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Effect of Rectangular Flow Elements and Different Fluids Used on
Efficiency in High Emissivity Solar Collector

Yiksek Emisiviteli Glines Kollektorlerinde Dikd6rtgen Tarbilatorlerin ve
Kullanilan Farkli Akiskanlarin Verimlilige Etkisi

ABSTRACT

This study investigates the effects of turbulators (1, 5 and 9 per tube in a spiral arrangement) and
advanced matte black coatings that providing high emissivity (Black 2.0 and Black 3.0) on the
thermal performance of flat plate solar water heater (FPSWH) systems. It also evaluates the effect
of different heat transfer fluid (HTFs) (ethylene glycol, ammonia and water) at varying flow rates
using ANSYS-Fluent software for simulation. An experimental design approach based on Response
Surface Methodology (RSM) was used to optimize the system parameters for maximum efficiency.
The findings highlight the importance of optimizing absorber plate designs, improving heat transfer
mechanisms and integrating advanced materials to enhance FPSWH performance. The adoption of
solar water heaters not only reduces dependence on fossil fuels but also aligns with global
sustainability goals by reducing environmental impacts and addressing energy security concerns.
As solar energy continues to dominate renewable energy applications, hybrid technologies and
developments in FPSWH systems are critical to meet the growing global energy demand in a
sustainable manner.

Keywords: Solar energy, Optimization, FPSWH, CFD Analysis
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Bu calismada, turbulatérlerin (spiral sekildeki tiip basina 1, 5 ve 9) ve mat siyah kaplamanin (Black
2.0 ve Black 3.0) diiz plakal glines enerijili su isitici sistemlerinin termal performansi tzerindeki
etkileri arastirilmistir. Ayrica, similasyon icin ANSYS-Fluent yazilimi kullanilarak farkli akis hizlarinda
farkh 1si transfer sivilarinin (etilen glikol, amonyak ve su) etkisi degerlendirilmistir. Maksimum
verimlilik igin sistem parametrelerini optimize etmek amaciyla Ylzey Yanit Metodolojisi'ne (RSM)
dayali deneysel bir tasarim yaklasimi kullaniimistir. Bulgular, sogurucu plaka tasarimlarini optimize
etmenin, 1s1 transfer mekanizmalarini iyilestirmenin ve FPSWH performansini artirmak igin gelismis
malzemeleri entegre etmenin 6nemini vurgulamaktadir. Glnes enerjili su isiticilarinin
benimsenmesi yalnizca fosil yakitlara olan bagimliligi azaltmakla kalmaz, ayni zamanda gevresel
etkileri azaltarak ve enerji giivenligi endiselerini ele alarak kiresel sirdurilebilirlik hedefleriyle de
uyumludur. Glines enerjisi yenilenebilir enerji uygulamalarina hakim olmaya devam ederken, hibrit
teknolojiler ve FPSWH sistemlerindeki gelismeler, bliyliyen kiresel enerji talebini strdirtlebilir bir
sekilde karsilamak igin kritik 6neme sahiptir.

Anahtar Kelimeler: Glines enerijisi, Optimizasyon, FPSWH, CFD Analizi
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Introduction

A substantial amount of energy is consumed for water heating
in hospitals, residential applications, and various industries.
Conventional energy sources, such as coal, natural gas, and oil,
are widely used around the world to meet energy demands.
However, the usage of these energy sources for water heating is
extensive, leading to greenhouse gas emissions that contribute
to environmental pollution and climate change. Furthermore,
the depletion of fossil fuels has become a growing concern. To
reduce the consumption of fossil fuels, various renewable
energy sources are considered viable alternatives (Jamar et al.
2016; Ozakin & Kaya, 2020).

In developing countries, solar energy is a prominent alternative
in numerous industrial and manufacturing sectors to reduce
fossil fuel consumption and mitigate environmental impact.
Solar water heating (SWH-Solar Water Heater) is an effective
method of utilizing solar energy to produce hot water or steam
for industrial heating and polygeneration. When selecting solar
thermal collectors, factors such as energy requirements,
required temperature range, and system economics are
significant. Among various solar thermal collectors, flat plate
solar water heaters (FPSWH) are widely utilized due to their
simple construction, smooth operation, low maintenance
needs, and cost-effectiveness (Vengadesan et al. 2020).

