOLN 

A user supplied routine for computing distance and 

angle to a point on a receiver surface and the 

outward normal to the surface.at the point. 

Computes the solar concentration integral at a 

point on the receiver surface. 

An optional user supplied routine for handling 

special rim shapes. 

Computes a solution to the structure relation 

equation by Newton"s method. 
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- 6. OPTICAL CONCENTRATION PROFILES 

Introduction 

In previous chapters, we have stressed the dependence of the 

concentration ratio profiles on several geometrical and physical 

parameters. This chapter gives a few representitive profiles, in 

order to illustrate the nature of the results which are obtained 

from the ROSA code. 

Only a few parameters will be varied in these profiles. 

Basically, only the solar inclination, position of the receiver, 

and receiver alignment are varied. The mirror rim angle is set 

at GR= 60 degrees. The receiver shape is taken to be a right 

circular cylinder, of radius 0.0066 (this is the normalized 

radius of the cylindrical receiver being used in the CSPP.) The 

cylinder extends from Z = 0.5 to Z = 1.0. The reflectivity of 

the mirror is set at 0.88, independent of angle of incidence or 

wave length. Only power reflected by the mirror is counted, 

direct radiation on the receiver is ignored. The effective sun 

size is taken to be~= 0.5 degrees for all reflected rays. 

Location of the center of the sun is accompished by using the 

inclination angle, I, of the sun relative to the axis of symmetry 

of the mirror. The optical concentration profiles depend upon I, 

which, in turn, depends upon time, latitude, and the tilt of the 

solar bowl with respect to the vertical. The tilt of the mirror 

axis with respect to the vertical is desribed by the tilt 

angle,Y, and tilt azimuth ~d- The location of the sun is 

described in terms of an azimuth, A, and elevation, E. 

parameters are related to I by the formula 

These 

- cos I= [cos Y sin E + sin·y cos E cos (A - ~d>l. <VI-1> 
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Results for I= 0 

The case of a perfectly aligned receiver when the solar 
inclination is zero is called the "symnetric case" because the 
concentration profile is symmetircal about the axis of the 
receiver. The concentration profile fo~ the symmetric case is 
shown as a function of ,z in Fig. VI-1. The large peak near the 
top of the receiver is the paraxial peak resulting from rays at 
small impact angle, e, tending to focus midway between the mirror 
surface and its center of curvature. The peak concentration is a 
sensitive function of a and tends to infinity as a tends to zero 
[5]. 

There are no multiple bounce contributions in the symmetric case 
because they are cut off by the 60 degree rim angle. Multiple 
reflections result from impact angles larger than 60 degrees and 
the required mirror support is not present for I= O. 

The legend printed in Fig. Vl-1 and in subsquent figures may be 
translated as follows: 

PHIR _ • R, the azimuth for locations on the receiver; 

SOLAR ELEVATION= 90 degrees - I 

SIGMA_ a, effective sun size 

DPSI = A~, the zenith misalignment angle 

DPHI = A•, the azimuthal misalignment angle 

Concentration profiles are also presented for the case where the 
receiver is the frustrum of a cone. The angular radius, ~R, of 
the cone(half the vertex angle) is set equal to the angular 
radius of the sun, i.e., ~R = 0.5. 
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Concentration profiles on a misaligned receiver for I= 0 and A­
= 0.5 degrees are shown in Figs. VI-2, 3, and 4. Th~se figures 
show the profiles along the three slices: 

~R = O, 90, and 180 degrees, respectively. 

Results for I= 15 

Figs. VI-5 through VI-7 illustrate the features of the 
concentration profile for nonzero inclination angles. Due to 
loss of symmetry with respect to the aperture rim, there is no 
azimuthal dependence in the concentration profiles. 

For I= 15 degrees the mirror support is 75 degrees at ~R = O, 
and peaks due to second and third bounce rays are observed. At 
~R = 180 degrees, rim cutoff effects occur. 
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7. ALTERNATE RIM SHAPES 

Introduction 

In all previous derivations, we have assummed that the solar 

collector was a segment of a sphere. In this chapter, an 

analysis is carried out to extend the ROSA code to more general 

rim shapes. 

in the form 

In this analysis, the rim is assumed to be expressed 

e = f<~>, <VII-1) 

where e is the zenith angle of a point on the rim and~ is the 

azmuthal angle of the point on the rim. The angles are expressed 

in the bowl centered D-M-A coordinate system, where A is 

perpendicular to the aperture plane of the bowl and is directed 

upward. The rim angle e is measured from the negative A axis and 

~ is measureQ from the D axis. As an example, e = 9R = 60 

degrees at the Crosbyton site. 

Integration for the calculation of the solar concentration is 

carried out in the local x-y-z coordinate system and rim angles 

must be calculated in this coordinate system in order to account 

for rim cutoff and shading. The D-M-A and x-y-z systems are 

related by a formula of the form 

<VII-2) 

where [plDMA represents a point in the D-M-A coordinate system, 

[plxyz represents the same point in the x-y-z coordinate system 

and~ is a known rotation matrix <~ is readily computed using the 

transition matrices of Chapter Ill.) ~ depends upon the tilt 

angle of the bowl, the position of the sun, the shape. and 

- orientation of the receiver, the location of a field point on the 

receiver, and values of the variables of integration in the ROSA 

code. 
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Eq. VII-2 can be expressed in component form to yield a system of 
three equations, 

<VII-3> 

cos ez = <N1cos ~ + N2sin ~>sine - N3 cos e 
In these equations, e is the unknown rim angle in the local 

x-y-z coordinate system, ~ is an unknown azimuthal angle in the 

D-M-A coordinate system and e = f<~> according to Eq. VII-1. w 

is an integration variable and Li, Mi, Ni i=t,2,3) are direction 

cosines relating the D-M-A and x-y-z coordinate systems. 
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- ~ Specjal Rim Shape 

-

The above formulas will now be applied to the case where the 

standard bowl shape is sliced by planes M = ±Mo (in the D-M-A 

coordinate system). Eq. VII-1 then takes the form 

9 = Arccos [1 - Mo csc ~l , elsewhere, (VII-4) 

where, sin ~0 = M0 /sin e0 . 

The equation w = constant defines a plane in the x-y-z coordinate 

system with equation Y = x tan w. In the D-M-A coordinate 

system, this same plane has equation 

<VII-5> 

This plane will intersect the plane M = Mo along the line 

<VII-h> 

If this line intersects the unit sphere (using normalized units>, 

the additional condition 

CVII-7> 

must be satisfied. Simultaneous solution of Eqs. VII-6 and 7 

gives 

-<a2a3Mo> ± 

A = --------------- .<VII-:B> 

where, 
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ai = Mi - Litan w, i=l,2,3. 

Dis then calculated from Eq. VII-6. 

There are three cases to consider. 

1. If the quantity under the radical sign in Eq. VII-8 is 

negative, then the line of intersection of thew-plane and the 

plane M = "o does not intersect the unit sphere and the rim angle 

in the D-M-A system is given by 6 = 60 • 

If A is real in Eq. VII-8, then let e, = Arccos A. 

2. If e ~ e0 , then e = 60. 

3. if e < e0 , then e =60 • 

In each of the above cases, 6z can be computed from 6 

using formulas that were developed previously for a dish with a 

constant rim angle. 

The formulas for the plane M = - Mo can be obtained from the 

above formulas by simply replacing Mo by -M. 

Sample concentration profiles are given in Figs. VII-1 through 

VII-3. 
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C •••••~•••••••••••••••••••••••••••••••••••••••••••*•••••••••••• 
C PO;,A I! A PPCGf,AM ~HICU CI\LCULTl1ES 'IIIP. CONCENTRATION 
C AT A PCINT ON A EECEIVEE. 
C 
C WRITTEN DY 
C 
C DR. RCNl,L[ M. ANCERSON, CE.FT. OF Ml\'IHEMATICS 
C 
C AND 
C 
C Df. JOH~ C. REJCHEP.T, DEPT. CP ELECTRICAL ENGINEEHJNG 
C 
C GRA[UATE ASSIStANTS: C. NOUWOCC, H. JOHNSTON, C. DAWSCN 
C 
C TEXAS TECH UNIVERSITY 
C LUBBOCK, TEXAS 
C JULY 24, 1984 
C 

C *******~**~*************************************************** 
PEAI suri (1C0,5) ,QQ (100) 

C 

REAl ZS'IAF'J (1C) ,2S'IOP(10) 
COMtON /ElCCKA/ MOMEGA,ISTEPS,CMEGAL{2),C~EGAU(2) ,XYNRML, 

*ALP1A,NZ,ZtP~AL,PSI05,PSIOC,SIGMAC, 
•BI~C4,PIMC5,RIMC6,THTARC,THTAH 

CO~f;CN /BLCCKB/ PIHAlF,PI,PSIP,PSIPK,PSif.,BETAPK,Q,NEC 
CO~fCN /CU'I/ THTAR,GAMMAC,ES,A,PHID,GAMMAS,EC,PHIOC,PHIOS 
REA! O~EGAI,CMEGAO,XYNRML,ZNRfAL,PSIC,SIGMAC, 

