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ABSTRACT

A fixed segment of a concave spherical mirror can be used to
concentrate beam radiation onto a tracking absorber which pivots about the
center of curvature of the mirror. A possible economic advantage of this
system over concentrating collectors with tracking mirrors is reduced
mirror cost. The characteristics of this system are analytically studied.
The strong influences of the geometrical parameters of the stationary re-
flector/tracking absorber system are established. The penalty caused by
the fixed reflector and the influence of the absorber temperature is also
determined. The daily and yearly variations in the power produced by the
system are presented.

“Associate Professor of Mechanical Engineering, University of Illinois
at Urbana~-Champaign, Urbana, IL.
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NOMENCLATURE

A area, m2

C1 constant used in Eq. (22)
CN clearness number

CR concentration ratio

d declination, degrees

day day of year
E total energy, W-hr

h hour angle, radians; convective heat transfer coefficient,
W/m2-K -

direct normal insolation, W/ m2

—
Q.
=]

latitude, degrees
number of reflections
power, W

heat flux, W/m?2
heat flow rate, W
radial coordinate
slope, degrees
time, hours
temperature, K
coordinate
absorptance

intercept factor

% Q<Y g ¢+ K Ha " B

blocking factor

emittance

m



yl efficiency

%) angle of incidence, degrees

P reflectance

o Stefan Boltzmann's constant
transmittance

¢ rim angle, degrees

i sun's zenith, degrees

Subscrigts

a aperture or ambient
c Carnot

e effective

f final value

H hemispherical

L loss

m mirror

n normal

o optical

T receiver

s spherical or surroundings
ss sunrise or sunset
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i POTENTIAL OF A SOLAR COLLECTOR WITH A STATIONARY
SPHERICAL REFLECTOR AND A TRACKING ABSORBER
FOR ELECTRICAL POWER PRODUCTION

Introduction

The stationary reflector/tracking absorber (SRTA) solar collector
consists of a fixed segment of a concave spherical mirror that concentrates
the sun's beam radiation onto a tracking absorber (Figure 1). The objective
of this investigation is to determine the potential of this solar collector as
an energy supply system for electrical power generation. Most of the analy-
sis and many of the results which are presented, however, are of general

) value; therefore, they also could be used to determine the suitability of this
collector system for other applications.

Figure 1. Ray Pattern for Spherical Mirror With Rays Perpendicular
to Plane of Aperture
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If the radius of the aperture of a spherical mirror Ry is much less
than the radius of curvature Ry, parallel light perpendicular to the plane of
the aperture would be focused essentially at a point. The point of focus
would lie midway between the mirror and its center of curvature. In the
proposed concentrator, Ry is of the same magnitude as Rg; hence, the focus
becomes blurred due to spherical aberration. Figure 2 shows the ray pat-
tern for a hemispherical mirror when the incident rays are parallel to the
axis of the hemisphere. The parallel rays in this case are focused along a
line which extends from the surface of the mirror to a distance of Rg/2 from
this surface. Hence, an absorber which is to intercept all of the specularly
reflected energy from such a spherical mirror must have a length of approxi-
mately Rg/2. Furthermore, since the spherical mirror is fixed, the ab-
sorber must be pivoted about the center of curvature of the mirror and track
the sun in order to be kept at the line focus, parallel to the incident rays.

|
ABSORBER
M
IV
LINE OF Focus—"T |4

|
H I'ly=05

]
RIM ANGLE,®

7

r

REFLECTOR

0

_‘
1
wla

ZONE OF MULTIPLE/

REFLECTIONS

Figure 2. Reflecting Characteristics of Spherical Mirror With Rays
at Angle of Incidence § ' o

The main advantage of the SRTA solar collector system is the fixed
mirror. A fixed mirror enables the construction of extremely large units
without prohibitive costs. For example, a spherical radiotelescope with a
surface area of 7.49 x 104 m2 (18. 5 acres) was constructed near Arecibo,
Puerto Rico. A large collector area reduces drastically the losses which
occur in transporting the thermal energy to the heat engine, or the number
of converters which are required if one is used in conjunction with each
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collector. The cost of the plumbing should also be relatively low. In
contrast, proposed arrays of paraboloids or parabolic cylindrical, solar
collectors usually consist of such small collectors that transport losses,
as well as the cost of the associated plumbing, can be appreciable. The
central receiver is a notable exception; the energy is optically transmitted
in this case from the relatively small heliostats to the receiver.

A major disadvantage of the SRTA collector system is the cosine loss.
This loss is common to all collectors that do not track the sun. The direct
solar radiation incident on a collector with a fixed aperture is proportional
to the cosine of the angle of incidence 0, the angle between the sun's rays
and the normal to the plane of the aperture. The angle of incidence is de-
pendent on the time of the day, the time of the year, the latitude, and the
orientation of the reflector. Severe degradation in performance occurs
during portions of the year and at times during the day which are appreciably
removed from solar noon. Since the convective and radiative losses from
the absorber are relatively constant, the thermal efficiency of the collector
system decreases with increasing @ at a rate considerably faster than the
rate of decrease of the cos 6. Hence, the output of a fixed collector is
generally a strong function of the time of the day with a sharp peak at solar
noon. In contrast, fully tracking collectors have no cosine losses and single
axis tracking parabolic cylindrical collectors with polar or north-south
mounts have relatively small cosine losses. The central receiver system,
on the other hand, has an appreciable cosine loss even with fully tracking
heliostats. This is a consequence of an additional constraint--the redirec-
tion of the energy to the central receiver. However, the output of the central
receiver system is relatively flat because portions of the field that perform
best in the mornings or winter are partially balanced by other portions which
perform best in the afternoons or summer.

