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Previous research showed that integrating phase change materials with 
solar tubes stabilizes heat transfer fluid temperature, but the low 
conductivity of phase change materials limits solar tube performance. 
Although studies on fluid properties and heat transfer behavior are extensive, 
the critical influences of fin shapes' effect are limited. This paper introduces 
an innovative design: an all-glass vacuum tube with a solar salt sleeve 
surrounded by outer fins. Numerical simulations compare heat transfer 
dynamics of straight rectangular, circular, and trapezoidal fins. The study 
examines how these shapes affect temperature field evolution and phase 
transition. Results indicate: 1) Fins reduce temperature disparity between 
solar salt and heat transfer fluid, with rectangular fins showing the greatest 
improvement of only 12oC. 2) Fins accelerate salt phase transition, albeit 
with a slight delay in initiation. Adding trapezoidal ring fins reduces the 
complete phase change duration by 5 minutes. 3) the tube with 4 rectangular 
fins demonstrates the highest temperature field and maximum total heat 
storage of 269kJ, highlighting its superiority. 
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1. Introduction 
Applying solar vacuum collector to Compound Parabolic Concentrator (CPC) can 

obtain a heat source higher than 100oC [1]. It can be used in heating, absorption cooling, 
drying, and even power generation. However, due to the disadvantages of unstable and 
discontinuous of solar energy [2], unlike the salt gradient solar pond [3,4], solar still 
[5,6], buildings energy conservation [7], the instantaneous fluctuations in solar 
radiation frequently exert a significant impact on the heating temperature of the Heat 
Transfer Fluids (HTF) within the CPC's solar vacuum collector. 

Thermal energy storage materials, particularly phase change materials (PCMs), 
provide crucial support for overcoming solar energy's inherent discontinuity and 
instability while enhancing system performance [7-9]. Given the global prevalence of 
climate change and water scarcity, PCMs applications have gained heightened 
significance in solar-thermal integration [10]. Analysis of technology readiness levels 
and levelized storage costs confirms PCMs' suitability for large-scale solar thermal 
applications [7]. As one of the most extensively studied thermal storage media, PCMs 
have been systematically evaluated through innovative testing methodologies. Huang 
et al. [11] developed a solar-thermal test platform employing controllable heaters to 
simulate varying solar inputs. 

Despite their tunable transition temperature capabilities, the applications of PCMs 
are constrained by their low thermal conductivity behavior [12]. The incorporation of 
nanoparticles, with their exceptional thermal conductivities and low heat capacities, 
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into PCMs is one of the most frequently employed procedures nowadays [13], many 
reports indicated substantial improvements in heat transfer when employing these fluids 
[14]. D Wen et al. [15] found that carbon nanotube nanofluids become destabilized at 
temperatures exceeding 60-70oC due to the failure of the dispersant. In the context of 
enhancing heat transfer in PCMs applied in CPC, the development of more stable and 
reliable methods is necessary.  

Many researches have been focused on the application of PCMs in solar thermal 
utilization, while limited attention has been given to the novel configuration of PCMs 
encapsulation as a cladding layer for CPC. Particularly, systematic investigations into 
the impact of fin configurations on heat transfer enhancement within the PCMs layer 
remain notably scarce in existing literature. The authors of this study have previously 
examined the impact of incorporating PCMs on the thermal characteristics of straight-
through solar vacuum collector tubes [4]. Using solar salt as PCMs, the influence of the 
thermodynamic properties of the straight-through solar vacuum collector tube was 
investigated both experimentally and numerically. The results indicate that, after 4-hour 
cooling, the temperature within the solar collector tube with PCMs was notably higher 
than that without PCMs. It was also observed that the low thermal conductivity of the 
PCMs diminished its positive contribution to the thermal performance of the novel 
tubes. The inclusion of phase change materials will affect the radial distribution of the 
temperature field within the straight-through solar vacuum collector tube, owing to the 
poor thermal conductivity of molten salt [16, 17]. To improve the thermal conductivity 
of phase change materials, there are generally two ways. Apart from adding materials 
with superior heat transfer capabilities to PCMs [19], another strategy involves 
enhancing heat transfer by optimizing the heat exchanger structure [20]. V. K. [21] 
found that the absorber plate with polygonal fins tested with phase change material 
yields a higher temperature. To improve the low heat transfer coefficient between heat 
exchangers and seawater, Yao et al. [22] proposed a new type of heat exchanger 
structure with external fin turbulators. The second method is primarily employed in this 
study.  

