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The ideal altitude angle for evacuated tube solar collectors, taking into account factors
such as solar radiation availability, geographical location, seasonal variations, and
collector tilt, is taken into account in this comparative analysis. This study focuses on
obtaining the best thermal energy that can be obtained from the falling sunlight to
increase the thermal efficiency of the solar collector. This model uses a Cartesian
direction model (x, y, and z) and mathematical ordering methods to generate a 3D
model. COMSOL 5.6 is then utilized to link the framework with mathematics and
simulate the case. Solar radiation increases from March to June, peaking from 5-6 a.m.
to 18-19 p.m. during the summer. The highest solar evaluation and azimuth occurred at
12 hV in the south direction. Temperature has a major impact on the performance of
water heaters and vacuum tube solar collectors. The specific tilt angle analyzed is 40
degrees. The location where the analysis was done is Baghdad. The optimal tilt angle
was found at 25 <at the start of the day and reached 40<at 12 p.m. The best case was
reached when the angle was 40 degrees. The magnitude of efficiency improvements
was seen; the value of efficiency reached 78% compared to other cases. Where the
difference is between it and the angle of 0 degrees altitude, at which the efficiency rate

reached 64%, the amount of improvement is 14%.

1. INTRODUCTION

Experimental and theoretical research are conducted to
determine the total heat loss coefficient (U-value) of a vacuum
tube solar collector in relation to the pressure of the residual
gas within the evacuated glass envelope. The majority of the
analyzed collector tubes had greater total heat loss coefficients
than anticipated, consistent with the presence of a significant
quantity of gas [1]. The review article discusses experiments
using computational fluid dynamics (CFD) to demonstrate the
effectiveness of evacuated thermal solar collectors (ETSCs),
nanofluids as heat transfer fluids, reflectors, and methods for
decreasing heat losses on ETSC performance [2]. This work
proposes a crossover computational method to foresee the
warm behavior of intensity pipe-emptied tube sun-oriented
gatherers over the course of constant activity [3]. Using phase
change material (PCM) increases input nuclear power by 1.72
percent and 5.12 percent, respectively, for wind current paces
of 0.025 and 0.05 kg/s, with the highest complete drying
proficiency [4]. Sun-oriented energy should be used as a
sustainable power source due to rising ozone-harming
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substances. HPETC was demonstrated using CFD and field-
testing information [5]. CFD research assessed five design
iterations of a novel manifold header to verify its viability and
choose the best design components [6]. Nano-liquids
improved heat transmission in ETSCs, with Cu-Water nano-
liquid having the best warm recuperation. To improve energy
change, ETSC's warm exhibition must be improved [7]. Gene
expression programming was used to model the ETSC for
various thermal storage tank volumes under a range of solar
radiation intensities, resulting in a maximum energy efficiency
of 72% [8]. At low volumetric flow rates, the emptied tube
gatherer beats the flat plate solar collector (FPC) regarding
warm execution, while at high volumetric flow rates, the FPC
produces more absolute entropy [9]. This work proposes a new
plan for an even tank used to store boiling water. CFD
reproductions showed that when the quantity of intensity pipes
increased, the level tank's normal temperature increased. The
flat stockpiling tank's releasing viability was affected by the
water's temperature [ 10]. This paper presents the enhancement
of an emptied tube solar-powered gatherer with low-
temperature water in glass using a computational liquid
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elements model and a re-enacted toughening method. Results
showed that the mass flow rate, safeguard region, and cylinder
width significantly affected warm execution [11]. This study
recreated the development of intensity in two parts of sun-
powered water warming frameworks, including the flat warm
stockpiling tank and the flow pipe. Parametric examinations of
the intensity lines' shape were completed, and rectangular
intensity pipes were the most efficient. Water information and
exit should be arranged at the base and top of the course pipe
[12]. The sun-powered gatherer's effectiveness increases when
the liquid flow rate is raised, and the filled-type emptied tube
with graphite delivers the best outcomes [13]. CFD was used
to estimate the water temperature at the sun-oriented gatherer
complex's outlet, with the Boussinesq Approximation (BA)
model being more accurate than the variation of the properties
with temperature (VPT) model [14]. Powerful cycles have
been created to secure the behavior of a warm sunlight-based
gatherer without expensive exploratory examinations, and
CFD has been used to focus on heat transport issues [15]. A
CFD-based strategy can be used to assess strain misfortunes

for parting and joining liquid flow across tee intersections [16].