The SRTA collector system was first described by Stewa.rd1 who gave
a brief qualitative description of the system. Steward and Kreith2 recently
published a more complete description, including an analysis of the axial
variation of the concentration ratio; however, they did not consider the
overall performance characteristics of the system. Kreider3 analyzed
the thermal performance of the SRTA collector, but his study did not include
the diurnal or yearly variations.

The study described in this report is designed to establish the optical
and thermal performance characteristics of the SRTA collector. Special
emphasis is given to identifying the penalty associated with the fixed reflector.
Construction problems, design details, and cost estimate are not considered.

- The daily output and system efficiency are based on clear days and an ideal
thermal engine, a Carnot engine.
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Optical Characteristics of Collector

Concentration Ratio

A fundamental parameter of any concentrating solar collector is the
ratio of the heat flux on the receiver to the heat flux normal to the rays of
the sun. * This ratio for the SRTA collector, in contrast to many concen-
trating collectors, is strongly dependent on the time of the day, the time of
the year, the orientation of the fixed reflector, and the rim angle of the
reflector. Like most other concentrating collectors, the flux concentration
is further influenced by the accuracy of the mirror, the spectral reflectance
of the mirror, the tracking accuracy, and component distortions caused by
thermal and mechanical loads.

It is convenient in describing the effectiveness of SRTA concentrators
to introduce a nominal concentration ratio. It is defined as the ratio of the
aperture area to the receiver area¥*

A

=2
CR—A (1)
r

Also, the nominal hemispherical concentration ratio is, by definition

(2)

-~

The usefulness of CRyy is not restricted to hemispheres. However, if the
rim angle ¢ is 90°, CRy = CR; hence the name nominal hemispherical con-
centration ratio. The minimum area of the receiver which is required to
intercept the complete image of the sun is desired in order to obtain an
upper bound for the concentration ratio.

Consider the image of the sun with perfect optics when the rays are
perpendicular to the plane of the aperture as shown in Figure 2. The co-
ordinates, which are normalized with respect to the radius of curvature Rg,

"The diffuse energy collected by the SRTA collector is generally negligible;
therefore, it is ignored in all definitions and analyses.

ol

HR

An external, non-cavity receiver geometry is assumed. The areas of
the ends of the receiver are assumed to be perfectly insulated and are
not included in the definition of A,.. : ;
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are also shown in this figure. It can easily be shown that the ray passing
through the aperture at location r intercepts the y-axis at

1

y - ——————————
2(1-1'2)1/2

, r=sN3/2 (3)

The rays passing through the aperture near r = 0 intercept the axis near
y = 0. 5; the ray passing through r = N/3/2 intercepts the axis aty = 1; and
all rays with r > N3/2 experience multiple reflections. The number of
reflections n experienced by a ray before it passes through the axis of the
mirror is

sk
= e +
n [Tl' - 2e] 1

where 6 is the angle of incidence of the ray on the reflector. It can be shown
from the geometry depicted in Figure 2 that

6 = sin-lr

An equation for the point of intersection of the ray with the y-axis which is
valid for any number of reflections is

z (4)
sin (2ne)

<
n

-1
(-1)"
and the distance D the ray travels before intercepting the y-axis after n
reflections can be shown to be

sin (w-20) + sin[ (2n ~1)6]

sine sin (2ne) ()

D = (n-1)

Since the local radius of the receiver is much less than the radius of
curvature of the mirror, Eq. (5) provides a good approximation for the
distance the ray travels after its first reflection before it intercepts the
absorber. The absorber diameter which is required to intercept the entire
image of the sun with perfect optics and perfect tracking is dependent on
this distance and the angle substended by the sun. The angle substended by
the sun at mean sun-earth distance is 0.0093 radians.

"[%] denotes the greatest integer not greater than x.
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Consider first the case of a rim.angle of 60°; therefore, no multiple
reflections occur with the collector-sun orientation shown in Figure 2. The
required absorber diameter for this case at mean earth-sun distance varies
linearly from 0.0046 Rg at y = 0.5 to 0.0093 Rg at y = 1; hence, the theo-
retical maximum nominal hemispherical concentration ratio is 288.

A 90° rim angle requires a wider absorber in the region y > 0.92, in
order to account for the larger path lengths traveled by the multiply reflected
rays. The required absorber diameter varies from 0.0046 R aty = 0.5 to
0.0146 Rg aty = 1. The variation is linear only from y = 0.5 to y = 0.92,
The required increase in receiver area results in a theoretical maximum
nominal hemispherical concentration ratio of 270.

The effects of multiple reflections are generally not negligible. For
example, 25 percent of the rays undergo multiple reflections for the case
depicted in Figure 2. A rim angle of 60° would result in no multiple reflec-
tions at normal incidence; however, multiple reflections still occur at all
other angles of incidence. More generally, if the rim angle is greater than
45° and if the collector is to be utilized when the angle of incidence is greater
than 45°, the minimum value of A,. is independent of rim angle and is a
function only of the radius of curvature of the mirror. The theoretical
maximum nominal hemispherical concentration ratio is a constant 270.
Since the mirror accuracy and tracking accuracy should also be relatively
independent of rim angle, it follows that

CR =~ CRH sin“ ¢ (6)

Numerical values showing the influence of the rim angle on the nominal
concentration ratio are given in Table I. These data show that the degree
of concentration is drastically reduced with rim angles less than approxi-
mately 60°.

