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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu The limited thermal efficiency of collectors in photovoltaic thermal systems continues to pose a
major hurdle. This study tackles the issue by developing an innovative collector featuring a rib

Keywords: and petal arrangement, combined with a helical twisted tape and channelling silicon carbide-
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Performance analysis evaluates five absorber tubes: a smooth tube, a ribbed and petaled tube, and
versions with added coil, twisted tape, and both coil and twisted tape. The study also examines
the thermal efficiency of the corresponding collectors of each absorber tube. Flow rates of
0.01-0.085 kg/s, a heat flux and solar irradiances of 400 W/m?, and varying concentrations of
nanofluid are the primary conditions of the experiments. Results indicate that mass flow rate
positively correlates with the Nusselt number and thermal efficiency but negatively correlates
with the Friction Factor and Thermohydraulic Performance Factor. The new design of this study
records a maximum Thermohydraulic Performance enhancement of 1.5 times compared to a
smooth tube and an optimal thermal efficiency enhancement of 20.4 % in comparison to a smooth
tube collector. In the best case, there is a decline of 50.1 % in the Thermohydraulic Performance
Factor and an increase of 10.2 % in thermal efficiency when the mass flow rate increases.

1. Introduction

In the 21st century, a major objective for both industries and scientific communities is to integrate sustainability principles into
their outcomes [1,2]. Sustainability focuses on maximizing production while safeguarding natural resources, protecting the envi-
ronment, and considering social and economic factors [3]. Researchers are actively exploring innovative approaches to fluid flows and
heat transfer in channels to enhance production efficiency while minimizing costs, pollution, and energy waste [4]. Passive cooling
techniques exemplify methods that align closely with sustainability principles [5]. These techniques significantly improve thermal
efficiency without the need for external energy sources or hazardous materials [6]. The use of passive cooling is widespread, but the
integration of ribbed designs in absorber tubes represents a particularly promising area of research, offering substantial benefits with
minimal drawbacks [7]. Additionally, research has shown that incorporating coils, twisted tapes, and nanofluids will bring about
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additional benefits [8-10].

Recent research has focused on enhancing the heat transfer performance of absorber tubes by incorporating ribs. These ribs are
meticulously designed extensions that enhance turbulence in the flow, expand the contact surface, and optimize the flow distribution
[11]. As a result, they significantly improve heat transfer efficiency and overall thermal performance [11]. Deshmukh and Lashane
[12] have investigated the thermal performance of a curved rib inside an absorber tube. The experiment was performed over Reynold
number range of 10000 and 50000. Their results showed that the heat transfer coefficient increased by 120 %-450 % when compared
to a smooth tube. Zhu et al. [13] examined how annular ribs in absorber tubes perform and found that their innovative design improves
heat transfer coefficient by 38 % with inner ring ribs. The result of their novel design showed that the heat transfer efficiency increases
by 38 % with inner ring ribs. In another attempt, Wang et al. [14] used numerical and experimental approaches to analyse the heat
transfer coefficient of non-uniform wavy ribs absorber tubes with a Reynold number ranging from 10000 to 40000. The absorber tube
with wavy ribs exhibited a 22.6 % increase in the Nusselt number when compared to a smooth tube. Kumar and Ibraham [15] studied
the effect of circular ribs on the surface of the inner tube in the application of a double-pipe heat exchanger. Their results indicated that
the design achieved a maximum Nusselt number of 2.48 at a Reynolds number of 5000. Lastly, Fu et al. [16] enhanced the thermal
performance of an absorber tube using W-shaped micro-ribs. The result of the heat transfer performance showed an increase of 39.7 %-
48.9 % at Reynold number 4000-10000. All these studies and many others confirm the effectiveness of ribs in boosting the thermal
efficiency of absorber tubes.

Aside from improving the surface condition of the absorber tube, researchers use twisted tapes or coils inside the tube to create
more vortexes in the flow. The formation of vortexes has been proven to increase heat transfer augmentation significantly [17]. For
instance, Mehata et al. [18] employed a twisted tape in their new design of a solar collector. They tested their new design under
Reynold numbers ranging from 1000 to 9000. Their findings indicated that the incorporation of twisted tape increases Nusselt number
by 316 % while the thermal performance of the new design is enhanced by 12.2 %. In another attempt to boost the electrical and
thermal performance of a photovoltaic thermal collector, Goksu et al. [19] used a special twisted tape in Reynold number range of
500-1900. Their findings revealed that the system improved electrical efficiency by 15.59 % and thermal efficiency by 59.35 %. Lastly,
Nilpueng et al. [20] studied the effect of incorporating twisted tapes into absorber tubes on pressure drop. They found that it decreased
the pressure drop of their absorber tube design by 34.8 %, especially at low Reynold number values.