However, the thermal efficiency of the FPSWH (Flat Plate Solar
Water Heater) system is a critical factor in designing an
economically viable SWH system. The more cost-effective the
system, the lower its efficiency tends to be, while higher
efficiency may lead to a greater total annual cost (TAC). In
renewable energy utilization, the energy payback period (EPBP),
which measures the time required for a solar system to recover
the energy invested in its construction, is an important factor. A
thermoeconomic FPSWH system can achieve reduced TAC and
improved collector efficiency.

As global energy demand continues to rise due to population
growth, industrialization, and improved living standards, solar
energy remains the most widely used renewable energy source,
being environmentally friendly, economically advantageous,
clean, and carbon-free (Bazri et al. 2019). Solar thermal
applications are especially common for domestic and industrial
water heating purposes due to their simplicity and effectiveness
(Li et al. 2017; Abuska, 2018; Bazri et al. 2019).

Solar water heaters (SWH) are commonly employed in both
industrial and residential sectors to reduce the consumption of
conventional fuels by preheating water. Two popular types of
solar water heaters are the Flat Plate Solar Water Heater
(FPSWH) and the Evacuated Tube Collector (ETC) solar water
heater. The ETC utilizes double glass pipes with an inner heat
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pipe to absorb solar radiation, and its heat loss is minimized by
evacuating the space within the tube (Li et al., 2020). FPSWH is
a widely used collector, designed to provide temperatures
between 50-100 °C. The thermosiphon FPSWH operates on
natural water circulation due to the thermosiphon effect, while
the forced circulation FPSWH uses a pump in a closed-loop
system. According to Diego-Ayala and Carrillo (2016), the forced
circulation system generally performs better in terms of daily
energy efficiency due to forced convection.

Various methods have been explored to improve FPSWH
efficiency. Enhancements include optimizing the optical
properties of absorber materials, adding more glass covers to
reduce heat loss, and using polymer absorbers or nanofluids as
heat transfer fluids (HTFs). Additionally, new absorber plate
designs, mini and micro channels for fluid flow, and energy
storage integration have been shown to improve performance
(Pandey & Chaurasiya, 2017).

FPSWH systems traditionally suffer from low thermal efficiency
due to poor heat transfer between the absorber and HTF. To
address this, both active and passive methods are employed.
Passive methods focus on enhancing heat transfer in absorber
tubes, using devices such as twisted tape (Sandhu et al., 2014),
wire coil inserts (Garcia et al. 2013), vortex generators (Silva et
al. 2019; Wang et al. 2019), and other flow inserts to create
turbulence and improve fluid mixing. Additionally, different
nanofluids (e.g., aluminium oxide/water, CuO/water, and
SiO,/water) have been studied to enhance heat transfer and
increase the efficiency of water heaters (Boyaghchi &
Montazerinejad, 2016; Said et al. 2016; Shojaeizadeh & Veysi,
2016).

Integrating Thermal Energy Storage (TES) with FPSWH allows
solar energy to be stored for use during evening hours,
significantly boosting overall efficiency (Bazri et al. 2019). The
thermal performance of solar water heaters thus involves
optimizing absorber designs, heat transfer fluids, thermal
energy storage, and improving heat transfer mechanisms.

Another research area is hybrid solar energy systems that
combine solar thermal and photovoltaic (PV) technologies.
While solar thermal and PV technologies are well-
commercialized, the hybrid solar thermal-PV system, which
simultaneously provides hot water and electricity, is still under
extensive research and development. Although only a few
studies have been published on this hybrid system, many
researchers are working toward its commercialization (Michael
& Iniyan, 2017).

Due to the depletion of conventional energy sources and their
adverse environmental impacts, the adoption of renewable
energy for water heating has become increasingly critical. Solar



energy emerges as a prominent alternative, particularly in
developing countries, where it is widely applied in industrial and
residential sectors. Flat plate solar water heaters (FPSWH) are
commonly utilized due to their simplicity, cost-effectiveness,
and low maintenance requirements. However, improving the
efficiency of these systems has driven innovations such as
advanced heat transfer fluids (e.g., nanofluids), optimized
absorber plate designs, and the integration of thermal energy
storage. Furthermore, hybrid technologies that combine solar
thermal and photovoltaic systems are gaining attention for their
ability to simultaneously produce hot water and electricity.
These advancements aim to enhance energy efficiency and
reduce reliance on fossil fuels, contributing to sustainable
energy solutions.

