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Abstract

The influences of sunshape and incident angle on the optical performance of the
parabolic trough solar collector (PTC) are investigated comprehensively based on
Monte Carlo Ray Tracing (MCRT) method and theoretical analysis. This study adopts
the acceptance-rejection sampling method, instead of the direct sampling method, for
random variable sampling to reduce computing complexity. Both the energy
proportion bounded by any angle span in the optical cone and the end loss caused by
any incident angle are derived theoretically. It is revealed that the sunshape has great
effects on the optical performance of a PTC, which should be taken into consideration

in practice. The geometrical configuration of the PTC, especially the absorber tube
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diameter, should be determined to meet the energy requirement based on local
sunshape (circumsolar ratio) conditions. It is also found that the end loss, caused by
the incident angle, weakens the optical efficiency. Larger aperture width and smaller
absorber diameter will cause greater end loss for constant incident angle. When the
absorber length is long enough, the effect of incident angle will be negligible. In a
range of small focal lengths, the optical efficiency increases with the increase of focal
length, and then decreases constantly with further increasing focal length. Findings in
this paper can be used as reference or guidance for designing and optimizing PTC’s
structure in practice.
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Nomenclature

CL local concentration ratio

CL;i local concentration ratio of the ith
grid

da absorber tube out diameter (m)

dg glass envelope out diameter (m)

Amin critical absorber tube diameter (m)

f focal length (m)

Ip direct normal solar radiation
intensity (W/m?)

lest effective solar radiation intensity

incident on the aperture (W/m?)

li local energy flux density of the ith
grid (W/m?)

La absorber tube length (m)

Lend, 10ss  €nd loss (m)

w aperture width (m)

Greek symbols

Qa absorptivity of the absorber

o radial angle of the solar disk (&
=4.65mrad)

On radial angle of the circumsolar

region (Oa=43.6mrad)
o optical efficiency (%)
0 angular displacement of the line

light source in the optical cone (9

On
&nc

Wrim

K1~ K5

incident angle (9

radial intercepted angle (mrad)

radial angle of point on the sun (mrad)
reflectivity of the parabolic reflector
transmissivity of the glass envelope
circumferential angle of the absorber (9
circumferential angle of the point on the
sun (mrad)

circumsolar ratio (CSR)

rim angle (9

random number

Abbreviations

ACR

CSP

CSR

MCM

MCRT

RTM

PTC

active cavity radiometer
concentrating solar power

circumsolar ratio ()

Monte Carlo Method

Monte Carlo Ray Tracing

Ray Tracing Method

parabolic trough solar collector




1. Introduction

Solar energy has been exploited and utilized over years to meet the increasing
energy demand, and to relieve the severe environmental issues [1-3]. Concentrating
solar power (CSP) has developed into the most widely used form in solar thermal
field [4, 5], among which parabolic trough solar power technology is the most
cost-effective and developed one [6, 7]. Apart from power generation, parabolic
trough solar collectors (PTCs) have also been used in many other areas, such as
industrial process heat production, desalination, refrigeration and air-conditioning
[8-11], showing promising development.

Parabolic trough solar collector (PTC), which is composed of a parabolic
reflector and a receiver tube located at the focal line, is the most important component
of a PTC system. The optical performance of the PTC is of great significance to the
overall performance of the whole system. During 1970s and 1980s, Scholars [12-16]
investigated the basic optical characteristics of the PTC, using optical cone method
combined with integral method. Thomas et al. [17] investigated the effects of optical
errors on flux distribution around the absorber. In their study, the occurrence of
different optical errors was assumed to follow an independent stochastic process and
presented by a normal distribution. Grena [18, 19] proposed a three-dimensional
model and discussed the efficiency gain with an infrared-reflective film on the
non-radiation part of the receiver. In recent years, with the development of computer

technology, the Monte Carlo Ray Tracing (MCRT) method has been widely used to
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study the optical properties of concentrating solar collectors due to its high accuracy
and flexibility [20-22]. Cheng et al. [23-25] developed a unified MCRT code for
simulating typical concentrating solar collectors and investigated the performance of
different PTCs based on the self-developed code. Guo et al. [26] discussed the
influences of various operational conditions in terms of both heat loss and exergy loss.
They argued that optical heat loss far outweighed the heat loss of the receiver. Zou et
al. [27] discussed the optical performance of the PTC comprehensively based on
MCRT and theoretical analysis. Several critical parameters have been derived
theoretically in their study and can be used to explain the simulation results very well.
Zhang et al. [28] evaluated the effects of three kinds of geometrical deformations on
the optical performance of the PTC and presented that the elliptic profile of the
concentrator created a local hot spot on the absorber, which would shorten the
absorber’s service life.