Research is being conducted to assess solar water heating
using evacuated tube solar collectors using CFD software [17].
Small adjustments can improve evacuated-tube solar
collectors, but may not be worthwhile from an economic
perspective [18]. Study found correlation between natural
circulation flow rate, solar input, tank temperature, collector
tilt, tube aspect ratio [19]. Computational liquid elements
showed that the gatherer with the briefest cylinder length had
the greatest efficiency, and the stream structures were
unaffected by the delta stream rate [20]. Computational fluid
dynamics investigation of heat transfer and flow structures in
glass evacuated tubular collectors under various operating
conditions found that the collector with the shortest tube length
achieved highest efficiency [21].

This study explores the relationship between the angle of
the solar collector and the thermal efficiency of integrated-
pressure solar water heaters. Researchers aim to identify the
optimum angle for optimal solar radiation absorption,
considering installation site latitude and seasonal sun path
variations. This understanding can help optimize solar energy
system design, increase energy savings, and reduce
greenhouse gas emissions. This study addresses the limitations
of knowing the optimal use to increase the efficiency of the
solar heater using different angles. The main originality lies in
the possibility of simulating the model completely, because
most research takes a specific part of the solar collector and
simulates it, not all of it.

2. METHODOLOGY

Solar radiation dynamics research is conducted to expand
knowledge of renewable energies. To explore the differences
in solar radiation reception from the angles of solar collectors,
a surface-to-surface solar radiation model is used. This model
uses a Cartesian direction model (x, y, and z) and
mathematical ordering methods to generate a 3D model.
COMSOL 5.6 is then utilized to link the framework
mathematics and replicate a single case. The creation and
improvement of vacuum tube solar collectors (VTSCs) rely
heavily on the potent and adaptable simulation software
program COMSOL Multiphysics. Innovative solar thermal
technologies known as VTSCs are created to effectively
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capture and harness solar energy for a variety of uses, such as
space heating, water heating, and electricity generation. For
engineers, researchers, and designers working in the fields of
renewable energy and sustainable technologies, COMSOL is
an essential tool.

2.1 Mesh generation

The solar heater was designed according to the actual
dimensions of the company, as these details can be seen in
Table 1. The unstructured three-deck grids were chosen
because they work well with complex geometries. COMSOL
was used to generate a solid geometry mesh and 3D model
with minimal input from a single user stage. A total of 863925
cells were used in this study (see Figures 1 and 2).

Figure 1. System geometry

Table 1. Specifications of vacuum tube [22]

Imported SUS304-2B food-level stainless-steel,
thickness: 0.5 mm?

High quality coated steel, thickness:0.4 mm?3
Three targets solar vacuum tube D58-L1800 mm
Coated steel, fine designing, thickness: 1.2-1.5
mm
Use automatic argon arc welding technique; good
pressure capability; super antisepsis capability in
welding joint; no seeping forever. Using automatic
machinery foaming technique, superinsulation

Inner Tank

Outer Tank
Vacuum Tube

Frame

Workmanship

capability.
tube Tank's  Net
Water Tank Quantity Diameter Length capacity weight
460 mm 30 58 mm 1.8m 300 L 1k293'52




Figure 2. Mesh generated
For reliable results, the mesh size should be adjusted to
observe the change in output when increasing the number of
elements. The process stops when the output result is stable at
a constant number with a mesh size of 0.005 m (see Table 2
and Figure 3) and an error of 2.56%. The element type was a
tetrahedron extreme fineness.

Table 2. Mesh independency

Case Element Max. Temperature(°C) Error(%o)
1 513219 44.6 -
2 613440 415 6.95
3 724579 39.0 6.02
4 863925 38.9 2.56

COMSOL Multiphysics 5.6 was the powerful software
utilized to simulate and find the solutions to the complicated
governing equations dealing with the heat transfer processes
and fluid dynamics that occurred within the vacuum tube solar
collector system. Unlike the theoretical equations, this
research discusses the practical use of COMSOL as a tool for
optimization of rotation angles, which leads to better thermal
performance. Vacuum tube solar collector design could be
assessed and optimized through a systematic exploration of
design parameters, a process that helped in obtaining a better
understanding of the operation of vacuum tubes. COMSOL
Multiphysics 5.6 is a tool effective when optimizing the tilt
angle for vacuum tube solar collectors to provide the highest
thermal efficiency. Through the employing of the
computational simulations, it achieved the tilt angle that
yielded the greatest energy capture and an improvement in the
system performance. This research fits into the ongoing
avenue for solar thermal energy, helping the development of
environmentally sound solutions.
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Complete mesh

Mesh vertices: 233423

Element type: | All elements -
Tetrahedra: 863925

Triangles: 415960

Edge elements: 13912

334

Domain element statistics

Yertex elements:

Mumber of elements: 863925
Minirnum element quality:  0.01564
Average element quality:  0.3972
Element volume ratio: 1.827E-5
Mesh volume: 0.9042 m*

Element Quality Histogram

I

2.2 Boundary conditions

Figure 3. Mesh quality

Here, the coordinates of the target region (e.g., Baghdad),
year, month, day, and hour are determined to obtain the
amount of solar radiation falling with high accuracy. From
figures 4 and 5, the solar location is defined by coordinates at
latitude (+ to N) 33.333° and longitude (+ to E) 44.433°. The
solar radiation was 1000 W/m? at 8:00 a.m. on July 15, 2021.
The heat transfer coefficient was (h = 20) W/m?, and the
outside temperature was 20°C. The spectral band for solar was
[0, 0.25] um and for ambient was (2.5 um, +o0). The fractional
emissive power was blackbody/graybody.

