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ARTICLE INFO ABSTRACT
Keywords: The thermal performance of a flat plate solar collector (FPSC) is a critical indicator that depends
Ultra-pure ferritic stainless steel on the environment, operational parameters, and dimensions. This study examines the impact of

Flat plate solar collector
Full-flow channels
Microchannels

size on thermal performance improvement mechanisms. Firstly, numerical simulation models are
introduced as the foundation for optimization research. This involves analyzing the flow resis-
tance of microchannels and defining their structural parameters. Furthermore, experimental tests
were conducted on a stainless steel flat plate solar collector (S/S FPSC) with the best design
parameters to validate the accuracy of the mathematical model during the design phase. The
results indicate that increasing the width of the microchannel and the height of corrugations can
effectively enhance the thermal performance of the S/S FPSC. The momentary efficiency is
projected to reach a remarkable 86.10% under ideal circumstances. Additionally, a mathematical
expression was proposed to establish the relationship between the surrounding conditions and the
momentary efficiency of the S/S FPSC. Moreover, the microchannel comprises S/S material,
maintaining a homogeneous temperature distribution to maximize heat absorption. The use of
stainless steel also extends the lifespan of the FPSC.

1. Introduction

Solar thermal technology converts solar energy into thermal energy, establishing itself as one of the most commercially viable
renewable energy technologies. Its high conversion efficiency is propelled by a combination of political and economic factors [1].
Approximately 50% of the world’s energy consumption is thermal energy, and it is projected that one-third of this demand could be
met or supplemented by solar energy [2]. This becomes particularly significant in the current global emphasis on carbon neutrality.
Solar energy emerges as a capable solution to address buildings’ hot water and heating needs, presenting a substantial market op-
portunity with significant development potential.

The solar collector stands as a pivotal component within the solar thermal system, offering various types tailored to meet diverse
temperature requirements. These include flat-plate collectors, unglazed collectors, evacuated tube collectors, and concentrating solar
collectors [3]. Among these, flat-plate collectors possess distinctive bearing strength and efficiency characteristics, making them

* Corresponding author.
E-mail address: hongwen_yu@163.com (H. Yu).

https://doi.org/10.1016/j.heliyon.2024.e28255
Received 1 December 2023; Received in revised form 14 March 2024; Accepted 14 March 2024

Available online 22 March 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:hongwen_yu@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e28255
https://doi.org/10.1016/j.heliyon.2024.e28255
https://doi.org/10.1016/j.heliyon.2024.e28255
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. He et al. Heliyon 10 (2024) e28255

highly suitable for applications in Building-Integrated Solar Thermal systems (BIST) [4]. Flat-plate collectors, integral to BIST, typi-
cally consist of four main elements: a transparent cover, collector core, channel system, and housing. Ongoing research aims to
enhance heat collector performance by focusing on improving heating-collecting efficiency [5], medium heat transfer efficiency [6]
and reducing heating loss [7]. To achieve these objectives, developers and researchers have devised various technical solutions. For
instance, Giovannetti [8] investigated the impact of selective glass coatings on covers on solar irradiance. Mekhilef [9] utilized se-
lective glass coatings to enhance the efficiency of heat collection. Jia [10] optimized the baffle structure to improve the thermal
performance of spiral solar air heaters. Song [11] introduced a rectangular hole plate to enhance the performance of photovoltaic
thermal solar air heaters. Sobhansarbandi [12] employed Phase Change Materials (PCMs) to increase the efficiency of heat transfer and
improve the performance of the solar heater. Fernandez [13] focused on optimizing the materials of collectors to minimize heating
loss.

A solar energy-absorbing coating is applied to the surface of the collecting plate to facilitate the "light-heat transition". In contrast,
the air/water/fluid channel on the back of the collector plate is responsible for heat transfer. Consequently, the design parameters of
the collector play a crucial role in directly influencing the performance of solar thermal conversion and heat transfer. These design
considerations encompass various factors, including the thermal conductivity of the plate core substrate [14], the thermal resistance of
the contact between the substrate and the channel [15], as well as the arrangement [16] and geometry [17] of the channel. This
includes features such as perforated fins and pebbles [18], which influence the uniformity of heat transfer within the medium flow.

