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ARTICLE INFO ABSTRACT

Keywords: The low thermal efficiency of parabolic trough solar collectors (PTSCs) is a major drawback that
Parabolic trough solar collector has hindered their development as a viable renewable energy resource. Among the available
Twisted insertion methods to enhance the thermal performance of PTSCs, installing internal fins within the col-
Nanofluids lector tube is one of the most reliable, economical, and straightforward passive techniques.

Thermal performance
Frictional losses
CFD

However, while internal fins can significantly improve thermal performance in turbulent flows,
they also lead to a substantial increase in pumping work. Here, we demonstrate that with an
optimal design of helical fins, the thermal efficiency of PTSCs can be improved without causing
significant pressure losses through the receiver tube. The results proved that higher thermal ef-
ficiency and lower pressure losses were achieved when annular fins are replaced by an axial
helical insert. Installation of a helical fin with 4 turns and a height of 4 mm led to a 4.5 % increase
in thermal efficiency (1) while raising the friction factor (f) by 30 %. Optimal performance was
observed with helical fins having 10 turns. For instance, at Re = 105, switching from 16 to 4 turns
of 8 mm helical fins resulted in 7 and Nu enhancements, and f reduction of 1.6 %, 33 % and 64 %,
respectively. While these changes were 2.0 %, 55 % and 54 % when n reduced from 16 to 10.
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1. Introduction

The quick depletion of fossil fuel reserves alongside escalating environmental concerns have sparked considerable interest in
renewable energy sources. Solar energy stands out due to its unparalleled advantages, including its abundant and freely available
nature, widespread distribution across the globe, and environmentally friendly characteristics, making it a preferred option. One of the
most practical approaches to harnessing solar energy is through its conversion into thermal energy, with concentrated solar power
(CSP) technologies being extensively employed. CSP technologies generally fall into two categories: line-focused and point-focused
systems [1]. Line-focused CSP systems have seen widespread adoption due to their ability to operate effectively within low and
medium temperature ranges, typically between 50 °C and 500 °C. This adaptability has made them a popular choice for harnessing
solar energy [2]. Among the various line-focused CSP devices, parabolic trough solar collectors (PTSCs) emerge as the most
economically viable systems, particularly for medium temperature applications [4]. PTSCs offer several additional advantages,
including high power capacity, long operational life cycles, resilience to moisture, and design flexibility [5]. But on the other hand,
because of high investment required for PTSCs, their economic competitiveness is still not satisfactory, where heat loss of PTSCs needs
to be significantly reduced [3].

Using nanofluids as the heat transfer medium has been demonstrated as an efficient method to boost the thermal performance of
PTSCs [6]. Numerous studies have demonstrated the enhancement of PTSCs performance through the incorporation of nanoparticles
into conventional heat transfer fluids like water or oil [7,8]. Nevertheless, the primary effect of adding nanoparticles is to increase the
thermal conductivity of the HTF, leading to less evident performance enhancements. Consequently, many studies have shifted their
focus to another promising approach: adjusting the configuration of PTSCs, particularly by incorporating inserts, to facilitate strong
thermal mixing [9]. In general, the widely reported inserts can be majorly classified into strips and rings, twisted tapes, and wire coils
and fins. Liu et al. [10] found that installation of conical strips increases Nusselt number (Nu) up to 103 % with the increases in friction
factor (f) of 17.44 times. Ghasemi and Ranjbar [11] examined the thermal and hydraulic performances of a PTSC constructed with
internal porous rings containing holes. Their investigation revealed a notable improvement of up to 1.6 times in the Nusselt number
(Nu), albeit accompanied by a significant increase of approximately 30-60 times in the friction factor (f). In another work [12], the
effects of installing internal toroidal rings on the performance of a PTSC, revealing increases of up to 2.3 times in the Nusselt number
(Nu) and up to 15 times in the friction factor (f) compared to the clean counterpart. These findings clearly indicate that while rings or
fillers can substantially enhance the thermal performance of PTSCs, their significant side effects on flow resistance make them un-
suitable options.

