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Abstract—The partition matrix between light sources and light sinks is introduced to evaluate the
transmittance properties of optically asymmetric collectors constructed with evacuated tubes. A ray
tracing model is used to compute its elements. Curve fits to the ray tracing results are provided. The
effects of polarization are discussed. Comparisons with previously published results are presented in
order to check the accuracy of the proposed model. The beam and diffuse transmittance of a tubular
cover are calculated and their dependency on the tube orientation investigated. The biaxial incidence
angle modifier product is extended to evacuated tube collector arrays with a diffuse back reflector,
providing a simple interpolation process for the beam transmittance. An effective beam direction for
diffuse radiation is computed so that transmittances for ground reflected radiation and sky diffuse
radiation can be calculated from biaxial incidence angle modifier measurements.

I. INTRODUCTION

Collector efficiency is a strong function of the col-
lector overall heat loss coefficient. An evacuated
glass tube provides outstanding thermal insulation
by suppressing internal conduction and convection
losses. This geometry has been considered for sev-
eral years by a number of companies[1].

The anisotropic nature of these collectors yields
angularly dependent optical efficiencies. Conse-
quently, the transmittance of beam radiation will be
a function of two angles 8 and {, as shown in Fig.
. The angle 6 is the classical flat-plate collector
incidence angle and the angle Vs is the azimuth angle
formed in the collector plane between the longitu-
dinal plane and the plane given by the collector nor-
mal and the beam radiation.

Experimental measurements of the angular de-
pendence of beam radiation transmittance for tu-
bular covers are rare. Herrick[2] found that the nor-
mal beam transmittances reported in the literature
for tubular covers vary between 0.78 and 0.90 and
that little information is available about the rela-
tionship between beam transmittance and incidence
angle. Herrick presents experimental results for
beam transmittance for both the transversal and
longitudinal planes. His measurements are in good
agreement with experimental results of Jones[3] for
incidence angles less than 30°. No data were found
in the literature for the sky and ground diffuse
transmittance,

This study of evacuated tube collector (ETC) ar-
fays will be limited to those with a diffuse back
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reflector. The optical properties of collectors with
specular back reflectors (i.e. nonimaging concen-
trating collectors) has been the subject of studies
by Mclntire and Reed[4], Window and Basett{5]
and others. The ETC family can be split in two
classes of absorber geometry: collectors with cy-
lindrical absorbers (Owens-Illinois, General Elec-
tric[4]) and collectors with flat absorbers (Phil-
ips[6]. Sanyo[7], Philco[8]). Using a Monte Carlo
ray tracing technique, Window and Zybert[9] pres-
ent normal beam transmittance and diffuse trans-
mittance results for ETC arrays having a few dif-
ferent cylindrical absorber configurations. A simple
tool was provided to predict the optical efficiencies
of those collector arrays.

The present study extends previous work by de-
veloping correlations of ray tracing results to com-
pute the beam, sky and ground diffuse transmit-
tance for a wide range of ETC designs and tubular
cover designs. In addition, an algorithm is provided
to interpolate between the transversal and longi-
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Fig. 1. Coordinate system of the evacuated tube collector
array.
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tudinal incidence angle modifiers defined by the
ASHRAE 93-77 test procedure [10]. Finally, as was
done for flat-plate collectors[11], the transmittance
for diffuse ground reflected or diffiise sky radiation
is expressed as an equivalent incidence direction
for beam radiation. With this correlation, it is pos-
sible to compute the diffuse transmittance of a
given collector from its transversal and longitudinal
beam transmittance curves.

II. GEOMETRY OF THE EVACUATED TUBE COLLECTOR
ARRAY AND TUBULALR COVER

The ETC array under consideration is composed
of equally spaced individual tubes lying parallel to
a diffuse reflector plane. It is assumed that the array
is infinite in both longitudinal and transversal di-
rections to eliminate edge effects. The geometry of
an ETC array is defined by the absorber shape (flat
or cylindrical) and three sizing parameters as shown
in Fig. 2: W, width or diameter of the absorber; C,
spacing between the tubes; and D, distance be-
tween the back reflector and the center line of the
glass tubes. These lengths are expressed with the
glass tube outside diameter as reference.