Another way to increase the thermal performance of absorber tubes via creating vortex formation is by employing a coil instead of a
twisted tape. For instance, Sharaf et al. [21] numerically studied the impact of a spring wire on the thermal performance of an absorber
tube. The results demonstrated a high increase in Nusselt number, calculated to be 174 %, compared to a smooth tube at Reynold
number range between 4500 and 7000. To extend their previous work, Sharaf et al. [22] used multi-spring wires and recalculated for
Nusselt number, Friction Factor, and exergy efficiency. Their findings showed a noticeable increase of 112 %, 134 %, and 61 %,
respectively, compared to a smooth tube at the Reynold number range of 4500-7500. Lastly, Ibrahim et al. [23] experimentally
evaluated the heat transfer augmentation by inserting a wire coil into a plain tube. The results indicate that the Nusselt number
increased by five times and the thermal performance ratio by 2.2 compared to a smooth tube at Reynold number range between 6000
and 20000.

With all the accomplishments reported in the literature with using coils and twisted tapes in channel designs, the recent literature
highlights the synergetic impact of combining coils and twisted tapes. The combined designs guarantee the creation of more turbu-
lences and expand the contact area. Farhadi et al. [24] numerically and experimentally studied heat transfer augmentation by using a
reverse coil with twisted tape. The study was conducted at laminar region (Reynold number between 10 and 2000) and turbulent
region (Reynold number between 12000 and 18000). The study found that the updated design achieved a higher heat transfer ratio of
1.55 compared to using the techniques separately. Azeez et al. [25] investigated the effect of helical twisted tape in a petaled
arrangement and dimpled absorber tube, which was used as a collector for a photovoltaic thermal system. The findings of the new tube
indicated a significant improvement in the overall energy and exergy efficiency of the system, which reached 11.7 % and 15.3 %,
respectively.

While surface enhancement techniques are highly effective and cost-efficient, researchers have sought additional ways to boost the
performance of absorber tubes. One promising approach is the use of nanofluids (NF) instead of water [26]. NFs are advanced fluids
containing suspended nanoparticles, typically metals or metal oxides, which significantly enhance thermal conductivity and heat
transfer efficiency [27]. For instance, M. Sheikholeslami et al. [28] used a co-friendly NF in their new design of photovoltaic thermal.
The primary condition of their test was fluid velocity of 0.01 and 0.18 m/s and solar irradiance of 800 W/m?. Their findings indicated
that the maximum exergy performance was 15.32 %, while the electrical and thermal performances were 14.05 % and 55.22 %,
respectively. All these values were higher than those achieved with water alone. In another study, Jabeen et al. [29] used silicon
carbide-based NF in their new design of a solar collector, and they reported a 45.13 % increase in the thermal efficiency of the new
design. Sofiah et al. [30] used hexagonal boron nitride enhanced NF in their new design of photovoltaic thermal. The results indicated
that the system achieved an electrical efficiency of 5.73 %-5.88 %, a thermal efficiency of 54.15 %-62.73 %, and an overall efficiency
of 59.88 %-68.62 %. Lastly, Maseer et al. [31] used aluminum oxide-enhanced NF instead of water in a photovoltaic thermal system.
They have reported that the NF was able to reduce the surface temperature by 29.93 % compared to the surface temperature of a bare
PV. It also enhanced the electrical, thermal, and total efficiencies of the system by 12.70 %, 78.99 %, and 91.83 %, respectively.