*BiiC4,RIMC5,RIMC6,THTABC,THTAW,P1,PSIP,PSIPK,PSIM,BElAPK,Q 
IN1IGER ~C~EGA,ISTEP~,NZ,NBC 
INTIGER NZZ(10),ITITLE.(20) 

C COORDINl1E SYS1EMS USED: 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C ec 
C 
C 

1. TEE S-E-V COORDINATE SYSTE~ 
THIS IS THE SOUTH-EAST-VER1ICAL CCCRDINATE SYSlEM 
wHICH IS ALIGNED WITH THE EAETH. 

2. TEE F-G-ES COORDINATE SYSTEM 
7HIS CCOHDINATE SYSTEM IS ALIGNED SO THAT 
THE ES AXIS POIN1S TO THE CEiTEB CF THE SUN. 

3. TEE X-Y-2 CCORCINATE SYSTEr. 
THIS CCORDINATE ~YSTEM IS ALIGNED SO THAT 
THE Z AXIS PASSES 1UROUGH THE CENTER OF 
~HE HEf.ISFHERE AND THE PCiiT Q ON lHE 
RECEIVER AND THE SON LIES IN THE XZ PLANE. 

4. lfE XR-YB-ZB COOP.DINATE SYSTEM 
THIS CCCRtINATE SYSTE~ IS ALIGNED SO THAT 
THE ZR AXIS IS THE RECEIVEE AXIS CE SYMMETRY. 

5. TEE D-M-A CCORDINA!E SYSTEr. 
THIS CCORtlNATE SYSTE~ IS ALIGNED SO THAT 
THE A AXIS IS THE AXIS OF SY~METRY OF THE DISH. 
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-
C 

CO 1111 NII E 
C IITPU1 v,rrA~LIS 

A. ~01l'IION ~~GLE V~RIAILES 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 

PHIFD, PSJilD = THE RC'IATION ANGLES, IN DEGREES, EE'IWEEN 'IH: 
X-Y-Z AND XP-YR-ZR COORClNATE SYSTE~S 

DPSlD, DPHJD = THE RCTATION ANGLES, IN DEGREES, EETWEEN 'IP.I 
F-G-ES ANJ XR-YR-Z~ COORDINATE SYSTEMS 

ED, AD= 1EE ELEVA1ICN ANGLE AID AZI~U'IHAL ANGLE, 
IETWEEN THE S-E-V AN[ E-G-ES COORDINATE SYS'IE~S 

GAl'HAD, Piilr.D = 'IHE RO'IA'IIO!? A.t;GlES, IN CEGfiEES, 
EET~EEN THE S-E-V ANC C-M-A 
CCOFDINATE SI~TEMS 

TH'IIED = AlTITUDINAL ANGLE, IN DEGaEES, EETiEEN 
1fE D-M-A AND X-Y-Z CCO~DINAIE SYSTE~S 

B. CTHIR INP01 VARIABLES 
DPHlRD = 'IEE A~OONT fHIH IS JNCREME~'IEC IN 

'IlE PHI~-LOCP (READ IN) 
IS'IIPS = 'IfI NUMEER OF INTERVALS USED IN 

'IEE C~EGA-IN'IEGRATICN 
(CS ING SI!'lPSON' S RULE) 

NZZ = NUF.EER OF '!IMES Z IS I1'CFEl!ENTED (FEAD IN} 
REFC = THE BEFlECTION COEFPICIINT 
SIGP.AD = 1FE SUN CONE HALF-ANGIE 
SPFFIR = !lE FINAL VALUE OF fHIR (REAC IN} 
STPFIR = 'If.I 51AftTING VALUE CF FHIR (FEA.C IN) 
ZST1RT = 7EE INITIAL VALUE OF 2 (READ IN) 
ZSTCP ~ !HE FINAl VAlOE OP Z (FEAD IN) . . 
CON 'lINUE 

C 
C INTERNAi VARIAELES 
C ALPHA= THE AiGLE BETREEN THE X-AXIS AND THE 
C NORllAl 7C THE REC.EIV.ER 
C COEFP1, COEFF~ = USED TC CALCULATE FHIO 
C CONST= A CONSTANT USED IN THE CO~CENTRATI01' FCRMULA 
C DPSI, IPHI = tPSI'C, AND CPHID IN IiAJ:IANS 
C DPSIC, DPHIC = THE COSINES OP DPSI AND DFHI 
C DPSIS, DPHIS = TEE SINES OF DPSI ANt DPBI 
C DZ= TEE A~CUNT 2 IS INCREMENTED EACH TI~E !3E 
C Q-lOCP IS CC~PlETE[ 
C t2 DEPENCS ON ZS7ART, ZSTOF, AKD NZZ 

C01'~INUE 
C E, A= ED ANt AD IN RADIANS 
C EC= !IE CCSiiE CF E 
C ES= !EE SINE OF E 
C GA~~A, PHID = GA~iAt AN£ P~IDD IN RADIANS 
C GAMMAC, PHIDC = ~HE COSINES OP GAY.MA ANt PHID 
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C 
C 
C 
C 
C 
C 
C 

C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 

G A ~ "l A .S , P H I I:, ~ = 1 II E ~; I N .E ::i O F G ,\ ~ M A JI N D P If I lJ 
OMEGAL = THE 10\IEH UOllNC ON oru:r.A USED UI lt;TEGH/,TION 
0 MEG l, U = 'I iH L f P E JI E OU N t ON O M E G I\ 11 .S E D HI I NT E GP. l, T 1 0 N 
PODPC = COS(f~IC-DPHI) 
POOPS= SIN{ElIC-DPbI) 
PSIO, i:nro = 'IHE lW'IA'IICN ANGLES EE'IWEEN THE SON 

CCCfDINA'IE SYSTEM ANC !UE X-Y-2 COOUDINATE SYS'IE~ 
PSICC, PHIO( = 'IHE COSINES OF P.SIC A~D PHIO 
PSICS, PHIGS = 'IH:E SINES OF PSIC ANI: PIIIO 

CO :Fi H t1U E 
PSIRD, PnIE!C = 'IEE liO'IA'IION /1.NGLES, IN DEGREES, DETWE.EN 'IIIE 

XF-YR-2R AND 'IHE X-Y-Z CCCliDINATE SYSTEMS 
PSIB, IIIIR = fSIED ANC FHIRD IN RACIANS 
PSI~C, PHIFC = IHE CO~INES OP PSIF AND PHIR 
PSIRS, PHIRS = 'IHE SINES OF PSIR AN[ PHIR 
Q = THl DISTA~CE :RC~ THE CE~TER 'IO THE PCI~T 

~f:IFE 'IHI EAY STRIKES THE RECEIVER 
RIMCI 11=1,7) = USED 'IO COMPUTE 'IliTAZ 
SIG~A = SIGrlt I~ RADIANS 
SIG?'IAC, 
T H'I' AR = 
THTAPC, 
XNE~Al = 

SIG!.Az = 'IHE COSINE 
T:iIAFt IN RACIANS 
'I':i':1,Fz = 1HE CO SI NE 

TiiE >:-CC~PCNEN'I OF 
TO 'II-E RECEIVEF: A'I 

AND 'IHE SINE 

AND 'I HE SINE 
TilE 0 UT I-:.1'\.RD 
Q 

CF SIGMA 

CF TH'IAR 
NORrAL 

Y~R~AL = TEE 1-CC~PCNEN'I CF THE OUTiARD ~CR~AL 
TC TEE RECEIVER AT Q 

XYNR~l = FRCJFC'IION OF 'IHE NORMAL TC THE RECEIVER 
IN1C 1HE XY-PLANE 

XR, YB, LB = CC~FGNENTS OF THE NORMAL IN TERMS OF 
Xii-YR-ZR COORDINATE SYSTEM 

Z = TEI DISlAiCE FROM TBE CENTER ~O A POINT ON THE 
Cii'IRAL ix1s CFTHE RECEIVER 

ZNRMAL = THE 2-COMPONEN~ OF THE OUTWARD NORMAL TO 
THE FECEIVER A1 Q 

co 1: '.l IN OE 

OUTPUT \ARIAElES 
LI=NO~IER CF !CONCES 
QQ = 'Il~PORAEl VARIABLE USED TO PBIET THE VALUE OF Z 
so~= (SEO TC COMPUTE TEE OMEGA INTEGRAL 
SOMA= USED 'IC FIND THE 'IOTAL cotcE~TfiA'IICN (N=1,5) 

PROGR~~ cor.srAi1s 
PI=1*A'IAN(1.) 
BA.CJAN=FI/180. 
PIHJLF=A'IAEL(1.,0.) 

