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The compound parabolic concentrator is a non-imaging concentrator that can concentrate solar radiation
without tracking system. However, as the concentration ratio increases, the maximum half acceptance angle and
the effective working hours decrease. To increase the effective working hours at high concentration ratio, a
tracking solar collector is proposed that integrates the compound parabolic concentrator and flat microchannel
tube. This new solar collector can track solar radiation by rotating the two reflective surfaces around their
respective starting lines. A two-dimensional model is developed for the irradiation concentration of the tracking
compound parabolic concentrator. For the geometry of the compound parabolic concentrator and solar irradiant
angle, the optimal rotation angles of the reflective surfaces are determined to minimize the irradiation loss. The
effects of the rotation angle of the two reflective surfaces on the concentration performance are simulated. The
simulation results show that in the tracking mode, the averaged heat flux on the surface of the absorber can reach
7.61 kW m~2 when the concentration ratio and truncation ratio are 8 and 0.5, respectively. Even when the
incident angle of solar irradiation is 30°, the averaged heat flux is still 5.12 kW m~2, Compared with other kinds
of reflector, the concentration performance of the compound parabolic concentrator is merely influenced by the
tracking error. The positive and negative tracking errors lead to different declining rates of normalized optical

efficiency and the influence of positive tracking error is more acceptable.

1. Introduction

Among kinds of clean energy, solar energy is universal and free. Solar
thermal system [1] is an attractive approach to make use of solar energy.
Compound parabolic concentrator (CPC) is a kind of non-imaging
concentrator that can concentrate solar irradiation without tracking
device. CPC has great application potential to collect solar thermal en-
ergy at low temperature (100-200 °C) due to its large acceptance angle
[2]. CPC was first proposed by Winston [3] for solar thermal energy
collection. Up to now, CPC has been developed and widely used in
photo-thermal [4] and photovoltaic [5] systems with good concentra-
tion performance.

Current studies are mainly focused on CPC with low concentration
ratio (<4) [6], which has a large maximum half acceptance angle
(HAAmax), and can work for long time without tracking. However, in this
case, the energy density obtained is low and sometimes cannot achieve
the required collection temperature or collector efficiency. Tang et al.
[7] proposed a method to estimate the annual energy collected. For the
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east-west oriented solar collector, the HAA,,x that can maximize the
annual energy collected is between 25.3° and 26° in China, the
maximum annually averaged concentration ratio is 1.45-1.74.
Increasing the concentration ratio inevitably reduces the HAApx
and reduces the effective working hours of CPC. To avoid this problem,
solar tracking system is used for CPC. Chen et al. [8] established a
mathematical model to calculate the effect of seasonal adjustment for a
CPC placed in east-west direction, and determined the best inclination
angle in different seasons. Wang et al. [9] proposed a single-axis
tracking CPC vacuum tube heat pipe collector that can rotate around
the collector axis to track the position of the sun. The experimental re-
sults showed that the collector efficiency was much higher than that of
the non-tracking collector. Waghmare et al. [10] designed a CPC col-
lector with five tracking modes and analyzed the tracking effect for each
mode. The numerical results suggested that when the collector is placed
in east-west direction and continuously tracking, the heat flux is higher
and the tracking frequency is lower. This is superior to a parabolic
trough collector (PTC) with nearly the same aperture area when the
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tracking frequency is designed to be 2.33 per day. Achkari et al. [11]
proposed a solar tracking scheme based on continuous testing to in-
crease the net energy collected by tracking. The study found that biaxial
tracking can obtain the maximum amount of energy collected. East-west
tracking is more effective at high latitude and altitude. Yazdanbakhsh
et al. [12] found that CPC with solar tracking system can improve the
photo-thermal conversion efficiency by 2-3 times when using CPC for
photodegradation of organic compounds.

However, the problem is that the radiation reaching the absorber is
non-uniform after reflection [13,14], which reduces service life of the
coating on the absorber surface due to the large temperature difference,
and even damages the absorber. For the CPC with tube absorber, Xu
et al. [15] used Monte Carlo ray tracing (MCRT) method to analyze the
influence of CPC deformation on the concentration performance. The
results suggest that small inner rotation, small inner and outer trans-
lations of reflection surface and truncation of involute starting point can
impact the heat flux distribution on the absorber. Xu et al. [16] proposed
a multi-sectioned CPC based on genetic algorithm, which can signifi-
cantly reduce the inhomogeneity of heat flux distribution on the surface
of the receiver. The averaged energy heterogeneity coefficient of M-CPC
can be reduced from 2.23 to 0.92 by using five reflective planes on the
single side. For flat-plate CPC collectors, the uneven distribution of heat
flux on the absorber also exists. Microchannel flat tube [17] with high
thermal conductivity [18,19] can be used as absorber of CPC collector to
reduce the temperature difference caused by non-uniformly heat flux.
Wang et al. [20] proposed a BIPV/T system based on microchannel flat
heat pipe. Due to the decrease of thermal resistance and increase of heat
exchange area of the system, the maximum averaged total efficiency of
the system reached 50.4%.