Nomenclature

A Cross-sectional area of the pipe (mz) ST Smooth tube

(continued on next page)
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(continued)
cp Specific heat (J/Kg K) THPF Thermohydraulic Performance Factor
dyy Density of based fluid (Kg/ms) T; Inlet temperature (K)
Dy Hydraulic diameter (m) Tout Outlet temperature (K)
dnp Density of nanoparticle (Kg/m3) Twall Wall temperature (K)
h; Convective heat transfer coefficient(W/m?K) Greek Symbols
Kis Thermal conductivity of based fluid (W/M. K) u Velocity (m/s)
Kyf Thermal conductivity of nanofluid (W/M. K) A Thermal conductivity (W/M. K)
Knp Thermal conductivity of nanoparticle (W/M. K) (%] Nanoparticle volume fraction %
L Length of the pipe (m) Prf Nanofluid density (Kg/mS)
N Avogadro number Prf Based fluid density (Kg/m®)
Nu; Nusselt number Prp Nanoparticle density (Kg/m®)
Qu Heat obtained (W) W Dynamic viscosity (Pa. s)
Re Reynolds Number Hnf Viscosity of the nanofluid (pa. s)
RPT Ribbed and petaled arrangement tube 1% Viscosity of based fluid (Pa. s)
RPTC Ribbed and petaled arrangement tube + coil I Friction factor
RPTTT Ribbed and petaled arrangement tube + Twisted tape p Density (Kg/m®)
RPTHTT Ribbed and petaled arrangement tube + helical twisted tape AP Pressure drops

m flow rate of fluid (kg/s)

Even though literature has documented a lot of studies that have attempted to increase the overall performance of a collector in a
photovoltaic system, there are still gaps regarding developing a collector design that balances exceptional thermal performance and
cost-effectiveness.

o This study develops a new absorber tube-based collector that features ribs and petal arrangement on its surface, integrates a helical
twisted tape, and channels water and three different concentrations of NF.

The study determines the heat transfer characteristics and thermal performance of five tubes, namely smooth tub (ST), ribbed and
petaled arrangement tube (RPT), ribbed and petaled arrangement tube integrated with a coil (RPTC), ribbed and petaled arrangement
tube integrated with a twisted tape (RPTTT), and ribbed and petaled arrangement tube integrated with a helical twisted tape
(RPTHTT) along with their corresponding collector designs. Additionally, it will use silicon carbide-enhanced NF in three concen-
trations of 0.3 %, 0.6 %, and 0.9 % to further boost the heat transfer characteristic and thermal efficiencies of the best-selected absorber
tube and its corresponding collector design. The study was conducted under a constant heat flux of 400 W/m? with varying mass flow
rates in the range of 0.02-0.085 kg/s. It is expected that the new absorber tube developed in this study will significantly contribute to
enhancing the thermal performance of the collector’s design in photovoltaic thermal systems.

Experimental analysis
1
Primary condition
1-Reynolds Number ( 1438.11, 2516.70, 3595.28, 4673.86, 5752.45)
2-Heat flux ( 400) W/m"2

| l ! }

Smooth tube Ribbed and petaled array Ribbed, petaled array, and Ribbed, petaled array, and Ribbed, petaled array, and
tube twisted tape-based tube coil based-tube coiled twisted tape based-tube
L2
[ Experimentally calculated: Nusselt Number and Friction Factor |
i
I Numerically calculated THPF |
i
| Determining the best design |
| Repeating the process for nanofluid (0.3%, 0.6%, 0.9%) and the best design |
'
| Experimentally calculating thermal efficiencies of five collector designs |
I
i 'Tay. Ribbed, petaled array, and
Smooth tube- Ribbed and petaled array Ribbed, petaled array, and Ribbed, petaled array, and e -
based collector tube-based collector fwisted tape tube- based coil tube-based collector Sailcd Ewisted (ApE Sib-
- collector a based collector

Fig. 1. The diagram of the methodology adopted in this research.
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2. Methodology

As it is demonstrated in Fig. 1, the methodology adopted for this study follows four main steps. First, Nusselt number and Friction
Factor are experimentally collected for five tube designs, namely an ST, RPT, RPTC, RPTTT, and RPHTT. Subsequently, the values of
THPF are numerically calculated for the five cases. Once the best design is chosen, the same two first steps are repeated for NF with 0.3
%, 0.6 %, and 0.9 % volume concentration of SiC nanoparticles. Finally, the thermal efficiencies of all the absorber tube-based col-
lectors are experimentally calculated.