In this study, the effects of adding different numbers (1-5-9 for
a single pipe of the spiral) of elements that create local
turbulence in the flow (turbulators) and the matte black coatings
Black 2.0 and Black 3.0 on the flat plate solar collector on the
system performance has investigated. Additionally, in this
research, the effects of different fluids (Ethylene glycol,
Ammonia and Water) and their flow rates on system
performance were evaluated using ANSYS-Fluent software. In
this article, variable parameters were also optimized by making
an experimental plan with the Response Surface (RSM)
experimental optimization method.

Material and Methods

In this study, which was conducted to heat the domestic water
more effectively by using solar energy, simulations were
performed with three different numbers of rectangular
turbulators, three different absorbency coatings, three different
heat transfer fluids and three different flow rates. The
geometries in which the analyses were made are shown in
Figure 1.

In the experiments designed with the Response Surface
experiment optimization method, solutions were made by
creating mesh elements for the geometries given in Figure 1. In
this step, the analyses were first made by starting with a mesh
element number of around 250,000 and were progressed in
iterations, resulting in the fluid outlet temperature converging
to a certain value. As a result, analyses were made by obtaining
approximately 555,000 mesh elements and 0.945 "Orthogonal
Quality" before starting the analyses. The mesh network
structure used in the relevant analyses is shown in Figure 2.

In the model where the mesh structure is seen in Figure 2, the
aluminum pipe is fixed to the copper plate. It is noticeable that
the mesh structure on the plate is denser in the parts where the
rectangular fins placed in the aluminum pipe to increase the

turbulence of the flow and increase heat transfer. Analyses were
performed with pressure based, k-epsilon turbulence model and
under steady state conditions.

(a)

Figure 1.
Cases with 1, 5 and 9 rectangular turbulators on the pipe. a: 1
turbulator, b: 5 turbulators, c: 9 turbulators.

Figure 2.
Cell structure of mesh elements used in the analysis.

The Response Surface Method was used to determine the
experimental design and optimum parameter values. This
method is a common method used to determine the variable
parameters and parameter values affecting the result variable.
In the Response Surface Method, after the problem is first
determined, the variable parameters and the result variable are
determined. After the parameter levels are determined, the
appropriate experimental design is selected. After the
experiments are carried out according to the experimental
design, the accuracy of the design is tested with variance
analysis. Finally, the optimum parameters and their values are
determined (Oztiirk et al. 2023). The selected experimental
parameters and values are shown in Table 1.
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Table 1.

Design parameters and levels.
Parameters Levels

Low Middle High

Number of 1 5 9
Turbulators
Flow rate (kgh) 50 100 150
Fluid Water Ammonia Ethylene

Collector type Standard  Black 2.0 glycol

Black 3.0

Results And Discussion

In the numerical study, the optimum parameters affecting the
thermal efficiency of the flat plate solar collector were
determined. In the analysis, the fluid type, collector type, fluid
flow rate and turbulator number were determined as variable
parameters. The experimental design and analysis were carried
out using the Minitab 18 program. The experimental design was
determined with the "Central composite" approach using the
response surface method. The experimental design and heat
values created for the heat energy obtained from the solar
collector are given in Table 2.

As a result of the variance analysis performed for the heat
energy obtained from the collector. the R2 value was
determined as 99.99% and R2adj as 99.97%. R2 expresses the
accuracy of the experimental design and the R2adj value is the
corrected squares value obtained by removing the insignificant
values. The fact that the R2 and R2adj values are close to each
other and to 100% indicates that the experimental design and
results are significant (Oztiirk et al. 2023). When the R2 values
obtained as a result of the analysis are examined. it is seen that
the design used is significant. The effect rates of the variable
parameters on the amount of heat obtained from the collector
are given in Table 3.

When the variance analysis table is examined. it is seen that the
parameters with a P-value less than 0.005 are the main effects
of flow rate. number of turbulators and fluid. This shows that
the parameters in question have a significant effect on the result
variable. It is seen that the parameter that affects the result
variable the most is the fluid fluid type with 56.48%. The result
variable is affected by the collector type with 1.20%.

Figure 3 shows the Pareto chart showing the parameters
affecting the heat energy obtained from the collector (the result
variable) in the form of a column chart. In the Pareto chart. the
columns passing the reference line (2.12 in this study) are
effective on the result variable. When the Pareto chart is
examined. it can be said that in addition to the main effects of
fluid type and collector type. the square effect of the fluid type
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and the combined effect of fluid type and collector type are the
parameters affecting the result variable.