Despite extensive studies conducted on fluid properties and heat transfer behavior, 
there remains a notable lack of research specifically focusing on the influence of fin 
shapes on heat transfer for solar collector tubes. Based on preliminary research, this 
study establishes a numerical model of the straight-through solar vacuum collector tube 
with different fin configurations. The influence of incorporating fins with varying 
shapes, quantities, thicknesses, and heights on the thermal characteristics of the 
collector tube has been investigated. The findings of this study establish a theoretical 
foundation for the design optimization of solar collector tubes integrated with high-
temperature molten salt layer. Practical implementation of these research outcomes in 
evacuated collector tubes is expected to significantly enhance the thermal output 
stability of the solar thermal applications. 
2 Numerical model 

2.1 Geometrical model and physical fields 

The straight-through solar vacuum collector tube with annular salt layer consists of 
a high borosilicate transparent glass outer tube, a vacuum layer, a tube with a selective 
coating surface, a solar salt PCMs layer, a stainless-steel inner tube, and a HTF from 
the outside to the inside. As shown in fig. 1, the fins are added to the outer surface of 
the stainless-steel tube. This study simplified the vacuum layer part as in the previous 
study [4]. The heat loss caused by the vacuum tube is applied to the outer surface of the 
selective absorption coated tube in the form of a loss coefficient. The selective 
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absorption coating tube, heat exchange tube with external fins is constructed in the 
numerical geometry model. 

 

 
Fig. 1 Section structures of the tubes involved in this study (unit: mm) 

In order to facilitate the comparison with the straight-through solar vacuum 
collector tube without added fins, in the geometric model, the heat exchange tube is 
stainless steel with 20 mm diameter, the selective absorption coating tube is glass with 
70mm diameter, and the tube length is 630 mm. As shown in fig. 1, a geometric model 
of a straight-through solar vacuum collector tube with rectangular straight fins, circular 
ring fins and trapezoidal ring fins had been established to explore the optimal fin shape. 
The height of the fins, the thickness and the total surface area of the fins are equal, and 
the fins are made of stainless steel. The specific parameters are shown in tab. 1. 

Tabel 1 The fin parameters of various shapes 

Cases Shapes of Fins 
Thickness 
/mm 

Height 
/mm 

Surface area of 
each fin /m2 

Description 

Case A — — — — Without any PCMs 

Case B 
Rectangular 
straight fins 

2 20 0.0126 Length 630 mm 

Case C 
Round ring 
fins 

2 20 0.002512 Di=20 mm, De=40 mm 

 
Case D 

Trapezoid ring 
fins 

Upper 1 
Bottom 3 

20 0.002515 
Isosceles trapezoidal unit fins 
rotated 360o around the x-axis 
and arranged at equal spacing 

 The physical fields incorporated in this study using the COMSOL Multiphysics 

High borosilicate glass tube 
Vacuum layer 
Stainless-steel external tube 
Heat transfer fluid (HTF) 
Stainless-steel internal tube 

(a) The straight-through solar vacuum collector tube with annular solar salt layer 

PCMs layer (solar salt) 

Fins 

HTF 

(c) cross-section of tube with rectangle straight fins 

(d) axial section of tube with ring fins (e) axial section of tube with trapezoid fins 

(b) cross-section of the optical tube 

20 

70 

PCMs 

(Solar salt) 

HTF 

Rectangular straight fins  

HTF 
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software encompass fluid heat transfer, phase transition heat transfer, and turbulent flow. 
Fluid heat transfer is employed to simulate heat transfer, convection, and radiation 
within fluids. Both the fluid domain and the phase transition heat transfer domain are 
integral parts of this model. The phase transition heat transfer field is utilized to simulate 
the energy transfer of phase transition materials within the phase transition region. 
Within the physical field of this model, two standard equations have been adopted: the 
κ-ε model interface, which couples the heat transfer equation with the turbulence 
equation. The numerical model employed in this study is based on the our previously 
established model in reference [4], which has been validated by experimental results. 