2.1. The new design description

The novel absorber tube design, made from aluminium, incorporates several innovative features aimed at enhancing heat transfer
augmentation. The design includes 32 rectangular ribs evenly spaced around the surface of a circular tube. These ribs are anticipated to
increase turbulence and expand the surface contact area [32]. To further disrupt the flow, petal arrangement is integrated into the ribs’
surfaces. Ribs and petal arrays, when put together, are expected to significantly enhance performance by increasing the contact area,
disrupting thermal boundary layers, and inducing greater turbulence, thereby improving heat transfer and overall system efficiency.
Additionally, a helical twisted tape is inserted into the tube to induce a vortex, which further improves heat transfer [32]. The
literature indicates that the simultaneous incorporation of coils and twisted tapes yields superior performance compared to their
individual application. This can be attributed to the coiled twisted tape’s ability to not only increase the contact area but also enhance
vortex generation and turbulence formation more effectively than either component used independently [32]. Fig. 2 A and B illustrate
both the pictorial and geometrical details of the absorber tube and its collector design.

Tube diameter=17.78mm
+~ Tube length=30mm

e S R T e Rib width= 1mm
petals Ribbed and Petaled array absorber tube Rib height=0.1 mm

< < T 1 o

Twist length =30mm

Twisted tape Number of twists =15
Spring diameter =1.4 mm
Spring

Fig. 2. Details and pictorial demonstration of (A) a new absorber tube and (B) its corresponding collector.
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2.2. Nanofluid preparation process

Before starting the experiment, the study prepared NF with 0.3 %, 0.6 %, and 0.9 % volume concentrations of SiC. To create the
concentrations, 694.8 g of SiC powder were mixed into 24 L of water for the 0.9 % solution, 463.2 g were used for the 0.6 % solution,
and 231.6 g for the 0.3 % solution. These quantities were determined using Equation (1), with all variables defined in the nomenclature
[33]. Additionally, polyvinylpyrrolidone was added as a surfactant to improve the dispersion of the SiC particles. Detailed information
about the SiC nanopowder used in the experiment can be found in Table 1. After placing all the components in the container at the
correct proportions, they were mechanically mixed for 10 min. After that, the mixture underwent ultrasonic treatment in a bath for 3h
at 85 °C, with a vibration frequency of 60 Hz, to achieve complete uniformity [25]. Fig. 3 depicts the NF prepared for this study.

mp

p=nl &b

2.3. The characterization and thermophysical properties of the nanofluid

Once the preparation process was completed, the samples underwent testing and analysis of their thermophysical properties to
confirm their preparation quality and effectiveness. Field Emission Scanning Electron Microscopy (FESEM) was used for imaging,
mapping, and analysis. As shown in Fig. 4, the nanoparticles are evenly distributed in the base fluid, comprising 50.3 % Si, 42.2 % C,
and 6.3 % Os. The particles are cubic and measure between 56 and 58 nm. These observations align with previous studies [34,35]. The
thermophysical properties of the NF, including density, viscosity, and thermal conductivity, were measured across a temperature range
of 15-50 °C using the Anton Paar model DMA 1001 for density, the Anton Paar model MCR 92 viscometer, and Linsey’s model
THB-500. All the obtained results are documented in Table 2. Equations (2)-(5) were used to validate the results numerically. Equation
(6) was applied to determine the specific heat capacity of the sample. The thermophysical results obtained in this study are similar in
values to previous studies in the literature [36]. The nomenclature includes definitions for all parameters used in Equations (2)-(6)
[371.

Pog = (1 — &)pps + PPy (&)
1
Paf = Hpe % 03 3
(1 —3.87 (%) x 1O
6M
N T x P @

Ko Knp + 2Kpf + 2¢ (Knp — Kor)
" Kap + 2Kor — 2¢(Knp — Kot

x be (5)

(1 - q))(pcp)water + ((/)pcp)np
Prmix

CPrix = (6)

The FESEM and the thermophysical properties of NF, on one hand, and the fact that there was no sedimentation observed in the NF
solution after one month, all confirmed that the prepared NF had a good distribution of nanoparticles in the based fluid. Moreover, it is
a good guarantee of stability and high performance, too.

Table 1
The thermophysical details of the nanoparticle that has been used in this study.

