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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 solar collector over concentrating collectors with tracking mirrors is reduced mirror cost. The ob-
jective of the investigation is to determine the potential of this system for electrical power production.
Special emphasis is given to identifying the penalty associated with the fixed reflector. The results showed
appreciable cosine losses even at the best times of the year, The overall system efficiency was found to be
strongly dependent on the rim angle, the optical efficiency, the absorber temperature, and the degree of
selectivity of the absorber surface.

Introduction

A stationary, concave, spherical reflector would focus parallel light essentially at a point if the radius
of the aperture of the mirror R, were much less than its radius of curvature Rg. In the proposed collector,
R, is of the same magnitude as Rg; hence, the focus becomes blurred due to spherical aberration. For ex-
ample, parallel rays perpendicular to the aperture of a hemispherical mirror are focused along a line which
extends from the mirror's surface to Rg/2 ag illustrated in Figure 1. Hence, an absorber which is to inter-
cept all of the specularly reflected energy from such a mirror must have a length of approximately Rg/2.
Furthermore, since the proposed system has a fixed mirror, the absorber must be pivoted about the center
of curvature and track the sun in order to be kept at the line focus {see Figure 2).
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Fig. 1. Ray Pattern for Spherical Mirror With Fig. 2, Reflecting Characteristics of Spherical
Rays Perpendicular to Plane of Aperture Mirror With Rays at Angle of Incidences

The main advantage of the SRTA collector is the fixed mirror. It enables the construction of extremely
large units without prohibitive costs. Large collectors, in turn, result in greatly reduced transport losses
or in significantly fewer converters if one is used in conjunction with each collector. A major disadvantage
of the SRTA collector is the cosine loss. This loss is due to the fact that the direct solar radiation incident
on the aperture of the collector is proportional to the cosine of the angle of incidence; i, e,, the angle between
the sun's rays and the normal to the plane of the aperture. The cosine loss is common to all collectors that

do not track the sun.
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The SRTA collector was first described by Steward, (1) who gave a brief description of the system.
Steward and Kreith(2) recently published a more complete description including an analysis of the axial vari-
ation of the concentration ratio; however, they did not consider the overall performance characteristics of the
system. Kreider(3) analyzed the thermal performance of the SRTA collector, but his study did not include
the diurnal or yearly variations,

The objective of this study is to determine the potential of the SRTA collector for electrical power
production and to clearly establish its optical and thermal performance characteristics. Special emphasis is
given to identifying the penalty associated with the fixed reflector.

Optical Characteristics of Collector

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

Aa
CR = . (1)
r
Also, the nominal hemispherical concentration ratio is, by definition
ﬂRSZ
CRp = A, (2)

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

centration ratios.

Consider the image of the sun with perfect optics when the rays are perpendicular to the plane of the
aperture as shown in Figure 1, *¢ The coordinates, which are normalized with respect to the radius of curv-
ature Ry, are also shown. The rays passing through the aperture near r = 0 intercept the axis near y = 0. 5;
the ray passing through r = J3/2 intercepts the axis at y = 1; and all rays with r > ¥3/2 experience multiple
reflections. The number of reflections, n, experienced by a ray before it passes through the axis of the

mirror is

g T 7
= +
n [TI’ =T ] 1 {3)
where 8 is the angle of incidence of the ray on the reflector. It can be shown from the geometry depicted in

Figure 1 that

g = sin_lr (4)

It also follows that the location of the point of intersection of the ray with the y-axis is

L (5)
gin (2ne)

y =
(_I)n-l

and the distance D the ray travels before intercepting the y-axis after n reflections is:

sin(r -28) sin[{2n-1)0]
sing + sin (2nd) (6)

D = (n-1)

* An external non-cavity receiver geometry ig assumed. The areas of the ends of the receiver are
assumed to be perfectly insulated and are not included in the definition of A..

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

t [x] denotes the greatest integer not greater than x.



Since the local radius of the receiver is much less than the radius of curvature of the mirror, Eq. (6)
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.

Congider first the case of a rim angle of 60°; therefore, no multiple reflections occur with the collector-
sun orientation shown in Figure 1. 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 Ry at y = 1; hence, the theoretical 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 longer path lengths traveled by the multiply reflected rays. The required absorber
diameter varies from 0.0046 Ry at y = 0.5 to 0.0146 Rg at y = 1. The variation is linear only from y = 0.5 to
v = 0.92. The required increase in receiver area results in a theoretical maximum nominal hemispherical
concentration ratio of 270.