2.2 Initial and boundary conditions 

The initial conditions for the temperature field were set to the room temperature of 
the study subject, and the initial flow rate of the fluid was zero. The vacuum tube has 
been simplified, consisting only of the selective absorption coating tube and the heat 
exchange tube. However, in the selective absorption coating tube, due to the minimal 
light transmittance loss of the vacuum layer, only effective solar radiation was applied 
to the outer surface. Additionally, for heat loss considerations, the boundary conditions 
of the selective absorption coating are as shown in eq. (1).  

losssact qqq                           (1) 
where qact is the solar radiation power actually absorbed and converted by the selective 
absorption coating tube, W/m2; qs is the effective solar radiation power received by the 
selective absorption coating tube, W/m2; qloss is the solar radiation power loss on the 
outer surface of the selective absorption coating tube, W/m2, calculated by eq. (2),  

)( ailossloss TTuq                      (2) 
where uloss is the total heat loss coefficient, W/(m2℃), obtained from eq. (3) [23]; Ti is 
the surface temperature of the selective absorption coating tube, and Ta represents the 
ambient temperature, ℃. 
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where hi is the radiation heat transfer coefficient between the selective absorption 
coating tube and the vacuum tube, W/(m2℃), calculated by eq. (4) [23]; ho-c is the 
radiation heat transfer coefficient between the vacuum tube and the sky, W/(m2℃), 
calculated by eq. (5) [23] 
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where σ is the Stefan-Boltzmann constant, σ =5.6710-8W / (m2 K4); εo and εi are the 
emittance on the surface of vacuum tube and selective absorption coating tube, 
respectively; Ao and Ai are the surface area of vacuum tube and selective absorption 
coating tube, m2 respectively, 

windc-o 3.85.7 vh                       (5) 
where vwind is wind speed, m/s; the experiment in this study is conducted in room, so it 
is be ignored, and ho-c=5.7 W/(m2℃). ho-r in eq. (3) is the radiant heat transfer 
coefficient between evacuated pipe and sky, it can be written as [23], 
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where Ts is the atmosphere temperature, and calculated by the following equation [23]: 
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1.5

as  0.0522 TT                         (7) 

3 Effect of the fin plate shape on the thermal characteristics of the 
collector tube 

Our previous study [4] demonstrates that adding a PCMs layer primarily influences 
the uniformity of the radial distribution of the collector's temperature field, whereas the 
flow rate of the HTF mainly affects the uniformity of the axial distribution of the 
collector's temperature field. Therefore, the HTF velocity is ignored in the study of the 
fin shape. Furthermore, the study found that, in the case of 1 hour of solar radiation, if 
the material is intended to undergo a complete phase transition, the solar radiation 
power must be at least 200 W/m². Consequently, the solar radiation power is set to 300 
W/m² in this study. 

3.1 Effect of the fin shape on the radial distribution of the collector 
tube temperature field 

Fig. 2 presents radial temperature distribution at the axial middle section of the 
collector tubes at different times for the four cases. It can be observed that all cases 
maintain the inherent radial temperature gradient of decreasing from outer to inner. As 
shown in fig.2, significant phase change was observed at the 45th minute for the melting 
point of the molten salt employed in this study is approximately 222°C [4]. Notably, 
case B (rectangular straight fins) displays reduced stratification at 15–45 minutes but 
develops localized high-temperature zones (60 minutes) between fins. This 
phenomenon arises from the axial flow of fully liquefied PCMs within fin-created 
enclosures, where diminished thermal resistance promotes heat accumulation. Thermal 
performance comparisons reveal: case D achieves the highest temperature of 314°C, 
marginally exceeding the blank condition of case A by 1°C, yet reduces thermal gradient 
to 15°C (vs. 67°C in case A), accounting for the heat transfer enhancement of the fins. 
Case C attains a peak temperature of 306°C with an 18°C thermal gradient. Case B 
demonstrates optimal temperature uniformity (12°C gradient) but the lowest peak 
temperature of 296°C. 