DO 14 r.M=1,5 
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C 

C( 16 ?lt=1,100 
S II l'I pn; , r: M) = 0 • 

16 CCNTINUI 
14 CON'JINUE 

C INPU! VIBIAELES 
WRI 'lE (6, 20E) 

208 FO'R~AT(/,/,/,/,20X,' INPO'I' ,/,/) 
llIL~l(S,197) l'IJTIE 

197 FO11l'AT (20A4) 
\.lP.1'lE(6,19E) l'II'ILE 
BEA [ (5,199) CFS IC, CPf.lC 
WP.1'lE(6,2C~)DPSID,DPHID 
REA[(S,299) SIG'1AD,Et,AD 
REAI (5, 29~) 'IH'IAP.D,GA~MAD,PIJID 
WRI1E(6,203)SIGMAD,EC,AD,THTARC,GAMMAC,PHIDD 

199 FO!ll'AT(2F1C.~) 
299 FOii~AT(3F1C.5) 
202 FORJ'fAT( 1 BCILER-SUN ALIGNMENI PARAMETERS:',/, 

* I DELTA PSI (DPSlt) = 1 ,Fl0.5,/, 
* I D!:LTA PHI (DPIIIC) = 1 ,F10.5) 

203 FOF ~AT{/, 1 SUN PARAME'IERS: 1 ,/, 

* I SUN CONE H~LF AliGlE (SIGMAD) = 1 ,Fl0.5,/, 
* I 

* I 

* I 

SUN PCSITICN: 1 ,/, 

ELEVATION (ED) 
CISH PAEAMI:TERS: 1 ,/, 

* I 

* I 

* I 

D.ISH HALF-ANGLE ('IHTAE.D) 
DISH AL1GNMEN'.I: 1 ,/, 

GAMMAD 

* ' PHIC 
REAI.(5,399) !iEFC,ISTEPS 
WRI1E(6,204)REFC,ISTEP5 

399 FOFPAT(:F'l0.5,15) 
204 FOE l'AT (/, 

* 1 REFIECTION CONS!ANT 
* 1 lSTEPS 

REAI(S,1) S'IFHIR,SFPHIR,DPHIED 
~RI'lE(6,20~)S'IPHIR,SPPHIR,DPHIBD 

1 FOF?-:AT(3F!:.O) 
205 FOliPAT( 

* 1 5'IAB'I PHJ:R (STPBIB) 
* 1 STOF PHIR (SPPBIB) 
1 1 DELTA PHTR (OPHIR[) 
BEAI(S,2) N2RR 
iRI'JE{6,20E) t-:2ER 

2 FOB l'AT {IS) 
206 FOF !'AT ( 

* 1 NUMBER CF Z-INTERVAlS (NZBR) 
DO .: I=1,N2F.E 

E IAD (S, 4) r;zz (I) ,ZSTAR'I (I) ,ZSTGF (I) 
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\iFITE (",207) I, t.ZZ (I) ,7.5Tflr?1 (I) ,ZSTOP (I) 
4 FC!H1A'I(I~,~P~.3) 

207 t(IlMA'I (' FOR I = ',15,/, 
* • NTJMDER OP IUCRE~EliTS (NZZ) 
1 ' Z5TJ\fll 
.. ' ZSTCP 

3 CON 'JINUE 
wn1 'lF (6, 13C8) 

1308 FOFl'AT('1 ') 
C 
C CONVEhSJCN FRCM DEGREES !O RADIANS 

DPSl=DPSlt•R~tlAN 
DPHl=DPHir•BACIAN 
PHlI=PHICI•EACIAN 
GA~l'A=GA~~~t*RADIAN 

C 

E=l l .. RACIAt; 
A= A I*R A Cl A 1' 
SIGJA=SIGY.J.C*FADIAN 

C CALCULA'lION CF EI~ ANGIE CONSTANTS 
~TilJP=1D1AED*RAD1AN 
THllJC=CCS(~F.lAR) 
CO N ~ 1 = 1 2 • * F I * ST N (. 5 * SI G !1 A) * * 2 
CPS lC=CCS (IPSI) 
CPSJS=SIN (IPSI) 
tPHJC=CCS (IPEI) 

=• ,15,/, 
= 1 ,F5.J,/, 
= ',F5.3) 

CPHJS=S1!1 ([FliI) 
RI~C1=SIN(r)*SIN(GAMr.A)*COS(A-PBID)-CCS(E)*COS(GAMMA) 
RlllC2=SIN (GAl'lf.A) *SIN (A-PAID) . 
RIMC3=COS (E) *SIN (GAM,.A) *COS (A-fHIP) +SIN (E) •cos (GAMMA) 

C 
C CALCULA'JION OF !RIG CONS1ANTS 

PHI IC=CCS (IP.JI:) 

C 

PHIIS=SIN (fBID) 
SIGtAS=SI~(SlGMA) 
SIGl'AC=CCS(SIGMA) 
EC= (CS (E) 
ES= ~IN (E) 
GAfl'AC=CCS(GA~MA) 
GAPPAS=SIN(GA~MA) 

C B~GIN LCCP FOE AZI~U'IHAL ANGLE (PHIR) 
PHI f D= S'1 PF. I J; 

JS'ICP=1 
IF (DPHIRC .NE. 0.) JSTOP=(SPFF.IR-STPHIB)/DPHIRD+l-01 
DO ~50 J=1,JS'ICP 

fFIR=FBIFC•nADlAN 
'WFITE(E,~)PEIRD 

5 FCRMA'I('1',' PHIB=',F12.3) 
PFIRC=CCS(FElR) 
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-PIIl<S=Slt, (PlllR) 
C 
C DEGINNltG Of 2 LOCP 

CC 600 1<=1,Pl2111i 
Z=ZS'IA!t'I (t<) 
IF (NZZ (J<) .I.E. 1) GO TO 50CO 

5 00 1 DZ= ( 2 S 'IO P ( t<) -z ~'I AR 'I ( K) ) / ( N 2 Z ( K) - 1) 

C 

5000 NZS1Cf=N22(K) 
CO 30CC NZ=1,NZS'IOP 

CALL ECJLER(Z,FHIR,PSifi,)R,YR,ZR) 
PSlftC=CCS(PSIR) 
PSIR~=SIN(FSIR) 

C CALCULA1ION OF PSIO 
PSICC=CfSIC*fSinC+DPSIS*fSIRS*FHIRC 
PSIC=AFCCS(P~ICC} 

C 

PSIC!:=SIN (fSIO) 
COEFF1=CPSIC*PSIRS*PilIRC-DESIS*FSIEC 
COEFl2=PSIRS*PHIRS 

C CAlCULAiION OF FHlO 

C 

IF C,ES (FSIO) .GT. 0. 0) GO TO 15 
10 PF.lC=G. 

GC 'IC 20 
15 PHJCC=CPnIC*CCEFF1-DPHIS*COEJF2 

Pf.1CS=CPEIS*COEFF1+DPHIC*COEFF2 
PHIC=ATAN2(PHIOS,PUICC) 

20 PHICC=COS{PHIO) 
PHIC!:=SIN (FHIO) 

C CALCULA~ION OF THE RFCIIVEB CONSlANTS 
PODFC=COS(FHIO-DPHI) 

8526 
C 

* 
1 

* 
1 

1 

PODFS=SI~(IHIO-DPHI) 
ZNRMAL=XR*{PSICS*DPSIC*PCDFC+PSIGC*DPSIS) 

+ YF*PSIOS*PODPS 
+ ZR*(P~ICS*DPSIS*FODPC-PSICC*DPSIC) 

XNE~}L=XB*(PSICC*DPSIC*PCDFC-PSICS*DPSIS) 
+ YR*PSIOC*PODPS 
+ ZB*(P~ICC*DPSIS*PCDPC+PSICS*DPSIC) 

YNB~J.L=Xn*IPSIC*PODPS - Y8*PODPC • ZR*DPSIS*PODPS 
XYNR~L=SQRT(1.-ZNRMAL**2) 
IF (ABS(XYNRr.L) .LT •• 0001 .OB. (AES(XNRMAL) .I.T •• 0001 
• AN[. AES (YNRMAl) • LT •• 00 01)) GO 'IO 8526 
ALPHA=ATAN2(YN6MAL,XNRMA1) 
GC "IC 993 
ALPEA-= C.O 

C CALCULA~ION OF ADLITIONAI RIM CONSTANTS 
993 RI~C~=fSlOC*(PF.IOC*BIMC1-PnIOS*RIMC2)+PSIOS*RIMC3 

RIMC~=FP.10S*Rir.c1+PHICC*~Ir.c2 
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Rl ~c E= 1.1 S lOS • (PH IOC• I! I ~c 1-P P. IOS • It! MC2) -r~aoc• RI MC3 
C 
C LIMITS JHE GIVfN EY 'IIIE Cl'1F.GA (I)-­
c-uo~BGA ]S !HE iuMEER OF lN'IERVALS 

