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EXECUTIVE SUMMARY

The sun's energy represents the largest and most dependable source
of energy in our solar system. However, by the time solar energy reaches
the earth it has been diffused to a rather low intensity (about 1353
W/m?). This energy is sufficient to drive the earth's live cycle and to
heat water and air for the comfort of humankind. Unfortunately, its
intensity is too low to be very useful for high temperatures (above
106%) without concentration, The Laws of Thermodynamics limit the
thermal efficiencies of devices which attempt to utilize this low grade
energy. Hence it would be very useful to develop methods to concentrate
this energy resource and thereby render it more useful, The most.
effective methoc to concentrate solar energy is with a device utilizing
optical quality components that tracks the movement of the sun. Such
concentrating solar collectors have been developed and have been utilized
with varying degrees of success. The major technical problems
encountered with their use have been the degradation of the optical
surfaces exposed to the environment and the lack of a reliable tracking
system, An additional problem is that the tracking solar collector
systems have generally not been able to compete economically with the
available ‘''conventional' energy. All of these shortcomings are
addressed by considering an alternative concept: a non-tracking,
concentrating solar energy collector. The disadvantage of the non-
tracking concept 1is that the attainable concentration ratio is much
smaller than that achievable with a tracking system. The advantages are
that the non-tracking co llector obviously does not require a tracking

system, the quality of the optical surfaces is not so critical as in the



tracking collector and finally since it is intrinsically a simplier and
lower technology device, it should be cheaper and more suitable for
technically less developed environments.

This technical report describes the efforts towards developing low-
cost (i.e., flat reflectors), non-tracking, concentrating solar
collectors. The main thrust of the work reported here is on the design

of the optical aspects of the collector.
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ABSTRACT

Non-tracking concentrators usually take the form of symmetric
grooves aligned East-West so that the sun moves approximately along the
groove during the day. Such concentrators do not continuously follow
the movement of the sun. However, due to the North-South swing of the
sun between the summer and winter solstices, seasonal tilt adjustments
are necessary in order to keep the groove approximately aligned with the
sun. One such type of non-tracking concentrator is the compound para-
bolic concentrator or CPC. Such collectors can achieve very high con-
centration ratios, but they can be expensive to manufacture and in some
less-developed countries the technology to build such collectors may not
exist. Another type of non-tracking concentrator has a trapezoidal geo-
metry in cross-section. Flat side mirrors on both sides of the groove
direct insolation to the base absorber. The performance of the trapez-
oidnl concentrator does not compare favorably with the theoretical per-
formance of the CPC. However when practical considerations are eval-
uated (e.g., cost and sophistication of fabrication), the choice be:ween
the two designs is not so obvious.

Optimal optical designs based on a ''one reflection or less cri-
terion" (i.e. requiring the solar radiation incident within the accep-
tance angle of the collector to strike the base with one or less reflec-
tion) have been previously developed for the trapezoidal one-facet and
two-facet concentrators. The one reflection or less criterion has
proven to be a very conservative design. A significant amount of inso-
lation outside the design acceptance angle of the collector still

strikes the absorber after two or more reflections. In effect a higher
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concentration ratio could have been achieved in practice for the same
acceptance angle.

A two refliections or less criterion has been developed and is des-
cribed in this thesis. Collector designs resulting from this criterion
have been evaluated with the aid of a ray-trace computer simulation
which includes the effects of non-ideal reflectors. Annual tilt rou-

tines for this class of non-tracking concentrators are developed.
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NOMENCLATURE

A Groove opening (See Fig. 3-5)

Ac Aperture area of the collector

Ae Area of the receiver

B Width of groove base

CR Concentration ratio

Dy Height of lower sidewall (See Fig. 3-5)

1y Height of upper sidewall (See Fig. 3-5)

F Shape factor

f Fraction of wall specular reflections

Ip Beam intensity

n Day of the year (From Jan. 1)

ds Total available energy per unit area of aperture
qu Useful energy collected per unit area of aperture
R Total reflector area

R1, R2 Random number

T, Average ambient temperature

Te Average receiver temperature

te Cut off time

U Overall thermal loss coefficient for the collector

X, Y, z Base coordinate system

Greek Letters

a Angle between lower wall with vertical axis (See Fig. 3-5)
a2 Angle between upper wall with vertical axis (See Fig. 3-5)
Q gw Solar absorptivity of sidewall

Y Incident solar angle

Ys Solar zenith angle
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Design acceptance angle

Actual acceptance angle

90% actual acceptance angle

Solar declination angle

Angle of tilt from the local latitude
Instantaneous collector efficiency
Solar azimuth angle

Local latitude at a location
Stefan-Boltzman constant

Tabor angle

Hour angle, solar noon being zero and each hour equaling 15°

with mornings positive and afternoons negative
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Chapter One

Introduction

As the price of fossil fuel continues to rise, alternative sources
of energy such as geothermal, wind and solar energy become more attrac-
tive. Solar energy has some distinct advantages over the fossil fuels.
For examplz it is rencwable and non-pclluting. The major obstacle in
the development of solar energy is economics, although many have argued
that economics is a false issue due to the lack of reasonable future
alternatives to fossil fuels and the fact that the present pricing and
taxing structure favor the status quo. In any event solar applications
do require a large initial investment although the operations and main-
tenance costs are relatively low once it is installed.

The utilization of solar energy is capital intensive. The expense
is due largely to the diffuse and intermittent nature of solar energy
which results in large collector arrays and energy storage requirements.
The primary thrust of current solar activity by researchers and engi-
neers is to reduce the cost of the equipment required by making it oper-
ate more efficiently and by reducing material and construction costs.
Also, in the USA at least changes in tax laws at both the federal and
state level have been considered to encourage both household and
industrial installation of solar energy equipment. Such special tax
considerations, already enjoyed by the more conventional alternatives,
could make solar energy more competitive.

In order to utilize solar radiation, systems have to be built to

collect and convert it either to thermal, chemical, or electrical



energy. The collectors themselves are the must important component of a
solar energy system and possibly the most expensive component. How well
the whole system works depends largely on how well the collectors per-
form. Therefore it is desirable to know what factors affect the effi-
ciency of a collector.

The useful energy collected by a collector can be expressed as

qy Ac = (1 c")eff’ % Ac -0 Ae(Te-Ta)- EC. g Ac(Tel’ - Ta“) (1.1)

where
qu: the rate at which useful energy is collected per unit
area of aperture
qg: the rate at which solar energy is available per unit
area of aperture, normal to the aperture
Ac: aperture area of the collector

(t a )eff: fraction of insolation striking the collector aperture

that is absorbed by the receiver

T: overall thermal loss coefficient
Ae: area of the receiver

Te: average receiver temperature

Ta: average ambient temperature

& e ¢ effective emittance of the receiver

The term on the left side of eqn. (1.1; represents the useful energy
that can be removed from the collector, that is, the useable energy.
The first term on the right of the equation is the total energy absorbed
by the receiver. The second term on the right is the convective and
conductive thermal loss term. The last term of the equation represents
the radiative losses. Equation (1.1) actually represents the energy

2



balance for the collector.

Collector efficiency 5 is defined as the instantaneous ratio of
the rate at which useful energy can be extracted from the collector to
the rate at which solar energy is available to the collector.

q, A A A

~—— = (1 a)gps- U—"A— (TT )= €eT —— (TH-TH)  (1.2)
q

n:
A
S C

n

s ¢ a5 Ac
From eqn. (1.2), it is clear that the efficiency of a collector is
directly related to the thermal loss terms. Therefore design changes
which reduce thermal losses which do not reduce the absorbed energy will
undoubtedly increase the efficiency of the collector.

The most common type of solar collector for thermal! collection at
moderate temperatures is the flat plate collector, depicted in Fig. 1-1.
It consists of an absorber to absorb the radiant energy, a transparent
cover to protect the absorber surface from weathering, tubes attached to
the absorber in which a fluid flows to carry away the energy collected
by the absorber and finally insulation material at the bottom to reduce
thermal loss. However, flat plate collectors operate efficiently only
to about 80° C. At higher temperatures, the radiative and convective
thermal losses become significant. Thus applications of solar energy
with flat plate collectors at higher temperatures such as for industrial
process heat and absorption air conditioning are severely limited. In a
report [1] 1 from the Solar Energy Research Institute, it is estimated
that industrial process heat accounts for about 18% to 25% of the total

energy consumed in the United States. [f preheating with solar energy

TNumber in [ J refers to references listed at the end
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Absorber Transparent Cover(s)

lnsulotionj Fluid Tubes __ |

Metal , Wood , or
Plastic Box

Figure 1-1 Basic Design of a Flat Plate Solar Collector



is feasible to about 280 C, then over half of the industrial process
heat could potentially be supplied by solar energy.