To clarify the influence of fin shapes on the radial temperature distribution within 
the collector tube, we have calculated the average temperature of the outer surface of 
the selective absorption coating tube. Additionally, as shown in fig. 3, the temperature 
differences between this temperature and the center point of the collector tube (point D) 
for all the cases have been computed. It is evident that the incorporation of fins reduces 
the radial temperature difference within the collector tube. The collector tube with 
rectangular straight fins (case B) exhibited the minimal radial temperature differential, 
followed by case D with trapezoidal ring fins, while the circular annular fins (case C) 
showed the largest gradient. At the 60th minute mark post full melting, case C displayed 
a temperature differential of 18°C, exceeding case B and case D by 6°C and 3°C, 
respectively. Specifically, during solar radiation heating, the rectangular straight fin 
collector tube exhibits the smallest radial temperature difference, followed by the 
trapezoidal fin tube, and the ring fin tube shows the largest difference. 
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Fig. 2 The radial temperature distribution of solar collector tubes without fins and with different 
fins under different times 

(a) Case A: Radial distribution of collector tube temperature without fins  

(b) Case B: The radial distribution of the collector tube with rectangular 

(c) Case C: Radial distribution of collector tube with circular ring fins 

(d) Case D: Radial distribution of collector tube with trapezoidal ring 

(℃) (℃) (℃) (℃) 

(℃) (℃) (℃) (℃) 

(℃) (℃) (℃) (℃) 

(℃) (℃) (℃) (℃) 
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It can also be observed in fig. 3 that 
the radial temperature difference of the 
collector tube gradually increases within 
the first 45 minutes and then decreases 
again thereafter. This is due to the fact that 
during the first 45 minutes, the phase 
change material is primarily in the solid 
state, and the radial heat transfer mode is 
mainly thermal conduction. As the heating 
time increases, the phase change material 
undergoes a complete phase change, 
shifting the dominant mode of heat 
transfer to convection. Consequently, the 
heat transfer coefficient becomes larger, 
and the heat transfer speed accelerates, 
causing the radial temperature difference 

to begin decreasing. A comprehensive analysis of fig. 2 and fig. 3 reveals that under 
continuous solar radiation, the incorporation of rectangular straight fins results in better 
uniformity of the radial distribution and superior radial heat transfer performance 
compared to trapezoidal ring fins and circular ring fins. 
3.2 Shape of fins effect on the axial temperature distribution of the 
collector tubes 

Previous research has found that phase change materials do not disrupt the 
uniformity of the axial distribution of the collector tube temperature [4]. In this section, 
we have investigated the impact of various fin shapes on the axial distribution of the 
collector temperature. The primary objective is to identify the optimal fin shape that 
has minimal influence on the axial distribution uniformity of the collector tube 
temperature. Fig. 4 displays the axial temperature distribution of the collector tube 
without fins and with fins of three different shapes at 60 minutes. 

 
Fig. 4 The axial temperature field distribution of solar collector tube without/with fin in the 60th 

minute 

As evident from the fig.4, the addition of fins disrupts the uniformity of the axial 
temperature distribution within the collector tube. Among the three fin shapes, 

(a) Case A: without fins (b) Case B: rectangular straight fins 

(c) Case C: circular ring fins (d) Case D: trapezoidal ring fins 

(℃) (℃) 

(℃) (℃) 

Fig. 3 The radial average temperature-
difference of the solar collector tubes with 

different shapes fins at different times 
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rectangular straight fins have the least impact on the uniformity of the axial temperature 
distribution. In contrast, both circular ring fins and trapezoidal ring fins create high-
temperature agglomerations in the spaces between two fins, leading to a division 
phenomenon in the axial direction, and the uniformity of the axial temperature 
distribution within the collector tube has been compromised. Consequently, the 
temperature distribution of the collector tube becomes non-uniform in the axial 
direction.   