In current research, significant optimization and innovation have been made in heat collectors. When considering the materials
used for plate core substrates, options include copper, aluminum, and stainless steel. Diamantino [19] conducted investigations to
assess the durability of selective solar absorber coatings under various environmental conditions. Considering the development de-
mand for Building Integrated Photovoltaic (BIPV), collectors are expected to have a lifespan of at least 25 years or more [20]. In the
realm of solar applications at medium to high temperatures, stainless steel (S/S) substrates have replaced traditional copper and
aluminum substrates due to their enhanced durability [21]. Moreover, the market has witnessed the rapid introduction and
commercialization of new materials, such as Ferrochrome oxide [22], Ni/NiO [23], Fe503 [24], and Co304 [25]. These materials have
facilitated the widespread adoption of stainless steel-based collectors, particularly in concentrating collectors designed for medium
and high-temperature applications. This reflects the continuous evolution of materials to meet the durability and performance de-
mands of modern solar collectors.

Due to the various channel structures, there are significant differences in connection methods. Three types of channels—tube, wing,
and snake-shaped—exist, each with distinct connection approaches. The linkage between the wick of the collector plate and the
channel typically employs welding or rolling techniques [26]. While these methods reduce processing complexity, they also lead to an
increase in thermal resistance. Channels, including flat box and micro-channel types, utilize the wick of the collector plate as the heat
transfer medium [27]. In this design, the surface of the absorber features a photothermal conversion coating, while the interior serves
as the heat transfer channel. This collector design offers the advantage of reducing thermal resistance and enhancing heat transfer
efficiency between the heat-absorbing body and the heat-transfer medium. However, it also presents challenges, such as processing
difficulties and increased pressure drop within the channel. Ma [28] modified a flat-plate solar water heater with an L-shaped fin
collector to provide both hot water and air. Chong [29] proposed a V-trough solar water heater system with a low cost to achieve an
optical efficiency of 70.54% or 1.41 suns. Kumar et al. [30] presented more detailed modifications to the solar thermal collector,
exploring the effects of parametric variations of single discrete arc-shaped ribs on the Nusselt number, friction factor, and thermo-
hydraulic performance as a means of optimization. Wang [31] designed two types of solar air collectors based on flat micro-heat pipe
arrays to enhance efficiency through a significant volumetric flow rate of air. These diverse modifications showcase the ongoing efforts
to optimize solar collector designs for improved efficiency and performance in various applications.

In the research about the flow path, Yu [32] conducted a study using a simulation program to investigate the impact of the
arrangement of triangular baffles and the height of the air gap on the performance of an air-type PVT collector. Gholipour [33]
introduced helical coil and spiral tube adsorbent tubes to increase the volumetric flow rate, thereby improving the performance of
collectors. Kotb [34] optimized the number and arrangement of tubes, leading to a 41% reduction in initial cost while ensuring
high-efficiency operation. These studies highlight the significance of flow path optimization in enhancing the overall performance and
efficiency of solar collectors.

The collectors with S/S have gained widespread adoption in solar applications at medium to high temperatures, utilizing compound
parabolic concentrating technology [35] to enhance solar irradiance and operating temperatures. They employ a straight-through
evacuated collector structure [36]. In comparison to copper and aluminum, S/S exhibits a different level of thermal conductivity
[371, not conforming to the exact theoretical estimation. Partha et al. [38] verified the possibility of superior heat transfer in
corrugated aluminum alloy plate heat-transferring devices due to the high turbulence generated. When applying an S/S substrate to a
non-concentrating flat plate collector, it becomes essential to enhance the heat transfer efficiency of the flow channel to achieve
optimal system thermal performance. Gong [39] demonstrated that increasing the heat transfer area through microchannel structures
can bridge the gap in substrate thermal conductivity. Jalil and Abdulkadhim [40] considered microchannel technology to improve
heat transfer to flowing air, with good agreement between numerical results and experimental outcomes. Jalil et al. [41] experi-
mentally investigated the cooling performance of microchannels manufactured from copper metal at different velocities and electric
powers of the heater. These studies underscore the importance of optimizing heat transfer efficiency in the context of S/S-based
collectors to achieve optimal thermal performance in various applications.