As mentioned, high temperture performance of a solar collector can
be enhanced by reducing thermal losses. These losses can be reduced in
various ways. One method is to use radiatively selective surfaces on
the absorber to maximize the amount of energy captured and minimize the
re-radiation of the absorbed energy. Coatings with solar absorptance of
0.9 - 0.95 and infrared emittance between 0.06 and 0.3 are commercially
available. Another way to reduce losses is by evacuation of the space
around the absorber which can eliminate convective and greatly reduce
conductive thermal losses from the absorber. At the present time
several evacuated tubular designs are available commercially. General
Electric Company has produced such a collector which is enclosed with
soda lime glass (fluorescent lamp tubing) and is evacuated and sealed at
the factory. Similar design have been available from Owens-Illinois.
Figure 1-2 is a sketch of a evacuated tubular receiver coupled to a
compound parabolic reflector. Technology currently used in glass and
lighting industries are expected to reduce the cost of such receivers.

Concentration also helps to improve high temperature performance by
reducing the area of the absorbing surface for a given aperture, thus,
even though the amount of energy available to a given aperture remains
the same, the collector can operate efficiently at a higher temperature
since thermal losses have been reduced. Also the reflective surfaces on
both sides of the receiver serve as a wind shield to help reduce convec-
tive losses.

Fully tracking focusing solar collectors, which follow the motion

5



Reflective side wall

Outer gloss tube
g Inner gloss tube with

selective coating

Inflow

Evocuated
annulus

Outflow

Figure 1-2 All Glass Evacuated, Tubular Receiver



of the sun continuously, can achieve very high concentration ratios
which lead to efficient operation at extremely high temperatures. For
example, the Georgia Tech Solar Thermal Test Facility [2] has 550
individual mirrors which are driven mechanically to follow the sun and
to focus its rays onto the receiver suspended from a tower. The test
facility can generate steam at 1110° F and 2200 psi. However, such a
system is understandably expensive to fabricate and to operate. The
gain in performance for such systems may be outweighed by the increased
cost. Material selection as well as environmental degradation in the
optical performance of the reflective surfaces is a major problem of
such systems. An alternative to high quality focusing systems may be a
non~tracking concentrator for operating temperatures up to about 150° C.
The main objective of this study is to examine and compare the optical

characteristics of various non-tracking concentrators.



Chapter Two

General Characteristics of Solar Collectors

2.1 Solar Angles

Knowledge of the earth's motion relative to the sun is necessary
for the proper design of any solar energy system. It is especially
important for concentrating collectors since this type of collector pri-
marily uses only the beam component of insolation. Focusing devices
must be designed to follcw the path of the sun. Non-tracking concentra-
tors have only a limited acceptance angle so they must be carefully de-
signed and oriented to utilize as much of the insolation as possible.

As the earth rotates about the sun, it spins about an axis which
tilts at an angle of 23.145° from the orbital plane as illustrated in
Fig. 2-1. As a result, the angle between the earth's equatorial plane
and earth-sun line varies between 123.h50 throughout the vyear. This
angle is called the declination 8§ 5. Declinations north of the equator
are positive (summer in the northern hemisphere); those south are nega-
tive. The declinations are tabulated in Table 2-1 and represented

graphically in Fig. 2-2. It can also be approximated by

§ = 23.45° sin(360° -(-M) (2.1)
s
365
where n is the day of the year. The value of § ¢ calculated from
eqn. (2-1) will be correct within 10.37° (with  maximum  positive

deviation on May 1) and -‘|.7° (with maximum negative deviation on
October 9).
It is the earth's inclination with the orbital plane which accounts

for the earth's seasonal variation, differences in the day length and
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Table 2-1 Declination

Declination deg T Declination deg#
Date Day n s Date Day n § s
Jan. 1 1 -23.0 July 9 190 +22.9
10 10 -22.0 19 200 20.9
20 20 -20.2 29 210 18.8
Feb. 9 40 -14.8 Aug. 8 220 16.2
19 50 -11.4 18 230 13.2
28 240 9.8
Mar. 1 60 -7.7 Sept. 7 250 6.2
11 70 -3.9 17 260 2.4
21 80 +0.1 27 270 -1.5
Ji S0 4,0
Oct. 7 280 -5.4
Apr. 10 100 7.8 17 290 -9.1
20 110 11.4 27 300 -12.7
30 120 14.7
Nov. 6 310 -15.9
May 10 130 17.5 16 20 -18.7
20 140 19.9 26 330 -20.9
30 150 21.7
Dec. 6 340 -22.5
June 9 160 22.9 16 350 -23.3
19 170 23.4 26 360 =23.4
29 180 23.3 31 365 -23.1

relative movement of the sun in the North-South direction during a year.
For example, at the summer solstice, the northern hemisphere is tilted
toward the sun which results in a higher insolation level and more day
light hours. T_. an observer standing in the northern hemisphere facing
south, the sun rises north of due east and sets north of due west as
shown in Fig. 2-3. At equinox, the earth's equatorial plane is parallel
to the earth-sun line resulting in equal day and night hours. The sun
also will rise due east and set due west. At the winter solstice, the

northern hemisphere is tilted away from the sun, thus increasing the
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Equinox

Winter solstice Summer solstice

Figure 2-3 Sun Paths for Equinox, Summer and Winter
Sclstices for a Site at 30°N Latitude



path length which the solar radiation must travel to reach the ground in
the northern hemisphere. Therefore, weaker insolation is anticipated.
The sun rises south of due east and sets south of due west, resulting in
shorter day light hours. So the sun not only moves east-west during a
day but also moves north-south throughout a year.

At any time, the position of the sun in the sky relative to a point

on earth can be represented by two angles.

(1) The solar zenith angle, ¥ s, is the angle between the verti-
cal at the point on the earth and the direction of the solar
beam

(2) The solar azimuth angle, g 5, is the projected angle of the
sun measured in the horizontal plane eastward from due south.
It is positive measured to the east and negative to the west
as illustrated in Fig. 2-4

These two angles can be determined from the following formulas:

Ye = cos™! (cos A sin g  +cos ) cos g cos ) (2.2)

. -1 ,C0s &, singy
8 = sin (— 's ) (2.3)

where ) is the local latitude and W is the hour angle; solar noon
being zero and each hour equalling 15° with morning positive and after-
noons negative.

A principle factor in determining the intensity of the solar radia-
tion that strikes the collector aperture is the angle between the normal
to the aperture and the incoming ray. The intensity of solar radiation
intercepted by a surface as shown in Fig. 2-5, varies as the cosine of

13
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Figure 2-4 Solar Zenith Angle (ys), Solar Azimuth Angle (es)
and Tabor Angle (¢)

14



tc
—>

| .
-_ O
7’ \
g ¥ o %S
z3 N
L] ‘@
NN

“
’
4
%

’
7’
\

N
D

=t

N

Beam Intensity = Iy

Radiation on Collector
=l,A, =1 A  cosB

Figure 2-5 The Effect of Sun Angle on the Amount of
Insolation Striking a Collector

15



the incident angle § . This effect is called the cosine effect.
Non-tracking concentrators usually take the form of symmetric
grooves aligned East-West so that the sun moves approximately along the
groove during the day. Such concentrators do not continuously follow
the movement of the sun. However, due to the North-South swing of the
sun between summer and winter solstices as previously mentioned in this
chapter, seasonal tilt adjustments are necessary in order to keep the
groove approximately aligned with the sun. The frequency of tilt
adjustment depends on the acceptance angle of the collector. Acceptance
angle of a collector is defined as the largest incident angle for which
all the direct insolation would reach the receiver of the collector if
the collector optics were ideal. Insolation outside the acceptance
angle of the collector may or may not reach the receiver depending on

where it strikes the reflector.

2.2 Tabor Angle
As first described by Tabor [3] and later utilized by Hollands
4 the radiative performance of an East-West aligned groove depends
on the angle between the collector normal and the projection of the
insolation direction into a North-South plane. This angle ¢ can  be

zxpressed as

-1
cos(ﬂeﬁ)
12
where . t is the time in hours from solar noon. |If a grooved collector
is oriented East-West and its normal is tilted from the zenith (verti-

cal) by an angle equal to the geographical latitude, the projected angle

16



of incidence of the solar rays onto the North-South plane measured from
normal is ¢ . If the collector is tilted from this position by an
angle € , the projected angle of incidence (relative to the collector)
of the solar ray B is

B=¢ -¢ (2.5)
If the beam's projected angle ¢ (or B ) exceeds the acceptance angle of
the collectcr, part or none of the beam reaches the receiver, depending

upon the design of the collector.