Internal fins have been widely used to increase the heat transfer through fluid bulk [13,14]. Internal turbulators could improve the
efficiency of solar-based energy systems [15,16]. Singh et al. [17] compared the impact of conical fins with protrusion and dimple
roughness on heat transfer improvement of heat exchangers. They reported that conical fins with protrusion shape resulted in higher
heat transfer coefficient than dimple-shaped fins. Accordingly, the improvement of thermal performance of solar air heaters with
dimple-shaped inserts was discussed in Ref. [18]. Insertion of turbulators within the collector tube of PTSCs is an effective method to
increase the thermal performance. However, the pressure losses could be significantly high. Zhu et al. [19] reported that annular
turbulators increased Nu and f of a PTSC up to 1.2 times and 1.5 times, respectively. For twisted tapes, the effects of insertion of
louvered twisted tapes to a receiver tube under uniform heat flux was studied by Ghadirijafarbeigloo et al. [20]. It was reported that
the insertion of louvered twisted tapes increases Nu up to 3.5 time, but f still faces up to 3 times of increment. Chang et al. [21]
examined performance of a PTSC with twisted tapes, and the results show that Nu and f increase about 3 and 2.5 times, respectively.
Zhu et al. [22] assessed performance of a PTSC with twisted wavy tapes, where increments in Nu and f of 2 and 3 times, respectively,
were obtained. Song et al. [23] investigated a PTSC with helical screw-tape inserts and they found that this leads to up to 23 times of
increments in f. Singh et al. [24] concluded that in comparison with a plain receiver, insertion of twisted fins increased Nu and friction
factor of PTSCs by 4.3 and 7.3 times, respectively. Mehta et al. [25] proved that twisted tape installation inside the receiver tube of
PTSCs increased the energy efficiency and friction losses by 5.3 % and 230 %, respectively. These results clearly show that though
relatively smaller than that of rings or fillers, increases in f introduced by installation of twisted tapes are still unacceptably high.

For wire coils, Yilmaz et al. [26] reported that they improved Nu of a PTSC only up to 1.4 %, while f raises up to 11 times. Sahin
et al. [27] conducted both experimental and CFD simulations on thermal performance of a PTSC with internal wire coils. They
concluded that although wire coils enhance Nu up to 2.25 times, f increases up to 28 times. For fins, Kursun [28] stated that increments
of Nu are 25 % and 78 %, respectively, as longitudinal fins with flat and sinusoidal lateral surface were installed through the receiver
tube of a PTSC. However, f increases up to 4 times. Chakraborty et el [29]. Used a CFD method to investigate the performance of a PTSC
integrated with an inner helical coil. They results showed that the thermal energy improved by 32.3 %, while the pumping work
increased by 13.0 %.

In summary, strips and rings, twisted tapes, and wire coils and fins have their own strengths and weaknesses on heat transfer and
flow resistance for performance of PTSCs. Therefore, a design that can integrate the merits of these types of inserts is favoured. Helical
fins, a novel type of fins with the characteristics of rings and wire coils, have been recently been conceptualized to improve perfor-
mance of PTSCs [30-32]. Jalili et al. [33] showed that insertion of helical baffle inside a tube increase the heat transfer. However, they
stated that helix angle significantly affected the pressure losses through the tube. Design parameters of helical fins should be carefully
identified to achieve satisfactory thermal and pumping efficiencies for PTCSs. Smaller helical fins may have clear improvement on Nu,
but f may be still too high. As configurations of helical fins are somewhat complicated, using costly and time-consuming experimental
approaches may be not a good choice to secure ideal design parameters of helical fins. Computational fluid dynamics (CFD), on the
other hand, has shown its capability to expedite design and optimization of inserts for PTSCs [34]. Therefore, in this study, CFD was
employed to investigate the effects of helical fins on performance improvement for a PTSC.
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Recently, CFD simulation has been used to determine the performance of PTSCs with helical fins. Zaboli et al. [35] used CFD
modeling to investigate the effect of helical axial fins on the performance of PTSCs. The maximum thermal efficiency improvement was
21.53 %. However, their model had some limitations, namely the dimensions of the length and diameter of the collector tube were low
(2 m and 30 mm, respectively), and a constant heat flux was considered in their simulations. As an important factor, a time-dependant
solar heat flux needs to be applied to the model to justify the applicability of the proposed design. Oketola and Mwesigye [36] studied
the performance of a PTSC integrated with twisted tape insert using a CFD model. However, the collector was designed for CO; as the
working fluid. While fluid HTFs are preferred to be used in thermal applications, e.g. heat exchangers and industrial preheating
process, due to their higher thermal capacity compared to gases. Here, we designed and modelled a PTSC integrated with an optimized
helical insert whose working fluid is Cu-Therminol-VP-1 with a very high specific heat.

