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Parabolic trough collectors are the crucial component of the concentrated solar power plant, which can meet heat
demand and mitigate energy shortages. However, their operation suffers from defects of high local temperature
and poor wall temperature uniformity. To alleviate this issue, an enhanced parabolic trough receiver (PTR) with
a novel single conical strip insert is proposed and numerically investigated in detail. Furthermore, the effects of
structural parameters of the conical strip on the enhanced PTR are investigated, and multi-objective optimization
is conducted to determine the optimal parameters. Finally, the performance of the optimal enhanced PTR is
evaluated under different operating conditions. The results show two symmetrical longitudinal vortices are
formed in the absorber tube due to the guidance of the conical strip, which is beneficial to enhancing fluid mixing
and heat transfer. Accordingly, the temperature uniformity of the absorber tube and the actual efficiency are
effectively improved. Compared to the smooth PTR, the tube wall temperature is dropped by up to 168 K, and the
actual efficiency is improved by 3.3% at most. Moreover, the entropy generation and exergy destruction are
reduced by 22.2%-49.3% and 30.6%-45.9%, respectively. This research may guide designing the PTR for effi-

cient and safe operation.

1. Introduction

Solar energy is an abundant renewable energy source, which has
great potential for alleviating global energy shortages and environ-
mental problems. Concentrating solar power (CSP) technologies have
been widely developed for large-scale thermal utilization of solar energy
[1]. Among them, the parabolic trough receiver (PTR), which consists of
a parabolic trough reflector and an evacuated receiver, is one of the most
mature techniques for commercial use [2], as shown in Fig. 1. In the
PTR, solar rays are reflected by the reflector and concentrated on the
absorber tube, following which they are subsequently absorbed by the
fluid inside the tube. However, due to the unique concentrating char-
acteristics of the reflector, the absorber tube is subjected to a highly
non-uniform heat flux which will induce a high circumferential tem-
perature gradient as well as a high local temperature region in the
absorber tube. On the one hand, the high temperature gradient causes a
large thermal strain in the absorber tube, which in turn leads to bending
of the absorber tube or even damage to the outer glass tube [3]. On the
other hand, the performance of the selective coating gradually degrades
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with the increase of the local temperature, thereby the radiative heat
loss will gradually increase, leading to the reduction of the overall sys-
tem efficiency [4]. Enhancing the heat transfer between the heat transfer
fluid (HTF) and the absorber tube can ease the temperature gradient in
the absorber tube and improve the thermal performance of the PTR.
Therefore, it is a potentially feasible method to solve the above prob-
lems. In recent years, research on technologies of heat transfer
enhancement for PTRs has drawn extensive attention and aroused
research interest.

Using nanofluid, improving the tube structure, and applying inserts
are the three most prominent methods of heat transfer enhancement
technologies for PTRs [5]. The nanoparticles commonly used in HTF
include Cu, Au, Ag, Fep03, Al;03, ZnO, TiOy, CuO, SiO,, etc [6,7].
Panduro et al. introduced different nanofluids as the HTF for PTRs and
identified the main obstacles to the large-scale applications of nano-
fluids [8]. Besides the nanofluids, plentiful structural improvement
techniques have been developed for improving the thermal performance
of PTRs, such as fins (e.g. helical fins and longitudinal fins), unilateral
longitudinal vortex generators, dimpled tubes, corrugated tubes,
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Fig. 1. A diagram of the PTR for solar collection.

sinusoidal tubes, etc [9,10]. As structural improvement techniques
require more sophisticated processing technology, inserts, which are
low-cost and easy to install, are favored in comparison. Various inserts,
such as tape inserts (e.g. wavy tape [11], helical screw-tape [12],
wall-detached twisted tape [13], and louvered twisted tape [14]),
perforated plates [15], porous inserts (e.g. porous media [16] and
porous discs [17]), wire coils (e.g. triangle cross-sectioned wire coil [18]
and helical coil [19]), rings (e.g. toroidal ring [20] and perforated ring
[21]), conical inserts [22], etc, were designed for the absorber tube due
to their abilities to effectively disturb the flow field so as to increase the
thermal performance of PTRs. Mwesigye et al. [13] investigated the
thermal performance of an enhanced PTR with wall-detached twisted
tape inserts through numerical simulations and pointed out that the
entropy generation of the enhanced PTR was reduced by up to 58%
compared to the smooth PTR. Jamal-Abad et al. [16] experimentally
investigated the thermal performance of an absorber tube filled with
copper foam, and the results showed that the Nusselt number increases
accompanied by a significant increase in the friction factor. Yilmaz et al.
[18] numerically simulated the PTR inserted with a wire coil and
discovered that the coil improved the thermal performance of the PTR
by promoting fluid mixing and disrupting the thermal boundary layer.
Ahmed et al. [20] investigated the performance of toroidal rings in PTR
and found a maximum thermal efficiency improvement of 3.74%.
Mohammed et al. [22] conducted a numerical study of the PTR with
conical inserts under turbulent flow conditions. The results showed that
the thermal performance of the enhanced tube was significantly
improved, and the maximum reduction in entropy generation rate was
42.7%.

Conical strips excel in terms of thermal-hydraulic performance
among the various inserts. The conical strip inserted in the circular tube
to enhance heat transfer under turbulent conditions was firstly proposed
by Fan et al. [23]. The results showed that the conical strips had a good
enhancement in heat transfer with PEC values ranging from 1.67 to 2.06.
Deshmukh et al. [24] experimentally investigated the heat transfer and
pressure drop characteristics of a circular tube equipped with a conical
strip. They used air as the working fluid and observed that the average
heat transfer characteristics of the conical strip were better than the
conventional helical wire coil. Liu et al. [25] developed a principle of
convective heat transfer enhancement based on exergy destruction
minimization. They proved that multi-longitudinal swirls flow is the best

