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ABSTRACT

This paper describes an analytical study of
several performance-related benefits of using
a secondary concentrator in point-focus dish
designs. Previous research efforts have
shown that design-point performance of dishes
can be improved with secondary concentrators,
especially for dishes with higher optical
errors or at higher receiver operating temp-
eratures. This work addresses the sensitiv-—

ity to changes in design-point parameter

values corresponding to both tracking and
optical errors. An analytical model and a
ray-trace model were used in analyzing these
sensitivities. Results indicate that
properly designed secondaries can signifi-
cantly increase the tolerance to tracking
errors and decrease the sensitivity to
changes in optical errors from design-point
values. Two approaches are recommended on
which to base the design of the secondary.

1. INTRODUCTION

Secondary concentrators can significantly
improve the performance of many point-focus
dish systems (1,2). This is particularly
true for those systems with either Llarge
optical errors or high receiver operating
temperatures. However, there can also be
significant benefits for those systems having
low optical errors or low receiver tempera-
tures. These benefits are not in design-
point performance, but occur in those cases
where design-point parameters may no longer

apply.

A difference between the design-point param-
eters and actual parameters can significantly
affect dish performance. This is particu-
larly true for tracking errors and optical
errors. It is possible, however, to mitigate
these effects by using a secondary concentra-
tor. A trumpet-type secondary placed at the
focal point of the dish significantily reduces
the sensitivity to changes in both tracking
and optical errors. For a dish design with
typical focal-length-to-diameter ratios, £/D,
a trumpet-type secondary is the most effec-
tive. A schematic of this secondary on a
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parabolic dish concentrator 1is shown in
Fig 1.

Changes from design-point tracking and opti-
cal errors could occur for several reasons.
Structural deflections may take place with
gusty winds and can result in significant
tracking errors. It may be possible to
design a structure for larger deflections
with a secondary and consequently reduce
cost. It is also likely that the structural
and optical performance of any dish system
will degrade over time. This could be caused
by creep of membrane materials, weakening of
the structure due to wind-induced oscilla-
tions, the effects of daily and seasonal tem—
perature variations, and other environmental
effects. Although it is not possible to
fully quantify the magnitude of these
effects, it is possible to assess how changes
in optical errors affect performance.

In this paper, models of a point-focus dish
system were used to study the sensitivities
to tracking errors and to changes in optical
errors on the overall efficiency of the sys-
tem. A description of the models used to
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Fig. 1. Schematic representing a trumpet—
type secondary on a parabolic dish
concentrator.
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calculate overall efficiency is given in Sec-
tion 2. Section 3 discusses the analytical
results for sensitivity to tracking errors
and optical errors. Finally, several signif-
icant conclusions concerning dish design
emerge from these results.

2. METHODOLOGY

Calculating the overall efficiency for a dish
system requires a knowledge of the optical
performance of the concentrator and the heat-
loss characteristics of the receiver. The
following equations describe the overall
thermal efficiency of a dish:

n = Quer/IA (1)
n = [Qpr -~ (Qap * Qowv * onp’ /1A (2)
n = onGya,

- lego(T4 = 1) + (T - T)

+ (Aw/Ar)hk(T - Ta)]/(ICgeom) (3)

Two methods for predicting the overall ther-
mal efficiency were used in this paper. Both
use the same heat-loss model; however, they
represent different approaches -for calculat-
ing the intercept factor, y. The first is an
analytical approach that assumes all errors
are normally distributed and relates errors
at the concentrator surface to errors in the
target plane by a particular approximation.
This approach was first developed at the Jet
Propulsion Laboratory (JPL) for parabolic
dishes (3). In this method, tracking errors
are treated as normally distributed. Thus,
this method is not suitable for predicting
the effect of constant tracking errors.

The second approach uses a ray-trace proce-
dure that is not limited to parabolic shapes
and normally distributed errors and thus is
much more versatile. This approach was
developed at the University of Chicago (2).
This method was used to predict the effects
of constant tracking error. The effect of a
secondary on the dish's performance was
approximated by a relationship generated as
part of the University of Chicago's research
and is used in both methods.