2.3 Thermodynamic Concentration Ratio Limit

At this point it will be interesting to introduce the relationship
between the acceptance angle and the concentration ratio of a concen-
trator. The following discussion has been adopted from Ref. 5.

Consider two black surfaces of area A} and Ay of arbitrary geome-
try, and for the purpose of simplicity, assume both surfaces are sur-
rounded by vacuum. Suppose surfaces 1 and 2 have temperatures T1 and T2
respectively, whereas the surroundings are at absolute zero. The energy

radiated by the surfaces is

Ei =A10 T1“ (2.6)

and

Ery = A2 o Tzh (2.7)
where ¢ is the Stefan-Boltrzman constant.

In terms of shape factor F, the radiation emitted by surface 1 and
intercepted by surface 2 is

Etvg = Fo2 Ay o T4 (2.8)

with an analogous expression

17



Concentrator

S ' Source of Radiation
A ° Aperture of Concentrator
R - Receiver of Concentrator

Figure 2-6 Schematics of Radiation Concentrator
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E2,1 = F2,1 A2 o T2H (2.9)
for radiation in the opposite direction. The net radiation transfer

between surface 1 and 2 is

Enet = E1,2 - E2,1 (2.10)

and is equal to zero if both surfaces are at the same temperature, which
implies

A1 F1,2 = A2 F2,1 {2.11)
Consider the configuration in Fig. 2-6 and apply the above result

As F (2.12)

syA
and
Ag FS+R = AR FR+S (2.13)

Geometric concentration ratio CR is defined as the ratio of aperture

area to absorber area, that is

A (2.14)
R = A

AR

Substituting A, and Az for the shape factors in egns. (2.12) and

(2.13)
F

F
A
cR = 2R Tos (2.15)

F F
A,s S+R
If the incident radiation is within the acceptance angle of the collec-

tor, all the radiation received by the aperture will reach the receiver,

therefore
Fe, A= Fs, R (2.16)
resulting in
F
s
CR = (2.17)
FA+S

Since the largest possible value of FR+ s is one, the thermodynamics

15
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concentration ratio limit is

CR<CR =1 (2.18)

For the case of solar concentrator, the sun is assumed to be at infinity
and if 25 is the maximum angle within which radiation is to be col-

lected, the shape factor FA+ ¢ Wwas found to be [5]

Fa, s = sins (2.19)
for the two dimensional case and
FA+ s = sinz g (2.20)

for the three dimensional case. The corresponding maximum concentration

limits are
CR = !
max, 20~ T s (2.21)
and
CR = ! (2.22)
max, 3D sinz g .

2.4 Compound Parabolic Concentrator (CPC)

One type of non-tracking concentrator is the compound parabolic
concentrator or CPC. Descriptions of the CPC appeared independently in
the United States, Germany, and the U.S.S.R. during the mid-1960's. The
CPC consists of two symmetrical half parabolic cylinders which form the
reflective sidewalls of a groove as shown in Fig. 2-7. The foci of the
two distinct parabolic segments are located at the end of the receiver
on the opposite side from the reflector. The axis of the parabolic seg-
ments are oriented away from the CPC optical axis by the amount equal to

the acceptance angle 5 of the collector. The slope of the reflector

20
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surfaces at the aperture is parallel to the CPC optical axis.

Winston [6] has calculated the -=oncentration ratio as a function
of incidence angle for a two-dimensional CPC and it is shown in Fig. 2-
8. Furthermore, Winston has demonstrated that the CPC is in fact an
ideal concentrator which can achieve the maximum theortical concentra-
tion ratio for a given acceptance angle. One major drawback of the CPC
is that it has quite precise optical requirements which make it compara-
tively expensive to manufacture. Less-developed countries such as those
in Africa or Southern Asia may not have the necessary resources to mass
produce such precise designs. The CPC also requires a relatively large
area of reflector per unit of aperture opening. However, as shown in
Fig. 2-9, a large portion of the reflector can be removed from the CPC
without significantly affecting the performance of the collector. In
Fig. 2-9, the reflector to aperture area ratio is plotted as a function
of aperture to base area ratio (concentration ratio) with acceptance
angle § as a parameter. Only the limiting points, labeled full CPC,
exhibit the absolute acceptance angle characteristic of Fig. 2-8. As
one follows the design curve for a given acceptance angle, one sees a
significant decrease in reflector for only a small decrease in concen-
tration ratio. This trend is of course good. A practical design would
therefore be near the knee of the curve. The truncated CPC is therefore

a more realistic design.

2.5 Trapezoidal Groove Concentration
Another type of non-tracking concentrator is the trapezoidal groove

collector. It has a trapezoidal geometry in cross section. Flat mir-
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rors on either side of the groove redirect insolation to the base
receiver. The trapezoidal groove collector can be of one-facet, two-
facet, or multi-facet design depending on the optical criteria employed.
Unlike the CPC, trapezoidal collectors cannot reach the thermodynamic
concentration ratio limit.

Due to the simple configuration of the trapezoidal collectors, they
have the benefit of being relatively easy to manufacture at relatively
low cost. Such features make trapezoidal collectors especially attrac-
tive to countries where labor is cheap and technology less advanced.
These countries may not be able to fabricate and maintain sophisticated
collectors such as tracking concentrators or the CPC. Trapezoidal col-
lectors thus enable less-developed countries to utilize solar energy by
relatively simple means.

Trapezoidal groove collectors also fill in the performance gap
between the flat plate collector and the more sophisticated CPC. |[f the
temperature requirement for a specific application is greater than that
usually associated with a flat plate collector, then the use of CPC may
not be cost effective since CPC is rather expensive. Trapezoidal col-
lectors can be designed to operate in this intermediate temperature

range.
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Chapter Three

Non-Tracking Concentrator Concepts

The use of side mirrors to boost the performance of flat plate
solar collectors is an idea that has been around for a long time. In
his third attempt at a large scale demonstration at Tacomy, Pennsylvania
in 1911, Frank Shuman [7] utilized two plane mirrors attached to the
upper and lower edges of a tiltable flat plate array. A concentration
ratio of approximately two was achieved. Tilt adjustments were made
every three weeks. The maximum instantaneous efficiency of the array

was reported to be about 30%.

3.1 Design Criteria (one reflection or less)

Previous work [8-1d has been reported on the optical design of
non-tracking, but tilt adjusted, trapezoidal solar concentrators.
Mannan and Bannerot [1ﬂ proposed a ''one reflection or less criterion"
(i.e., radiation incident within the acceptance angle of the collector
will strike the base in one reflection or less). Figure 3-1 illustrates
the resulting geometric constraint for the one-facet and two-facet
cases. Based on the geometry of Fig. 3-1, it can be shown that for the
one-facet case, the geometric concentration ratio,

cR=A-5in(3 +§)

B sin{lqg +¢) (3.1)

and the depth to base ratio

o cos(2y +§) cos g
sin(g +¢§) (3.2)

b
B
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For the two-facet case

A 2cma]shﬂm1-a2+6)shﬂm2+6)
CR=~— = -
B sin(o;1 +6) sin(cz2 +8)

1 (3.3)

CR + 1
2 tan(212 +38)

%: (3.4)
Figures 3-2 and 3-3 are plots generated from eqns. (3.1) and (3.3).
Concentration ratio is plotted as a function of the design acceptance
angle § and wall angle(s) a. The maximum concentration ratios shown
under the one-reflection or less criterion in the one-facet case is 3
and for tne two-facet case is 4.7. These maxima correspond to accep-
tance angles of 0° and 1°, respectively, and are of course not practical
designs. Also the results generated frcm egn. (3.1) neglect wall
absqrption losses and assume perfect specular reflections. Both of
these idealizations lead to overly optimistic performance predictions.
Furthermore, the non-tracking devices concentrate but do not focus so
that one of their advantages is that they do not require high quality
optical materials. The perfect wall assumption is not justified.

A more realistic estimate of the grooves' optical performance has
been obtained from a ray-trace computer simulation which has been devel-

oped as part of this work. It is discussed in the next section.