This study proposes a novel collector design incorporating microchannels within a full-flow plate featuring a stainless steel (S/S)
substrate. This innovative approach introduces a new airflow configuration to enhance heat extraction. Our experiment aims to assess
the impact of utilizing microchannel structures in air heat exchangers. Additionally, the use of S/S is intended to extend the collector’s
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operational lifespan and reduce maintenance costs.

The novelty of this experimental project lies in the use of a microchannel type of solar collector with S/S. This work has developed a
mathematical model within a simulation program to optimize design parameters and ensure the finalization of the product design.
Based on this practical model, this study will evaluate the thermal performance of the new collector through experiments. This in-
tegrated approach combines theoretical modeling with practical experimentation to validate and refine the collector design for
improved efficiency and longevity.

Acronyms

ASS Austenitic Stainless Steel

BIST Building-Integrated Solar Thermal Systems
BIPV Building Integrated Photovoltaic

CFD Computational Fluid Dynamics

FPSC Flat Plate Solar Collector

NDTI Normalized Difference Temperature Index
PMCs Phase Change Materials

S/S Stainless Steel

SSC Solar Selective Coating

UFSS Ultra-pure Ferritic Stainless Steel
Nomenclature

a Absorption

P Density (kg/m>)

f Flow Resistance

Cp Specific Heat Capacity (J/(kg K)

y Thermal Conductivity (W/m-K)

e Thermal Emittance

€ Turbulent Dissipation Rate

k Turbulent Kinetic Energy

2. Numerical model formulation
2.1. Physical model

Building upon our previous research [42], this study designed a collector that incorporates microchannels within a full-flow plate.
To evaluate its performance, this research developed a numerical model using computational fluid dynamics (CFD). The first aim is to
determine whether the CFD results compare accurately with the experimental results. Then, this model enables us to analyze flow
patterns and temperature distribution within the collector structure, facilitating the optimization of parameters for enhanced overall
performance.

The microchannels in our design exhibit a compact and lightweight structure with superior heat transfer efficiency [43]. In
comparison to traditional collectors, microchannels have fewer welding points and offer a larger heat exchange area, as depicted in
Fig. 1. This design innovation is expected to contribute to improved efficiency and reduced weight compared to conventional
collectors.

Heat collector board core Heat collector board core

s

2 Heat excha l i } e 3 G Heat exchange
e (DL
B

Structure of flat plate solar

r re of traditional coll i <
Structure of traditional colleceor collector with microchannel

Fig. 1. Structure of collectors.
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Next, Fig. 2 illustrates a stainless steel flat plate solar collector (S/S FPSC) featuring full-flow channels. The relevant parameters are
clearly defined and labeled in Fig. 3. Specifically, L represents the space between adjacent microchannels, d signifies the welding line, R
indicates the diameter of the microchannel (semi-minor axis), H represents the height of corrugation in the microchannel and the
stamping depth of the microchannel, D denotes the width of the microchannel (semi-major axis).

The cross-sectional images of the microchannels exhibit an elliptical shape. Among these parameters, the diameter (R) plays a
pivotal role in determining the cross-sectional area of the flow path. Furthermore, it significantly influences the heat exchange area and
flow rate of the medium. The elliptical shape, defined by the diameter (R), is a key factor in shaping the characteristics of the
microchannels and ultimately impacting the efficiency and performance of the collector.

The collector model was constructed using Gambit with the following dimensions: 800 mm x 2370 mm x 0.41 mm(length x width
x thickness). In the simulation, the solar radiation intensity was set to 1000 W/m?, the solar absorptance of the solar selective
absorbing coating was 0.92, and the emissivity was 0.1. The 3D model is shown in Fig. 4. These simulation parameters provide a
realistic representation of the collector’s conditions and characteristics for accurate analysis and evaluation.

