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Designing highly-efficient parabolic trough receiver (PTR) contributes to promoting solar thermal utilization and alleviating
energy crisis and environmental problems. A novel finned PTR with inner tube (FPTR-IT), which can provide different grades of
thermal energy with two heat transfer fluids (oil and water), is designed to improve thermal efficiency. In this FPTR-IT, an inner
tube and straight fins are employed to respectively lessen heat loss at upper and lower parts of the absorber. Based on the design,
a numerical model is developed to investigate its performance. Comparisons with other PTRs indicate that the FPTR-IT can
combine the advantages of PTR with inner tube and finned PTR and obtain the best performance. Moreover, performance
evaluation under broad ranges of direct normal irradiances (300-1000 W/mz), flow rates (50-250 L/min) and inlet temperatures
(400-600 K) of oil as well as flow rates (3.6—-10 L/min) and inlet temperatures (298.15-318.15 K) of water is investigated.
Compared with conventional PTR, heat loss is reduced by 20.7%—63.2% and total efficiency is improved by 0.03%—4.27%.
Furthermore, the proportions of heat gains for water and oil are located in 8.3%-73.9% and —12.0%—-64.3%, while their
temperature gains are located in 11.6-37.9 K and —1.2-19.6 K, respectively. Thus, the proposed FPTR-IT may have a promising
application prospect in remote arid areas or islands to provide different grades of heat for electricity and freshwater production.
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1 Introduction

Exploitation and utilization of solar energy have a good
perspective for reducing dependence on fossil energy and
realizing the carbon peaking and carbon neutrality goals of
China due to its abundance and cleaning properties. Solar
thermal utilization is a promising way to provide heat source
for living and production processes, including electricity
generation from concentrating solar power (CSP) [1-5],
concentrating photovoltaic/concentrating solar power (CPV/
CSP) [6,7], desalination [8—10], solar thermochemical re-
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actor [11-13], domestic heating [14,15], etc. Solar collectors
are the key components for solar thermal utilization, which
can absorb solar irradiance and generate heat. Among them,
parabolic trough collector (PTC), which has advantages of
modularity and easy to match with other renewable energy
sources, is widely used in practical applications [16].
Nevertheless, conventional parabolic trough receiver
(CPTR, see Figure 1(a)) in a PTC suffers extremely cir-
cumferential non-uniform heat flux due to upper and lower
parts of absorber being illumined by direct and concentrated
irradiances, respectively. This may lead to extremely high
maximum temperature, as well as large temperature gradient,
thermal stress and heat loss, and consequently brings huge
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challenges to the PTC’s safe and efficient operation [17,18].
Therefore, technologies and designs for reducing tempera-
ture, thermal stress and heat loss are highly needed.
Recently, substantial efforts have been devoted to devel-
oping highly efficient PTC [19-22]. Heat loss lessening
technologies and heat transfer enhancement techniques are
two main methods to promote receiver efficiency. The for-
mer is concentrated on restraining the heat loss through ra-
diation from absorber to glass cover, such as selective
coatings [23], radiation shields [24,25]. Zhao et al. [26] have
proposed a good strategy that using several selective-ab-
sorbing coatings along flow direction and they managed to
debase heat loss by 29.3% and improve thermal efficiency by
4.3%. Recently, Yang et al. [27] found that heat loss through
radiation may surpass absorbed heat from solar irradiance in
directly illumined zone at upper part of absorber, especially
at high heat transfer fluid (HTF) temperature and low direct
normal irradiance (DNI). Thus, a negative thermal-flux oc-
curs in this region. A radiation shield between glass cover
and absorber at the directly illumined zone was proposed by
Wang et al. [28] to lessen heat loss through overcoming
negative thermal-flux region. The results of tests showed that
compared with CPTR, the PTR with metal radiation shield
can obviously decline heat loss by 28.1% under absorber
temperature of 600°C. Nevertheless, some of direct irra-
diance would be intercepted by the metal radiation shield and
thus the optical efficiency be inevitably downgraded. As a
result, the PTR with metal radiation shield could even
achieve lower thermal efficiency than CPTR under low
temperature of HTF and high DNI. To this end, some ex-
cellent strategies have been proposed, such as replacing the
metal radiation shield with glass shields [29] or solar-trans-
parent aerogel [30,31]. The results indicated that these stra-
tegies can mitigate the interception of direct irradiance and
effectually improve the thermal efficiency under broad ran-
ges of DNI and temperature of HTF. However, as the heat
loss lessening technologies did not decline the temperature
of the absorber, the PTR could still suffer extremely high
temperature, temperature gradient and thermal stress.
Unlike heat loss lessening technologies, heat transfer en-
hancement techniques, including nanofluids [32-35] and
turbulators [16,36,37], were concentrated on strengthening
the heat transfer coefficient of HTF so as to prevent ex-
cessive temperature and heat loss of absorber. Though na-
nofluids, which can improve thermal properties of base fluid
by adding and dispersing nanoparticles, have great potential
for promoting highly efficient PTR and attract wide research
interests, overcoming their weaknesses of high production
cost, agglomeration and instability still remain an ongoing
challenge in industrial application [32,34]. Turbulators ap-
plied in traditional heat exchanger [38,39] could enhance the
heat transfer coefficient through augmenting fluid mixing,
which provides a promising method for improving perfor-
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mance of PTR. Until now, many turbulators, such as dimpled
tube [40], corrugated tube [41], finned tube [42—44], ribbed
tube [45], wavy tube [46], porous inserts [47,48], conical
strip [49], twisted tape [50], metal foams [51], longitudinal
vortex generators [52], rotary receiver [53], have been in-
vestigated and analyzed for developing highly efficient PTR.
Biswakarma et al. [54] reported a performance analysis of an
internally helically V-grooved absorber and obtained 41.3%
enhancement in heat transfer coefficient. Shi et al. [55]
employed a helically convex absorber tube for enhancing
heat transfer of PTR. They found that compared with CPTR,
34% improvement in heat transfer performance is obtained.
Liu et al. [56] proposed a ribbed absorber tube and conducted
a multi-objective optimization. They found that the ribbed
absorber could achieve 57%—-255% and 2.2% improvement
in heat transfer and thermal efficiency, respectively. Bellos et
al. [57] have evaluated a finned PTR (FPTR, see Figure 1(b))
through simulation. They found that compared with CPTR,
the FPTR obtains 65.8% and 0.82% improvement in heat
transfer and thermal efficiency but assumes double pressure
losses. However, the turbulators are not suitable for PTR
under large flow rate (FR) conditions because the gains in
thermal efficiency are offset by the large pumping power
consumption (PPC). Moreover, though the turbulators are
able to strengthen heat transfer between absorber and HTF,
they cannot suppress the negative thermal-flux region and
even deprave the performance under high temperature of
HTF. Lately, a strategy of PTR with inner tube (PTR-IT, see
Figure 1(c)) was proposed by Liu et al. [58]. In this strategy,
an inner tube is tightly attached to the directly illumined zone
with low temperature HTF (seawater or water) flowing
through it to conquer the negative thermal-flux region as well
as provide low temperature heat source for desalination or
domestic heating. They found that heat loss is decreased by
33.1%50.1% and total efficiency is enhanced by 0.61%—
7.67%. Nevertheless, this strategy is unable to reduce or even
increases the temperature difference in the absorber, which
may induce larger thermal stress.