Table 1

Main structural parameters of SEGS LS-2 [36].
Structural parameter Value
Overall length of absorber tubes L/m 7.8
Inner diameter of absorber tubes d,;/mm 66
Outer diameter of absorber tubes d,,/mm 70
Inner diameter of glass tubes dg;/mm 109
Outer diameter of glass tubes dy,/mm 115
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flow field for balancing heat transfer and flow resistance and observed
multi-longitudinal swirls in the tube inserted with the conical strip by
simulation and experiment. Pourramezan et al. [26]. numerically
analyzed the heat transfer process in a circular tube equipped with the
twisted conical strip and suggested the realizable k-¢ model for more
reliable results under turbulent flow conditions with high Reynolds
numbers. Kutbudeen et al. [27] examined the performance of the stag-
gered and non-staggered conical strips in PTRs and analyzed that the
vortex caused by the conical strips was the main reason for the increase
in heat transfer and flow resistance. Liu et al. [28] provided entropy and
exergy analysis for PTRs with the conical strip based on the second law
of thermodynamics. The maximum reduction of entropy generation by
74.2% and the maximum improvement of the exergy efficiency by 5.7%
were achieved due to the double conical strip. Bahiraei et al. [29]
experimented on a circular tube equipped with the twisted conical strip
and investigated the effect of different twist angles and pitch ratios on its
thermal performance. It was found that the heat transfer performance
and pressure drop decreased with decreasing twist angles and pitch
ratios. They also developed an optimized design for the geometric pa-
rameters of the twisted conical strip in another work [30]. Abed et al.
[31] investigated and compared the effect of various inserts on the
performance of PTRs. The results found that the absorber tube with a
large conical strip has lower heat loss compared to other structures.

Although enhancing the heat transfer between the HTF and the
absorber tube can improve the temperature uniformity of the absorber
tube and increase the heat-collecting efficiency of PTRs, the enhanced
heat transfer always comes at the penalty of a significant increase in flow
resistance. In other words, the increased pressure loss will lead to more
pumping power consumption of the system, which may reduce the
operation economy of PTRs. Therefore, how to balance the benefits of
enhanced heat transfer and the penalty of increased flow resistance has
become one of the main issues of research. Some researchers have
provided promising approaches to solve the above problem by applying
multi-objective optimization methods to heat transfer enhancement
techniques [32-35].

Due to the structure characteristics of PTRs, the lower half part of the
absorber tube is subjected to extremely high heat flux while the upper
half part only bears little heat flux. Therefore, enhancing the local
convective heat transfer rate near the wall of the lower part of the
absorber is the main focus. A review of the literature reveals that most of
the previous studies on conical strips have focused on the overall heat
transfer performance of the fluid in the tube without adapting the
configuration to the boundary conditions of particular applications. The
local convective heat transfer coefficient needs to be enhanced in the
high heat flux region, while the low flux region can be ignored to avoid
unnecessary pressure drop losses. To this end, a novel single conical strip
insert with a downward sloping arrangement is proposed to enhance the
heat transfer of the PTR in this study. This novel single conical strip is
expected to guide the fluid to impinge the inner wall of the lower half of
the absorber tube. As a result, the high local heat transfer coefficient at
the high heat flux region is expected to be achieved. In addition, multi-
longitudinal swirls are expected to be formed in the absorber tube to
balance the heat transfer and flow resistance. To analyze the flow and
heat transfer characteristics of the enhanced PTR fitted with the single
conical strip insert and to evaluate its performance advantages over a
smooth PTR, comprehensive numerical simulations of the enhanced PTR
and the smooth PTR are conducted in this paper. Moreover, the influ-
ence of different parameters of the conical strip on the thermal-
hydraulic performance of the PTR is analyzed, and the optimal conical
strip parameters are obtained by a multi-objective optimization algo-
rithm to improve the overall performance. Finally, the performance of
the optimal combination of parameters is evaluated under different
operating conditions, including various mass flow rates (M), inlet tem-
peratures (Tiner), and direct solar irradiances (DNI). This research may
provide some practical guidance for designing more efficient and safe
PTRs.
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Fig. 2. A physical model schematic of the PTR with a single conical strip insert.

2. Physical model

The research objective in this study is the SEGS LS-2 solar collector,
whose main structural parameters are listed in Table 1 [36]. There are
four calculation zones in the PTR, namely, the HTF zone, the solid zone
of the absorber tube, the vacuum zone between the absorber tube and
the glass tube, and the solid zone of the glass tube. The heat transfer
between zones is realized through the interfaces. A physical model
schematic of the PTR with a single conical strip insert is shown in Fig. 2.
The conical strip is sliced from a hollow cone of diameter d, = 60 mm
and fixed to a circular rod with a diameter of 6 mm. The main param-
eters of the conical strip are inner diameters (d;), central angles (a),
inclined angles (), and pitch ratios (p = p*/d,;), whose effects on the
thermal performance of the PTR are investigated in this paper.

3. Simulation method
The essential assumptions in this model are given as follows.

(1) The process of flow and heat transfer is a steady state.

(2) The absorber tube and the conical strip are rigid bodies, and their
deformation and vibration are not considered.

(3) The walls of the absorber tube and the conical strip are no-slip
surfaces.

(4) The heat conduction of the conical strip is not considered.

(5) The working fluid is a continuous, incompressible, and isotropic
Newtonian fluid.

Heat loss

Sky (6)
Ambience (5) 3
Glass tube(3-4) ——

Vacuum(2-3)———
Coating(2)

Absorber tube(1-2)

Parabolic reflector

Optical loss .

(6) The effect of gravity and viscous heating is neglected.3.1 Gov-
erning equations

The Reynolds numbers studied in this paper are all bigger than 5000,
thus the flow has been developed into a turbulent regime. The realizable
k-¢ turbulence model is used in this numerical model for its high pre-
cision in calculating turbulent flows such as cyclones and vortices [37].
Thus, the governing equations are expressed as follows [38]:

Continuity equation:
pu;)

o 0 W

Momentum equation:

a(/;?iuj) = —g—z + a%_ ((H +H,) (g—:+g—z) —%(u +h) g—)ucfﬁij —ﬂfu})
(2
Energy equation:
dpuT) _ 9. (ﬂ ﬂ) or 3)
ox; ox; \Pr  Pr,) ox;
Kinetic energy (k) equation:
3 (o2 2) -

Dissipation rate (&) equation:

Convection Radiation

Conduction

r

Solagnergy Negligible '«

= Radiation
convection =

Conduction

Convection

Fig. 3. Calculation model thermal resistance network.
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Fig. 4. Circumferential heat flux distribution of the absorber tube [39].