2.2. Parameters setup

(1) Collector Diameter: In this study, three sets of collector diameters were simulated, 6 mm, 7 mm, and 8 mm to analyze collector
performance. The mesh generation was performed using Tet/Hybrid in TGrid, and an interval size of 3.5 was defined based on
experience and estimation.

(2) Collector Sectional Area: Considering the physical characteristics of S/S, the thickness of the microchannel generally does not
exceed 3.5 mm [44] after stamping. The L was kept constant at 23.7 mm. Therefore, the values of H and D were varied and
optimized to improve collector performance. The mesh generation was accomplished using Tet/Hybrid in TGrid, and an interval
size of 1 was defined based on experience and estimation. Detailed parameters for H and D are provided in Table 1.

These variations in collector diameter and sectional area allow for a comprehensive analysis of performance and optimization
possibilities..

2.3. Thermodynamic description

The medium in S/S FPSC was antifreeze, which is a non-compressible fluid. Its flow was driven by forced power from a pump. The
heat transfer in S/S FPSC is governed by RNG k-¢ turbulence model equations shown in equations (1) and (2).

d(pku;) 0 u,] ok
6—x,7¢)_x,H "r;k (3_xj + Gy — pe (€D)]
d(peu;) 0 u,| ok € &

oy Hﬂ + o] ox, + Clska Caep % (2)

Where Gy represents the generation of turbulence kinetic energy due to the mean velocity gradients.
oy is the turbulent Prandtl number for turbulent kinetic energy(k).
o, is the turbulent dissipation rate(e).
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Fig. 2. The structure of S/S FPSCs.
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Fig. 3. The section picture of S/S FPSCs.
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Fig. 4. The 3D model in a coordinate system.

Table 1

The sectional area of collectors.
Models Parameters of models/(mm)

H D

1 2.5 7.7
2 2.5 8.7
3 2.5 10.7
4 2.5 11.7
5 2 9.7
6 2.25 9.7
7 2.75 9.7
8 3 9.7
9 2.5 9.7

Cie Co. are two constants for the turbulent model: Cq., = 1.44, C. = 1.92, 0y = 1.0,6, = 1.3.

The collector surface of S/S also serves as the heat exchange surface for the medium, and the temperature of the collector surface is
equal to the heat source temperature during heat exchange. Considering the collector as a whole object, the heat transfer analysis of the
microchannel includes two main parameters: heat transfer in the system(p) and average heat transfer coefficient(a), as shown in
equations (3) and (4).

p=mC,(1 —1) 3

9
ST oF “)
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Fig. 5. Temperature contours in channels with different diameter.

Where m (kg/s) is the mass flow rate of the heat transfer fluid.

t’ (°C) is the outlet temperature.

t” (°C) is the inlet temperature.

T (°C) is the surface temperature.

t (°C) is the steady-state temperature of the medium.

F (m?) is the heat transfer area of the collector.

The Nusselt number is a critical parameter that provides insights into the convective heat transfer characteristics of the system
under steady-state conditions. When the medium in the collector stays in a steady state, the Nusselt number indicates the intensity of
heat transfer, as shown in equation (5).

aD, by
Ny=—== aRr’P" =aR,}’ (5)

Where 1 [W/(m-K)]is the thermal conductivity of the medium.
a, b are unknown parameters.
Re is Reynolds number.
Pr is Prandtl number.
The resistance equation is shown in equation (6)
(dp/dx)D. _

_- _pd
f= 22 R, (6)

The equivalent diameter of the microchannel is defined by equation (7), shown in the following equation.
D,=— @

Where A (m?) is the area section of the microchannel.

U (m) is the perimeter of the microchannel.

The size of the microchannels in our study is significantly smaller than that of traditional heat exchangers. Kandlikar [45] defined
channels with dimensions ranging from 10 pm to 200 pm as microchannels. In our study, the size of our microchannels falls between
that of typical heat exchangers and microchannels, as per Kandlikar’s definition. Therefore, this study draws upon previous experi-
ences and research as reference points for comparison. This positioning provides a context for understanding the unique characteristics
and challenges associated with the microchannels in our collector design.