TABLE I
INFLUENCE OF RIM ANGLE ON NOMINAL CONCENTRATION RATIO

¢ Ir 90° 80° 70° 60° 50° 40°

CR/CR 1 0. 97 0. 88 0.75 0. 59 0. 41

The influence of the rim angle on the overall system efficiency will be
shown later. The advantages of using rim angles less than 90° are a greater
mirror utilization and a reduction in construction costs due to less mirror
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area, less structural material, and simpler construction. The ratio of the
mirror area to the aperture area is : :

A
m _ 2(1 -cosd)
= = (7)

a sin2¢

Hence, the mirror area of a hemispherical reflector is twice the aperture
area; whereas, it approaches the aperture area as the rim angle approaches
Zero.

The aperture of a fully tracking, concentrating paraboloid is always
normal to the rays of the sun. The effective concentration ratio, which is
defined as the ratio of the area of the aperture projected in a plane normal
to the rays of the sun to the area of the receiver, is equal to the nominal
concentration ratio for this or similar two-axis tracking reflectors. The
effective concentration ratio CRg for the fixed reflector of the SRTA system
is

CRe CR cos 6

or

CRH sinzcb cos 0 (8)

CR
e

The influence of the angle of incidence 6 for two rim angles, 90° and 60°,

is given in Table II. It is seen that for angles of incidence greater than 60°
the incident energy flux is reduced to less than half of that which is incident
on a tracking reflector. For example, the angle of incidence at solar noon
on winter solstice for a horizontal aperture at a north latitude of 33. 65° is
57°. Hence, the effective concentration ratios, for rim angles of 90° and

60° and a nominal hemispherical concentration ratio of 100, are only 54 and
40, respectively, even at solar noon. This disadvantage of the SRTA system,
especially at non-ideal times of the year, is self-evident.

TABLE II

INFLUENCE OF ANGLE OF INCIDENCE AND RIM ANGLE
ON THE EFFECTIVE CONCENTRATION RATIO (CRe/CRH)

4\\\\_9 0° 15° 30° 450 60° 75°

90° 1 0.97 0. 87 0.71 0.50 0. 26

60° 0.75 0.72 0. 65 0. 53 0.37 0.19
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Cosine Loss

Equation (8) and Table II show the influence of the angle of incidence
on the effective concentration ratio. The diurnal and yearly variation of
this angle and the influence of aperture slope remain to be described.
Simultaneously, a more important question can be addressed--the determi-
nation of the cosine loss. Since the solar intensity is nearly flat over a
sizable portion of the day, * the cosine of the angle of incidence averaged
over the day (the average daily cosine) and averaged over the year (the
average yearly cosine) give indications of the fraction of energy lost with
a fixed reflector or with a single axis of tracking. Since the heat losses
from the receiver are relatively constant, the overall reduction in system
performance is greater than that indicated by the deviation of the average
cosine from unity.

A nonperformance aspect of choosing the slope of the aperture and the
size of the collector is the visual impact. The height of the upper lip, or
more precisely, the difference between the elevation of the highest and
lowest point on the rim of the reflector H is

Aa
H = 2sin8S - (9)

It will be assumed that the aperture azimuth angle (the angle measured
in the horizontal plane from south to the horizontal projection of the normal
to the aperture) is zero. The tilt or slope of the collector S is defined as
the angle between the rear face of the plane of the aperture and the horizon-
tal plane. The optimum slope is to be determined. It is not difficult to show

- that the cosine of the angle of incidence is:

cos ® = sind sin ({-S) + cos d cos h cos (1-S), Ih| < hSs (10)

where d is the sun's declination, { is the latitude, h is the hour angle, and
hgg is the hour angle at sunset. Equation (10) shows that the angle of
incidence is a function only of the declination, the hour angle, and the
difference between the latitude and slope (1-S).

The diurnal variations of the cosine of 6 at summer solstice, equinox,
and winter solstice are given in Figure 3 for (I-S) equal to 35° for example,
a horizontal aperture at a north latitude of 35°. The poor performance during

%
Experimental data are given in Table V and Figure 7 which show typical

diurnal variations of the beam or direct insolation.
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COSINE OF ANGLE OF INCIDENCE

1.0

0.8

0.6

0.4

0.2

(£-S) =35° -

SUMMER SOLSTICE

WINTER SOLSTICE

1 i I 1

1 2 3 4 5 6 7
TIME BEFORE OR AFTER SOLAR NOON (HRS)

Figure 3. Cosine of Angle of Incidence Versus Time of Day,
(£-8)=35°
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the winter with this collector orientation is probably unacceptable. If S is
equal to £, Eq. (10) reduces to

cos® = cosdcosh, §S-=1 (11)

Figure 4 gives the diurnal variations with S =/ at equinox, summer solstice,
and winter solstice. These results and Eq. (11) both show that if atmos-
pheric attenuation is neglected, a collector with. £= S performs as well
during sunlit hours at winter solstice as it does at summer solstice. This
performance is considerably better than the equinox performance with £- S
= 35° shown in Figure 3. Since the early and late portions of the day are of
little importance due to the overall low efficiency at such times, the equinox
performance of the tilted collector given in Figure 4 is about the same as
the summer solstice performance of the collector with £ - S = 35° (see
Figure 3). Thus the performance during two-thirds of the year has been
vastly improved, and the performance during the remaining third of the
year, centered around summer solstice, has not changed significantly.

The average daily cosine is desired in order to obtain an indicator of
the fraction of the available energy which is intercepted by a collector with
a fixed mirror. A collection period centered about solar noon of length 2 t¢
is of interest. The average daily cosine is

t
—— 1 £
cos 0 'day = g'/o. cos 0 dt (12)

where the time t is measured from solar noon. If Eq. (10) is substituted
into Eq. (12) and the small variation in the sun's declination throughout the
day is neglected, one obtains

sinh

By

cos o 'day = gind sin ((-S) + cos d cos (/-S) , h

f>hss

(13)

Equation (13) is only meaningful if hf > hSS . The variation of the average
daily cosine throughout the year is shown in Figure 5. Values of ([-S)
between 0 and 50 degrees are considered, and an eight hour day is assumed.
The poor performance from autumnal equinox through vernal equinox for
collectors with ({-S) greater than approximately 20° is clearly shown in
Figure 5. If ({-S) is zero, the variation in the average daily cosine through-
out the year is only t+4.3 percent of its mean value.