IF (51Gf'l!A .LT. PSIO) GC 'IO 40 
45 O~FGAL(1)=ALFHA-PIHAIF 

OY.lGAU (1)=ALEHA+PlIITILF 
O~EGAL(2)=ALfllA+PIHALF 
CfFGAU(2)=ALFHA+PIHALF•J. 
NCf.EGA=2 
GC 'IC 90 

C ElS I DO 
40 C~EGA1=Af.COS(SQRT((SIG~AC**2-PSIOC**2)/PSICS**2)) 

Or.J:GA0(1)=GMEGA1 
Cl'l:GAL(1)=-0fEGA1 
O~EGA1(2)=FI-OMEGA1 
O~IGA0(2)=PI+OMEGA1 
NCl'EGA=2 

C END lF 
C 
C THE W-IiTEGRA11CN AND 'IRE EETA-IN1EGRA7ICN AFE PERFORMED IN 
C SUilFOU11NE INTfBI, SIMFSCN•~ RULE IS USED ON THE W-INTEGRATICN 

90 DO 1(0 ~Or.EGA=1,NOMEGA 
CAll .IN1GBL (SUJ) 

100 CCN'IINUE 
CQ(1'2)=2 

3000 Z=Z+C1 
C END OF lNTEGEA'IICN-EEGIN PRINT COT 

DC 500 1=1,i2S10P 
SUMA=O. 
WRI'IE((,:C1)QQ(L) 
DO 505 11=1,5 

SUM(l,11)=SUM{l,L1)/CONS~•BEFC**l1 
SOM~=SUMA + SUM{L,L1) 

501 FCRNA'I('O '2= 1 ,F8.4) 
WEI'Il(E,:02)L1,SUM{L,L1) 

502 FOB ~lT ( 1 BOUNCE NO!i EER= • 
* ,I1,' CONCEN'IRA!ION= 1 ,r14.4) 

505 SU~(L,11)=0. 
500 WRJ'IE(6,503)SONA 
503 FOFMAT{' TOTAL coicEN~BATION=',P14.4,/,/} 
600 CC !'IINO! 
250 PHJRD=PBIFD+DPHIRD 

Wlil'IE(6,831'3) 
8343 FOFr.AT(' 1',/,/,/, 1 NCRP.Al TEBfINATICN') 

S'I CF 
ENI 
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c• DECK It. 1Gfi I, 
SUEICUTINE 1N1GR1 (SrJI':) 

cu•• I!lTGll PEBFCn~S TIIE O~EGA l1ND EETA IN'IEGHATIONS 
C AND COMPU1IS SUM, WHICH IS RE7UFNED TO 1HE 
C M,I~ FROGR~~-
C 
c•••V.P.l'I''I IN EY: R.".ANDERSON, hSSIS'IEC BY CLINT DA~SON 

CA'IHY NORiOCD, AND ~EAD JCHiS10N C 
C D.?t'IE HiIT'IEN: 06/01/80 
C 
c•••EXFLAIATICN Cz VARIAFLES: 
C BETAL = LOWER LIMIT ON EC'IA USED IN THE 1NTEGRATICN 

-

C RETAIH = MIN1~U1'1 VALUE CF BETA FCUNC WHEN CONSIDERING HIM-CU'iCP.F 
C AND SEACOWING EFFEC'IS 
C BETAMX = MAXlfU~ VALUE CF BETA FOUN[ ~HEN CONSIDERING RIM-Cu!CFF 
C AND SfADCWING EFPEC'15 
C BETAPK = THE \AlUE CF BETA CORP.ESfONDING '10 THE 
C MAXI~[M VALUE OF PSI FOR A GIVEN VAIUE OF Q 
C BETAS~~ EE'I11 • EE'IAU 
C B E'I AT = B E '.r A O - E ET AL 
C BETAO = UPPEE LI~IT ON EE'IA USED IN THE IN'IEGBATION 
C Bl= 'IfE LO~EB ECOND ON EETA iHE~ CCNSIDEBiiG THE RELATICNSHIE 
C BE'lWEEN EET.A, PSIP, AND PSIM 
C BU= TIE UPPED BCUND ON BETA WHEN CCNSIDEBING THE RELATICNSHif 
C EE'liEEN EE!A, PSIP, AND PSIM 
C CONSTW = A CCISTANT USED IN 'IHE C~EGA IN!EGFATION 
C DO~EGA = (C~EGAU - OMEG}l)/ISTEFS 
C ETA, EFTA = U~IC 10 CCMF01E PSIP AND PSIM 
C HBC, X1 = THE NUfEEB CF ECUNCES . 
C OMEGA= THE AZI~OTHAL ANGIE MEASUEED CLOCKWISE FBOM THE X-AXIS 
C PSI~= ANGLE EE~WEEN THE EECEIVER AND TEE 
C IEFl EDGE OF ~BE ~UN CONE IN THE 
C IlANI ClEGA=CCNSTJ.NT 
C PSIP = ANGLE EETiEEN THE RECZIVEE AND THE 
C IIGHT E[GE CF THE SUN CONE lN THE 
C !LANI Cf.EGA=CON~TAN! 
C PSIPK = MAXIMl~ VALUE OF PSI FCE A GIVEN N AND Q 
C QSBETA = Q '11,ES THE SINE OF BE!AfK 
C RHO= lSED TC EIND EETA~X TO ASSUEE TBAT THE DOT PRODUCT IS>= 0 
C SB= 0~ED TO CO~F0TE THE BETA-IN!EGEAL 
C su", = USEt 'IC CC~PUTE !HE EETA INTEGRAL 
C THTAW = USED 'IO COMPU'IE 'IHTAZP 
C THTAZ = OSEI: 'IC FINI: THTAZP ANI: TF.TAZM 
C TBTAZE = THE'IJ-EFFECTIVE, US3D 'IC CCMPO~E EETAfX 
C TBTAZ~ = THE ANG1E EETWEE~ TllE BECEJVER ~ND THE LEFT BI~ 
C TBTAZF = ~HE ANGLE EE1WIEN THE RECEIVER AND THE RIGHT RIM 
C 
C*******• "* 

'E lllL SO~ ( 1 0 0 , 5 ) 
C 
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- P.JAL P.L(~),F.U(2) 
lt'IEGER NeE'lA 
ccr~ON /ElCCKA/ MOMEGA,lSTEPS,CMEGAL(2),0~EGAU(2),XYNBMl, 

* AIPHA,NZ,ZNR~AL,PSI0S,PSI0C,SIGMAC, 
* RlMC4,BlfC5,RI~C6,THTARC,1HTAW 

C Oi :10 N / E LC C K B / FI Ii 1\ L F , PI , F S I P , PS I P Y. , P SI M , B ET A PK , Q , ND C 
CCM:-ION ;CU1/ 1HTAR,GAM~/,C,ES,A,PIIID,GA~MAS,EC,PHI0C,PHICS 

C THE W-It1EGRA'I1Cli--ISTEPS IS THE NUNEER OF 
C INTEGRA~I0N S'IEPS/IN'IEBVAL 
C SI~PS0N 1S RULE IS OSED 

OHT=-1. 
COIEGA= (CMEGAO (i1CMEGA)-0MFG.AL (lW"lEGA)) /IS'IEPS 
CC 101 1=2,I~TEPS 

CM E G A = C M F. G AL ( M CM E G A) + ( I - 1) * D C !rn G A 
0MEGAC=CCS(OMEGA) 
CONS'Ii;= (3.-UNI'I) *CC'.'!EGA 
CMEGA5=S1N(OMEGA) 
RHO=A'IAN2 (XYNR~L*CCS (CMEGA-AIPHA) ,ZN.EMAL) 

C 
C CALC •LA110N OF PSIM,PSIP 

C 

ETA=A'IANL (FSIOS*CMEGAC,PSICC) 
EETA=AiiCCS (SIGMAC/SQRT (PSICC**2+ (FSICS*CMEGAC) **2)) 
ESIP=E'lA+EETA 
FSif.=E'lA-EETA 

C CALCULA'lION OF EFFECTIVE RIM ANGLE P!RA~ETERS 
RIMC7=FI~C~*0MEGAC+RIMC5*C~EGAS 
'1HTA~=l1AN2(-RlMC7,-RIMC6) 
~H'IA2='1H'IARC/SQR'I(BIMC6**2+RI~C7**2) 

110 
C**** 
C 
C 

111 

112 
C 

IF ('Ili'IAZ .G'I. 1.0) GO 'IC 101 
TH'IA2= ABCCS(TETAZ) 

IF YOO WAi'I AN AL1EBNATE RI~ SHAPE, BIMCVE THE 
" C 1; I N T F. E ti E XT L I N E 

CALI Bll (OMEGA,'IH'IAZ,IFIAG) 
IF (]FLAG .EC. 1) GO 'IG 101 
1H'IA2P= 1H1A2+1H1AW 
IF ('1Fl'IA2P .lE. 0.0) GO 'IO 101 

TB'lAZM= -TH'lAZ+'IH1Ai 
Tll'lA2M=AMAX1 (0.,TFlTAZM) 
Tll'lA2F=AMIN1 (THTAZP,fI-THTAZP-FSIP-PSIM) 
IF (TE'IA2P .lE. THTAZ1'l) GO TO 101 

CGN'IINUE 

C CALCULA'lION Or MINIMUM AND MAXI~0M BETA AN'C EFFECTIVE BIM ANGIE 
C BETA~I,IITA~X AN[ THTAZE,RESPECTIVllY 

EI'IAlU=O. 

