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ABSTRACT

One of the primary distinctions among parabolic cylinder
solar collectors is the focal length of the reflector. For

a given collector width, this focal length is directly re-
lated to the rim angle. Previous studies have used different
criteria to optimize collector designs. This study considers
in detail the effects of varying the receiver design with
focal length. As the rim angle is decreased, an increasing
portion of the receiver and its envelope receives little

or no reflected solar flux, and this portion may be designed
to minimize thermal losses. The result is a design which

is not symmetric about the receiver axis. The purpose of
this analysis is to examine the performance of such an
asymmetric receiver design and to determine the optimum

rim angle.

The results of the 'study show that, for the receiver con-
figuration and operational conditions described, the optimum
recelver has a 90° rim angle. The impact of varying a number
of design parameters is also evaluated.
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DESIGN ANALYSIS OF ASYMMETRIC SOLAR RECEIVERS

I. Introduction_

The effective utilization of thermal energy derived from incident sunlight
often requires that the solar emergy be collected at temperatures which can
be achieved only with some degree of concentration. One such concept is the
Solar Total Energy Program which has been previously described [1-3]." For
that system, the solar energy must be collected at a temperature high enough
to operate an organic fluid Rankine turbine for the generation of electricity,
and thebparabolic cylinder solar collector desigﬁ has been selected as the
most appropriate. ' o

A parabolic cylinder solar collector consists of a parabolic cylinder
reflector which focuses the insolation onto a receiver tube where the energy
is absorbed in a working fluid. Hassan and El-Refaie [4] present a theoretical
study of the performance of a parabolic cylinder reflector as a function of
focal length but do not consider the design of a receiver to collect the
concentrated energy. - The analytical and experimental work of Lof, Fester,
and Duffie [5] is‘an example of other characterizations of the performance
of focusing solar collectors with tubular recelvers.

Calculations have shown that the performance of tubular receivers can
be improved substantially by placing the. receiver inside a transparent envelope
to reduce both the convection and radiation losses. Pope and Schimmel [6]
provide an analysis which includes the consideration of the convective/radiative
energy exchange between a receiver and its envelope, the effect of silvering
the envelope to reduce radiative losses, and the effect of transmission through
the envelope. Their analysis, however, is one-dimensional and as such does
not include consideration of the window in the silvered envelope.

One of the primary distinctions among parabolic cylinder solar collectors
is the focal length of the reflector. For a fixed aperture, i.e., the distance
from one edge of the parébolic reflector to the other, this focal length is
directly related to the rim angle as shown in Figure 1. The basic objective
of the preseht study is to determine the rim angle (focal length) for optimum
performance. The performance‘éan be characterized by the collector efficiency,
defined as the fraction of solar energy intercepted by the collector which is '
delivered to the working;fluid.l ,

*Numbers in brackets refer to similarly numbered entries in the list of
references. . '




Receiver
Envelope

Focal
Length ~ Rim
Angl
| Angle
B }
. w ol \—Reﬂector
2 o

Figure 1. Parabolic cylinder solar collector

Some of the losses are independent of the receiver configuration. The
incident radiation is attenuated by the specular reflectivity of the reflector
surface, the transmissivity of the envelope, and the absorptivity of the
receiver surface. Once the energy is absorbed by the receiver, there are
additional thermal losses which can be affected by the receiver design.

Previous efforts to select an optimum rim angle have considered receivers
which are symmetrical about their axes. One.study [7], which optimizes the rim
angle to minimize the effects of reflector aberrations, suggests that rim angles
of 115° are best. The computer model developed in another study [8] was used

to evaluate receivers whose diameters had been determined by the maximum distance .

from the reflector surface to the focal line. These calculations indicated
that a rim angle of 90° gives better performance due to the smaller receiver

diameter.

Symmetrical receivers are designed as if the solar input were to come
from all directions onto the entire receiver surface. In some collector con-
figurations an angular segment of the receiver and its envelope is not illumi-
nated appreciably by the reflected solar flux. These surfaces do, however,
participate in the mechanisms by which heat is lost from the receiver, and
the performance could be improved By reducing these thermal losses by means
of such techniques as reflectively coating the inside surface of the envelope
and insulating the outside surface. The result is a design which is no longer
symmetrical about the axis. The extent to which such thermal protection may
be placed on the envelope increases with smaller rim angles.



Preliminary calculations indicated that it is possible to offset the
deleterious thermal effect of increasing receiver size with smaller rim angles
by going to asymmetric designs which include insulation and silvering on the
unilluminated portion of the envelope. The purpose of this analysis is, then,
to determine the extent to which insulation and a reflective coating can be
included in the receiver design for various rim angles, to examine the compara-
tive performance of such asymmetric receivers for which the collector width
is held constant, and to select the optimum rim angle on this basis.

II. Analysis

Thermal Model

To represent the two-dimensional heat transfer problem, a computer program
has been developed which constructs a nodal network which models a cross-section
of the receiver. The computer program accepts input data which describes the
receiver to be analyzed, determines the appropriate data for the numerical
representations, and executes a solution utilizing CINDA-3G [9], a general
purpose heat transfer code. '

The generic description of the nodal model of the receiver is shown in
Figure 2. The model represents one half of the receiver which is symmetrical
about the line from the vertex of the parabolic cylinder reflector to the
focus which is coincident with the center of the receiver. The nodes are
defined by dividing the half-section into eight equal segments. Each of the
nodes which represents a part of the mass (i.e., a diffusion node) is numbered
in Figure 2. In addition there are surface nodes on the inside and outside
surfaces of the receiver, the inside surface of the envelope and the outside
surface of the insulation.