If the average daily cosine is integrated over the year, an indication

of the influence of day length and collector slope on the total yearly output
of the collector is obtained. The yearly average cosine is defined as:
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COSINE OF ANGLE OF INCIDENCE

1.0
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|
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1 2 3 4

TIME BEFORE OR AFTER SOLAR NOON (HRS)

Figure 4. Cosine of Angle of Incidence Versus Time of Day With

Aperture Slope Equal to Latitude
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AVERAGE DAILY COSINE (8 AM.TO 4 P.M.)
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Figure 5. Average Daily Cosine (8 a.m. to 4 p.m.) Versus Time of Year
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-1 1yr
cos 0 'yr = (yr) ‘/(; cos 6 'day dt (14)

where t is the time in years. If Eq. (13) is substituted into Eq. (14), one

obtains

cos (£-S) sin hf

cos@|_ = A, sin (1-8) + A, b, s hf > hss (15)
where
-1 1yr
A, = (yr) f sind dt (16)
1
0
and
A, = (yr) lf cosd dt A (17)
2 0

Equation (1 5) is meaningful only if hy is greater than h . at winter solstice.

If the sun's declination is obtained from the 1977 Ephemeris, 4 one obtains

A1 = 0.0067 and Ag = 0.9592;* whereas, the ASHRAE approximation for the
sun's declination® gives Aj = 0.0059 and Ay = 0.9593, * a negligible differ-
ence. The use of Eq. (15) greatly simplifies the evaluation of collector
performance since it enables the calculation of average yearly cosines at

any latitude for any collector slope and applicable day length without perform-
ing any numerical integrations.

The variation of the average yearly cosine with (/-S) is shown in
Figure 6 for day lengths ranging from four hours to twelve hours. Tabu-
lated values are also provided in Table III. The restriction hy > hgg means
that the maximum latitudes at which these results can be applied are 63. 4°,
58. 5°, 49.1°, 30.8° and 0° for day lengths of 4, 6, 8, 10, and 12 hours,
respectively.

Since A, is small, the value of ({-S) which results in the maximum
average yearly cosine is approximately zero for all day lengths. The curves
given in Figure 6 show that the average daily cosine is only a weak function
of (£-S) if (/-S) is small. Specifically, (£-S) of 10° results in approximately
a 1.4 percent reduction in the average yearly cosine and (/-S) of 20° results
in approximately a 5.7 percent reduction. The magnitude of these reductions

b3

Estimates of the error in the numerical integrations showed that all
of the numerical results are accurate to the four decimal places which
are provided.

25



26

AVERAGE YEARLY COSINE
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Figure 6. The Influence of Day Length and Aperture Slope on the Average
Yearly Cosine
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TABLE III

INFLUENCE OF LENGTH OF DAY AND (/-S)
ON THE AVERAGE YEARLY COSINE

Length of Day (hrs)

(£-S) 2 4 6 8 10 12
0 0.948 0.916 0. 864 0.793 0.708 0.611
5 0. 945 0.913 0. 861 0.791 0.706 ---

10 0.935 0.903 0. 852 0.782 0.698 ---

15 0.918 0.887 0.836 0.768 0.685 -

20 0. 893 0.863 0.814 0.748 0.667 m—-

30 0. 825 0.797 0. 751 0. 690 0.616 ---

40 0.731 0.706 0. 666 0.612 - -—-

50 0.615 0.594 0.560  0.515 - -

is only weakly dependent on the day length. Since Aj is small, the average
yearly cosine with ({-S) = B is approximately equal to the average yearly
cosine with (£-S) = -8.

Although average cosines give a good indication of the penalty caused
by the fixed reflector and the influence of the collector slope, these results
must be interpreted carefully. They do not include the influence of atmos-
pherical attenuation of the beam radiation, and require a uniform distribution
of clear weather throughout the day and year. The average yearly cosines
are based on a fixed length day; a more meaningful but less convenient
criterion for the termination of the integration would be a minimum level of
insolation on the collector aperture. Since the average daily cosine is a
strong function of the time of the year only for large values of (£-S), the two
criteria will give similar results when (/-S) is small.

Optical Losses

One source of optical loss is the failure of the concentrator to collect
diffuse radiation. This loss is common to most concentrators and is being
ignored. The remaining optical losses are: blocking losses, reflection
losses, intercept losses, transmission losses, and absorption losses. The
first attenuation experienced by the incident beam radiation is the blocking
loss. The absorber, the tracking boom, the counterbalance, and the boom
support struts all shade the reflector. (The self-shading of the reflector
is excluded from the optical losses; it is implicit in the cosine loss.) Hence
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only the fraction § of the energy which is incident on an identical, bare
reflector reaches the actual reflector. A realistic range of 6§ for the SRTA
collector is probably

0.95<«< 6§ < 0.99 (18a)

The reflection loss, the next attenuation experienced by the beam, is a
consequence of having a mirror which is not a perfect specular reflector.
The specular reflectance p is the fraction of the incident beam radiation
which is specularly reflected. A realistic range for p is probably

0.7<pP<0.9 (18b)

It should be remembered in choosing a representative value for p that part
of the beam radiation undergoes more than one reflection.