301 
A 302 •c 

l F ( 'I HT AZ M • l E. 0 • 0) G C TO 3 0 2 
EE'IAMI=A'IAN2 (SIN (THTAZl'1) ,CCS (TH'lAZM)-Q) 

IE'IA~I = A~AX1 (EETA~1,-PIHALF+BHO) 
ILSE 'CC 
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ro 370 Nr-c=1,s 
XN=Nf:C 
'IIITAZE= (2. *XN-1.) *TIITAZP+ (XN-1.) * (PSIP+PSIM-fl) 
JP ( (Tll1AZE-Tll1A2M) .LE. 0.0) GO TO 300 

371 EE'IAMX=J\'IAN2(SIN (TliTAZE) ,CCS ('IHTAZE)-Q) 
EETA~X=AMIN1(BETAMX,Pl,PlHALF+RHO) 

C CALCULA~ION Of FF'IJ-FEiK AND PSI-PEAK 
IP (Q .G'I •• 5) GC 'IO 305 

380 IF(NEC .GT. 1) GC TO 305 
304 EE1APK=0.0 

FSIPK=O.O 
GO '.IO 306 

C ElSE ro 

C 
C 

305 QSEE'IA=SQB'.I ( ((2.*XN*Q) **2-1.)/((2.*XN) **2-1.)) 
EE'IAPK=ABSIN (QSBETA/Q) 
PSIPK = 2.*XE*ARSIN(CSEETA)-BETAFK-(XN-1.) *PI 

E1'CIF 

C CONSIDEFATION 
306 

CF 'IHE RELATIONSHIP EE'.IWEEN PSIM,FSIP,PSIPK 
IF (PSir .GE. PSIEK) GO 'IO 300 

303 CALL ELIMIT(Bl,EU,NBE'IA) 
C 
C T!ST IN~ERVALS CF IN'IEGRAlION FCR EI~ EFFECiS 

St~1=0. 
CC 360 MIElA=1,NEE1A 

EETAL=AMAX1(EL(MEE'IA),BETA~I) 
BE'IAD=AMIN1(BU(MBE'IA),BE'IA~X) 
EETAl=EE'IAO-JETAI 
EE'IASN=EElAU+BE'IAl 
IF (EF"1AT .LE. 0.0) GO TC 360 . 

352 SE=. 5* (EETAT-SIN (BETA T) *COS (BE'IASM)) *COS (OMEGA-ALP BA) 
SUM1=S0~1+.5*ZNR~AL*SIN(EE'IAT)*SIN(BETASM) +SB*XYNRML 

360 CCNTINUI 
370 S[M(NZ,NEC)=SUM(N2,NBC)+SU~1*CCNSTi 
300 CC~TINOE 
10 1 UN 1 'J=- 0 NI 'l 

BE'.I nm 
INC 
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C*DECK SCHi 
C 

FUNC'IICN S(Lti (EE'IA,PSI) 
C*** fUUC1ION SCIN COMPU'IES BL A~D BU USING NE\i1'0N 1 S METHOC 
C 
C***wPIT1lN DY: R.M.ANDER~ON 
C***DA'IE \RITTEN: 06/01/80 
C 
C***EXPLA!ATICN CF VARIAELES 
C PI= A~AN2(0.,-1.) 
C BETA= FIRST GUESS FOB SOlN 
C ?SI = EETA - (2*NBC*SIN (Q*SIN (DE'IA)) + (?;EC-1) *PI 
C Q = VEC10R F~CM CENTER CF DISH 'IO PCINT ON 'JUE RECEIVER 

C NBC= IOUNCE ~UMEER 
C 
C******** 

CCMMON /ELCCKB/ PIHALF,PI,PSIP,PSIPK,PSIH,EETAPK,Q,NBC 

A=EE'IA 
f=PSI 
X!=NEC 
E=E+ (XN-1.) •PI 
IC 10 I= 1, 3 0 
C 1S=Q*S11i (A) 
CILA=(B-~-*XN*ARSIN(QAS)+A)/(1.-2.*Q*XN*COS(A)/ 

* SCRT(1.-CAS**2)) 
J=A-I:ELA 
If (ABS(tELA) .LE •• 00001) GC '.IO .300 

11 II (A .l'I. 0.0) GO TO 200 
12 11 (A .G'J. PI} GO 'IO 200 
10 CCNTINUE 

lHIT E ( 6, 10 0) 
100 FCRMAT(' I'IE:RATION DID NOT CONVERGE') 

GC TO 30C 
200 iIITE(6,~01) 
201 FCRMA'I(' I'IERATION DIVERGED') 

A=O. 
300 SCLN=A 

E I'.IUBN 
EiD 
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C*DECK rr ]IU'I 
51JEfOU1INE P.LI1U'I {f:L,HU, NJI~'I A) 

C 
RIAL fL(.t),BU(2) 
l!'IEGIP ?d:E'IA 
CCMMON /ELCCRB/ PIHALF,PI,PSIP,PSIPi,PSIM,BETAPK,Q,NDC 

C**** CON~IDIRATICN OP ThE RELATICNSHIP BETWEEN PSIM,PSIP,PSIPK 
C IN CHDER 'IC CE'IERMINE 'IHE BE'IA-LIMITS CF INTEGRATICN 
C 
C***WRIT'IIN BY: E.r.. ANDER!:CN, ASSIS'IED BY CLI~T DAWSCN, 
C CATHY NORWCCD, AND REA[ JOHNSTON 
C***DA'IE ~RI11E?l: 06/G1;83 
C 
C***EXPLA~ATION CF VARIAELES: 
C BL{2) = ARRAY CCti'IAINING LOWER EE'IA-LP1ITS 
C DU(2) = ARRAY CON'IAINING U?PER EE'IA-LIMI'IS 
C NBETA = NUMEEF CF BETA-EEGIONS OVER WHICH TO INTEGRATE 
C NBE'IA=1 CB 2 
C BETA= 'IBE FIFS'I GUESS FOR EL{I) CB 90(1) TO BE 
C OSED I~ S0ERCU'II1E SCIN 
C 
C********C 
C 

II (PSI~ .L'I. C.0) GO 'IO 320 
C 
C PSIM >= C 

310 IP (F~lF .IT. PSIPK) GO 'IG 315 
C 
C PSI_, >= C 

311 

C 
C PSIH>=O 

315 

AND f!:lf)=PSIFK 
G 1 = !: Q R'I ( ( P SI PK - PSI M) / ( F SIP K + ( NBC -1) * PI) ) 
EE'IA=EETAPK*(1.-G1) 
BL (1)=SC1N (DETA,PSI!j) 
BE'IA=E!'IAPK*(1.+G1) 
ea (1)=SC1N (EET!,PS1l'1) 
NE'E'J.A=1 
GC 'IC 3~0 

ANC PSJF<FSIFK 
G 1=~CR'I ( (PSIPK-PSI 1'1)/ (FSIPR+ (NBC-1) *PI)) 
G2=~CB'l((PSIFK-PSIP)/(PS1PK+(NBC-1)*PI)) 
EE1.A=EE'IAPK* (1.-G1) 
BL ( 1)=!:CLN (BE'IA,PSIM) 
EE'I1= EE'IAFK*(1.-G2) 
BO ( 1)=SCLN (BE'I.A,PSIP) 
BETA=EETAPK*(1.+G2) 
EL(~)=~CLN(BE'IA,PSIP) 
PE'IA=EE'IAPK* (1.+G1) 
BTI(2)=SCLN(BETA,PSIM) 
NEE'I1=~ 
GG 'IC 3~0 
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C 
C PSI:1<0 

32 0 
321 

C 
C PSIM<O 

322 
390 

C 

IP (PSlf .GT. PSIPK) GO 'IO 325 
IF (fSlP .GT. C.O) GO 'IC 323 

JND PSJT<=C AND SINGLE BCUNCE 
If (r;EC .GT. 1) GO TO 391 

Gl=SQRT((PSIP-PSIPK)/(-(NtiC*fI+PSIPK))) 
G2=SQRT((P5IM-PSIPK)/(-(NnC*PI+PSIPK))) 
EE1A=BETAPK+ (PI-DETAfK)*Gl 
EL (1)=SOlN (BETA,PSIP) 
IE1A=DETAPR+(PI-BETAfK)*G2 
En ( 1)=SOLN (BE'IA,PSir.) 
1'E:E'IA=1 
GC 'IC 350 

C PSil'l<O JND 
391 

PSlf<=O AND MULTIPLE ECUNCE 
EL ( 1) =SCLN (O., PSI M) 

C 

£0 ( 1)=SOLN (EL ( 1), PSIF) 
G1=SQR'I((PSIP-PSIPK)/(-(NBC*FI+PSIPK))) 
IETA=EETAFK+(PI-BETAfK)*Gl 
El (2)=S01N (BETA,PSIP) 
EU (.2) =!:ClN (BL (2), Psrn 
liEETA=2 
GO 10 350 

C PSI:1<0 
323 

IND O<=ISIP<=PSlPK 
El(l)=0. 

