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particles by adding a harmonic excitation force. This force may produce damage to the
solar panel. Therefore, the main objective of the current study is to simulate a
traditional solar panel model BSP32-10 with ANSYS software throw an additional
external force (2, 4, 6, 10, and 15 Newton) throws six mode shapes and verified
experimentally. Deformation values of solar panel surface increase with an increase in
excitation force, and not exceed the natural frequency deformation, with average
values from 0.07 to 1.5 mm, while 94% of these results are close to experimental work
during verification action. Middle position of the solar panel for excitation force on the
solar panel in the dust removal concept is the best position.
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1. Introduction

Solar panels are the most popular solar system use to convert solar energy directly to electrical
energy [1-3]. One of the best-chosen regions for operating of solar panels with high performance was
desert areas, due to the availability of solar radiation with high intensity [4] despite the presence of
dust accumulation [5], and dust storms which happened frequently in these areas [6], these are the
most of critical issues affecting on its operation. Most of the Middle-East countries' areas are deserts,
where a high frequent of dust storms and regularly accumulated dust cleaning directly after each one
[7] such as in Irag [8]. Qatar [9], Iran [10], Jordan [11], Saudi Arabia [12]. The weakness of many
existing dust removal techniques has been demonstrated by various studies in the last two decades.
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Many of these techniques are designed to consume power from the solar plant with a concept of
adding an external force as mention in Kawamoto and Guo [9], without mention to the value of force
required to vanquish dust particle adhesive force with solar panel surface [13], whatever this force
has a side effect on the solar panel.

The adhesive force depends on the dust particle size and the forces acting on a particle are not
identical while the vibrate dust out it would inevitably make damages to solar panels [14]. The
particle size, constituents of dust, and their shape vary according to region throughout the world.
Furthermore, the deposition characteristics and rates vary dramatically in different localities [15- 16].

Vibration response of the solar panel, which subjected to an external excitation force, figure out
the desired position for this force and verified with experimental work of Osam et al., [17] are the
main objectives of the current study, where the simulation achieved the solar panel surface not
including the supporting structure for it. The maximum force absorbed from Osam et al., [17] is 7.87
N at wind speed 5 m/sec. Therefore ANSYS software was applied to achieve numerical simulation by
evaluating solar panel vibration response with excitation force values (2, 4, 6, and 10 Newton) where
15 Newton also applied to be more trusted because wind speed reaching more than 10 m/sec as
mention in previous studies [18-19] studies. These excitation force values are tested in harmonic
response; the deformation for each tested point was compared with the static structural total
deformation at these mode shapes. The frequency of the system must not reach natural frequency
[20]. The natural frequency of any structure depends on it is materials and mechanical properties
[21]. The material used for manufacturing solar panel is silicon [22]. Transparent plastic Acrylic glass
or Poly (methyl methacrylate) called Perspex is widely used in many fields [23] such as solar energy
field [24]. Therefore, the current study used Perspex to simulate the panel model BSP32-100 which
is a flexible model, the difference in mechanical properties of both materials has been taken into
consideration.

2. Methodology
2.1 Solar Panel Numerical Solutions

Finite Element (FE) formulations for the flat plate can be done by; weighted residual approach or
direct variational methods [25]. Substituted in governing differential equations in weight residuals
approach as an approximate solution, obtained the unknown parameters; some weighting function
multiplied by residual function then integrating to zero. Supply an external force on the solar panel
bottom surface causes a deformation on the upper surface by using ANSYS software. Solar panel
considered as a flat plate for analyzing the dynamic behavior

2.1.1 Modeling the solar panel model

SolidWorks software (version 2014) used for solar panel drawing and exported to ANSYS software
(Geometry) as shown in Figure 1. Subsequently, chosen Perspex material as a further modification
with specifications [26].
2.1.2 Grid independent test (GIT)

Finite Element accuracy depends on the number of elements and nodes [27] which effect the
time required for simulation. Meanwhile, a grid size choice is a settlement between the accuracy

requirement and computational power [28]. To achieve a converged solution finer grid size with more
iteration, while a large grid’s size convergence time required is so long. Therefore, lower under-
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relaxation factors required for the scheme solution to conform solution stability. Determination of
appropriate numbers for nodes and elements at high truthful results for solar panel in the current
study was done by the grid-independence test (GIT). Solar panel GIT was carried out by the selection
of different mesh cases (ten cases) (see Tables 1, 2, and Figure 2). The ten cases were achieved
according to the ANSYS guide by natural frequencies comparison for mode shapes as shown in Figure
3. For highly accurate results and simulation time saving, selection of case 5 as a final and best mesh
from other cases, hence this case provided low iteration number and acceptable convergence time.
Where F1 to F4; are the natural frequencies at first to fourth mode shapes.