Thermophysical properties of SiC

Name of the manufacturer
Appearing color of the nanoparticle

US Res. Nanomaterials
Greyish white

Level of purity of the sample 99+%

PH value 3-7 at 20 °C
Shape of the nanoparticle Cubic

Determine the melting point of the sample 2744 °C

size of one particle 39-61 nm
Thermal Conductivity 369-489 W/m. K
Bulk Density 3.21 g/cm®

Zeta potential 27.8 mV
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Fig. 3. Preparation process of the SiC enhanced NF.
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Fig. 4. The FESEM images, maps, and analysis of the nano solutions prepared in the study.

Table 2

The calculated density, viscosity, and thermal conductivity of the prepared NFs of the study.
Temp Water 0.3%8SiC-enhanced NF 0.6%8SiC-enhanced NF 0.9 % SiC-enhanced NF
°C
Co p (kg/ u (Pa. K (W/M. kg/ (u Pa. (K W/M. kg/ (u Pa. (K W/M. kg/ (4 Pa. (K W/M.

m?) s) K) m®) s) K) m®) s) K) m?) 5) K)

15 999.2 1.12 0.56 1006.7 1.39 0.62 1013.5 1.48 0.64 1025.5 1.52 0.67
20 998.3 1.13 0.58 1006.2 1.36 0.63 1012.9 1.47 0.66 1023.6 1.51 0.69
25 997.1 1.08 0.60 1005.1 1.29 0.65 1011.9 1.39 0.68 1021.6 1.48 0.72
30 995.8 0.99 0.62 1003.1 1.19 0.67 1010.5 1.27 0.69 1020.5 1.36 0.74
35 994.2 0.89 0.64 1001.4 1.11 0.69 1008.9 1.18 0.71 1019.8 1.24 0.76
40 992.3 0.80 0.66 999.2 1.01 0.7 1006.8 1.08 0.73 1018.6 1.13 0.78
45 990.2 0.74 0.67 997. 0.97 0.71 1003.6 0.99 0.74 1017.8 1.01 0.80
50 987.8 0.73 0.68 994.1 0.98 0.72 1000.6 1.01 0.75 1016.8 0.99 0.81

2.4. The experimental rig

Once the samples were prepared, they were set up for the experiment. First, five thermocouples were attached to the sample to
record the temperature at five different points on the pipe wall. Next, the sample was wrapped with a silicon rubber heater with a
power density of 400 W/m?, and a voltage regulator monitored the heat flux. An insulating layer was then added around the sample to
trap heat and facilitate handling. With the sample prepared, the five thermocouples were connected to an AT47V data logger.
Additionally, two RTD sensors were placed at the inlet and outlet of the sample and connected to the data logger. This setup allowed
the data logger to monitor the inlet and outlet fluid temperatures as well as the wall temperature of the tube. A DPG 409 digital
differential pressure gauge was installed at both the inlet and outlet of the sample to measure pressure accurately. The fluid circulation
was controlled and cooled using a cooler, mass flow meter, heat exchanger, and two fluid pumps. Fig. 5 (A and B) provides a schematic
and pictorial representation of the system. The experimental setup illustrated in Fig. 5 (C) was employed to determine the thermal
efficiency of the collectors. The experiment was conducted under identical solar irradiance of 400 W/m?2, and RTD sensors were used to
measure the inlet and outlet temperatures of the collectors. It is noteworthy that this setup is specifically designed to collect data
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Pressure Gauge
i Th 1
‘Thermal Insulation e sample D Outlet sensor
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|
i
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Q Data logger
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Fig. 5. (A) the schematic diagram, (B) the pictorial demonstration of the experimental setup for the tubes, and (C) the setup for the collector.
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related to both the electrical and thermal performance of photovoltaic thermal (PVT) systems. However, for the purposes of the present
study, data collection was limited to the temperature differentials of the collectors. These measurements were sufficient to calculate
the thermal efficiency of the examined collectors, aligning with the study’s focus on thermal performance analysis alone.

2.5. The models of the study

The study used Thermohydraulic Performance Factor (THPF) analysis-based models to perform all its calculations under varying
mass flow rates of 0.01-0.085 kg/s and constant heat flux of 400 W/m?. The recorded mass flow rates of the study were converted into
velocity values using Equation (7) [37].

m

u:pTq 7

Dynamic viscosity and velocity of the fluid helped in determining the Reynold number of the fluid through Equation (8) [37]. The
value of Reynold’s number will be crucial for the coming steps and overall description of the newly designed absorber tubes.