In this study, combining the advantages of FPTR with
PTR-IT and overcoming their respective weaknesses, a novel
finned PTR with inner tube (FPTR-IT, see Figure 1(d)) will
be designed for solar cascade heat collection. Two HTFs will
be employed to simultaneously provide heat sources with
high and low temperatures for different applications, in-
cluding power generation and domestic heating or desali-
nation, etc. The inner tube, which is tightly attached to the
upper part of the absorber, can present the high temperature
HTF contacting the low heat flux region that illuminated by
direct irradiance. Moreover, the heat from direct irradiance
can be carried off by the low temperature HTF. As a result,
the temperature at the directly illumined zone is expected to
be effectively diminished, which contributes to preventing
the occurrence of negative thermal-flux region. At the same
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Figure 1 (Color online) Sketch of different PTRs and the novel FPTR-IT. (a) CPTR; (b) FPTR; (c) PTR-IT; (d) FPTR-IT.

time, the straight fins inside the lower part of the absorber
will be employed and expected to decline the temperature in
this region so as to dwindle the circumferential temperature
difference. Based on design plan, numerical model will be
developed to investigate performances of novel FPTR-IT.
Then, the performance comparisons with CPTR, FPTR and
PTR-IT will be conducted. Finally, the performance of
FPTR-IT under broad ranges of oil flow rates, oil inlet
temperatures and DNIs will be evaluated. This work may
provide an alternative idea for designing highly efficient
PTR for solar thermal cascade development and compre-
hensive utilization.

2 Model description

2.1 Physical model

The novel FPTR-IT in the present work is a modification
from standard LS2 PTC [59], which may be manufactured by
replacing the smooth absorber with a finned one and in-
serting an inner tube. The detailed geometric model and
parameters of the FPTR-IT are presented and listed in Figure
2(a) and Table 1, respectively. The glass cover, absorber and
inner tube are respectively made of Pyrex [30], stainless steel
(321H) [59], and zirconia ceramic [60], whose properties are
listed in Table 2. Water [61] and Syltherm-800 oil [62] are
employed as the low and high temperature HTFs, respec-
tively. Their temperature-dependent thermal properties are
listed in Table 3. Moreover, concurrent flow is adopted for
the two HTFs.

To determine the superiority of the novel FPTR-IT, three
different types of PTRs (i.e., conventional PTR (CPTR),
finned PTR (FPTR) and PTR with inner tube (PTR-IT)) are
employed for comparative analysis (see Figure 1(a)—(c)).
Moreover, their geometric parameters are set to be consistent
with the novel FPTR-IT. It should be noted that for the
FPTR, 8 straight fins are evenly arranged on inside of ab-
sorber tube circumferentially, while for the FPTR-IT, the 3
straight fins on the upper part of the absorber are removed
due to the arrangement of the inner tube. Moreover, for the
FPTR-IT and PTR-IT, both water and Syltherm-800 oil are
applied to collecting heat with low and high temperature for
domestic heating or desalination and power generation,
while for the PTR and FPTR, only Syltherm-800 oil is
adopted to produce heat source with high temperature for
power generation. Performance of the PTRs at wide ranges
of operating conditions, including different inlet tempera-
tures (7;, . = 400-600 K) and FRs (V,; = 50-250 L/min) of
Syltherm-800 oil as well as different DNIs (DNI =
300-1000 W/mz), is comprehensively compared when inlet
temperature (T, waer) and FR (Vi) of water are set to
298.15 K and 3.6 L/min, respectively. In addition, to de-
termine the effects of inlet temperature and FR of water, the
performance of FPTR-IT under different Tj,yuer
(298.15-318.15 K) and Ve, (3.6-10.8 L/min) when T;, oy =
500 K, Vy;; =50 L/min and DNI=1000 W/m” is investigated.

2.2 Boundary conditions and numerical methods

Since the symmetry of the PTRs on the y-z plane, only half of
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Figure 2 (Color online) Geometric model, computational domain of the FPTR-IT and the non-uniform heat flux [63]. (a) Geometric model; (b) compu-

tational domain and the non-uniform heat flux.

Table 1 Geometric parameters of the FPTR-IT

Parameter Value Parameter Value
Length of PTR (L) 7.8 m Outer diameter of glass cover (d,,) 0.115m

Inner diameter of glass cover (dy;) 0.109 m Outer diameter of absorber (d,,) 0.07 m
Inner diameter of absorber (d,;) 0.066 m Outer diameter of inner tube (d,;) 0.03m
Inner diameter of inner tube (d;) 0.02 m Eccentric distance of inner tube (e) 0.018 m
Central angle (8) 120° Radius of rounded corners (r) 0.0l m
Thickness of fin (7) 0.004 m Height of the fin (p) 0.0l m

Table 2 Materials and thermal properties of solid domain

Domain Material A (W/(m K)) p (kg/mz) ¢, (J/(kg K))
Absorber tube Stainless steel [59] 25 7650 460
Glass cover Pyrex [30] 1.2 2230 900
Inner tube Zirconia ceramic [60] 0.4 5700 500

the FPTR-IT (see Figure 2(b) [63]) is applied in numerical
simulation with symmetric boundary for saving computing
resource. The detailed boundary conditions for the FPTR-IT
from outside to inside are set as follows.