Table 2
Physical properties of Syltherm 800 [40].

Physical a+bxTH+cx T2+dx T3+ex T*
roperties
prop a b c d e
p, kg/m> 1.106 x —~4.154 x —6.062 x
10° 107! 107
2, W/(m-K) 1.900 x —~1.875 x —5.753 x
107! 1074 10710
Cp, J/(kg-K) 1.108 x 1.708
10°
u, Pa-s 8.487 x —5.541 x 1.388 x —~1.566 x 6.672 x
1072 1074 10°° 10°° 1071
d(pue) 0 AN &
=— +2) =) +ale — por—— 5
ox; 0x; H 0. ) Ox; ! p k + /e ®)
The turbulent kinetic energy (I') in Eq. (5) is defined as:
ou; Ou;  Ou;\ Ou;
= —uwi—=p—+=2) — 6
7 ox; H ox;  Ox;) ox; ®)

where p, u, P, T, u, and Pr represent density, velocity, pressure, tem-
perature, dynamic viscosity, and Prandtl number of the fluid, respec-
tively. u, and Pr; represent the turbulent viscosity and the turbulent
Prandtl number, respectively. ox and o, represent the Prandtl number
corresponding to k and ¢, respectively.

The governing equations are solved using ANSYS Fluent based on the
finite volume method. The SIMPLE algorithm is applied to handle the
coupling of velocity and pressure, the governing equations for mo-
mentum and energy are discretized with a second-order upwind scheme.
Besides, the enhanced wall function is used in the turbulence model. The
convergence criteria in this study are: the relative residuals are
decreased to 10~ for continuity equation, 10~ for energy equation, and
1073 for other equations.

3.1. Boundary conditions and solution settings

The heat transfer process in this model is the coupling of conduction,
convection, and radiation, and the calculation model thermal resistance
network is shown in Fig. 3. The non-uniform distribution of heat flux
(DNI = 1000 W/m?) on the outer surface of the absorber tube, which is
calculated using Monte Carlo ray tracing (MCRT) by He et al. [39], is
applied to the present model as shown in Fig. 4. Most of the heat energy
is carried inward by conduction and convection and finally absorbed by
the HTF. In addition, the convection loss is negligible due to the
near-vacuum environment between the absorber tube and the glass
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tube. A small amount of heat energy is transferred outward to the glass
tube only through radiation and then dissipated to ambiance and sky
through convection and radiation on the outer surface of the glass tube.

Syltherm 800 is selected as the HTF in this study, and stainless steel
(321H) and Plexiglas are adopted as the materials for the absorber tube
and the glass tube, respectively. The thermal conductivities of 321H and
Plexiglas are 25 W/(m-K) and 1.2 W/(m-K), respectively. The physical
properties of Syltherm 800 are temperature-dependent, and the fitted
formulas are listed in Table 2 [36].

The coating on the outer surface of the absorber tube is made of
cermet material, and the variation of its emissivity (e.) with temperature
is described in the following formula:

e, =0.000327T, — 0.065971 7
where T, represents the outer surface temperature of the absorber tube.

The outer surface of the glass tube is under a mixed convective and
radiative boundary condition, and the glass tube is assumed to be a gray
body with an emissivity of 0.86. The ambient temperature is set to 298
K, while the sky temperature is set to 8 K below the ambient [41]. The
convective heat transfer coefficient (h,,) between the glass tube and the
ambient is determined by the following formula [42]:

hw — 4u00.58d;0042 (8)

where uy represents the ambient wind speed which is taken as 2.5 m/s in
this study, and d,, represents the outer diameter of the glass tube.

3.2. Parameter definitions

This subsection will focus on the main parameters involved in this
study, including basic parameters and performance parameters
describing the thermal performance of the system. Reynolds number
(Re), maximum wall temperature difference (AT,), heat transfer factor
(h), friction factor (f), and mean Nusselt number (Nu) are defined as
follows.

Re— ity dy; ©
H

AT, = Tymax — Twmin (10)
qeff

h— of 11

(Tw —Ty) an
2APd,;

= 12

It 12)

Nu=" 13)

where u;, represents the mean velocity of the fluid at the inlet of the
absorber tube. p, i, and 1 represent the density, dynamic viscosity, and
thermal conductivity of the fluid at a temperature of Ty, respectively. Ty,
Tywmaxs and Tyymin represent the mean temperature at the inner wall of the
absorber tube, and the maximum and minimum temperature of the
absorber tube, respectively. q.p represents the mean heat flux at the
inner wall of the absorber tube, and AP represents the pressure drop
between the inlet and outlet of the absorber tube.

To better analyze the heat transfer performance along the circum-
ferential direction of the PTR, the mean circumferential temperature
(T.ir), the circumferential heat flow flux (q.i), and the circumferential
Nusselt number (Nu.;) at the inner surface of the absorber tube are
defined as follows.

1 oL p0i+40
T =—— / / T,,dOdx (14
LAG Jy /o,
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Fig. 5. Three-dimensional grid model: (a) lateral view; (b) cross section view.
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The entropy generation and exergy destruction are employed to
evaluate the irreversibility of the PTR, where the total entropy genera-
tion per unit volume of fluid (Sge,) can be divided into the flow entropy
generation from flow resistance irreversibility and the heat transfer
entropy generation from heat transfer irreversibility, and similarly, the
total exergy destruction per unit volume of fluid (E,q) consists of the
flow exergy destruction caused by fluid pressure drop and the heat
transfer exergy destruction caused by heat transfer temperature

(15)

(16)

difference.
Ou; 0uj ou; pg 1 ,
S b (2) 2ol [ Aoy
a7
2 T)2
/// ﬂu Vu—uV-u dV+ ///To dv (18)

where VT and a represent the temperature gradient and the thermal
diffusivity of the fluid at a certain location, respectively. V represents
fluid volume and T represents the ambient temperature.