Although numerous studies have been conducted on the optical performance of
the PTC, few of them have taken into account the effects of actual sunshape and
incident angle which are defined as the practical external conditions in this study.
When propagating through the atmosphere, the solar beam interacts with atmospheric
particles, which will cause small angle forward scattering, producing a solar aureole
(circumsolar region) [29, 30]. Because of the limb darkening and atmospheric
attenuation scattering, the radiant intensity distribution on the solar image obtained on

the earth, defined as sunshape, is uneven and varies with the geographic locations [29,



31]. The practical sunshape has great effects on the optical performance of the PTC,
which, however, has seldom been discussed in previous literature which always
viewed the sunshape as a uniform model without considering the circumsolar region.
To describe the actual solar energy profile precisely, Buie et al. [30] developed a
generic sunshape model based on the vast data collected by the Lawrence Berkeley
Laboratories (LBL) and the German Aerospace Center (DLR). In their later study [32],
the effect of circumsolar region on the solar concentrating system was also
investigated. However, it has not talked about the effects of sunshape for different
geometrical parameters, and also not discussed the energy proportion for specific line
light source span in the optical cone. In addition, the end loss which is caused by the
incident angle weakens the optical efficiency obviously, especially for relatively short
PTCs [33-36]. In this paper, the incident angle is defined as the angle between the
incident rays and the cross-section of the PTC (XOY plane in Fig. 1). Xu et al. [35, 36]
investigated the effects of end loss on the optical efficiency and talked about three end
loss compensation strategies. However, they did not discuss the effects of end loss on
the energy flux distribution on the absorber, and not study the optical performance for
different geometrical parameters as well.

Unlike optical errors which are caused by the PTC system itself, sunshape and
incident angle are usually determined by external conditions, such as location, time,
atmospheric quality, installation direction. Therefore, the sunshape and incident angle

can be viewed as practical external conditions in research. Based on coordinate



transformation and MCRT, the effects of those two practical factors on the optical
performance are discussed comprehensively in this study. Unlike previous researches
viewing the sunshape as a uniform solar disk, which used the direct sampling method
for random variable sampling, this study adopts the acceptance-rejection sampling
method instead, which will make the computing process more time-saving and
efficient. The probability model of sunshape is established based on Buie’s sunshape
model [30]. In addition, both the energy proportion bounded by angular displacement
of any line light source in the optical cone and the end loss against different
geometrical parameters are derived theoretically. The effects of sunshape and incident
angle on the optical performance for different geometrical configurations are
investigated in detail.
2. Model and methodology description
2.1 PTC model

Fig. 1 shows the cross-sectional view of a parabolic trough solar collector (PTC).,
It can be seen from the figure that a PTC module consists mainly of a parabolic trough
reflector and a receiver tube that is composed of a metal absorber tube whose surface
has been deposited absorbing coatings, and a glass envelope. Between the metal
absorber and the glass envelope, there is a vacuum annulus to reduce heat loss and

protect the coatings from oxidation. Some important parameters of the PTC, such as
the aperture width (W ), the focal length ( f ), the absorber tube outer diameter (d, ),

the glass envelope diameter (d, ), the rim angle (v, ), the radial angle of the solar



profile obtained on the earth (. ) and the circumferential angle of the absorber (¢,),
are also presented in the figure. A Cartesian coordinate system is established, the
origin (O) of which is the vertex of parabola. The cross section of the parabolic trough
is contained in X-Y plane, and Z axis is passing through the vertex and parallel to the
focal line.