1050

Fig. 1. The solar panel after drawing in solid work software all dimensions
inmm

GIT

Natural Frequancy

Number of elements
Fig. 2. Grid independent test (GIT) for the first mode shape
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WSS Mesh Quality

Mesh quality recommendations
Low Orthogonal Quality or high skewness values are not recommended

Generally try to keep minimum orthogonal quality > 0.1, or maximum skewness < 0.95. However
these values may be different depending on the physics and the location of the cell

Fluent reports negative cell volumes if the mesh contains degenerate cells

Skewness mesh metrics spectrum

Excellent Very good Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 0.50-0.80 0.80-0.94 0.95-0.97 0.98-1.00
Orthogonal Quality mesh metrics spectrum
Unacceptable Bad Acceptable Good Very good Excellent
0-0.001 0.001-0.14 0.15-0.20 0.20-0.69 0.70-0.95 0.95-1.00
32 ©2013ANSYS,Inc. October 29, 2014 ANSYS Confidential

Fig. 3. Mesh quality recommendations [29]
2.1.3 Best location for the excitation force on panel surface

The boundary conditions used in FE analysis were solar panel is fixed from four sides, therefore
figure out the best location of the excitation force that provided the major deformation for the panel
surface. In the current study, an external force has been added at the bottom of the panel to produce
a deformation [30], where dust particles absorbed kinetic energy according to the dust removal
concept. ldentification of solar panel deformation amount by using ANSYS software 16.1 for
numerical process to figure out the impact of force position, according to the mode shape, the
highest value of the solar panel deformation was produced, which represents the deformation
amount caused by the external force and must be below the deformation of natural frequency [31].
Assuming that; solid object, 0° tilt angle, and four sides fixed support of the solar panel. Testing of
five equally distances points along the centerline of the solar panel with the same nodes and
elements numbers as in the previous section, as shown in Figure 4. The excitation force values (2, 4,
6, 10, and 15 Newton) are tested in harmonic response; the deformation for each tested point was
compared with the static structural total deformation at these mode shapes.
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Table 1

Grid independent test (GIT)

F4

F3

F2

Average

Orthogonal Quality

Average Min.

Skewness
No. Max.

Element Nodes

No.

No.

22.1300

15.9610

11.2010

8.52410

0.57410

0.12863

0.61992

0.89320

194646

101052

22.0960

15.9490

11.1910

8.51560

0.60250

0.15257

0.58832

0.88288

246378

129175

22.0970

15.9490

11.1910

8.51570

0.61283

0.15258

0.57607

0.87857

2584950

137427

22.0770

15.9420

11.1860

8.51140

0.63162

0.18670

0.54979

0.85725

325998

179321

22.1110

15.9520

11.2010

8.51280

0.69425

0.36294

0.48134

0.71083

358473

181924

22.0780

15.9420

11.1890

8.51660

0.83837

0.43414

0.26007

0.60436

935972

469760

22.0650

15.9340

11.1830

8.51160

0.76394

0.41700

0.38058

0.64364

293788

577619

22.0540

15.9300

11.1800

8.50800

0.68493

0.30363

0.48638

0.73993

1616667

966808

22.0610

15.9320

11.1820

8.51070

0.76575

0.43126

0.36748

0.60524

305216

183724

22.0610

15.9320

11.1820

8.51070

0.76583

0.43126

0.36742

0.60524

305713

184052

10

2.2 Numerical Simulation Verification

The solar panel with 45 significant nodes number in the experimental part was divided as

threshold values to measure the total deformation on the upper surface of solar panel and compared

with the numerical simulation with 358,473 numbers of nodes. The deformation experimentally
measured by a portable vibration meter (GH:2435488) with a 0° tilt angle and the force has a middle

supply point with working range (1.17, 3.25, 4.79, 6.33, 7.87 Newton), as shown in Figure 5.
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Table 2
Cases of GIT