In engineering practice, it is also necessary to consider the pump
power consumption, heat loss, and total efficiency during the operation
of the PTR. Therefore, the pump power consumption (W) and the actual
efficiency (77) of the PTR are also defined in this study as follows:

an.xs = onlur - Qe/f = DNI- (19)
dZ
W, = 4”um AP (20)
eff — W,
_ O p/ e 1)
Qsolar

where Qsorar, Qef, and Qo5 respectively represent the total solar radia-
tion input to the PTR, the heat absorbed by the HTF, and the heat loss.
DNI represents the direct normal irradiance. A represents the area of the
parabolic reflector zone which is specified as 5 x 7.8 m? j, represents the
power generation efficiency which is taken as 0.33 in this study [43].
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Table 3
Grid independence verification.
Grid number Nu Error f Error Twmax Error
777310 246.36 1.37% 0.3623 3.49% 605.27 0.26%
1634566 243.78 0.30% 0.3541 1.15% 606.73 0.01%
2580060 243.33 0.12% 0.3510 0.25% 607.31 0.08%
3514725 243.04 - 0.3501 - 606.82 -
1200
m  Nu - Present study
A Nu - Gnielinski's correlation 10.04
‘Z e f- Present study =
900 - v f- Petukho's correlation
% ] 10.03
. 8
Z 600r ey, @ = .
2 8%, 10.02
af $ 3%
3000 .4, « 3
o {0.01
0 1 1 L
0 4 8 12 16
Re(x10%)
Fig. 6. Comparisons of correlations and simulation results.
4 —m— Nu-Present study 7
A Nu-Deshmukh's experiment
—m— f-Present study
v f-Deshmukh's experiment
:?3 | Structural parameters in Exp: 5
plpl=5.8, e/d=0.09, a=15° o
Z =
=~ —
- |
=z »—g—————8—H"
2 r v v \v4 v v N 3
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—n [ | | ]
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Fig. 7. Comparisons of numerical and experimental results.

3.3. Mesh independence test

Considering the symmetry of the physical model, only one pitch unit
along the flow direction and half of the physical model is taken in the
computational model to save computational resources, thus the sym-
metric and periodic boundary settings are used. Gambit is used to
establish a three-dimensional grid model, which is shown in Fig. 5. A
highly dense grid is used in the boundary layer of the inner wall of the
absorber tube to ensure y*<1. To eliminate the influence of grid number
on the calculation results, a grid independence verification of the
enhanced PTR inserted with a single conical strip is carried out. The
calculation conditions are taken as M = 0.57 kg/s, Tinler = 500 K, and
DNI = 1000 W/m?. The parameters of the conical strip are d; = 30 mm,
a=75° p=>50° and p = 1, the verification results are listed in Table 3.
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Table 4

Validation between simulation and experimental data.
Case 1 2 3 4 5 6 7 8
DNI (W/m?) 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 29 2.6 4.2
Air temperature (K) 294.4 295.6 297.5 299.4 302 300.7 302.7 304.3
Flow rate (kg/s) 0.6872 0.6534 0.6350 0.6580 0.6206 0.6205 0.5457 0.5673
Tinter (K) 375.4 424.2 470.7 523.9 571 572.2 652.7 629.1
AT (K) (Exp) 21.8 22.02 21.26 18.7 19.1 18.2 18.1 18.5
AT (K) (Sim) 21.49 22.3 22.13 18.57 19.09 17.85 18.54 18.28
AT error (%) 1.4 1.29 4.1 0.68 0.06 1.95 2.43 1.21
Efficiency (Exp) 72.51 70.9 70.17 70.25 67.98 68.92 62.34 63.83
Efficiency (Sim) 70.94 70.71 70.13 69 67.49 67.23 62.61 64.25
Efficiency error (%) 2.16 0.26 0.06 1.77 0.72 2.45 0.43 0.67

Fig. 8. Streamlines in the absorber tube of enhanced PTR: (a) lateral view; (b) cross section view.

3.4. Model validation

Gnielinski’s correlation [44] and Petukhov’s correlation [45], which
are given by Egs. (22) and (23), are applied to verify the accuracy of the
model for simulating heat transfer performance (Nusselt number) and
flow resistance (friction factor), respectively. The multiplier
(Prf/PrW)O'11 is used for friction factor correction due to variations of
properties [46]. The average deviations of Nu number and f are 3.48%
and 2.80%, and the maximum deviations are 4.65% and 8.21%, as
shown in Fig. 6, which shows the results from numerical simulation and
the correlations are in good agreement. Fig. 7 presents comparisons of
the simulation with experimental results for similar conical inserts [24].
The maximum deviations of the Nusselt number ratio and the friction
factor ratio were 12.51% and 20.62%, respectively. Due to unavoidable
differences between simulations and experiments, such as differences in
working fluid properties and boundary conditions, and uncertainties in
experimental measurements, the numerical model has reasonable ac-
curacy. In addition, the present numerical model is validated by com-
parison with the experimental results of Dudley et al. [36]. The
conditions and configurations of experiments chosen from Dudley’s
work and those of the present numerical model are essentially the same.
The comparisons of the inlet-outlet temperature difference and the heat
collection efficiency between the numerical model and the experimental
works are shown in Table 4. It is found that the numerical results are in
good consistent with the experimental data, as the deviations of the
inlet-outlet temperature difference and heat collection efficiency are
within 4.10% and 2.45%, respectively.

~ (f/8)(Re — 1000)Pr; (ﬁ) 2/3
T 22(/8) " (P2l — 1) {1 \z 22)
fr=[1.821g(Re) — 1.64]* (23)
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4. Results and discussion
4.1. Heat transfer enhancement mechanism

In this subsection, the heat transfer enhancement mechanism will be
analyzed from the flow field and temperature distribution, respectively.
The case of the enhanced PTR with geometric parameters being d; = 24
mm, @ = 60°, # =50°, and p = 1 is selected to conduct analysis when M
= 0.57 kg/s, Tinter = 500 K, and DNI = 1000 W/m?.