In this study, CFD was used to investigate how helical fins could improve performance of a nanofluids-based PTSC. It is worth
noting that the nanofluids in this work was carefully selected as mainstream nanofluids suffer the issue of rapid increases in viscosity at
relatively high temperature. The nanofluids in our work is Cu-Therminol-VP-1 which does not have much elevation of viscosity as
temperature increases to maintain acceptable viscous dissipation. In this following, the studied system and CFD model are briefly
described. After experimental validation of the CFD simulations, a detailed presentation of flow and thermal characteristics of the PTSC
with helical fin will be given. Finally, a parametric analysis of geometrical variations of the helical fin on heat transfer and pressure loss
will be discussed.

2. Physical model

Schematic of the modelled PTSC is shown in Fig. 1, where geometry of the helical fin is defined by its axial length L, thickness b,
height ¢, and number of turns n. It can be seen that the helical fin is attached to inner surface of the receiver tube. Solar radiation comes
into the glass envelope and reaches the tube. The HTF flows into the tube from the inlet and out from the outlet to receive heat from the
tube inner surface. Detailed information about the design parameters of the proposed PTSC is shown in Table 1.

2.1. Properties of the base fluid

Thermophysical properties of Therminol-VP-1 are considered as functions of temperature [37]. The correlation for specific heat
capacity within temperature range of 373.15 K < T < 698.15 K is:

Cpp=2.125 x 10° — 11.017 T + 0.049862 T? — 7.7663 x 107>T* + 4.394 x 108T* (J /kgK) (@)
Dynamic viscosity of Thermonol-VP-1 within temperature range of 373.15 K < T < 698.15 K is:

Uy =23.165 — 0.1476 T+ 3.617 x 10 *T* — 3.9844 x 10 7T% + 1.6543 x 107 °T* (mPa.s) 2
Thermal conductivity of Thermonol-VP-1 within temperature range of 373.15 K < T < 698.15 K is:

A =0.1464 + 2.0353 x 10 °T — 1.9367 x 10 "T> +1.0614 x 10 "'T®* (W /mK) 3)
Density of Thermonol-VP-1 within temperature range of 373.15 K < T < 698.15 K is:

pp=1.4386 x 10° — 1.87115 T+ 2.737 x 1073T* — 2.3793 x 107 °T® (kg / m?) 4

Incoming solar

radiation Helical fin

Evacuated annulus space

Inlet HTF Tube thickness | === 2SN A

+—>

Glass envelope

Fig. 1. Illustration of different elements of the PTSC with helical fins.
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Table 1

Design parameters of the modelled PTSC with a twisted insertion.
Parameter Value
Internal diameter of the collector, d,; (mm) 76
External diameter of the collector, dy,, (mm) 80
Inner diameter of the glass envelope, dg; (mm) 120
Outer diameter of the glass envelope, dy, (mm) 125
Height of the fin, ¢ (mm) 4,8,12
Parabolic concentrator length, W (m) 9.0
Collector tube length, L (m) 5.0
Number of turns of the fin, n 4,10, 16
Thickness of the fin, b (mm) 2
Absorption coefficient of the collector, a 0.96
Transmission coefficient of the glass wrap, 7, 0.97
Reflection coefficient of the collector, I” 0.96
Emission coefficient of the transparent wrap, &, 0.86
Feeding temperature of heat transfer oil, Ti, (K) 400
Solar heat flux, I, (W.m %) 1000

2.2. Properties of the nanoparticles

Density and thermal expansion coefficient of the Cu nanoparticles are taken as 8933 kg/m? and 1.67 K™}, respectively [38]. In
addition, specific heat capacity and thermal conduction coefficient of the Cu nanoparticles are given as [39]:

Cpp=285.8 +0.44631 T — 5.2054 x 10~*T* + 2.3958 x 10773 (kJ / kgK) (5)

Jp=441.6 —0.17119 T + 1.5446 x 10 *T? — 7.2917 x 10°8T* (W /mK) (6)

2.3. Properties of the nanofluids

For the mixture of Therminol-VP-1 and Cu nanoparticles, its thermophysical properties are listed in Table 2. It is worth noting that
the Cu nanoparticles and Therminol-VP-1 are in thermal equilibrium.