The third loss experienced by the beam is the intercept loss. Only
the fraction vy of the specularly reflected energy is intercepted by the ab-
sorber due to imperfect optics and tracking, and blockage by system com- -
ponents. An absorber which is sufficiently large to account for the effects
of imperfect tracking and imperfect optics would result in excessive heat
loss. The optimum value of the intercept factor probably lies in the range

0.85<v<«<0.98 (18c)

Finally, not all of the energy which is incident on the aperture of the
receiver is absorbed. If a cover plate is used over the absorber surface,
only the fraction t of the incident energy is transmitted through the cover
plate. The transmittance of typical cover plate materials is strongly de-
pendent on the angle of incidence as well as the spectrum of the incident
energy. The large incidence angles of much of the energy incident on the
tracking absorber of the SRTA collector probably means that transmission
losses will be too high if cover sheets are used. The practical range of the
transmittance is

0.7< 7=1.0 (18d)

where 1.0 corresponds to the absence of a cover plate. The absorptance o
is the fraction of the incident energy which is absorbed. The spectrum of
the incident energy, the angle of incidence, the temperature of the absorbing
surface, and the geometry of the receiver all influence this ratio. Since a
cavity type receiver appears unsuitable, a realistic range of the absorptance
is

0.8< @< 0.95 (18e)
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The fraction of the incident energy which is absorbed by the absorbing
surfaces of the receiver is 6pyYTa, which will be defined as the optical
efficiency ng. The overall system performance is dependent on the product
of these five quantities and not their individual values. The range of ng,
based on the limits given in Equations (18a) through (18e), is

0.3< Mg < 0.8 (19)

The influence of the optical losses on the overall system efficiency is
established in the section entitled "Results. "

Heat Flux Distribution

The relatively large receiver required in the SRTA collector system
may be partially offset in some applications by the nonuniform energy
distribution along the 'line' focus. For example, if a constant diameter,
circular cylinder is used as the absorber with a reflector having a 60° rim
angle, the ratio of the local heat flux on the receiver q, to the average T,
when the sun's rays are normal to the aperture is

=§r =—1—3 , 0.5<y<1 (20)
r 3y

2l
[oH Yo N
&l

The numerical values given in Table IV show that the flux at y = 0.5 is 8/3
times as large as the average flux. Unfortunately, this distribution is
dependent on the angle of incidence of the sun's rays. Hence the flux dis-
tribution is dependent on both the time of the year and the time of the day,
and a strong circumferential variation in the flux distribution arises when-
ever ¢ is large. Designing an optimum receiver for the SRTA collector
system for these reasons is probably a more difficult task than for any other
collector system.

TABLE IV

FLUX DISTRIBUTION ON CYLINDRICAL RECEIVER
WITH ¢ = 60°, 6 = 0°

y 0.5 0.6 0.7 0.8 0.9 1.0

qa /q 2. 67 1. 54 0. 97 0. 65 0. 46 0.33
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Model of SRTA Collector System

The following assumptions and conditions are employed in the evaluation
of the SRTA collector.

(i)

(ii)

(iii)

A clear day and the validity of a modified ASHRAE model
for the calculation of direct insolation are assumed. A
simple expression proposed by ASHRAES? for the direct
normal insolation is: "

Iy, = CN £ (day) « exp [-f,(day)/cosy] ’ (21)

where CN is the clearness number (see Reference 6), ¥
is the sun's zenith angle, and f; and f9 are prescribed
functions of the day of the year. A comparison of

Eqg. (21) with data from Inyokern and Goldstone showed
good agreement at solar noon, but the model predicted
too much attenuation at large zenith angles. Hence

Eq. (21) was modified empirically in order to obtain
better agreement with experimental data. Several differ-
ent expressions were tried; the one which gave good
agreement to within approximately an hour of sunrise

or sunset was:

-fz(day) - (1 +C1/cos qJO)

Idn = CN- fl(day) . exp cos U ¥ Cl (22)

where y g is the zenith angle at solar noon, and a value

of 0.2 was used for the constant C;. Equation (22) differs
appreciably from Eq. (21) only at large zenith angles.

A comparison between Eq. (22) and experimental data

is given in Table V.

A clearness number of 1.0 was used throughout the year
(see Reference 6). A north latitude of 33. 65 degrees was
assumed.

An isothermal absorber was used in the analysis. In
practice, the receiver would probably not be isothermal;
however, a more realistic description requires specifi-
cation of heat transfer fluids used in the absorber, the
parameters of the thermal cycle, etc. In addition, tem-

- perature drops occur: (a) between the surface of the

receiver and the heat transfer fluid used in the absorber,



TABLE V

COMPARISON OF PREDICTED AND MEASURED
DIRECT NORMAL INSOLATIONS

Intensgity of Direct Normal Radiation (W/ m2)

Day = 358 Day = 83 Day = 173 Day = 342
( = Winter Solstice) (= Vernal Equinox) (Summer Solstice) Goldstone, 1974
Inyokern, 1963 Inyokern, 1963 Inyokern, 1963
Hours Before
or After Sunset Data Model* Data Model* Data Model* Data | Model*
0 910 903 930 991 910 942 935 907
1 905 894 925 986 920 937 928 898
2 860 863 915 968 935 924 895 868
3 780 798 890 935 930 898 815 805
4 675 665 835 873 895 854 615 680
5 765 752 825 - 782
6 720 656
Sunset; 4:50 PM 6:03 PM 7:13 PM 4:52 PM
C, = 0.2
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(iv)

v)

(vi)

(b) along the piping which transports the thermal energy
from the receiver to the thermal engine or the heat ex-
changer if an intermediate loop is used, and (c) in inter-
mediate heat exchangers if required. Considering these
factors and other losses, the heat loss with an isothermal
receiver is not expected to exceed the total loss from a
nonisothermal receiver which delivers a working fluid to

the thermal engine at the assumed receiver temperature T,,.