Fig. 8 gives the streamlines in the absorber tube of the enhanced PTR
with the conical strip. As seen in Fig. 8 (a), the upstream part of the fluid
flowing through the conical strip will be divided into two parts. The
upper part of the flow near the central connecting rod will bypass the
cone from above and then deflect, while the part of the fluid near the
lower tube wall will be guided by the conical strip to scour the tube wall
below, which makes sufficient mixing of the fluid in the core region and
the boundary layer near the tube wall. Thereafter, the two parts of fluid
drive the adjacent fluid to form a whirling forward flow of the whole
flow field. As seen in Fig. 8 (b), a pair of vortexes is formed on both sides
of the conical strip from the mainstream direction, confirming the pre-
vious analysis that the fluid will spiral forward. In addition, the fluid
disturbance near the lower half part of the absorber tube, where the wall
suffers the extremely high heat flux, is apparently stronger than that of
the upper half part of the absorber tube. This is consistent with our
expectation of strengthening the local heat transfer coefficient of the
fluid with the higher heat flux zone.

Fig. 9 (a) displays the temperature distribution of the absorber tube
for the enhanced PTR and the smooth PTR. The conical strip guides the
fluid to scour the high heat flux zone on the lower surface of the absorber
tube, which strengthens the local heat transfer coefficient between the
fluid and the inner wall of the absorber tube. As a result, the overall
temperature of the inner wall considerably reduces, with the peak
temperature dropping from 683K to 518K, as shown in Fig. 9 (a). Fig. 9
(b) presents the circumferential temperature of the tube wall and
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Fig. 9. Flow field and temperature distributions of the enhanced PTR and
smooth PTR: (a) temperature distribution of the inner wall; (b) circumferential
wall temperature and tangential velocity distributions in the cross-section
downstream of the conical strip.

tangential velocity distributions in the cross-section downstream of the
conical strip in the enhanced PTR and the same position in the smooth
PTR. The tangential velocity distribution shows the formation of a pair
of vortexes in the tube, which is consistent with the results of the
streamline analysis in Fig. 8. The development of tangential velocities
allows the cold fluid in the core zone of the tube to be pushed to the high
heat flux zone of the tube wall, thus achieving higher local heat transfer
performance. The fluid with high temperature in the lower part of the
absorber tube then flows along the direction of the vortexes back to the
core zone. Therefore, the fluids in the core zone and boundary layer are
fully mixed, thus improving the temperature uniformity of the absorber
tube and reducing the circumferential temperature difference.
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circumferential temperature, and circumferential Nu number with
circumferential angle (6) in the inner wall of the absorber tube. The heat
transfer capacity is greatly enhanced due to the continuous scouring of
the fluid to the wall by the conical strip, so the local heat flux in the
region with 0 ranging from 120° to 180° of the enhanced PTR is obvi-
ously increased when compared to that of the smooth PTR, as shown in
Fig. 10 (a). In Fig. 10 (b), it is observed that the circumferential tem-
perature of the enhanced PTR is significantly lower than that of the
smooth PTR owing to the scouring effect. In addition, it can be seen from
Fig. 10 (c) that the circumferential Nu number of the enhanced PTR is
slightly smaller than that of the smooth PTR as 6 ranges from 0° to 90°.
The reason for this phenomenon is that a reverse flow in the area near
the upper half of the surface, and the synergistic effect of the flow and
temperature fields is weakened. The circumferential Nu number of the
enhanced PTR is much larger than that of the smooth PTR as 0 ranges
from 135° to 180°. The average Nu number of the enhanced PTR is 2.4
times larger than that of the smooth PTR, which indicates that the
conical strip can effectively improve the heat transfer performance be-
tween the fluid and the absorber tube.

4.2. Variation of conical strip parameters

Fig. 11 presents the effect of the pitch ratios (p) on the performance
of the enhanced PTR under different inclined angles () whena = 30°, d;
= 18 mm, Re = 5000, Tizer = 500 K, and DNI = 1000 W/m?>. It can be
observed that the Nu/Nuy gradually decreases with the increase of p, as
shown in Fig. 11 (a). The reason is that p represents the placement
distance of the conical strip, which mainly affects the scouring frequency
of the fluid on the wall. The higher the scouring frequency, the stronger
the heat transfer capability. Besides, with the increase of 8, Nu/Nuy in-
creases initially and then starts to drop. When $ becomes larger, the fluid
will scour the absorber tube wall with a larger angle, which is closer to
90°. As a result, the scouring intensity of the fluid on the wall is
enhanced and thus the heat transfer is improved. However, when the
> 45°, some of the fluid flows around the strip on both sides, and less
fluid is directed towards the tube wall. Thus, the heat transfer perfor-
mance decreases slightly as the § increases. As p decreases and f in-
creases, f/fo gradually increases as described in Fig. 11 (b). Fig. 11 (c)
shows that the overall performance (PEC value) is larger than 1, which
means that the benefit of heat transfer enhancement is greater than the
cost of flow resistance increase. In addition, the better overall perfor-
mance of the enhanced PTR is obtained at the small p and g. In Fig. 11
(d), (Twmax-Twmax,0) represents the difference between the peak tem-
perature of the absorber tube for the enhanced PTR and the smooth PTR.
The variation of (Tymax-Twmax,0) ranges from 134 K to 158 K, illustrating
that the conical strip effectively reduces the peak temperature of the
tube wall.

Fig. 10 displays the trends of circumferential heat flux, Fig. 12 presents the effects of the central angles (a) and inner
400
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Fig. 10. Comparison of circumferential performance variables of the enhanced PTR and the smooth PTR: (a) circumferential heat flux; (b) circumferential tem-

perature; (c) circumferential Nusselt number.
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Fig. 11. Performance comparisons of the enhanced PTR with pitch ratios and
factor ratio; (c) PEC; (d) peak temperature difference.

diameters (d;) on the performance of the enhanced PTR when = 40°, p
= 1.5, Re = 5000, Tiner = 500 K, and DNI = 1000 W/m?>. The cross-
sectional area of the conical strip in the tube increases with the
decrease of d; and the increase of a. In turn, the disturbance intensity of
the conical strip to the fluid is increased, which not only strengthens
heat transfer but also causes an increase in flow resistance. Therefore,
the Nu/Nuy and f/fy perform a similar trend in large part, as expected
from Fig. 12 (a) and Fig. 12 (b). Moreover, Nu/Nuy and f/f, vary in the
ranges of 1.79-2.30 and 4.00-16.37, respectively. As a increases, the
perturbation enhancement effect of the conical strip on the flow field
becomes less and less significant, and even the heat transfer capacity is
weakened instead in the case of relatively large dj, as shown in Fig. 12
(a). From Fig. 12 (c), the PEC value of the enhanced PTR ranges from
0.90 to 1.13. The effect of d; on PEC is not obvious, while the PEC value
decreases progressively with the increasing a. It is because the penalty of
excessive pressure drop loss caused by the increasing a covers the
benefit of heat transfer enhancement. The drop in overall temperature
matches the increase in heat transfer ability, thus the trends of (Tymax-
Twmax,0) in Fig. 12 (d) are following those of Nu/Nuy in Fig. 12 (a). The
maximum drop in peak temperature of the enhanced PTR is 173K
compared to the smooth PTR.