The tubular cover flat-plate collector is a limiting
case of the ETC design. It is characterized by C =
1 (i.e. no spacing between the tubes), W = 0 (i.e.
no absorber inside the tubes) and with the diffuse
back reflector as the collector absorber.

aI. COMPUTATION PROCEDURE

In either the ETC systems or the tubular cover
system, three different light sources will have to be
considered: beam radiation, characterized by the
angles 0 and ; diffuse sky radiation, characterized
by the collector slope B, which fixes the view factor
between the collector and the sky dome; and the
diffuse ground reflected radiation, also character-
ized by the angle 8.

Energy from each of these light sources, in pass-
ing through the system of Fig. 2, will be distributed
according to optical laws to four light sinks: the
absorber surface of the collector array, initially as-
sumed to absorb all incident radiation; the glass en-
velope which will absorb radiation if its optical ex-
tinction coefficient is nonzero; the surroundings
which absorb all radiation reflected back to either
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Fig. 2. Transversal cut of an evacuated tube collector
array.
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the ground or the sky; and the diffuse back reflec.
tor, initially assumed to absorb all incident radia.
tion. Reflection from this back surface wiit be ac.
counted for by assuming it to be a fictitious diffuse
light source.

The light partition matrix, R, between the light
sources and sinks has 16 elements.f Each element,
Ry;, represents the fraction of energy coming from
the source i that is absorbed by sink j; the index ;
and j are defined by

i, light source
1 beam 1 absorber

2 sky diffuse 2 glass cover

3 ground diffuse 3 surroundings
4 back reflector 4 back reflector

J, light sink

The R,; elements are functions of the incoming
beam angles 6 and ¢, while the elements R, ; and
R are functions of the slope of the collector. The
elements R,; are independent of collector orienta-
tion. From conservation of energy, each row of the
partition matrix has to satisfy the relation:

4
2 R,'j = 1, for all i. (1)
j=1

Eberlein [13] showed that if the back reflector
is far enough from the center line of the tubes to
satisfy the following relations

ifC<2andD > 1.5
or

C > 2 and D/C > 0.75, @

then D does not have a significant influence on the
optical efficiency. This means that the incident light
falling on the back reflector may be assumed to be
uniformly distributed. Equivalent conclusions are
also reported by Window and Zybert[9]. These in-
equalities are assumed to hold in all subsequent
discussion.

The fraction of the energy transmitted to the ab-
sorber from source i, 7;, can then be expressed as

T = Ry + Rupyrs, 3

where py is the diffuse reflectance of the uniformly
illuminated back reflector. The first term is the ra-
diation from source i that does not reach the back
reflector but is intercepted by the absorber; the
second term is the radiation from source i that re-
flects off the back reflector and is then transmitted
to the absorber. 74, the transmittance to the ab-

} The elements of the partition matrix are similar to
the absorption factors defined by Gebhart{12] for solving
gray, diffuse thermal radiation problems. However, the
partition matrix formulation does allow for specular re-
flection and nondiffuse radiation sources.



Evacuated tubular collectors

sorber when the back reflector is considered to be
a source, can be expressed as

T4 = Ray + Raapsts, 4)

where, in a manner similar to eqn (3), the first term
represents the transmission to the absorber from
the diffuse source back reflector and the second
term represents the energy leaving the back reflec-
tor that returns to the back reflector, is reflected,
and uitimately transmitted to the absorber. Elimi-
nating 14 from eqns (3) and (4) yields

7 = Ra + RupaRau/(1 — Rasps) (i=1,23).

&)

This transmittance, when multiplied by the ab-
sorber surface solar absorptance, o, approximates
the fraction of the energy from source i that is ab-
sorbed by the absorber. In the solar energy litera-
ture this is referred to as the transmittance—ab-
sorptance product and given the symbol (ra). This
transmittance-absorptance product does not in-
clude secondary effects resulting from imperfect
absorption by the absorber. The absorber may have
an angular dependence of solar absorptance
whereas the absorptance has been assumed to be
independent of direction. Also, radiation reflected
from the absorber is assumed not to return to the
absorber. These assumptions will be discussed later
in more detail.