3.2 Computer Simulation

A computer simulation, based on a Monte Carlo DZJ or ray-tracing
technique, has been developed to estimate the performance of a given
design. In the Monte Carlo simulation, the incident solar beam is sub-

divided into a large number (typically 1000) of energy packets (pho-
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tons). The individual photons are allowed to interact with the groove.
A record is kept on the fate of the individual photons. The aperture of
the collector is subdivided into as many small sections as there are
photons. Each section is struck by an incident photon. The incident
angle of all the photons is set by the assumed incident angle of the
solar beam. The program then calculates where the incident photon will
strike the collector or the base. Once this is determined, a probabil-
istic analysis determines whether this particular photon is absorbed or
reflected away by the reflector. If the photon is refiected, another
analysis determines what type of reflection, specular or diffuse, takes
place. All the probabilistic decisions are based on the surface proper-
ties of the reflectors that are part of the simulation input. After
determining the type of reflection, the program calculates the angle of
reflection and where the photon strikes next. The process is continued
until the phcton is either absorbed at the base or the wall, or
reflected out of the groove. The whole procedure is repeated over and
over until all the photons that strike the aperture have been accounted
for. Details of the simulation can be found in Appendix A.

The result of all these computations for a given incident angle is
a tally sheet that indicates where each of the photons was finally
absorted on the base or reflector or lost back through the aperture.
This information is then used to determine the fraction of the incident
photons (the fraction of the incident beam) that actually is absorbed at
the base. This fraction is the 'transmittance' of the groove. There-
fore, for a given incident angle for the solar beam and for a given
groove (geometry and radiative properties), the groove's radiative per-
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formance can be determined.

3.3 Results for the One-Reflection or Less Criterion

The performance of a two-facet trapezoidal collector determined
from the ray-tracing simulation is shown in Fig. 3-4. The collector
geometry was determined from the one reflection or less criterion for a
design acceptance angle, §, equal to 5°. The walls are perfectly
reflecting. Thus the wall solar absorptivity is 0 (i.e., agy = 0) and
all reflections are specular (i.e., the specularity function f, defined
as the fraction of total reflections that are specular, = 1). It can be
seen that the groove is able to collect radiation incident at angles
greater than the design acceptance angle. This is because some rays
outside the design acceptance angle of the collector can still reach the
base after multiple reflections. The incident angle at which the actual
concentration ratio of the collector begins to decrease is called ihe
actual acceptance angle of the collector, §5. A performance evaluation
based on the design acceptance angle is overly conservative. Con-
versely, a higher concentration ratio could have been achieved in prac-
tice for the same actual acceptance angle.

Previously, improved performance (higher concentration ratios) have
been sought by increasing the number of wall facets, while imposing a
one reflection or less criterion [tﬂ . This approach now appears to
be unfruitful. A better approach may be to use the results of Hollands
[4] . By methods of images he demonstrated that the concentration
ratio for a trapezoidal collector is proportional to the number of

reflections that take place before the ray strikes the base.
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By examinating the performance of many designs, it has been con-
cluded that the number of wall facets plays a surprisingly minor role in
determining the achievable concentration ratio. For example, for a
given actual acceptance angle and with perfect walls, a one-facet design
based on a criterion which allows several reflections can exhibit a
higher geometric concentration ratio than a two-facet design based on
the one reflection or less criterion. Thus a large number of reflec-
tions theoretically will result in higher geometric concentration
ratios, but in practice, when the number of reflections becomes greater
than about two, optical losses and wall absorption will outweigh the
gain in geometric concentration ratio. The next logical step in the
development of trapezoidal groove geometries is to incorporate a two

reflections or less criterion into the design process.

3.4 The Two Reflection or Less Criterion

A two reflections or less criterion (i.e., radiation incident
within the acceptance angle of the collector will strike the base in two
reflections or less) has been used to develop a new set of trapezoidal
designs. Figure 3-5 illustrates the resulting geometric constraint for
the two-facet case. The ray striking the top of the upper reflector is
constrained to reflect to the junction of the two facets on the opposite
side and then to the opposite corner of the base as shown. The design
criterion does not place any restriction on how the rays that directly
strike the lower wall are reflected. The reason is that the geometry of
the collector has already been defined by the constraints placed on the

extreme ray that strikes the upper wall. An additional constraint would
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over determined the system. It turns out that the rays striking the
lower wall directly are reflected to the base anyway. From Fig. 3-5, it

can be shown that the concentration ratio for a trapezoidal collector

with a two-facet wall is
R sin(3m1 + 21, +8) sin(6 + 3a2) (3.5)
sin(8 +z5-+aﬁ sin($ +aﬂ

and the depth to base ratio

D _ i)1 + D2 (3.6)
B B

where

El i cos(§ + 2u, +a;) cos a, (3.7)
B sin(§ + 2a, + a1)

D sin(3a1 + 2, + §) cos(S + 2a2) cos a,

2
— = ) s (3.8)
B sin(é + az) sin(6 + 2, + a1)

The conditions for maximum concentration can be obtained by differ-
entiating the concentration ratio with respect to the wall angles @1 and

@2 and requiring that both

§ CR ' (3.9)

( )az,S =0

§ a]
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and

(8_CR, } (3.10)
GQZQDS

be satisfied. The two transcendental equations below result, and, for a

given §, they must be solved simultaneously for &1 and o2

.11
sin(28 + 43] + 432) = 2 sin (Za]) (3.11)
and
2 sin(§ +aﬂ ﬂn®-+%2)shﬂm])=sm®-+h2+a])
(3.12)

shﬂh]4-m2+6)[ﬂnﬂd+luﬂ -2snﬂm2n

The remainder of the geometry can be specified from values of aq, aj,
and § (eqns. 3.5 - 3.8). The one-facet case is simply a special case
where o1 equals a2 in the above equations. It can be seen that eGns.
(3.11) and (3.12) are quite complex. An explicit analytical solution
for oy and a2 was not possible. The desired solutions were found by
inspecting Fig. 3-6 and 3-7 which were generated by eqn. (3.5). Concen-
tration ratio is plotted as a function of wall angle(s) and acceptance
angle for the one and two facet designs for the two reflections or less
criterion. Comparing the above results with those obtained by the one
reflection or less criterion, Fig. 3-2 and 3-3, a marked increase in
performance is observed. The improvement in performance is more pro-

found for the one-facet case. For example, the maximum geometric con-
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centration ratio attainable by a collector with acceptance angle of 5
degrees is 2.33 and 3.15 for the one reflection and two reflection or
less criterion, respectively. This represents a forty percent increase

in concentration ratio.

3.5 Performance Characteristic

Selected geometries defined by the two reflection or less criterion
were used to define designs for which the ray-trace simulation generated
performance curves. Figure 3-8 is typical of the performance curves
obtained for the one-facet designs with perfect reflectors (no absorp-
tion by the reflectors, all specular reflections). The actual concen-
tration ratio is plotted as a function of incident angle and the wall
angle. For small wall angles, the actual acceptance angle (the largest
incident angle for which all incident radiation reaches the base) is
significantly greater than the design acceptance angle and decreases as
shown. Figures B-1 to B-4 in Appendix B are the performance curves
obtained from the simulation of a wide range of collectur geometries.
In these simulations the walls of the collectors were assumed to be per-
fect. The actual concentration ratio remained constant (at the geome-
tric concentration ratio for perfect walls) as the incident angle
increased from zero to the design acceptance angle. At some point at or
beyond the design acceptance angle performance began to degrade gradu-
ally. This behavior is contrasted with that of the compound parabolic
concentrator CPC [6] shown in Fig. 2-8 where for the untruncated
design, the design and acceptance angle coincide. The cutoff is sharp;

no incident radiation outside the design acceptance angle reaches the
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receiver, Truncation of the CPC results in a less sharply defined
acceptance angle. The top and bottom corners of the curve in Fig. 2-8
become more and more rounded as one proceeds down the design curve (Fig.
2-9). In other words, the performance approaches that exhibited by the

trapezoidal designs.
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Chapter Four

Performance

L.1 90% Actual Acceptance Angle Criterion

In attempting to compare the radiative performance of the trapez-
oidal collector and the CPC it is clear that a comparison (with perfect
walls) based on a definition of acceptance angle for which all incident
energy must reach the receiver (the base) would not be fair to the
trapezoidal design since it would disregard a large portion of the col-
lectable energy. Conversely, a definition based on the largest incident
angle for whick :ny radiation reaches the receiver would favor the
trapezoidal design.