3. Conservation equations

Here, the steady-state momentum and energy conservation equations were employed to model flow and heat transfer. The three-
dimensional governing equations for mass and momentum conservation are:

A(pl;

(/;; )_o ™
., P o[ (aw om\ 2 ou -
o (Pmllily) = — 0_x1+6_xj |:ﬂm (0—39'*‘6—)(]1) - §ﬂma—xi5ij — Pl | + () (T —To) g (8)

where T; represents time-averaged velocity component in i direction. Besides, P, 8, Tp and subscript m denote time-averaged pressure,
thermal expansion coefficient, reference temperature and mixture of the HTF, respectively. The term puu; represents the Reynolds

stress and is expressed as [39]:

Table 2
Effective thermophysical properties of the Cu -Therminol-VP-1 nanofluids.
Properties Definitions of parameters Ref.
Pm = 1= @)py+ opp, ¢: Volume fraction [40]
(PP)m = (1= @)ppBy + @pphy p: Thermal expansion coefficient [41]
4\ 03 dy: Nanoparticle diameter [42]
fn = Hp/|1-3487( ) @@ dy: Equivalent di f the base fluid molecul
d, ,: Equivalent diameter of the base fluid molecule
04 5066 TN\ o6 kp: Boltzmann’s constant [42]
Am =1y |1 + 4.4Reg” Pr (TT») (g) 4 Pr: Prandtl number
Reg: Nanofluids Reynolds number
Re Pyupd, up: Nanoparticle Brownian velocity
g =D BP
Hp
wn = 2kgT
5= Ty d2
Cpphty
pr = P2
3

Com = [(1 = 9)ppCop + #PyCop] /P (431
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__ ou;  ou; 2 Oty
—Pmllilly = fipy <a_x; + 0_xj,) —3\” ( k+ Piae ) Gy 9)
where i, represents turbulent viscosity which is given as:
k2
me — (10

where the coefficient C, is taken 0.09. Besides, in Eq. (8), §; and k stand for deformation rate of the fluid elements and turbulent kinetic
energy, respectively, which are expressed as:

o o
8= <ax,+a_x,-> an
1, _ __
_— s 2 ' 2 02
k_z(ux +u2+u; ) 12)

In this study, the realizable k-¢ turbulent model was used to model turbulent flow inside the receiver tube, where transport equations
for k and turbulent dissipation rate ¢ are given as:

o, . 0 1\ ok
a—xj (pmkuj) _6_xj |:</4 + )()X + Gk (13)
2} _ d Oe
aixj(pmeuj) _TX) |:<ﬂm+0'£> o :| +/)mecl's pm62k+ \/V—S 14)

where oy and o, are turbulent Prandtl number for k and ¢, respectively, which are taken as 1 and 1.2. The constant coefficients Cj, S,
and C, are given as:

A
C1:max{0.43,A—+5},A:SS,S:«/2SUSU,C2:1.9 (15)

where S;; stands for linear deformation rate of the HTF. Moreover, Gy denotes production of turbulent kinetic energy that is given as:
Gy =u,S? (16)
The energy equation of HTF is given as:

aCmT 7i i j 1
()</1 0T+£ (G, ))+__0P+¢)u{ (du 6ﬁ,> 2 du a7

d
mT o o
o (PnBConT) = "ox;  one  0X Yoy * ey "\ " ) e P

where oy, represents the turbulent Prandtl number and is taken 0.85. In addition, radiative and wind-driven forced convective heat
loss from the glass cover were calculated as [44]:

Qloss = ”dgoLhw(Tgo - Ta) + §gnngLa(T;0 - T?@) (18)

where &, hy, T, and Ty, represent the emission coefficient of the transparent glass wrap, heat transfer coefficient for convection upon
glass wrap, temperature through the external surface of the glass wrap, and sky temperature, respectively. In this work, h, =
vg‘SSdgj,O“‘Z and Ty, = 0.0552T~5 were taken, respectively, where T, = 300 K and V,, = 2ms™! are ambient temperature and wind
speed, respectively.

3.1. Boundary conditions

At the inlet, the following conditions are given:
u(x,y,0)=0,1;(x,y,0) = 0,u(x,y,0) = Win, T(x,¥,0) = Tin 19
where i, j and k represent the directions of x, y and 2, respectively. At the outlet, the fully developed flow condition was assumed to be

0u;/0z = du;/0z = duy/dz =0T /dz = 0. For the vacuumed region between the glass envelope and outer wall of the receiver tube, a non-
uniform heat flux q,, was assigned to the glass cover:

qw = aaqu’ (20)

Where 7, and a, are transmission coefficient of the glass wrap and absorption coefficient of the collector, respectively. q' is the non-
uniform heat flux reflected from the parabolic concentrator, as illustrated in Fig. 2(a). Fig. 2(b) shows different conjugate heat transfer
processes between different regions, e.g., between HTF and fin, HTF and inner wall of the receiver tube, and air and outer wall of the