Case 5

Case 6

Case7

Case 8

Case 9

Case 10
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Fig. 4. Five tested points for solar panel

Fig. 5. Photograph of a: PV with 45 points upper surface division, b:
Portable vibration meter
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3. Results
3.1 Best Location of Excitation Force

The deformation that appeared in the solar panel upper surface due to the harmonic response
excitation force which not exceed the natural frequency as mention in the study of Josephs [31].
Therefore, chose the position of high deformation in the upper surface of the solar panel. Six mode
shapes (MS) during the numerical process are taking in consideration, where the bending effect mode
shape (first one) from the six modes shape have a greater effect than the others and appeared in the
calculation as shown in Figure 6, where the mode shape depends on the selected material and the
geometric shape, and because of the solar panel is fixed support from the four sides there is no
chance to get the other mode shapes. The comparison done according to the deformation of the
upper surface for 0° tilt angle must not exceed the value in natural frequency as shown in Figure 7,
with frequency over 24 Hz, while Kawamoto and Guo [9] suggested that for PV was inclined at 20°,
the frequency of the applied voltage, less than 10 Hz, operation is preferable due to the effect of tilt
angle. The middle position (position no. 3) has the highest deformation value from the others which
is the same judgment as mention in the study of Yuen et al., [32], according to Figure 1. Table 3
produced the best position of the external force acting on solar panel; while Figures 8 and 9 show
that increase in external force causes an increase in deformation value.

Table 3
Maximum total deformation according to natural frequency and force position, at zero tilt angle
Force N Position 1 (mm)  Position 2 (mm)  Position 3 (mm)  Position 4 (mm)  Position 5 (mm)

2 3.6113 1.3905 3.8591 1.3901 3.6113
4 7.224 2.7809 7.7182 2.7802 7.2227
6 10.836 4.1714 11.577 4.1703 10.834
10 18.06 6.9523 19.296 6.95 18.057
15 27.09 10.428 28.943 10.426 27.085

The maximum deformation caused by an external excitation at the middle point (No. 3) is 28.943
mm at 15 N which is below the deformation at the natural frequency, meanwhile, the total force
required to achieve adhesive force is 324nN for dust size 2um according to study of Said and Walwil
[33]. That means subjected of solar panel with external excitation force with the current study rang
is safe, while the deformation did not accede the deformation at the natural frequency.
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Object Name | Total Deformation | Total Deformation 2 | Total Deformation 3 | Total Deformation 4 | Total Deformation 5 | Total Deformation 6
State Solved
Scope
Scoping Method Geometry Selection
Geometry All Bodies
Definition
Type Total Deformation
Mode 1. | 2. | 3 | 4. | 5 | 3
Identifier
Suppressed No
Results
Minimum 0. mm
Maximum| 2094 1mm |  20218mm | 19948mm [ 19356mm | 19796mm | 19134 mm
Information
Frequency] 8528Hz | 11.201Hz | 15952Hz | 22111Hz | 22741Hz | 24712Hz
Fig. 6. Photograph of six mode shape with maximum deformation
MS 1 at 8.528Hz 2 at 11.201Hz 3 at15.952Hz
2094.1 2021.8 1994.8
18615 1797.1 1773.2
1628.8 1572.5 15515
1396.1 1347.8 1320.9
c 1163.4 1123.2 1108.2
2 930.73 898.56 886.6
g £98.05 673.92 664.95
G 465.36 449,28 4433
"'g 232.68 224.64 22165
0 Min 0 Min 0 Min
MS 4at22.111Hz 5 at 22.741Hz 6 at 24.712Hz
1935.6 1979.6 1913.4
17205 1759.6 1700.8
1505.4 1530.7 1488.2
1290.4 1310.7 1275.6
c 10753 1099.8 1063
2 860.25 879.81 850.4
£ 645.19 650.86 637.8
5 430.13 439,91 425.2
“'g 215.06 219.95 212.6
0 Min 0 Min 0 Min

