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Abstract: In the present article, six symmetric compound parabolic solar concentrators (CPCs) with
all-glass evacuated solar tubes (EST) as the receiver are designed, and a comparative study on their
optical performance is performed based on theoretical analysis and ray-tracing simulations. In terms
of optical loss through gaps of CPCs and optical efficiency averaged for radiation over the acceptance
angle, CPC-6, designed based on a fictitious “hat”-shaped absorber with a “V” groove at the bottom,
is the optimal design, and CPC-1, designed based on the cover tube, is the worst solution, whereas
from the point of view of the annual collectible radiation on the EST, it is found that CPC-4, designed
based on a fictitious “ice-cream” absorber, is the optimal design and CPC-1 is the worst solution.
CPC-6, commonly regarded as the best design in the past, is not an optimal design in terms of annual
collectible radiation after truncation. Results also indicate that, for high temperature applications,
CPC-6 and CPC-4 are advisable due to the high solar flux on the EST resulting from the high optical
efficiency for radiation within the acceptance angle.

Keywords: all-glass evacuated solar tube (EST); compound parabolic solar concentrator (CPC);
optical efficiency; annual collectible radiation; optimal design

1. Introduction

In recent years, applications of solar energy-based technologies have become very popular all
around the world due to environmental issues, rapidly rising fossil fuel prices and increased energy
consumption. In the past two decades, solar thermal systems were widely used in a variety of fields
in China [1-3]. Solar collectors are mainly classified into three categories: flat plate, evacuated tube
and concentrating collectors. Both flat-plate and evacuated tube collectors are generally designed to
provide low temperature thermal energy, and concentrating collectors are usually designed for high
temperature solar thermal applications. Today, the heat requirement with the temperature in the range
of 100400 °C is very high and takes about 30% of total heat requirement in industrial process over the
world, but solar collectors operating at 100400 °C are rarely found in practical applications.

Compound parabolic concentrator (CPC), an ideal solar concentrator designed based on principles
of edge-ray and identical optical length, shares the advantages of being simple in structure and no need
for a continuous sun-tracking system. In recent years, CPC-based solar collectors are commonly regarded
to be the collectors with the most potential to provide heat with temperatures up to 200-250 °C, and
their performance analysis and designs have been widely studied [4-6]. Rabl and Winston [5] first
experimentally investigated non-evacuated CPC collectors in 1974, and observed that the heat loss was
considerably high due to the high heat loss through reflectors as a result of the fact that reflectors of CPC
are in contact with the tube absorber and thus function as the fins of a tube absorber [4,7]. To reduce
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the heat loss from the solar receiver to the ambient air, CPC collectors with all-glass evacuated solar
tubes (EST, the one sealed at one end and open in another end) as the solar receiver were tested [8-10].
Oommen and Jayaraman [11,12] developed and tested two CPC solar collectors with reduced solar
ray losses through the gaps of CPCs to generate steam. However, a theoretical or experimental
performance comparison of both CPC designs was not performed.

EST shares advantages of easy production and convenient transportation and installation, thus it
is widely used for water heating in China and EST-based solar water heaters account for more than
90% share of the market [13]. EST with stainless steel-aluminum nitride ceramic coating, thermally
stable at 330400 °C, is the most common product [14], and such EST as the receiver of CPCs might be
technically a better solution to provide heat for applications where the temperature is above 100 °C.

The reflector profile of CPCs is uniquely determined by the profile of the absorber, and for such
a concentrator, all radiation within its acceptance angle will arrive on the absorber and the reflectors
always extend all the way to the absorber as shown in Figure 1 [7]. But for CPCs with EST as the
receiver, the inner tube as solar absorber is enclosed within the cover tube, therefore, a gap must
be designed between reflectors and inner tube to allow for evacuated space. This means that any
CPC with EST as the solar absorber is not an ideal solar concentrator due to the optical loss through
gaps, and the design optimization of such CPC collectors for maximizing their optical performance
is actually to optimize gap design. Rabl et al. [15,16] first investigated the effect of various CPC gap
designs with a tubular absorber on their optical performances, and concluded that the CPC with
oversized reflectors and the one with reduced reflectors were optimal designs in terms of gap loss.
However, the optical loss due to imperfect reflections of solar rays on reflectors was not considered in
these studies, and the results obtained were reasonable only for full CPCs with perfect reflectors but
not for those with imperfect reflectors. Xu et al. [17] recently investigated theoretically six asymmetrical
CPCs (ACPCs) for concentrating radiation on EST where the acceptance angles of both (right/left)
reflectors of ACPCs were determined in such way that they makes the Sun within the acceptance angle
for at least six hours during all days of a year, and found that the one designed based on the cover
tube of EST collects the most radiation annually. ACPC collectors are usually horizontally installed
thus limited to use in sites with lower site latitude. CPCs used in a solar collector are usually used to
increase the solar flux on the absorber and thus increase the temperature of the output heat, therefore,
given the acceptance angle and geometric concentration, the design optimization of CPC collectors
should be done to maximize the optical efficiency for radiation over its acceptance angle so as to
maximize the solar flux on the inner tube of the EST. In this work, a trial was made to theoretically
compare the optical performance of six symmetric CPCs for concentrating solar radiation on the EST
in terms of optical loss through gaps, optical efficiency averaged for radiation over the acceptance
angle and annual collectible radiation on the EST.
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Figure 1. Geometry of a tubular absorber ideal solar concentrator (not to scale).
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2. Design of Compound Parabolic Solar Concentrators with All-Glass Evacuated Solar Tube
as Receiver