4.3. Optimization design

As analyzed in the previous subsection, the parameters of the conical
strip have a considerable influence on the performance of the enhanced
PTR, and different combinations of parameters bring various effects.
Considering that there are two conflicting performance objectives (i.e.

Renewable Energy 199 (2022) 335-350

7ol ——p=30°
' —O— p=35°
—\— B=40°
60 B </\ B=45°
5 —>— B=50°
5.0t
40r
3.0
LbO 155 Léo 1%5 2b0
p
160+
<
2150+
£
H
s
5140+
E
2
|_
130+

100 125 150 175 2.00

p
(d)

the smooth PTR for different inclined angles: (a) Nusselt number ratio; (b) friction
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thermal efficiency and pump power consumption) in the research, the
heat loss ratio index and the pump power consumption ratio index,
which are defined as Egs. (24) and (25), are selected as the optimization
objectives according to the engineering application background. To get
the best balance between thermal efficiency and pump power con-
sumption in the enhanced PTR, multi-objective optimization is con-
ducted to obtain the optimized combination of parameters, and the
optimization process is presented in Fig. 13. Firstly, five different values
of inner diameters (d;), central angles (), inclined angles (), and pitch
ratios (p) are selected, respectively. Secondly, 125(5 x L25(56)) cases of
parameter combinations are calculated by CFD software with the idea of
orthogonal experimental design. Thirdly, artificial neural networks
(ANN) [47] are employed to train and fit the dataset, and the objective
function of input and output is obtained. Fourthly, The non-dominated
sorting genetic algorithm (NSGA-II) [48] is applied to optimize the
objective function to acquire the Pareto front. Finally, the optimized
parameter combinations are determined according to the Technique for
the Order Preference by Similarity to Ideal Solution (TOPSIS) [49], and
the optimization results are verified by numerical simulation.

Qluss

Objective, = HLR = (24)
Qlosso
oo W,
Objective, = PCR = W (25)

ro

Fig. 14 provides a schematic diagram of the ANN structure. ANN
contains an input layer with 4 neurons, a hidden layer with several
neurons, and an output layer with a neuron. ANN divides the resultant
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Fig. 12. Performance comparisons of the enhanced PTR with various central angles and the smooth PTR for different inner diameters: (a) Nusselt number ratio; (b)

friction factor ratio; (c) PEC; (d) peak temperature difference.
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Fig. 13. Flowchart of optimization.
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values obtained from numerical calculations into three groups (70%,
15%, and 15%), which are used to train the entire network using the
Bayesian-regularization algorithm, verify the generality of the network,
and test the network, respectively. The number of neurons in the hidden
layer has a significant impact on the prediction accuracy of the whole
network. An independence test is carried out to select the optimal
number of neurons in the hidden layer. The mean squared error (MSE)
and regression coefficient (R) are selected as the judging criteria, which
are defined as:

n

1
MSE=~3" (Xiaw — X;)’

i=1

(26)

27)

Table 5 lists the training results of ANNs for HLR and PCR using
different numbers of neurons in the hidden layer. The numbers of neu-
rons in the hidden layer of each objective are the same as the ones
corresponding to the minimum MSE and maximum R values. As shown
in Table 5, both the optimal numbers of neurons corresponding to HLR
and PCR are 14. To further ensure the accuracy of ANN, the predicted
values of ANN and the numerical simulation results are compared and
analyzed in this research, and the results are shown in Fig. 15. The
predicted values of ANN for HLR and PCR are in good agreement with
the numerical results, and the maximum errors are 1.40% and 2.04%,
respectively. Therefore, it is confirmed that objective functions obtained
through ANN have reasonable accuracy.
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Output

Fig. 14. Structure diagram of the artificial neural network.

Table 5
Neuron independence test for HLR and PCR.
Number of neurons HLR = Qioss/ Quoss,0 PCR=W,/W,
MSE R MSE R

1 2.94E-04 0.66232 1.3404 0.91077
2 6.38E-05 0.92673 0.4300 0.97137
3 1.27E-05 0.98541 0.2402 0.98401
4 5.20E-06 0.99403 0.0815 0.99458
5 2.01E-06 0.99769 0.0332 0.99779
6 2.44E-06 0.99720 0.0179 0.99881
7 1.66E-06 0.99810 0.0129 0.99914
8 1.37E-06 0.99843 0.0088 0.99941
9 8.78E-04 —0.00791 0.0099 0.99934
10 9.99E-07 0.99885 0.0033 0.99978
11 8.79E-07 0.99899 0.0243 0.99838
12 9.01E-07 0.99897 0.0031 0.99979
13 1.13E-06 0.99870 0.0184 0.99877
14 8.72E-07 0.99900 0.0016 0.99989
15 1.65E-06 0.99810 0.0034 0.99978
16 2.32E-06 0.99734 0.0071 0.99953
17 1.30E-06 0.99851 0.0202 0.99865
18 1.36E-06 0.99844 15.0356 —0.00087
19 1.67E-06 0.99808 0.0043 0.99972
20 1.73E-06 0.99802 0.0109 0.99927