Although a rim angle of 60° results in no multiple reflections when the rays are normal to the aperture,
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 accu-
racy and tracking accuracy should also be relatively independent of rim angle, it follows that

- .2
CR = CRH sin” ¢ 7)

Likewise, 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

. 2
CR, = CRH sin” ¢ cos @ (8)

The influence of the rim angle and the angle of incidence on the effective concentration ratio is given in
Table I which clearly shows the disadvantage of small rim angles.
Table I

Influence of Angle of Incidence and Rim Angle
on the Effective Concentration Ratio (CRg/CRpy)

N 8 0° 15° 30° 45° 60° 750
90° 1.00 0.97 0.87 0.71 0. 50 0. 26
750 0.93 0.90 0. 81 0.66 0.47 0.24
60° 0.75 0.72 0.65 0.53 0.38 0.19
45° 0. 50 0. 48 0. 43 0.35 0.25 0.13

The relatively large receiver required in the SRT A collector 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 g, when the sun's rays are normal to the aperture is

r%£=%, 0.5=sy=1 (9
Y 3y
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where dr/dy was eliminated by using Eq. {(5) with n set equal to one. The flux aty = 0.5, 0.75, and 1.0 is
2.67Qp, 0.79 G, and 0.33 §,, respectively, Unfortunately, the heat flux distribution is a function of the

angle of incidence; hence, it is dependent on both the time of the year and the time of the day. A strong cir-
cumferential variation in the flux distribution arises whenever 6 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.



The influence of the angle of incidence on the effective concentration ratio has been established. The
diurnal and yearly variation of this angle and the influence of aperture slope remain to be described. Simul-
tanecusly, a more important question can be addressed--the determination 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 further 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.

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 horizontal plane. The opti-
mum slope is to be determined, It is not difficult to show that the cosine of the angle of incidence is

cosf = sind sin(f-8) +cosd cosh cos (£-8) , |h] < hss (10)

where d is the sun's declination, f is the latitude, h is the hour angle, and hyg is the hour angle at sunset.
Equation (10) shows that the angle of incidence is a function enly of the declination, the hour angle, and the
difference between the latitude and slope (£-S). If S is equal to £, Eq. (10) reduces to

cosd = cosdcosh, S=4£ (11)

The diurnal variations of the cos # at summer solstice, equinox, and winter solstice are given in Figures 3
and 4 for {/-8S) equal to 35° and 0°, respectively. Figure 3 shows the poor winter performance which ig typi-
cal for horizontal collectors at latitudes within the Continental United States. On the other hand, Eq. (11)
and Figure 4 both show that if atmospheric attenuation is neglected, a collector with £ = S performs as well
during sunlit hours at winter solstice as it does at summer solstice.
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The average daily cosine is desired in order to determine the fraction of the available energy which is
intercepted by a collector with a fixed mirror. A collection period centered about seclar noon of length 2 te
is of interest. The average daily cosine is t

—_ f
CO0S § Id =L f cos g dt (12)
ay ’cf 0

where the time t is measured from solar noon., If Eq. (10) is substituted into Eqg. (12) and the small variation

in the sun's declination throughout the day is neglected, one obtains
sin hf
coc = i 3 - + -
cos 0 Iday sind sin (/- S) + cosd cos (/- 8) hf . hf > hSS {13}

The variation of the average daily cosine with the time of the year is shown in Figure 5. The poor perform-
ance from auturnnal equinox through vernal equinox for collectors with large values of (£-8) is clearly shown.
‘On the other hand, a variation of only +4. 3 percent occurs in the average daily cosine if (£-8) ig zero.
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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

co5 0 ’yr = (yr)-1 f cos 0 lday dt (14)
0 .

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

cos (£-8) sin hf

oS 6 lyr = 0.0067 sin(£-S) + 0. 9592 —_— - hf >hss (15)
f

The sun's declination used in the determination of the numerical coefficients in Eq. (15) was obtained
from the 1977 Ephemeris(4); the ASHRAE approximation for the sun's declination(5) gave 0,0059 and 0. 9593,
a negligible difference. The average yearly cosine is 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 col-
lector aperture. Since the average daily cosine is a strong function of the time of the year only for large
values of (£ -8), the two criteria will give gimilar results when (f - 8) is small. Since the cos (£-S) is an even
funetion and since the coefficient of the sin (£~ 8) is small, the value of ({-S) which results in the maximum
average yearly cosine is approximately zero for all day lengths, and the sign of {/ - 5) has a minor influence

on cosd Iyi‘ .