2.1. Geometry of Compound Parabolic Solar Concentrator with a Tubular Absorber

As shown in Figure 1, any point M on the reflector of CPC can be described in two parameters:
¢ (formed by lines from the origin O to K and N) and p = MN (the line tangent to the absorber tube
at N). Thus, in the suggested coordinate system as shown in Figure 1, the (right) reflector of CPC
constructed based on a tubular absorber is expressed by:

{x—rsin(p—pcosgo )
y=—rcos@—psing

The reflector of such CPC includes involute (0 < ¢ < 0.57 + 8,;) and upper reflector (0.57 + 6, < ¢
< 1.57— 8,), and one can derive the expression of p from the string method as follows:

, ® 0< @ <05m+6, o
p/r= 0.57t+0,+ @ —cos(p—0,)
Pt 051+ 0, < @ < 1.5m— 0,

The r in above expressions is the radius of the tubular absorber. The geometrical concentration of
an ideal CPC, the ratio of aperture width (Az) to the perimeter (Pys4) of absorber based on which
the reflectors of CPC are constructed, is uniquely determined by its acceptance half-angle (6,) and is
given by:

Cideal = Aap /Pubs,d =1/sin 0, (3)

and:
Aap = Cideul'P abs,d (4)

In practical application, the upper part of reflectors is usually truncated to save reflector materials
and reduce the depth of CPC due to the lesser contribution of upper reflectors to the solar radiation
concentration, and the geometrical concentration in this case can be found by substituting ¢ = 1.571 - 6;
into Equations (1) and (2) as follows:

_ 2x¢  cos® | sin®; 2m+ 6, — 6y +sin(0, 4 6;)
C= 2mr x T =n [ 1 — cos(0, + 0;) ) ©)
and the depth of the truncated CPC is given by:
H = 7urCic tan 0; + r/sin 6; + 0.57tr (6)

where 0; is the edge-ray angle of CPCs after truncation (Figure 1), and 6; = 6, for full CPCs. The last
term “0.57tr” in Equation (6) is the vertical depth of lowest point (¢ = 0.57, a point on the involutes
corresponding to dy/dx = 0) of reflectors relative to the x-axis. In turn, given C; and 6,, the edge-ray
angle (6) can be obtained from Equation (5) by iterative calculations.

It must be noted that all CPCs with EST as the receiver are not ideal solar concentrators as
mentioned above, and the geometrical concentration factor is the ratio of aperture width (Ag) to the
perimeter of the actual solar absorber (i.e., the inner tube of EST, P, , = 2rtr) which might differ from
Pps 4 as seen in the next section.

2.2. Design of Compound Parabolic Solar Concentrator with All-Glass Evacuated Tube as the Receiver

The EST measuring 47/58 mm in diameter of inner tube/cover tube, the one of the most common
solar products in the market, is considered in this work. Based on the string method of reflector
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construction of CPCs [18] and geometric characteristics of EST [17], there are six symmetric CPCs most
suitable for concentrating radiation on the EST as follows:
CPC-1: designed based on the cover tube (Figure 2). The geometrical concentration of full CPC-1
is given by:
Cq1 = Aap/21r = Paps 4Cigeq1 / 27t = RCigear /7 @)

where P ; is the perimeter of cover tube (27R) instead of 27tr because CPC-1 is designed based on the
cover tube of EST. In this case, the r in Equation (1) is set to be R, and p in this case is given by:

10} 0< <051+ 0,

p/R = 0.5714+0,+ @ —cos(p—6,) ®)
Torsin(¢—00) 05m+0, < <15m—0,

Given 6; and 0, the depth of CPC-1 is calculated by:

H = 7ntrCc tan 6; + R/sin 6; + 0.57R 9)
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Figure 2. CPC-1, designed based on the cover tube of evacuated solar tube (EST).
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CPC-2: designed based on the inner tube of EST, but the EST is purposefully moved up R-r
(Figure 3). The geometry concentration of full CPC-2 is Cgp = 1/sin8, due to Pyps g = Pgps o = 277, and
the p in Equation (1) is given by Equation (2).
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Figure 3. CPC-2, designed based on inner tube with the EST purposely being moved up R-r.

