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a b s t r a c t

In this work, a novel parabolic trough receiver (NPTR) with an inner tube and wing-like fringe was
proposed to improve heat-collecting efficiency as well as provide different grades of thermal energy.
Thermal oil and water, which flow respectively in absorber and the inner tube, are selected as high and
low temperature heat transfer fluids. A three-dimensional computational fluid dynamics model was
developed to investigate the performance of the NPTR. Effects of geometrical parameter and thermal
conductivity of inner tube on the performance of NPTR were studied in details. Based on the results, the
NPTR with b ¼ 180� is recommended as the suggested design. Moreover, performance of the suggested
design under different direct normal irradiances (300e1000 W/m2) and inlet temperature of oil (400
e650 K) were evaluated. Compared to the conventional parabolic trough receiver, the heat loss of NPTR is
effectively reduced by 33.1e50.1%, and the overall efficiency can be improved by 0.61%e7.67%. Moreover,
the proportions of oil and water heat gains in the total input solar energy are ranged in �18.8e63.5% and
8.39e77.6%, and the temperature gains of oil and water are ranged in �1.4e19.5 K and 5.4e18.8 K,
respectively.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Fossil fuels, the main energy sources for the development of the
world, are being consumed rapidly with the booming development
of the world economy [1]. The problems that come along, including
energy shortage, environmental pollution, global warming from
greenhouse effect and so on, are becoming increasingly serious [2].
Speeding up the development and utilization of clean and renew-
able energy is an effective way to alleviate these problems. Solar
energy, the world’s most abundant clean energy source, has great
potential to partially replace fossil energy and meet the growing
energy demand [3]. Photothermal and photovoltaics are the two
main ways of solar energy utilization [4]. Among them, solar
thermal utilization can provide the required heat source for pro-
duction and living processes, such as concentrating solar power
(CSP) [5], solar-powered desalination [6,7], solar water heater [8],
gineering, Huazhong Univer-
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and so on. Parabolic trough collector (PTC), the most mature
concentrating solar thermal collector, is the most widely used
collector in CSP stations and contributes over 75% to the global CSP
capacity [9]. Thus, the design and research on the PTC have drawn
extensive attention from researchers all over the world [10,11].

The PTC is composed of a reflector and a parabolic trough
receiver (PTR) that consists of an absorber, glass cover and annular
vacuum zone between them. When the PTC is working, the upper
half part of the absorber receives direct irradiance while the lower
half part receives concentrated irradiance from the reflector (see
Fig. 1(b)). The solar irradiance will be absorbed by the selective
coating on the outer surface of the absorber and then converted to a
non-uniform heat flux. Finally, most of the heat will be taken away
by the heat transfer fluid (HTF) in the absorber. Part of the heat will
be lost to the environment through the radiative heat transfer be-
tween the absorber outer surface and inner wall of glass cover and
then the radiative and convective heat transfer on the outer wall of
glass cover. And the heat loss will increase rapidly with the
increasing temperature of HTF in a conventional parabolic trough
receiver (CPTR). Thus, the key to reducing heat loss is how to shrink
the heat transfer between the absorber outer surface and inner wall
of glass cover. To improve the efficiency and competitiveness of
PTC, researchers all over the world have made a great amount of
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Fig. 1. Sketch of a novel PTR inserted by an inner tube with a wing-like fringe.
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efforts to reduce its heat loss [3,10]. Until now, a variety of tech-
nologies have been proposed, including heat loss lessening tech-
nologies that focus on the radiative heat transfer between absorber
and glass cover, and the heat transfer enhancement technologies
that focus on the flow and heat transfer of HTF within absorber.

Heat loss lessening technologies are aimed at hindering the
radiative heat transfer between the absorber outer surface and
inner wall of glass cover, such as adding radiation shield [12,13],
adding transparent aerogel [14,15], etc. Yang et al. [16] have con-
ducted a spectral-spatial design and coupling analysis of a PTR
under the HTF temperature of 600 �C. They found that over 40%
surface area of the absorber (mainly in the directly illumined zone)
is the negative thermal-flux region, which means that the radiative
heat flux density from absorber to the environment exceeds the
direct solar irradiance when the PTR is working under a high HTF’s
temperature. To overcome the negative thermal-flux region, Wang
et al. [17] have designed, manufactured and tested a PTR with a
radiation shield that made of aluminum. They found that the heat
loss can been effectively reduced up to 28.1% when at the absorber
temperature of 600 �C and the efficiency are significantly enhanced
by 12.9% when DNI is 600 W/m2 and inlet temperature is 550 �C.
However, because the radiation shield inevitably intercepts part of
the direct irradiance, the results indicated that the heat-collecting
efficiency of the PTR with shield is even lower than that of a
CPTR when the temperature of HTF is low and the DNI is large. Li
et al. [14] and Qiu et al. [15] have proposed an excellent strategy by
adding solar-transparent aerogel in the directly illumined vacuum
zone. The solar-transparent aerogel possesses an outstanding solar
transmittance and but low transmittance to infrared emittance.
They found that this design can alleviate the optical blocking by the
radiation shield and effectively improve the efficiency of PTR under
large range of DNI and HTF’s temperature. Recently, Qiu et al. [18]
have designed a novel PTR with a spectral-selective glass cover and
rabbit-ear mirrors and obtained a maximum receiver efficiency
improvement of 2.72%.