C 

373 
374 

C PSI!'l<O lND 
325 

375 
376 

IF (NEC .LE. 1) GO TO 374 
EL (1)=501.N (O.,PSIM) 
G 1=SQRT ( (P !:IPK-PSIP) / (fSIPK+ (NEC-1) *PI)) 
EE'IA=BETAPK*(l.-Gl) . 
EU(1)=SOLN(DETA,PSIP) 
EE'IA=BETAPK*(1.+G1) 
El(2)=S01N(BETA,PSIP) 
G2=SQR1((PSIM-PSIPK);(-(NBC*PI+PSIPK))) 
EE'IA=BETAPK+(PI-BETAFK)*G2 
IU (2)=50lN (BETA,PSIM) 
1EE'IA=:2 
fC 'IC 350 

PSlI)fSlPK 
El(1)=C. 
IF (NEC .LE. 1) GO TC 37€ 

El (l)=SOlH (O.,PSIM) 
G1=SQRT((PSIM-PSIPK)/(-(NBC*PI+PSIPK))) 
EE'IA=BElAPi+(PI-BE'IAfK)*Gl 
FU (1)=S01N (EETA,PSlM) 
J;EE'IA= 1 

350 B l'IURN 
Ett 
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C.,Dr.CK DCHHl 

c••* 
C 
C 
C 
C 

S rn r-011 T I N E EC ILER ( Z, P III R , PS I D , X R , YR , Z R) 
OOILIR SUEitU1INE FOB A CYLINCE~. BOILER 
XF,YE, ANC 2R W~ICH AEE USED TO CCMPUTE 
THE iORMAL '10 1HE RECEIVER 
IN 11E ~Ali F~CGRAM. 

C***WRIT!EN EY: R.P. ANDE~SOtt, CLIN1 CA~SON, 

C0:1PIJ1'ES 

C CA'IHY NCRiOCD, AUD ~EAD JCHiSTCN 
C***DA'IE ~RIT!EN: 0€/01/83 
C 
C***EXPLAtATICN CF VARIAILES 
C Z = PO!ITICN CF VEC!OE C PRCJEC'IED CNTO iHE AXIS OF SYMMETBY 
C OF 'IHE EECEIVER 
C XB,YR,2R = CC~PCNEN!S OF '!HE ONI'I SURFACE NCRMAL 
C 
C*******•~******•*** 

CCMMON /IICCKB/ FIF.ALP,PI,PSIP,PSIPK,PSIM,BETAPK,Q,NBC 
FlDIUS=~.938/24./31.53 
Q=SQF.T(RADIDS**2+Z•*2) 
f!IR=A'IAJ;2 (FADlOS,2) 
X E=COS (FF.IR) 
Y F=S IN ( F fl 11) 
21=0. 
Iil'IURN 
E t,D 
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THE CROSBYTON SOLAR POWER PROJECT 

ROSA: A COMPUTER MODEL FOR OPTICAL POWER RATIO CALCULATIONS 

-

PART 2: Program User·s Guide 
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1. GENERAL PROGRAM OVERVIEW 

Introduction 

The Ratio of Solid Angles <ROSA) code was developed as part of 
the Crosbyton Solar Power Project CCSPP) for calculation of 
optical power concentrations due to reflection from a spherical 
segment mirror. It was developed primarily in support of 
Department of Energy Contracts DE-ACO4-76ET2O255 and 
DE-ACO4-83AL21557. Detailed derivations and a technical 
description of the ROSA code are given in Part I of this report. 
The present volume is intended to provide a program users guide 
for the ROSA code. 

-

The Ratio of Solid Angles formulation yields an analytical 
formula for the solar concentration ratio at a field point, Q, on 
a receiver surface. The optical power concentration, c, at a 
point Q on a receiver is defined as the total normally directed 
optical power per unit area received at that point. In the ROSA 
code, C is normalized by dividing by the direct normal insolation 
incident upon the receiver. The resulting dimensionless quantity 
becomes a concentration ~atio expressed as "number of suns". 

The ROSA method deals directly with a finite sun. The sun·s size 
is expressed in terms of an angular radius, u. Direct sunlight 
received at a point is viewed as a collection of rays lying 
inside a right circular cone with vertex at the receiver point Q 

and vertex angle 2~. 

The ROSA formula for the concentration ratio, C, at a receiver 
point, Q, due to reflection from a mirror surface is given by -

1 
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where, 

• • 
C(q,b> = 

• • • • 
b·dO, for b•dO > O, ( 1) 

q = the vector locating a field point Q on the receiver 

with respect to a convenient coordinate system; 

• 
b = the unit outward normal to the receiver at Q; 

n = the number of times a ray has been reflected on the 

mirror before striking the receiver at Q; 

Osn = 4n sih (an/2), the effective solid angle of the sun 

as viewed directly from the field point Q; 

an = the effective angular radius of the sun to be used 

for light which reflects n times on the mirror 

(for a perfect mirror an= a>; 

= the apparent solid angle of the sun as viewed in 

the mirror from the field point Q from light which 

has reflected exactly n times; 

R = the reflection coefficient of the mirror surface; 

and, 

• 

0 ~ R i 1; 

dO = differential solid angle directed toward the apparent 

position of the sun as viewed in the mirror; 

i.e., the oriented element of surface area on the unit 

sphere, with unit outward normal. 

The ROSA code evaluates this integral. 

2 
99 



OVERVIEW OF INPUT PARAMETER REQUIREMENTS 

The optical power concentration ratio at a point on a receiver 
surface is dependent upon several geometrical and physical 
factors. These include the position of the sun, the size and 
orientation of the collector, the shape and alignment of the 
receiver and the reflection coefficient of the collector. Thus, 
several geometrical and physical input parameters are required 
for the ROSA code. They include: 

1. Geometrical parameters of the collector (bowl). 
A spherical segment is used as the standard collector in the 
computer model. Normalized units are employed in the model, so 
that the spherical segment is taken to have unit radius. The 
height of the spherical segment is determined by specifying the 
rim angle, eR, of the bowl. 

Bowl orientation parameters are also required. These parameters 
are given in terms of a SOUTH-EAST-VERTICAL <S-E-V> coordinate 
system. The tilt angle,¥, of the bowl is measured between the 
symmetry axis of the bowl and the VERTICAL axis. The azimuth,~, 
of the lowest point on the rim is also measured in the 
S-E-V coordinate system. 

2. Sun positional parameters. 
The solar elevation, ED, and the solar azimuth, AD, are specified 
in the S-E-V coordinate system. 

3. Reciever orientation. 

Ideally, the axis of symmetry of the receiver should point 
directly towards the center of the sun. Misalignment is accounted 
for in terms of the zenith angle, ~~, and the azimuthal angle, 
~~, between the receiver axis and the vector from the center of 
the bowl to the sun. 
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9l1. Receiver coordinates. 

-

Actual concentration values are computed for points on the 

receiver surface. The receiver surface is assumed to be a surface 

of revolution. Points on the surface are described in terms of 

two input variables, a z-coordinate measured along the axis of 

symmetry of the receiver and an azimuthal angle ~R, measured 

about the axis of symmetry of the receiver. A user supplied 

subroutine, BOILER, is called to compute the radial distance from 

the axis of symmetry to the surface of the receiver. CA 

discussion of this subroutine is deferred until later). Normally, 

the concentration ratio is computed for several values of z and 

~Rina given computer run 

S. Number of reflections. 

This is the maximum number, N, of multiple reflection 

contributions to be included in the calculations. 

6. Effective sun size. 

For a perfect mirror, this parameter is simply the angular 

radius, u, of the sun cone. For imperfect mirrors, a set of 

effective angular radii, un, n=1, 2, ••• , N, ·can be specified to 

account for stochastic errors in the mirror surface. 