To help establish a basis for a fair comparison, the following
definition is made: the angle of incidence at which the actual concen-
tration ratio of the collector is equal to 90% of the concentration
ratio at zero incident angle is defined as the 90% actual acceptance
angle GA*. For smaller incident angles the actual concentration ratio
would be greater and in fact equal to the geometric concentration ratio
(for perfect walls) for most values Y < 5A*. For example, the design
acceptance angle for the geometry utilized in Fig. 4-1 is 30; the actual
acceptance angle is 7° and the 90% actual acceptance angle is 90. This
90% actual acceptance angle will now be used as the basis for comparing

the performance of the trapezoidal groove and the CPC.

4,2 Design Comparison with Perfect Walls
The relationship between actual concentration ratio and the inci-

dent angle has been examined for many geometries developed from the two
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reflection or less criterion. Usually 6 to 8 simulations at different
incident angles were required for each geometry. From results like Fig.
L4-1 the 90% actual acceptance angle was determined for each configura-
tion. The designs with similar 90% actual acceptance angles were
grouped and plotted.

The first significant conclusion is illustrated in Fig. 4-2. The
total reflector to aperture ratio, R/A, is plotted against the geometric
concentration ratio, A/B, for a 90% actual acceptance angle of 9° for
both the one-facet and two-facet designs. Each point represents a dif-
ferent geometry. Generally, the best designs would have the highest
concentration ratio for a given amount of reflector material or con-
versely the least amount of reflector material for a given concentration
ratio. The modest scatter in the data is due to a lack of precision in
grouping the results to a specific 90% actual acceptance angle. The
points actually correspond to a specified angle (9° in Fig. 4-2) plus
0.5°, minus 0° (between 9° and 9.5° in Fig. L4-2). The line drawn
through the limiting points on the right should be interpreted as the
results for the stated value of the 90% actual acceptance angle. A line
(not shown) through the limiting points on the left would correspond to
design with a 90% actual acceptance angle 0.5° greater.

It is seen that the two-facet geometries enjoy only a slight per-
formance advantage over the one-facet geometry for this acceptance
angle. In fact comparisons at all acceptance angles studied from 3° to
12° demonstrated the same results. Based on this marginal performance
advantage and on the increased complexity of the construction, the two-

facet geometry seems an unlikely design choice. Therefore discussion

b5



| Ll 1 1 ' 1 1 t 1 I L T L] 1
Wall  Absorptivity a0 ° j
4 Wall Specularity f =1 —
| 90 % Acceptonce Angle 8,z 9° i
[
L Limiting .
< o) Performance
S 3+ ° Curve For The _|
o ?-Facet Designs
2 T l
°c | Limiting .
o Performonce
o | Curve For The
5 ® I-Facet Designs
L
b - -
@
(<Y
<q 2 - —
=) ®
L o = C
| o
[<
L - -
o
QD
- - 4
@
x | O 2 facet geometries
@ | focet geometries
' s b
0 iy ] 1 ] l 1 1 1 1 I | 1 I 1
| 2 3 4

Concentration Ratio A/B

Figure 4-2 Comparison of the Performance of One- and Two-
Facet Design Based on a Two Reflection or Less
Criterion (Perfect Wall)

46



will be limited to the one-facet geometry for the remainder of this
thesis.

Figures 4-3 through 4-5 are a summary of results for the one-facet
designs for perfect walls. Each figure presents three curves: 1)
designs based on the design acceptance angle (directly from Fig. 3-6),
2) designs based on the 90% actual acceptance angle (from curves like
Fig. 4-1) and 3) the compound parabolic design (Fig. 2-S). The new
interpretation of the collector ''acceptance angle' results in a revised
set of design options for the trapezoidal configuration which will
result in improved performance, at least at the higher concentration
ratios. However, the improvement leaves the trapezoidal designs still
far short of the CPC performance.

The information in Figs. 4-3 to L4-5 together with the constraints
of geometry allows one to establish the geometries of the optimal
designs. For example, for a 90% actual acceptance angle of 7o and a
concentration ratio of 3, the minimum R/A is 3.12 (from Fig. 4-3). For

the one-facet design, the wall angle

in—1((A - B)/Z)

Q=35
R/2
= sin” (& (R Ty)
R CR
= snn-1(~—l— (_Z_))
3.12 3

= sin”1(0.2137) = 12.34°
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4.3 Design Comparison with Imperfect Walls

As mentioned before, the above results were obtained by assuming
optically perfect walls. Figures 4-6 and 4-7 present results for 90%
actual acceptance angles of 7° and 9° with more realistic walls.1 The
effects of real walls on the performance of the groove were approximated
in the computer simulation by using a two parameter model of the actual
wall performance. As previously mentioned the parameters were the wall
absorptivity and the specularity factor. The specularity factor can
range from 0 (diffuse reflections) to 1 (mirror like or specular reflec-
tions). The three curves in each figure represent performance for 1)
ideal walls, ag, = 0 and f = 1, 2) walls with asw = 0.1 and f = 0.9, and
3) walls with agy = 0.2 and f = 0.8. The last case was considered to be
the poorest wall quality acceptable for this application. These same
results are tabulated in Table 4.1 and the percent decrease in actual
concentration ratio is also noted. It can be seen that collectors with
high concentration ratios suffer a greater loss in performance with wall
imperfections. This is expected because the total number of reflections

that are needed for all the rays that strike the aperture to reach the

1 aA9° acceptance angle will allow up to eight hours of operation on
the solstices when the sun's north-south 'swing' attains its maximum
amplitude. This point is discussed further in the next chapter.
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TABLE 4-1

EFFECTS OF REALISTIC REFLECTORS ON PERFORMANCE

)

* -

A

Oy f CR % DEGRADATION
0.0 1.0 3.24 -
0.9 3.00 7.8
0.8 2,70 16.7
0.1 1.0 2.96 8.6
0.9 2.65 18,2
0.8 2.46 24,1
0.2 1.0 2.62 19.1
0.9 2.42 25.3
0.8 2.28 29.6
Qg f CR % DEGRADATION
0 1.0 3.0 -
0.9 2.74 8.7
0.8 2.55 15.0
0.1 1.0 2.69 10.3
0.9 2.5 16.7
0.8 2.32 22,7
0.2 1.0 2.45 1.3
0.9 2,27 24,5
0.8 2.15 28.3
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TABLE 4-1(a) CONTINUED

Qs w f CR % DEGRADATION
0 1.0 2.50 -
0.9 2.36 5.6
0.8 2.18 12,8
0.1 1.0 2.32 7.2
0.9 2.19 12.4
0.8 2.05 18.0
0.2 1.0 2.12 15.2
0.9 2.04 18.4
0.8 :.96 21.6
A { CR % DEGRADATION
0 1.0 2 -
0.9 1.89 6.7
0.8 1.80 9.9
0.1 1.0 1.87 6.4
0.9 1.78 11.0
0.8 1.72 14,0
0.2 1.0 1.76 12.0
0.9 1.73 14.0
0.8 1.65 17.5




TABLE 4-1(b) ¢} = 9°

Osw { CR % DEGRADATION
0.0 1.0 3.00 -
0.5 2.74 8.6
0.8 2.45 16.3
0.1 1.0 2.68 10.6
0.9 2.48 17.3
0.8 2.25 25.C
0.2 1.0 2.38 20.¢€
0.9 2.2 26.3
0.8 2.02 32.6
®sw f CR % DEGRADATION
0 1.0 2.75 -
0.9 2.54 7.6
0.8 2.35 14.5
0.1 1.0 2.52 8.4
0.5 2,35 14.5
0.8 2.16 21.4
0.2 1.0 2,29 17.7
0.9 2.11 23.3
0.8 1.99 25.6
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TABLE 4-1(b) CONTINUED

Qsw i CR % DEGRADATION
0.0 1.0 2.49 -
0.9 2.30 7.4
0.8 2.16 13.3
0.1 1.0 2.26 9.1
0.9 2.16 13.3
0.8 2.01 19.3
0.2 1.0 2.10 15.7
0.9 2.00 19.7
0.8 1.90 23.7
Qg i CR % DEGRADATION
0 1.0 2.0 -
0.9 1.90 4.9
0.8 1.84 8.2
0.1 1.0 1.90 5.0
0.9 1.82 9.0
0.8 1.77 11.5
0.2 1.0 1.81 9.5
0.9 1.73 13.5
0.3 1.66 17.0




base is larger for higher concentration ratios. As a result, the chance
that radiation would be absorbed or diffuse reflected would be
correspondingly higher. For the 7° 90% actual acceptance angle, the
degradation of performance ranges from about 30% for concentration ratio
equal to 3.24 to 18% for concentration ratio equal to 2.