Heat transfer enhancement technologies and theories [19,20],
which are often applied to enhance the heat or mass transfer
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between the fluid and solid, have been widely studied for reducing
the temperature of absorber and improving performance of PTR,
including nanofluids and turbulators. Among them, nanofluids are
still far away from large-scale industrial applications due to their
high production cost, agglomeration and instability [21,22]. While
turbulators, which focus on disturbing and promoting themixing of
the HTF so as to enhance the heat transfer, have good potential in
practical applications due to their low cost, easy manufacture and
installation [23,24]. In recent years, various turbulators have been
proposed for improving the performance of PTR, such as twisted
tape [25], helical screw tape [26], conical strip [27], porous disc
[28], rod [29], perforated plate [30], metal foams [31], internal fin
[32,33], longitudinal vortex generators [34], inclined curved-
twisted baffles [35], ribbed tube [36], corrugated tube [37], etc.
Mwesigye et al. [30] have examined the performance of a PTR with
centrally placed perforated plate inserts. It was found that the
perforated plate can improve the thermal efficiency by 1.2e8%.
Bellos et al. [38] employed a internally finned absorbers to
ameliorate the performance of the PTR and obtained 1.27% increase
in the thermal efficiency at inlet HTF temperature of 600 K. Liu et al.
[27] reported a numerical study of a PTR with conical strip inserts.
They found that the enhanced PTR can obtain up to 82.1% reduction
in heat loss and 5.04% enhancement in thermal efficiency. However,
the performance enhancement of the PTR with turbulators is
limited when the when the temperature and flow rate of HTF are
high and the DNI is low. It is because that under this condition, it is
difficult for the PTR with turbulators to achieve obvious reduction
in temperature on the absorber outer surface compared to the
CPTR. Moreover, the turbulators are unable to overcome the
negative thermal-flux region in the directly illumined zone.

As the global water shortage is getting worse, desalination
technologies driven by solar energy for clean fresh water production
have drawn extensively interests around theworld recently [39e43].
Desalination technologies such asmulti-effectmembrane distillation
[42] require a great amount of low-grade heat (about 80 �C) which
can be provided by solar thermal collectors. In some arid regions
with abundant solar energy resources like North Africa, the Middle
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East and some remote islands, etc., solar energy has potential tomeet
the demands of energy for electricity and fresh water production.
This requires solar collectors to provide high temperature and low
temperature heat sources for power production and water desali-
nation at the same time. Recently, Liu et al. [44] designed a novel PTR
with double tube for solar cascade heat collection and numerically
investigated the effects of the operating parameters on the perfor-
mance. They found that the proportions of the high and low tem-
perature heat gains are ranged in 39.01e62.92% and 28.37e8.86% of
the incident solar energy, respectively and the total thermal effi-
ciency can be improved by up to 1.5%.

Based on the literature survey above, to overcome the negative
thermal-flux region and improve heat-collecting efficiency as well
as provide different grades of thermal energy, a novel parabolic
trough receiver (NPTR) by integrating an inner tube with a wing-
like fringe for solar cascade heat collection is designed, as shown
in Fig. 1. In the NPTR, an inner tube with a wing-like fringe is tightly
affixed to the upper half of absorber. Low temperature heat transfer
fluid (LT-HTF) such as seawater or brine in the inner tube, which is
used to provide low-grade thermal energy for desalination, can
take away the heat from direct irradiance and effectively reduce the
temperature and heat loss in the directly illumined zone of
absorber. At the same time, the high temperature heat transfer fluid
(HT-HTF), which flows between the inner tube and absorber inner
surface, can take away the heat from concentrated irradiance and
provide high-grade thermal energy for power production. In the
present work, firstly, a three-dimensional numerical model is
established for evaluating the performance of the NPTR. Then, the
effects of geometrical and thermal-physical property parameters of
the inner tube on the performance are investigated. Finally, per-
formance of the NPTR under different DNI is studied and evaluated.
This study may provide an alternative efficient solar heat collector
for the cascade comprehensive utilization of solar thermal energy.
2. Description of the novel parabolic trough receiver

The novel parabolic trough receiver (NPTR) proposed in this
study is modified from a standard LS2 PTC [26] by integrating an
inner tube with a wing-like fringe, as shown in Fig. 1. And the
geometric model of the NPTR is presented in Fig. 2. The detailed
geometrical and thermal parameters of the NPTR are listed in
Table 1. To obtain both high and low temperature heat sources for
power generation and desalination, respectively, two heat transfer
fluids (HTFs), i.e. high temperature heat transfer fluid (HT-HTF) and
low temperature heat transfer fluid (LT-HTF), are applied in the
NPTR, as shown in Fig. 1. Moreover, the LT-HTF flows through the
inner tube while the HT-HTF flows through the channel between
Fig. 2. Geometric mod
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the inner surface of absorber and the inner tube. Syltherm-800 oil
[45] and water are selected as the HT-HTF and LT-HTF in this study,
respectively.