The present work is a further study on the optical performance of the PTC
presented in Ref. [27]. Thus, the SEGS LS-2 PTC module which has be tested
comprehensively at Sandia National Laboratory (SNL) [37] is also used as the
physical prototype for study, the specifications of which are shown in Table 1.

2.2 Sunshape model

As mentioned above, limb darkening and atmospheric attenuation scattering
cause non-uniform radiant intensity distribution, producing uneven sunshape. To
describe the radial energy profile (i.e. sunshape) precisely, Buie et al. [30] developed a
generic solar model based on the vast data collected by the Lawrence Berkeley
Laboratories (LBL) and the German Aerospace Center (DLR). In Buie’s model, the
brightness at any point was normalized against the central intensity. The expression of

the model is given by Eq. (1).

Cos(0.3266,) 0, < 4.65mrad
$(6.) =4 c0s(0.3086,) M

where &

S

is the radial angular displacement (radial angle) of any point on the sun,

x and y aregiven by Eq. (2) and Eq. (3) respectively.



x=0.9In(13.5y) y °° )

y=2.2In(0.52y) ** -0.1 3

where y is the circumsolar ratio (i.e. CSR), which is defined as the ratio of the
energy contained within the circumsolar region (aureole) to the total energy contained

in both the solar disk and aureole, and given by Eq. (4).

o j: #(0)sin(0)do
o [ g(o)sin(o)do

(4)

where 6 and &, are the radial angular size of the solar disk (¢ =4.65mrad) and the
circumsolar region respectively.

From Eq. (1) ~ Eq. (4), it can be seen that the circumsolar ratio (CSR) is a very
important parameter determining the sunshape, which is correlated with geographic
locations and atmospheric conditions. The CSR can be practically measured by a
pyrheliometer or active cavity radiometer (ACR) [29, 30]. Different pyrheliometers or
ACRs have different acceptance angles (usually ranging between 5<and 7. In Buie’s
study [30], the acceptance angle was determined as 5<in order to keep consistent with
the database of LBL. Hence, in this study, 5<or alternatively expressed as the radial
angular displacement of 2.5° (43.6mrad) is also used as the upper limit of the
circumsolar region (i.e.d, =43.6mrad). As a matter of fact, by summarizing and
analyzing the meteorological parameters, the average or dominant CSR which is
usually used as the representative CSR for a specific site can be easily obtained. It
was proved that it is a linear relationship between the radiation profile (sunshape) and

the radial angle in the circumsolar region in log-log space [30], which is shown in
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Fig.2.
2.3 MCRT model

Monte Carlo Ray Tracing (MCRT) method which has great flexibility and
accuracy, is a powerful tool for simulating the optical performance of the PTC. It
combines the Monte Carlo Method (MCM) with the Ray Tracing Method (RTM).
Detailed information about MCRT can be referred in Ref. [27].

Simulation conducted in this paper is based on two assumptions: (1) The
reflectivity, transmissivity and absorptivity are independent of the incident angle. (2)
The effects of the refraction of glass envelope and the reflection of absorber tube are
ignored. This study will discuss the optical performance of PTCs under conditions of
non-zero incident angle. To be more general, the non-zero incident angle model is
presented, the schematic of which is shown in Fig. 3.

As Fig. 3 depicts, two Cartesian coordinate systems (OXYZ and O’X’Y’Z’) are
established. The coordinate of hitting point (Xo, Yo, Zo) in coordinate system OXYZ can

be expressed by Eq. (5).

X, =W -x,-W/2
y0:X§/4f )
z, =L, x

The unit direction vector of the incident ray in coordinate system O’X’Y’Z’ is
given by Eq. (6).
S'=(sing, cosg,, —cosé,, sind,sing,) (6)

The unit direction vector (S*) in coordinate O°X’Y’Z’ has to be transformed to
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the vector (§) in coordinate system OXYZ. As Fig. 3 shows, the coordinate O’X’Y’Z’

is realized through translation and rotation of coordinate OXYZ. Given that the
translation does not change a vector, only the effect of rotation needs to be considered.
The schematic of coordinate transformation for the incident ray vector between
0’X’Y’Z’ and OXYZ is shown in Fig. 4. From the figure, for any point P, the

following geometrical relations can be easily obtained.