The inside surface of the receiver transfers heat to the working fluid
by convection., The fluid is assumed to be at a uniform temperature. The
outside surface of the receiver accepts the solar input, the intensity and
distribution of which are discussed below. The receiver exchanges energy
with the envelope by radiation and conduction. The radiation heat transfer
is treated by a radiosity network solution which requires the emissivity of
each surface node and the shape factors which characterize the geometrical
configuration. Convection across the annulus between the receiver and‘envelope
can be made negligibly small by selecting a sufficiently small spacing. At
the temperatures expected in these solar collectors, an air gap of 0.25 in.
satisfies the criterion and is included in each of the designs. Furthermore,
most candidate receiver coatings require a controlled atmosphere for long life;
and a partial vacuum may be maintained in the gap, also inhibiting convection.
However, since a relatively hard vacuum is required to prevent conduction heat
transfer, it is assumed that the conduction mode is active. Further considera-
tion of these heat transfer mechanisms is suggested as a possible extension of
this study.'
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Figure 2. General nodal network

The computer program includes the logic necessary to model the ingulation
layer over a specified number of segments, counting from the top. Since these
nodes may or may not be present physically, their numbers are shown in paren-
theses in Figure 2. The model assumes that the outermost surface, whether
insulation or envelope, loses heat by convection to air and by radiation to

the environment.

Input Data

The thermal model described above must be suéplied with input data to
describe the receiver and its operation. The number of possible combinations
of these data approaches infinity. Therefore, it is the purpose of this section
to collect a set of meaningful input values to serve as a baseline for the
analysis. The impact of parametric variation from this baseline is discussed
in a later section. :



Although solar energy cannot be regarded as a new ldea, good thermophysical
property data for engineering materials and surfaces which might be used in
mass-produced solar collectors are not plentiful. Also the techniques for
measuring these properties and reporting the data have not been standardized.
Sandia Laboratories, along with others, is endeavoring to provide reliable
data, particularly for the optical properties, for such materials. The proper-
ties data for this study have been selected from measurements taken on presently
available materials and coatings.

The receiver surface is critical to the performance of the solar collector
because it both absorbs the insolation and radiates heat away from the receiver,
which is one of the primary loss mechanisms. Therefore, it is important that
the recelver surface absorb as completely as possible the short wavelength
radiation while concurrently emitting little energy as longer wavelength'infrared
radiation. Several surfaces which exhibit such behavior are being evaluated,
and a sizable portion of current solar energy research is committed to the
effort to provide long-lived surfaces with Increased absorptivity in the visible
and reduced emissivity in the infrared.

Baseline data values for these and other optical properties are given in
Table 1. To this point in the study these data have been taken as constants
even though the computer program is capable of treating the properties as
functions of temperature. Data for the thermal conductivities of the various
materials have been selected from those provided by Kreith [10]. For this
analysis the recelver is assumed to be steel, the gas inside the envelope to

Table 1. Baseline Input Data

Temperature of the working fluid 600 °F
Temperature of the ambient air 77°F
Temperature of the environment 77°F

Receiver surface absorptivity (visible) 0.90
Receiver surface emissivity (infrared) 0.30
Reflector reflectivity 0.78
Envelope transmissivity (visible) 0.90
Envelope emissivity ' 0.90
0.20
0

.20

Envelope emissivity with silvering
Insulation surface emissivity

Convection heat transfer coefficient

for air 3.44 Btu/ftz-hr-F
Convection heat transfer coefficient 2
for working fluid 164 Btu/ft -hr-F

Normal solar insolation 318 Btu/ftz-hr

.




have the properties of air, the envelope to be window glass, and the insulation
to be equivalent to Kreith's entry called "molded plipe covering."

Previous considerations have led to the selection of 600°F as the working
temperature of the collector fluid for the Solar Total Energy Project at Sandia
Laboratories. With this temperature, preliminary heat balance calculations
have established that radiation loss is a weak function of the radiation sink
temperature, and 77°F is the baseline ambient temperature for both the radiation
loss and the convective loss to the environment.

Since the temperature of the working fluid is 600°F, the emissivity chosen
for the receiver surface is based on that temperature. Specifically, the
receiver surface properties are those measured for a black nickel coating.

The reflectivity is that quoted by the manufacturer for Alzac® aluminum, which
is available in sheet form and which has been proposed as a suitable reflector
material. The optical properties of the envelope are characteristic of Corning
Glass Works Code 7052 glass. The emissivities of the envelope silvering and
the outer surface of the insulation are easily obtained with current techniques.

The convection heat transfer coefficient for the outermost surface is
determined for air flowing at 5 miles per hour normal to a heated tube. To
maximize the heat transfer to the working fluid, turbulent flow is maintained
in the receiver. The film coefficient inside the receiver is characteristic '
of Therminol-66" flowing at 2.5 feet per second.

A maximum solar insolation characteristic of Albuquerque, New Mexico, is
318 Btu/ftz-hr. This is the flux taken normal to the incoming radiation. The
present study considers the performance of the solar collectors operating at
a steady state with this maximum input; and efficiencies, or other performance
data, must be adjusted before they can be used to predict system performance
under other conditions.