(1) Glass cover outer surface: A mixed boundary is

adopted to determine the heat exchanged from glass cover to
environment or sky through convection and radiation. Gray
body with emissivity of 0.86 is applied for glass cover [30].
A uniform heat transfer coefficient under a certain wind
speed (V,= 2.5 m/s) is defined [64]:
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High temperature HTF (Syltherm-800 oil [62])

Property Equation

p (kg/m’) —6.0616 x 10'T*~ 4.1535 x 10"'T+1.1057 x 10

w (Pas) 6.6720 x 10 "T* = 1.5660 x 10 °T>+1.3882 x 10 °T*~5.5412 x 10 ‘T + 8.4866 x 10
4 (W/(m K)) ~5.7534 x 10T~ 1.8752 x 10°*T +1.9002 x 10"

¢, (kg K))

1.70807 + 1.1078 x 10°

Low temperature HTF (Water [61])

Property Equation

p (kg/m’) 1.772 x 10 °T> = 2.067 x 10 °T >+ 7.335T + 1.71956 x 10

 (Pas) 4078 x 10717~ 5.502 x 10°7°+2.789 x 10°T >~ 6.302 x 10T+ 0.536574
2 (W/(m K)) 3419 x 10 "7~ 4.581 x 10°T*+2.014 x10 "T~2.229

¢, (kg K))

1471 x 10 °T* = 1.973 x 10°T° + 1.0057 >~ 2.2965 x 10°T +2.3978 x 10"

h, =4V, V?‘ss dg;0.42' 0

Eq. (1) is applied on glass cover outer surface. In this
study, the temperatures of ambient and sky are 298 and
290 K, respectively [65].

(2) Glass cover inner surface: Coupled thermal boundary is
adopted to this surface.

(3) Absorber outer surface: The standard LS2 with optical
efficiency of about 74.1% is applied in this work. By ap-
plying user defined function (UDF), the circumferential non-
uniform heat flux (see Figure 2(b)) according to He’s re-
search [63] is applied on outer surface of absorber. For the
standard LS2 PTC, the absorber outer surface is generally
covered with cermet coating, which is beneficial to improve
the absorption rate of solar irradiance and reduce the external
thermal radiation loss. Furthermore, the selective coating has
a temperature-dependent emissivity [66], which is described
in eq. (2), is also considered herein.

¢ =0.000327T—0.065971. (2)

(4) Interfaces between the HTFs and solid: No slip surface
with coupled thermal boundary is adopted on inner surface of
inner tube and absorber.

(5) End of the FPTR-IT: The ends of the glass cover, va-
cuum zone, absorber and inner tube are set to be adiabatic. At
the inlets of the absorber and inner tube, velocity inlet con-
dition is employed. The pressure outlet boundary condition is
applied to the outlets of the absorber and inner tube.

In this numerical model, heat conduction in solid domains
(glass cover, absorber and inner tube) and vacuum zone, heat
radiation between glass cover and absorber and convective
heat transfer of HTFs are all taken into consideration. For
heat conduction in solid domain, the governing equation of
energy is defined as follows:

0 [/@T] 0. 3)

where 4 is thermal conductivity.

Discrete ordinates radiation model is employed to capture
radiative heat transfer process between glass cover and ab-
sorber. Reynolds numbers for both high and low temperature
HTFs corresponding to the flow-rate range are larger than
10000 in this study, and thus the flow of HTFs is in turbulent
regime. To capture fluid flow and heat transfer process of
HTFs, the realizable k- turbulence model is employed due to
its advantages of predicting the flow features such as
streamline curvature [67]. Governing equations for mo-
mentum, continuity, energy, turbulent energy dissipation (¢)
and turbulent kinetic energy (k) are defined as below:

R e (R G
%(ﬂw[)%ulféﬁﬂm ’ )
a(g;xtji) -0, (5)
R e ©
a(g;’iig) = 6(36,« ,u+’%: g; +cll"e—pc2%, (8)

where u, p, 4, and Pr are the viscosity, density, turbulent
viscosity and Prandtl number of HTFs; Pr, o, and o, re-
present turbulent Prandtl numbers for energy, ¢ and &, which
are set to 0.85, 1.2 and 1.0, respectively.

The governing equations are solved through software
ANSYS Fluent 16.0, and convective term is discretized by
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employing the second order upwind scheme. For coupling
pressure and velocity, SIMPLE algorithm is applied.

2.3 Parameter definitions

The parameters to evaluate performance of the PTR are ex-
pressed as below. The heat gain and PPC of water and Syl-
therm-800 oil are calculated as follows:

Qu,water = Pwater Vwater * Cp water * (]:)ut,wateri Tin,water)’ (10)

Q.o = Poit * Voir* Cpoil ° (Toutoit ~ Tin,oin)s (1)
VVp,watcr = Vwatcr : APwatcw (12)
Wp,oﬂ = Vou- ARy, (13)

where V.. and Vg represent the FRs of water and Syl-
therm-800 oil, respectively. Based on egs. (10)—(13), the total
heat gain and PPC are defined as

Qu = Qu,oil + Qu,water’ (14)
VVp = VVp,oil+ I/Vp,watcr' (15)
Thus, the total efficiency can be defined as follows:
Qu_ w, /776:]
MNiotal = ?I;NI’ (16)

where 7, presents average electrical efficiency of thermal
power station and is set to 0.33 according to ref. [19], and 4,
is aperture area of PTC, and is 5 m x 7.8 m for LS2.