In order to comprehensively evaluate the influence of fin shapes on the uniformity 
of axial temperature distribution within the collector tube during the entire solar 
radiation process, the temperature changes at the middle point (D) and the outlet center 
point (F) have been monitored. The temperature of these two points was recorded at 
each moment during the heating process, and the temperature difference was calculated. 
Fig. 5 shows the temperature difference between these two points. It can be observed 
that after 45 minutes, the temperature of the heat transfer fluid (HTF) in the finned cases 
significantly increased following phase change completion, whereas case A (without 
fins) showed no notable variation. As previously mentioned, from the 45th minute, the 
PCMs was undergoing phase transition, absorbing substantial heat with minimal 
temperature change. During this stage, the PCMs acted as a constant-temperature heat 

source for the HTF. Between 45 and 60 
minutes, the constant high temperature 
heat source heated HTF rapidly, and the 
prolonged heat exchange duration caused 
the temperature at point F to surpass that 
at point D. Regarding the temperature rise 
of the HTF outlet (Point F) compared to 
the collector tube center (Point D), the 
circular fins achieved a maximum 
temperature increase of 18.6°C, followed 
by trapezoidal fins (10.0°C) and 
rectangular straight fins (9.1°C). These 
results demonstrate that adding fins not 
only enhances heat transfer but also 
significantly improves the thermal 
performance of the HTF. 

3.3 Influence of the shape of fins on the phase change process of PCMs 
Fig. 6 shows the average liquid rate variation of the PCMs in collector tubes 

without and with the three types of fins. As shown in fig. 6, liquefaction in the collector 
tube without fins occurs earliest, while in the tube with rectangular straight fins occurs 
the latest. This is due to the low thermal conductivity of PCMs, and in the absence of 
fins, it is more prone to the radical heat agglomeration of PCMs, resulting in localized 
phase transition. However, contrary to the initial liquefaction trend, the PCMs in the 
tube without fins completes its phase change at the 58th minute which is the latest one. 
Case D with trapezoidal ring fins achieves complete phase change first using 52.5 
minutes, followed by cases B and C of about 55 minutes. This is because once phase 
change occurs, the fins can rapidly transfer heat to other materials that have not yet 
changed, allowing the PCMs to undergo phase change more uniformly. 

Fig. 7 compares the liquid fraction distribution of the internal phase change 
material between those with trapezoidal ring fins and rectangular straight fins at 
different times. As can be seen, the phase transition process occurs from the outside to 
the inside along the radial direction. The phase change material in the collector tube 

Fig. 5 The graph changing temperature-
difference between points D and F (TD-

TF) in solar collector tube with time 
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with trapezoidal ring fins first undergoes 
a change near the boundary of the fins, 
and subsequently, the material within the 
spacing between the two fins initiates the 
phase transition. The phase transition 
process is not uniform across the axial.    

 In contrast, the axial distribution in 
the collector tube with rectangular 
straight fins is uniform. A comprehensive 
analysis of fig. 6 and fig. 7 reveals that the 
addition of fins delays the onset of the 
phase transition in the collector tube. 
Among the three types of fins, trapezoidal 
ring fins have the least impact on the 
starting time of the phase transition, 
resulting in the earliest onset. The axial 

distribution of the phase transition material in the heat collection tube with rectangular 
straight fins is the most uniform; however, the starting time of the phase transition is 
the latest. 

 
Fig. 7 The liquid fraction distribution of the internal PCMs in the solar collector tube adding 

trapezoidal ring fins and rectangular straight fins at different times 

4. The effect of the number of the fins on the thermal characteristics 
of the collector tube 

From the above study, it is evident that rectangular straight fins outperform circular 

(a) trapezoidal ring fins (b) rectangular straight fins 

Fig. 6 The average liquid fraction of the 
PCMs in the solar collector tube without 
adding fins and adding three-shaped fins 
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ring and trapezoidal ring fins in terms of the uniformity and heat transfer performance 
of the radial temperature distribution within the collector tube. Rectangular straight fins 
also have the least adverse effect on the axial temperature distribution uniformity of the 
collector tube. In this section, we have selected rectangular straight fins to investigate 
the impact of the number of the fins on the temperature distribution and heat storage 
performance of the collector tubes. While examining the impact of the number of fins, 
a constant fin height of 20 mm and fin thickness of 2 mm are considered. In terms of 
disrupting the uniformity of temperature, 2, 4, 6, and 8 fins were evenly distributed on 
the pipe wall. Details are shown in tab. 2. 