The tubular cover is a limiting case of eqn (5)
and will be discussed in detail in the next section.
For a flat-plate collector with a tubular cover, the
back reflector is the absorber and the transmittance
of the cover is

7 = Ria (i=1273. (6)

The three transmittances given by eqns (5) and
(6) require values from the partition matrix R. Ad-
vantage is taken of the symmetry of the array by
.considering only one region as shown in Fig. 3,
composed of one evacuated tube above the back
reflector located between two mirrorlike vertical
walls spaced C/2 from the center. Although this re-
gion is also geometrically symmetrical about the
longitudinal plane through the tube center, it cannot
be further reduced since this plane is not a sym-
metry plane for the beam radiation.

Since a plane parallel to the back reflector and
Passing through the center line of the glass tubes
defines a plane of symmetry, the partition of light

: feﬂected by a back reflector that satisfies eqn (2)
18 identical to the partition of light from the diffuse
$ky source for a horizontal collector. Thus for B =

0, the following relations exist between R,; and R,

R
Rys

= Ry,
Ry,

Rs; = Ry, 7)
R44 = R23.
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Fig. 3. Section of a symmetry cell analyzed by the ray
tracing algorithm.

Ray tracing is used to find numerical values of
the partition matrix. The radiation entering the cell
is divided into bins of constant width. For the beam
radiation at a particular angle no further division is
necessary, but for diffuse radiation it is necessary
to also consider a number of constant solid angle
bins to take into account the isotropic feature of the
diffuse radiation. Parametric studies revealed that
50 bins, uniformly distributed across the aperture
are required to accurately determine the transmit-
tance at a particular angle. One hundred different
solid angle bins at each aperture bin were required
to accurately determine the sky and ground diffuse
transmittances. Each bin is handled by considering
its center ray and following it until it reaches one
of the four light sinks.

Several assumptions are made in order to reduce
the complexity of computation. The wall thickness
of the glass tube is assumed to be negligible com-
pared to its diameter with the consequence that rays
do not bend when passing through the glass. This
assumption permits the use of classical expressions
for glass cover transmittance, reflectance and ab-
sorptance, for example, as given in reference[14].
The light is assumed to remain unpolarized in spite
of the different optical properties for the parallel
and perpendicular components of reflections. This
approximation will be analyzed more carefully in
the tubular cover study. Finally, as already indi-
cated, the absorptance of the collector absorber is
assumed to be perfect. The transmittance-absorp-
tance product will be computed using the trans-
mittance figure resulting from the ray tracing al-
gorithm and the normal incidence value of the
absorptance. Window and Zybert [9] report a slight
underprediction of (ta) as a consequence of this
approach for both the incident beam and the dif-
fuse radiation. For off-normal beam radiation it will
be shown that the transmittance has a stronger an-
gular dependence than the absorptance which re-
mains essentially constant until an incidence angle
of 60°.

Unless otherwise specified, the following ray
tracing results were obtained using the properties
of a ‘“‘water white’’ glass having an index of re-
fraction of 1.526 and an extinction coefficient of 0.
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The tubular cover optical properties were obtained
with C = 1, W = 0 and p, = 0. The ETC array
was investigated for both flat and cylindrical ab-
sorber over the following range of parameters: 0.3
<WC<1;06<W<I1;,00<ps<]1.

1IV. TUBULAR COVER

The tubular cover was selected to investigate
the implications of the unpolarized light assumption
since all the incoming radiation crosses at least two
glass layers and a significant fraction of the incom-
ing radiation undergoes multiple reflections inside
and between the glass tubes. For beam radiation in
the transversal plane, the parallel and perpendicular
components of the light proceed through successive
transmissions and reflections without any change
in direction and, thus, with an increasing degree of
polarization. For the other beam directions, the two
components of the light will be transmitted and re-
flected with perpendicular and parallel directions
different at each interface. These successive inter-
actions will redistribute the radiation between per-
pendicular and parallel directions, and help main-
tain the unpolarized character.