The parameters corresponding to fluid flow and heat
transfer performance, including velocity of HTFs, Nusselt
number (Nu), heat transfer coefficient (%), friction factor (f),
Reynolds number (Re) and performance evaluation criteria
(PEC) [68], are calculated as follows:

4y
u= m, (17)
Nu=hd/ 4, (18)
h=q,/(T,~T,), (19)
_ 2APd
F= T (20)
_ pud
Re =244, 1)
pEC — Mu/Nity, (22)
(f1fo)

where V, u, p and 1 are the FRs, viscosity, density and
thermal conductivity of HTFs at average temperature (7,,), d
represents the inner diameter of absorber (d,;) for the Syl-
therm-800 oil and inner diameter of the inner (d;;) tube for
water, T,, and ¢, respectively represent average wall tem-
perature and heat flux on the interface between the HTFs and
solid zones, and AP represents the pressure drop between the
inlet and outlet. Nu, and f; represent the Nusselt number and
friction factor of the smooth tube, respectively. The tem-
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perature difference of absorber, which represents tempera-
ture uniformity of absorber, is defined as

AT=T .~ T (23)
where T,,, and T,,;, are the maximum and minimum tem-
peratures in the absorber, respectively.

3 Grid system and model verification

3.1 Grid independence test

A grid system of FPTR-IT with hexahedral mesh is generated
through software Gambit, as displayed in Figure 3. The mesh
of fluid domain at the region near the interface is sufficiently
refined to ensure the y" less than 1 and capture the flow and
heat transfer characteristics in boundary layer. In addition, a
grid independence test is conducted through four different
grid systems with mesh numbers of 314678, 632424,
1015404, and 2764320 when V,;= 50 L/min, T}, ;= 500 K
and DNI= 1000 W/m’. It is found that the relative deviations
Of Miotaly NUgits foits Tmax @nd AT are less than 0.1% as the mesh
number raises from 1015404 to 2764320. Thus, the grid
system with 1015404 meshes can obtain sufficient accuracy
with relatively few resources, which is selected for the fol-
lowing numerical simulation.

3.2 Numerical model verification

Friction factor (f) and Nusselt number (Nu) of CPTR ob-
tained from numerical simulation are validated through
Petukhov’s correlation and Gnielinski correlation [69]:

£=(0.790InRe — 1.64) 2, (24)

Nu = (25)

(f/8)(Re—1000)Pr | | +[d]2/3
<

1+ 12.7(718) (P -1y (L

The relative deviation between the numerical results and
correlations or experimental data is calculated as

S=(A—A,)/ Ay x 100%, (26)

where A4 is the numerical result, while A4, is the correlation
values or experimental data.

The results from the numerical simulation and correlations
for oil flow in CPTR are presented in Figure 4(a). Relative
deviations of f'and Nu under the range of conditions studied
in this work are limited in £5.5% and £13.4%, respectively.
The comparisons of f'and Nu between numerical results and
correlations for water flow in inner tube are displayed in
Figure 4(b). The results indicate that the numerical results
agree well with the correlations and the relative deviations of
f and Nu are limited in £8.1% and +£19.8%, respectively.
Moreover, comparisons between experimental data and nu-
merical results at operating conditions (see Table 4) from
Dudley’s research [70] are conducted to further verify model
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(Color online) Grid system of FPTR-IT.

Sci China Tech Sci

May (2023) Vol.66 No.5

(a) 1000 T T T T T
®  Nu-present study H
® o Nu-Gnielinski correlation |
800 |- A fpresent study 4
84 v fPetukhov’s correlation
= il
600 F 9% .
= % Qg il
9
400 [ o 8,
o z 1
*x
° 8 = e
2001 |
UU
Oil flow in CPTR
0 8 Il Il Il h Il 1
0 20000 40000 60000 80000 100000120000 140000
Re
(©) 40— Temperature gain (simulation results)
- © Temperature gain (experimental data)
35|- 4 Efficiency (simulation results) 4
o || v Efficiency (experimental élata)
g A
~ X
- v z 4
5 30 - A
S | A X
)
% 25| a &
g | * s o 8
£ 201 Q i
S |8 ] e o
15| &
10 Il 1 Il Il 1 1 L Il
1 2 3 4 5 6 7 8
Case

0. 040 (b) 220 T T T 0.05
B Nu-present study
©  Nu-Gnielinski correlation
0.035 180 & A fopresent study 40.04
v : A v f-Petukhov’s correlation
0.030 v Sa,
v a
140 Vw Aa =0.03
w a
0.025 %~ 2 M 8
- [
100 |- . % ° 40.02
0. 020 o © °
w B
L o a
0.015 60 . ® 0.01
238
Water flow in inner tube
0.010 20 L . . . 0. 00
4000 8000 12000 16000 20000
Re
80 d) 3.0 T T T T T T
o Present study
75 — Value of correlation (/=4 mm, p=10 mm, N=8)
Error limit (+20%)
2.5
70 §
= &
65 = 3 2.0 | 2
o = o
= &5 °o 0
bl o
60 D 2 090 o° o °
1.5
55
50 0 1 1 I 1 1 1 Il
0 20000 40000 60000 80000 100000 120000 140000

Re

1423

Figure 4 (Color online) Results of model validations. (a) Validation for oil in CPTR; (b) validation for water in inner tube; (c) comparison with
experimental data for CPTR; (d) comparison with correlation for FPTR.

reliability. The results in Figure 4(c) indicate that the de-
veloped model agrees well with experimental data, and re-
lative deviations of efficiency and temperature are limited
within £1.9% and +3.3%, respectively. Therefore, the nu-

merical model established herein is accurate enough for
capturing heat transfer processes in PTRs.