The heat-loss model described in Eq. (3) is
relatively straightforward, except for the
convective heat-loss coefficient, h_ . This
coefficient is a function of receiver tilt
and temperature. The convective loss param-
eters are based on French cavity heat-loss
experiments (4). Other parameters for opti-
cal and thermal loss calculations are listed
in the nomenclature (Section 6).

Two approaches to using a sccondary were pro-
posed in this analysis. The first 1is to
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design the system for maximum performance
with the secondary. Optimizing performance
this way results in a smaller receiver aper-
ture and a larger intercept factor. The
second is to design the system so that adding
a secondary maintains the same efficiency as
for the primary-only system. This second
approach results in a somewhat larger secon-
dary and a lower overall concentration than
for the first approach. In addition, the
receiver aperture 1is larger than for the
primary-only design and consequently will
have a larger intercept factor.

These approaches can be visualized in Fig. 2
for a dish with a focal-length-to-diameter
ratio, f/D, of 0.6. This figure shows the
overall collector efficiency as a function of
receiver aperture radius. As the aperture
radius increases, the intercept factor and
the heat losses increase, resulting in a
trade-off between them. An optimum is
reached where incremental increases in inter-
cept (and optical performance) are balanced
by the incremental increases in heat loss.
Ther trade-off is shown in the figure at an
operating temperature of 800° and for a dish
both with and without secondary.

Designing for maximum efficiency with a sec-
ondary results in both greater efficiency and
a smaller receiver aperture as indicated by
the peak in the curve in Fig. 2. When
designing a secondary for equivalent effi-
ciency, an aperture radius slightly larger
than the optimum for the primary-only concen-
trator will result. This is indicated by
projecting a horizontal line from the peak of
the primary-only curve to the right until it
intersects the secondary curve. The larger
aperture allows for greater variation in
position and distribution of the concentrated
solar radiation without great changes in the
intercept.
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Fig. 2. Trade-off between optical intercept
and heat loss to maximize efficiency for a
dish with £/D = 0.6, operating at 800°C, and
baseline optical parameters indicated in the
nomenclature.
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3. RESULTS

Since a secondary essentially increases the
acceptance of a dish system, one of its
advantages is that the secondary increases
the tolerance to errors, like tracking cr sun
size. In the case of tracking errors, the
ray-trace model developed at the University
of Chicago was used to assess the effects
small errors in dish pointing had on per-
formance. The resulting flux profiles on the
target are asymmetric and tend to increase
the thermal load on the secondary. The
predictions of the performance under these
off-track conditions assume that the errors
are not time varying; i.e., the dish is oper-
ated at steady state with a fixed tracking
error. This means that these results are an
upper bound to performance penalties associ-
ated with tracking errors that will likely
exist under dynamic conditions induced by
fluctuating wind loads.

For a dish system operating at 500°C and
95lope 1 mrad, the effect of a secondary
de51gned for equivalent efficiency (e.g.,
equivalent for no tracking error) is shown in
Fig. 3. The system with a secondary is
nearly insensitive to off-track angle up to
about 10 mrad. To achieve 90% of the on-
track efficiency (n = ~0.80), the primary-
only system could off-track up to about
7 mrad, whereas the system with a secondary
could off-track up to 13 mrad, nearly a 90%
improvement. For a dish with low optical
errors, there is relatively little gain in
on-track performance from a secondary.
However, substantial gains can be achieved in
tracking .error tolerance, especially if the
system 1s designed for this purpose.
Although not described in this paper, results
for a dish designed with a secondary to maxi-
mize performance show greater tolerance than
for the primary-only design but less than
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Fig. 3. Effect of a secondary designed for
equivalent efficiency on a dish system with
£/D = 0.6, operating at 500°c, and

Uslope = 1 mrad.
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that achieved with a secondary designed to
increase tracking tolerance.