Because the heat loss is mainly through the radiation heat ex-
change between the outer surface of absorber and the glass cover
and then is lost to the environment. Reducing the temperature of
the absorber will be an effective way to diminish the heat loss ac-
cording to Stefan-Boltzmann law. Therefore, the inner tube in this
study is designed to be tightly affixed to the upper half of absorber,
where is illuminated by direct solar irradiance and loaded with low
heat flux density, as shown in Fig. 1. The LT-HTF goes through the
inner tube and takes away the heat and the wing-like fringe of the
inner tube can prevent the HT-HTF from directly contacting the
upper part of absorber. The combination of these two strategies
makes it possible to maintain the upper part of absorber at a
relatively lower temperature than that of the HT-HTF. In addition,
six different central angles (b ¼ 60�, 90�, 120�, 150�, 180� and 210�)
corresponding to the wing-like fringe have been selected to
determine its influence on the performance of the NPTR. The ma-
terial of the inner tube should possess good resistance to the high
temperature and seawater corrosion as well as excellent mechan-
ical properties. Thus, zirconia ceramic become a good choice for the
inner tube material. Moreover, the thermal conductivity of the in-
ner tube should be low enough to minimize heat transfer from HT-
HTF to LT-HTF. Therefore, porous zirconia ceramic [46] with ther-
mal conductivity of 0.1e0.7 W/(m K) has been selected as the
material of the inner tube. To explore the effects of the thermal
conductivity of the inner tube on the performance of the NPTR, six
different thermal conductivities (linnertube ¼ 0.2, 0.3, 0.4, 0.5, 0.6,
0.7 W/(m$K)) have been selected to be investigated in this study.
3. Numerical model

In the conventional parabolic trough receiver (CPTR), the pivotal
flow and heat transfer processes include heat convection between
the HT-HTF and the absorber inner surface, heat conduction within
the absorber, glass cover and the vacuum domain, thermal radia-
tion between the absorber and the glass cover, heat convection on
the outer surface of glass cover with environment, and the thermal
radiation between the outer surface of glass cover and sky. In the
NPTR, the heat convection between inner tube and both HT-HTF
and LH-HTF, heat conduction in the inner tube should be further
considered. A three-dimensional computational fluid dynamics
(CFD) model was established to simulate the flow and heat transfer
processes mentioned above. In addition, considering that the NPTR
is symmetry about the x-z plane, only half of the NPTR is selected as
the computational domain to save computing resource.
els of the NPTR.



Table 1
Geometrical and thermal parameters of the NPTR [15,26,47].

Parameters Value Parameters Value

Full length of the PTR (L) 7.8 m Emissivity of the glass cover (εg) [15] 0.86
Inner diameter of absorber (dri) 66 mm Density of the glass cover 2230 kg/m3

Outer diameter of absorber (dro) 70 mm Thermal conductivity of the glass cover [15] 1.2 W/(m$K)
Inner diameter of glass cover (dgi) 109 mm Temperature-dependent emissivity selective coating (εc) [47] 0.000327 T �0.065971
Outer diameter of glass cover (dgo) 115 mm Density of absorber 7650 kg/m3

Inner diameter of inner tube (dii) 20 mm Thermal conductivity of absorber [26] 25 W/(m$K)
Outer diameter of inner tube (doi) 30 mm Mass flow rate of Syltherm-800 oil 0.7 kg/s
Eccentric distance of inner tube (e) 18 mm Mass flow rate of water 0.12 kg/s
Radius of rounded corners (r) 10 mm Density of inner tube (zirconia ceramic) 5700 kg/m3
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3.1. Computational methods

In this study, the flow and heat transfer processes in the CPTR
and NPTR are assumed to be in steady state. The flow of both HT-
HTF and LT-HTF is assumed to be turbulent. The realizable k-ε
two-equation turbulence model, which has been verified in our
previous work [27], is adopted to simulate the flow and heat
transfer of the HTFs, and the corresponding governing equations
are expressed as below.

Continuity equation:

vðruiÞ
vxi

¼0 (1)

Momentum and energy equations for the HTFs:
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where mt and Prt are the turbulent viscosity and turbulent Prandtl
number, respectively.

Equations of Turbulent kinetic energy k and turbulent energy
dissipation ε:
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where sk and sε represent the turbulent Prandtl numbers for k and
ε, respectively.

The energy equation for the heat conduction in the solids is
presented as follow:

v

vxi

�
l
vT
vxi

�
þ Sh ¼0 (7)

where Sh is the heat source which equals to 0 in this study.
Software ANSYS Fluent 16.0 based on the finite volume method

(FVM) is employed to solve all the governing equations. The gov-
erning equations are discretized with second order upwind
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scheme. The coupling between velocity and pressure is obtained
with SIMPLE algorithm. In addition, the enhanced wall treatment
method is employed to capture the high resolution of gradients
near the surfaces. Discrete Ordinates (DO) radiation model is
selected to simulate the radiative heat transfer.