The mathematical characterization of fluid flow and heat transfer used in our model for the microchannel heat-absorbing plate is
highly accurate. It serves as a valuable predictive reference for future developments and optimizations in microchannel heat-absorbing
plate technology. The precision of our model contributes to its reliability as a tool for understanding and advancing microchannel heat-
absorbing plate designs, paving the way for further innovations in this technology.

3. Simulation results and parameter determination
3.1. Experimental verification

This study configured all parameters, including solar radiation, inlet temperature, inlet flow rate, and collector structure, in Gambit
to reflect actual working conditions. Following the simulation, the outlet temperature of the heat exchange medium was calculated to
be 320 °C, closely matching the experimental results of 320.5 °C. This comparison demonstrates that the numerical model’s results
align almost perfectly with the experimental findings. The deviation in the outlet temperature was only 0.2%, confirming the validity
and accuracy of our simulation model. This high level of agreement between simulation and experimentation enhances the confidence
in the model’s predictive capabilities.

3.2. Temperature contours

Fig. 5 displays temperature profiles within the length-width interface of the channels, each having different diameters: 6 mm, 7
mm, and 8 mm. These profiles can be categorized into three distinct zones characterized by isotherms: the diffusion zone, stability zone
(represented by the black range), and contraction zone. These zones exhibit a direct correlation with the properties of the heat transfer
medium [20]. To be specific, in the diffusion zone, the inlet temperature remains at a lower level (indicated by the blue zone), with a
gradual rate of temperature increase. Because of the uniform distribution of thermal conduction, the efficiency of heat transfer ex-
periences a notable improvement within the stability zone. In the contraction zone, temperatures are consistently at relatively high
levels (shown in the red zone). This analysis provides insights into the temperature distribution and heat transfer efficiency across
different zones of the collector channels with varying diameters.
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Within this uniform distribution zone of heat flow density, thermal resistance is minimal, and flow stagnation areas are absent,
resulting in elevated temperatures on a small scale. Observing the temperature patterns, this work shows that expanding the stability
zone while diminishing the diffusion and contraction zones represents an effective strategy to enhance thermal conduction efficiency
within this absorber plate. In essence, optimizing the size of the microchannels or adjusting operating parameters can lead to per-
formance improvements in the collectors.

Fig. 6 illustrates the temperature distribution between channels, highlighting temperature variations and heat exchange efficiency.
Noticeable temperature differences are observed within the channels. This phenomenon occurs as the medium flows through the
channels, creating vortex disturbances that disrupt the heat transfer boundary layer, ultimately enhancing the overall heat transfer
effect.

3.3. Heat transfer characterization

Based on the thermodynamic description, the parameters f, Nu are defined by constants a, b, c, and d. Table 2 shows the constants a,
b, ¢, and d in 9 different structure sizes, which were put into a heat equation to show the relationship between Re, Nu and f.

This research conducted a comparative analysis to illustrate the relationship between Re and f. Initially, this study maintained H at
2.50 mm while varying D from 7.70 mm to 11.70 mm. As shown in Fig. 7(a,b), there is a trend of initially increasing and then
decreasing as D increases. When D reached 8.70 mm, the flow resistance f reached its peak value, signifying the maximum heat ex-
change efficiency. Fig. 7(c,d) shows the change trend with H as the counterpart. When keeping D constant at 9.70 mm, this work
explored a range of values for H, spanning from 2.00 mm to 3.00 mm. In this scenario, f exhibited an upward trend with variations in H.
When H was 3.00 mm, the most effective heat transfer was achieved. Consequently, the optimal performance for the microchannel is
achieved when D is 8.70 mm, and H is 3.00 mm.

Hence, by optimizing the microchannel width to 8.70 mm(D) and the height of corrugations to 3.00 mm(H), this work has achieved
the most effective heat exchange performance. Accordingly, the product was manufactured according to these parameters. This
successful optimization based on the analysis further validates the importance of careful tuning of microchannel dimensions for
maximizing heat exchange efficiency in the collector design.