G. Hou et al. Case Studies in Thermal Engineering 60 (2024) 104763

receiver tube.
3.2. Dimensionless parameters
Several dimensionless parameters were introduced to better assess performance and quantify the influence of operating conditions.
Nusselt number of the HTF is defined as:
hD
Nu=—" 21
Am
where h and Dy, stand for average heat transfer coefficient between inner wall of the tube and HTF, and hydraulic diameter of the
receiver tube, respectively. h is obtained as [45]:
q
— I S (22)
(Twar — Thuid)
where T,q1, Thuig and q are average temperature of inner wall of the receiver tube, temperature of HTF in the vicinity of the wall and
heat flux on the tube wall, respectively. Reynolds number of the flow is defined as:

inD,

Re:pmttvm h (23)
m

fis defined as [46]:
2APDy
=i 24

f Lp, W2 24

8 <10’ - ; ;
- ~ o
7 i’ S | 4=) CHT, tube outer wall-vacuumed annual N\
1 €= CHT, tube inner wall-HTF

I \ 1 CHT, helical fin-HTF

g (Wim™)
o o

=20 0 20 40 60 80
@ (degree)

(@) (b)

(©

Fig. 2. (a) Concentrated solar flux reflected from the parabolic concentrator to the glass wrap; (b) different conjugate heat transfer processes in the PTSC; (c) Mesh

through the receiver tube with a helical fin with 16 turns.
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where AP stands for overall pressure drop. Efficiency of the PTSC is defined as [47]:

n= mEp.m (’Zﬂljﬂout - Tin) (25)
bfiap

where m, Tin, Tfuigou, and Ag, are mass flow rate of the nanofluid, inlet temperature, average outlet temperature, and the aperture

normal surface area, in order.

4. Numerical approach

The conservation equations of the model are solved through the finite volume scheme [48] using the ANSYS Fluent® software.
Radiation heat through the evacuated region between the glass wrap and the collector was modelled using discrete ordinates method
[49]. For the convergence criteria, residuals of continuity, momentum, turbulent kinetic energy, and turbulent dissipation rate were
taken 107>, Moreover, for the energy equation, residual was set to 1077,

4.1. Mesh refinement and validation

Physical domain of the PTSC was discretised using unstructured tetrahedral meshes. In the generated three-dimensional mesh
system, near outer and inner walls of the receiver tube as well as the helical fin, 5 prism layers were generated to capture the velocity
and thermal boundary layers. Besides, to capture small-scale eddies, the grid cells were fine enough in the radial direction inside the
receiver tube. To evaluate mesh density and determine the most optimized mesh that guarantees both quality and computational cost,
a case with a fin of 16 turns and height of 12 mm was selected. For this case, the grid refinement test was carried out for the following
operating conditions: Re = 5 x 10%, ¢, = 0.04, and T;;, = 400 K. The results of mesh refinement test are listed in Table 3. It can be seen
that the meshed model with about 6.6 million cells provides reliable results with an optimum computational cost.

To check validity of the CFD simulations, performance of a PTSC with Cu-Therminol®VP-1 nanofluids was simulated. Besides, the
transparent wrap was in exposure to a transient concentrated solar flux like the current model (see Fig. 2(a)). CFD results were
compared with those presented by Mwesigye et al. [39]. Fig. 3 shows the results of validation for both heat transfer coefficient and
pumping work. As observed from Fig. 3, the highest errors for h and AP/L are 5.1 % and 7.5 %, which proves that the employed CFD
model can give reasonable predictions.

5. Results and discussions

Here, performance of the PTSC with helical fin and Cu-Therminol®VP-1 nanofluids was investigated. First, thermal and hydraulic
behaviours of the PTSC with helical fin whose height and number of turns are 4 mm and 4 were compared with the PTSC with annular
fin and without fin. Then, performance of the PTSC with different configurations of helical fin were compared.

5.1. The impact of helical fin

Under Re = 3 x 10°, performance of the PTSC without internal fin was compared with those composed of annular and helical fins.
@cy was taken to be 0.04. Fig. 4 shows the comparison of Nu, f, and  among different PTSCs. It can be seen that, when helical fin is
installed inside the receiver, both Nu and 7 increase obviously. However, the increments of Nu and 5 are much lower for annular fin.
Indeed, insertion of the helical fin improves axial forced convection within the HTF due to the generation of both radial and axial flows
and turbulent eddies. However, for the PTSC with annular fin, turbulent eddies resulted from fluid-fin interactions increase pressure
loss very heavily. Thus, qualitatively to say, helical fin can significantly improve heat transfer while not introducing much extra work
on pumping.