CPC-3: designed based on inner tube of EST with reflectors (involutes) near the inner tube being
truncated (Figure 4). In this case, C; 3 = 1/sin8,, but the construction of involutes starts at point B of
the cover tube (Figure 4 ) with ¢ = ¢, thus the p in Equation (1) is given by:

@ o< <051+80,

p/r = 0.57t4+0,+ @ —cos(p—0,)
T+sin(@—0,) 05m+0, < @ <1.5m—0,

(10)
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cosp =r/R 11
and the depth of CPC-3 is calculated from Equation (6).

Figure 4. CPC-3, designed based on inner tube of EST with the involutes near the inner tube

being truncated.

CPC-4: designed based on “ice-cream” virtual receiver. As shown in Figure 5, lines AB and AC
are tangent to the inner tube of the EST, and the distance from the lowest point (A) of the “ice-cream”
to the center (O) of inner tube is just equal to R in order to accommodate the vacuum space of the EST.
The geometrical concentration of full CPC-4 is as follows:

Cga = PiceCigear / 27t (12)

where P, = (2t — 2¢)r + 2AB is the circumference of “ice-cream” shaped receiver, cos ¢ = r/R
(due to OA = R), and AB = v/ R2 — r2. The construction of involutes in this case starts at the lowest
point (A) with ¢ = ¢, and the p in Equation (1) for ¢ = ¢ is AB which is obviously larger than r-¢.

Let AB =r(¢ + ), thus one has:
Y=VR—r2/r—¢ (13)

And p in Equation (1) in this case can be derived as:

o/r ¢ +v b <o <0571+80, (14)
= N 057+0,4@+2y—cos(p—6,)
Trsin(p—04) 0571+60, < <1.5nm—-06,
Given 6; and 6,, the depth of CPC-4 is calculated by:
H = nrCyc tan 0; + r/sin 0; + (0.57 + y)r (15)

Figure 5. CPC-4, designed based on an “ice-cream” absorber.
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CPC-5: designed based on a fictitious “hat” absorber. As shown in Figure 6, the “hat” is
constructed in such way that lines BC and AD are tangent to the inner tube of EST, the line linking
A and B is also just tangent to the inner tube at the lowest point of inner tube to ensure that BC and
AD can’t be seen each other, and distance from A and B to the center of inner tube is just R in order to
accommodate EST. The geometrical concentration of full CPC-5 is determined by:

Cg5 = PratCigear / 27tr (16)

where Py, = (2 —4¢)r + 2BC is the circumference of “hat” shaped absorber, and cos¢$ = r/R. As seen
from Figure 6, the involute starts at the lowest point (A) of the “hat” with ¢ = 2¢, and the p in
Equation (1) for ¢ = 2¢ is BC (BC = v/ R? — r?) which is obviously less than 2r¢. Let BC = r(2¢- ),

thus one has:
E=2¢—VR2—r2/r (17)
The p in Equation (1) is expressed by:

/ ®—¢ 2 < @ <0571+ 6, as)
P/T =9 05m+0,+¢@—2E—cos(@—0,)
Trsin(o—0,) 051+0, < <15m—06,

H = ntrCyc tan 0 + r/sin 0; + (0.5t — &)r (19)

Figure 6. CPC-5, designed based on “hat” absorber.

CPC-6: the same as CPC-5 but with a “V” groove at the bottom (Figure 7). To avoid gap losses,
the geometry of “V” groove should meet following conditions [15]:

m—20 <2 <057+« (20)

h < rctan® P + g(c tan® P — 1) /2 (21)

where 1 is the half opening-angle of “V” groove, h the depth of “V” groove, g the vertical height of
the lowest point of inner tube relative to the aperture of “V” groove and o« the angle formed by line
AC and the line linking A and the tube’s center. Given the size of EST, the aperture width of the “V”
groove (¢ = 0 in the case of a single “V” groove) is equal to 2v/R? — 12, thus, the depth (k) is an unique
parameter to determine the geometry of “V” groove, therefore one has 12.29 mm < /1 < 14.52 mm
for the EST of 47/58 in diameter of inner tube/cover tube. The depth of CPC-6 (measuring from the
bottom of “V” groove to aperture of CPC) is given by:

H=mrCictan 0; +r/sin0; +r—+h (22)
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Figure 7. CPC-6, the same as CPC-5 but with a “V” groove at the bottom.