Term 31

G
cC

D
cD
DD
BB
AA
AD
AC

A
AB Factor Name

B | A Flow rate
BC f B Number of Turbulators
C Fluid

BD : D Collector type

0 50 100 150 200 250
Standardized Effect

Figure 3.
Pareto chart for heat energy obtained from the collector.

Figure 4 shows the contour graph of the number of turbulators
and flow rate for the Black 3.0 collector and Ammonia. It is seen
that the maximum amount of heat obtained from the solar
collector for the Black 3.0 collector and Ammonia is at a collector
with 1-9 turbulators and a flow rate of 100 kgh™.

Q (Watt)

< 96.80

W 96.80 - 96.82
96.82 - 96.84
96.84 - 96.86
B 96.86 - 96.88
I 96.88 - 96.90
= > 96.90

Hold Values
Fluid
Collector type 3

Number of Turbulator

100
Flow rate

Figure 4.
Number of turbulators vs flow rate graph for Black 3.0 collector
and ammonia.

Figure 5 shows the flow-fluid contour graph for the Black 3.0
collector and the 9-turbulator collector. When the graph is
examined. it is seen that the highest heat energy is in Ammonia.
Also. the amount of heat obtained with the change in flow rate
has not changed.

Figure 6 shows the flow-collector type contour graph for
Ammonia and 9 turbulators. When the graph is examined, it is
seen that the amount of heat obtained from the collector
increases as the flow rate increases. It is seen that the maximum
amount of heat obtained from the solar collector for the 9



turbulator collector and Ammonia is Black 3.0 collector type and

150 kg/h flow rate.
Table 2.
Experimental plan and Q values.
Flow rate ((Lh'Y)  Number of Fluid Collector Type Q(watt)
Turbulators
50 1 Water Black 3.0 59.31
50 9 Liguid ammonia Black 3.0 97.01
100 5 Ethylene glycol Black 2.0 51.05
50 9 Liguid ammonia Standard 90.14
150 1 Liguid ammonia Black 3.0 96.94
100 5 Ethylene glycol Black 2.0 51.05
50 5 Ethylene glycol Black 2.0 50.85
100 5 Ethylene glycol Black 2.0 51.05
50 1 Liquid ammonia Black 3.0 97.01
150 1 Water Standard 55.08
100 1 Ethylene glycol Black 2.0 51.05
50 9 Water Black 3.0 59.32
100 5 Ethylene glycol Black 2.0 51.05
150 9 Liquid ammonia Standard 90.20
50 1 Liquid ammonia Standard 90.14
100 5 Ethylene glycol Black 3.0 53.19
150 9 Water Black 3.0 59.26
150 5 Ethylene glycol Black 2.0 51.02
100 5 Ethylene glycol Standard 49.44
100 5 Ethylene glycol Black 2.0 51.05
50 9 Water Standard 55.13
100 5 Liquid ammonia Black 2.0 93.04
150 9 Water Standard 55.08
150 1 Liguid ammonia Standard 90.20
50 1 Water Standard 55.13
100 5 Ethylene glycol Black 2.0 51.05
100 5 Water Black 2.0 56.94
100 9 Ethylene glycol Black 2.0 51.05
150 1 Water Black 3.0 59.26
100 5 Ethylene glycol Black 2.0 51.05
150 9 Liquid ammonia Black 3.0 96.94
Ammonia, Q Black3.0 Py
(Watt) ™ < 300
& 70 B 30 a0
“ -
H 9% B 500 - 550
W = > 550
Number of Turbulators 9 Hold Values
Collector type Number of Turbulator 9
::::‘:fng Black2.0 s
e ' 100 : 150 ot 100
Flow rate Flow rate
Figure 5. Figure 6.
Flow rate-fluid graph for standard collector and 9 turbulators. Flow rate - collector type chart for ammonia and 9 turbulators.
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Table 3.
Variance analysis for heat energy obtained from the collector.