The evaluation of collector performance is greatly simplified using Eq. (15) since it enables the
calculation of average yearly cosines at any latitude for any collector slope and applicable day length without
performing any numerical integrations. It should be remembered, however, that the average yearly cosine
does not include the influence of daily or yearly variations in the attenuation of the beam radiation by the
atmosphere. These variations stem from: (a) changes in atmospheric path length, (b) dust, smog, or moisg-
ture, and (c) cloud cover. The influences of the day length and aperture slope on the average yearly cosine
are shown in Figure €. The restriction hy > hge 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.
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Model of SRTA Collector System

The potential of the SRTA ceollector system for electrical power production is to be determined. The
following assumptions and conditions are employed in the model which is used in the evaluation.

(i) A clear day and the validity of a modified ASHRAE model for the calculation of direct insclation are
assumed. Specifically, the expression used for the direct normal insolation Ly, is:

f—fz(day) - {1 +CI/cos 4;0)
I = CN- fl(day) . exp 1 cos G T C1 }

dn (18)

where CN is the clearness number, ¢ is the sun's zenith angle, g is the zenith angle at solar noon,
f; and {5 are prescribed functions of the day of the year, and Cy is an empirical constant. The basis
for this equation and comparisons with experimental data from Goldstone and Inyokern, CA are given
in Reference 6. A clearness number of 1,0 was used throughout the year, and 0.2 was used for the
constant Cy . :

(ii) An isothermal absorber was used in the analysis., In practice, the receiver would probably not be
isothermal; however, a more realistic description requires specification of heat transfer fluids used
in the absorber, the parameters of the thermal cycle, etc. In addition, temperature drops cccur:
(a) between the surface of the receiver and the heat transfer fluid used in the absorber, (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 intermediate heat exchangers if required. All
heat losses other than convective and radiative losses from the receiver surface were neglected.
Also, the heat losses from the ends of the receiver were neglected. The heat loss with an isotherm-
al receiver is not expected to exceed the total logs from a nonisothermal receiver which delivers a
working fluid to the thermal engine at the assumed receiver temperature T..



(iii) 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

T .
no=1- sink - an

c T
r

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 provides an upper
bound of the electrical power produced.

(iv) The absorber was assumed to be semi-gray with a solar absorptance o and an infrared emittance «.
The surroundings 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,

(v) 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 ig nearly
independent of AT for the conditions of this study (in fact, the Grashof number actually decreases
slightly with increasing absorber temperature), the convective heat exchange between the absorber
and the ambient air at temperature T, was based on a constant heat transfer coefficient of
8 W/m2-K (1.4 BTU/hr - t2 - °F).

(vi) 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 undergo two or more reflections is 25 percent. The effect of
multiple reflections could be partially accounted for by an artificial reduction in the reflectance.

(vii) The approximation for the sun's declination proposed by ASHRAE (5} s used. The latitude was
assumed to be 33. 6 degrees.

The heat logs Qg from the receiver with the simplifying assumptions which are stated is

_ 4 4
QL = hAr(Tr-Ta) + o€ Ar(Tr -TS ) ‘ (18)

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

Q Aa(ép'vToz)Idncoss (19)

or

Q Ar (CR)TIO Igp €088 (20)
where Ig, is the direct normal insolation, 6 is the angle of incidence, and 7 is the optical efficiency.

Optical losses common to SRTA collectors are: blocking losses, reflection logs, intercept iosses, trans-
mission losses, and absorption losses. The absorber, tracking boom, and support struts shade the reflector;
hence, only the fraction § of the energy incident on an identically orientated bare reflector reaches the actual
reflector. A gpecular reflectance p less than unity accounts for the reflection logss. Only the fraction ¥ of
the specularly reflected energy is intercepted by the absorber due to imperfect optics and tracking, and block-
age by system components. If a cover plate is used, only the fraction 7 of the intercepted energy is trans-
mitted through the cover plate. Finally, only the fraction « of the energy incident on the absorber is absorbed.
The optical efficiency 7g is the product of these five fractions--§pyta. The self-shading of the reflector is
excluded from the optical losses; this loss is implicit in the cosine loss.