Transversal beam transmittances for the per-
pendicular and parallel components are computed
with the ray tracing algorithm using the perpendic-
ular and parallel glass cover transmittance and re-
flectance expressions given in references [14]} and
[15]). Results are presented in Table 1 versus the
incidence angle 0 along with the resulting average
transmittance defined by:

T = (T" + T_L)/Z (8)
Also presented is 7, the beam transmittance of the
tubular cover computed with the unpolarized
assumption.

Although the 7, and 7, components of the trans-
mittance are quite different, the average transmit-
tance, T, is very nearly equal to the unpolarized
transmittance, 7,. Actually, significant polarization
occurs only around the Brewster angle[15], which
represents only a small portion of the incidence an-
gles in which beam radiation from a given direction
hits the glass tube. The good agreement between T
and T, justifies the unpolarized light assumption.

Ray tracing results for the beam transmittance
are presented in Fig. 4 versus the incidence angle

Table 1. Effect of polarization on the transmittance

computation
Incidence
angle T T T s

0 0.826 0.941 0.870 0.874
20. 0.821 0.911 0.866 0.867
40. 0.794 0.899 0.846 0.845
60. 0.696 0.860 0.778 0.776
80. 0.445 0.693 0.569 0.554
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Fig. 4. Beam transmittance of a tubular cover.

P e PR P
'00. 10.  20.

I 1
30. 40.

8 and the azimuth angle . The normal transmit-
tance is found to equal 0.874. This figure is in good
agreement with the experimental results + = 0.87
of Jones{3] and T = 0.885 of Herrick[2]. However,
the ray tracing results do not reproduce the maxi-
mum transmittance of 1.0 at 8 = 70° claimed by
Herrick for the transversal transmittance. A dis-
cussion of Herrick's experimental results is re-
ported in reference [16].

An F-Chart 4.1{17] analysis shows that the shape
of the transmittance curve at incidence angles
greater than 60° does not significantly affect the
solar energy delivery of a system using south facing
collectors with the slope equal to the latitude. The
low solar radiation level associated with high in-
cidence angles is the reason for this conclusion.
Hence, the range of interest for the incidence angle
is between 0° and 60°. Within this domain, Fig. 4
shows that the beam transmittance of a tubular
cover is nearly independent of the azimuth angle,
and thus insensitive to the tube orientation. The
beam transmittance can be considered as a single
curve and presented in the ASHRAE 93-77 con-
vention (see [14], p. 263) with a mean incidence
angle modifier coefficient, b,, of —0.15 and a nor-
mal incidence value of 0.874.

In the following discussion of diffuse transmit-
tance it is assumed that the line of intersection of
the collector plane with the ground is parallel to the
transversal plane. For a south facing collector this
means that the tube axes are in the north—south
plane. This restriction does not have a significant
impact on the sky diffuse transmittance since the
beam transmittance, which must be integrated over
the sky dome to obtain the diffuse transmittance,
is almost independent of the tube orientation.

The diffuse transmittances obtained with the ray
tracing model are presented in Fig. 5 as a function
of the collector slope. The sky diffuse transmittance
is 0.794 for a horizontal surface and remains nearly
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Fig. 5. Diffuse transmittance of a tubular cover.

constant to 90°, with a slight maximum near B =
45°. This same trend was reported by Brandemuehl
and Beckman[11] for flat-plate collectors. The
ground diffuse transmittance is close to the sky dif-
fuse transmittance for slopes greater than 40° (0.82
for 1, and 0.65 for 75 at 40°). Below 40° the difference
increases sharply but at these large angles the prod-
‘uct of the ground-to-collector view factor and the
ground reflectance is less than 3%, and negligible
errors occur by assuming that the ground diffuse
transmittance is equal to the sky diffuse
transmittance.

V. EVACUATED TUBE COLLECTOR ARRAY

V.1 Comparison with previous results

Felske[18] presents 71(8, ¥), the beam transmit-
tance of a single tube calculated by neglecting all
multiple reflections, for a flat absorber with W =
1. Felske’s results are in good agreement with the
ray tracing calculations as shown in Fig. 6. Due to
the cylindrical shape of the cover tube, the trans-
versal transmittance, Ti(8, ¢ = 90°), increases
slightly with the incidence angle. This is so, since
for § = 0°, some part of the beam radiation expe-
riences every incidence angle from 0° to 90° whereas
at § = 45° for example, the incidence angle varies
only between 0° and 45°. The longitudinal trans-
mittance 7,(8, ¢ = 0°), decreases with 8 since the
mean incidence angle on the glass cover increases
with 6.