In addition, correlation of Nusselt number ratio (Nu/Nuy)
for finned tube [57]
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Table 4 Operating conditions of Dudley’s research [70]

May (2023) Vol.66 No.5

Case
1 2 3 5 6 7 8
DNI (W/mz) 880.6 903.2 909.5 920.9 933.7 937.9 968.2 982.3
FR (L/min) 55.60 56.30 54.70 56.80 47.70 55.50 47.78 49.10
Toit (K) 572.15 629.05 523.85 652.65 375.35 570.95 424.15 470.65
Wind speed (m/s) 2.9 42 33 2.6 1.0 37 2.5
Air temperature (K) 300.65 304.25 299.35 302.65 294.35 301.95 295.55 297.45
LYY (4. (pPER ¥ DNI= 1000 W/m”. From CPTR to FPTR-IT, the oil velocity
Nu/ Nuy = [d_:l] : [ Y rcoal] : [ pEch; l] 27 magnifies when operating at the same FR due to increase of

is employed to validate model reliability for simulating
FPTR, where the ratio of characteristic length (L,) and ab-
sorber diameter can be calculated as below:

Lc_ Acore _ ﬁ
d_ri_ Areal].[l 2dn]
A | (7] ({_p2|_ L
+Areal]' [N].[l 2dn_] dﬂ_}, (28)

where N is the number of fins, 4y, Agp, Area, aNd A e are
sectional areas of smooth absorber and fins, fluid in finned
absorber, and core tube area, respectively:

A, =m-d;/4, (29)
Ay, =N-p-t, (30)
A, =m(d;—2-p)*/4, (31)
A=A, Ag. (32)

PER, and PER,, are the wet perimeters of the smooth and
finned absorbers, respectively:

PER =n-d,, (33)
PER,, =PER,+2-N-p. (34)

real

Figure 4(d) displays the Nu/Nu, obtained from numerical
simulation and calculated from correlation. It is observed
that the numerical results are slightly smaller than the value
of correlation with the relative deviation being less than
20%. The numerical model has sufficient accuracy in this
study.

4 Results and discussion

4.1 Comparisons of velocity, temperature and heat flux
distribution

Velocity and temperature distributions are the key para-
meters that affect the heat transfer process and its perfor-
mance in PTRs. Figure 5(a) and (b) present the velocity and
temperature distributions on cross-section planes (z = 3.9 m)
of different PTRs when T}, ,; = 500 K, V,; = 50 L/min and

its cross-sectional area, as depicted in Figure 5(a). While the
velocity contours of the water of PTR-IT and FPTR-IT are
almost the same at a constant FR. In addition, compared with
CPTR, the velocity gradients of oil near the surfaces of ab-
sorber or fins in enhanced PTRs are apparently magnified,
especially the FPTR-IT obtains the largest velocity gradient.
This will contribute to augmenting convective heat transfer
between oil and absorber. Therefore, the temperatures of
absorbers (especially at the lower part) in enhanced PTRs are
dramatically reduced, as shown in Figure 5(b).

For FPTR, the straight fins can expand the heat transfer
area between oil and absorber and thus bring down the ab-
sorber temperature. For PTR-IT, the low heat flux from di-
rect irradiance on the upper part of absorber can be quickly
carried off by the water with low temperature. Therefore, the
temperature on the upper part of absorber is dramatically
diminished to even lower than the oil temperature. As ex-
pected, the FPTR-IT combines the advantages of FPTR and
PTR-IT and obtains the lowest temperature of absorber,
which is beneficial to cut down the heat loss and enhance the
total efficiency.

To quantitatively compare the temperature and heat loss
among different PTRs, the temperatures and outward heat
flux along circumferential direction on outer surfaces of
absorber in different PTRs are displayed in Figure 5(c) and
(d) for discussion. As shown in Figure 5(c), it is viewed that
compared with the CPTR, all the three different enhanced
PTRs can minify the temperature on outer surfaces of the
absorber at the whole circumference. In addition, for the
FPTR, the temperature on the lower half part of absorber
outer surface (90°<6<180°), where is loaded with extremely
high heat flux, is significantly reduced by about 50 K. While
the temperature on the upper part of absorber outer surface
(0°<6<90°) is close to T, ; (500 K) and its reduction is not
obvious. It is because this area is only loaded with much
lower heat flux from direct irradiance. For the PTR-IT, on the
lower half part of absorber (90°<6<180°), the circumfer-
ential temperature distribution on absorber outer surface is
similar to that of FPTR. It is because the insertion of the inner
tube magnifies the oil velocity (see Figure 5(a)) and thus
enhances the convective heat transfer at lower half part of
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Figure 5 (Color online) Velocity, temperature and outward heat flux distributions of the PTRs when T3, ,; = 500 K, V;; = 50 L/min and DNI= 1000 W/m’.
(a) Velocity; (b) temperature; (c) circumferential distribution of temperature; (d) circumferential distribution of outward heat flux.

absorber. Especially, on upper part of absorber (0°<6<90°),
due to the low heat flux from direct irradiance in this area
being carried away quickly by the low temperature HTF
(water), the temperature of absorber is dramatically dimin-
ished (up to about 75 K) when compared with the CPTR. For
the FPTR-IT, temperature on lower half part of absorber
outer surface is further visibly reduced when compared with
PTR-IT due to the heat transfer being further enhanced by
the straight fins. Moreover, the temperature on upper part of
absorber outer surface for FPTR-IT is similar to that of PTR-

IT with a slight decrease. Therefore, the FPTR-IT achieves
the lowest temperature of the absorber as expected. From
Figure 5(d), it is observed that when compared with CPTR,
the outward heat fluxes on outer surfaces of absorber in
enhanced PTRs are also apparently reduced. Moreover, the
circumferential outward heat fluxes perform the similar
trends as the temperatures in Figure 5(c). It is because the
radiation heat transfer flux between glass cover and absorber
accounts for major part of outward heat flux, which is
dominated by outer surface temperature of absorber.
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4.2 Performance comparisons under different operat-
ing conditions

To determine performances and superiority of FPTR-IT
proposed herein, comparisons of performances among the
FPTR-IT and other PTRs under different operation condi-
tions, including V;, T;, i and DNI, are performed and dis-
cussed in details below.