X, =X

p P
y=0OE=AP=AD+DP=BC+DP=0C-siné, +PC-cosé, =z,'-sing, +y,'-cosd, (7)
z=0OA=0B-AB=0B-CD=0C-cosé, —PC-sin8,=z,'-cosé,, —y,'-sin6,,

Thus, the coordinate transformation matrix (M) from O’X’Y’Z’ to OXYZ can be

expressed as Eq. (8).
1 0 0
M=|0 cosé, siné, (8)
0 —sing,, cosé,
Therefore, the unit direction vector (§) in coordinate system OXYZ can be given
by Eq. (9)
S=M-S' 9)
Easily, the inner normal unit vector of the parabolic reflector and the glass
envelope can be derived and given by Eq. (10) and Eq. (11), respectively.
n—0=(—x/ e+ 452, 2 /X2 +4f2, o) (10)
n=(-2x/d,, —2(y-f)/d,, 0) (11)
According to Fresnel law, the following equation can be obtained for A, n and

r representing the unit incident vector, the normal unit vector, and the unit reflected
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vector of a surface (parabolic reflector or glass cover) respectively.
r=A-2-(i-n)-n (12)
The optical behavior (reflection, absorption or transmission) on a surface is

determined depending on a uniformly generated random number. For example, a

uniformly generated random number (x,) will be used to compare with the
reflectivity (p,) of the reflector when a ray reaches the surface of the reflector. If
K, < p,, the ray is reflected, or it will be abandoned. Other optical behaviors,
including transmission and reflection of the glass cover and absorption of the absorber
tube, are determined by the same way. For clarity, the flowchart of MCRT is shown in
Fig. 5.

To initialize the position of the ray on the sun, the probability distribution

function is required, which can be derived using the sunshape model and given by Eq.

(13).
" $(6)sin(6)do
. jg #(6)sin(6) )
IOA¢(H)sin(0)d6
Therefore, its probability density function can be given by Eq. (14).
F(x) = #(x)sin(x) (14)

[ p(0)sin(e)de
From Eqg. (1) and Eq. (13), we can see that it is very difficult to find directly the
inverse function for Eq. (13). Thus, the direct sampling method may be not applicable
in this study. Instead, we use the acceptance-rejection sampling method (or

hit-and-miss method) for random variable sampling, the principle of which is
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expounded as follows:

The distribution density function f(x) is defined between aand b (a<x<b),
and M is the upper limit of f(x)(i.e.0< f(X)<M). Two uniformly distributed
random numbers x, and x; are generated. If Mx, < f(a+(b—a)x,), accept «,,
otherwise abandon x,. The flowchart of the acceptance-rejection sampling method is
shown in Fig. 6.

3. Parameter derivation and definition

The reflection process of sun rays is shown in Fig. 7, from which we can see that
the sun can be viewed as consisting of countless line light sources that are parallel to
the axial direction (Z-axis) of the absorber. It is easily understood that the line light
sources on the sun will also form line lights on the absorber surface after reflection (as
shown in Fig. 7). The intensity of any line light source in the optical cone with a unit
height can be derived theoretically based on aforementioned sunshape model, and

given by Eqg. (15).
y&@)zzxj$¥7?¢(J92+fﬁ)df' (15)

0
where @ is the radial angular displacement of line light source. Therefore, the total
energy in any angle span (A@) in the light cone can be calculated by Eq. (16).
®(A0) = [ y(0)do (16)
AO

Consequently, the proportion of the energy bounded by a specific radial angular

displacement (&) of a certain line light source can be given by Eq. (17).
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2% J.Ogt//(r)dr

P(O)=—:;
ZXIOA w(r)dr

17

As Fig. 8 shows, partial reflected rays in the light cone are intercepted by the

absorber tube. Obviously, the radial intercept angle (6,,.) of the absorber for any point

A on the reflector can be given by Eqg. (18).