Analysis in the above shows that, given the acceptance half-angle 6, the geometric concentration
factor (Cq) and depth (H) of full CPCs differ for different CPC designs (Tables 1 and 3). In turn, given
0, and C;, the edge-ray angle (0;) of a truncated CPC differs for different CPC designs as shown in
Table 2. Table 3 shows that the depth of full CPCs is very large and greatly reduced after truncation.

Table 1. Geometric concentration factors of full compound parabolic solar concentrators.

04 CPC-1 CPC-2 CPC-3 CPC-4 CPC-5 CPC-6
20° 3.608 2924 2.924 3.014 2.431 2431
26° 2.815 2.281 2.281 2.351 1.897 1.897

Table 2. Edge-ray angle of truncated CPCs with 8, = 20°.

Ct CPC-1 CPC-2 CPC-3 CPC-4 CPC-5 CPC-6
Cr=20 79.3° 61.4° 61.4° 64.1° 44.8° 44.8°
Ci=24 63.8° 45.3° 45.3° 48.1° 24.7° 24.7°

Table 3. Depth of CPCs with 6, = 20°.

Size of CPC CPC-1 CPC-2 CPC-3 CPC-4 CPC-5 CPC-6

Cr=20 103.1 144.2 144.2 137.0 206.7 218.0 *
Cr=24 165.1 2454 2454 229.7 466.3 477.6 *
Full CPCs 862.2 698.7 698.7 701.0 686.3 697.6 *

Note: * h is set to be 12.29 mm in these calculations.

3. Gap Losses of Compound Parabolic Solar Concentrators

Strictly speaking, the optical loss through gaps of CPCs, defined as the ratio of radiation
lost through gaps to the total radiation incident on the receiver, depend on solar incident angle
(6, a projection incident angle of solar rays on the cross-section of CPC-troughs), geometric
concentration factor (C;) and reflectivity of reflectors, therefore the optical loss through gaps of CPCs for
radiation incident at any angle is hard to calculate analytically. In this exercise, the incident radiation
is simply regarded as uniformly distributed over the CPC's acceptance angle. Realize, therefore, that
the results for gap losses here do not pertain to a particular angle (6), but rather are averaged over all
incidence angles within the view field of full CPCs with perfect reflection on reflectors [16].

CPC-1: When isotropic radiation falls on the aperture of the CPC, the cover tube based on which
reflectors of CPC-1 are constructed would be uniformly irradiated [16], but only a fraction of the
radiation received by the cover tube will arrive on the inner tube, thus, optical losses through gaps
formed by inner tube and cover tube can be simply calculated by:

[i=1-F_j;,=1-r/R (23)
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where F_i, =7/R is the radiation transfer shape factor from cover tube to inner tube of EST.

CPC-2: When isotropic radiation over the acceptance angle falls on the aperture of CPC-2, the
tubular absorber located at position A would be uniformly irradiated, however, only a fraction of
the radiation falling on the “fictitious tube” located at A would arrive on the actual tubular absorber
located at C by radiation transfer, thus, gap loss in this case is as follows:

R—7r
2r

2
Ly=1—Fp c=1- Earccos( ) (24)
where F4_c is the radiation transfer shape factor from tubular absorber at A to the one at C.

CPC-3: According to the string method of construction of CPC reflectors [18], it is known that
the CPC reflectors remained after the involutes near the inner tube are truncated is an ideal solar
concentrator for the fictitious absorber “DCMAB” (27t in perimeter, Figure 4). Thus, when the incident
radiation is uniformly distributed over the CPC’s acceptance angle, the fictitious absorber “DCMAB”
would be uniformly irradiated (the total radiation on the absorber is 27tri), however, a fraction of the
radiation incident on DC and AB will be lost, therefore, the gap loss in this case is given by:

_ 2AB(1—Fpp_gps)i  tandp —o

Ly = 2
3 27tri T (25)

where i is the radiation on unit area of the absorber based on which reflectors of CPCs are constructed,
Fapaps = ¢ /tan ¢ is the radiative shape factor from AB to the tubular absorber (inner tube of EST).