4.2.1 Comparisons under different oil flow rates

The performance of FPTR-IT and other PTRs under a typical
range of oil flow rates (50-250 L/min) when Tj, ,; = 500 K
and DNI = 1000 W/m” is compared. Figure 6(a) and (b)
present the maximum temperatures and temperature differ-
ences of the absorber in different PTRs. It is viewed that the
maximum temperature and temperature difference of every
PTR decrease with increasing V;. The reason is that as V
increases, convective heat transfer rate of oil is enhanced and

Sci China Tech Sci
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thus heat from solar irradiance can be carried off faster.
Hence, the temperature and its gradient in absorber will
shrink with rising V;. Moreover, compared with the CPTR,
it is found that the three enhanced PTRs can obviously de-
cline the maximum temperature at all FRs and the reduction
amplitudes of maximum temperature all decline with the
increase of the V;, as shown in Figure 6(a). Among three
enhanced PTRs, the FPTR-IT proposed in this work obtains
the lowest maximum temperature. It needs to be noted that
the temperature differences of absorbers in PTR-IT and
FPTR-IT are higher than that of CPTR at relative high V;
(V,i>100 L/min). It is because the temperature at the upper
part of the absorber is decreased more than that of lower part
due to the inner tube, which can be viewed intuitively from
Figure 5(c).

The Reynolds (Re) numbers corresponding to the oil FRs
when T;,,; = 500 K are located at the range of 14517 to
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Figure 6 (Color online) Performances of different PTRs with rising V; or Re. (a) Maximum temperature; (b) temperature difference; (c) Nusselt number
for oil flow; (d) fraction factor for oil flow; (e) PEC for oil flow; (f) PPC; (g) heat loss; (h) total efficiency.
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72585. Figure 6(c)—(h) show the Nusselt number (Nu),
friction factor (f;;), PEC of oil, PPC (), heat loss and total
efficiency of the PTRs over Reynolds number. It is clear that
both Nu,; and W, of each PTR increase with raising Re
number. In addition, both f; and PEC decrease with the
increase of Re, and the FPTR-IT obtains a moderate PEC
(1.26-1.36), which is slightly lower than that of FPTR but
much higher than that of PTR-IT. Most importantly, it is
viewed that the FPTR-IT can dramatically augment the heat
transfer of oil and obtains the highest Nu,; at all Re numbers,
which is 2.23 to 2.38 times that of the CPTR. As a result, the
heat losses to environment of the PTRs decline with the
increase of Re number due to the reduction of absorber
temperature. Moreover, the FPTR-IT achieves the lowest
heat loss at all Re numbers and the heat loss is dramatically
reduced by 18.68-94.20 W/m (relative reduction in heat loss
ranges in 21.3%—46.9%) when compared with the CPTR. As
the heat losses are effectively reduced, the total efficiencies
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of the enhanced PTRs are consequently improved and have
the opposite trends as the heat losses, as displayed in
Figure 6(h). In addition, the FPTR-IT obtains the highest
total efficiency at almost all Re numbers, which is effectively
improved by 0.23%—1.89% when comparing with the CPTR.
It should be noted that when Re>60000, the total efficiency
of FPTR-IT is lower than that of the PTR-IT, which is be-
cause the W, of the FPTR-IT is much larger than that of the
PTR-IT at a high V.

4.2.2 Comparisons under different oil inlet temperatures

The comparisons of performance among FPTR-IT and other
PTRs with different oil inlet temperatures when V; =
50 L/min and DNI = 1000 W/m’ are discussed. The max-
imum temperatures and temperature differences of the ab-
sorber in different PTRs are respectively depicted in Figure 7(a)
and (b). It is viewed from Figure 7(a) that maximum tem-
peratures of all PTRs increase with rising T;, ;. Under the

(a) 800 - (b) 280 T 7 T T (c) 600
—a— CPTR —=— CPTR
—e— FPTR —e—FPTR
g 750 s pTRAT 260 |- —a&— PTR-IT i 500 b
© —v— FPTR-IT == FFIRIT
2
= . -
2700 20 400 A
. ~
EQ650 2 om0l 13
8 ~ Z 300 i
= <
=
E 600 200 | g
Z 200 1
<
= 550 |- 180 R
100 R
500 . ‘ i i ‘ 160 ‘ ‘ s . ‘ ‘ ; } ;
400 450 500 550 600 400 450 500 550 600 400 450 500 550 600
Tinen (K) Tpcn (K) Tion (K)
d)0.22 - : - : e)1.6 : ‘ : - ‘ f) 0.5 ‘ :
(d) P — (e) ()
—e—FPTR sk |
0.18 =4==DIRIT g ) 0.4 B
—v— FPTR-IT
L4f |
0.14 g 03T 1
= Q13F —*FPIR 1 8
= o —+—PTRIT =
0.10 ‘\\\\ Lal T EPTRIT | 0.2} \\\ |
L1 |
0.06 \\‘\’\* 1 0.1 |
1.0 ‘\‘\‘—/A g \
0' 02 1 Il 1 1 L 5§ 1 1 L 0 0 L Il 1 1 L
400 450 500 550 600 400 450 500 550 600 400 450 500 550 600
Tt (K) Tinon (K)
(g) 400 - - - .
300 |- 3 1
g
A3 L Il
2
2 200 |- + Il
2
= | il
o
6 | | —s—CPIR ]
! —e—FPIR
6| ~—+—PIRIT i
—+— FPTR-IT
0 : . . ‘ ‘ 65 ‘ : .
400 450 500 550 600 400 450 500 550 600
T (K) T ()
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range of T, ,; studied herein, the maximum temperature of
FPTR-IT is always the lowest. Furthermore, compared with
the CPTR, the reduction in maximum temperature of the
FPTR-IT declines gradually with the increase of T}, ,;;, which
is ranged in 59.5-93.9 K. The temperature differences of the
four PTRs have different trends, as displayed in Figure 7(b).
And for FPTR-IT and PTR-IT, the temperature differences
rise with the increase of T}, ;.. It is because the temperature in
the upper part of the absorber increases less with T, ,; due to
the water with relative lower temperature (298.15 K) in the
inner tube, while the temperature in the lower part of the
absorber increases markedly with T}, ;. For the FPTR and
PTR, the temperature differences decrease first and then
stabilize or increase slightly.