Thematerials of the absorber and glass are stainless steel (321H)
and Pyrex with the thermophysical properties listed in Table 1. The
temperature-dependent thermophysical properties of the
Syltherm-800 oil [45] are presented in Eqs. 8e11, while the
temperature-dependent thermophysical properties of water, which
are fitted into polynomials from the data in the reference [45], are
expressed in Eq.12e15, where T is the temperature of the HTFs in K.

roil ¼ � 6:0616� 10�4T2 � 4:1535� 10�1T þ 1:1057� 103

(8)

cp;oil ¼1:7080T þ 1:1078� 103 (9)

loil ¼ � 5:7534� 10�10T2 � 1:8752� 10�4T þ 1:9002� 10�1

(10)

moil ¼6:6720�10�13T4 �1:5660�10�9T3 þ1:3882�10�6T2

�5:5412�10�4T þ8:4866�10�2 (11)

rwater¼1:772� 10�5T3 � 2:067� 10�2T2 þ 7:335T þ 1:71956

� 102

(12)

cp;water ¼1:471�10�6T4 �1:973�10�3T3 þ1:005T2

�2:2965�102T þ2:3978�104 (13)

lwater ¼3:419� 10�8T3 � 4:581� 10�5T2 þ 2:014� 10�2T

� 2:229

(14)

mwater ¼4:078�10�11T4 � 5:502�10�8T3 þ2:789�10�5T2

�6:302�10�3T þ 0:536574 (15)
3.2. Boundary conditions

The detailed boundary conditions employed in the present work
are listed as follows:
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(1) No slip conditions were applied to the interfaces between the
solids and HTFs.

(2) The HT-HTF and LT-HTF flow in the same direction (parallel
flow). The mass flow rates of the HT-HTF and LT-HTF at the
inlets were set to be 0.7 kg/s and 0.12 kg/s, respectively.
Pressure outlets were employed to the outlets of the HTFs.

(3) A circumferential non-uniform heat flux distribution under
direct normal irradiance (DNI) of 1000 W/m2 from He’s
research [48], as shown in Fig. 1 (d), was loaded on the outer
surface of absorber. And the temperature-dependent emis-
sivity selective coating [47], which is listed in Table 1, was
employed at the absorber outer surface.

(4) The surfaces of the glass cover and absorber were assumed to
be opaque and gray to the infrared radiation. The emissivity
on surfaces of the glass cover is set to 0.86 [15].

(5) Adiabatic boundary was adopted to the ends of the receiver.
(6) At the outer surface of the glass cover, a mixed boundary of

heat convection and radiation was applied. The heat transfer
flux that lost to the environment was calculated by using the
following equation:

q¼ hwðTw � TaÞ þ εgs
�
T4w� T4s

�
(16)

where Tw is the temperature on the outer wall of the glass cover. Ta
is the ambient temperature which equals to 298 K in this study,
while Ts is the sky temperature which is 8 K lower than Ta [49]. s is
the Stefan-Boltzmann constant. εg is the emissivity of the glass. hw
is the approximate uniform convective heat transfer coefficient on
the outer wall of the glass cover, which can be defined as Eq. (17)
[50].

hw ¼4V0:58
w d�0:42

go (17)

where Vw is the wind speed which is set to 2.5 m/s in this study.
Fig. 3. Grid system and independence test.
3.3. Parameter definitions

The Reynolds number (Re), average heat transfer coefficient (h),
average Nusselt number (Nu) and friction factor (f) are defined as
below:

Re¼ rud
m

(18)

h¼ qw
.�

Tw � Tf
�

(19)

Nu¼hd=l (20)

f ¼2DPLd
ru2

(21)

where r, m and l are the density, viscosity and thermal conductivity
of the HTFs at Tf, respectively. qw and Tw represent the average heat
flux and temperature on the inner surface of absorber or inner tube,
respectively. Tf and u are the bulk temperature average velocity of
the HTFs, and d is the inner diameter of absorber or inner tube, and
DPL is the pressure drop per unit distance in the flow direction.

The heat gain (Qu) and pumping work (Wp) of the HTFs are
defined as follow:

Qu;oil ¼Moil,cp;oil,
�
Tout;oil � Tin;oil

�
(22)
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Qu;water ¼Mwater,cp;water,
�
Tout;water � Tin;water

�
(23)

Qu ¼Qu;oil þ Qu;water (24)

Wp;oil ¼Moil,DPoil
.
roil (25)

Wp;water ¼Mwater,DPwater
	
rwater (26)

Wp¼Wp;oil þWp;water (27)

The overall efficiency can be calculated as Eq. (28) [10] as below:

h¼Qu �Wp
	
hel

Qs
(28)

Qs ¼Aa,DNI (29)

where hel is the average electrical efficiency of the grid which takes
values close to 33% [10]. Aa is the collector’s aperture area.
4. Grid independence test and model validation

4.1. Grid system and independence test

To eliminate the influence of the grid number on the numerical
results, grid independence test has been conducted with four grid
systems when Tin,oil ¼ 500 K, b ¼ 120� and linnertube ¼ 0.4 W/(m$K).
Grid system and the results of the grid independence test are
presented in Fig. 3. It is observed that the relative variations for Nu,
f, Tmax and heat loss are limited within ±0.2% when the grid number
increases from 555204 to 1628380. To balance the calculation time
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and accuracy, the grid system with 555204 cells was selected for
the numerical simulation later.
4.2. Model validation

In this study, the Gnielinski correlation for Nu and the Petu-
khov’s correlation [51] for f under turbulent flow regime, which are
expressed as Eqs. (30) and (31), were applied to verify the accuracy
of the CFD model on calculating the heat transfer and flow resis-
tance. Firstly, the heat transfer and flow characteristics of the oil
flow in the CPTR were validated. The comparisons of Nu and f for
the oil between the numerical results and correlations are
demonstrated in Fig. 4 (a). It is observed that the relative differ-
ences of the Nu and f for the oil in CPTR are limited within ±4.6%
and 3.6%, respectively. Then, the flow and heat transfer perfor-
mance of thewater in the inner tube of the NPTRwere also verified.
Fig. 4 (b) illustrates the comparisons of Nu and f between the
calculating results and values from correlations. It can be found that
the results in this study agree well with the values calculated by the
correlations, as the relative differences of Nu and f for the water
flow in the inner tube are limited within ±4.6% and 3.6%, respec-
tively. These indicate that the developed CFD model is reliable.