4. Experimental configuration in new product development
4.1. Product development

Solar selective coating(SSC) exhibits high absorption(a) within the range of 0.3-2.5 pm and low thermal emittance (e) [46].
Ultra-pure ferritic stainless steel (UFSS) is a new type of steel which has extremely low carbon and nitrogen content. UFSS [47] contains
high levels of Cr(13-30%), low amounts of Ni and virtually no carbon or nitrogen elements. The combination of SSC and UFSS in the
collector design contributes to optimal absorption and minimal thermal emittance, enhancing the overall efficiency of the solar
collector.

Additionally, trace elements like Mo and Nb are developed explicitly for UFSS. In comparison to Austenitic Stainless Steel (ASS),
SFSS offers significant advantages in solar thermal applications. These advantages include higher thermal conductivity, enhanced
corrosion resistance, and reduced susceptibility to work hardening. The tailored composition of UFSS makes it a favourable material
for solar thermal collectors, ensuring improved performance and durability in harsh environmental conditions.

TTS445J1, a typical UFSS, serves as a substrate for our application. By improving the chemical coloring process for SSC, the solar
absorber gains several advantages, including excellent durability, cost-effectiveness, and high performance [48]. The coloring solution
incorporates ZnSOy4, Cry(SO4)3, and other additives to NayCry07-H3SO4, which are heated and applied to the surface to form the SSC.
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Fig. 6. Temperature distribution of medium between channel.
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Table 2
The constant a, b, c, d.
Models (H x D/mm) a b c d
1(2.5x%x7.7) 1.6576 0.4911 86.8003 0.5172
2 (2.5 x 8.7) 1.3688 0.5273 66.7564 0.4684
3(2.5x10.7) 1.4520 0.4941 77.0034 0.5377
4 (2.5 x 11.7) 1.5272 0.4816 93.6796 0.5921
52 x9.7) 1.4934 0.4879 93.2263 0.6121
6 (2.25 x 9.7) 1.4729 0.4971 98.1248 0.5919
7 (2.75 x 9.7) 1.6754 0.4892 90.5833 0.5122
8(3x9.7) 1.8311 0.4823 92.6075 0.4840
9 (2.5 x9.7) 1.7728 0.4670 114.8549 0.6004
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Fig. 7. The changes of flow parameter over the size of airflow.

Based on wall installation requirements, the collector is designed with dimensions of 2370x800 mm and a thickness of 0.41 mm,
ensuring compatibility with most building window spaces.

These collectors are created by stamping them out from a roll of S/S using a mold designed for semi-arc channel formation. Two
semi-arc channels are interlocked to produce a complete channel structure. The frames are securely encapsulated through welding, and
additional soldering between each channel enhances the collector’s pressure-bearing capacity. The heat transfer medium enters the
micro-channel from the inlet, where it is heated by sunlight irradiation. It then flows upward through siphonage and is transferred to
the hot water storage tank through the outlet. This detailed description provides an overview of the materials, manufacturing process,
and operational aspects of the solar collector.

4.2. Experimental configuration

The products fabricated and evaluated in this study were set in Ji’'nan as the location for testing, which provides a real-world
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scenario for evaluating the collector’s performance under specific environmental conditions. This study examines the thermal per-
formance of the new solar collector. The test environment follows the Test Methods for Solar Collectors. Table 3 describes the details of
the S/S FPSC. The frame structure was set in an outdoor environment.

The schematic diagram of the experimental setup and the placement of sensors are depicted in Fig. 8. Each serial number corre-
sponds to specific instruments and measurement points. The test of the solar collector involves two crucial steps: the heat collection
cycle and data measurement.

During the heat collection cycle, a secondary motion for heat transfer was incorporated, with propylene glycol in water serving as
the heat transfer medium. Circulating pumps provided the necessary cyclic power. The measured data encompasses parameters such as
the inlet and outlet temperatures of the heat collector, the water temperature in the tank, the flow rate of the medium, solar radiation
intensity, environmental temperature, and wind speed. Table 4 provides an overview of the measurement parameters and the cor-
responding measuring instruments. Fig. 8 offers a visual representation of the experimental setup and measurement points.