Although adding a tracking system to the collector can prolong the
effective heat collection time of the system and greatly increase the
energy collected. However, the aforementioned tracking CPC often re-
quires a large tracking system and hence is difficult to match the
building structure. In addition, a large amount of power is consumed
during tracking, reducing the benefits brought by the tracking system. In
the present study, a tracking CPC-microchannel tube solar collector
(TCPCMSC) is proposed. Different from the conventional tracking
method, the absorber and collector frame are fixed, and the two
reflective surfaces of CPC are independently controlled by uniaxial
tracking according to solar irradiation angle. The tracking system is
integrated inside the collector, which is almost unaffected by the
external environment and has good reliability. The optimal rotation
angle (ORA) of CPC is determined for tracking control. Based on a two-
dimensional CPC irradiation tracing model, the influence of CPC rota-
tion angle on concentration performance is studied.

2. Design of tracking CPC-microchannel tube solar collector

In this section, the components of TCPCMSC and the sun tracking
mode are described in detail.

2.1. Two-dimensional structure of the CPC

As shown in Fig. 1, the CPC consists of two symmetric parabolic
segments. The reflective surfaces are defined by Eq. (1) [21]:

X2

P P — 1
25(1 + sin Opax) M
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Where s is the width of the microchannel absorber; 6y, is the maximum
half acceptance angle of CPC.
The coordinates of the starting point are defined by Egs. (2) and (3):

@
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Fig. 1. 2D schematic of CPC.

The coordinates of the end point are defined by Egs. (4) and (5):

X¢ = (s + a)cos Omax (€))
=S (1 = sin Opa) [ 14+ — ’ (5)
= 2 S Umax Sin Gpax
Where a is the aperture of CPC.
The concentration ratio of CPC is defined by Eq. (6):
1
(6)

Sin Gmax

The height of CPC, Hy, is the vertical distance from the aperture to
the starting point. The truncated height, H, is the vertical distance from
the truncated aperture to the starting point. The truncation ratio C; is
defined by Eq. (7):

H
C=— 7
"= H, )
The solar incidence angle, 6, is defined as the angle between the solar
irradiation and the symmetry axis of CPC (see Fig. 1). The incidence
angle is positive when the solar irradiation enters from the left side of
the symmetry axis, and negative when the solar irradiation enters from

the right side of the symmetry axis.

2.2. Structure of the tracking CPC-microchannel tube solar collector and
its working mode

As shown in Fig. 2, the structure of TCPCMSC includes tracking CPC,
microchannel tube absorber, glass cover plate, frame, insulation layer,
inlet header and outlet header. A CPC and microchannel tube absorber
form a collection unit. To avoid mutual influence of tracking rotation or
occlusion of the sunlight, gaps are left between multiple parallel
collection units for tracking rotation. TCPCMSC is south-faced with CPC
in east-west direction. The collector is fixed and solar tracking is ach-
ieved only by the rotational motion of the reflective surfaces. The
starting lines for the reflective surfaces of a CPC are taken as the rotation
axes, respectively. The rotation is continuous according to the changes
of the solar elevation angle over time. In this way, even if the solar
incidence angle is larger than the HAAp,ax, the solar irradiation can still
be concentrated to the absorber surface. When the solar incidence angle
is smaller than the HAA,x, the reflective surfaces are expanded to
enlarge the width of the aperture to allow more solar irradiation
entering the CPC and to increase the concentration ratio. Compared with
the fixed CPC, though there are gaps between the collection units, the
thermal energy absorbed by the absorber can be increased no matter
whether the solar incidence angle is smaller or larger than the HAAax-

When the solar incidence is not perpendicular to the CPC aperture,
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Fig. 2. Schematic of TCPCMSC

the concentrating effects of the left reflective surface (CPC-L) and right
reflective surface (CPC-R) are different. Therefore, the rotation tracking
rules of the two reflective surfaces are different and independent of each
other. Since the two reflective surfaces of CPC are symmetric, the pos-
itive and negative solar incidence. In this study, as an example, the
positive solar incidence is selected.

The two rotation tracking rules for CPC-R include the counter-
clockwise rotation when the solar incidence angle is larger than the
HAAmax and the clockwise rotation when the solar incidence angle is
smaller than the HAAmax. As shown in Fig. 3, when the incident angle is
larger than the HAAmax, without rotation tracking, the incidence re-
flected by CPC-R (blue dotted line) cannot reach the surface of the
absorber, but reflects to CPC-L and finally escapes from CPC. In this case,
the counterclockwise rotation of CPC-R can concentrate the incidence
(solid blue line) on the surface of the absorber. The ORA is defined as the
rotation angle where the incidence reflected by the end point of the
rotated CPC-R can reach the left end of the absorber. When the incident
angle is smaller than the HAAmax, as shown in Fig. 3(b), without
rotation tracking, the reflected incidence can reach the absorber, but
cannot cover the whole surface of the absorber, resulting in uneven
distribution of heat flux on the absorber. In this case, clockwise rotation
can make the incidence cover the entire surface of the absorber after
reflection, which increases the width of the CPC aperture, the amount of
incidence and the uniformity of the heat flux distribution, and avoids the
energy loss caused by the gaps between the collection units. The ORA is
defined as the rotation angle where the incidence reflected from the
starting point of the rotated CPC-R can reach the left end of the absorber.