The effect on the optical performance due to changes in agy and f
are numerically essentially the same. That is, increasing (or
decreasing) g, with f fixed has essentially the same effect as
decreasing (or increasing) f with ag, fixed. The wall absorptivity has
a slightly greater effect since it directly influences the loss of inci-
dent rays (by absorption) while f only indirectly influences the loss of
incident rays by increasing the diffuse reflections which in turn may or

may not cause a loss.
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Chapter Five

Annual Performance of Trapezoidal Collectors

5.1 Annual Time Distribution of Tabor Angle

Solar geometry plays an important role in the design of efficient
concentrating collectors. The amount of time which the sun spends at
any particular location in the sky is of great interest to fixed or tilt
adjusted concentrators. Since the sun spends different amounts of time
in different locations in the sky, it is necessary for a fixed collector
to be oriented in a direction that will enable it to operate efficiently
for the longest period of time. The projection of the sun's direction
vector onto the north-south vertical plane determines whether or not the
sun beam will reach the base of an East-West aligned groove collector.
The angle which the projected beam makes with the normal of the groove
tiltec at local latitude is the Tabor angle as discussed earlier in
Chapter Two. The distribution of the total time on an annual basis dur-
ing which the Tabor angle is within a specific angle has been determined
by a numerical method. The result is shown in Fig. 5-1 and has been
compared with good agreement to the result of D.C. Larson and
C.R. Acqusta [1@ who employed an analytical method. Figur. 5-1 is a
probability distribution curve of the number of hours per degree during
which the Tabor angle is at a specified angle as a function of collector
cut off time, tc (daily collection period is 2 tc); if a collector is
designed to collect 6 hours of insolation, then the corresponding cut
off time will be 3 hours. For example, if a fixed concentrator is

tilted at an angle equal to the local latitude and has actual acceptance
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angle of 10° ; then the total number of hours that the concentrator will
have full concentration on an annual basis will be equal to the area
under the specified cut off time curve up to 10° . As is seen from Fig.
5-1, the time distribution function increases from 0° to a peak at an
angle of about 24°  and then decreases. Thus, a two dimensional fixed
concentrator designed for year round operation should have an acceptance
angle of at least 24° . Interpolating from Fig. 2-9 tor the ideal CPC,
one can determine that the maximum concentration ratio obtainable would
be less than 2. The fixed non-tracking concentrator is therefore
severely limited if designed to be used throughout the year. Hence some
type of tilting routine must be established to accommodate the north-

south swing of the sun,

5.2 The Daily North-South Swing Curve

Trapezoidal groove concentrators are designed to be non-tracking.
However, to be practical, occasional tilt adjustments are necessary as
pointed out above. The daily north-south swing of the sun is described
by the Tabor angle ¢ as mentioned earlier. Figure 5-2 is a plot of
Tabor angle (measured from the direction of the local latitude) as a
function of days from equinox and hours from solar noon. The t=0
curve indicates the noon time position of the sun. The t=4 curve
indicates the amplitude of the solar swing four hours from solar noon.
The difference in degrees between the noon time and the t=4 curve on a
given day gives the north-south solar swing for eight hours (8 a.m. to &
p.m. solar time) on that day. For instance, at the solstice where the

daily swing is most severe, the eight hour swing (noon plus or minus 4
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hours) is 17.5° (40.94° - 23.45° , from Fig. 5-2 or eqn. (2.4)).
Thus a 9° acceptance angle is necessary to assure eight hours of full
concentration on solstice if the trough is tilted to bisect the diurnal
swing of the sun. The noon-time position of the sun swings approxi-
mately 47° from winter to summer solstice. The daily swing is accom-
modated for by the collector acceptance angle. The tilt adjustments
must accommodate for the seasonal swing. Before discussing the criteria
for tilt routines, it will be informative to discuss the factors which

will affect the intensity of radiation.

5.3 Atmospheric Absorption of Solar Radiation

As radiation passses through the atmosphere, it is being absorbed
and scattered by molecules and particles such as dust and water droplets
that are present in the atmosphere. The simplest model used to estimate
the relative magnitude of atmospheric absorption and scattering of solar
radiation at any time for a clear sky is based on the air mass prin-
ciple. Air mass is defined as the ratio of the actual slant path the
radiation has to travel in the atmosphere to the vertical path length in
the atmosphere to the same depth. Figure 5-3 is a graph showing the
variation of air mass for different times of the day throughout the
year. It is seen that the path length which radiation has to travel is
greatest early in the morning and late in the afternoon. The intensity
of the transmitted radiation decreases exponentially with air mass and
is usually approximated as

| = 1p27km

where | = transmitted intensity of the solar beam
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lo = extraterrestial intensity of the solar beam

k = absorption coefficient of the atmosphere

m = no. of air mass
An important consequence of atmospheric attenuation of the solar beam is
that the intensity of the beam can be significantly reduced early and
late in the day. The fact that non-tracking concentrators are usually
limited to operate only in the middle of the day due to their acceptance
angle restriction may not be so restrictive then since the energy avail-
able outside these middle hours has been reduced, especially in the win-

ter as seen in Fig. 5-3.

5.4 Criterion for Tilt Routine

As discussed previously in this chapter, the number of hours of
full concentration actually sets the requirement for the collector
acceptance angle. For example, at times near the solstices, in order to
have eight hours of full concentration, the concentrator has to have an
acceptance angle of at least 9°; a concentrator with a smaller accep-
tance angle will have less than eight hours of full concentration
because the daily solar swing is so severe. The various curves in Fig.
5-4 represent the hourly swing of the sun (same as Fig. 5-2) from summer
solstice (June 21) to winter solstice (Dec. 21). Each rectangle super-
imposed on the curves represents a different fixed collector tilt. The
horizontal length of each box represents the period during which the
tilt of the concentrator is fixed. The vertical width of each box cor-
responds to the angular range (twice the acceptance angle) that the con-

centrator is able to accommodate. In Fig. 5-4, the tilt routine shown
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requires 14 adjustments per year and is designed to have at least eight
hours of full concentration (except for days near solstice where the
daily swing is so severe that the tilt adjustment has to be made every
three or four days if eight hours of full concentration are needed).
The acceptance angle of the concentrator used is 9° and the angular
range of the concentrator is 18°. As the daily swing changes periodi-
cally with time, tilt adjustments have to be made at various times to
re-orient the concentrator so that its acceptance angle can cover the +h
hr. of daily swing from solar noon. Tilt adjustments are made whenever
the collector fails to receive full concentration at noon time. At
noon, the intensity of the radiation is strongest, therefore, the time
around solar noon is the most desirable collection period. Fig. 5-5
represents a tilt routine for a collector with an acceptance angle of
7°, and in this case the maximum number of hours with full concentration
is about *3.5 hours from solar noon during solstice. It requires 18
tilt adjustments per year.

By allowing the concentrator not to have full concentration for the
full *4 hours from the solar noon around the solstices reduces the
required number of tilt adjustment greatly. However, the effect of this
non-operating time on the annual performance of the system is minimum.
During the early morning or late in the afternoon, the air mass is con-
siderably larger than for the period near solar noon. The intensity of
radiation at times greater than four hours from noon is greatly reduced
from the noon time intensity especially in the winter period. Thus the
loss of usable energy due to the lack of full concentratior early and

late in the day is very small. The hours of operation and the available
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energy were determined for the tilt routines shown in Figs. 5-4 and 5-5,
These values were compared to those obtained for a daily tilt routine
(tilt adjusted every day) for the corresponding acceptance angle.
Results from the comparison indicated that on an annual basis, the dif-
ference in collection time and total energy available between the tilt
routines shown in Figs. 5-4 and 5-5 and the daily tilt routine model is
within 1% in both cases.

Based solely on the hours of operation and for uniform annual per-
formance, the optimal tilt routine as determined from figures like 5-4
and 5-5, can be fairly easily established. There is a little more
uncertainty in establishing a tilt routine based on available insolation
due to the air mass effect. There are two practical problems that can
arise which make the design and schedule of tilting somewhat more com-
plex. These have to do with seasonal energy requirements and pointing
accuracy. Suppose the primary use of the collection system were to sup~
ply energy for a space cooling system. Then it may be desirable to pay
close attention to the collector orientation in the summer, but not to
be too concerned during the other seasons where space cooling is not
required. This is particularly true on the winter side of equinox
(October, November, February, March) where frequent adjustments would be
required. Pointing accuaracy can also be important. In theory, there
is not much margin for error for a system with a sharp cut off angle
like the CPC. For a collector of the trapezoidal design, it is not so
critical since the cut off angle is not sharp. However, in both cases
it is important that the noon time solar angle be accommodated even if

it means the loss of some energy early and late in the day. One way to
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assure optimal operation in the middle of the day is to install, on the
collector, a sun sight or shadow indicator designed for the acceptance
angle of the particular collector so that someone could determine in the
field, during operation, whether the collector is properly aligned at
solar noon.