5. Results and discussion
5.1. Assessment of gathered data

The collected data, primarily temperature measurements, will be presented and analyzed in graphical form. As part of this study,
new solar modules for performance testing was conduct in real-world conditions, and the results are displayed in Fig. 9. Furthermore,
the performance of the new product was validated by simulating the new solar module in Fluent as a control group, as depicted in
Fig. 9.

From these figures, this study found.

(1) Both sets of results exhibit consistent temperature trends, which can be attributed to similar meteorological conditions,
including solar radiation intensity, wind speed, and environmental temperature. Consequently, the test platform for FPSCs
proves to be valid for assessing the performance of solar modules.

(2) Solar radiation intensity demonstrates a steady increase before reaching its peak around high noon. During this period, the inlet
and outlet temperatures of the micro-channel collector, as well as the water temperature in the tank, exhibit linear growth in
direct correlation with the solar radiation intensity.

(3) Assolar radiation intensity reaches its peak and subsequently experiences a significant decline, the inlet and outlet temperatures
of the micro-channel collector remain at high levels. These temperatures continue to exhibit a slight upward trend until the
temperature difference between them reaches its minimum value.

The results indicate that the micro-channel collector exhibits a high heat-collecting capacity and superior thermal insulation. It
effectively converts light energy into heat energy through the flow of the medium, facilitating efficient heat utilization. The consistent
temperature trends and correlation with solar radiation intensity validate the performance of the solar modules and highlight the
effectiveness of the micro-channel collector in efficient heat conversion.

5.2. Efficiency estimation

During the experiment, the collector operated consistently. From the diagram of the collected data, this study selected data that
exhibited a gradual upward trend during a specific time period (10:15-12:00). During this period, the solar radiation intensity
remained at or above 700 W/m?, and the surrounding air velocity did not exceed 4 m/s. The details are shown in Table 5.

There exists a relationship between changes in water temperature and solar radiation. To illustrate the temperature difference over
time during the solar heating phase, this study introduces the Normalized Difference Temperature Index (NDTI), which quantifies the
change in temperature per unit of solar radiation. This research employed curve-fitting techniques to calculate the momentary

Table 3

S/S FPSC details.
Details Measure data
Absorber plate alloy S/S(TTS445J1)
Dimensions of absorber
Length 2370 mm
Width 800 mm
Thickness 0.41 mm
Fluid coolant Air
Dimensions of Air duct
Type Microchannel
Shape Ellipse
Width 8.70 mm
Height 3.00 mm
Air duct spacing 1.00 mm
Tube alloy S/S(TTS445J1)
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Fig. 8. Schematic diagram of the experiment setup and measure point.

Table 4
The measurement parameters and measuring apparatus.
Sensor Used to measure Uncertainty Specification
Pyranometer Solar radiation < £2% TBQ-2, Jinzhou Sunshine Development Co., Ltd, China
Temperature sensor Inlet and outlet water temperature +0.3°C PT100 WZPM-201, Anhui Tiankang (Group) Co., Ltd, China
Mass Flow Meter Control mass flow of heat exchange medium +0.5% US211 M, Shandong Xinzhun Electronic Technology Co., Ltd, China
Anemometer Wind speed +5% AT816, SMART SENSOR, China
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Fig. 9. Gathered data.

Table 5

The gathered data from the experiment.
Time Inlet temperature T;/ Outlet temperature T,/ Ambient temperature T,/  Solar radiationI/(W/  Mass flow m/ NDTI Efficiency

Q) o) o} m?) (kg/h)

10:15 42.63 47.17 24.40 799.47 307.2 0.022883 76.30%
10:30 45.99 50.69 26.74 811.57 307.2 0.023792 75.21%
10:45 48.85 53.72 25.74 827.72 317.4 0.028029 79.62%
11:00 51.37 56.32 25.82 855.55 314.4 0.030151 74.33%
11:15 54.39 59.18 25.40 877.09 318 0.033101 73.09%
11:30 56.74 61.78 26.66 898.18 319.2 0.033972 72.22%
11:45 59.68 64.30 25.82 914.77 313.2 0.036968 71.13%
12:00 62.79 67.66 28.09 934.97 313.2 0.037711 68.16%

efficiency of S/S FPSCs under different surrounding conditions. This detailed analysis allows for a deeper understanding of the col-
lector’s performance under specific operational and environmental conditions.