The efficiency of the thermal engine which is used to
convert the thermal energy to electrical energy was
assumed to be equal to the Carnot efficiency, which is

N o=1- sink

c T
r

(23)

Since no engine operating between two given temperatures
can be more efficient than a Carnot engine operating between
the same two temperatures, the use of this efficiency pro-
vides an upper bound for the electrical power that could be
produced.

The absorber was assumed to be semi-gray with a solar
absorptance a and an infrared emittance e. The surround-
ings were assumed to be black (by virtue of geometry) at

a uniform temperature Tg. The analysis is valid for any
receiver shape as long as the view factor of the receiver
with itself is small. The absorptance was assumed to be
independent of the angle of incidence. Recent measure-
ments’ show an appreciable decrease of the solar absorp-
tance of Harshaw black chrome on bright nickel substrate
at large angles of incidence. Since large angles of incidence
are common with the SRTA collector system, this phenom-
enon could cause a significant reduction in the absorptance
for some surface preparations.

The absence of a cover plate over the absorber surface was
assumed in the calculation of the convective heat loss.

Since the heat transfer coefficient due to natural convection
in air is nearly independent of At for the conditions of this
study (in fact, the Grashof number actually decreases
slightly with increasing absorber temperature), the con-
vective heat exchange between the absorber and the ambient
air at temperature T, was based on a constant heat transfer
coefficient of 8 W/mﬁl -K (1.4 BTU/hr-ft2 -°F). A natural
wind, or a wind created by the hot air flowing up out of the



reflector bowl, could account for slightly higher heat losses
by convection. An ambient temperature T, of 20°C was used.

(vii) The specular reflectance p of the mirror was assumed to
be independent of wavelength and angle of incidence. It was
further assumed that all rays undergo a single reflective
loss. The maximum percent of the energy which can under-
go two or more reflections is 25 percent. The effect of
multiple reflections could be partially accounted for by an
artificial reduction in the reflectance.

(viii) All heat losses other than convective and radiative losses
from the receiver surface were neglected. Also the heat
loss from the ends of the receiver was neglected.

(ix) The approximation for the sun s declination proposed by
ASHRAED is used.

The heat loss Q; from the receiver with the simplifying assumptions which
are stated is

4 4
= - + -
QL hAI‘(Tr Ta) ge Ar(Tr TS) (24)

where h is the average convective heat transfer coefficient, A, is the area
of the receiver, and o is the Stefan-Boltzmann constant. The incident solar
energy absorbed by the receiver is:

Q Aa (6pYTQ) Idn cos o

or

A (CR)TIO dn cos 6 (25)

where Igp is the direct normal insolation, ng is the optical efficiency, and
6 is the angle of incidence. The net thermal output of the collector is

Q

Qo = Q-Q)

net

and the electrical power produce with an ideal Carnot engine is
P=n.@Q-Q)
The energy produced from time t before solar noon to time t after solar

noon is t
E = 2f Pdt
0
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In addition to the power P and the energy E, two instantaneous efficiencies
were calculated. One, Ny, was 100 percent times the power divided by the
rate of incident energy on the fixed aperture, and the cther, N, is identical
to N, except the aperture area is assumed to be normal to the sun's rays.
The instantaneous power produced per unit area of mirror surface was also
determined.

Probably the most meaningful efficiency is the overall system daily
efficiency m which is defined as

te
(" @-qp)n

M =100 T (26)

ss
I. A dt
0 dn a

where t = 0 corresponds to solar noon, tgg the time from solar noon to
sunset, and ty is the time at which (Q - Q1) becomes negative. The over-

all system daily efficiency is 100 times the daily energy output of the engine
divided by the total energy incident on a tracking plane surface of area A, .
This efficiency is considered a meaningful barometer of the system perform-
ance and is used extensively in the parametric studies.

Results

Several variables within their typical range have a minor influence on
the performance of the SRTA collector system. Hence these quantities are
held constant in the parametric studies in order to reduce the number of
variables and simplify the presentation of the results. Specifically, these
quantities are the ambient temperature T, , the temperature of the surround-
ings Ty, and the convective heat transfer coefficient h (see discussion in
previous section). Most of the results are independent of the area of the
aperture A, , and the dimensional results which are not can be easily modified
for different values of this parameter. The result also can be easily adjusted
for different sink temperatures. Hence both A, and Tg;, were held constant.

Results previously given showed that: (1) the optimum slope for year-
around, clear weather performance was equal to the latitude and (2) a slope
10 degrees greater than or less than the latitude caused a change in the
average yearly cosine of less than 2 percent. Hence the collector was
assumed to be tilted toward the south at an angle equal to the latitude. Once
(£-S) is fixed, the latitude plays a minor role. It has a secondary influence
on the direct normal insolation and effects the length of the day. A constant
north latitude of 33. 65 degrees was used in all parametric studies. This
latitude is probably within 5° of most sites proposed for solar electric power
generation in the United States. A clearness number of one was used in the
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model for the direct normal insolation. The longitude influences only the
clearness number and the relationship between solar time and standard
time. Since a clearness number of one was specified, the longitude does
not influence the results to be presented.