Nu¼ ðf =8ÞðRe� 1000ÞPr
1þ 12:7ðf =8Þ0:5

�
Pr2=3 � 1

�
"
1þ

�
d
L

�2=3
#

(30)
Fig. 4. Comparisons of Nu and f between the numerical results and the correlations:
(a) oil in the CPTR; (b) water in the inner tube of NPTR.
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f ¼ð0:790lnRe� 1:64Þ�2 (31)

To further validate the accuracy of the model, the simulation
under the same operating parameters (as listed in Table 2) of the
experiments from Dudley et al. [52], was conducted. The compar-
isons of temperature gain and heat collecting efficiency of a CPTR
between the experimental data from Dudley et al. and the nu-
merical results are illustrated in Fig. 5. It is seen that the numerical
results show good agreement with the experimental data with the
relative differences of temperature gain and heat collecting effi-
ciency being limited in ±3.3% and ±1.9%. Therefore, the CFD model
developed in this study has a reliable accuracy.

5. Results and discussion

5.1. Effects of inner tube and the central angle of the wing-like
fringe

The wing-like fringe can prevent the HT-HTF from directly
contacting the upper half of absorber inner surface. Thus, the
central angle of the wing-like fringe has a significant influence on
the performance of the NPTR. And its effects on the thermal-
hydraulic and heat collecting performance are discussed when
DNI ¼ 1000 W/m2 and linnertube ¼ 0.4 W/(m$K).

5.1.1. Distributions of velocity, temperature and heat flux
Figs. 6 and 7 present the velocity and temperature contours of

the CPTR and NPTRwith different b at the cross-section of z¼ 3.9 m
and Tin,oil ¼ 500 K, respectively. It can be observed in Fig. 6 that the
velocities of the LT-HTF in the inner tube of NPTRs are almost the
same, as the cross-sectional areas of the LT-HTF are constant.
However, the velocities of the HT-HTF in NPTRs are apparently
higher than that of the CPTR, and the velocity increases with the
increasing b. It is because compared to CPTR, the cross-sectional
areas of HT-HTF in NPTRs are significantly reduced and the cross-
sectional area decreases as the b increases. Moreover, the velocity
gradients of HT-HTF near the absorber inner surface in NPTRs are
dramatically aggrandized when compared to CPTR. This is benefi-
cial to enhance the convective heat transfer between HT-HTF and
absorber inner surface. As a result, it can be seen in Fig. 7 that the
temperatures of the lower part of absorber in NPTRs are much
lower than that of the CPTR. And the temperature on the lower part
of absorber in NPTRs decreases with the increase of b. In addition,
from Fig. 7, it is clear that the temperatures on the upper part of
absorber in NPTRs are significantly reduced to even lower than the
temperature of HT-HTF when compared to the CPTR. This is
because the small heat flux on the upper part of absorber, where is
illuminated by direct irradiance, is quickly taken away by the LT-
HTF.

Fig. 8 (a) and (b) present the circumferential temperature and
outward heat flux distributions on the absorber outer surfaces of
PTRs under Tin,oil¼ 500 K, respectively. From Fig. 8 (a), it is observed
that the temperatures on the absorber outer surfaces of all NPTRs
are significantly lower than that of the CPTR on the entire
circumference. Moreover, it can be seen that in the area
when�90� < q <�30�, the outer surface temperatures of absorbers
in NPTRs decrease with the increase of b. This is because the ve-
locity of HT-HTF is enlarged (as shown in Fig. 6) and the convective
heat transfer in this area is enhanced as the b increases. In the area
with�30� < q < 90�, the outer surface temperatures of absorbers in
NPTRs decrease first (b < 180�) and then increase (b > 180�) with
the increasing b. It is because in the area with 0� < q < 90� where is
illuminated by direct irradiance, only a very low local heat flux
transformed from solar irradiance is loaded, while in the area



Table 2
Operating parameters of Dudley’s experiment.

Case 1 2 3 4 5 6 7 8

DNI(W/m2) 933.7 968.2 982.3 909.5 937.9 880.6 920.9 903.2
Wind speed(m/s) 2.6 3.7 2.5 3.3 1.0 2.9 2.6 4.2
Air temperature (�C) 21.2 22.4 24.3 26.2 28.8 27.5 29.5 31.1
Flow rate (L/min) 47.70 47.78 49.10 54.70 55.50 55.60 56.80 56.30
Tin,oil (�C) 102.2 151.0 197.5 250.7 297.8 299.0 379.5 355.9