7. Reflection coefficient. 

The reflection coefficient, R, of the mirror surface is also an 

input variable for the program. 
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BOILER SUBROUTINE REQUIREMENTS 

A user supplied subroutine, BOILER, is required to describe the 
receiver surface as a function of distance along the axis of 
symmetry of the receiver. The receiver is assumed to be a surface 
of revolution. The subroutine receives a value of the distance, 
z, and returns the radial distance, Q, to surface of the receiver 
and the components of the unit outward normal to the surface at z 
in the receiver coordinate system. A discussion of this 
subroutine, including examples for a receiver in the form of the 
frustrum of a right circular cone and a right circular 
cylindrical receiver are discussed in the section entitled 
SUBROUTINE BOILER. 

RIM SUBROUTINE REQUIREMENTS 

A spherical segment is taken as the standard bowl shape in the 
model and is described by specifying the bowl rim angle, 6R· A 
user supplied routine, RIM, is used to describe more general rim 
shapes. The section SUBROUTINE RIM discusses an example in which 
the standard bowl is cut by two parallel, vertical planes. The 
planes are parallel to the VERTICAL-SOUTH coordinate plane and 
are symmetrically located on each side of this plane. 

5 
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2. PARAMETER DATA 

The parameter data cards describe the solar collector (bowl) 

constants, receiver alignment constants and sun parameters. The 

output of the program gives the solar concentration ratio at 

points on the surface of the receiver. These points are 

described in terms of an azimuthal angle, ~R, about the axis of 

the receiver and a distance, ZR, measured along the axis of the 

receiver. Loops have been provided in the program for 

calculations at several <ZR,~R> pairs. The loop parameters are 

also described in the following data input summary. These cards 

are read only once during a concentration calculation run. 

A. Title card C40A2> 

!TITLE - Describes receiver type. 

B. Boiler-sun alignment paramaters <2F10.S) 

DPSID 

DPHID 

- ~~, angle between the receiver axis and and the 

line through the center of the bowl and the 

center of the solar disk (degrees>. 

- ~~, azimuthal angle measured about the bowl 

center, solar disk center line (degrees). 

C. Sun parameters (3F10.S) 

SIGMAD 

ED 

AD 

- Effective sun size (degrees>. 

- Elevation angle of the sun (degrees). 

- Azimuthal angle of the sun (degrees). 
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D. Bowl parameters (3F10.S) 

THTARD 

6AMMAD 

PHIDD 

- Rim angle of the bowl (degrees> 

Tilt angle of the bowl. The angle between 
. 

the symmetry axis of the bowl and vertical 
(degrees). 

Angle between the lowest point on the bowl 
and south (degrees>. 

E. Reflection coefficient (F10.S) 

REFC - Reflection coefficient of the mirror~ 

F. Omega integration parameter (IS> 

!STEPS Number of intervals to be used in the 
Simpson's rule integration of the 
concentration ratio integral. 

G. Loop parameters for outer calculation loop (3F10.5) 

STPHIR 

SPPHIR 

DPHIRD 

Azimuth of starting point for PHIR angular 
sweep around the receiver surface (degrees>. 

Azimuth of stopping point for PHIR angular 
sweep around the receiver surface (degrees). 

- step size for PHIR sweep (degrees). 
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H. Parameter for subdivision of receiver axial parameter (15) 

NZRR Number of subdivisions of the receiver axis 

to be used in the concentration calculations. 

The concentration profile varies rapidly with 

ZR over some regions and slower over other 

regions and this parameter permits the user 

to vary the distance between calculated points 

accordingly. 

I. Loop parameters for the inner calculation loop (15,2F5.3) 

(This data card must occur NZRR times.) 

NZZ 

ZSTART 

ZSTOP 

- Number of ZR values in the Z loop. 

- Starting value of ZR. 

- Final value of ZR. 
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3. PROGRAM OUTPUT 

This chapter provides a brief description of the ROSA program 
output. A portion of the output is also shown, together with a 
concentration profile graph. 

Physical and Geometrical Parameters 

The ROSA program always echo prints the following input data: 
A. Boiler title card; 

B. Boiler - Sun alignment parameters; 

C. Sun Parameters; 

D. Solar bowl parameters; 

E. Reflection coefficient; 

Sample output is shown in table 3.1. 

Optical Concentration Output 

Concentration ratio values are obtained at points along the 
rece·iver surface. Points on the surface are located by 

prescribing pairs of values CZR,~R>, where ZR is measured 
along the axis of symmetry of the receiver and ~R is an 
azimuthal angle measured about the receiver axis. The ~R 
variable is the slower varying variable in the calculations. The 
loop structure for the ouput is as follows: 

BEGIN PHIR loop 

Print PHIR (degrees> 

Begin ZR loop 

Print ZR 

FOR J = 1 to S 

PRINT contribution from Jth bounce 

NEXT J 
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Print the total concentration (sum of 5 bounces) 

- END ZR loop 

END PHIR 1 oop 

(Note: we are only considering contributions from light that has 

reflected five times or less before striking the receiver.) 

Sample output corresponding the the imput in Table 3.1 is shown 

in Table 3.2. 

It should be noted that normalized units are used in the ROSA 

code. The radius of the bowl is taken to be unity, so that 

necessarily O ~ZR~ 1. The output values are also normalized. 

The input solar intensity, I, at the aperture plane is an overall 

scale factor and all concentration results are given in "number 

of suns", i.e. I= 1. 

-
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Table 3.1 Echo Print of Input parameters 

BOILER SHAPE: CYLINDER 

BOILER-SUN ALIGNMENT PARAMETERS: 

DELTA PSI <DPSID) 

DELTA PHI <DPHID> 

SUN PARAMETERS: 

= 
= 

SUN CONE HALF ANGLE (SIGMAD> = 
SUN POSITION: 

ELEVATION <ED) 

AZIMUTH CAD) 

DISH PARAMETERS: 

DISH HALF-ANGLE CTHTARD> 

DISH ALIGNMENT: 

GAMMAD 

PHID 

REFLECTION CONSTANT 

!STEPS 

START PHIR CSTPHIR> 

STOP PHIR CSPPHIR) 

DELTA PHIR CDPHIRD' 

NUMBER OF Z-INTERVALS <NZRR> 

NUMBER OF INCREMENTS <NZZ> 

ZSTART 

ZSTOP 

= 
= 

= 

= 
= 

= 
= 

= 
= 
= 

= 

= 
= 

= 
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0.50000 

30.00000 

0.0 

60.00000 

15.00000 

0.0 

0.88000 

50 

o. 
o. 
o. 
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0.500 

0.995 
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Table 3.2 Sample Concentration ratio output 

PHIR = o.o 
Z= 0.5000 

BOUNCE NUMBER=! CONCENTRATION= 

BOUNCE NUMBER=2 CONCENTRATION= 

BOUNCE NUMBER=3 CONCENTRATION= 

BOUNCE NUMBER=4 CONCENTRATION= 

BOUNCE NUMBER=5 CONCENTRATION= 

TOTAL CONCENTRATION= o.o 

Z= 0.5050 

BOUNCE NUMBER=l CONCENTRATION= 

BOUNCE NUMBER=2 CONCENTRATION= 

BOUNCE NUMBER=3 CONCENTRATION= 

BOUNCE NUMBER=4 CONCENTRATION= 

BOUNCE NUMBER=S CONCENTRATION= 

TOTAL CONCENTRATION= o.o 

Z= 0.5100 

BOUNCE NUMBER=! CONCENTRATION= 

BOUNCE NUMBER=2 CONCENTRATION= 

BOUNCE NUMBER=3 CONCENTRATION= 

BOUNCE NUMBER=4 CONCENTRATION= 

BOUNCE NUMBER=S CONCENTRATION= 

TOTAL CONCENTRATION= o.o 

Z= 0.5150 

BOUNCE NUMBER=l CONCENTRATION= 

BOUNCE NUMBER=2 CONCENTRATION= 

BOUNCE 

BOUNCE 

BOUNCE 

TOTAL 

NUMBER=3 CONCENTRATION= 

NUMBER=4 CONCENTRATION= 

NUMBER=5 CONCENTRATION= 

CONCENTRATION= 66.4747 
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Z= 0.5200 

BOUNCE NUMBER=l CONCENTRATION.., 

BOUNCE NUMBER=2 CONCENTRATION= 

BOUNCE NUMBER=3 CONCENTRATION= 

BOUNCE NUMBER=4 CONCENTRATION= 

BOUNCE NUMBER=5 CONCENTRATION= 

TOTAL CONCENTRATION= 185.9003 

Z= 0.5250 

BOUNCE NUMBER=l CONCENTRATION= 

BOUNCE NUMBER=2 CONCENTRATION= 

BOUNCE NUMBER=3 CONCENTRATION= 

BOUNCE NUMBER=4 CONCENTRATION= 

BOUNCE NUMBER=5 CONCENTRATION= 

TOTAL CONCENTRATION= 296.1956 

Z= 0.5300 

BOUNCE NUMBER=l CONCENTRATION= 

BOUNCE NUMBER=2 CONCENTRATION= 

BOUNCE NUMBER=3 CONCENTRATION= 

BOUNCE NUMBER=4 CONCENTRATION= 

BOUNCE NUMBER=5 CONCENTRATION= 

TOTAL CONCENTRATION= 381.1919 

Z= 0.5350 

BOUNCE NUMBER=l CONCENTRATION= 

BOUNCE NUMBER=2 CONCENTRATION= 

BOUNCE NUMBER=3 CONCENTRATION= 

BOUNCE NUMBER=4 CONCENTRATION= 

BOUNCE NUMBER=5 CONCENTRATION= 

TOTAL CONCENTRATION= 399.5920 
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4. BOILER SUBROUTINE 

Introduction 

The ROSA code is sufficiently general to permit any convex 

surface of revolution for the receiver/boiler surface. However, 

this requires that a BOILER subroutine be provided by the user. 