Window and Zybert[9] present normal beam and
sky diffuse transmittances for a cylindrical absorber
ETC array as a function of the spacing C between
the tubes. Figure 7 illustrates the good agreement
between their results and those obtained with the
present ray tracing model, using a glass extinction
coefficient of S m~! and a glass thickness of 2 mm.
These curves show a strong dependency of the op-
tical efficiencies on the tube spacing.
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Fig. 6. Beam transmittance of a flat absorber-evacuated
tube collector without multiple reflection (W = 1).

The ray tracing algorithm was also checked with
the results of the Owens-Illinois ‘“Sunpack Model
1004 Series Collector’’[19] water-filled, cylindrical
absorber ETC. The experimental transmittances
shown in Fig. 8 were computed from incidence
angle modifier measurements, assuming a collector
heat removal factor F, of 0.99[19], a solar absorp-
tance, «;, of 0.8[4, 20] and a back reflector reflec-
tance, ps4, of 0.8[21]. Predicted and experimental
normal incidence results differ only be 2%. The
agreement for the transversal transmittance is good
except at 0 equal to 50° where the model under-
predicts the experiment by 8%.

These comparisons provide confidence in the
ray tracing algorithm.
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Fig. 7. Comparison between ray tracing and Window’s [9]
results for beam and diffuse transmittance of an ETC array
with diffuse back reflector (W = 0.77, ps = 0.8).
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Fig. 8. Prediction of the transmittance properties of
Owens-Illinois’ Sunpack Model 1004 Series Collector [21]

with the ray tracing model (W = 0.81, C = 1.9, ps = 0.8).

V.2 Beam transmittance

The beam transmittance 7, of a flat absorbr ETC
array, computed using Philips Heat Pipe ETC prop-
erties[6] i.e. C = 1, W = 0.9, p, = 0.8)is presented
in Fig. 9 versus 6 and {. For 0 less than 60°, 7, is
almost independent of the azimuth angle and,
hence, of the tube orientation. At vaiues of 8 greater
than 60°, 7, is a function of ¢ for s less than 40°,

Figure 10 presents the beam transmittance for
the same array as in Fig. 9 with cylindrical absorb-
ers. The curves are no longer independént of the
azimuth angle. The transversal transmittance (y =
90) has a normal value of 0.870 and a maximum at
about 6 = 30°. The reason for the normal beam
transmittance for the cylindrical absorber being
greater than that for the flat absorber is that the
view factor between the back reflector and the ab-
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Fig. 9. Beam transmittance of an ETC array with flat ab-
sorber (W = 0.9, C = 1.2, p, = 0.8).
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Fig. 10. Beam transmittance of an ETC array with cylin-
drical absorber (W = 0.9, C = 1.2, p4 = 0.8).

sorber tubes is greater than the view factor between
the back reflector and the flat absorber.

V.3 Diffuse transmittance

As was done for the tubular cover, the tube di-
rection is assumed perpendicular to the intersection
between the collector plane and the horizon. The
sky diffuse, t,, and ground diffuse, 73, transmit-
tances are given in Fig. 11 for a flat absorber and
in Fig. 12 for a cylindrical absorber ETC array com-
puted with the same parameters as used in Figs. 9
and 10. For both absorber shapes, the sky diffuse
transmittance is independent of the collector slope.
This is similar to the behavior of the flat plate col-
lector and tubular cover. The higher transmittance
of the cylindrical absorber when compared to the
flat absorber is again due to the difference between
their back reflector-to-absorber view factors. As
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Fig. 11. Diffuse transmittance of an ETC array with flat
absorber (W = 0.9, C = 1.2, ps = 0.8).
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Fig. 12. Diffuse transmittance of an ETC array with cy-
lindrical absorber (W = 0.9, C = 1.2, ps = 0.8).

will be shown in the next section, 1, is a function
of the array geometry, mostly through the view fac-
tor from the back reflector to absorber, F,;, and the
back reflector reflectance p4. Increasing Fj (i.e. in-
creasing W/C) and/or p, increases 7,. The ground
diffuse transmittance is approximately equal to the
sky diffuse transmittance for slopes greater than
40°, and goes to zero at a slope of zero.