Fig. 5 shows contours of temperature, stream-wise velocity, radial velocity, and turbulent intensity for the PTSC without fin, with
annular fin and helical fin at Re = 3 x 10°. It can be seen that for helical fin, swirl flows improve turbulent mixing and heat transfer
from bottom surface of the tube wall (this area has the maximum temperature) to the whole fluid regions, especially those in the
vicinity of top wall. Therefore, across the central x-z and y-z planes, the helical fin stimulates swirl flows that trigger to heat distri-
bution through the whole domain including the upper regions. While annular fin just increases temperature of the bottom areas by
transferring heat from bottom of the tube wall that is exposed to concentrated solar flux. For annular fin, strong turbulent vorticities
are generated near the fin by which boundary layer near the tube wall becomes thinner, and therefore thermal resistance reduces. This
provides better heat transfer from the tube wall to bottom regions of the annular fin, while heat transfer through the upper fluid bulk is
very weak. This can explain why Nu with the helical fin is significantly higher than that of the annular fin.

According to Fig. 5, for the annular fin, secondary flows are significantly stronger, though they are limited to narrower areas. On

Table 3
Mesh resolution test for the PTSC with helical fin and Cu-Therminol®VP-1 nanofluids.
Grid number Nu (Wm—2K1) Nu variation (%) f f variation (%)
3682387 61231 1.47 0.2892 5.59
4854364 61857 0.46 0.2811 2.62
6649983 62130 0.021 0.2742 0.11
7532671 62143 Baseline 0.2739 Baseline
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Fig. 3. Validation of the results obtained from CFD simulations compared to the experimental results measured by Mwesigye et al. [39] for a PTSC in which Cu
nanoparticle-thermal oil mixture acts as the HTF: (a) heat transfer coefficients and (b) pressure drops per length for T;; = 600 K.

the other hand, secondary flows near the helical fin are more extended and can efficiently transfer heat from the fin to the HTF bulk.
For the annular fin, secondary flows from face-to-face surfaces, e.g., the left and right fin surfaces, are on opposite directions that
confine turbulent mixing and significantly increase pressure loss. While for the helical fin, directions of the secondary flows generate
swirl flows. For the helical fin, the magnitude of z-directional velocity is lower since higher portion of the kinetic energy turns to
secondary flows. In addition, for the annular fin, the opposite secondary flows from face-to-face fin surfaces result in strong stream-
wise velocity in the clean regions near centre of the receiver tube. In other words, the HTF bulk in the vicinity of face-to-face fin
surfaces are pushed towards the central line by strong opposite secondary flows. Also, there are backward z-directional flows near the
annular fin that significantly increase friction factor. Finally, the magnitude of radial velocity inside absorber of the PTSC without fin is
about 1000 times lower than that with the helical fin. As a result, heat transfer between collector inner surface and the HTF is
significantly weaker. Based on contours of the turbulent intensity, for the PTSC with helical fin, strong turbulent motions appear
through the whole domain by which thermal mixing is improved.

Fig. 6 shows streamlines within receiver tube of the PTSC with no fin, annular fin, and helical fin. It is clear that for the PTSC
without fin, the streamlines are straight because of weak radial velocity and turbulent intensity (see Fig. 5). On the other hand, for the
receiver tube with annular fin, the strong turbulent motions are confined near wall of the fin. But for the PTSC with helical fin, there are
strong swirl flows which improve heat transfer within the HTF.

5.2. The effects of geometry of helical fin

From the above comparisons, thermal performance of the PTSC with helical fin is significantly higher than that of the PTSC with no
fin or annular fin, and the pumping work is considerably lower. To achieve optimal thermal and hydraulic performances, the effects of
geometrical configuration of helical fin on efficiency of PTSCs are discussed. Here, c = 4, 8, and 12 mm as well asn = 4, 10, and 16 were
chosen. The comparisons are made for Re = 3 x 10%, 10°, 3 x 10°, 10, and 5 x 10°. Fig. 7 illustrates the dependence of Nu on Re for
different fin configurations. It can be seen that at Re < 10°, for a specific fin height, the highest Nu belongs to the fin with 10 turns.
Compared with that with 4 turns, radial velocity is high enough to efficiently transfer solar heat from the receiver wall to the HTF bulk
for the fin with 10 turns. In this case, circular flows and turbulent eddies near fin are not too high to suppress axial forced convection.
On the other hand, when n increases to 16, large-scale eddies suppress forced convection in z direction so that radial convective heat
transfer between the inner wall and HTF is mainly limited to the regions near inner wall. Therefore, heat is not efficiently transferred to
the HTF bulk towards the axial direction of tube. For the effects of fin height, heat transfer coefficient increases with the increases in fin
height. For instance, at Re = 3 x 10° and n = 4, as ¢ increases from 4 mm to 12 mm, Nu increases by 7.3 %. The reason is that larger fin
can provide stronger axial forced convection, and more thermal energy is carried to the HTF bulk via both radial and axial flow
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receiver tube for the PTSC with no fin, annular fin, helical fin. The operating conditions are Tj, = 400 K, Re = 3 x 10°, and ¢, = 0.04.

motions. In this case, circular motions and turbulent eddies near the fin transfer heat from the receiver wall to the inside more
efficiently.