Variables which have an appreciable influence on the performance of
the SRTA collector are: receiver temperature, optical efficiency, time of
year, rim angle, concentration ratio, and emittance of absorber. The in-
fluence of these variables will be parametrically shown. A set of repre-
sentative parameters were chosen as the standard case in order to facilitate
comparisons. Specifically: '

¢ (emittance) = 0.22--It appears that a cavity absorber is not
practical in conjunction with the fixed mirror concept. Hence a
selective surface is highly desirable in order to reduce radiation
losses. An emittance of 0.22 appears to be an attainable goal
with a solar absorptance of about 0.9, an a/e¢ of 4. It should be
remembered that the absorber surface will be in air at a temper=-
ature of near 500°C.

CRyy (nominal hemispherical concentration ratio) = 100--It was
shown that the theoretical maximum nominal hemispherical con-
centration ratio was 270. Considering realistic tracking errors,
mirror errors, and an intercept factor near 0. 95, a value of CRy
of 100 was chosen for the standard case.

Mg (optical efficiency) = 0.76--The optical efficiency is the product
of paT Y. A spectral reflectance p of between 0.85 and 0.9 is
typical for high quality mirrors. The solar absorptance of a
selective surface characteristically lies between 0. 85 and 0. 95.
The use of a cover plate seems illogical due to the high reflective
loss for rays at large angles of incidence; hence T = 1, Values of
b and Y of 0.99 and 0. 95 respectively are projected. These values
give 0.68 = ny = 0.80. A value of 0.76 at the high end of this

range was chosen.

Day = 81--Since the overall system daily efficiency is within
several percent of its value at equinox during two-thirds of the
year, vernal equinox was chosen for the standard case.

$ (rim angle) = 90°-~This rim angle results in the highest system
efficiency; therefore, it provides a convenient upper bound.

T, (receiver temperature) = 500°C--The influence of the receiver

temperature is very strong; therefore, results are generally given
for all values of T, ranging from 200°C (392°F) to 550°C (1022°F).

If a range of T, is not provided, 500°C (932°F) is used. Summar-

izing, the standard case uses:
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A = 10t m?; CR = 100; S = 34°% ¢ = 90°% T =T, = 20°C
(68°F); h = 8 W/m®-K (1.4 BTU/hr-#t2F); T_ = 40°C
(104°F); ¢ = 0.22; Mg = 0.76; Day = 91; CN = 1,0; C1 = 0.2;
£ = 33.65° and T, = 500°C (932°F).

If any variable differs from this standard set, its value will be
specified.

Three sets of tabulated results are given in the Appendix which show
the diurnal variation at winter solstice, vernal equinox, and summer sol-
stice of: the sun's altitude angle, the sun's azimuth, the angle of incidence,
the direct normal insolation, the heat flux through the aperture, the net heat
flux through the receiver, the instantaneous power, the total power gener-
ated from time t before solar noon to time t after solar noon, the system
total daily efficiency, the instantaneous efficiencies, ng4 andn,, and the
instantaneous power per unit mirror area.

A comparison between the diurnal variations in the collector instan-
taneous output and the direct normal insolation is given in Figure 7. The
direct normal insolation and the collector output are both normalized with
respect to their respective values at solar noon. The direct normal inso-
lation predicted by the model as well as experimental data from a clear day
near vernal equinox at Inyokern, California, are provided. The model and
experimental data agree well and show high values of the direct normal in-
solation throughout the day with an attenuation of less than 25 percent at one
hour before sunset or after sunrise. In contrast, the collector output is
sharply peaked and is attenuated by more than 50 percent at 2-1/2 hours
before sunset or after sunrise. This sharp peak is a consequence of the
fixed reflector.

The influence of the emittance of the selective surface on the overall
system daily efficiency is shown in Figure 8. The efficiency of the con-
vertor, the Carnot efficiency, dominates the overall system efficiency at
low temperatures. The influence of the emittance is readily discernible
only at temperatures above approximately 250°C. The influence of a/e
rapidly decreases as a/¢ nears ten; the main gain has already been realized
at a/e of four. The contribution of the convective loss can be established by
comparing the case of no convective and radiative losses, the dashed curve
in Figure 8, with the case of no radiative loss afe ==,

The influence of the rim angle on the overall system efficiency is
shown in Figure 9. Rapid deterioration in performance begins to occur with
decreasing rim angle at approximately 70°. This conclusion could also be
inferred from Eq. (6) or Table I. The influence of the rim angle is also
implicit in the results given in Figure 10 which shows the effect of the nomi-
nal concentration ratio on the overall system daily efficiency. The change
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NORMALIZED INSOLATION AND SYSTEM OUTPUT
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Figure 7. Diurnal Variations in Direct Normal Insolation and Collector
Output at Vernal Equinox
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in the nominal concentration ratio could be a consequence of: a change in
rim angle, a change in the nominal hemipsherical concentration ratio, or

a combination of changes in these two quantities. A change in the nominal
hemispherical concentration ratio would stem from a desire to change the
intercept factor vy, or it would be a consequence of changes in the tracking
or mirror accuracy. Results are given in Figure 10 for nominal concentra-
tion ratios of 50, 100, and 150 for emittances of 0.22 and 0.9. An increase
in nominal concentration ratio above 100 has an appreciable influence for
the high emittance absorber; however, a change from 100 to 150 results in
less than a 2 percent increase in efficiency for absorber temperatures
below 500°C with an absorber emittance of less than 0. 22. )

The influence of the optical efficiency on the overall system daily
efficiency is shown in Figure 11. Results are given for optical efficiencies
of 1.0 (no optical losses), 0.8, 0.6, and 0.4. The influence of the optical
efficiency is indeed strong. A change in ng of only 0.1 results in approxi-
mately a 4 percent change in overall system daily efficiency for the range
1 =7Mg = 0.4 and 300°C < Ty < 500°C. This strong influence of Mg means
that the increase in optical losses which results from the addition of a cover
plate can probably not be offset by the consequential decrease in heat loss
effected by the cover plate.