V.4 analytical expressions for the partition
matrix

As shown by eqn (5) the four transmittances are
functions of the back reflector reflectance ps and
the partition matrix R, which is in turn related to
sizing parameters of the array and the angular de-
scription of the light sources. This section discusses
the functional form of the curve fits for each ele-
ment of the partition matrix. The final curve fits for
each matrix element are given in the appendix.

The glass absorption will be neglected in the fol-
lowing development with the consequence:

R, =0, for all i. )]

The R, ; row of the matrix distributes the incom-
ing beam radiation between the three remaining
light sinks, the glass being neglected. The portion
of the beam intercepted by the absorber is ex-
pressed as the product of four factors:

Rl] = Ti(e’ ll"s Wp)Xa(ela W1 C)

X X.(8,, O)Xs(8,, W, O), (10
where 7} is the transmittance of a single tube (as
was presented in Fig. 6). The transversal incidence
angle, 6,, is given by 6, = tan~'(tan 0 sin {) and
the axial incidence angle, 6,, is given by 6, sin ™ '(sin
0 cos ys). The factor X, takes into account the actual
absorber area seen by the incoming radiation, X,
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introduces the effect of external multiple reflections
between the tubes of the array and X, accounts for
shading between adjacent tubes. Each of these fac-
tors was computed using ray tracing results, and
each was curve fitted as a function of the indicated
variables. The beam radiation that is reflected back
to the surroundings, R;s, is a function of the ge-
ometry and the incidence angle only:

Ry = f(8, W, O). an

The R4 element is computed using eqn (1).

The R,; elements of the matrix distribute the sky
diffuse radiation to the various sinks. Following the
conclusions of section V.3, the R;;’s are assumed
independent of the slope and are only functions of
the geometry. The sky diffuse radiation intercepted
by the absorber is proportional to the view factor
between the absorber and the surroundings, Fi;,
which is a function of the array geometry.

Ry, = f(WIC). (12)

The reflected diffuse radiation Ry; is a linear func-
tion of the view factor F,; from the glass tubes to
the surroundings, which is only a function of the
tube spacing

Ry = f(O). (13)

The sky diffuse light reaching the reflector, Ry, is
found using eqn (1).

The partition of ground diffuse radiation Rj; is
obtained by multiplying the R;; row by shape fac-
tors which are functions of the slope and the inter-
nal size of the array.

Finally, the R,,’s, which distribute the reflected
light from the back reflector, are obtained by eqn
7).

Comparisons between transmittances deter-
mined using the ray tracing algorithms and eqn (5)
are presented in Figs. 13 and 14 for a wide variety
of cylindrical absorber array designs and with py =
0.8. The standard deviation, o, between the ray
tracing and predicted values is less than 1%. A sim-
ilar result was found for the flat absorber. This low
standard deviation indicates that the proposed
model is suitable for design purposes.

V.5 Beam transmittance interpolation algorithm
Testing standards for optically asymmetric col-
lectors result in longitudinal and transversal inci-
dence angle modifiers. In order to obtain the trans-
mittance at any incidence angle, it is necessary to
have an angular interpolation algorithm. Mc-
Intire[10] concluded that for nonimaging concen-
trating collectors the product of the two incidence
angle modifiers is a good approximation to the ac-
tual incidence angle modifier provided the propcr



318
1.0 T T T T O
oL Cylind. Absorber 3
S sf Beam 3
3 o b
(o] L
g 7f ]
o 6f 3
8 6F ]
8 6F .
~~ L =
e 3 4
'g 4 - 3
g SE 3
S Lb o :.006 3
I C 3
1E p: .80 3
.0: ‘I.J.I.l.ILLLI.A.I.n.J.lli.l.hx.l.n:
0 .1 2 38 4 5 6 .7 8 .9 1.0