The radiation heat transfer from the receiver to the envelope is analyzed
as a radiosity network of the eight receiver surface nodes and eight envelope
surface nodes. Such a solution requires the emissivity and area of each of
the participating surfaces and the matrix of shape factors, i.e., the fractions
of energy emitted by each of the surfaces which are intercepted by each of
the surfaces. In general, the shape factor matrix for the present problem is
a 16x16 matrix. However, with the areas of the surfaces and the reciprocity
relation between areas and shape factors, half the matrix can be uniquely
determined from the other half, so that only half the shape factor matrix
plus the principal diagonal is required to specify the problem. The receiver
surface is convex so that none of the nodes can radiate to itself or to another
receiver node. If it is assumed that, because the envelope surface nodes are

*Registered trademark of Aluminum Company of America.

TRegistered trademark of Monsanto Chemical Corporation.




nearly uniform in temperature, there is negligible heat transfer by radiation
among them and 1f the fact that each envelope surface node cén see itself is
ignored, the corresponding shape factors may be taken as zero. Therefore, only
an 8x8 section of the 16x16 matrix need be specified, all other elements being
either zero or calculable. The required shape factors then are those related
to the radiation of the recelver nodes to the envelope nodes. '

To develop these shape factors it is assumed that each surface node on
the recelver radiates only to five nodes centered directly opposite on the
envelope. For example, Node 4 in Figure 2 radiates only to Nodes 18-22.

Since all energy radiated by the receiver node must be intercepted by the

five envelope nodes, the sum of the five shape factors must be one. For

those nodes near the plane of symmetry, that boundary of the problem appears
as a perfect mirror, and the shape factors must account for the fact that,

as an example, Node 9 radiates to Node 18 directly and by reflection from the
adiabatic boundary. The shape factors relative to the nodes as shown in Figure
2 are given in Table 2.

Table 2. Radiative Shape Factors

Nede 17 18 19 20 2 2 23 2%
9 - .55 .34 .11 0 0 0 0 0
10 34 .32 .23 11 0 0 0 0
11 11 .23 .32 .23 .11 0 0 0
12 0 .11 .23 .32 .23 .11 0 0
13 0 0 .11 .23 .32 .23 .11 0
14 0 0 0 .11 .23 .32 .23 11
15 0 0 0 0 11 .23 .32 .34
16 0 0 0 0 0 .11 34 .55

The required receiver diameter for each focal length is determined by the-
maximum distance from the reflector surface to the focal line, i.e., the dis-
tance from the edge of the reflector to the centerline of the receiver. Since
the sun subtends an angle of 32 minutes and if it is assumed that the mirror
slope error is *15' and the tracking error is *15', the recelver must be sized
to subtend at least 92' in order to intercept the somewhat divergent reflected
solar flux. A study by Edwards, et al. [1ll], concludes that the incident
angle of solar radiation should be less than 60° from the normal to the receiver
surface for effective absorption. Therefore the receiver tube diameter is given
by

2r sin(92'/2
sin 60° @




where r is the distance from the reflector lip to the receiver centerline. For
parabolic cylinders the distance from the focal line to the edge is given by

w .
r B e m— 2
2 gin Ar 2)

where W is the width of the collector and Ar is the receiver riﬁ angle.

With Equations 1 and 2 the outside diameters of four receivers, with rim
angles of 115°, 90°, 70°, and 45°, have been determined. For each of these
it has been assumed that (1) the receiver wall thickness is 0.0625 in., (2)
there is a 0.25 in. gap between the receiver and envelope, (3) the glass
envelope is 0.125 in. thick, and (4) the outside insulation, where it is
included, is 0.5 in. thick. The data required to input these designs to
the computer program are given in Table 3.

Table 3. Design Data for Receivers

Rim Angle 115° 90° 70° 45°

Receiver Diameter 1.841 1.669 1.776 2.359
R, ‘ .858 .772 .825 1.117
R, .921 .835 .888 1.180
Ry 1.171 1.084 1.138 1.430
R4 1.296 1.209 1.263 1.555
Rg 1.796 1.709 1.763 2.055

Window Angle 158° 132° 112° 91

Segments of silvering
and insulation 1 2 3 4

Because of the divergence of the reflected light rays, the receiver is
illuminated over an angle greater than the rim angle. As described above,
each receiver is sized such that it may be illuminated as much as 60° more
than the rim angle. However, even for rim angles as large as 115°, not all
of the envelope receives reflected 'insolation. This analysis considers the
performance of receiver designs which employ silvering on the inside surface
and insulation on the outside surface of the envelope to minimize thermal
losses through the unilluminated part of the envelope.

The size of the window through the envelope may be determined using Figure
3. The angle AFE is the rim angle, and the point B is the uppermost point
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Figure 3. Determination of window angle

which receives illumination. Constructing through B a line parallel to FE
gives the point D which is approximately the boundary of the illuminated part
of the envelope. (To be exact, the lines FE and BD meet at the reflector edge
and diverge with an angle of 46' between them.) The angle AFD subtended by
the window, Ay, 1s then glven by

R, sin 60°
2 ] 3)

- -1
A, Ar + sin [ =

3

’

Because the thermal model is a nodal network to be solved numerically, the
thermal protection may be considered only as covering an integer number of
segments. The window angles determined from Equation 3 for recelvers with
rim angles of 115°, 90°, 70°, and 45° allow silvering and insulation very
nearly over 1, 2, 3, and 4 segments, respectively.