Considering the information provided in the preceding figures, Fig. 10 illustrates the fitted line, depicting the correlation between
NDTI and momentary efficiency with respect to the inlet temperature. The ultimate expression of the equation is articulated below:
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4.17 T, - T,
n=0.86101 —M 8

Sun [49] employed the same method to analyze the theoretical maximum instantaneous efficiency variation pattern of collectors in
cold regions and obtained similar trends in the variations. Irshad [50] discovered a fitted line enabling the calculation of the effective
optical efficiency of a single-pass flat plate solar collector, reaching up to 72.7%. Jalil [40] utilized the micro-channel technique to
enhance the performance of a solar collector, achieving the highest thermal efficiency of 72.8% and practical efficiency of 70.44%,
respectively. While previous studies did not attain such elevated efficiency levels, the observed trend remains consistent. The nuanced
variations in flow channel structure engender substantial disparities in efficiency, thereby validating the superiority of this specific
flow channel configuration from an academic perspective.

5.3. Limitations

This study aims to develop a new solar collector using simulation software to determine optimal structural dimensions for
maximizing energy efficiency. Through summarizing and analyzing the study, limitations emerge that can guide future research di-
rections.In this type of optimization design, the distribution of airflow within the collector flow path becomes more complex, resulting
in pressure loss that ultimately impacts efficiency. Jia [51] optimized the flow channels, reducing pressure loss to 37.26% of the
original and increasing efficiency by 2.18%. In future work, these researches aim to establish the relationship between flow rate,
pressure loss, and efficiency to further explore optimization methods. Meanwhile, environmental and economic assessments of S/S
FPSCs pose limitations. An analogous study conducted by Anindita and Partha [52] examined the economic and energy payback
periods of a solar air heater. Abo-Elfadl et al. [53] conducted a similar assessment on a new absorber, demonstrating carbon credit
earnings of $561.9/year. Economic research reveals variations in economic benefits among solar collectors due to different application
scenarios. Dutta et al. [54] enhanced a solar dryer for drying local seasonal medicinal fruit, yielding significant economic benefits with
economic payback periods of approximately one year. Similar conclusions were drawn in the field of tea drying [55,56], emphasizing
the effectiveness of low-temperature drying methods for tea processing. The exergy analysis can be enhanced by a more comprehensive
examination of the utilization of helpful energy within the system. Bahrehmand [57] identified a more efficient solar air collector
system by comparing various collectors through exergy analysis.

6. Conclusion

A novel design of a Stainless Steel Flat Plate Solar Collector (S/S FPSC) featuring full-flow channels has been developed to enhance
its thermal performance through the introduction of micro-channel stamping. In this study, the accuracy of the mathematical model
was validated using a simulation program, accounting for specific climate conditions in Ji’nan. The key findings from the design and
experimentation processes are as follows.

(1) The structure of the FPSC was optimized, with Stainless Steel (TTS445J1) selected as the substrate material, considering specific
feature sizes.

(2) The finished S/S FPSCs exhibited temperature uniformity and improved durability, attributed to the use of Stainless Steel
(TTS445J1).

(3) A mathematical expression has been developed to establish the relationship between surrounding conditions and the
momentary efficiency of S/S FPSCs. Under these conditions, the projected momentary efficiency is an impressive 86.10%.
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Fig. 10. Normalized fitted curve based on the inlet temperature.
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In summary, this research successfully implements a new design for an S/S FPSC, resulting in enhanced thermal performance,
temperature uniformity, and increased durability. Additionally, the developed mathematical model provides valuable insights into the
connection between surrounding conditions and the momentary efficiency of the solar collector.
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