Figure 7(c)—(h) present variations of Nuy, fo1, PEC, W,
heat loss and total efficiency of PTRs with T;, ;. With the
increase of temperature, the viscosity of the oil will diminish
according to Table 3. Therefore, the convective heat transfer
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will be enhanced while the flow resistance will be weakened
with raising T, ;. As T, increases, Nu,; of all PTRs in-
crease while f;, PEC and W, of all PTRs decline, as shown in
Figure 7(c)—(f). Moreover, the FPTR-IT achieves the highest
Nuy; and W, at all T, ;;, which are 2.21-2.45 and 3.88-5.12
times that of the CPTR. The PEC value of FPTR-IT is lo-
cated in range of 1.34—1.45, which is slightly lower than that
of FPTR but much higher than that of PTR-IT. From Figure 7(g)
and (h), it can be found that the heat loss and total efficiency
show opposite trends. As the T, increases, the heat loss
rises and the total efficiency decreases consequently. In ad-
dition, the FPTR-IT obtains the best performance with the
heat loss being reduced by 73.2-148.1 W/m (37.6%—63.2%)
and the total efficiency being improved by 1.39%-2.96%.

4.2.3  Comparisons under different DNIs
The performance evaluation of PTRs is with typical broad
extents of DNI (300—1000 W/mz). Figure 8(a) and (b) depict
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variations of maximum temperatures and temperature dif-
ferences of absorbers in PTRs with DNI when V; =
50 L/min and T;,,; = 500 K. It is observed both the max-
imum temperature and temperature difference for each PTR
rise linearly with raising DNI. In addition, the FPTR-IT
achieves the lowest maximum temperature at all DNIs con-
sidered herein. Compared with CPTR, the temperature dif-
ferences of three enhanced PTRs increase more gently.
Moreover, it is worth to note that the temperature differences
of absorbers in FPTR-IT and PTR-IT are higher than that of
CPTR at low DNI because the temperature reduction
at the upper part of absorber is much larger than that at
the lower part of absorber under a low DNI, as shown in
Figure 8(b).

Variations of Nug, fo1, PEC, W, heat loss and total effi-
ciency of different PTRs with increasing DNI are presented
in Figure 8(c)—(h). It is clear that all the Nuyy, f.;, PEC and
W, for each PTR vary slightly with DNI. This is because the
heat transfer and flow resistance are generally less affected
by thermal boundaries but greatly influenced by flow re-
gimes. Thus, the DNI only slightly affects the Nu, f.;, PEC
and W, through changing the properties of the oil. Further-
more, it is found that the FPTR-IT achieves the best heat
transfer performance (largest MNu,;) accompanied by the
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highest f,;; and W, And the FPTR-IT obtains a moderate PEC
value. With the increase of DNI, the heat flux into absorber
raises and its temperature increases consequently. Thus, the
heat losses of all PTRs increase with rising DNI, as shown in
Figure 8(g). Moreover, heat loss of FPTR-IT is the lowest
and its growth with DNI is the slowest among four PTRs.
Although the heat loss of each PTR increases with rising
DNI, the total efficiency still raises with the increase of DNI
because the heat absorbed from solar irradiance increases
more sharply than the heat loss. Especially, when DNI
>800 W/m’, the total efficiency of CPTR starts to slowly
decline because the growth of the heat loss begins to over-
come that of the heat gain. Most importantly, the FPTR-IT
can always gain the highest total efficiency at all studied
DNIs. Moreover, compared with the CPTR, the total efficiency
of the FPTR-IT is effectively improved by 1.52%—1.89%.

4.3 Performance evaluation of FPTR-IT

4.3.1 Performance evaluation of FPTR-IT under different
Voir. Tinoir and DNI

Comprehensive evaluation of performance of FPTR-IT
proposed herein is important for guiding its practical appli-
cation. Figure 9(a) and (b) depict heat loss of FPTR-IT under
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broad ranges of operation conditions with the performance of
CPTR as comparison. It is viewed that heat losses of both
FPTR-IT and CPTR increase with raising T}, ,; and DNI, but
decrease with rising V;. Compared with CPTR, the heat loss
of FPTR-IT is efficaciously reduced by 9.9-148.1 W/m
(20.7%—63.2%) at all operation conditions studied herein. In
addition, the reduction in heat loss raises with increasing
T, 01 and DNI and declines with the increase of V. Figure 9(c)
and (d) present the total efficiencies of FPTR-IT and CPTR
under broad ranges of V;;, T}, .;i and DNIs. Total efficiency of
FPTR-IT increases with declining T}, ; and rising DNI. With
Vi increasing, the total efficiency of the FPTR-IT increases
firstly and then begins to decline when V;>150 L/min and
T:n,0i<500 K. Moreover, although total efficiency of FPTR-
IT is slightly reduced when compared with CPTR at high V;
(>150 L/min) and low T, (<450 K) because of the large
PPC, the FPTR-IT can improve the total efficiency by
0.03%—4.27% at all other studied conditions.

FPTR-IT can achieve solar cascade heat collection namely
provide different grades of thermal energy. The apportion-
ments of heat gains for low and high temperature HTFs
(water and oil) are the key characteristics of the cascade heat
collection system. The proportions of heat gains for water
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and oil in the total input solar energy at different operation
conditions are depicted in Figure 10(a) and (b). It is viewed
that both the proportions of water and oil heat gains vary
little with V. As Ty, increases, more heat is transferred
from oil to water due to raising temperature difference be-
tween oil and water, and thus the proportion of water heat
gain rises accompanied with decrease of oil heat gain. The
proportion of heat gain of water declines with the rising DNI,
while that of oil performs the opposite trends, as shown in
Figure 10(b). The reason for this phenomenon is that the heat
absorbed by oil augments much more sharply than that of the
water. Especially, when T}, ,; 2600 K and DNI <400 W/m’,
the proportion of oil heat gain is even negative due to the heat
exchanged from oil to water outweighing the solar heat in-
put. In addition, the proportions of heat gains for water and
oil under the studied conditions herein are ranged in 8.3%—
73.9% and —12.0%—64.3%, respectively. Figure 10(c) and
(d) display the temperature gains of water and oil under
broad ranges of V;, T;, o1, and DNIs. It is observed that the
temperature gain of water increases obviously with rising
Tin o and slightly with raising V; and DNI, while that of oil
increases with raising DNI and decreases with rising V; and
Ty 0i1- Moreover, the temperature gains of water and oil under
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the studied conditions herein are ranged in 11.6-37.9 K and
—1.2-19.6 K, respectively.