Transmitiance Raylracing

Fig. 13. Comparison of beam transmittances predicted
with the R;; model and ray tracing (0.6 < W < 1; 0.3 <
WIC < 1; ps = 0.8).

angular projections are used. Thus,

" Koal6r, 0°)K.a(6,, 90°)
= K‘ru[(el)K'rur(el)$

KT&(B’ \'J)
(14)

where 6;, the projection of the incidence angle 6 in
the longitudinal plane, is given by

9, = tan~'(tan 6 cos V) (15)
and 6,, the projection of 6 into the transversal plane,
is given by$

8, = tan~'(tan 6 sin ¢). (16)
Comparisons between transmittances obtained by
eqns (14), (15) and (16) and transmittances obtained

by the ray tracing algorithm are shown in Fig. 15.
The standard deviation is less than 1%.

V.6 Effective beam direction for diffuse radiation
In order to determine the diffuse transmittance
from the incidence angle modifiers, an effective

§ Equations (15) and (16) are in terms of a solar azimuth
angle projected into the plane of the array. The orientation
of this array plane is generally specified by the slope, B,
and the azimuth, .

If the tubes are titled with a slope B in the array plane
(i.e. if the tubes would intersect the ground if extended)
then .

8 = |B — tan"!(tan 8, cos(y — v,)) |
0, = tan-! <sin 0. sin(y — 'y,)>
cos 6

where 6, is the solar zenith angle and v, is the solar azi-
muth. Expressions for 6, and v, are given in reference [14].
If the tubes are mounted horizontally on the array plane
then 0, becomes 6, and 9, becomes 6.
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Fig. 14. Comparison of sky diffuse transmittances pre-
dicted with the R;; model and ray tracing (0.6 < W < 1;
0.3 < WIC<1;ps=0.28).

beam direction can be found so that the beam trans-
mittance is equal to the diffuse transmittance. Fig-
ure 16 shows, in the (6—{) plane, contours where
the beam transmittance is equal to the sky diffuse
transmittance. Each curve corresponds to a partic-
ular set of geometrical parameters with p, = 0.8.
All of the lines intersect a small tringular area. Sim-
ilar results were obtained for all values of the back
reflector reflectance. Choosing 6 = 60° and = 26°
as the effective beam direction for diffuse radiation
minimizes the standard deviation between the
transmittance calculated by ray tracing and the
transmittance obtained by choosing one particular
direction. Equations (15) and (16) then give the ef-
fective beam directions as 8; = 57° and 6, = 37°.
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Fig. 15. Comparison of beam transmittances obtained by
the biaxial product approximation and ray tracing (0.6 <
W<1;03< W/IC<1;ps =0.8).
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Fig. 16. Contours of equal beam transmittances and diffuse
transmittances for different geometrical conditions (0.6 <
W<1;03<WIC<1;ps=0.8).

Thus, starting from K., and K., the product
approximation can be used for the effective beam
direction to find the sky diffuse transmittance by

T2 = (0, 0K ar(37)K.ai(57). a7
Finally, the ground diffuse transmittance may be
assumed equal to the sky diffuse transmittance. The

error in this approximation is always less than 1%
for a ground reflectance of 0.2.

V1. CONCLUSIONS

The partition matrix between light sources and
sinks was introduced in order to analyze the trans-
mittance features of optically asymmetric collec-
tors. The computation of the matrix elements was
performed by ray tracing. The algorithm was tested
-against previously published experimental and nu-
merical results. Curve fits to the ray tracing results
are presented that can be used to perform para-
metric studies.

The biaxial incidence angle modifier product, in-
troduced by Mclntire for specularly reflecting con-
centrator collectors, is extended to ETC arrays with
a diffuse back reflector.

The effective beam direction for diffuse radia-
tion was determned to be at an incidence angle of
60° with an azimuth angle 26°. These angles are
equivalent to a transversal incidence angle of 37°
and a longitudinal incidence angle of 57°. The dif-
fyse transmittance of ETC arrays with diffuse back
reflectors can be found from test results of the lon-
gitudinal and transversal incidence angle modifiers
using the biaxial product approximation. The
ground diffuse transmittance may be assumed equal
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to the sky diffuse transmittance without introducing
significant errors.