0. :arcsin[da (2% G+ (G /AT = 1) )} (18)
The critical tube diameter (d_, ) is defined as the required minimum outer
diameter of the absorber to avoid rays escaping, which can be expressed by Eq. (19)
[24, 27].
Oy =2-(W? /16 f + f )-sin 5, (19)
As shown in Fig. 3, partial reflected rays cannot reach the absorber due to the
incident angle (6,,), causing end loss L, [35, 36]. The centrally reflected ray
from an arbitrary point A (O”) on the reflector intersects with the focal line at point F.
HF is the end loss (L, ) corresponding to point A. In AAHF, the length of HF can
be calculated by Eq. (20).
Az=17,-7,=HF=AH-tan@, =(x3 /4f + f)-tan§, (20)
Due to the incident angle (8, ), the effective solar radiation intensity (1)
incident on the aperture should be calculated by Eq. (21).
|4 =15C086, (21)
The local concentration ratio (CL,) is defined as the ratio of local energy flux

density (1,) to the effective solar radiation intensity (1., ) incident on the aperture [24],
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and expressed by Eq. (22).

CL =117l (22)
4. Model validation
4.1 Suitable grid configuration and number of rays

In our previous study [27], 180 grid divisions around the absorber were proved to
be appropriate, and hence also be adopted in present work. When the incident angle
(6,,) is not zero, the energy flux density distribution along the length (Z-axis)
direction is also uneven. Thus, the absorber should also be divided into a certain
number of small sections along the length direction. Given that the length of the used
PTC module is not very long (La=7.8 m), 30 sections are divided along the length
direction of the absorber.

The number of rays should be determined considering both the results’ accuracy
and the computing time. In Refs. [24, 25], 5107 rays were proved to be large enough
to obtain accurate results. However, in those two references, the incident angle was
always kept zero, and the absorber was regarded as a whole along the length direction.
In this paper, the effects of incident angle (&, ) will be discussed, and the absorber is
divided into many small sections along the length direction, which may need more
number of rays to match. In current work, 1108 rays are adopted for the simulation.
4.2 Model validation

Fig. 9 shows the distribution of the local concentration ratio (CL) obtained by the

established models and Jeter’s results [15]. As Fig. 9 presents, the two curves agree
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very well with each other, verifying the accuracy of the established optical models. It
is also clearly seen that the distribution of local concentration ratio (CL) can be
divided into four parts [24,25, 27], which are the shelter region (part I ), the energy
flux increasing region (partIl), the energy flux decreasing region (part III) and the
direct insolation region (part IV) respectively.
5. Results and discussion

As mentioned above, the SEGS LS-2 PTC module, parameters of which are
given in Table 1, is used as the physical prototype for this study. The direct normal
solar radiation intensity (1,) is 1000W /m?. The effects of sunshape and incident
angle on the optical performance of the PTC will be discussed and the findings will be
expounded in depth in the next section.
5.1 Effects of sunshape

Fig. 10 shows the effects of circumsolar ratio (CSR) on the optical efficiency
(n,)- It can be seen from the figure that 7, decreases obviously with the increase of
CSR. When the CSR increases from 0 to 0.5, the optical efficiency decreases from

84.85% to 77.42%, dropping by 7.43%. Using Eq. (19), we can obtain the minimum

radial intercept angle (@

inc,min

) for the LS-2 PTC module, the value of which is

17.05mrad. Obviously, the minimum radial intercept angle (&

inc,min

) is less than the
upper limit of the radial angular displacement of the sun (6, =43.6mrad), causing rays
escaping and hence weakening the optical efficiency. With the increase of CSR, the

proportion of the energy escaping from the PTC increases, leading to greater optical
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loss and thus causing decrease of optical efficiency. From the analysis above, we can
see that the effects of the sunshape on the optical performance of a PTC is remarkable,
which should be taken into consideration in practice. It is necessary for us to collect
and summarize the dominant sunshape (CSR) when studying the performance of a
PTC system for a specific geographic location. Fig. 11 depicts the effects of
circumsolar ratio (CSR) on the distribution of local concentration ratio (CL). From the
figure, we can see that the maximum CL decreases and the sum of the angle span for
part [, part II, and part III increases with the increase of CSR, indicating a more
uniform distribution of energy flux on the absorber surface. It also shows that when
the CSR increases to a certain value (about 0.8), part I and part Il will disappear.