CPC-4: When incident radiation is uniformly distributed over the CPC’s acceptance angle, the
“ice-cream” shaped absorber “ACMBA” would be uniformly irradiated because reflectors of CPC-4 are
constructed based on the “ice-cream” shaped absorber, however, a fraction of the radiation incident on
AC and AB will be lost, therefore, the gap loss in this case is given by:

_ 2AB (1_FABfabs)i _ tan — ¢

= P;.i Ctand+m— (26)
CPC-5: Similarly, the gap loss of CPC-5 is given by:
Is = 2AD (1—- FIL}D,abS) i__tnd—¢ 27
Pyasi tan ¢ +m—2¢

In Equations (25)—(27), cos¢ = r/R.

CPC-6: the gap loss in this case is zero due to the use of the “V” groove at the bottom of the
CPC reflectors.

Analysis of the above indicates that gap losses of full CPCs averaged for all incidence angles
within the acceptance angle are independent of the acceptance half-angle but dependent on the gap
design of CPCs. For EST measuring 47/58 in diameter of inner tube/cover tube, the gap losses of
CPC-1, CPC-2, CPC-3, CPC-4, CPC-5 and CPC-6 are L1 = 0.1897, L, = 0.0747, L3 = 0.031, L4 = 0.03,
L5 =0.0371 and Lg = 0, respectively. Obviously, from the point of view of optical loss through gaps,
CPC-6 is the optimal design, followed by CPC-4 and CPC-3, and CPC-1 is the worst design.

4. Optical Efficiency of Compound Parabolic Solar Concentrators (CPCs)

The optical efficiency of a CPC (), termed as the ratio of radiation received by the inner tube of
EST to that incident on the aperture of CPCs, is dependent on the projection incidence angle (6) of solar
rays on the cross-section of CPC-troughs. For the CPC solar collectors investigated here, optical losses
include losses through gaps and those due to imperfect reflection on reflectors. Thus, losses through
gaps don’t fully represent the real optical performance of such CPC. When solar rays are incident
on the aperture of CPCs at any angle (), a part of the radiation would undergo multiple reflections
before arriving on the inner tube of the EST [19]. However, for CPCs with tubular absorbers, it is
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very difficult to theoretically calculate the fractions of radiation that arrive on the absorber after any
number of reflections. Therefore, theoretical calculations of optical efficiency are very difficult because
the pathway of the solar rays to the inner tube of the EST is considerably complex. In this exercise, the
ray-tracing technique was employed to analyze the optical efficiency of CPCs for radiation incident
at any angle, then the radiation on the inner tube of EST of CPC collectors at any moment of a day
was calculated based on 1(6) obtained from the ray-tracing analysis and 8 obtained based on the solar
geometry. In the subsequent theoretical analysis, the reflectivity of CPC reflectors (p) was taken to be
0.92 except with a specific indication, and the solar transmittance of the cover tube is set to be 1.
Figure 8 presents angular variations of 1 for full CPCs with 8, = 20°. It is shown that, except for
CPC-1 and CPC-2, i1 as a function of 6 increases with the increase of incidence angle as 6 < 17°, then
sharply decreases. This is because a considerable fraction of the incident radiation undergoes multiple
reflections before arriving on the absorber when the incidence angle (0) is small, and the radiation lost
through gaps is high in the case of 6 close to the acceptance angle. Whereas for CPC-1 and CPC-2,

the situation is reversed, the gap losses are high when 0 is small and low when 0 is large, especially
for CPC-2.
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Figure 8. Angular variations of optical efficiency of full CPCs with 6, = 20°.

Angular variations of optical efficiency of truncated CPCs are presented in Figure 9. It is shown
that, for radiation within the acceptance angle (8 < 6,), the optical efficiency of CPC-6 is the highest
and that of CPC-1 is the lowest (Figures 8 and 9), and those of CPC-4 and CPC-5 are almost identical.
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Figure 9. As in Figure 8 but for truncated CPCs with 8, =20° and C; = 2.
However, for the case of 6 > 0,, the optical efficiency of CPC-5 and CPC-6 is lower than that of

others due to the small edge-ray angles (Table 2). This means that, given 6, and C;, CPC-5 and CPC-6
are highly efficient to concentrate radiation on EST in the case of 0 < 8, but less efficient as 6 > 6,.



Energies 2016, 9, 795 10 of 16

To evaluate the optical performance of six CPC designs for incident radiation over its acceptance
angle, the average optical efficiency (17), a ratio of the radiation received by the inner tube of EST for
radiation from all directions over the acceptance angle to that incident on the aperture, is introduced.
Therefore, 1 depends on the angular distribution of solar rays over the acceptance angle, and for
isotropic radiation it is expressed by:

~ ffg id6 cos 6n(0)
n="—5— (28)
f,gﬂ id@ cos 0

where i is the directional intensity of radiation. Based on the angular variation of 1 obtained by
ray-tracing analysis, the 1] can be numerically estimated by Equation (28).