The formulas necessary for this routine are derived in Chapter 3, 

Part 1 of this report_- In this chapter, we provide the 

_ingredients for building the subroutine and give examples for a 

cylinder and a cone. 

Subroutine Outline 

-

The routine assumes that the receiver surface is described in the 

form 

r = f<Z>, (IV-1) 

where Z is measured along the axis of the receiver <with Z ~ O> 

and r is the perpendicular distance from the axis of the 

receiver. Input for the routine includes the value of Zand an 

azimuthal angle, PHIR, measured about the axis of the receiver. 

These two values determine a field point on the receiver surface. 

The subroutine returns the distance ,Q, from the origin of the • 
~ 

reciever coordinate system to the field point, the zenith angle 

of the point, and the components of the unit outward normal to 

the surface. The routine then becomes: 

SUBROUTINE BOILER CZ,PHIR,Q,PSIR,XR,VR,ZR) 

REAL Z,PHIRD,Q,PSIR,XR,VR,ZR 

F= formula for surface of revolution: r=f<Z> 

FP= formula for F·<z> 

ZETA= ATAN<FP) 

Q=SQRT(F**2+Z**2) 
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PSIR=ATAN(F/Z) 

- XR=COS<PHIR>*COS<ZETA) 

YR=SIN<PHIR>*COS(ZETA> 

ZR=-SIN<ZETA) 

RETURN 

END 

For a right circular cylinder, f<Z> = r 0 , a constant and 

f'(Z) = O. Thus, ZETA= O, and the above formulas can be 

simplified. 

For the frustrum of a cone, f(Z) = <-tan 'l'R>Z, f·<z> = - tan 'l'R, 

where 'l'R is the angular radius of the cone. Thus, ZETA= - 'l'R 

for a cone. 
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S. RIM SUBROUTINE 

This section presents a listing of an implementation of a RIM 

subroutine corresponding to the rim shape described in Chapter 7, 

Part 1 of this report. 
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=========:=======:=============================~================ 
SUEROUTINE Fir, 

e=======~=:========================~============================= 

C•DECK Hlt 

c••• 
C 
C 
C 

SIJEfOU111H TIIl1 (OMEGA,1H'IAZ,If'·lAG) 
RIM CALCULA1ES 'IHTAZ IOR A DISH TEAT HAS EEEN 
PARTlALLY Cl1-CFF BY 'IWO PLANES RUNNING PARALLEL 
TO "IlE D-A ILANE (SEE D-M-A COOliDINATE SYSTEM) 

c•••WRIT'IIN BY: CllNT DAW50N AND CA'IHY NOB~COC 
c•••DA!E \Rl11Eh: 02;01,eq 
C 
C***EXPLAtATIC~ CF VARIAELES: 
C C~EGA, TH'IAZ: ~EE MAili PRCGRAf. 
C RL1-BI3,R~1-I~3,liN1-BNJ: ENTRIES CF THE ROTA'IION MATRIX 
C EITWEEN 1HE D-M-A AND X-Y-2 COCRDitA'IE SYSTEMS 
C RIMCq-RIMC6,Fl~C10-RIMC15: USED ltt CALCULA'IIONS 
C OF Rl1,RL2,E1C. 
C CAPA: 'IHE A-CG06CINA1ES OF THE PCINTS iHERE 
C THE PLANE CU'IS 1BE SPHERE 
C CAPD: ~HE t-COCliDINATE OF THE LOiEST POINT 
C wHERE 'IHE FLANI CU'IS THE SfHERE 
C AMIN: 'IHE IHJ.IMUII CF CAPA(1) AN[ C.I\PA(2) 
C THTAFI: THE ARCOS CF THE ABSOLO'IE VALUE CF A~IN 
C RMO: 1HE EQUATION OF TEE PARALLEi FLANES 
C \HICH CC! 1HE DISH 

C 

ec 
C 

CCMMON /flCCRA/ ~O~EGA,ISTEFS,CMEGAL(2),0MEGAU(2},XYNRML, 
* AIPUA,NZ,2N~~AL,PSIOS,PSIOC,SIG~AC, 
* BlMC4,BlP.C5,BIMC6,'IHTABC,!HTAW 

CCMMON /CO'I/ THTAR,GA~MAC,ES,A,PHID,GA~~AS,EC,PHIOC,PHIOS 
EIAL CHEGA,1HTAZ 
BIAL RI~C10,BIMC11,RIMC12,BIMC13,RIMC1~,RIMC15 
B I AL AO , A 1 , A .2 , A 3 , AlH N, CA PA ( 2 ) , BAD 1 , 6 M O , TH 'I APR , TH TA PC , T H 'I ! P S 
BIAL CAEI,EEEI,RFHIS,RPHIC,OMEGAT 

IllAG=O 
BlMC10=GA~MAC*IS*CCS(A-PHID) + GAM~AS*EC 
BlMC11=-GAliAC*S1N(A-PHID) 
BJMC12=GAM~AC*EC*CCS(A-PHID) - GAMMAS*ES 
ElMC13=I~•SIN(A-PHlD) 
E l MC 1 4 =CC S (A- P HI I) 
RJMC15=EC*SIN(A-P81D) 
B11=PSICC*(FHIOC*RIMC10 + PHIOS*RIMC11) + PSIOS*RIMC12 
EP.1=PBIC~•EIMC10 - PHIOC*RlMC11 
~i1=PSIC~•(FEIOC*RIMC10 + PBIOS*RIMC11) - PSIOC*~IMC12 
EI2=PSICC*(F6IOC•RIMC13 + FB1OS*RIMC14) + PSIOS*EIMC15 
EP2=PHIOS*EI~C13 - PHIOC*RIMC14 
EI2=PSIC~•(FBICC*RlHC13 + FE10S*RI~C14) - PSIOC*BIMC15 
E 13=RI1'Cll 
E? 3=RIP1C ~ 
F l3=1il MC6 
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C -~(=-co~ (1H'IATI) 
fl PO=. 5 
CPIGA1=1l~(CHEGA) 
11=liH1-~l11CMEGAT 
A1=RM3-RI3•CMEGA1 
11 (A1••~•13••2 .EC. 0.0) GC TO 784 

C ELSE CC i'IINOE 
C 

A,=RH2-fi12•C~EGAT 
~.IC1= (A1••~+A3,.*2) *A1••2• (1-liMC••2) 

C -A1••~•AL••~•EMC••2 
II (RAC1 .17. 0.0) GO TO 7E4 

C ELSE CCJ'IINUI 
C 

C 

C!PA(1)=C-A2*A3*RMC + SQR1(BAD1))/(A1*•2+A3**2) 
C1FA(2)=(-A2*A3*EMO - SQRT(RAD1))/(A1**2+A3**2) 
lP.IN=Aftllil (CAPA(1) ,CAPA(2)) 
II (AMAX1(CAPA(1),CAPA(2)) .GE. AO) GO TO 785 
\il IT E ( 6 , i e E ) 

786 FCRHAl(' SEE BACK EURNER! 1 ) 

785 II (AMlt; .GE. AO) GO TO 784 

C ELSE CCPPOTE Nlft 'IBTAZ 
C 

'I l'IAFE= 1\ FCCS (AES (A IHN)) 
CIPD=-(A~IN*A3+RHO*A2)/A1 
5IHI=A'IAi2(F~O,CAPI) 
1E7APC =COS(1HTAPR) 
'IE~APS =~IN('IH'IAPR) 
J.IHIC=CCS (liEEl) 
.BIHIS=Sll'i (BFHI) 
Tf.TAZ=BN1•EF6IC*TH'IAPS + RN2•RFHIS*'IH~APS - BN3*THTAPC 
ll (THlA2 .G'I. 1.) GC TO 794 

THTAZ=IECCS('IB'IAZ) 
GO 'IC 184 

79'4 I ILAG= 1 
784 .RITURN 

F1D 
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