The information presented in this chapter and Chapter 4 will enable
one to specify the optics of trapezoidal concentrating collectors. For
example, if one decided a minimum number of hours of full concentration
is needed daily for a specific purpose, then by inspecting the daily
swing curves like the one shown in Fig. 5-3, the minimum required accep-
tance angle of the collector can be calculated. Once the acceptance
angle of the concenfrator is known, one can refer to curves like those
in Figs. 4-6 or 4-7 which give the relationship between concentration
ratio and quantity of material (and the geometry) that is needed to con-
struct the concentrator. |If circumstances arise where cheaper but lower
quality reflective material is being considered, then one can examine
the figures which include these non-ideal effects and locate the geome-
tric concentration ratio that will give the desired concentration ratio
when lower grade reflective material is used. From the geometric con-
centration ratio and the corresponding reflector to aperture ratio, the
configuration of the groove collector can be reconstructed. Finally, by
following the tilt routine criterion described above, one can determine
when the tilt adjustments have to be made in order to maintain the pre-

determinated operation hours.
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Chapter Six

Conclusions

It is clear that the optical performance of trapezoidal collectors
designed on the basis of the one or two reflection criteria does not
compare favorably with that of the compound parabolic concentration CPC
which in fact is an ideal concentrator. On the other hand, because of
its s.mplicity in configuration, the trapezoidal collectors may have
other advantages such as low cost and less sophisticated fabrication,
therefore the choice between tihe two is not so obvious. The two reflec-
tion or less criterion proved to be a better design criterion than the
one reflection or less criterion. The improvement in the maximum con-
centration ratio is about 30% to 40% for the one facet case. For the
results obtained here it appears that increasing the number of wall
facets (above one) is not a viable approach in improving the optical
performance of the trapezoidal groove at least for the geometric design
criterion of two reflections or less., Clearly not all the geometric
configurations have been examined and the possibilities exist that bet-
ter multi-facet geometries could be found. As a general rule, for every
10% decreasz in the wall properties (either gy or f), a corresponding
6% to 8% degradation in performance is expected. The higher the concen-
tration ratio, the more severe will be the effect of wall imperfection.

From the tilt routine analysis, it was found that with the help of
the daily swing curve like the one in Fig. 5-3, tilt routines can easily
be formulated. And in fact any tilt routine which will guarantee to

deliver the pre-determined number of hours of full concentration is as
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good as any other tilt routine including the daily tilt routine model.
More work has to be done in the area of developing better design
criteria for the trapezoidal collector if it is to compete with the CPC
at reasonable concentration ratios. Once the initial cost of solar
energy system can be reduced substantially, popularity of solar energy

both in domestic and industrial use will not be too far away.
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Appendix A
Mathematical Basis of the Ray-Trace

Computer Simulation for the Groove's Optical Performance

Incident Beam

An orthogonal x-y-z co-ordinate system is centered at the midpoint
of the groove base as shown in Fig. (A-1). The x-axis is directed along
the length of the groove. The y-axis traverses the base plane and the
z-axis is vertical (perpendicular to the base plane). The groove is
symmetric about the x-z plane. The base extends from y = -B/2 to B/2
and is infintely long. The lower sidewall has a vertical height of Dj
and is inclined at an angle of a1 from vertical. The upper sidewall has
a vertical height of Dy and is inclined at a2 from vertical. (See Fig.
(3-5)).

The solar beam is determined by two incident solar angles (yg, 6s).
The beam strikes the opening at a point (x1, y1, z1). The direction

cosines of the beam with respect to the x, y, z axes, respectively, are:

cos ai = - Sin YS COS 65 * s s e (A.].a)
cos Bj = - sin ys sin Bs e « o« . (A.1.b)
COS Yj = - €cOS Ys A O N

The minus signs indicate that the beam is directed toward the inci-
dent point. The equation of the line passing through (x, y, z) in the

direction of the solar beam can be written as

X=Xy Y-y o z-zy
- - L] . . . [ (A.Z)
cos a;  cos Bi cos y;

For infinitely long groove x| can be selected arbitrarily. At the
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opening,
Xy = 0, z, = (D1 + D2)

Hence, the equation of the beam will be:

X _ Y = Y4 _2-01-02 e e o oo (A3)

sin 'y, cos 6s sin Y, sin 6s cos Y,
Now, the point, at which the beam strikes the base or a sidewall,

can be determined as follows:

For the base plane, z = 0. Substituting z = 0 in egn. (A.3),

SRS I T

sin sin 6 cos
Yq s s

or y, = -(D1 + DZ) tan Ys sin 65 Y,

Depending upon the value of vy,

Yp < B/2, the incident beam strikes either of the left side-
walls,

-8/25 yp< B/2, the incident beam strikes the base.

yb> B/2, the incident beam strikes either of the right side-
walls,

For |yb|> B/2, it must be determined whether the upper or lower side

wall is hit.

The plane parallel to the base plane at a height of D{ can be

identified by z = Dj. The incident beam would strike this plane at

| o - H
Yh 02 tan Y, sin 95 + Y,
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Depending upon the value of yp!
Yb' < -B/2 - D1 tan gj, the incident beam strikes the upper left
wall,
Yb' > B/2 + D7 tan 4j, the incident beam strikes the upper right
wall.
Once, the wall or base, where the incident beam strikes, is known, the
coordinates of the point of intersection can be determined.
Since the coordinates of various points on the wall and base are
known, the equations of the planes forming the walls and base can be
determined using the following general formula:

Y"Yl_z"7-| e e o o o (AH)

Yip oYy F T E

Where (y|, z|) and (y||, z|1) are two different points lying in the
plane. From equations (A.2), an incident beam can be represented by

y - YI z - Z] * e & e o (A.Z)

cos Bi cos Yi

The point (yj, zj), at which the incident beam strikes the plane

denoted by eqn. (A.L4), can be obtained by solving eqns. (A.2) & (A.4).

oYy cos gi
(z|('z'T:—gl—) - z](m) - (y; = v1))

Y” - YI cos Bi

((zll Tz ) a’—S—YTJ
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Specular Reflection from walls:

If the beam is not absorbed, it is reflected from the surface on
which it is incident. As discussed in Chapter Four the sidewalls have
been characterized as specular-diffuse. In the event of reflection from
a sidewall, the beam may either be diffusely reflected or specularly
reflected. Here analysis for only one wall will be given. The others

are siwmilar.,

Specular Reflection from lower left wall:

A beam is incident at a point (xL, YL zL) on the lower left wall,
The direction cosines of this beam with respect to the base coordinate
system (x, y, z) are cos a1, cos B, and cos yi.

Consider a transformed orthogonal coordinate system (x', y', x')
centered at the point (xL, Y ZL) and rotated clockwise about the x-
axis by an angle (90-a;) degrees. Now the z'-axis is perpendicular to
the wall and y'-axis lies in the plane of the wall,

The rotation about the x-axis is a linear transformation with the
x=-axis as a pivot and can be expressed as the following matrix equation:

« e+« « (A5)

L}

(cos aj, cos Bj, cos Yi)
(cos aj, cos Bj, cos Yi) 1 0 0
0 cos(90-ay) sin(90-a1)

0 =-sin(90-01) cos(90-ay)

Therefore, the direction cosines of the incident beam in the transformed
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coordinate system are

cos gf = cos gj (A.5.a)
cos gi = sin 41 cos gi - cos g1 cos yi (A.5.b)
cos Y% = €Os q] cos gj + sin gl coOs yi (A.5.c)

In the transformed coordinate system, the reflected beam will have the
same direction cosines with respect to the x' and y'-axes as the inci-
dent beam and the negative of the incident direction cosine with respect
to the z'-axis. (See Fig. (A-2)). Therefore

| |
COS g = COS j= COS g (A.6.a)

Cos gr = cos i = Sin g1 cos gj - cos g1 COS yi (A.6.b)

]

cos Y; = coSs Y; COS o] €os gj - sin g] €OS yi (A.€E.c)

In order to transform these equations back into the base coordinate sys-

tem, eqn. (A.5) will have to be inverted by an inverse linear transfor-

mation:
]
COS g = COS qr (A.7.a)
Cos Br = sin g1 coOS B; + Ccos g1 cos Y; (A.7.b)
€COS yr = sin g1 cos Y; = COS 1 cos 3; (A.7.c)

Equations (A.5) and (A.6) are substituted in eqns. (A.7) to obtain

cosines of the reflected beam in the base co-ordinate system.