Fig. 7. Total deformation for the six mode shapes at natural frequency
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Force 2N
N Total Deformation at
harmonic force

4N
Total Deformation at
harmonic force

0.80252
0.40126
0 Min

1.3905 Max
1.236

10815
0.92697
0.77248
0.61798
0.46349
0.30899
0.1545

0 Min

Force position 1

Force position 2

0.85758
0.42879
0 Min

Force position 3

7.224
6.4213
5.6186
4816
40133
3.2106
2.408
16053
0.80266
0 Min

2.7809
2.4719
2,1629
18539
1545
1236
0.92697
0.61798
0.30899
0 Min

0.85758
0 Min

6N
Total Deformation at

harmonic force
10.836
9.6319
8.4279
1.224
6.02
4816
3612
2,408
1.204
0 Min

41714 Max
3.7079
3.2444
2.7809
23174
1.8539
1.3905
0.92697
0.46349

0 Min

10.291
9.0046
7.7182
6.4318
5.1455
3.8591
2.5727
1.2864
0 Min

10N
Total Deformation at
harmonic force

15N
Total Deformation at
harmonic force

18.06
16.053
14,047
12,04
10,033
8.0266
6.02
40133
2.0067
0 Min

6.9523
6.1798
5.4074
45343
38624
3.089%
23174
L545
0.77248
0 Min

19.296
17.152
15.002
12.864
10.712
85758
6.4318
42819
21439
0 Min

27.09
24,08
2L07
18.06
15.05
12,04
9.0299
6.02
3.01

0 Min

10.428
9.2697
8.111
6,9523
5.7936
4.6349
3.4762
23174
L1587
0 Min

28,943
25.727
22,511
18.296
16.08
12.864
9.6478
6.4318
3.2159
0 Min
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Force 2N 4N 6N 10N 15N
N Total Deformation at Total Deformation at Total Deformation at Total Deformation at Total Deformation at
harmonic force harmonic force harmonic force harmonic force harmonic force
1.3901 Max 2.7802 41703 6.9504 10.426
1.2356 2.4713 3.7069 6.1782 9.2672
L0812 2.1624 3.2435 5.4059 8.1088
- 0.92672 1.8534 2.7802 46336 6.9504
s 0.77227 1.5445 2.3168 38614 5,792
= 0.61782 1.2356 1.8534 3.0881 4.6336
8 0.46336 0,92672 13901 23168 3.4752
o gig‘:iﬁl 0.61782 0.92672 L5445 23168
o I].Min 0.30891 0.46336 0.77227 L1584
I.IO. 0 Min 0 Min 0 Min 0 Min
36113 Mas 7.2227 10.834 18.057 27.085
3.2101 6.4202 9.6302 16.05 24,076
2.088 5.6176 8.4265 14044 21066
[Te) 2.4076 48151 1.2227 12,038 18.057
g 2.0063 4.0126 6.0189 10.031 15.047
% t:ggs 32101 48151 8.0252 12.038
S 0.80252 2.4076 36113 6.0189 90,0283
Q 0.40126 ]..605 2.4076 ‘.0126 6.0[89
o 0 Min 0.80252 1.2038 20063 3.0034
2 0 Min 0 Min 0 Min 0 Min

Fig. 8. Maximum deformation for solar panel upper surface according to force magnitude and position
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3.2 Verification of Numerical Simulation

External force subjected at solar panel bottom surface causing a deformation on the upper
surface or it. Comparison between experiments and numerical was done according to the values of
excitation force which absorbed from Attia et al., [17] study, where the force values are 1.71, 3.25,
4.79, 6.33 and 7.87 Newton. Hence, these values applied in numerical analysis and camper the
deformation values that appear at the panel surface with experimental values by used manual
handling, vibration meter as shown in Figure 10, verification results as shown in Figure 11 are close
to 94% and the average deformation values of testing points are 0.07 mm to 1.5 mm.