The heat input to the receiver must be determined for each segment in
each design. A study is underway at Sandia Laboratories to develop a ray-
tracing, Monte Carlo technique to calculate these heat flux distributions.
For the present analysis it is assumed that each segment within the rim angle
is fully exposed and it is given a scale factor of 1.0, while the next three
segments are partially illuminated and are given scale factors of 0.8, 0.4,
and 0.1 sequentially. The heat input is then distributed among the eight
segments according to the scale f;ctors. ‘
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The thermal model represents one half of the receiver and the incident
radiation is attenuated by the reflectivity of the reflector, the transmissivity
of the envelope, and the absorptivity of the receiver surface. Therefore,
the solar input to the receiver in a collector 9.0 ft wide is 1.257 Btu/min
per inch of length for the baseline conditions presented in Table 1. This heat
input also must be reduced to account for the receiver's shading the reflector.
The resulting heat input distributions are shown in Table 4 for the four cases.

Table 4. Heat Input Distributions

Node No. 115° 90° _10° 45°
1 .0199 0 0 0
2 .0773 .0235 0 0
3 .155 .0927 .0290 0
4 .19 .185 .113 .0370
5 .19 .231 .226 .145
6 .19 .231 .283 .292
7 1% .231 .283 .366
8 . 1% 231 ,283 .366

III. Results and Cpnclusions

Optimum Rim Angle for ngelinevlnput

The computer model has been run for each of the four receiver designs
for the baseline conditions, and the results are shown in Table 5. The heat
transfer rates are given per inch of length in the axial direction. The heat
ratio is the ratio of the heat transferred to the working fluid to the heat
absorbed at the receiver surface. The collector efficiency is the ratio of
the heat transferred to the working fluid to the insolation intercepted by
the collector. The data show that for a given collector width intermediate
rim angles give better performance for the baseline conditions than either
large or small rim angles. Further discussion is deferred until some data
other than the baseline have been considered. The present analysis has been
compared to a previous treatment [8] by considering a common problem. The
problem chosen for the comparison is the 115° rim angle case presented above,
with two exceptions. Because Edenburn's analysis is one-dimensional and
cannot consider an outer layer of insulation, the insulation is deleted
completely, and the radii of the various components of the receiver were

-




Table 5. Results fbr Baseline Conditions

115° 90° 70° 45°
Heat to Receiver (Btu/min) 1.224 1.225 1.216 1.206
Heat to Fluid (Btu/min) .900 .943 .938 .882
Convection Loss (Btu/min) .236 .205 .206 .245
Radiation Loss (Btu/min) .089 .077 .072 .078
Heat Ratio (%) 73.52 76.98 77.14 73.18
Collector Efficiency (%) 45.27 47 .45 47.20 43.40

modified siightly to utilize a standard pipe size for the receiver tube. The
results of the comparison are shown in Figure 4 as a function of the emissivity
of the receiver surface; the two models shown excellent agreement. A listing
of the program for the 90° rim angle case at baseline conditions is shown in
the Appendix.

> 0.6}
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8

S04}

g

= I Present Model
o 0.2}

] [ [ 1 | J
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Emissivity

1 1 L
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Figure 4. Collector performance as a function of
the emissivity of the receiver surface

One of the most active areas of solar energy research is the effort to
reduce the emittance of the receiver surface while maintaining a high solar
absorptance. The performance of each of the receiver designs was examined
over the full range of possible emissivity values, holding all other parameters
at the baseline values. Table 6 shows the resulting collector efficiencies,
and the preference for intermediate focal lengths indicated above is
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Table 6. Collector Efficiencies
for Varying Emissivity

Emissivity 115° 9° 70° 45°
0.0 52.95 53.92 53.36 51.26
0.1 50.12 51.47 - 50.9 48.46
0.2 47.57 49.33 48.94 46.24
0.3 45.27 47.45 47.20 44.40
0.4 43.19 45.77 45.68 42,82
0.5 41.31 44.28 44.33 41.43
0.6 39.60 42.91 43.12 40.20
0.7 38.04 41.67  42.02 139.10
0.8 36.60 40.55 41.03 38.11
0.9 35.30 39.52 40.11 37.18
1.0 34.09 38.56 39.27 36.39

substantiated at all emissivities. Furthermore, the data indicate that the
performance of the collectors is not a strong function of the rim angle in
the intermediate zone, i.e., small deviations from 90° do not precipitate
large increases in thermal losses. Changes in the thermal performance are
quite small so that other considerations, such as fabricability, may dictate
rim angles smaller or larger than 90° provided that the departure from 90°
is not extreme. Since recent laboratory measurements have shown that emis-
sivities on the receiver surface of 0.3 or less can be expected, the 90° rim.
angle receiver design is selected as the preferred configuration.

Variation from Baseline Input

In addition to meeting the primary objective of this study, i.e., to
determine the effect of rim angle on receiver performance, the computer
model which had been developed has been used to examine further the sensi-
tivity of the collector performance to variations in some of the design
parameters. Some notable results have been obtained.

Much has been made of the importance of improving the ratio of absorp-
tivity in the visible to emissivity in the infrared for receiver surfaces.
If collector performance is equated with this ratio, lowering the emissivity
becomes increasingly important as the emissivity approaches zero, giving very
large values of the ratio. However, Figure 5 shows the effects of improving
both the absorptivity and the emissivity independently rather than considered
together as a ratio. These data, for the 90° rim angle receiver design and
the baseline conditions except for absorptivity and emissivity, reveal that
the improvement in collector performance for a unit decrease in emissivity

14
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Filgure 5. Effects of recelver absofptivity and
emissivity on collector efficiency

is not a strong function of emissivity, i.e., changing the emissivity from

0.6 to 0.5 has approximately the same quantitative effect as changing from

0.2 to 0.1, Furthermore, collector lmprovements by incrementally increasing
absorptivity are more effective and probably much less difficult than corres-
ponding decreases in emissivity, e.g., a 0.05 increase in absorptivity achieves
the same result as decreasing the emissivity by 0.20. These facts may be
obscured by considering the data of Figure 5 in terms of the ratio of absorp-
tivity to emissivity only. In other words, any reference to the absorptivity-
to-emissivity ratio for a given surface should be related to the value of one
or the other of the properties.