The two rotation tracking rules for CPC-L include counterclockwise
rotation for large incident angle where the CPC-L cannot concentrate the
incidence, and small incident angle where the CPC-L can concentrate
incidence. When the incident angle is large, as shown in Fig. 4(a), CPC-L

(@) 0> Oumax (6) 0<6hax

Fig. 3. Schematic for the influence of CPC-R rotation on concentration
performance.

Fig. 4. Schematic for the influence of CPC-L rotation on concentration
performance.

cannot concentrate the incidence due to its own occlusion. To make full
use of the gap caused by the rotation of adjacent CPCs, the amount of
incidence entering the CPC should be increased as much as possible. In
this case, the ORA is defined as the angle where the line connecting the
starting point and ending point is parallel to the incidence. When the
incident angle is small, as shown in Fig. 4(b), CPC-L can concentrate the
incidence to absorber. The ORA is defined as the rotation angle where
the incidence reflected from the starting point of rotated CPC-L can
reach the right end of the absorber.

3. Derivation and calculation for optimal rotation angle

As shown in Fig. 5, the incidence angle, 6, can be obtained according
to the inclination angle of the collector, f3, and the solar elevation angle,
a (determined by latitude ¢, days n and time T). The rotation angle §
corresponding to the incident angle 6 is defined to be positive for
counterclockwise rotation and negative for clockwise rotation. There-
fore, the rotation angle for any latitude (on northern hemisphere) and

Horizontal plane

Fig. 5. Schematic for the incident angle and the rotation angle.
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any time can be expressed asé = f(f, T, n, ¢), where § is a function of
collector inclination angle, position and time.

3.1. Solar incidence angle

The solar incidence angle is expressed by Eq. (8):

0=a+p—90 ®

Where f is the inclination angle of TCPCMSC; «a is the solar elevation
angle, as defined by Eq. (9):

sin & = sin ¢ sin ¢ 4 cos ¢ cos ¢ cos w

9

Where ¢ is the latitude of the position; ¢ is the sun declination angle,
expressed by Eq. (10):

. . 284+n
6=23.45 s1n(360 X 365 > (10)
The solar hour angle, w, is defined by Eq. (11):
®w=15xT — 180 1)

3.2. Derivation and calculation of the optimal rotation angle of CPC-R

As shown in Fig. 6(a), when the incident angle is larger than the
HAAnax, the CPC-R rotates counterclockwise around the starting point O
from OR to OR’. The relationship between the incident angle and the
ORA can be expressed by Eq. (12) (see Appendix I for the derivation
details):

e c0S (€ + Srora)

siﬁl (‘-Sin (8 + 6R~ORA)

s+ -L-cos

0 = arctan +24 12)

Where /' is the angle between the tangent line of CPC at point R’ and the
vertical direction; ¢ is the angle between OR and the absorber.

When the incident angle is smaller than the HAA,x, as shown in
Fig. 6(b). CPC-R rotates clockwise around the starting point O. The
rotation angle is the angle between the tangent lines of CPC-R at starting
points before and after the rotation. The ORA is the rotation angle where
the incidence can reach point P after reflected from point O. The ORA is
determined by Eq. (13) (see Appendix II for the derivation details):

90" + 0
2

ORORA =1 — (13)

3.3. Derivation and calculation of the optimal rotation angle of CPC-L
As shown in Fig. 7, when incidence enters the CPC from the left side,

CPC-L rotates counterclockwise around the starting point P. The ORA
are determined by Eq. (14) (see Appendix III for the derivation details):

Tangent to the end point ;

wio I h

(@) 6> Omax (b) 6<Omax

Fig. 6. Schemetic for the optimal rotation angle of CPC-R.
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Fig. 7. Schemetic for the optimal rotation angle of CPC-L.
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4. Simulation of concentration performance of tracking CPC-
microchannel tube solar collector

A two-dimensional ray tracing model was established using
COMSOL-Multiphysics software. According to the heat flux distribution
on the absorber surface, the concentrating performance of TCPCMSC is
analyzed.

4.1. Physical model

A two-dimensional numerical model of CPC was established ac-
cording to the two-dimensional geometry of CPC. The width of the
model’s absorber was fixed at 0.02 m and the CPC truncation residual
ratio was 0.5 [22,23].