The choice of design approach for a dish sys-
tem with %10 5 mrad and operating at
500°C is not as straightforward as for the
previous case. At larger optical errors, the
benefit of a secondary is increased for on-
track performance. However, the sensitivity
to tracking error is still greater for the
secondary system designed for equivalent
efficiency. Figure 4 illustrates the results
for this type of secondary system when larger
optical errors in the primary are assumed.
Here, 90% of the on-track efficiency occurs
at an off-track angle of about 13 mrad,
whereas the system with a secondary could
off-track up to 28 mrad, over a 1157 improve-
ment. Note also that the system with a sec-
ondary 1i's nearly insensitive to off-track
angles up to about 20 mrad.

Choosing between higher on-track performance
and greater tracking tolerance will be
decided by how cost affects the two
approaches. Allowing more dynamic response
in the structure (i.e., greater tracking
errors) could be achieved by reducing the
weight and strength of structural members,
which could also reduce cost. The viability
of this approach was not explored but would
require detailed structural analysis of spe-
cific concentrator designs.

The design of any dish assumes some knowledge
of the optical errors in the system. Several
reasons could account for the differences
between the actual optical errors in a dish
and those used in design. Fabrication uncer-
tainties, especially of membrane-dish con-
cepts, may cause unexpected errors. Trans-
portation and field installation, including
alignment procedures, may be difficult to
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Fig. 4. Effect of a secondary designed for
equivalent efficiency on a dish system with
£/D = 0.6, operating at 500°c, and

Uslope = 5 mrad.
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control. For a given system to become opera-
tional as an accurate reproduction of its
design may require stringent quality control,
which could be expensive. In addition,
changes over the life of the system (e.g.,
creep or thermal expansion) could result in
increased errors. It is impossible to pre-
dict the magnitude of potential changes in
actual versus design conditions, but it is
possible to analytically show the effect of
those differences. The analytical model was
used to assess the effects on performance for
dish systems where the design optical errors
are not achieved in operation.

At an operating temperature of 500°cC,
primary-only and secondary systems (designed
for maximum performance) are extremely sensi-
tive to deviations of actual slope errors if
alowdesignvalueof slopeerror vas assumed. This
case isshownin Fig.5. If a

primary-only system 1is designed with 9siop

= 2 mrad and actually achieves a 5 mraﬁ
value, the performance decreases nearly
27%. A system with a secondary suffers a 247
decrease under the same conditions.. However,
if these same systems are designed for 5 mrad
and actually achieve 2 mrad, there is only an
8% penalty for a primary-only system and a 5%
penalty for a secondary system. This compar-
ison is with the case where the design and
achieved slope errors are 2 mrad. Compared
with the maximum efficiency for a system
designed with a 5 mrad slope error, the
penalty is almost 3% for a primary-only
system and 2% for a secondary system. This
is equivalent to a 100%Z increase in the
optical error budget for only a 5% reduction
in efficiency. At the same time, the
sensitivity to differences between actual
slope error and design value 1is wvastly
reduced.

At 800°C these trends are qualitatively the
same but have greater magnitudes. As shown
in Fig. 6, a primary-only system designed at
2 mrad that actually achieves a 5 mrad value
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Fig. 5. Effect of deviations of actual vs.
design slope errors for a dish with
£/D = 0.6, operating at 500°cC.

TP-3324

decreases performance by 36%. A system with
a secondary suffers a 32% decrease under the
same conditions. However, if these same sys-
tems are designed for 5 mrad and actually
achieve 2 mrad, there is only an 18% penalty
for a primary-only system and a 9% penalty
for a secondary system compared with the case
where the design and achieved slope errors
are 2 mrad. Compared with the maximum effi-
ciency for a system designed with a 5 mrad
slope error, the penalty is almost 9% for a
primary-only system and 6% for a secondary
system. This 1is equivalent to a 100%
increase in the optical error budget for only
a 6% reduction in efficiency.

Based on these results, the design-poiht
optical errors should approach the largest
expected errors over the lifetime of the sys=~
tem. This design approach will yield the
maximum performance over the lifetime of a
design where the optical errors are likely to
increase with .time. When a system is
designed for a larger optical error, a secon-—
dary is needed to maximize performance.
These results argue for an approach that sees
the possibility of optical performance
degrading with time and that designs the
entire system to maximize long-term perfor-
mance, recognizing that initial performance
may be less than potentially achievable.