Fig. 8 shows the variation of f with ¢ and n. It can be seen that the helical fin with 16 turns generates the highest pressure loss. For
example, at Re = 10° and ¢ = 8 mm, f of the fin with 16 turns is 2.2 times higher than that with 10 turns. The reason is that stronger
circulations and reverse flows are generated alongside the fin by more turns. These eddies enhance f within the HTF since higher
portion of fluid’s kinetic energy is devoted to turbulent structures. As ¢ increases, f increases because height of fin plays the major role
in determining hydrolic performance. The reason can be explained as follows. For 4 turns, f always decreases with the increases in Re.
However, for the cases with 10 and 16 turns, as Re increases, f becomes lower as Re < 10°; while, at Re = 5 x 10°, f experiences an
acute increment. The reason may be ascribed to

Fig. 9 shows the effects of Re on 7 for different n and c. It can be seen that for all Re, the helical fin of n = 10 and ¢ = 12 mm provides
the highest thermal efficiency. For Re values of 3 x 10* and 10°, the highest thermal efficiencies belong to cases with 10 turns and
higher heights followed by cases with n = 4 and h = 12, 8 and 4 mm, respectively. For example, in Re = 105, for cases of h = 8 mm,
when the number of fin turns changes from n = 16 ton = 4 and n = 10, the y incements are 1.6 % and 2.0 %, respectively. For a Re range
of 3 x 10* to 10°, cases with turn number of n = 16 poses the lowest ;; values. The reason is that at lower Re, for cases with 16 turns the
streamwise velocity is not high enough to transfer the radial movements toward the z direction. Therefore, the absorbed solar heat is
mainly transferred to the HTF bulk close to the receiver wall (not the central region of HTF). In other words, the distance between
helical rings is too low so that axial forced convection near fin is confined to the areas between side walls of two adjacent helical rings.
On the other hand, for Re = 3 x 10* and 10° and n = 10, the radial HTF movements and eddies near the fin walls efficiently transfer the
heat from the receiver wall to the fluid bulk. Therefore, the axial forced convective heat transfer conveys the heat upwards the stream.
For Re = 3 x 10° and 109, cases of n = 10 and h = 12 and 8 mm pose the highest thermal efficiencies. For n = 4 and h = 12 mm, 7 is
higher than the case of n = 10 and h = 4 mm since the radial forced convection is stronger and the axial velocity is high enough to
effectively transfer the heat towards the receiver length. For Re = 5 x 10° and n = 16, the heat transfer coefficient enhancement results
in huge increment in the thermal efficiency. In these cases, the streamwise velocity is strong enough to convey heat towards the axial
direction. Therefore, a large portion of generated circular flows and turbulent eddies are not just confined to the side walls of two
adjacent helical rings.

Fig. 10 depicts the average temperature on outer wall of the receiver tube (T,) for different Re and fin configurations. The cases

10



G. Hou et al. Case Studies in Thermal Engineering 60 (2024) 104763

T(K)
4.050e+002

4.038e+002

4.025e+002

4.013e+002

No-fin

4.000e+002

T(K)
4.050e+002

4.038e+002

4.025e+002

4.013e+002

4.000e+002

Annular fin

.
0 0.200 (m) 'j-
—

T(K)
4.050e+002

4.038e+002

4.025e+002

4.013e+002

4.000e+002

Helical fin

Fig. 6. Streamlines inside receiver tube for the PTSC with no fin, annular fin, helical fin at T, = 400 K, ¢, = 0.04, and Re = 3 x 10°.

with higher thermal efficiencies pose lower T, since larger portion of heat that is absorbed by the collector wall is transferred to HTF.
In addition, as Re increases, T, and its growth rate decrease. The reason is that for higher Re, streamwise forced convection is strong
enough to carry the total solar energy that is absorbed by the receiver tube, with just a small temperature difference between the inlet
and outlet.