Vacuum-tubed solar collector limits are extremely
important to their thermal efficacy. Conditions include the
solar intensity, its direction, and the surrounding ambient
temperature. The proximity of the solar panels to lines and
elevation factors leads to changes in the intensity and angle of
solar radiation. The ambient temperature surrounding the
environment is another concept that could increase the heat
losses. As the temperature rises, the heat losses also increase.
This characteristic determines the ability of the collector tubes
to achieve heat exchange and transfer to the working fluid. The
physical specifications of the collector tube and its effect on
thermal operation are linked. Knowledge of these factors gives
way to the renovation of more sustainable and efficient
methods that lead to enhanced performance.



Source position:
Solar position -

Location defined by:

Coordinates -
Location
(13
Latitude (+ to M), it | Lengitude (+ to E), in | Time zone (+UTC)
33.333 44,433 +3
Date
(13
Day Month Year
13 T 2021
Local time
Heur Minute Second
8 0 0

Update time from solwer

Solarirradiance:
I User defined -

1000[W,/m~2] W/m®

Figure 4. Location

Then the required properties for thermal reflection of the
solar heater material and its layers are determined, and the
projection altitude angle variation is set from 0 to 90 degrees
and from 5 in the morning until 5 in the evening, with an hour
difference for each reading. The exact conditions were
imposed on different surfaces/domains in the surface-to-
surface S2S model.

2.3 Average hourly solar radiations and sun path

Figure 6 shows the average solar radiation and its effect on
the radiation rate throughout the day for the three cities. In
general, solar radiation increases from March to June, peaking
from 5-6 a.m. to 18—19 p.m. during the summer. The highest
solar evaluation and azimuth occurred at 12 H in the south
direction.

Average hourly profiles
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Figure 5. Total sun radiation chart and sun path for Baghdad
city

Solar radiation (
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Figure 6. Solar radiation chart with time at different altitude
angles for Baghdad city
3. RESULTS AND DISCUSSION

The test involved numerical work with angles of 0< 10<
20<30<40<50<60< 70<80< and 90=from 5 a.m. to 6 p.m.
The sun uses altitudes X and Z to measure solar radiation and
temperature.

3.1 Solar radiation

Iraq's high solar radiation throughout the year makes it
suitable for solar heater operation. Results indicate that solar
radiation is directly proportional, with higher radiation leading
to an increase in temperature. This increased, so the cell should
be cooled to maintain optimal efficiency.

The altitude angle of a vacuum tube solar collector is the tilt
angle at which the collector is installed relative to the
horizontal plane. It affects how solar radiation interacts with
the collector's surface, affecting its performance. When tilted
at an optimal altitude angle, the collector maximizes direct
sunlight absorption, enhancing energy absorption and system
efficiency. The incidence angle of solar radiation is also
affected, with a steep angle reducing energy absorption and
lowering efficiency. The collector's performance can be



optimized throughout the year by adjusting the tilt angle to
match seasonal variations in the sun's position. Other factors
like geographical location, local climate, tracking mechanisms,
and collector design also play a role in determining the
system's effectiveness and energy output.

In Baghdad (Figure 6), solar radiation starts at 444.49 W/m?
at 5 a.m. and gradually increases until its highest value of 820
W/m? at 12 p.m. This is because the sun is perpendicular to the
solar plane, which subsequently raises the temperature.
Comparing the data, it is evident that the higher curve in the
vertical direction is at 40 degrees and the higher curve in the
horizontal direction is at 90 degrees, corresponding to the sun
and solar directions.

3.2 Temperature effect
Water heater performance, with higher temperatures

resulting in better performance ratios. Vacuum tube solar
collectors also experience temperature effects, with different
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Figure 7. Temperature chart with time at different altitude
angles for Baghdad city
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altitude angles affecting their performance. Higher
temperatures increase heat loss from the collector, while
steeper angles expose the collector to direct sunlight, resulting
in increased heat loss. Higher temperatures generally lead to
higher thermal efficiencies, but excessively high temperatures
can result in thermal losses and reduced efficiency. Steeper
altitude angles can also improve fluid drainage and maximize
solar exposure, but they can also induce thermal stress on
collector materials, necessitating appropriate design and
material selection.