Fig. 5. Validation with experimental data from Dudley et al. [52].
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with�90� < q < 0� where is illuminated by concentrated irradiance,
an extremely high local heat flux is loaded, as shown in Fig. 1 (d).
When the b > 180� (for example b ¼ 210�), the high local heat flux
Fig. 6. Velocity distributions of the CPTR and NPTR w
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from solar irradiance in the area with �15� < q < 0� cannot be
quickly taken away by the HT-HTF because the heat transfer from to
the HT-HTF is obstructed by the wing-like fringe of the inner tube.
Especially, in the area with about 10� < q < 90�, the outer surface
local temperatures of absorbers in NPTRs is much lower than the
inlet temperature of HT-HTF (oil), while this local temperature of
CPTR is close to the inlet temperature of HT-HTF. In addition, the
area where the local temperature is lower than the inlet tempera-
ture of HT-HTF increases as the increase of b (When the b < 180�).
The reason for this phenomenon is that the inner tube and the
wing-like fringe can prevent the HT-HTF from directly contacting
the upper part of absorber and the low local heat flux from solar
irradiance can be taken away by the LT-HTF in the inner tube. From
Fig. 8 (b), it can be viewed that the local outward heat flux on the
absorber outer surfaces of all NPTRs are significantly lower than
that of the CPTR on the entire circumference. Moreover, the varia-
tion trends of the local outward heat flux with q and b are similar to
the local temperature.
5.1.2. Heat transfer and flow resistance
The effects of b on the heat transfer and flow resistance of the

HT-HTF under different inlet temperature of thermal oil (Tin,oil) are
presented in Fig. 9 (a) and (b), respectively. It can be observed in
Fig. 9 (a) that the heat transfer coefficients between the HT-HTF and
ith different b at the cross-section of z ¼ 3.9 m.



Fig. 7. Temperatures of the CPTR and NPTR with different b at the cross-section of z ¼ 3.9 m.

Fig. 8. Circumferential temperature and heat flux distributions on the outer surfaces of absorbers at Tin,oil ¼ 500 K.
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absorber inner surface of the NPTRs are enhanced to 1.37e1.89
times that of the CPTR. Furthermore, the heat transfer enhance-
ment ratio (Nu/Nu0) increases with the increasing b and decreases
first then increases as Tin,oil increases. Meanwhile, the flow re-
sistances of the HT-HTF in NPTRs are also increased to 2.47e5.71
times that of the CPTR. And the flow resistance increase ratio (f/f0)
increases with the increasing b and decreases as Tin,oil increases.
Fig. 10 presents the variation of pumping work with b and Tin,oil. For
the NPTRs as shown in Fig. 10 (a), the pumping work of the HT-HTF
(Wp, oil) and LT-HTF (Wp, water) both increase with the increasing b.
As the Tin,oil increases, theWp, oil andWp, water show opposite trends,
in which the former increases and the latter decreases. From Fig. 10
(b), it is clear that the total pumping work of the NPTRs (Wp) shows
similar trends as the Wp, oil. It is because the Wp, oil is much higher
than the Wp, water and dominates the pumping work. Furthermore,
334
compared to the CPTR, the total pumping work of the NPTRs is
increased by about 0.25e0.56 W.

5.1.3. Heat collecting performance
The variations of heat loss and efficiency with the b and Tin,oil

when DNI ¼ 1000 W/m2 are displayed in Fig. 11 (a) and (b),
respectively. Firstly, for each PTR, the heat loss increases with the
increasing Tin,oil as shown in Fig. 11 (a). This is because the tem-
perature difference between the absorber and the environment
raises as the Tin,oil increases. Furthermore, it can be viewed that the
heat losses of NPTRs are apparently lower than that of the CPTR and
descend with the increasing b due to the declining local tempera-
ture and outward heat flux on the absorber outer surface as shown
in Fig. 8. As a result, it can be seen in Fig. 11 that the efficiency and
heat loss show opposite trends because that the increase of heat



Fig. 9. Effects of b on the thermos-hydraulic performance of HT-HTF (thermal oil): (a) the heat transfer enhancement ratio (Nu/Nu0); (b) the flow resistance increase ratio (f/f0).

Fig. 10. The pumping work of CPTR and NPTRs at different b and Tin,oil.

Fig. 11. Effects of b on the heat loss and efficiency of PTRs under different Tin,oil when DNI ¼ 1000W/m2.
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loss means the decrease of heat collecting efficiency and vice versa.
As the apportion of collecting heat in HT-HTF (oil) and LT-HTF

(water) is an important characteristic of the cascade heat collec-
tion system, Fig. 12 (a) presents the proportions of oil and water
heat gains in the total input solar energy under different b and Tin,oil.
Firstly, it is clear that as the Tin,oil increases, the proportion of oil
heat gain decreases from 63.8% to 32.9% while the proportion of
water heat gain increases from 8.2% to 32.5% due to the rising
temperature difference and heat exchanger between the oil and
335
water. Moreover, at the identical Tin,oil, the proportion of oil heat
gain increases with the raising b, while the proportion of water heat
gain decreases at the same time. It is because that as the b increases,
the equivalent wall thickness of the inner tube increases and thus
the heat transfer resistance between oil and water increases. The
temperature gain of the HTFs represents the improvement degree
of thermal quality in HTFs. Fig. 12 (b) presents the temperature
gains of oil and water under different b and Tin,oil. It is observed that
the temperature gains show the similar trends to proportions of



Fig. 12. Heat gains and temperature gains of HT-HTF and LT-HTF under different b and Tin,oil when DNI ¼ 1000W/m2.
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heat gains. In addition, the temperature gains of oil and water are
ranged in 8.2e19.2 K and 6.6e25.3 K.