Source DF SeqSS  Contribution Adj SS Adj MS F-Value P-Value
Model 14 10524.4 99.99% 10524.4 751.74 8507.43 0.000
Linear 4 6071.6 57.68% 6071.6 1517.91 17178.10 0.000
Flow rate 1 0.0 0.00% 0.0 0.00 0.00 0.960
Number of Turbulators 1 0.0 0.00% 0.0 0.00 0.00 1.000
Fluid 1 5945.2 56.48% 5945.2 5945.16 67281.00 0.000
Collector Type 1 126.5 1.20% 126.5 126.48 1431.42 0.000
Square 4 4445.9 42.24% 4445.9 1111.47 12578.42 0.000
Flow rate*Flow rate 1 2416.9 22.96% 0.0 0.01 0.07 0.791
Tu':t‘l:?abtzrr:f Turbulators*Number of 1 3739 3.55% 0.0 0.01 0.13 0.719
Fluid*Fluid 1 1654.8 15.72% 1495.8 1495.76 16927.36 0.000
Collector Type*Collector Type 1 0.3 0.00% 0.3 0.29 3.32 0.087
2-Way Interaction 6 6.9 0.07% 6.9 1.15 13.00 0.000
Flow rate*Number of Turbulators 1 0.0 0.00% 0.0 0.00 0.00 1.000
Flow rate*Fluid 1 0.0 0.00% 0.0 0.00 0.04 0.848
Flow rate*Collector Type 1 0.0 0.00% 0.0 0.00 0.05 0.827
Number of Turbulators*Fluid 1 0.0 0.00% 0.0 0.00 0.00 1.000
Number of Turbulators*Collector Type 1 0.0 0.00% 0.0 0.00 0.00 1.000
Fluid*Collector Type 1 6.9 0.07% 6.9 6.88 77.90 0.000
Error 16 1.4 0.01% 1.4 0.09
Lack-of-Fit 10 1.4 0.01% 1.4 0.14
Pure Error 6 0.0 0.00% 0.0 0.00
Total 30 10525.8 100.00%
amount of heat obtained from the solar collector for a flow rate
B P of 100 kg/h and Black 3.0 collector is in the collector with
<60 .
60 - 70 ammonia.
W70 - 80
- Y Figure 8 shows the collector type-turbulator contour graph for
P it 100 kg/h flow rate and ammonia. It is seen that the maximum
::::;Iene o R amount of heat obtained from the solar collector for 100 kg/h
flow rate and ammonia is with the Black3.0 collector.
Figure 9 shows the collector type-fluid contour graph for 100
kg/h flow rate and 9 turbulators. It is seen that the maximum
heat amount obtained from the solar collector for 150 kg/h flow
Water _ | rate and ammonia is with Ammonia and Black3.0-Standard
1 Number ofSTurbuIator ’ collector.
Figure 7. Figure 10 shows the optimum parameter values. The sharper the

Fluid type-turbulator number graph for 100 kg/h flow rate and
Black 3.0 collector.

Figure 7 shows the contour graph of the number of fluid-
turbulators for a flow rate of 100 kg/h and Black 3.0 collector.
Changing the number of turbulators did not change the amount
of heat obtained from the collector. It is seen that the maximum
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curves change in this graph. the more effective it is on the result
variable. When the graph is examined, it is seen that the
parameters that affect the result variable the most are the fluid
type and the collector type. Flow rate and Number of turbulators
did not make a big difference on the amount of heat obtained
from the collector. y (96.9112) represents the maximum heat



energy obtained from the collector. Red lines show the optimum
parameter values. As a result. the optimum parameter values for
maximum collector efficiency were determined as 100 kg/h flow
rate. 9 turbulator numbers. ammonia fluid type and Black 3.0.

Flow rate 100
Flui
Black2.0 LEL.

Standard

Black3.0 Q Waty)
[ ] < 9

W o- R

W %2 - 93

93 - 94

W4 95

W95 - 9%

] > 96

Hold Values

1 ) 5 i 9

Number of Turbulator

Figure 8.
Collector type-turbulator number graph for 100 kg/h flow rate
and ammonia.

Black3.0
Q
(Watt)
< 50
50 - 60
|60 - 70
70 - 80
80 - 90
H >%
Hold Values
Flow rate 100
Number of Turbulators 9
Black2.0
Standard

Water Ethylene Ammonia
glycol

Figure 9.
Collector type-fluid chart for 100 kg/h flow rate and 9
turbulators.

Optimal Flow rate Number of Turbulators Fluid Collector Type
High 1500 90 30 30
Cur 197.4747) [9.0] [3.0] [3.01
Predict  Low 500 10 10 1.0
I

Q (Watt)
Maximum
y=969112

Figure 10.
Optimum parameter values for maximum heat energy obtained
from the collector.
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