4.3.2 Performance evaluation of FPTR-IT under different
Vwater and Tin,water

Figure 11 presents the influences of V, e, and T, e ON the
performance of FPTR-IT when T, = 500K, Vg, =
50 L/min and DNI= 1000 W/m”. With the increasing V. OF
decreasing T, yaer» the heat loss is reduced slightly and
consequently the total efficiency of FPTR-IT is improved. In
addition, the heat gain and temperature gain of oil decrease
slightly with the increasing V.., or decreasing T}, yaeer, and
the heat gain and temperature gain of water perform the
opposite trends. In summary, V. and T}, e have relative
little effect on the performance of FPTR-IT except V., has
great influence on the temperature gain of water.

4.3.3 Comparisons with other research works

Table 5 [47,48,57,66,71-79] lists the performance compar-
isons such as maximum thermal efficiencies and their im-
provement between the present work and relevant published
research work. The types of research methods, modifications
of PTR and HTFs and operating conditions such as inlet
temperature of HTF and DNI employed in the work are also
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listed. It is observed that the numerical analysis method is
employed in most studies including this work due to the
difficulty and high cost of experiment. Kalidasan et al. [71—
73] has conducted several creative experimental works to
improve the performance of PTR. In addition, since the types
of HTF and operating conditions vary from study to study, it
is difficult to conduct a rigorous comparison between the
present work and relevant published work. But compared
with the work under the same HTF and similar operating
conditions, the present work can obtain a moderate thermal
efficiency and improvement in thermal efficiency. Thus, it
can be concluded that the FPTR-IT has a promising potential
in improving performance of PTR.

5 Conclusions

This paper designed a novel FPTR-IT with high efficiency
for providing different grades of thermal sources. A nu-
merical model was developed and validated for analyzing
and evaluating performances of novel FPTR-IT. Moreover,
comprehensive comparisons with other PTRs and perfor-
mance evaluation under broad ranges of operating conditions
were studied and discussed. The main conclusions can be
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Table 5 Comparisons between other works and the present work
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Maximum Improvement

Type of Inlet tempera- 2 thermal in thermal
Reference Study methods modifications Type of HTFs ture of HTF (K) DNI (W/m’) efficiency  efficiency
(%) (%)
Kalidasan et al. [71] Experimental Internal hinged blades Water 314.25-349.75 592.72-818.52 70.82 8.51
Chakraborty et al. [74] Numerical analysis ~ Helical coil-insert ~ Al,Os/ water and water 298-308 432-750 76.37 11.02
Muiloz et al. [75]  Numerical analysis Helically finned tubes Syltherm 800 oil 373-573 933.7 72.5 3
Bellos et al. [76]  Numerical analysis  ermally finned Syltherm 800 oil 300-600 1000 69.18 1.27
absorber
Kalidasan et al. [72,73]  Experimental Internal pin-fins Water 304.65 400-450 39.12 30.97
Chakraborty et al. [77] Numerical analysis Helical absorber tube Water 298-308 432-708 78.45 10
Bellos et al. [57]  Numerical analysis  iernally finned Syltherm 800 oil 400-600 1000 68.80 0.82
absorbers
Mwesigye et al. [66] Numerical analysis Perforated plate inserts  Syltherm 800 oil 400-650 1000 80.0 8
Yilmaz et al. [78]  Numerical analysis wire coil inserts Therminol-VP-1 oil 450-650 1000 77.9 1.4
Mwesigye et al. [79] Numerical analysis 1 ocached twisted gy jihem 800 oil 400-600 1000 87 10
ape inserts
Zheng et al. [47] Numerical analysis Porous insert Steam 600 1000 68 4.2
. . Annular porous struc- Synthetic g
Bozorg et al. [48]  Numerical analysis ture 0il-ALO; nanofluid 500-600 1000 82.5 15
Present work Numerical analysis Inner tube and finned Sylg}fﬁs& (r) oil 400-600 and 300-1000 72.27 4.27

absorber

298.15-318.15

drawn as below.

(1) Analyses of velocity, temperature and heat flux dis-
tributions indicate that the FPTR-IT can successfully com-
bine the advantages of FPTR and PTR-IT. The inner tube
with low temperature HTF contributes to reducing the tem-
perature and outward heat flux at the upper part of absorber,
while the straight fins help to lower those at the lower part of
absorber. As a result, the FPTR-IT obtains lower heat loss
than that of the FPTR and smaller circumferential tempera-
ture difference than that of PTR-IT. In addition, the FPTR-IT
can achieve the lowest temperature and heat loss of the ab-
sorber.

(2) Comprehensive comparisons with CPTR, FPTR and
PTR-IT indicate that the FPTR-IT can always achieve the
lowest maximum temperature and heat loss, and obtain the
highest heat transfer of oil, PPC and total efficiency. More-
over, the Nusselt number of oil in FPTR-IT is enhanced by
up to about 2.38 times that of CPTR and the maximum
temperature of absorber in FPTR-IT is effectively reduced by
up to 93.9 K.

(3) Performance evaluation under broad ranges of V_;; (50—
250 L/min), T}, ,; (400-600 K), and DNIs (300-1000 W/m®)
shows that the FPTR-IT can always obtain better perfor-
mance than that of CPTR. Compared with CPTR, the heat
loss of FPTR-IT is dramatically reduced by 9.9-148.1 W/m
(20.7%—-63.2%) and the total efficiency is effectively im-
proved by 0.03%—4.27% at the studied conditions. More-
over, within the ranges of operating conditions herein, the
proportions of heat gains for water and oil are ranged in
8.3%-73.9% and —12.0%—-64.3%, respectively, while their

temperature gains are located in the range of 11.6-37.9 K
and —1.2-19.6 K, respectively. The influences of V. and
Tinwater are also investigated. The heat loss of FPTR-IT de-
creases slightly with the increasing V.. or decreasing
Tin water» While the total efficiency behaves the opposite trend.
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