To have a better insight into forced convective heat transfer within the receiver tube, the effects of fin configuration on streamline
patterns at Re = 10° are shown in Fig. 11. According to the figure, for n = 4, radial forced convection is weaker than the cases of n = 10
and 16. In this case, heat transfer from the receiver wall does not widely goes through the central regions by turbulent motions. But
comparatively more uniform temperature distribution across the fin provides efficient heat transfer from the receiver tube wall to the
HTF bulk for not only the bottom half cylinder but also the upper one. On the other hand, for n = 10, turbulent eddies are generated
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Fig. 8. The impacts of the number of turns and height of fin on f of the receiver at different Re.

near the fin and the circular flows efficiently transfer heat to both radial and axial directions. As a result, for helical fins with 10 turns,
higher thermal efficiency is achieved without huge pressure loss. For n = 16, turbulent eddies generated near the fin are so strong.
However, because of moderate streamwise velocity, these turbulent structures are confined to the areas near the fin. As a result, heat
transfer from the receiver tube to the HTF is suppressed. In this case, f is considerably higher than the cases of n = 4 and 10. However,
as Re increases, streamwise forced convection is high enough to extend the turbulent circular flows towards z direction. Therefore, both
axial and radial forced convective flows guarantee a better thermal performance. In addition, for all numbers of turns, the
enhancement of ¢ extends turbulent motions to wider areas within the receiver tube, and consequently, improves heat transfer.

Fig. 12 shows the effects of ¢ on temperature contours across the absorber outer wall and helical fin as well as streamlines forn = 10
and Re = 3 x 10°. It can be seen that, for a higher fin, the range of temperature on the collector wall is lower due to better heat transfer
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Fig. 10. Changes of averaged temperature of outer wall of the collector with respect to Reynolds number for different fin configurations.

from the absorber to HTF. Besides, temperature through higher fin is lower because radial and axial forced convections from the fin to
HTF are amplified with the increment of h. For streamline patterns, it can be inferred that for a higher fin, the central regions of HTF
have higher temperature, but for c = 4 mm, regions near the receiver wall have higher temperature. Consequently, as c increases,
thermal efficiency is improved. However, fluid-fin interaction triggers to generate circular flows and turbulent eddies that enhance
pressure loss.

6. Conclusions

A numerical model was introduced to assess the thermal and frictional performance of a PTSC equipped with helical fins and using
Cu-Therminol oil VP1 nanofluids as the heat transfer fluid (HTF). The k-¢ turbulence model was employed to simulate turbulent eddies
and circular flows around the fins. Additionally, radiation was modelled using the discrete ordinates method. Conjugate heat transfer
among the fins and HTF, HTF and the receiver’s inner wall, evacuated air and glass cover, and evacuated air and the receiver’s outer
wall was also considered. Following experimental validation, the results obtained were as follows:
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o To avoid excessive pressure losses, fin insertion is recommended for Re > 3 x 10° to have a moderate friction factor increment of

~30 %.

For Reynolds numbers below 5 x 10°, helical fins with 10 turns yield the highest thermal efficiency and Nusselt number values,

followed by fins with 4 and 16 turns. For instance, at Re = 10° and a fin height of 8 mm, changing the number of turns from 16 to 4

and 10 results in 7 increases of 1.6 % and 2.0 %, respectively. The corresponding improvements in Nu are 33 % and 55 %.

e As fin turns increases to 16, the pumping demand significantly increase due to strong circular flows and turbulent eddies near the
fin surface. For instance, in Re = 10%, for 8 mm helical fins, as n changes from 16 to 4 and 10, f decreases by 64 % and 54 %,
respectively.

e At Re =5 x 10°, where axial forced convection is sufficient to transfer absorbed solar heat from the receiver tube wall to the HTF

bulk, the thermal efficiency for cases with 16 turns surpasses that of cases with 4 turns. For instance, with a fin height of 12 mm,

increasing the number of turns from 4 to 16 enhances thermal efficiency by 1.1 %, although this also results in a significant friction

factor increase of 242.4 %.

Fin height enhancement results in thermal efficiency increment, but the pressure losses are elevated. For example, for n = 10, as h

increases from 4 mm to 12 mm, the maximum Nu, 5 and f increments are 18.3 %, 1.9 % and 43.4 %.

To build upon the current study, it is suggested to develop a parabolic trough solar collector featuring helical internal fins and a
rotating receiver tube. The rotation of the receiver tube could enhance thermal mixing resulted from the helical inserts, potentially
boosting the thermal efficiency of the PTSC. Additionally, incorporating phase change materials with the collector tube could elevate
the outflow temperature during periods of low sunlight.
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