Fig. 12 shows the variation of optical efficiency (7, ) with absorber diameter (d, )
for different circumsolar ratio (CSR). It is obviously seen that 7, increases
consistently with the increase of d, for CSR more than zero. This is because the

larger the diameter (d,) is, the larger the radial intercept angle (&

) will be, thus
receiving more reflected rays. From the figure, we can also find that when CSR is
equal to zero (CSR=0), 7, increases firstly for d, less than 25mm, and then

maintains almost constant at the maximum (about 84.85%) with the increase of d,.
This can be easily explained by the critical diameter given by Eq. (20). When CSR=0,
all the rays come from the solar disk (without aureole) the radial angle of which is

4.65mrad (o =4.65mrad). Using Eg. (20), we can calculate the critical diameter for ¢,

the value of which is 25mm (d_. =25mm). Consequently, when d, is smaller than

min
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d_. , partial reflected rays will escape from around the absorber tube (escaping effect),

min ?

reducing optical efficiency (7,), and when d, is larger than d_. , all the rays will

be received by the absorber, ensuring the maximum optical efficiency. We can also
see from the figure that the larger the CSR is, the smaller 7, will be, which shows
the same characteristics that is shown in Fig. 10. The optical efficiency difference
between two CSRs decreases with the increase of absorber diameter (d,), which
indicates that the optical efficiency will be less sensitive to the CSR for a PTC with
larger absorber diameter.

Fig. 13 shows the effects of the aperture width (W ) on the optical efficiency (7, )
for CSR=0.4. It can be obviously seen that 7, increases constantly from 81.16% to

71.32% with increasing W from 1m to 16m. The possible reason is displayed in Fig.

14 which shows the variation of the radial intercept angle (6,

) with the absolute
value of the abscissa of point A (|x,|). It can be clearly observed from Fig. 14 that
6, deceases consistently with the increase of |x,|, which means that the larger W is,
the smaller g, will be, causing greater rays escaping and thus lowering optical
efficiency (7,). Therefore, a larger absorber diameter will be required for the PTC
with larger aperture width to acquire a relatively high optical efficiency. The effects of
focal length ( f) on optical efficiency (7,) for CSR=0.4 is shown in Fig. 15, from
which we can find that 7, increases firstly and after getting to the peak (about

82.4%) at f =0.8, n, decreases constantly with further increasing f. The reason is

shown in Fig. 16 which depicts the variation of the radial intercept angle (&

inc

) with
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focal length ( f) for different reflection point A (|x,|). It is clearly seen from the
figure that when |[x,| is more than 1, @, . increases firstly and then deceases with
the increase of f, showing similar variation trend to 7, which is depicted in Fig. 15.
Fig. 16 also shows that the focal length (defined as f)) corresponding to the peak
efficiency increases with the increase of [x,|. As a result, the f = for a specific PTC
will be determined by the combined effects of all the reflection points on the parabolic
reflector. It can be inferred from the analysis above that the larger W is, the larger f,
will be.

For more generalization, the energy proportion ( P ) bounded by radial angular
displacement (&) of line light source in the optical cone for different CSR is shown in
Fig. 17. Obviously, the energy proportion (P) increases with the increase of 8. As
CSR increases, P decreases for a specific @, which means the larger CSR is, the
larger the absorber diameter (d,) has to be to meet the energy requirement. For
example, if it is acceptable for a site with a CSR of 0.3 to have 90% of the incoming
total energy received by the absorber, the radial angular displacement (8) should be
more than 9mrad.