4.2. Model validation

The model is validated by the experimental data of Smyth et al. [24].
For the purpose of comparison, the conditions in the experiments are
used for simulations of this model: the width of the absorber is set to be
0.2 m, the concentration ratio of the CPC is 1.6, the truncation residual
ratio of the CPC is 0.5, the reflectivity of CPC surfaces is 0.8, and the
incident angle is 0°. Fig. 8 shows the comparison between the heat flux
distribution predicted by this model, the experimental data and simu-
lation results of Smyth et al. [24]. The simulation results by this model

5.0
451 == Simulation results of Symth et al. [24]
- - - Experimental data of Symth et al. [24]
401 — The present work
35T
w30
g
2257
=<
=20
1.5
1’0 _aey — — ROt
051
O 0 1 1 1 1 1 N 1 N 1 N 1 N 1 N
-0 2 4 6 8 10 12 14 16 18 20

Absorber position /cm

Fig. 8. Comparison of heat flux distribution between Smyth’s results and the
present work.
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are found to be in good agreement with the experimental data and
simulation results of Smyth et al. [24].

4.3. Working conditions of the numerical simulation

The concentration performance of the CPC under different incident
angles is firstly simulated without any rotation. Then the reflection
performance of the CPC-R under different incident angles and rotation
angles is studied with the CPC-L at rest. Similarly, the reflection per-
formance of the CPC-L under different incident angles and rotation an-
gles is studied with the CPC-R at rest. Fourthly, when both reflection
surfaces of the CPC are under the ORA, the concentration performance
of tracking CPC under different incident angles is analyzed. Finally, the
influence of the tracking error on concentration performance of the CPC
is analyzed according to the variation of concentration performance as
the rotation angle deviated from the ORA. The working conditions of the
numerical simulations are summarized in Table 1.

5. Results and discussion

The cases listed in section 3.3 are simulated and the simulation re-
sults are obtained. The effects of different conditions on the concentra-
tion performance of TCPCMSC are analyzed.

5.1. Influence of the incident angle on concentration performance of non-
tracking CPC

Fig. 9 shows the influence of the incident angle on the heat flux
distribution on the absorber surface when the concentration ratio of the
CPC is 8 without tracking. When the incident angle is 0° (as shown in
Fig. 10(a)), the heat flux on absorber surface is symmetrically distrib-
uted. From the edge to the center of the absorber surface, there are three
peaks of heat flux, increasing successively. With the increase of the
incident angle, the heat flux distribution is deflected to the direction of
incidence deflection. The magnitude of the first peak of heat flux on the
deviating side decreases and the second and third peaks disappear. This
may be explained as: as shown in Fig. 10(b and c), as the incident angle
increases, more incidence is reflected by CPC-R and concentrated on the
absorber surface, while the incidence reflected by CPC-L decreases.
When the incident angle is close to the HAAp.x (6 = 7.18°), the peak of
heat flux on the deviating side reduces and that on the other side in-
creases. Overall, the averaged heat flux does not change significantly.

When the incident angle is larger than the HAAp«x (as shown in

Table 1
Working conditions of the numerical simulation.

Cases Introduction C C, 9, ° S, © SR, °

1 The influence of the 8 0.5 0/4/ 0 0
incident angle on 6/8/
concentration 10
performances

2-1 Effect of CPC-R rotation 8 0.5 37 27 26/28/
on concentration 30/32/
performances (6 > Gpax) 34

2-2 Effect of CPC-R rotation 8 0.5 0 -9.9 0/-2/-
on concentration 4/-6/-8
performances (6 < Omax)

3 Effect of CPC-L rotation 8 0.5 10 4.7/ 20
on concentration 6.7/8.7
performances /10.7/

12.7

4 Concentration 6/ 0.5 0-40 O1,0RA OR,0RA
performances of tracking 8/
CPC at ORA 10

5 Influence of tracking 6/ 05 35 O1L,0RA 23-33
error on CPC 8/
concentration 10
performances
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Fig. 9. Effect of the incident angle on heat flux distribution on the absorber
surface without tracking
(C=8,6=0
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Fig. 10. Schematics of ray tracing at different incidence angles (C = 8, § = 0°).

Fig. 10(d and e)), most of the reflected incidence cannot reach the
absorber surface. The heat flux on the absorber surface decreases
sharply, even to zero in some areas (¢ = 10°). In this case, only when the
incident angle is smaller than the HAAp .« can the absorber surface
obtain a high heat flux. For the CPC with a concentration ratio of 8, e.g.,
the HAAp,.x is 7.18° and the corresponding effective working hours is
only 0.96 h. To increase the total solar thermal energy collected over a
day, the CPC with a high concentration ratio is essential to order to
extend the effective working hours.

5.2. Effect of CPC-R rotation on concentration performance

The simulations for the tracking modes of CPC-R under incident
angles larger and smaller than the HAA,x are different, as well as the
concentration performance. To avoid the influence of CPC-L on the re-
sults, the CPC-L is rotated to a position where the CPC-L cannot work.
The lines connecting the starting and ending points of CPC-L are parallel
to the incidence, as shown in Fig. 11.