_ pDpu
H

Re (8)

The RTD sensors determined the exact inlet and outlet temperature of the fluid, which, with the help of Equation (9) [38],
determined the heat gain of the system.
Qu =m CP (Tout —Ti ) (9)

The thermocouples determined the wall temperature of the samples, and Equation (10) calculated the convective heat transfer
coefficient of the samples [38].

. Q

(Twall _ (Tout ;Tin ) A

Once the convective heat transfer coefficient is known, Equation (11) can calculate the Nusselt number of the samples, which is a
very important outcome in describing the heat transfer characteristic of any system [38].

(10)

_hiDh
Y

Nui (11)

Nusselt number on its own cannot give a full description of the heat transfer characteristics of any system unless the Friction Factor
is provided. The Friction Factor and Nusselt number are opposite to one another, and their effects must be considered simultaneously.
Equation (12) will calculate the Friction Factor with the help of the pressure gauge inserted in the system [38].

_ 2AP D,

= 1 (12)

The THPF must be performed to optimize between the Friction Factor and Nusselt number, which are opposite to one another.
Equation (13) calculates the THPF of the samples [38].
(Nui / Nui>

1

/93

Lastly, Equation (14) was used to calculate the thermal efficiencies of all the collector designs studied in this research.

THPF = 13)

Table 3
The instruments used in the experiment with their uncertainty percentages.

Wi =[(0.2)? + (0.15)* + (0.15)* + (0.5)* + (0.08)> + (0.2)* ]**

Wr=0.617%

Instrument Model uncertainty
Datalogger AT47V 0.2 %

RTD sensor PT 100 0.15%
Thermocouple (wire sensor) K-type 0.15%
Digital flow meter DHYB-800 0.5 %
Digital Differential Pressure Gauge DPG409 0.08 %
Cooling Unit SPH20 0.2 %
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_ Qu — m X Cp(Tuut - Tm)
Ix Acollectur Ix Acallector

Nen (14)

2.6. Uncertainty analysis

Lastly, the percentage of uncertainty of the experiment must be revealed so that the result of the experiment can be duplicated with
a certain range of mistakes. Below is the percentage of uncertainty of the experiment calculated through Equation (15) and Table 3
[39].

R .\ (R N R\
we=| () G we) < () | o

3. Results and discussion

As discussed previously, this study will investigate the heat transfer characterization of five different absorber tube designs using
water and NF at Reynold number range of 1400-5800 and a constant heat flux of 400 W/m?. The experimentally calculated parameters
will be Nusselt number, Friction Factor, THPF, and thermal efficiency.

3.1. The analysis of Nusselt number

As it was mentioned previously, the study will meticulously record the Nusselt number values for all the five designs included in this
study. The result has shown that there is a positive relationship between Nusselt number and mass flow rate, which is consistent with
the literature [40]. The findings also show that compared to ST, the other tubes, such as RPT, RPTC, RPTTT, and RPTHTT, increase
Nusselt number value by 19.1 %, 28.6 %, 32.2 %, and 46.7 %, respectively. As it was explained previously, the reason for such
improvement can be contributed to many factors, such as surface condition improvement, creating more turbulence in the flow,
inducing the formation of vortexes, etc [41]. Fig. 6 shows the values of the Nusselt number for all the cases of this study.

3.2. The analysis of the Friction Factor

The study also determined the Friction Factor for all cases examined. Consistent with existing literature, which indicates a negative
relationship between the Reynolds number and the Friction Factor, the findings of this study are consistent with the reported results of
the literature [42]. Nevertheless, the ST design recorded the least Friction Factor value while the order for the other are RPT, RPTC,
RPTTT, and RPTHTT. From the results provided in Fig. 7, it can be concluded that as the design gets more complicated in terms of
surface improvement and inserts, the Friction Factor increases too, and this aligns with reports of studies available in the literature
[43]. The percentage of increase in Friction Factor compared to ST is 3.78 % for RPT, 6.68 % for RPTC, 12.2 % for RPTTT, and 34.9 %
for RPTHTT.