5.2 Effects of incident angle
As shown in Fig. 3, partial reflected rays will escape from one end of the PTC

because of the incident angle (@, ), causing end loss ( L,4 ) Which will

undoubtedly weaken the optical efficiency. The details of the effects of the incident

angle (6,,) on the optical performance of the PTC are discussed in this section. The
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circumsolar ratio in this part is determined as zero (CSR=0). The length of the
absorber (L,) for the used PTC in this paper is 7.8 m (shown in Table 1). Fig. 18
shows the variation of optical efficiency (7, ) with the incident angle (&,,). It can be
clearly seen from the figure that 7, decreases obviously with the increase of @4, .
When @, is greater than 77< 7, maintains constant at an extremely small value
(almost zero). That means all the reflected beam escape from the PTC with & larger
than 77< Fig. 19(a) and Fig. 19(b) show the distribution of local concentration ratio
(CL) around and along the absorber respectively. Note that Fig. 19(b) shows the
results for 9 =30< From Fig. 19(a), we can see that the sum of angle span for part I ,
part II, and part III increases with the increase of @, . This is because the larger

o)

in

is, the greater the distance of the reflected rays from the reflector to the absorber

(i.e. AF in Fig. 3) is, and thus the larger the solar image on the surface of the absorber
will be. In addition, the peak value of CL decreases with the increase of &, and the
energy flux distribution is consequently more uniform. It also shows that when the
incident angle is more than 45< partIl disappears. It can be observed in Fig. 19(b)
that there is a section at one end of the absorber that has extremely small CL (almost
zero), and afterwards, CL increases sharply to a relatively constant value as the
absolute value of circumferential angle (| ¢, |) is smaller than 90< When |¢, | is
larger than 90< the CL along the absorber is kept very small (almost zero), which
means that all the reflected beam cannot reach the area where |¢, | is larger than 90<

It can also be found that when two circumferential angles are symmetrical to each
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other (#5<and x75<shown in Fig. 19(b)), the distributions of CL for them are
coincident. From Fig. 19, we can also find that the length of the section with very low
CL for ¢, =+75" is larger than that for ¢, =0° and ¢, =+45°. This can be
explained by the theoretical results shown in Fig. 20, which depicts the variation of
z. -2

with |x,| for different @, . From the figure, we can see that z -z,

F A

increases with the increase of |x,|, indicating that the wider the aperture width (W) is,
the greater the end loss (L, ) Will be. The position with larger [¢,| can only
receive the reflected rays from larger |x,|, leading to larger z.—z,. Therefore, the
length of the section with very low CL for larger |¢,| will be greater than that for
smaller |, |. It can also be seen from Fig. 20 that when the incident angle (8,) is
77< the minimum of z_—z, islargerthan L, (L,=7.8 m), which means that all the
reflected beam escape from the PTC. This nicely explains the phenomenon shown in
Fig. 18 that the optical efficiency (7,) is almost zero for incident angle (&, ) more
than 77 < further verifying the accuracy and reliability of established optical models.
Figs. 21-24 show the effects of aperture width (W), focal length ( ), absorber
diameter (d,) and absorber length (L,) on the optical efficiency (7,) respectively
under the condition of @ =30< From Fig. 21, we can see that 7, decreases
continuously with the increase of W, which has be accounted for by the theoretical
results presented in Fig. 20. Fig. 22 shows that 7, increases while f is less than
0.75 m, and then decreases constantly with further increasing f . The possible

reason can be found in Fig. 25 which shows the effects of f on z.—z, for
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different |x,|. From the figure, we can clearly see that when f is less than 0.75m,
z. —z, decreases with increasing f for |x,| larger than 1.75. This indicates that
when f is smaller than 0.75 m, the end loss (L, ) Will decrease with
increasing f for most |x,|. Note that the maximum of |x,| is half the aperture
width (X, =0.5W =2.5m). Thus, a small increase of 7, occurs for f varying
from 0 to 0.75m. Comparing Fig. 21 and Fig. 22, we can find that 7, decreases
from 73.54% to 54.38% for W varying from 1 m to 16 m, dropping by 18.1%, and
decreases from 75.38% to 10.73% for f varying from 0.5 m to 10.5 m, dropping
by 64.65%, which indicates that 7, is more sensitive to f than to W for a certain
incident angle (&,,). It can be seen from Fig. 23 that when d, is larger than 30mm,
n, increases gradually from 71.51% to 71.98% with d, increasing from 30mm to
120mm. This because the larger d, is, the more the incident rays will be absorbed
directly and the less the rays can escape from around it. Whereas when d, is less
than 30 mm, 7, increases rapidly from 67.5% to 71.51% with d, increasing from
20mm to 30mm. The possible reason is that the absorber diameter (d, ) is less than

the critical diameter (d,_.,=30mm) in this case, causing serious rays escaping effect.