-4-2N ® 4N —ik—6N —e— 10N —a— 15N

35 -
: 28.943
30 A 27.09 27.085
£ ]
S .
= ]
S 201 18.06 18.057
= :
= ]
= 15 1 11.577 10.834
£ 10.836
S 10 3 4
a h 7 224 7.7&82 7.2227
] : ™ ™
51 3.6113 3.%‘.91 3.6113
] " - o z - - = - - z - “
0 +—+r—+r—+r—rr—r—"r—"rrr-r—rrrrrr—r—rrr—r—r—r—r—r————
0 1 2 3 4 5 6

Force Position
Fig. 9. Effect of force value and its position on solar panel surface deformations

Fig. 10. Experimental average deformation values of testing points
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Force 1.71N 3.25N 4.79N 6.33N 7.87N
032823 0.62383 Max 0.91942 1215 1.5106
0,29176 0.55451 0.81727 1.08 13428
0.25529 0.4852 0.71511 0.94502 L1749
0.21882 0.41588 0.61295 0.81001 L0071
— 0.18235 034657 0.51079 0.67501 0.83923
S 0.14568 0.27726 0,40863 0.54001 0.6713
o 0.10941 0.20794 030647 0.40501 0.50354
£ 0.07204 0.13863 i 0.7 0.33569
= 0.03647 0.069314 0.10216 0.135 0.16785
0 Min 0 Min 0 Min 0 Min 0 Min
Deformation Deformation Deformation Deformation
0.3000 0.6200 0.9600 1.220 1.480
0.2712 | 05513 % 08487 1078 1.286
= 0.425 | / 04825 08325 1113
45 0.2138 | 04138 07888 09387
g 0.1850 ‘ 06480 0.7650
L 0.1663 05012 05913
a5

0.1275 0.3575 04175

0.0987 0.2138 0.2437

0.0700 0.0700 0.0700

X
Fig. 11. Solar panel deformation magnitude (mm) subjected to different external excitation forces
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4. Conclusions

Renewable energies have many types utilized in many fields to produce electrical power instead
of fossil fuels, especially solar energy. Sited of the solar system in open, dry, and semi-arid areas
where facing a considerable challenge of dust accumulation. Therefore, dust removal from the solar
panel using a suitable technique will improve its efficiency. Most of these techniques adopted the
concept of dust removal by adding an external excitation force to overcome the adhesive force
between dust particles and panel surface. Based on the numerical program and verification
processes, the response of the solar panel from adding an external excitation force, conclusions are
summarized as follows: Deformation value increases in solar panel surface with the increase in
external excitation force.

I.  Solar panel surface deformations must not exceed the value in natural frequency.

II.  The middle position of the solar panel is the best position of excitation force acting on a
solar panel on the concept of dust removal with four sides fixed supports.

[ll.  Comparison between experiment and numerical showed a good agreement was close to
94% and the average deformation values of testing points are 0.07 mm to 1.5 mm and
not exceed the deformation of the first mode shape.

IV. The reduction value of external excitation force due to the tilt angle is an insignificant and
can be neglected in this study.

V. Solar panel model BSP32-100 subjected to an external excitation force in the terms of dust
removal close to 15 N and should not exceed the natural frequency.

Acknowledgement

The authors would like to express their gratitude for the support provided by the Universiti Putra
Malaysia. The second author also acknowledges a scholarship program from the Ministry of Higher
Education, Iraq.

References

[1] Bennett K Widyolar, Mahmoud Abdelhamid, Lun Jiang, Roland Winston, Eli Yablonovitch, Gregg Scranton, David
Cygan, Hamid Abbasi, and Aleksandr Kozlov. "Design, simulation and experimental characterization of a novel
parabolic trough hybrid solar photovoltaic/thermal (PV/T) collector." Renewable Energy 101 (2017): 1379-1389.
https://doi.org/10.1016/j.renene.2016.10.014.

[2]  Nur Farhana Mohd Razali, Ahmad Fudholi, Mohd Hafidz Ruslan, and Kamaruzzaman Sopian. "Electrical
Characteristics of Photovoltaic Thermal Collector with Water—Titania Nanofluid Flow." Solar energy 1 8.
https://doi.org/10.37934/arfmts.73.2.2028.

[3] Fudholi, Ahmad, Nur Farhana Mohd Razali, Mohd Hafidz Ruslan, and Kamaruzzaman Sopian. "Application of
Nanofluids for Photovoltaic Thermal (PVT) Collectors: A Review." Journal of Advanced Research in Fluid Mechanics
and Thermal Sciences 74, no. 1 (2020): 35-44.
https://doi.org/10.37934/arfmts.74.1.3544.