When the incident angle (6 = 37°) is larger than the HAA a1 (Omax =
7.18°), and the CPC-R rotation angle is approximately the ORA (6r,0ra
= 30°), the heat flux on the absorber surface changes, as shown in
Fig. 11.It can be seen that even though the incidence is much larger than
the HAAnax, the CPC-R with rotation tracking can still concentrate the
incidence on the absorber. When the CPC-R is rotated by the ORA (6p,
ora = 30°), the heat flux on the absorber surface decreases gradually
from the left side to the right side. The reason is that the left end of the
absorber is close to the focus of the CPC-R, which results in the peak heat
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60

Absorber position /cm

Fig. 11. Effect of rotation angle for CPC-R on heat flux distribution on absorber
surface (C=8,0 =37°)

flux, as shown in Fig. 12(c). The heat flux at the right end of the absorber
decreases to about 1 kW m 2 and the averaged heat flux on the absorber
surface is 5.01 kW m~2. When the rotation angle is smaller than the
ORA, the peak of heat flux is not apparent and the averaged heat flux on
the absorber surface is low. This is caused by the small rotation angle
where a large amount of incidence cannot be reflected to the absorber,
as shown in Fig. 12(a and b). When the rotation angle is larger than the
ORA, the peak of heat flux moves to right. The heat flux distribution on
the left side of the peak is all produced by direct incidence. The heat flux
distributes on the right side of the peak is generated by reflected and
direct incidences with increase in magnitude. However, as the rotation
angle increases further, the CPC aperture becomes smaller (as shown in
Fig. 12(d and e)). The incidence decreases and hence the magnitude of
the peak heat flux decreases.

When the incident angle (¢ = 0°) is smaller than the HAA a1 (Omax =
7.18°), as the CPC-R rotates clockwise around the starting point by about
the ORA, the heat flux on the absorber surface varies as shown in Fig. 13.
When the CPC-R is rotated by the ORA (6g ora = —3.6°), the heat flux on
the absorber surface distributes evenly. The averaged heat flux is 4.3 kW
m~2. A large peak of heat flux occurs near the left end of the absorber.
The heat flux on the left side of the peak is the same as the incidence
irradiance (about 1 kW m~2) and the much higher heat flux occurs on
the right side of the peak. It can be seen from Fig. 14(c) that when the
CPC-R is rotated by the ORA, the incidence reaching the absorber sur-
face is relatively evenly distributed. Only a small area on the left side of
the absorber receives a little incidence and hence the heat flux is very
low. When the rotation angle of CPC-R is larger than the ORA, the heat
flux at the left end of the absorber increases. A large area of low heat flux
appears on the right side of the absorber and the averaged heat flux
decreases. This is because as the rotation angle increases (as shown in

(b) g =28° (d) g =32° (e) og=34°

(¢) dr ora = 30°

(a) 0 =26°

Fig. 12. Schematics of ray tracing at different rotation angles for CPC-R (C = 8,
6 = 37°).
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Fig. 13. Effect of rotation angle for CPC-R on heat flux distribution on absorber
surface (C = 8, § = 0°).

(a) dg=0° (b) 6g =-2° (¢) Og ora = -3.6° (d) 5 = -4° (e) 8= -6°

Fig. 14. Schematics of ray tracing under different rotation angles for CPC-R (C
=38,0=0°).

Fig. 14(d and e)), the peak of heat flux moves to left. Part of the inci-
dence cannot reach the absorber surface. When the rotation angle of
CPC-R is smaller than the ORA, there are three peaks of heat flux on the
absorber surface, successively decreasing from left side to right side. The
magnitude of heat flux in the left side of the first peak is only 1 kW m™2,
As seen from Fig. 14(a and b), the incidence rays reflected by CPC-R
cannot reach the left end of the absorber. The CPC aperture decreases
and hence the magnitude of the averaged heat flux decreases. In this
case, when the CPC-R is rotated by the ORA, the maximum value of
averaged heat flux on the absorber surface is obtained whereas when the
rotation angle is not the ORA, the averaged heat flux is lower.

5.3. Effect of CPC-L rotation on concentration performance

To avoid the influence of CPC-R on the results, the CPC-R is rotated to
a position where the CPC-R does not work. The lines connecting the
starting and ending points of CPC-R are parallel to the incidence. When
the incident angle (¢ = 10°) is larger than the HAAax (Omax = 7.18°),
and the CPC-L rotation angle is approximately the ORA (6;,0ra = 8.7°),
the heat flux on the absorber surface varies, as shown in Fig. 15. When
the CPC-L is rotated by the ORA (61, 0ra = 8.7°), the heat flux on the left
side of the absorber surface is relatively high with several peaks. The
heat flux distributes evenly at the middle of the absorber surface and
decreases to 1 kW m~2 on the right side. When the rotation angle is
larger than the ORA, the peak heat flux on the left side gradually moves
to the right side with an increase in magnitude. The heat flux on the right
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Fig. 15. Effect of rotation angle for CPC-L on heat flux distribution on absorber
surface (C = 8, 0 = 10°).