Designing a dish with a secondary to achieve
an efficiency equivalent to the primary-only
dish system also results in a decrease in
sensitivity. When this approach is taken at
a design o 2 mrad, the dish with a
secondary exhibits far less sensitivity to
larger optical errors than the primary-only
dish. As shown in Fig. 7, at an actual slope
error of 5 mrad, the efficiency of the dish
with a secondary is 25% greater than the
efficiency of the primary-only dish. This
approach is a compromise between designing
for low optical errors and designing for high
optical errors. It results in a negligible
drop in maximum performance but maintains the
low sensitivity to changes in optical errors.
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Fig. 6. Effect of deviations of actual vs.
design slope errors for a dish with
£/D = 0.6, operating at 800°C.
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4. CONCLUSIONS

From the major results of this study, several
design approaches evolve that could affect
the typical design process for point-focus
dish systems. These approaches apply to
structural and control system design to
accommodate increased tracking errors and
apply to the selection of design-point
optical errors to minimize sensitivity to
changes in optical errors over the life of
the system.

For a dish with low optical errors, a secon-
dary should be designed so the dish has the
same efficiency as the primary only with no
tracking errors. Even though there is rela-
tively little gain in on-track performance
from a secondary, there will be substantial
gains in tracking error tolerance. For a
dish with higher optical errors, the benefit
of a secondary is increased for on-track per-
formance. However, the tolerance to tracking
error is still great. The choice of how to
design the secondary will be based on other
considerations, in particular, costs.

Assuming optical errors will degrade over
time, designing for a low optical error can
result in great sensitivity. Designing at
higher optical errors reduces the sensitivity
with a small penalty in maximum obtainable
performance. This penalty can be reduced
dramatically with a secondary designed for
optimum performance. These results argue for
designing at larger values of optical errors
and incorporating a secondary concentrator in
the design.

Instead of optimizing performance with a
secondary, a slightly different approach is
to design the secondary so equivalent perfor-
mance is achieved at some design optical
error. The sensitivity to changes in optical
errors thep decreases significantly. Here,
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the secondary plays a much more significant
role in the reduced sensitivity. With this
approach, design-point optical errors can
remain low, but the secondary is an essential
part of the design process.

Using a secondary concentrator in point-focus
concentrator design can significantly benefit
performance. There are two approaches to
secondary design that will affect the perfor-
mance similarly. A secondary can be designed
that assumes higher optical errors, in which
case maximum performance should be consid-
ered. Alternatively, a secondary can be
designed that assumes low optical errors
where equivalent performance should guide the
design. Either of these approaches will reap
benefits both in increased tolerance to
tracking errors and reduced sensitivity to
changes in optical errors over the life of
the dish.
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6. NOMENCLATURE

A = concentrator aperture area, m2

A = receiver aperture area, m?

A, = receiver external wall area, m2

A A, =5

Cgeom = geometric concentration ratio,
A/A

r

D = concentrator aperture diameter, m

f . = concentrator focal length, m

G = blockage factor, 0.967

h, = conyvective heat-loss coefficient,
W/m* C

hk = conductive heat-loss coefficient,
0.737 W/m

I = direct normal irradiance, 800 W/m2

Qeony = A (T - T))

Qgonp = Aghi(T - T,)

Qer = et ~ [Qap * Qonv * Qond!
Qopr = TAengGya,

- 4 _ o4
Qap = Apeea(T' - T)

T = receiver temperature, °C
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9slope

Ispec

= ambient temperature, 20°C

0.998

= secondary reflectivity, 0.90
= intercept factor = v (8,¢)
= rim angle

= Stefan-Boltzman Eonztant,

5.667 » 1078 W/m® K
- 2 2
N (auslope + %spec * Ytrack
+ 02 )
sun

= surface normal error, 3 mrad

= specularity error, 2 mrad

receiver effective absorptance,

effective receiver emittance, 0.982
secondary throughput (if used)

concentrator reflectance, 0.90

Oy rack = random tracking error, 1.7 mrad

9sun = sun size, 2.73 mrad
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