As seen in Table 4 (in these numerical calculations, the angle step to find 7 is taken to be 1°), 7 of
CPC-6 is the highest regardless whether they are truncated, followed by CPC-4 for truncated CPCs
and CPC-3 for full CPCs, and 1 of CPC-1 is the lowest. This implies that, in the terms of 7, CPC-6 is
the optimal design, followed by CPC-4 for truncated CPCs and CPC-3 for full CPCs, and CPC-1 is
the worst solution. Table 4 also indicates that, with the decrease of geometric concentration (C;), 1
of CPCs increases, a result of the fact that radiation incident on the upper portion of CPC reflectors
would undergoes multiple reflections before arriving on the absorber [19], and the average reflection
number of solar rays within the CPC cavity decreases with the decrease of C;. It must be noted that, for
truncated CPCs, the ] merely represents the performance of CPCs for radiation over the acceptance
angle (0,) rather than the performance for radiation within 0;. In the case of radiation beyond its
acceptance angle, the radiation on the absorber will be so low that the desired high temperature is not
achievable. Therefore to provide high temperature heat, the sun must be kept within the acceptance
angle of CPCs during the operation. As seen from Table 4, given 6, and C;, i of CPC-6 is the highest,
followed by CPC-4, thus, for high temperature applications, CPC-6 and CPC-4 are advisable due to
high solar flux on the EST resulting from high n for radiation within the acceptance angle.

Table 4. Average optical efficiency 7 of CPCs with 6, = 20°.

Size of CPCs CPC-1 CPC-2 CPC-3 CPC-4 CPC-5 CPC-6

Cr=20 0.74326 0.86212 0.87657 0.87967 0.86477 0.89542
C=21 0.74180 0.85869 0.87307 0.87592 0.86146 0.89326
Cr=22 0.74005 0.85574 0.86892 0.87173 0.85883 0.89061
C=23 0.73940 0.85288 0.86444 0.86657 0.85660 0.88750
Cr=24 0.73841 0.84933 0.86125 0.86179 0.85263 0.88292
Full CPC 0.71110 0.83424 0.84379 0.83205 0.84675 0.87611

5. Annual Collectible Radiation on All-Glass Evacuated Solar Tube of CPC Collectors

Assuming that EST in CPC collectors is oriented in the east-west direction and the aperture of
CPCsis tilted at 3 relative to the horizon, side effects of CPCs’ reflectors and radiation reflected from
the ground are not considered. Thus, radiation received by unit length of EST at any moment is
given by:

I = AgpIin(0)g(6iy)cosiy + Lyps 4 (29)

where I}, is the instantaneous intensity of beam radiation; 6;, is the real incident angle of solar rays
on CPC collectors; g(0;,,) is a control function, being 1 for cos 0;, > 0, otherwise zero; I 4 is the sky
diffuse radiation received by EST of CPCs and estimated by:

O
Laps,g = Aap 0 in(0)cosddo (30)

X
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where 6, = Min(0.57 - 3, 8;); i is the directional intensity of sky diffuse radiation on the cross-section
of EST, and i = 0.5]; for isotropic sky diffuse radiation [19,20]; I; is the sky diffuse radiation on the
horizon. Thus, Equation (30) is rewritten as:

O Ox
Lips,g = 0~51dAap[/0 1(6)cosddo —I—/O 1(0)cos0dd] = 0.5I; A4, (Ca1 + Cyp) (31)
-0
and Cj; = / 1(6)cosddo (32)
JO
-0y
Cp = / 1(8)cos0do (33)
JO

Given 0, and C;, 6; of CPCs can be obtained based on the equation of CPC reflectors, then Cy;
and Cy, can be obtained based the method aforementioned. At any moment of a day, 8;, and 6 in
Equation (29) can be calculated from solar geometry [15]. Knowing the time variation of I in a day,
the daily radiation on EST is obtained by integrating Equation (29) over the daytime [17,19]:

to
Hyqy = Aap/ n(0)g(0;,) Iycos0;,dt + 0.5H;Azp(Car + Cao) (34)

71»0

and the annual radiation on EST (S,) is estimated by summing Hy,, in all days of a year. Given the
monthly radiation on the horizon, the monthly average daily sky diffuse radiation, H;, time variation
of I, in a day can be found [21].