side distributes more uniformly and the averaged heat flux increases. It
can be seen from Fig. 16(d and e) that with the increase in rotation
angle, a small amount of incidence cannot reach the absorber surface
while the increase in CPC aperture and the increase in concentration
ratio lead to the increase in averaged heat flux. When the rotation angle
is smaller than the ORA, the heat flux with large magnitude mainly
distributes on the left side surface, making the heat flux distribution on
the absorber surface more uneven. As shown in Fig. 16(a and b), the
incidence reflected by CPC-L only reaches the left side of the heat
absorber (microchannel tube). The decrease in the CPC aperture also
leads to a decrease in the averaged heat flux. For CPC-L, when the
rotation angle is larger than the ORA, the averaged heat flux is increased
slowly. When the rotation angle is smaller than the ORA, the averaged
heat flux decreases. When CPC-L rotates by a rotation angle larger than
the ORA, the heat collected is higher. Therefore, situations where the
rotation angle is smaller than the ORA should be avoided.

5.4. Concentration performance of tracking CPC at optimal rotation angle

Fig. 17 shows the averaged heat flux on the absorber surface under
different incident angles and concentration ratio when both sides of CPC
are rotated by the ORA. It can be seen that the averaged heat flux on the
absorber surface decreases with the increase of the incident angle at
different concentration ratios. However, the slope is different at
different concentration ratios. When the concentration ratio is relatively
high (C = 8, C = 10), the slope of decrease in heat flux decreases at

(a) o, =4.7° (b) o, =6.7°

(d) 6, =10.7°

(©) 8. ora=8.7° (e) 6,=12.7°

Fig. 16. Schematics of ray tracing under different rotation angles for CPC-L (C
=8,0=10°).
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Fig. 17. Heat flux on absorber of TCPCMSC at different incident angles (61, = 6y,
ORA» OR = OR,0RA)-

incidence angle of 25°. This mainly results from the fact that with the
increase of the incident angle, to meet the ORA on both sides of CPC, the
CPC aperture becomes narrower, the amount of incidence decreases, and
the averaged heat flux on the absorber surface decreases. When the
incident angle increases further, the CPC-L cannot work. In this case, the
ORA is the rotation angle where CPC-L does not hide the absorber. The
decreasing rate of CPC aperture decreases. Therefore, the slope of
decrease in averaged heat flux decreases. When the concentration ratio
is relatively low (C = 6), the averaged heat flux decreases almost linearly
with the increase of incident angle. However, the averaged heat flux on
the absorber surface can reach 3.94 kW m~2 even when the incident
angle is 40°.

When the incident angle is relatively small, the CPC aperture is
relatively large. More incidence can enter the CPC, and the averaged
heat flux on the absorber surface is larger. For example, when the con-
centration ratio is 8 and the incidence is vertical, the averaged heat flux
on the absorber surface can reach 7.61 kW m~2, while that for a fixed
CPC is only 5.59 kW m~2. When the incident angle is larger than the
HAAax, for a fixed CPC, the heat flux on the absorber surface decreases
rapidly to 0 kW m~2 while that for a tracking CPC can still be maintained
at a large magnitude. On the summer solstice in Beijing (¢ = 40°), the
solar elevation angle can be larger than 70°. The CPC with a concen-
tration ratio of 8 has a HAAp.x of 7.18° only. Correspondingly, the
working hours for the non-tracking CPC is limited while the tracking
CPC can break this limitation. In tracking mode, the CPC with a con-
centration ratio of 8 still has an averages heat flux of 5.02 kW m~2 at an
incident angle of 35°. In this way, high collection temperature can be
achieved over a day with a smaller collector area.

5.5. Effect of tracking error on concentration performance of CPC

TCPCMSC can concentrate incidence with an incident angle larger
than the HAAp.x, but the optical efficiency would be affected by
tracking error as the common problem to conventional single or biaxial
tracking systems. Fig. 18 shows the influence of the tracking error of
CPC-R on the averaged heat flux on the absorber surface at different
concentration ratios. It can be seen that when the tracking error is 0° and
the CPC is rotated by the ORA, the averaged heat flux on the absorber
surface reaches its largest magnitude. From this point, increasing or
decreasing the rotation angle of CPC reduces the averaged heat flux on
the absorber surface though increasing the rotation angle reduces the
averaged heat flux at a smaller slope. Therefore, in operation practice,
over-rotation of CPC-R is more conducive to reduce the reduction of heat
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Fig. 18. Effect of tracking error on collection performance of CPC-R (6 = 35°).

flux caused by tracking error.

To obtain the maximum optical efficiency, the CPC needs to be
rotated by the ORA during tracking. Larger deviation from the ORA
(tracking error) results in lower optical efficiency. The normalized op-
tical efficiency of TCPCMSC under different tracking errors is defined by
Eq. (15) [25]:

¢

_¢ 15
& (15)

fn

Where & is the optical efficiency when the tracking error is 0°.