Multi-objective optimization can be described as follows:
Minimization: f(d1,,,p) = {Qoss /Quoss.0, Wp /Wy o }»
Subjected to: d; € [12,36],a € [30,90],5 € [30,50],p € [1,2].
Variations in the four structural parameters for optimization affect
both the mutually opposing Objectivel and Objective2. NSGA-II is used to
perform optimization and obtain the Pareto front. The main parameters
of NSGA-II selected in this study are listed in Table 6.
Fig. 16 presents the Pareto front obtained by NSGA-IIL. Each point on
the Pareto front is the preferred point, where extreme point A has the
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Table 6
Parameter setting of NSGA-II.
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Table 7
Numerical simulation results of Point A, B, and O.
Point Nu/Nuy f/fo PEC (Twmax- Twmax,0)
A 2.67 17.87 1.021 173
(0] 2.31 8.83 1.118 168
B 1.68 3.34 1.123 133

lowest heat loss but the highest pumping power and extreme point B has
the lowest pumping power but the highest heat loss. The optimal point O
is obtained by reconciling the two conflicting objectives with TOPSIS,
which is closest to the positive ideal and farthest from the negative ideal.
The CFD calculations indicate that the Nu number is decreased by 13.5%
at point O compared to point A, while f is decreased by 50.6%. Nu
number is decreased by 27.3% at point B compared to point O, while fis
decreased by 62.2%, as shown in Table 7. A relatively benefit of heat
transfer enhancement is achieved with a relatively small cost of power
consumption at point O under the fixed Re number. Therefore, point O is
applicable in the engineering field. The corresponding optimal param-
eters of the conical strip at this point are d; = 20.26 mm, a = 45.04°, =
40.55° and p = 1.

4.4. Variation of operating conditions

The optimal structural parameters under a fixed Re number are
determined by the optimized design in the previous subsection, which is
based on the optimization principle of improving the actual efficiency.
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During the practical operation of the PTR, mass flow rates (M), inlet
temperatures (Tier), and direct normal irradiances (DNI) also have an
impact on the system performance. This section focuses on evaluating
the comprehensive performance of the system with optimal structural
parameters under different operating conditions.

Fig. 17 illustrates the performance differences between enhanced
PTR and smooth PTR under different M and Ti;je, where DNI = 1000 W/
m? and the Re number ranges from 5000 to 153000. The heat loss of the
PTR increases as Tiye increases. The pump work mainly depends on the
magnitude of M, while the variation of Ty has a minor role in power
consumption. It is observed from Fig. 17 (a) and (b) that the heat loss of
the enhanced PTR is decreased by 6.0%-73.4% and the pump power is
decreased by 8.26-13.54 times compared to that of the smooth PTR. In
addition, the actual efficiency of the enhanced PTR is increased by
0.2%-3.3% when compared to that of the smooth PTR within the
research range, which indicates that the benefit of the heat loss reduc-
tion is greater than the cost of the increment in power consumption. The
limitation of the wall temperature is one of the core focuses of this study.
According to Fig. 17 (d), the maximum wall temperature difference
decreases from 46 K-272 K to 27 K-101 K due to the heat transfer
enhancement through the conical strip, which can effectively reduce the
bending deformation of the absorber tube.

Fig. 18 describes the performance comparisons between the optimal
enhanced PTR and the smooth PTR under different DNI and M when
Tinler = 500 K and the Re number range from 14000 to 136000. The DNI
determines the volume of heat energy collected by the PTR. The larger
DNI, the greater the temperature increase of the absorber tube and the
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Fig. 17. Performance comparisons of the enhanced PTR and the smooth PTR with inlet temperatures under different mass flow rates: (a) heat loss; (b) pump power;

(c) actual efficiency; (d) maximum wall temperature difference.
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Fig. 18. Performance comparisons of the enhanced PTR and the smooth PTR with mass flow rates under different direct normal irradiances: (a) heat loss; (b) pump

power; (c) actual efficiency; (d) maximum wall temperature difference.

poorer the performance of the absorber coating. As shown in Fig. 18 (a),
the heat loss increases with the increasing DNI. The convective heat
transfer performance increases as M increases, thus the heat losses of
both the enhanced PTR and the smooth PTR are insignificant at high M.
Besides, the insertion of the conical strip leads to a substantial increase
in pump work. The increase in the pump power of the enhanced PTR
becomes more pronounced as M increases, while the change in DNI has
almost no effect on the pump power, as seen in Fig. 18 (b). The heat loss
of the enhanced PTR is 2.0%-41.2% lower than that of the smooth PTR,
and the pump power is increased by 8.97-12.15 times. It is evident from
Fig. 18 (c) that the actual efficiency of the enhanced PTR is lower than
that of the smooth PTR under high Re numbers, which indicates that the
enhancement effect of the heat collection by the conical strip is sup-
pressed by the high cost of power consumption. The conical strip inserts
are not suitable for moderate- and high-temperature applications in
PTRs at high Reynolds numbers due to their lower actual efficiency.
Considering the practical application background, i.e., the conditions
where the mass flow rate is not too high, the enhanced tube proposed in
this study has potential for practical applications. Moreover, the
enhanced PTR provides favorable performance in reducing temperature
differences, and the maximum wall temperature difference decreases
with increasing M and decreasing DNI, as observed in Fig. 18 (d).
Based on the second law of thermodynamics, the irreversible loss of
the enhanced PTR and the smooth PTR is investigated in this study by
using entropy generation and exergy destruction analyses. Fig. 19 gives
comparisons of irreversible performance between the optimal enhanced
PTR and the smooth PTR under different operating conditions. It can be
seen from Fig. 19 (a) and (c) that the entropy generation decreases as
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Tinter and M increase. Furthermore, the smaller DNI, the smaller the
entropy generation. The trend of the exergy destruction in Fig. 19 (b)
and (d) is consistent with the entropy generation, which to some extent
confirms the unity of the entropy generation and exergy destruction in
describing the irreversible process. Within the study range, the entropy
generation of the optimal enhanced PTR is reduced by 22.2%-49.3%,
and the exergy destruction is reduced by 30.6%-45.9% when compared
to the smooth PTR. The result shows that the conical strip can effectively
improve the thermal performance of the PTR and diminish irreversible
losses in the heat collecting process.