min
From the discussion in section 5.1, we know that the critical diameter for &_=0<is
25mm. Therefore, it can be inferred that larger incident angle ( &,,) will cause larger

critical absorber diameter (d . ), which will lead to larger rays escaping. Fig. 24

min

illustrates the effects of absorber length (L,) on the optical efficiency (7, ) for &,

=30< From the figure, we can clearly see that 7, first increases rapidly from 64.38%
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to 81.44% for L, increasing from 5m to 30m, and then the growth rate becomes
slower with further increasing L,. When L, islarger than 70 m, 7, maintains at a
relatively high value of about 83%. This demonstrates that the longer L, is, the
smaller the effect of @  on 7, will be, and when L, is larger than a certain
degree, the effect of ¢ will be negligible.
6. Conclusions
The influences of actual sunshape and incident angle on the optical performance
of the PTC is investigated comprehensively in this paper. Based on randomized trial
theory and coordinate transformation, MCRT optical models are established. The
energy proportion bounded by any angle span in the optical cone and the end loss
caused by any incident angle are derived theoretically. Considering different
sunshapes and incident angles, the effects of geometrical parameters on optical
performance are discussed in detail. Compared with the results presented in related
literature, the established optical models are validated. In addition, all the findings can
also be explained by theoretical analysis results, further proving the accuracy and
reliability of the established models. Findings in this paper can be used as reference or
guidance for designing and optimizing PTC’s structure in practice. Several
conclusions are drawn as follows.
(1) The sunshape (represented by CSR) has great effects on the optical
performance of a PTC, which should be taken into account in practice. The optical

efficiency decreases obviously with increasing CSR. The distribution of energy flux
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around the absorber tube is more uniform for larger CSR. The optical efficiency
increases with increasing absorber diameter and decreases with increasing aperture
width. The focal length corresponding to the peak efficiency increases with the
aperture width. The energy proportion bounded by a certain angle span decreases with
increasing CSR. In practice, the geometrical configuration of the PTC, especially the
absorber tube diameter, should be appropriate to meet the energy requirement based
on local CSR conditions.

(2) The end loss caused by incident angle weakens the optical efficiency. The
larger the incident angle is, the greater the end loss will be, causing lower optical
efficiency. Larger incident angle can improve the uniformity of the energy flux
distribution around the absorber tube. The effects of the incident angle on the optical
efficiency are closely associated with geometrical parameters. For any incident angle,
larger aperture width, smaller absorber diameter and smaller absorber length cause
greater end loss. When the absorber length is larger than a certain degree, the effect of
incident angle will be negligible. When the focal length is in a range of certain small
values, the optical efficiency increases with the increase of focal length, and then
decreases constantly with further increasing focal length.

This paper has discussed the effects of external environmental factors (sunshape
and incident angle) on the optical efficiency. In practice, optical errors, caused by the
PTC system itself, also affect greatly the optical performance. Thus, the coupled

effects of optical errors (tracking error, installation error and surface error) are also
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very important, which are studied currently and will be presented in another paper.
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Figures:

Fig. 1 Schematic diagram of the cross section of a PTC module

0 T T T T T T ]
1k .
S 1
=
(@]
S 3| ——CSR=0.05 _
—— CSR=0.1
—— CSR=0.2
4| —CSR=03 i
—— CSR=0.4
——CSR=0.5
5L

0.50 0.75 1.00 1.25 1.50 1.75
log(8)

Fig. 2 Sunshape described by Buie’s model for different CSR
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Fig. 3 Schematic of rays concentration for a PTC with non-zero incident angle
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Fig. 7 The reflection process of sun rays
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Fig. 8 Reflected rays are intercepted by absorber tube
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Table 1 Parameters of SEGS LS-2 PTC module

Parameter Value Unit

W 5 m

f 1.84 m

La 7.8 m

da 0.07 m

dg 0.115 m

aa 0.96 —

O 0.93 —
0.95 —
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