To this point only the performance with maximum solar input has been
discussed. The designs have been reexamined at lower insolation rates, and
no qualitative difference from the data presented in Table 6 has been found.
The quantitative effect for the 90° rim angle receiver at the baseline conditions
is shown in Table 7.

Table 7. Collector Performance for Partial Solar Input

Insolation Rate (Btu/hr-ftz) 318 223 156 109
Efficiency (%) - 47.45 41.85 33.93 22.61

The 90° rim angle design with the baseline conditions was used to evaluate
., the effects of other parametric variations. Reducing the working fluid tem-
perature improved the efficiency of the collector. Fluid temperatures of 600 °F,
525°F, and 450°F yielded collector efficiencies of 47.45, 50.41, and 52.98,
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respectively. 1In the range of primary interest, reducing the emissivity of
the envelope silvering from 0.2 to 0.01 had a negligible impact. However,
this reflective coating becomes more important as the emissivity of the re-
ceilver increases and for designs with smaller rim angles. The radiation sink
temperature was changed from 77°F to -100°F and the insulation thickness was
doubled. Neither of these variations had a significant effect upont the
receiver performance.

IV. Discussion

The primary conclusion to be drawn from this study is that, for the con-
ditions described herein, the optimum rim angle is approximately 90°. The
conclusion is stated in approximate terms because numerical techniques have
been used which preclude the ¢onsiderat16n of a continuum of rim angles. This
is sufficient for present purposes, however, because the data indicate that
receiver performance is not a strong function of rim angle in the vicinity
of 90°. In the construction of solar collector systems, other considerations,
such as fabricability, may override absolute thermal optimization. The fact
that the optimum design is somewhat dependent upon the properties of the
various collector materials and surfaces also causes some uncertainty in the
choice of an absolute optimum. For example, Table 6 shows that the optimum
rim angle decreases as the recelver emissivity increases. At the present time,
neither the materials nor their properties can be specified with precision.

The thermal losses from receivers are functions of the recelver surface
area so that, for symmetric receivers, better performance is given by designs
which permit smaller receivers. By considering asymmetric designs, this study
has shown that the addition of thermal protective measures to the unilluminated
portion of the envelope has the effect of offsetting, but not completely, the
adverse effect of the larger receiver diameters required for smaller rim angles.
Therefore a broader range of rim angles is available, within which collector
performance is very near the maximum, than would be possible without the
insulation and reflective coating. :

Because the size of the receiver 1s so important it may be worthwhile in
future studies to investigate further optimization within the constraint of
a 90° rim angle. For instance, the receiver sizes in this study were selected
such that the reflected flux had a maximum angle of incidence of 60° on the
receiver. Perhaps this criterion could be relaxed in favor of a smaller receiver.

The computer program developed in this study has met the objective of
determining the optimum rim angle for the conditions of interest. It will
continue to be a useful tool as receiver designs are evaluated relative to
other criteria and as experimental data from specific receivers are analyzed.
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The following is a listing of the program deck for the 90° rim
angle case at the baseline conditions as submitted for the CDC-6600
computer. The deck consists of control cards, Fortran subroutines
to generate the input data for the CINDA analysis and to give the
results in a format designed specifically for this study, and the
data input caxds for CINDA-3G, the generalized heat transfer code
in use at Sandia Laboratories.

RFECyCMTTOONLTIND, wH MCCULLOCH BLDG 836 BOX 2n4
ACCOUNT 9S40 4684435,D1543,G350n,ANNN58N1,4,RT4KUNC,
" ATTACH,PRELIA,CINDA,CYain
FTN, . . L
REWIND 4OUTPUT,.
COLLECT ,PROGRAMuPREPRO CINPROPRELIByFTNLIB,
MAD  OFF '
CINPRN, . =
HINLOADZCINPPA,
REWINDsTAPE13,. . S
FYN;12TAPF13,Ru0eL=NOLIST,
UMLOAD,TAPF12, ]
ATTAZH,RANLTR,CINDA,CYa80,
COLLECT LGORANLIB,FTNLIB,
LGOe ’ .
COMMENT, #%## CINDA JOR COMPLETED ##%
FXTTe
COMMENT, #%» ABNORMAL TERMINATION #us
L}
SUBROUTINE SFTUIPP (R4 CONMPY , AREC s AENV)
NPIMENSION R(S) 4CONMPY(17)
CONMPY (1)ma3932R (1)
CONMPY {218, TRER (R 1)4+,25#(R{2)=R(1)))/(R(?2)=R(1}))
CONMPY(3)-.785*(?(7)-.25*(9(2)-R(1)))/(P(Z)-Q(]))
CONMPY (4 )= o TBERH(R(2)4,25%(R(3)=R(2)))/(R(3)=R(2))
CONMPY (5 )= o TRE# (R(3) = 28#(R(3)=R(2)))/(R(2)=R(2)) .
CONMPY (6 )= TASH (R(3)4+,2%5%#(Rt4L)=R(3)))/(R(4Y=-R(3))
CONMPY { T)mo TBS# (R(4)~425%(R{4)~R(3)))/(R(4)=R(2))
CONMPY (R)mo TASR(R(4)+,25%(R(B)=R(4)))I/(R(%)Y=R(4))
CONMPY (O )u g TASR(R(R)=426#(R(5)=R(4)))/(R(R)=R(4))
<0 v CONMPY (10188,0038(R(2)=R(1I)/(R{2)+R(1))
‘ . CONMPY (11)25,093%(R(3)=R{2))1/(R(3)+R(2))
CONMPY(IZ’-‘.UQQ’(R(ﬁ)-R(3’)/(9(4’+R(?))
-CONMPY (13185,003#(R(8)«R{L)I/IR(4)+R(3))
CONMPY (14 )m,393%3%R(4)
CONMPY (15)2,90%4R(8)
CONMPY (16 )8, TBF-134R(4)
CONMPY (17 )2, 78E~13#R(5)
AREC=¢393%R(2)
AENV=2.3934R(3)
RETURN
END