In addition, comprehensively considering the temperature dis-
tribution of absorber, heat transfer coefficient, total pumping work
and overall efficiency of NPTR, the NPTR with b ¼ 180� is recom-
mended as the optimal design and is selected to investigated the
effects of thermal conductivity of the inner tube and direct normal
irradiances below.
5.2. Effects of thermal conductivity of the inner tube

Although the thermal conductivity of the inner tube (linnertube)
has no effect on the flow states of HTFs, it should have a great in-
fluence on the heat exchange betweenwater and oil as well as heat
transfer between water and the upper part of absorber. Thus, the
effects of linnertube are investigated under different Tin,oil when b ¼
180� and DNI ¼ 1000 W/m2. Fig. 13 displays the variations of the
absorber maximum and minimum temperatures in NPTRs along
the linnertube under different Tin,oil. It is observed that at a certain
linnertube, both the maximum and minimum temperatures of
absorber in NPTRs increase with the raising Tin,oil. Moreover, as the
linnertube increases, the maximum temperature of absorber remains
basically unchanged, while the minimum temperature of absorber
is obviously reduced. It is because a large linnertube is beneficial to
the heat transfer between the water and upper part of absorber so
as to reduce the local temperature of local in this area, while the
linnertube hardly affects the flow of oil as well as the local
Fig. 13. Variations of absorber maximum and minimum
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temperature at lower part of absorber.
Fig. 14 presents the effects of linnertube on the heat loss and ef-

ficiency of NPTRs under different Tin,oil. It can be seen that the heat
loss reduces with the increasing linnertube due to the decreasing of
temperature at upper part of absorber. Furthermore, the heat loss is
more sensitive to the linnertube at higher Tin,oil. As a result, the heat
collecting efficiency of NPTRs increases with the raising linnertube.
Moreover, the improvement in efficiency with the increase of lin-
nertube is more obvious at high Tin,oil.

The proportions of oil and water heat gains in the total input
solar energy under different linnertube and Tin,oil are displayed in
Fig. 15 (a). It is clear that the proportion of oil heat gain decreases
with both the increasing linnertube and Tin,oil, while the proportion of
water heat gain shows the opposite trends. It is because that as the
linnertube or Tin,oil increases, the heat transfer resistance between the
oil and water decreases or the temperature difference between the
oil andwater increases. Fig.15 (b) presents the temperature gains of
oil and water under different linnertube and Tin,oil. It can be viewed
that the temperature gains of oil and water show the similar trends
to those of the heat gains of oil and water.
5.3. Performance under different direct normal irradiances

Since the direct normal irradiance (DNI) varies greatly at
different times of the day or under different weather, it is necessary
to evaluate the performance of the NPTR at all possible conditions.
In this study, the performance of NPTR with b ¼ 180� and
temperatures in the NPTRs along with linnertube.



Fig. 14. Effects of thermal conductivity of inner tube on the heat loss and efficiency of PTRs when b ¼ 180� and DNI ¼ 1000W/m2.

Fig. 15. Heat gains and temperature gains of HT-HTF and LT-HTF under different linnertube and Tin,oil when DNI ¼ 1000W/m2.
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linnertube ¼ 0.4 W/(m$K) is evaluated under different Tin,oil and DNI.
Moreover, the comparison of the performance between the NPTR
and CPTR at different conditions is also discussed.

Fig. 16 (a) presents the heat losses of the NPTR and CPTR under
different Tin,oil and DNI. It is found that both the heat losses of the
NPTR and CPTR at each Tin,oil increase with the increasing DNI due
to the rising temperature of absorber. And the increase rates of heat
losses raise with the increase of DNI. In addition, the heat loss of the
NPTR increases more gently with the raising DNI than that of the
CPTR. Moreover, the heat loss of the NPTR is much lower than that
of CPTR under all conditions. And compared to the CPTR, the
reduction in heat loss of the NPTR is ranged in 9.2e185.8 W/mwith
the relative reduction of heat loss is located in 33.1%e50.1%. The
overall efficiencies of the NPTR and CPTR under different Tin,oil and
DNI are displayed in Fig. 16 (b). It is observed that when Tin,oil >
450 K, the efficiencies of NPTR and CPTR raise with the increase of
DNI, while they increase first and then decrease gently with the
increasing DNI when Tin,oil � 450 K. This is because at low Tin,oil and
large DNI, the relative increase rate of heat loss is greater than that
of DNI, while at high Tin,oil or small DNI, the relative increase rate of
heat loss is less than that of DNI. Furthermore, the overall efficiency
of NPTR is obviously higher than that of the CPTR under all the
studied conditions. Compared to the CPTR, the overall efficiency of
NPTR is improved by 0.61%e7.67%. And the improvement in overall
efficiency increases with the decreasing DNI and increasing Tin,oil.