The influence of the time of the year is given in Figure 12 which also
shows the effect of the slope of the aperture. The trend for the case of a
reflector with a horizontal aperture is approximately as expected. The high-
est efficiencies occur at summer solstice, and the performance at winter
solstice is extremely poor. The results with a slope of 34° (£= S) appear
illogical., Although the average daily cosine for the same length day is higher
at equinox than at winter solstice, the overall system daily efficiency is
lower. This is a consequence of the poor performance in the early and late
portions of the sunlit hours. The angle of incidence at sunset for a latitude
and slope of 34° is 73° at winter solstice, 90° at equinox, and 105° at summer
solstice. The aperture at summer solstice cannot see the sun during 16
percent of the sunlit hours. The results which are given in Appendix A show
that the total energy generated throughout the day with an aperture area of
104 m2 and a slope of 34°is 21.3, 21.5, and 26.7 megawatt hours at summer
solstice, winter solstice, and vernal equinox, respectively.

A breakdown of the cosine, optical, heat, and Carnot losses for
receiver temperatures ranging from 200 to 700°C (392 to 1292°F) is shown
in Figure 13. The cosine loss differs from the average daily cosine be-
cause the influence of the zenith angle on the attenuation of the direct norm-
al insolation by the atmosphere is included. The cosine loss is an inherent
part of the SRTA collector system. The magnitude of this penalty must be
carefully weighed against the advantages of the fixed reflector.
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The optical losses are dependent on the system design and on the
material properties. Since these results are based on a relatively high
optical efficiency (0.76), the optical losses cannot be reduced significantly
from those given in Figure 13. The second lowest curve, i.e., the one
obtained by excluding the Carnot loss, gives the efficiency of the collector
system if it were to supply thermal energy.

The Carnot loss shown in Figure 13 is the minimum conversion loss.
Actual cycles, such as a Rankine cycle, and the addition of turbine, gener-
ator, and parasite losses will result in significantly lower efficiencies.
Little can be done to reduce the conversion loss without increasing the
temperature of the receiver or reducing the sink temperature.

Conclusions

It is difficult to predict the ultimate role to be played by the stationary
reflector/tracking absorber solar collector. A fixed reflector should result
in a reduction in cost over tracking reflectors. However, the cosine loss
and the low effective concentration ratio result in relatively low efficiencies
if the system is to be used for power generation. On the other hand, the
complexity and cost of the two-axis tracking absorber limits the usefulness
of the SRTA collector for solar heating and cooling applications in individual
residences. Conclusions evident from the study are:

1. The SRTA collector provides power over a relatively short day
with wide variations in power output from its sharp peak at
solar noon. A tracking paraboloid, the central receiver system,
and parabolic troughs result in flatter output curves. The
sharply peaked output of the SRTA collector means that a large
amount of storage is required for any type of intermediate or
base load electrical plant. Thermal storage would result in a
further degradation of the energy, which would compound the
problem caused by the low effective concentration ratio.

2. The winter performance of an SRTA collector with a horizontal
aperture would generally not be acceptable at latitudes within
the United States. The optimum slope of the collector for year-
around, clear day performance is approximately equal to the
latitude. A fixed aperture collector cannot effectively utilize
long summer days; consequently, the average daily cosine for
a fixed length day is not a strong function of the time of the
year if the collector is sloped at an angle approximately equal
to the latitude. Thus the use of a day with a fixed length in the
calculation of average yearly cosines is a good approximation.

45



46

The clear day output of a collector with S = £ at winter solstice
is approximately equal to its output at summer solstice.

The cosine loss is appreciable even at the best time of the year.
This loss is inherent in a collector with a fixed aperture.

The overall system performance is strongly dependent on the
optical efficiency. The additional transmission loss associated
with a cover plate, with energy incident at large angles, can
probably not be offset by the reduction in heat losses which is

.effected by the cover plate.

Selective surfaces result in large improvements in performance.
The increase in the overall efficiency when the ratio of the ab-
sorptance to emittance is increased from 1 to 4 is especially
large.

The reduction in concentration ratio which results with rim
angles less than 90° causes a significant degradation in collector
efficiency which offsets, to a large degree, the benefit gained by
the decrease in the ratio of mirror area to aperture area. The
results indicate that rim angles below approximately 60° will be
unsatisfactory.

The plane of the aperture must be tilted toward the south at
typical latitudes in the continental United States in order to ob-
tain good year-around performance. This means that an ideal
site for the SRTA collector is the south slope of a steep hill or
mountain. This would partially alleviate the high wind loads,
large environmental impact, and high construction costs of large
tilted bowls. A large array of small bowls does not appear to be
a viable alternative because of the energy transport losses and
the large cost of the associated plumbing.

The thermal design of the absorber for the SRTA collector is a
difficult task because of the large axial and circumferential
variations in the energy distribution which occur. The problem
is further complicated by the dependence of this energy distribu-
tion on both the time of the day and the time of the year.



APPENDIX
TABULATED DIURNAL VARIATIONS

47



Appendix

Ry =1,

CHLCULATED

HINTDOM-HR =

dET COMT.

TIME
HFE=
Y
0.50
I
L0
R
=l
RN
S
< THY
S
!
=10
“'1

l_l‘z [ I S R P I Y I AN I A R

(23

TE=

TImME
MR

LU0
1K
O
LSl
L
=
REARE:
S0
Wi
50
A

.S

S00.,

[ 1 | QU O S SR TT I FIN S W S s B s}

48

Diurnal Variations at Vernal Equinox (Standard Case)
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Diurnal Variations at Summer Solstice
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Diurnal Variations at Winter Solstice
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