SURROUTINE PRNTOT(T XK1y TTEST WTEST 4XKO)
NIMENSTION Tr1)Y .
CALL TOPLIN
PRINT 20
20 “ORMAT (SX s #SEGMENT NIMBER® gOX %1% 11X o #2% 11X %34, 11X y#4%,11X,
SR TIX g RAR T IX g% T8y )1V 4 RBH, /)
PRINT 214 (T(1),1=68,72)
21 FORMAT (5X,#NUTFR SIIRFACE #,814%,FB8,2)/)
PRINT 225 (T(1)41226,32)
272 FORMAT (5X 4 #INSUILATTON ®¥,8(4X9FB2)/)
PRINT 23,(Ti(1)471=57,64)
22 FORMAT[6X,# INTEFRFACE *3R(4XsFBe2)7/)
PRINT 24, (T(1)s7=17,24)
24 FORMAT (EX 4, #FNVFLOPF *¥yR{4X,FBe2)7/)
PRINT 239(T(1)41=49456)
PRIMT 25, (T(1)y1=9,16)
28 FORMAT (S5X,#ANMULLIC *48(4X9FBs2)/)
PRINT 23,(T({1),y1=41,4R)
PRINT 269{T(1)91=1,8)
264 FORMAT (SX 4 #RFCFIVFP *¥38(4X4FBL2)/)
PRINT 27+(T(1)s1=2323,40)
27 FORMAT (SY s *TNNER SURFACF *,8(4X4FB8,2)77)
X1e1N0,#XKO/XK1
X2=1N0,#TTFST/XK]
X32100,%VTFRT /XK
PRINT 2R,%K1
29 FORMAT (SX,®#HEAT INPUT TO RECFIVER SURFACE = HyFB8.44% BTU/MIN®,//)
PRINT 29, T(72),T(T4)4T(7%)
20 FORMAT (5X4#FLUID TFMPERATIRE = #,FB8,2 .sx,*AMBrFNT TFEMP = *,
1FRe2s5X 4 #RADIATION SINK TEMP = #,F8,235X #FAHRFNHEIT*,/)
PRINT 304XKOyTTECTJVTEST X1 4X29X3
A" FORMAT (5X,#HEAT TRANSFER TO FLUID =5 #4FR,4,5Xs%CONVECTION LOSS = *,

pry

1FR44,SX+*#RADIATION LOSS = ¥ oFBeloSX o #BTU/MINY®, /330Xy % (%,
FVFTeZ oMY RgIDOU G M (R FT 2y M) R X g ¥ (RgF T2 g #)# g4 X yHPFRCENTH)
PFTURPN

eND

CHRRNUTINE TOPLIN
COMMNAN /FIXCON/ N{SY).
COMMON /TITLE/ H{6N)
DATA K/0/
SM(28) = 7
NM(20) = MN{(2Q) 4+ 1
TF(K NFeD) GO TO 50
v 31
CALL HOROLOG(IT,TIT4DTF)
§n CONTINUF :
WRITE(69100) DTF4N(29)4H .
10N FORMAT (1HN 4/ 46H DATE LAIN8X,

1 52HCINDA-3G (<ANDIA LARORATORIES CDC 66N0 VERSION) -
? GOHNIIMERTCAL RIFFFRFNCING ANALYZ?FR - FD228,5X,
3 4HPAGF 91 74//5%+20A6/5%420A6/5X2NA6/)
RETURN
END
'
NOT RFCALL