As shown in Fig. 19, &, of TCPCMSC decreases with the increase of
tracking error, and the decreasing rate of &, decreases. The &, of compact
linear fresnel reflector [25] is always lower than the &, of TCPCMSC
when the tracking error is in the range of 0-1°. As the tracking error
increases, the &, value of TCPCMSC decreases earlier than the &, of PTC
[26] when the tracking error is small. However, TCPCMSC has obvious
advantages when the tracking error is large. With the increase of
tracking error, the &, of PTC decreases sharply to 0 while TCPCMSC can
still maintain high concentration performance. When the concentration
ratio is 10 and tracking error is 2°, the value of &, can still reach 0.5 for
TCPCMSC. The improvement on the accuracy of solar tracking system
normally requires higher precision instruments, which would increase
the initial cost of solar collectors [27]. In the present work, the relatedly
lower tracking accuracy required lowers down the initial cost. In addi-
tion, the automatic tracking can largely bring the operating cost down.
TCPCMSC can be used as an alternative which can achieve a relatively
good collector performance at a low cost of investment by reducing the
accuracy of the tracking system. In addition, unlike conventional
tracking systems, tracking system of TCPCMSC is embodied in the col-
lector, reducing the requirement on maintenance.

6. Conclusions

The concentration performances of a new TCPCMSC has been theo-
retical studied. To improve the collector efficiency, both reflective sur-
faces of CPC are independently rotated with the solar incidence angle.
The ORA for each reflective surface of CPC under different incident
angles is calculated. Ray-tracing simulation is carried out to analyze the
heat flux distribution on the absorber surface under different working
conditions. The following conclusions can be drawn:
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Fig. 19. Effect of tracking error on normalized optical efficiency (0 = 35°).

(1) TCPCMSC can maintain high normalized optical efficiency even
with large tracking errors, which helps to reduce the cost of solar
collector.

For the CPC of high concentration ratio, the tracking mode can

help to break the limit of HAA,5x. TCPCMSC can make full use of

the solar radiation all over the daytime. Compared with non-
tracking CPC, TCPCMSC can obtain a higher concentration
ratio when the solar incidence angle is 0°. The maximum aver-
aged heat flux on the absorber surface of a TCPCMSC of a con-

centration ratio 10 can reach 9.34 kW m 2,

(3) When the rotation angle is smaller than the ORA, as rotation
angle decreases, the averaged heat flux on the absorber surface
decreases at a higher slope. When the rotation angle is larger than
the ORA, as the rotation angle increases, the slope of the decrease
in averaged heat flux is small. In operation practice, over-rotation
of CPC-R is more conducive to reduce the reduction of heat flux
caused by tracking error.

(4) The ORA of TCPCMSC is only related to time, latitude, collector
inclination angle and CPC geometry.
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Nomenclature

a aperture of CPC, m

C concentration ratio

C; CPC truncation residual ratio

Hy height of CPC, m

H height of CPC (after truncation), m

n days in a year

(0} starting point of CPC-R

R ending point of CPC-R

R’ ending point of CPC-R (after rotation)
s width of microchannel absorber, m

T time in 24 h

a solar elevation angle, °

p collector dip angle, °

Y angle between the tangent to the starting point and the bottom (after rotation), °
8 rotation angle, °

SR rotation angle of CPC-R, °

oL rotation angle of CPC-L, °

Sr,ora  Optimal rotation angle of CPC-R, °
OL,0RA optimal rotation angle of CPC-L, °

€ angle between the OR and the bottom, °

n angle between the tangent to the starting point and the bottom (before rotation), °

7 solar incidence angle, °

Omax maximum half acceptance angle of CPC, °

A angle between the tangent to the ending point and vertical direction (before rotation), °
vy angle between the tangent to the ending point and vertical direction (after rotation), °
£ optical efficiency

&n normalized optical efficiency

o declination angle, °

@ latitude, °©

® angle between the tangent to the ending point and the bottom, °

Abbreviation

CPC compound parabolic concentrator

CPC-L  left reflective surface of compound parabolic concentrator

CPC-R  right reflective surface of compound parabolic concentrator

HAA half acceptance angle

ORA optimal rotation angle

PTC parabolic trough collector

TCPCMSC tracking compound parabolic concentrator -microchannel tube solar collector

Appendix I. Derivation of optimal rotation angle of CPC-R (6 > 6pyax)

As shown in Fig. 6(a), when the incident angle is larger than the HAA 4y, the CPC-R rotates counterclockwise around the starting point O from OR
to OR’.
At point R/, the angle of reflection equals the incident angle:

0—2 =2PRH + 1 I-1)
In the APR'h :
o PH
ZPR h = arctan (W) 1-2)