In Baghdad (Figure 7), temperatures were 25° at the start of
the day and reached 40° at 12 p.m. The best case was reached
when the angle was 40 degrees, and therefore to increase the
concentration of incident radiation and increase the impact
time compared to the remaining cases.

Figure 8 shows the axial movement of the sun and its effect
on the opposite heat and radiation phenomena in the different
regions of the water heater.




sl

(m)
Figure 8. Temperature contours with time at 40 altitude
angles for Baghdad city. (a) at5a.m., (b) at 6 a.m., (c) at 7
' a.m., (d)at8a.m., (e)at9am., (f)at 10 am., (g) at 11 a.m.,
| (h) at 12 a.m., (i) at1 p.m., (j) at 2 p.m., (k) at 3 p.m., (I) at 4
p.m., (m) at5p.m

3.3 Thermal efficiency
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Figure 9. Thermal efficiency chart with time at different
altitude angles for Baghdad city

The altitude angle, also known as the tilt angle or inclination
angle, is crucial for the thermal efficiency of a vacuum solar
tube. It affects the angle at which solar radiation strikes the

o tube's surface, enhancing heat absorption and maximizing
solar radiation capture. Adjusting the altitude angle based on
latitude and the sun's position throughout the year can improve
thermal efficiency. However, it is essential to avoid shading or
obstructions that may reduce solar radiation capture. Other

factors, like solar irradiance, collector design, insulation, fluid
flow rate, and temperature differentials, affect the system's
overall efficiency.

The results confirm through Figure 9 that the best case
reached was at angle 40, where the value of efficiency reached

78% compared to the rest of the cases. The quantitative
relationship seen between tilt angle and efficiency is direct to
angle 40 and then inverse.

I ) 3.4 Validation with previous research

This Gholamabbas et al. (2020) [8] paper is a report on the
use of gene expression programming to mimic the evacuated
tube solar collector (ETSC) (GEP). The information was
obtained by modeling the ETSC for various thermal storage
tank volumes (10-50 liters) under a range of solar radiation
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intensities using computational fluid dynamics (CFD). A trial-
and-error method was used to find the mathematical model
(expression) that was the most accurate and to better forecast
how well the system would work. The numerical data was used
to test and train the GEP model. The process of comparison
between the two works was done through simulation with
engineering programs provided and with the same limits used
in the research, and the results found that the percentage of
convergence of the results did not exceed 1%.

It is evident from Figure 10 that the temperature value in the
previous work reached 321 K as the maximum temperature,
while in the current research it is 320.76 K, which is a small
difference that can be relied upon. As for Figure 11, which
represents the pressure values, the maximum pressure in the
previous research reached 11600 Pa, while in the current work
it reached 11520 Pa.

(2)

L

.(b),

Figure 10. Temperature profile of the ETSC water heater
with 26 Lit tank capacity. (a) Gholamabbas et.al work (2020)
[8], (b) Present work
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(b)

Figure 11. Pressure distribution of the working fluid (Pa)
inside the ETSC. (a) Gholamabbas et.al work (2020) [8], (b)
Present work

4. CONCLUSIONS

Iraq's high solar radiation throughout the year makes it
suitable for solar heater operation. The altitude angle of a
vacuum tube solar collector affects how solar radiation
interacts with the collector's surface, which influences its
performance. It affects the amount of direct sunlight absorbed
by the collector, the incidence angle of solar radiation, and the
potential for shadows and shading on the collector's surface.
Adjusting the tilt angle to match the seasonal variation of the
sun's position can optimize energy absorption. The optimal
altitude angle for a vacuum tube solar collector is based on the
latitude of the installation location. Other factors, such as
geographical location, local climate, tracking mechanisms,
and collector design, also play a role. The results obtained
through the simulation process will be summarized as follows:

1. Solar radiation increases from March to June,
peaking from 5-6 a.m. to 18—19 p.m. during the summer. The
highest solar evaluation and azimuth occurred at 12 H in the
south direction. Temperature has a major impact on the
performance of water heaters and vacuum tube solar collectors.
Solar radiation starts at 444.49 W/m? at 5 a.m. and gradually
increases until its highest value of 820 W/m? at 12 p.m.

2. Higher temperatures can increase heat loss from the
collector, while higher temperatures can lead to higher thermal
efficiencies. Different altitude angles can affect the operating
temperature range of the collector, particularly in regions with
cold climates. Temperature changes can induce thermal stress
on the materials used in the collector, such as glass and metals.
The efficiency improvements reached 78%.

3. The best case was reached when the angle was 40
degrees, which increased the concentration of incident
radiation and increased the impact time.
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