RCNH 3THERMAL (| PCSs

BCD 9ASYMMFTRIC RECEIVER ANALVSIS-INTFRMEDIATFE FOCAL LENGTH
FND

RCND 3NODF NATA




RFEM RFCEIVFER NODE% Lol i,
GEN 1485140004269 )00lesle '
REM A!R GAP NODES o e e e i
GEN 9,8019Me0510s1aslasle.
RFM ENVELOPE NODES
GEN 17,851,040, 1..1.91..1. .
REM INSULATION NODES
GEN 25,4841,0e0310901l0slesle
PFM INTERFACIAL NODES
GEN 3%34N,190eO3100l0vloo=le
REM FLUID AND AMBIENT AIR
“«T73sNeNsN0eNp=ThsNeNyNa0
REM RADIATION SINK NODF
oo «T5,MNeNeNeN
END ' .
RCN 3CONDUCTOR DATA
REM RADTAL CONDUCTORS
GEN 198910%391470%91709)0a91091,
. GFN 9485101910414 01lesleslenls
. . GFN 1798415619149 ¢191es1eslesle
. GEN 2548414599 1449s1slesleaslesles
GFN 33,841,499141791l01esleslesle
GEN 419891451791 457901s)a0leslanle
GEMN 49984198701 92% 919160100l ele
GFN 57989102501 36%010100100l0a0le
RFM CIRCUMFERFNTIAL CONDIICTORS
GEN 6507910101020 10100lenlenls
GFN 7397914941970 51310s10sle0le
GFN B0+ T7415179151Rs14l00lenslerle
GEN 87379142541 926010Nesleslesle’
OFM RADIAL CONDUCTORS TO FLUINS
GFN 4989143391373 9Nslesleslenls
GFN 102861065016 74400100aslesle
REM RADIATION CONDUCTORS
GEN =23%540,196541475909100100l00le
FND «
BCH 3CONSTANTS DATA
NLOOP, QOﬂﬂ,BALENG;.OG.LAXFACQ5O
1, 0‘.2'0&.30”.04000.500..6‘&007000Oa.ﬂﬁiqioo
FNP
BCN 3ARRAY DATA
1 SCONCENTRIC RADI! OF MATFRIALS(IN)
eTT18B948343,41,0863,142093,1¢70934END $90 CASE .
2 SCONVECTION COEFFICIENTSy FLUID AND AMBIENT(BTU/IN®®2-MIN-F)
109E=2,3.98E-4END . ...
3 SNO, SEGMENTS FOR Q!LVERING AND IN%ULATION
212914+END
& SCONDUCTIVITY OF RFCF!VFR(HTU/MIN-!N F)
3249eM368921249e0361:057240400347993244eN306,END
5 SCONDUCTIVITY OF AIR
0e0l1aB5E=5,100092014E=5,30N092s68E=5,460N00e43.4T7E~ S.END
6 SCONDUCTIVITY OF FNVFLOPE
0e06028E=4,6NN0a96¢28E=44END
7 'SCONDUCTIVITY OF INSULATION
0e0TeOBE=8,600097.NBF=8,END
8 SRHO=CP FOR RECEIVER(BTU/IN##3-F)
Oe0e0N312,86004400312,END
9 SRHN=CP FORP AIR
0a00e86E=69600s49B6E~64END

21
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10 SRHO-CP FOR ENVELOPF
DeseN1OT,60049e01C7,END
11 S$RHO-CP FOR INSULATION
NeseNN3164,6N04649¢003164FND
12 SFM!§§!V!TY OF QECEYVFR VS TEMPERATURF(F)
Dese34600s9s34°ND
13 . SEMISSIVITY OF 3I1LVERING
0ese24600e34¢24END
14 SEMI&SIVITY . OF ENVELQPE Vs TEMPERATURF (F)
0.’09.600.0.°|END
18 SINPUT TO SEGMENTS OF RECEIVER(BTU/MIN)(FROM TOP DOWN)
0e9602346,3¢N92669018540231402315623144231,FND
16 SCONDUCTION MULTIPLIER< FROM SETUP
SPACF 41 7,,FND ,
, 17 SlNlTIAL“TEMPERATUREWEDRWCOLLECTOR AND FLUID, AMBIENT,
REM RADTATION SINK TEMPERATURES(F)
T0e0eb&NNe s T TesTTasEND .
18 SEMISSTIVITY OF IN%ULAT!ON SURFACF vS TEMPFRATUPF(F)
00002560049 ¢2.END
30 STFMPERATURE=Q ARRAY (RADIOSITY NFTWORK)
.SPACE 416 4END .
31 S$SARFA ARRAY (RADIOSITY NETWORK)
. SPACE»164+FND .
32 SFMISSIVITY ARRAY (RADIOSITY NFTWORK)
SPACE 416,4FND
33 SARFA®CHAPF FACTORS FOR FNCLOSURF
SPACE9138,4END
FND
BRCD 3FXFCUTION
DIMFNSTION X{3n0N)
NDIM = 300
NTH = 0 -
SETUPP(A1+1,A16+14RTEST,STEST)
RFM INPUT TEMPFRATURFS
STFSQS(AL1T+1,72,71)
SCALF(1e0Al1T7429TT3,A1 742, TT43A1T+4,4,T75)
LTEST=0
; CINDSR
END .
BCN 3VARIABLFS
RFM SET CONDUCTANCE VALUFS FOR CONNECTOPS
GENCGC(Bs1+T33015T1,19A44A16+2,G1)
GENCGC(Bs19T14]1sTa1419A4,A16+3,G9)
GENCGC(Bs143T41,31,T991,A5,A16+44,G17)
GENCGC (8107991 sT49,1,A5,A16+5,625)
GENCGC(Bs1 3 ThOy1,T17,14A60A16+6,G33)
GENCGC(Bs14+T1T701T57419A69A16474G41)
STFSFP(A34+2,1TFST)
IF(TTEST JLF. 0) GO TO 21 ‘
GFNCGC (234241475741, T25,513A7,A164+8,G49)
GFNCGC(A3+2414T25419T65913A74A1649,G57)
CONTTNUE
GENCGC(7919TY914T2,19A4,A16+10,G65)
GENCGC(Ts14TQ513sTIN,13A654,A164+11,4G73)
GFNCGC(Te19T1791,T18s1,A64A16+12,G8BN)
STFSEP(A3+3,JTFST)
IF(JTEST +LEe. D) GO TQ. 22
GENCGC(A3+3,19T25319T26419A7+A16+13,G87)