A meaningful barometer of the performance of the collector system is the overall system daily
efficiency nn which is defined as

te
f Q- QL) T dat
0

n= 100 T (21)

fSSI A_dt
0 dn"a




where t = 0 corresponds to solar noon, t., the time from solar noon to sunset, and ty ig the time at which the
net thermal output of the collector (@ - Qg ) becomes negative. The overall 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, .

Results

A set of representative parameters were chosen as the standard case in order to facilitate comparisons
in the parametrical investigations. Specifically: a rim angle ¢ of 90°, a nominal hemispherical concentration
ratio of 100, a slope S of 34°, an emittance ¢ of 0.22, an optical efficiency ng of 0.78, a time of the year of
vernal equinox, an abgorber temperature Ty of 500°C (932°F), an ambient temperature T, and a temperature
for the surroundings Tg of 20°C (68°F), and a sink temperature Tgjn of 40°C (104°F). Only those parameters
which differ from the standard set are specified in the figures.

A comparison between the diurnal variations in the collector instantaneous 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 insolation 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 insolation throughout the
day with an attenuation of less than 25 percent at one hour before sunset or after sunrise. In contrast, the
SRTA collector output is sharply peaked and is attenuated by more than 50 percent at 2-1/2 hours before
sunset or after sunrise.
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The influence of the emittance of the selective surface on the overall system daily efficiency is shown
in Figure 8. The efficiency of the converter, the Carnot efficiency, dominates the overall system efficiency
at low absorber temperatures. The influence of the emittance is readily discernible only above approxi-
mately 250°C. The influence of a/¢ rapidly decreases ag o/c nears ten; the main gain has already been real-
ized at @/¢ 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, @/€ ==,

Figure 9 shows the influence of the nominal concentration ratio on the overall system daily efficiency.
The change in the nominal concentration ratio could be a consequence of: a change in rim angle, a change in
the nominal hemispherical concentration ratic, or a combination of changes in these two quantities {see
Eq. (7)). A change in nominal hemispherical concentration ratio would stem from a desire to change the
intercept factor v, or it would be a consequence of changes in the tracking or mirror accuracy. Results are
given in Figure 9 for nominal concentration 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;
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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.
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The influence of the optical efficiency on the overall system daily efficiency is shown in Figure 10.
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 7 of only 0.1 results in approximately a 4 percent change in
the overall system daily efficiency for the range 1 = 7 = 0.4 and 300°C < T, < 500°C. Considering this strong
influence of 7y, it appears that the increase in optical losses which result from the addition of a cover plate
can probably not be offset by the consequential decrease in heat loss effected by the cover plate.

A breakdown of the Carnot, cosine, optical, and heat losses for receiver temperatures ranging from
200 to 700°C (392 to 1292°F) is shown in Figure 11. The cosine loss differs from the average daily cosine
because the influence of the zenith angle on the attenuation of the direct normal insolation by the atmosphere
is included. The second lowest curve given in Figure 11; i, e., the one obtained by excluding the Carnot loss,
shows the efficiency of the collector system if it were to supply thermal energy.

A more comprehensive get of results is contained in Reference 6. Tabulated results are included in
this reference which show the diurnal variation at winter solstice, vernal equinox, and summer solstice 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
generated from time t before solar noon to time t after solar noon, the system total daily efficiency, several
instantaneous efficiencies, and the instantaneous power per unit mirror area.
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Conclusions

It is difficult to predict the ultimate role to be played by the stationary reflector/tracking absorber solar
collector. The penalty associated with the fixed reflector, the cosine loss, must be carefully weighed against
the resulting advantages. The low effective concentration ratio of the SRTA collector, relative to tracking
paraboloidal concentrators or the central receiver concept, results 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 ab-
sorber limits the usefulness of the SRTA collector for solar heating and cooling applications in residences,
Conclusions evident from the study are: '

1. 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.

2. The cosine loss is appreciable even at the best time of the year.
8. 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.

4. Selective surfaces result in large imprbvements in performance. The increase in overall
efficiency when the ratic of absorptance to emittance is increased from 1 to 4 is especially large.

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

6. Large axial and circumferential variations occur in the energy distribution over the absorber.
The energy distribution is dependent on both the time of the day and year. Hence the thermal
design of an efficient absorber for the SRTA collector is a difficult task.
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