Fig. 17 (a) demonstrates the proportions of oil and water heat
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gains in the total input solar energy under different DNI and Tin,oil. It
is clear that at an identical Tin,oil, the proportion of oil heat gain in-
creases with the increase of DNI, while the proportion of water heat
gain decreases with the increasing DNI. The reason for this trend is
that as the DNI increases, the heat gain of water increases very gently
and is almost unchanged, while the heat gain of the oil increases
more sharply than that of the total input solar energy. Moreover, at a
certain DNI, the heat gain ofwater increaseswhile the heat gain of oil
decreases with the increase of Tin,oil due to more heat being
exchanged from oil to water at a higher Tin,oil. Especially, at the
conditions with high Tin,oil (>600 K) and small DNI (<400W/m2), the
proportion of oil heat gain is negative. It is because under these
conditions, the heat exchange from oil to water is larger than the
heat gain of oil from the concentrated solar irradiance. The pro-
portions of oil andwater heat gains in the total input solar energy are
ranged in �18.8e63.5% and 8.39e77.6% when DNI ¼ 300e1000 W/
m2 and Tin,oil¼ 400e650 K, respectively. The temperature gains of oil
and water are presented in Fig. 17 (b). It is viewed that the temper-
ature gain of oil increases sharply with the rising DNI, while the
temperature gain of water increases very gently. And at a certain DNI,
temperature gain of oil decreases with the increasing Tin,oil, while the
temperature gain of water shows opposite trend. The temperature
gains of oil and water are ranged in �1.4e19.5 K and 5.4e18.8 K,
respectively. It is concluded that the heat gain of water comesmainly
from heat exchange with oil. Thus the temperature gain of water is
much more sensitive to Tin,oil than DNI.



Fig. 16. Heat loss and overall efficiency of the CPTR and NPTR under different Tin,oil and DNI.

Fig. 17. Heat gains and temperature gains of HT-HTF and LT-HTF under different Tin,oil and DNI.
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6. Conclusions

In this study, a novel parabolic trough receiver integrated with
an inner tube and wing-like fringe for solar cascade heat collection
was proposed to improve heat collecting efficiency and provide
different grades of thermal energy. And a three-dimensional
computational fluid dynamics (CFD) model was established to
study the performance of the NPTR. The main conclusions drawn in
this work are as follow.

(1) Effects of inner tube and central angle of the wing-like fringe
(b) under different inlet temperature (Tin,oil) of HT-HTF (oil)
are investigated. Firstly, compared to CPTR, the cross-
sectional area of oil in NPTR is significantly compressed
and the velocity of oil in NPTR is apparently enlarged. Thus,
the heat transfer between oil and absorber is enhanced by
37%e89% accompanied by 147%e471% increase in flow
resistance of oil and the total pumping work is increased by
about 0.25e0.56 W. Furthermore, the absorber temperature
and heat loss of the NPTR is dramatically reduced, and thus
the NPTR obtains effective improvement in overall efficiency.
Second, the velocity of oil, heat transfer coefficient between
oil and absorber, flow resistance and the total pumping work
all increasewith the increasing b. Both local temperature and
local outward heat flux on lower part of the absorber outer
surfaces decrease with the increase of b, while the local
temperature and local outward heat flux on upper part of the
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absorber outer surfaces decrease first (when b < 180�) and
then increase (when b > 180�) with the rising b.Moreover, as
the b increases, the heat loss is reduced and thus the overall
efficiency is improved. The proportion of oil heat gain and
temperature gain increase while the proportion of water
heat gain and temperature gain decrease with the raising b.
In addition, considering that the local outward heat flux on
upper part of the absorber outer surfaces reaches to the
minimum at b ¼ 180�, the NPTR with b ¼ 180� is recom-
mended as the suggested design.

(2) The effects of thermal conductivity of the inner tube (linner-
tube) are also studied in this study. It is indicated that the local
temperature (minimum temperature) on the upper part of
absorber decreases as the linnertube increases. Thus, the heat
loss is slightly reduced and the overall efficiency is conse-
quently improved with the increase of linnertube. Especially,
the linnertube has a great influence on the heat exchange be-
tween the oil and water. Thus, the heat gain and temperature
gain of oil decrease sharply as the linnertube increases, while
the heat gain and temperature gain of oil increase sharply at
the same time.

(3) Performance of the suggested NPTR with b ¼ 180� and
linnertube ¼ 0.4 W/(m$K) under different operating conditions
(DNI ¼ 300e1000 W/m2 and Tin,oil ¼ 400e650 K) are eval-
uated. It is found that in comparison to the CPTR, the NPTR
can effectively reduce heat loss by 33.1e50.1% (9.2e185.8 W/
m). And thus the overall efficiency of NPTR is improved by
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0.61%e7.67%. Moreover, the proportion of oil heat gain in-
creases with the increasing DNI and decreasing Tin,oil. While
the proportion of water heat gain increases very gently with
the increasing DNI and decreases with the decreasing Tin,oil.
The proportions of oil and water heat gains in the total input
solar energy are ranged in �18.8e63.5% and 8.39e77.6%,
respectively. As a result, the temperature gains of oil and
water are ranged in�1.4e19.5 K and 5.4e18.8 K, respectively.

In summary, the NPTRwith an inner tube and wing-like fringe is
able to provide different grades of thermal energy for electricity
and fresh water production at the same time. Moreover, the NPTR
can obtain higher overall thermal efficiency than CPTR under the
typical broad extents of operating conditions, and it has a good
application potential in the comprehensive utilization of solar
thermal energy.
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