 CONTINUE
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REM

REM

SET TONGUTYANCE VALUFS "FOR CONVECTTION CONNFCTORS'
MLTPLY(AY1641,A2+1,G94)

- STESEQLORALL) ——

MLTPLY(A!G#1¢.A2+2|G!OZ)

STFSEQUG1024m)
MLTPLY(A16+1S.A2¢206102,
STFSEQ(GIN2,4A3+42) - .
VALUES FOR PADIATION=TO=SINK CONNECTORS
DID1IMIB.TES4Al4sALE416,4G235)
DID1IM(A342,T68,A18,A16417,6G23%) '
BUILD ARRAYS FOR RADIOSITY NETWORK SOLUTION
STFSQS (069138442341
STFSQS(RTEST85A3141)
STFSOQS(STEST,A,A3149)
STFSEP(16,A33+1) ... ..
STFSEP(¢19AF=12,A3%+2)

.SCALE(RTEQT00550A33¢1130340A33+120011.A33+11)

SCALE(RTEST 034 ,A3%426903290A33427902%0A334284,11,A33+29)
SCALEIRTES T o011 0A3344N302390A3344154%29A334024623,A334+43
e 11 0A%2444)

 CCALEIRTESTa11sA3345600235A33455 0032433456023 1A33457

e113A9%488)
SCALE('Y!ST'ollQA33*679.23.A33068..329A33#69..23 A33+70
e119A32%471)

"SCALE(RTESTsol1.A33¢79..21 A334809e329A33481,4,23, A33+82

011sA%34R1)
SCALE(RTEST..II0A33#9003230A33#919.32.A33+92..34.A33¢93)
SCALE(RTEST 30115A3341NN4,4%G49A%341N1,0%%,A334+102)
DIDG1T(89T419A12,2%324+1) .

DINGII(8,TLO,A14,A3249)

STFSEP(A%+],,KTERT)

£ IF (KTEST oLFe N) GO TO 23

REM

‘D1DG11(A3+1,T49,A13,A32+9)

e 23 FONTINUE
CSHFTV(16+T414A3041)

RADIOSTTY NETWORK SOLUTION

. TRRADE (A31,A32,A33,A30)

.. REM.
END .

BCO

193]

CHFTV (16943041 4041)

ADD HFAT. INPUYL 10 RECEIVER SURFACE
ADDARY (8418414041 4041)

BVARIABLES 2

SOUTPUT CALLS

- JE. {LYESY oLEs 0).__ GO TO 41

"QMETER(TE3,TT44G1024K1)

QUETER(TE6,TT49G109,4K2)
OMETER(TET7 9 TT49G104,4K3)
OMETERITAES ,T74,G10% K4
QMETER(TE9,TT74,C108,K8)

. QMETERITT0,77456107K6)

AMETER(T71,T74,G108,K7}
OMETER(TT2,TT74,G100,K8)
SUMARY (B4R ,TTEST)
ROTNAS(TT75,T68,G235,K1)
RDTNQS(TTE s T664G236,K2)
RDTNQS(T78,T82,G2374K3)
ROTNQS(TTS,T68,G238,K4)
RDTNQS({TT75+,T69,G239,K5)
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ROTNOSITTS s TTN,G240,K6)

RPOTNOS(TTB 3 T714G241,KT7)

RDTNQSLYITS ¢ TT724G2 8) ..

SUMARY (B ,K1,VTF<ST)

OMETER(T32,T72,G94,K1)
OMETER(T34,T73,6G95,K2)
QOMETER(T35,T73,G964K3)
OMETER(T36,T7%,G97,Kb)

- QMETERIT3Z6T734,G98,K5)

OMETER(T38,T72,G99,K6)

QMETER(T39,T73,G1004K7)
QOMETER(T40,TT72,6101,K8)
SUMARY (8K14K9)
SUMARY(B8,A1541,K1)

PRNTOTATYsK14TTESTSVTEST oK9)

LTFeT=A

GO T 42
41 LTFeT=)
42 CONTINUE

FND
BCD

3END OF DATA




DISTRIBUTION:

Robert San Martin

Department of Mechanical Englneering
New Mexico State University

Las Cruces, New Mexico 88003

M. W. Wildin

Department of Mechanical Engineering
University of New Mexico
Albuquerque, New Mexico 87106

1540 T. B. Lane

1543 H. C. Hardee

1543 D. 0. Lee

1543 W. H. McCulloch (50)

2324 J. P. Abbin, Jr.

2441 G. W. Gobeli

3620 R. S. Wilson

3622 L. G. Rainhart

4010 M. J. Sektnan

4700 D. B. Shuster

4734 V, L. Dugan

5111 S. T. Picraux

5700 J. H. Scott

5710 G. E. Brandvold

5712 R. H. Braasch (4)

5712 S. Thunborg

5712 G. W. Treadwell (10)

5717 R. P. Stromberg (4)

5824 R. W. Lynch

5832 R. W. Rohde

5834 D. M. Mattox

5842 R. C. Heckman

8110 A. N. Blackwell

8184 A. C. Skinrood

8184 C. T. Yokomizo

9331 N. R. Keltner

9474 L. W. Scully

8266 E. A. Aas (2)

3141 A. M. Torneby (5)

3151 W. F. Carstens (3)
For AEC/TIC (Unlimited Release)

25-26



X Org. Bidg. Name ) Rec'd by*]Org.  Bidg. Name . . Rec'd by*

*Recipient must initial on classified documents,