In the following analysis, the angle step to find 1(8) is taken to be 1°, the time step for calculating
Hggy is set to be 1 min, the n(6) of CPCs at any moment is estimated based on 6 at the moment and
a linear extrapolation technique. The monthly horizontal radiation used in this work was taken from
the book edited by Chen [22].

To compare the performance of six CPCs in terms of S;, two cases with (3 being yearly fixed
(IT-CPC) and yearly adjusted four times at three tilts (3T-CPC), are considered. For 1T-CPCs, 3 = A,
0, = 26° [23], whereas for 3T-CPCs, 3 = A during periods of 23 days around both equinoxes, and
adjusted to A + 23 and A — 23 in winters and summers, respectively [19,20]. Five sites with typical
climatic conditions (Beijing: dry land with abundant solar resources; Shanghai, a site climatically
characterized by rainy winters and sunny summers; Lhasa: a highland with extremely abundant solar
resources; Chongging: a site with poor solar resources; Kunming, a site climatically characterized by
sunny winters and rainy summers) are selected as the representatives for the analysis.

5.1. Annual Collectible Radiation on All-Glass Evacuated Solar Tube of 1T-CPCs

Table 5 presents the annual radiation on EST of 1T-CPCs. It is seen that, regardless of whether full
CPCs or truncated CPCs are used, the annual radiation collected by CPC-4 is always highest. For full
CPCs with identical 6,, the annual radiation collected by CPC-5 is the lowest; whereas for truncated
CPCs with identical 6, and C;, the annual radiation by the CPC-1 is the lowest (Figures 10 and 11).

Table 5. Annual radiation on EST of 1T-CPCs with 8, = 26° and p = 0.92 (MJ/m).

S Full 1T-CPCs Truncated 1T-CPCs (Cy = 1.8)
ite
CPC-1 CPC-2 CPC-3 CPC-4 CPC-5 CPC-6 CPC-1 CPC-2 CPC-3 CPC-4 CPC-5 CPC-6
Beijing 1322 1252 1289 1327 1075 1106 1013 1161 1151 1166 1069 1101
Shanghai 1004 949 977 1007 816 838 800 899 888 902 813 836
Lhasa 2051 1943 1999 2060 1669 1715 1558 1789 1773 1797 1656 1704

Chongging 728 683 705 726 589 606 597 659 649 659 588 605
Kunming 1293 1219 1256 1294 1048 1078 1017 1143 1130 1145 1042 1073
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Figure 10. Effects of reflectivity on the annual collectible radiation on EST of full 1T-CPCs.
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Figure 11. As in Figure 10 but for truncated 1T-CPCs.

5.2. Annual Collectible Radiation on All-Glass Evacuated Solar Tube of 3T-CPCs

0.95

Table 6 lists the annual collectible radiation on EST of 3T-CPCs. It is seen that, for full CPCs with
identical 6,, the CPC-1 yearly concentrates the most solar radiation, followed by CPC-4 and CPC-3,
and the CPC-5 concentrates the least radiation. The effect of the reflector’s reflectivity on the S, of full
CPCs is presented in Figure 12 and the same situation as seen in Table 5 was found. This is because,
given 0,, the geometric concentration factor of full CPC-1 is the largest and that of full CPC-5/6 is the
smallest (Table 1). It is also seen that, for truncated CPCs with identical 6, and C;, the annual radiation
collected by CPC-4 is the highest, followed by CPC-3, and the CPC-1 annually collected least radiation
for the case of p > 0.85 otherwise CPC-5 annually collects the least radiation (Figure 13). Effect of
geometric concentration factor on S, of truncated 3T-CPCs is shown in Figure 14, and it is seen that
the S, linearly increases with the increase of C;, the CPC-4 annually concentrates most radiation and

CPC-1 annually collects the least radiation.

Table 6. Annual radiation on EST of 3T-CPCs with 6, = 20° and p = 0.92 (MJ/m).