COS gr = COS g (A.8.a)
COs By = =cOs 2q1 Cos gj - sin 231 cos yi (A.8.b)
COS yr = =sin 2g1 cos Bj + cos 2g] cos yi (A.8.c)

Therefore, the equation of a line coincident with reflected beam is
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X = X zZ - 2

L_ YT L

cos O cos B cos Y
r r r

Depending upon the values of @, B, v, XL » Y » and z,, there are
the following possible fates for the reflected beam (see Fig. (A-3)).

(a) 1t can escape the groove.

(b) It can strike the upper right wall.

(c) It can strike the lower right wall.

(d) It can strike the base.

(e) It can strike the upper left wall.

Now the reflected beam is extended to strike the extended planes of
the base and other walls to determine the point of incidence or escape
(to the surroundings frci the top). This has been shown by dotted lines
in Fig. (A-3). This process of reflection continues until the beam is

absorbed in the groove or escapes back to the surroundings.

Diffuse Reflection from the walls and the base:

Diffuse reflection from a surface is taken to be uniformly distri-
buted over all angles. That is why, here, the incident angles are not
required; only the point of incidence. Howel | D%] has suggested a
Monte Carlo technique to determine the probable direction of a random
diffuse reflection. He has determined the probability distribution
functions for the longitudinal, er, and the colatitudinal, Yy, angles
for diffuse reflection. That is, functions which determine the prob-
ability that a given reflection might be in a direction which has given
Br and Yy, are known.

If Ry & Ry are two random numbers between zero and one, the direc-
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tion of a random diffuse reflection may be expressed as:

(A.9.2)
6. =2m R1
- (A.9.b)
Y, = cos 1 /R,
That is, all longitudinal directions are equally probable and the prob~-

ability of a reflection into a particular celatitudinal direction varies
as the inverse cosine of the square root of a random number. The random
numbers are generated using a built in subroutine on the Honeywell 66/60
system,

Here, an analysis for the lower left wall will be given. Analysis

for other wails is similar.

Diffuse Reflection from lower left wall:

h beam is diffusely reflected from a point (xL, YL s zL) located on
the lower left wall. The probable longitudinal and colatitudinal angles
for the direction of reflection are:

(A.9.a)
2 1R

<D
]

cos™ ! /R; (A.9.b)

Yr
where the prime indicates that the angles are measured in the

transformed coordinate system. (Introduced earlier in this Appendix.)

The direction cosines for thc -eflected beam are:
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cos &l = sin Y, cos 9} (A.10.a)
cos Bl = sin Y} sin 6] (A.10.b)
cos Y{ = cos Yy (A.10.c)

These direction cosines in the base coordinate system are:

cos O = cos @ (A.11.a)
cos Br = sin @1 cos B + cos @1 cos Yy (A.11.b)
cos Yy = - cos @1 cos By + sin &y cos Yy (A.11.¢)

Combining eqns. (A.9), (A.10), and (A.11).

cos &, =v1-Ry cos (2TR7) (A.12.a)
cos B, =V1-Ry sin (2R} sin Q7 = /EE cos @ (A.12.b)
cos Yp = « ¥ 1-Ry sin (2TR1) cos @1 + /EE sin 0 (A.12.b)

The procedure form this point is exactly the same as that explained

for the specular reflected beam.

Diffuse Reflection from the base:

In the whole analysis, the base is assumed to be diffuse. The
probable longitudinal and colatitudinal angles for the direction of the

reflected beam are:

el‘

Ye

] ]
0 N
o =
w =

1
]

(The angles are in the base coordinate system).
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The direction of cosines of the direction of the reflected beam

are:
cos G = sin Yr cos Op

cos By = sin Yr sin Of

€os Yr = cos Yr

or

cos & = V1-Ry cos (2mR7) (A.13.3a)
cos Br =V 1-R; sin (2mR1) (A.13.b)
cos Yy = VRy (A.13.¢)

Therefore, the equation of the line coincident with reflected beam

at point (xB, Yg» zB) is

X~ Xg Y -¥g Z-zp (A.14)

cos & cos B cos Y
r r r

Since the base is located at z = 0 and since the x-coordinate can be

arbitrarily selected (set x = 0), the equation (A.1L) becomes

X y-vg 2 (A.15)

cos @ cos B cos Y
r r r

The destination of the diffusely reflected beam is now determined.

0280, <m, the beam is reflected to the right.

m < O < 2m, the beam is reflected to the left.
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Case |I: Beam reflected to the right

The equation of the plane of upper right wall is

z=(y~-B/2 =D tanaq) cot @z + D

The equation of the reflected beam may be written as

cos y,
2 =

(y - vp)
cos Br B

(A.16)

(A.15)

Using egns. (A.15) and (A.16), the point of intersection of upper

right wall with the reflected beam may be determined as

cos Y,
(B/2 + Dq tan aq) cot az - D1 - yg( )
cos B,
Yint = cos Y,
(cot ap -
cos B,
zint = (yint - B/2 - D1 tan 1) cot a2 + Dj
If
Zipt S Dy Beam strikes the lower right wall

D1 < zjnt £ (Dy + D2) Beam strikes the upper right wall

(D1 + D2) < zint Beam escapes to the surroundings

Case Il: Beam reflected to the left
The equation of the plane of upper left wall is
z=-(y+B/2 + Dy tan a1) cot a2 + Dj

The equation of the reflected beam is (from eqn. (A.15))
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€os y, (A.15)

Using egns. (A.15) and (A.18), the point of intersection of upper left

wall with the beam reflected from the base may be determined as:

cos yr
-(B/2 + Dy tan ai) cot a2 + D] + yB( )
cos By
Yint = TP (A.19.3)
{cot ap +
cos By
Zint = - (yint + B/2 + D{ tan a1) cot a2 + Dj (A.19.b)
If
Zint £ Dy Beam strikes the lower left wall

Dy < zint £ (D1 + D3) Beam strikes the upper left wall

(D1 + D2) < zjnt Beam escapes to the surroundings
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Appendix B

Additional Results

90



16

Concentration Ratio
[

N

- —

'll]lllllllll '

e d sl | s by gl

0 5 10 o

Figure B-1 Performance of One-iacct
Criterion (I'erfect wWall)

5 10 o) 5 10
Incident Angle ¥ (Degrees)

Groove Bascd on Two Reflection or lLess



4

al- 4 4|

o3

©

[0 8

[ -y

S

S

g

&

S 2
Illllllllllll lllllllllll lllllllllll
0) 5 10 0] 5 10 0) 5 10

Incident Angle ” (Degrees)

Figure B-2 Performance of Onc-Facct Groove Based on Two Reflection or Less
Criterion (Perfect Wall)



£6

Concentration Ratio

Figure B-3

Criterion (Pcrfect Wall)

4 — —
- -
B §5=7 i S5:8
3___ -
- - N :
TN Emmmmeeee -~
R P N
\ \. \ r————— - N\ \
— ~. S\ N\ RN NN
‘\;?\\;:: \\\ . \\“;T\
~O NN - ﬁ-.\\ N
2~ NN _ N\
\\\\\ g \\\\\\:\\\\\\
- . T “ \
— -3
i —-— 15
B —— |7
i | —— 9
JE NN AN NN ERY | Lt ey b gty
0] 5 10 15 0 5 10 15
Incident Arigle y (Degrees)
Performance of Onc-Fiacei tiroove Bescd on Two leflection or lLess



%6

Concentration Ratio

5 — Sr—

- = | — 8=2

=~ i

=~ N\

\\

al— N\

P—
3 ul a,= 9

- - — 13

B I I ¢

— - = 19

B _ _—=—= 2
2 L L v 3 1 b J N SN H B N I B N N
0 0 20 O 10 20

incident Angle

Figure B-4 Performance of Two-Facet Groove Based on
Criterion (Perfect Wall)

y (Degrees)

Two Reflection or Less



66

- D/B=56
i i a=10.1°
n n f
-_— |
3 -==-=-=-=09
3 3 3 ——— 08
.0
©
1 4
c
.0
°
c
@
O
s 2
(&
Aw =0
l l]lllllllll lllllllll!l ILIlllllllllll
0] 5 10 0] S5 10 0] 5 10
Incident Angle y (Degrees)
Figure B-5 Performance of Onc-Facet Groove bascd on Two Reflection or Less

Critcrion (Real Wall)