After the addition of the fins, the total heat storage of the collector tube mainly 
consists of two parts: one comes from the phase change material, including sensible 
heat and latent heat; the other comes from the sensible heat storage of the fins. The 
sensible heat storage Qs is calculated by eq. (8), and the latent heat storage QL of phase 
change is calculated by eq. (9), 
𝑄ୱ = 𝑐𝑚(𝑇୲ଵ − 𝑇୲ଶ)              (8) 
where c is the specific heat capacity of the material, kJ / (kg℃); m is the mass of the 
material, kg; Tt1 and Tt2 are the temperature of the material at time t1 and t2 respectively, 
the temperature of the material is the average temperature of the material. 
𝑄 = 𝑚ୌ𝐿               (9) 
where mPCMS is the mass of the phase change material, kg; L is the phase change latent 
heat of the phase change material, kJ/kg. 

Tabel 2 The volume and mass of PCMs and rectangular straight fins in the solar collector tube 
with different number of fins 

Fins number 
Volume of PCMs 
/m3 

Mass of PCMs 
/kg 

Volume of fins 
/m3 

Mass of fins 
/kg 

0 0.00176 3.000 — — 
2 0.00170 2.914 0.0000504 0.402 
4 0.00167 2.829 0.0001008 0.804 
6 0.00161 2.743 0.0001512 1.207 

8 0.00156 2.658 0.0002016 1.609 

Fig.8 shows the temperature distribution within the collector tube at the 60th 
minute. It is evident that the stratification of temperature fields along the radial direction 
diminishes, and the axial temperature distribution becomes more uniform. This suggests 
that the uniformity of the temperature distribution in the collector tube correlates 
positively with the number of fins. The collector tube with 4 fins exhibits the highest 
temperature distribution, exceeding those with 6 and 8 fins by approximately 10°C. 

Fig. 9 displays the heat storage of the collector tube at the 60th minute, with varying 
numbers of fins. As depicted in fig. 9, as the number of fins increases, the heat storage 
capacity of the PCMs decreases. Specifically, the total heat storage of the four cases 
ranging from 1235 to 1269 kJ exhibits negligible variation, which slightly diminishes 
as the number of fins rises within the range of 2 to 6 fins, while when the number of 
fins increases from 6 to 8, the total heat storage begins to rise slightly. The total thermal 
energy storage, governed by both temperature and mass, and when increasing fin 
number from 6 to 8: the temperature rise from enhanced heat transfer becomes 
insufficient to offset the heat capacity reduction induced by additional fin mass. Among 
the four cases, the highest total heat storage is observed with 2 fins which is 1269kJ, 
followed closely by 4 fins with 1268kJ. Based on the analysis conducted in the first two 
parts, the composite performance, considering the material temperature, working 
medium temperature, and heat storage performance, is optimal when there are 4 fins. 
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Fig.8 The temperature field distribution of the solar collector tube with different number of 

rectangular straight fins at the 60th minute 

5 Conclusions 
The study numerically examines 

the impact of rectangular straight fins, 
circular ring fins and trapezoidal ring fins 
on the thermal properties of solar vacuum 
collector tubes equipped with an annular 
PCMs layer. The key findings are as 
follows: Adding fins decreases the 
temperature difference between the PCMs 
and the HTF within the collector tube, 
thereby enhancing the uniformity of the 
temperature field distribution within the 
tube; Among the three fin shapes, 
rectangular straight fins exhibit the most 
effective uniformity in radial temperature 

distribution and have the least adverse impact on the axial temperature field uniformity 
of the collector tube. However, the phase change process in the collector tube with 
rectangular straight fins initiates later. When considering collector tubes with 2, 4, 6, 
and 8 rectangular straight fins, the average temperature of the HTF is lowest with 2 fins 
and highest with 8 fins. The temperature variation is most stable for tubes with 4 and 6 
fins. In terms of heat storage, the collector tube with 2 fins performs best, followed 
closely by those with 4 fins. Upon comprehensive analysis, the collector tube with 4 
fins demonstrates the optimal overall thermal performance. This study was confined to 
three conventional types of fins. Synergistic integration of fin structures with heat 
transfer enhancement media (such as nanoparticle) could be expanded in the future 
research. 
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