4.5. Comparison with other studies

To comparatively analyze the performance of the conical strip in this
paper, comparisons with previous studies such as wave-tape [11],
wall-detached twisted tape [13], perforated plate [15], wire coil [18],
perforated ring [21], and conical strips [26-28,31] are carried out and
the results are presented in Fig. 20. In consideration of the discrepancies
in working fluids, parameter settings, and operating conditions in
different papers, the comparison only provides a limited reference. The
Nu number and the friction factor of the enhanced PTR in this study are
moderate among these heat transfer enhancement measures, and the
corresponding PEC is at the same position. It is demonstrated that the
enhanced PTR with a single conical strip inserted has an acceptable
overall performance. Besides, the conical strip configuration with a
downward impingement in the high heat flux region is more beneficial
to the heat collecting process of PTRs compared to other conical inserts.
What’s more, two or more conical strips are employed to enhance the
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Fig. 19. Irreversible performance comparisons of the enhanced PTR and the smooth PTR under different operating conditions: (a) entropy generation (Tiner); (b)
exergy destruction (Tine,); (¢) entropy generation (M); (d) exergy destruction (M).

ability of heat transfer in previous works, while the single conical strip
has been able to achieve good heat transfer performance while causing a
smaller pressure drop loss. It is an advantage to reduce the pump work of
PTRs. Therefore, it is promising to use the conical strip configuration
proposed in this paper for moderate- and high-temperature applications
in PTRs.

5. Conclusion

In this paper, considering the characteristics of highly non-uniform
heat flux within the outer surface of the absorber tube, an enhanced
PTR with a novel single conical strip is proposed to improve the thermal
performance of the solar collector system. The thermal-hydraulic per-
formance and efficiency of the novel PTR are investigated in detail
through numerical simulation. Moreover, the optimal combination of
parameters of the enhanced PTR is obtained through multi-objective
optimization, and its performance is evaluated under different oper-
ating conditions. The main conclusions are as follows.

The conical strip can guide the fluid down to the high heat flux re-
gion, and two symmetrical longitudinal vortices are formed inside the
tube. With this flow field structure, the heat transfer performance of the
enhanced PTR is significantly improved, especially in the lower half of
the absorber tube. Moreover, the temperature uniformity of the absorber
tube for the enhanced PTR is significantly improved compared with that
of the smooth PTR, which effectively reduces the thermal strain of the
absorber tube and prevents the bending of the absorber tube.

Further, the effects of four structural parameters, namely inner
diameter (d;), central angle (), inclined angle (f), and pitch ratio(p), on
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the performance of PTRs are investigated under a fixed Reynolds num-
ber. As different parameter combinations bring various effects, multi-
objective optimization of the structural parameters is performed by
combining ANN and NSGA-II. The optimal structural parameters
determined by TOPSIS are d; = 20.26 mm, a = 45.04°, # = 40.55°, and p
=1.

Finally, the performance of the optimal combination of parameters is
evaluated under different operating conditions, including mass flow
rates (M), inlet temperatures (Tj,e), and direct normal irradiances
(DNI). Compared to the smooth PTR, the Nu number is increased by
51.7%-131% combined with a 7.75-13.43 times increase in f, and PEC
varies from 0.70 to 1.17 for the enhanced PTR within the study range.
The tube wall temperature is dropped by up to 168 K, while the heat loss
is decreased by 2.0%-73.4%. As M is less than 2.28 kg/s, the actual
efficiency of the enhanced PTR is greater than that of the smooth PTR,
with a maximum improvement of 3.3%. It is found from the entropy and
exergy analysis that the conical strip effectively reduces the irrevers-
ibility in the heat collecting process. The entropy generation of the
enhanced PTR reduces by 22.2%-49.3%, and the exergy destruction
reduces by 30.6%-45.9%.
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ambiance, W/(m3K)

k kinetic energy, m/s>
Declaration of competing interest L overall length of absorber tube, m
M mass flow rate of the PTR, kg/s
The authors declare that they have no known competing financial Nu Nusselt number
interests or personal relationships that could have appeared to influence Nugir circumferential Nusselt number
the work reported in this paper. p pitch ratio of the conical strip
P pressure of the fluid, Pa
Acknowledgment p* pitch of the conical strip, m
PEC performance evaluation criteria
This work was supported by the National Natural Science Foundation Pr Prandtl number of the fluid
of China (Grant No. 51736004). Pr; turbulent Prandtl number
qeir circumferential heat flow at the inner wall of the absorber
Nomenclature tube, W/m?
Qeff mean heat flux at the inner wall of the absorber tube, W/m?
a thermal diffusivity of the fluid, m%/s Qe heat absorbed by HTF, W
A area of the parabolic reflector zone, m? Qoss system heat loss, W
Cp specific heat at constant pressure of the fluid, J/(kg-K) Qsolar total solar radiation absorbed by the system, W
d; inner diameter of the conical strip, m Re hydraulic Reynolds number
ds inner diameter of the conical strip, m Sgen total entropy generation per unit volume of fluid, W/(m*K)
dgi inner diameter of glass tube, m T temperature of the fluid, K
dgo outer diameter of glass tube, m To ambient temperature, K
DNI direct normal irradiance, W/m? T, the outer surface temperature of the absorber tube, K
dyi inner diameter of absorber tube, m Teir mean circumferential temperature at the inner wall of the
dro outer diameter of absorber tube, m absorber tube, K
Exq total exergy destruction per unit volume of fluid, W/m3 Tf mean temperature of the fluid, K
f friction factor Tintet mean temperature of the fluid at the inlet, K
h heat transfer coefficient, W/(m?K) Ty mean temperature at the inner wall of the absorber tube, K
hy convective heat transfer coefficient of the glass tube to the Tymax ~ Mmaximum temperature of the absorber tube, K
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Tywmin minimum temperature of the absorber tube, K

u velocity of the fluid, m/s

Up ambient wind speed, m/s

Uin mean velocity of the fluid at the inlet, m/s

14 volume of the fluid, m®

AP pressure drop between the inlet and outlet of the absorber
tube, Pa

ATy, maximum wall temperature difference, K

vT temperature gradient of the fluid at a certain location, K/m

Greek symbols

a central angle of the conical strip, °

s inclined angle of the conical strip, °

r turbulent kinetic energy, m/s?

€ turbulent dissipation rate m?/s°

£ emissivity of the coating

Ne power generation efficiency

A thermal conductivity of the fluid, W/(m-K)
dynamic viscosity of the fluid, Pa-s

Ue turbulent viscosity, Pa-s

p density of the fluid, kg/m>

ok Prandtl number corresponding to k

[ Prandtl number corresponding to ¢
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