Site Full 3T-CPCs Truncated 3T-CPCs (Ct = 2)
CPC-1 CPC-2 CPC-3 CPC-4 CPC-5 CPC-6 CPC-1 CPC-2 CPC-3 CPC-4 CPC-5 CPC-6
Beijing 1981 1726 1818 1871 1519 1597 1328 1384 1426 1442 1341 1398
Shanghai 1446 1265 1331 1369 1112 1167 1008 1046 1071 1085 994 1036
Lhasa 3158 2743 2894 2979 2417 2544 2076 2168 2243 2266 2123 2214
Chonggqing 996 875 920 946 768 805 723 746 759 770 696 724
Kunming 1891 1650 1739 1789 1452 1526 1295 1345 1383 1399 1291 1346
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In practical applications, CPCs are usually truncated due to the lesser contribution of the upper
portion of reflectors to radiation collection [24], therefore, among the six CPCs investigated in this
work, CPC-4 is the optimal design for concentrating solar radiation on the EST and CPC-1 is the most

inferior solution in terms of annual collectible radiation.
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Figure 12. As in Figure 10 but for full 3T-CPCs.
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6. Conclusions

CPC reflectors always extend their pathways to the absorber based on which the CPC is designed,
but for all-glass EST, the tubular absorber is enclosed within the cover tube, thus, gaps between
reflectors and inner tube are required for allowing vacuum space. According to the design principle of
ideal solar concentrators and the geometric characteristics of the EST, there are six CPCs most suitable
to concentrate solar radiation on an EST.

From the point of view of the optical loss through gaps of CPCs, CPC-6, designed based on a fictitious
“hat” shaped absorber with a “V” groove at the bottom, is the optimal design due to the absence of gap
loss, followed by CPC-4, designed based on a fictitious “ice-cream” shaped receiver, and CPC-1, designed
based on the cover tube, has the maximum gap loss and thus is the most inferior design.

From the point of view of optical efficiency averaged for radiation over the acceptance angle,
CPC-6 is the optimal design regardless whether CPCs are truncated or not, followed by CPC-4 for
truncated CPCs and CPC-3 for full CPCs, and CPC-1 is the most inferior solution. It is also found that,
for truncated CPCs, CPC-6 is the most efficient for the radiation within the acceptance angle (6 < 6,)
but the least efficient when 0 > 8, as compared to other designs. This means that, for high temperature
applications, CPC-6 and CPC-4 are advisable due to the high solar flux on the EST resulting from the
high optical efficiency for radiation within the acceptance angle.

From the point of view of annual collectible radiation on EST of CPCs, in the case where the
tilt-angle of CPCs’ aperture is yearly fixed, CPC-4, regardless whether it is truncated, annually collects
the most radiation and thus is an optimal solution; for full CPCs, CPC-5 is the worst solution, and for
truncated CPCs, CPC-1 is the worst design. In the case of tilt-angle of CPCs’ aperture being yearly
adjusted four times at three tilts, for full CPCs with given 6,, CPC-1 concentrates the most radiation
due to its largest geometric concentration, and CPC-5 collects the least radiation; whereas for truncated
CPCs with identical 8, and C;, CPC-4 is the best solution, and CPC-1 is the inferior solution. In practical
applications, CPCs are usually truncated to save reflector materials and reduce the depth of CPCs due to
the lesser contribution of upper reflectors to radiation concentration, therefore, it is concluded that CPC-4
is the optimal design, and CPC-1 is the worst solution in terms of annual collectible radiation on the EST.
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Nomenclatures

Aap area of CPCs” aperture, m?2

Ce geometric concentration of full CPCs, dimensionless

Cideal geometric concentration of ideal CPCs (1/sin 6,), dimensionless
C geometric concentration of truncated CPCs, dimensionless

Fop radiative shape factor from surface a to surface b, dimensionless
H depth of CPC, mm

Hay daily radiation on unit length of solar tubes, MJ/m

Hy daily sky diffuse radiation on the horizon, J/m?

h depth of V-groove, mm

I instantaneous radiation intensity, W/ m?

i directional intensity of sky diffuse radiation, W/m?-rad

Paps,d perimeter of absorber based on which CPC is designed, mm

Pops,d perimeter of actual absorber of CPC with EST (27t), mm
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R radius of the cover tube, mm

r radius of the inner tube, mm

Sa annual collectible radiation on solar tubes, MJ/m

t solar time, s

Greek Letters

B tilt-angle of the aperture of CPCs from the horizon, degree

A site latitude, degree

¢ angle given by cos¢ = , radian

0} the angle used to describe the coordinate of any point on reflectors of CPCs, radian

n () optical efficiency factor, dimensionless

0 projection incident angle of solar rays on the cross-section of CPC-trough, radian

0a acceptance half-angle of CPCs, degree

Oin real incidence angle of solar rays on the aperture of CPCs, radian

0 edge-ray angle of truncated CPCs, degree

P reflectivity of reflectors, dimensionless; a parameter to describe coordinates of points

on reflectors

P Opening angle of “V” groove, radian

Subscripts

abs absorber

ap aperture of CPCs

b beam radiation

d sky diffuse radiation

day daily solar gain
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