As was shown, the values of both Nusselt number and Friction Factor increase as the designs are modified with better passive
cooling techniques. However, the best design is the one that maximizes Nusselt number and minimizes the Friction Factor. Therefore,
an optimization study must be conducted to reveal which design has the best performance. Equation (12) shows how THPF analysis can
perform the optimization and determine the best design in terms of heat transfer augmentation.

3.3. The Thermohydraulic Performance Factor analysis

The THPF analysis seeks to optimize the effect of two opposing parameters, which are Nusselt number and Friction Factor. As
shown in Fig. 8, the study lists the tubes as follows in terms of having the best thermal performance, namely the RPT, RPTC, RPTTT,
and RPTHTT. Compared to RPT, the THPF for the RPTC is higher by 10.8 %, while it is higher by 14.9 % and 24.9 % for the RPTT and
the RPTHTT. It should also be mentioned that all the designs of this study record higher THPF values at low Reynold numbers. For

100

80

Nusselt Number

0
1400 1900 2400 2900 3400 3900 4400 4900 5400
Reynold Number

——sT ——RPT RPTC ——RPTTT ——RPTHTT

Fig. 6. The correlation between Nusselt number and Reynold number using water as coolant.
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Friction Factor

0.09

1400 1900 2400 2900 3400 3900 4400 4900 5400
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instance, as Reynold number increases from 1400 to 5800, the designs face declines in THPF by 7.8 % for the RPT, 17.5 % for RPTC,
21.1 % for RPTTT, and 26.6 % for RPTHTT.

3.4. The effect of nanofluid with various concentrations

To further increase the effectiveness of the best absorber tube determined in the previous section, the study will replace water with
SiC-enhanced NF in volume concentrations of 0.3 %, 0.6 %, and 0.9 %. The same experimental and numerical steps were repeated to
collect data for the NF case. As it is shown, Fig. 9 A presents Nusselt number values for the three NF cases. Compared to the best case
with water and the RPTHTT, the 0.3 %, 0.6 %, and 0.9 % concentration of SiC increased Nusselt number by 26.13 %, 39.8 %, and 44.3
%, respectively. The reason for the recorded improvement is the improvement in the thermophysical properties of the NF samples
which have been shown in Table 2.

Even though there is a positive relationship between the concentration of nanoparticles and the values of the Nusselt number, the
experimental results shown in Fig. 9 B indicate that higher nanoparticle concentrations cause the Friction Factor to increase. The
percentage of Friction Factor increase of 0.3 %, 0.6 %, and 0.9 % compared to using water and the RPTHTT are 11.2 %, 26.7 %, and
36.45 %, respectively. The reason is attributed to the fact that higher nanoparticle concentration leads to more friction being produced
between the wall surface of the tubes and the nanoparticles. With the data provided in Fig. 9A and B, THPF optimization must be
conducted again to reveal which nanoparticle concentration works the best with the newly designed absorber tube developed in this
study.

Fig. 9C shows the results of the THPF analysis of the three included concentrations of nanoparticles in the study. The data reveals
that the NF with 0.9 % concentration of SiC increases the THPF the most while the 0.6 % and 0.3 % are the second and the third most
effective. Compared to employing water and the RPTHTT, THPF enhancement is 23.2 %, 33.3 %, and 35.3 % for the 0.3 %, 0.6 %, and
0.9 % nanoparticle concentrations, respectively. Additionally, it was again confirmed that the three concentrations of nanoparticles
perform the best at low Reynold number values. As Reynold number increases from 1400 to 5400, the value of THPF declines by 43.1
%, 49.7 %, and 50.1 % for 0.3 %, 0.6 %, and 0.9 % concentrations of nanoparticles, respectively.

3.5. The thermal efficiencies analysis of the collector designs

The study calculated the thermal efficiencies of five collector designs, namely ST-based collector, RPT-based collector, RPTC-based
collector, RPTTT-based collector, and RPTHTT-based collector. Compared to an ST-based collector, thermal efficiencies enhancement
of 5%, 6.5 %, 7.2 %, and 6.1 % were recorded for RPT-based collectors with water, and SiC-enhanced NF with 0.3 %, 0.6 %, and 0.9 %
volume concentration, respectively. In the cases of employing a coil, the enhancement went up to 10.7 %, 11.7 %, 12.03 %, and 11.7 %,
while inserting the twisted tape alone recorded enhancement of 15.7 %, 15.9 %, 16.4 %, and 15.5 % for water, 0.3 % SiC, 0.6 % SiC,
0.9 % SiC enhanced NF. Finally, inserting the coil and the twisted tape simultaneously with the new tube designed recorded thermal
efficiency enhancement of 20.2 %, 20.3 %, 19.8 %, and 18.9 %, respectively. Fig. 10 shows all the calculated thermal efficiencies of the
cases studied in this research. Therefore, it is once again confirmed that the selected design of this study records the best thermal
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efficiencies over all the coolant types included in the study.