NOMENCLATURE

bo incidence angle modifier coefficient

C dimensionless spacing between tube center lines

D dimensionless distance between the tube center line

and the back reflector .

view factor between absorber and surroundings

view factor between glass tubes and surroundings

incidence angle modifier

incidence angle modifier in the longitudinal plane

+«r incidence angle modifier in the transversal plane

; partition matrix element between the light source i
and light sink j

W dimensionless width or diameter of the absorber

absorber width or diameter projected in the beam

direction

Greek symbols
a; absorptance of the absorber
B slope of the collector
0 angle of incidence
0, longitudinal incidence angle
8, transversal incidence angle
8, axial incidence angle
ps diffuse back reflector reflectance
pe ground diffuse reflectance
T beam transmittance of a tubular cover computed by
splitting the radiation into its parallel and perpen-
dicular components
T transmittance of a tubular cover for the parallel com-
ponent of the radiation
7, transmittance of a tubular cover for the perpendic-
ular component of the radiation
7{ beam transmittance of a single ETC
7, beam transmittance
72 sky diffuse transmittance
73 ground diffuse transmittance
¢ incidence azimuth angle in the collector plane be-
tween longitudinal plane and plane of collector nor-
mal and the beam radiation
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APPENDIX

Analytical expression of the partition matrix R(8, <
60, 6, < 60)

1. Flat absorbert
Ry = 718, ¥, W)X,(W, C)X,(8;, O)X,(8,, W, C)

70, b, W) = (0.922 — 0.040W}')
x [1 — (0.0798 + 0.0770W,2,‘5)
X (1/cos 6, — 1)}
+ 0074802 71> WD
x (1 — cos 0,)/cos 6,
W, = Wcos 6,
XAW, C) = WIC
X,8,, C) = 1 + 0.435¢~237C(1 + 1.926}°)
X,(8,, W, C) = 1 — maxl[0, 0.42
— ((0.77C — 0.353W) cos 6,)]
R =0
Ris = (1 + 1.140%)(1 + 0.144e~C¥)(0.056/C)
Ru=1- Ry~ R
Ry, = 0.908F;
Fi, = WIC
Ry =0
Ry = 0.140F,; — 0.025
Fy = [w/2 — sin™}(1/C) + (c* - H”2- cyc
Ry =1— Rz — Rz '
Rs; = Ru(1 — max[1 — (C — 1)/1.52, 0le ~P/0-305)
Ry =0
Ry = Rp(0.332 8 + 1.05)/p
Ryy=1-Ru — Rn
R4 = Ry
Rp =0
R4 = Rag
R =1- Ry — Rg

t The meaning of the function max [x, y] is that x
should be used if x = y and y should be used if y > x.

2. Cylindrical absorber
Ry = 140, ¥, W)Xa(0,, W, C)X,(8,, C)X,(8,, W, C)

710, ¢, W) = (0.922 — 0.040W'"-%)
x [1 — (0.0798 + 0.0770W*5)
X (l/cos 8, — 1))
X.(0,, W, C) = min(l, W/(C cos 8,)]
X, (8, C) = 1.01 + 0.539¢241¢(1 + 2.2802)

X0, W, C)=1ifX; <0
= [0.411(W — X)/(X.C cos 6,)
+ 0.589](1 — 0.056X))
X; = (W + 1)2 — Ccos 9,
R, =0
Ry = 0.056 (1 + 0.8968*)(1 + 0.061e~<™)/C
Ry =1. — Ry — Ryi3
Ry, = 0.890F;,
Fi2 = W/C[n/2 - sin” {(W/C)
+ (CIW)? — D2 — CcIw)]
Rn =20
Ry; = 0.118F,; — 0.018
Fa = [n/2 — sin™'(1/C)
+(C?* - D" - Clc
Ryy =1 — Ry — Ry
Rs; = Ryft — (1 — (C — 1D/0.73
- (1 = W)/0.51)]e #1027
Rs; = Rx(0.3328 + 1.05/B
Riyy =1 — Ry — Ri3
Ry = Ry
Ry =0
Ry; = Ry
Ry =1 -~ Ry — Ras