Where the length of Ph’ and R’h’ are calculated by equations (I-3) and (I-4) respectively :
Ph' =PO+h O=s+ OR -cos(«R Oh) I1-3)

Rl = OR -sin(£R Oh) 1-4)
Where OR’ and «R’Oh are calculated by equations (I-5) and (I-6) respectively :
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, H
OR=0OR =— (I-5)
sin €
ZR Oh=¢ + Srora (I-6)

In this case, equations (I-1) can be expressed as:

S+-L,'COS(8+5RORA) ’
e O | 24 17
JLsin(e + Srora) * 7

sin &

0 = arctan

Where ¢ stand for the angle between OR and the absorber; 1’ stand for the angle between the tangent line of CPC at point R’ and the vertical direction.
The ¢ can be calculated from equations (I-8) to equations (I-12), in AAORh:

H H
tane=— = 1-8
ME=on T Ph—s (1-8)
Where Ph can be expressed as:
Ph= H-tan(£PRh) 1-9
The «PRh at point R can be expressed as:
ZLPRh =0, + 180" — 20 (1-10)

Where o is the angle between the tangent line of the ending point and the absorber.
Therefore, ¢ can be expressed as equation (I-11):

H
_ 111
¢ =arctan (H~tan(9max + 180" — 20) — s> (1)

Where 1’ can be calculated by equations (I-12):
A= SrorA —A=0rorA — (90 — @) (1-12)

Based on equation (I-2)-(I-12), equation (I-1) can be expressed as :

H
. H-cos |:arclan (m) ‘HSR_ORA}

N
sin | arcta H ____
sin {‘“C“‘" u-muwnm+lsuuz"’m)]

6 = arctan +2(Sr.ora + @) — 180° (1-13)

i ______H__ 5y
Hesin |:‘“°[a" (H.mn(smax+180'—2m)—.) +”R-°RA]

sin {arclan

______H __
Fan(Omax +180° —20) ]

NN

(s}
Fig. 20. Schematic of terminal coordinates with different truncation ratios

Where w can be calculated from equations (I-14) to equations (I-18). As shown in Fig. 20, lines parallel to the heat absorber through the starting
and ending points of CPC-R intersect the X-axis at points x’s and x'srespectively. The abscissa of the points are obtained by equations (I-14) and (I-15) :

+ S(1 + sin Onax)

= I-1
T T tan Oy (1-14)

2
25+ @)sin Opge + s(1 — $in O (1 + +)
X =

I-1
2 tan O (-15)

The interval between points x’s and x’¢ on the X-axis corresponds to the truncation ratio of CPC in the range 0-1. The abscissa of x’ corresponds to
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the desired truncation ratio and can be obtained according to equation (I-16):
x; :x; + C, (x; —x;> (I-16)
For a line parallel to the absorber through the x’;, the intersection of this line with CPC-R can be found by equation (I-17):

g = —tan G, (x — x;)
2 (x>0) (1-17)
Y7 25(1  sin Opay)

The ending point of CPC-R after truncation, the point R, can be obtained at (x, y¢). The angle between the tangent line at point R of CPC-R and the
heat absorber can be obtained as :

= arctan[y (x)] + Omax (1-18)

According to equations (I-16)-(I-20), the value of o is a constant derived according to the geometry parameters of CPC including concentration ratio C,
truncation ratio C, width of absorber s and aperture width a.

Appendix II. Derivation of optimal rotation angle of CPC-R (6 < Opyax)

As shown in Fig. 6(b), when CPC-R rotates clockwise around point O, the rotation angle is the angle between the tangent lines at the starting points
before and after rotation.
When CPC-R rotates by the ORA, the incident ray goes to point O, and is then reflected to point P. At point O, the following relation can be obtained:

Y=V =" (II-1)

0+90° =2y (II-2)

Y =1 — 6roRA (I1-3)
Therefore, the relation between the ORA and incident angle can be expressed as (II-4):

Sroma =1~ o W-4)

Appendix III. Derivation of optimal rotation angle of CPC-L

As shown in Fig. 7(a), when 6 > 0°, the CPC-L rotates counterclockwise around the starting point P. When the incident angle is relatively large, the
CPC-L rotates to the position where it cannot work. The lines connecting the starting and ending points of CPC-L are parallel to the incidence. As
expressed in equation (III-1) :

O ora =€+ 6 —90° (I1-1)
As the incident angle decreases, the CPC-L can work to concentrate incidence. As shown in Fig. 7(b), the rotation angle is the angle between the

tangent lines at the starting points before and after rotation. When CPC-L rotates by the ORA, the incidence can be reflected to point O through point P.
At point P, there are:

90 — 9= 2 (I-2)
OLORA =1 — 7Y (II1-3)
In this case, the ORA of CPC-L is expressed by equation (III-4) :
90" — 0
OLorA =1 — 2 -4
According to equations (III-1) and (III-4), for the CPC-L, the ORA can be given by equation (III-5) :
90" — 6
Srora=maxq T2 am-s)
e4+6—-90°
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