Even though the calculation of the tubes alone showed that the performance of all the tubes is better at a low Reynolds number,
which was calculated to be about 50.1 %, the relationship becomes reversed for the collector. As the mass flow rate goes up, there is an
optimal enhancement of 10.2 %. The reason here is that the size of the collector is significantly bigger which enables more heat
absorption by the fluid and results in a higher outlet temperature of the fluid. Finally, Table 4 compares the thermal efficiency obtained
for the newly designed collector with some other designs of the current literature.

4. Conclusion

As demonstrated previously, the main objective of this study was to reveal the heat transfer characteristics of five absorber tubes
and their corresponding collector designs under the primary condition of applying varying Reynold numbers of 1400-5400, constant
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Table 4

Comparing the thermal efficiency of the current study with newly published articles on the same topic.
Ref and year Types of study Coolant types & Flow rates Thermal efficiency
[44] 2023 Experimental Carbon oxide-enhanced NF & (60, 80 120 kg/h) 35.5 %
[45] 2023 Numerical Water, air, finned tube & (0.01 and 0.02 kg/s) 54.25 %
[46] 2023 Experimental Micro-fin tube and SiC-enhanced NF and PCM & (0.008-0.058 kg/s) 77.5 %
[47] 2023 Experimental Twisted tube and SiC-enhanced NF and PCM & (0.008-0.04 kg/s) 88.2 %
[48] 2024 Experimental Water and bi-symmetrical web flow & (0.5-2 LPM) 41 %
[49] 2024 Experimental MWCNT/ZnO nanofluid & 0.156 kg/min 52 %
[30] 2024 Numerical Hexagonal boron nitride-enhanced NF & (2 LPM) 54.15 %
[31] 2024 Experimental Aluminium oxide-enhanced NF and PCM & (1-5 LPM) 78.99
The present study Experimental Ribs, petals, helical twisted tape, and SiC-enhanced NF (1438.11-5752.45) 84.5%

heat flux of 400 W/m?, and employing water, 0.3 %, 0.6 %, and 0.9 % volume concentrations of SiC enhanced NF. Employing
Thermohydraulic Performance Factor analysis and thermal efficiency equation, the following results were obtained.

e There is a positive relationship between the Reynold number, with Nusselt number, and thermal efficiency, while the relationship is
revered for Friction Factor and THPF.

o All the tube cases included in this study record higher THPF at low Reynold number values, while the collectors recorded the lowest
thermal efficiency for the same Reynold number.

e The study lists the designs as follows in terms of THPF: ST, RPT, RPTC, RPTTT, and RPTHTT from the least to the most efficient. The
same ranking persists for the thermal efficiency analysis of the collectors.

e The volume concentrations of 0.3, 0.6, and 0.9 further increased the THPF and thermal efficiencies of the designs.

e Compared to the RPT alone, the THPF is 10.8 % higher for the RPTC, 14.9 % higher with RPTTT, and 24.9 % higher with the
RPTHTT.
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e Compared to using water with the RPTHTT, the THPF increases by 23.2 %, 33.3 %, and 35.3 % for nanoparticle concentrations of
0.3 %, 0.6 %, and 0.9 %, respectively.

The thermal efficiencies enhancement is 7.2 % for RPT-based collector, 12.03 % for RPTC-based collector, 16.4 % for RPTTT-based
collector, and 20.3 % for RPTHTT-based collector in the best-case scenario when compared to a smooth tube.

]

Lastly, it is suggested that future studies investigate the following gaps that this research has not covered.

It is suggested that the design is investigated at high Reynold number values to reveal its heat transfer characteristics.

It is recommended that the new design is tested as a collector for a PVT system since the design is especially made for this
application.

It is advised to test the new design under high heat flux values to see its performance under higher heat flux values.
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