[4] Shatnawi, Hashem, Chin Wai Lim, Firas Basim Ismail, and Abdulrahman Aldossary. "Numerical Study of Heat
Transfer Enhancement in A Solar Tower Power Receiver, Through the Introduction of Internal Fins." Journal of
Advanced Research in Fluid Mechanics and Thermal Sciences 74, no. 1 (2020): 98-118.
https://doi.org/10.37934/arfmts.74.1.98118.

[5] Umer Mehmood, Fahad A Al-Sulaiman, and BS Yilbas. "Characterization of dust collected from PV modules in the
area of Dhahran, Kingdom of Saudi Arabia, and its impact on protective transparent covers for photovoltaic
applications." Solar Energy 141 (2017): 203-209.
https://doi.org/10.1016/j.solener.2016.11.051.

[6] Nibodh Boddupalli, Gurveer Singh, Laltu Chandra, and Bibek Bandyopadhyay. "Dealing with dust—Some challenges
and solutions for enabling solar energy in desert regions." Solar Energy 150 (2017): 166-176.
https://doi.org/10.1016/j.solener.2017.04.032.

73



CFD Letters
Volume 12, Issue 9 (2020) 60-75

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

Syed AM Said, Ghassan Hassan, Husam M Walwil, and N Al-Aqeeli. "The effect of environmental factors and dust
accumulation on photovoltaic modules and dust-accumulation mitigation strategies." Renewable and Sustainable
Energy Reviews 82 (2018): 743-760.

https://doi.org/10.1016/j.rser.2017.09.042.

Migdam T Chaichan, Khaleel | Abass, and Hussein A Kazem. "Dust and Pollution Deposition Impact on a Solar
Chimney Performance." International Research Journal of Advanced Engineering and Science 3, no. 1 (2018): 127-
132.

Kawamoto, Hiroyuki, and Bing Guo. "Improvement of an electrostatic cleaning system for removal of dust from
solar panels." Journal of Electrostatics 91 (2018): 28-33.

https://doi.org/10.1016/].elstat.2017.12.002.

Aslan Gholami, Ahmad Saboonchi, and Ali Akbar Alemrajabi. "Experimental study of factors affecting dust
accumulation and their effects on the transmission coefficient of glass for solar applications." Renewable Energy
112 (2017): 466-473.

https://doi.org/10.1016/].renene.2017.05.050.

Bashar Hammad, Mohammad Al-Abed, Ahmed Al-Ghandoor, Ali Al-Sardeah, and Adnan Al-Bashir. "Modeling and
analysis of dust and temperature effects on photovoltaic systems’ performance and optimal cleaning frequency:
Jordan case study." Renewable and Sustainable Energy Reviews (2017):
https://doi.org/10.1016/].rser.2017.08.070.

Russell K Jones, Abdulaziz Baras, Abdullah Al Saeeri, Ayman Al Qahtani, Ahmed O Al Amoudi, Yousef Al Shaya,
Maher Alodan, and Shafi Ali Al-Hsaien. "Optimized cleaning cost and schedule based on observed soiling conditions
for photovoltaic plants in central Saudi Arabia." IEEE Journal of Photovoltaics 6, no. 3 (2016): 730-738.
10.1109/JPHOTOV.2016.2535308.

MM Fouad, Lamia A Shihata, and ElSayed | Morgan. "An integrated review of factors influencing the perfomance
of photovoltaic panels." Renewable and Sustainable Energy Reviews 80 (2017): 1499-1511.
https://doi.org/10.1016/j.rser.2017.05.141.

Jie Zhang, Chuande Zhou, Yike Tang, Fuzhong Zheng, Minghui Meng, and Chunzheng Miao. "Criteria for particles to
be levitated and to move continuously on traveling-wave electric curtain for dust mitigation on solar panels."
Renewable Energy 119 (2018): 410-420.

https://doi.org/10.1016/j.renene.2017.12.009.

Travis Sarver, Ali Al-Qaraghuli, and Lawrence L Kazmerski. "A comprehensive review of the impact of dust on the
use of solar energy: History, investigations, results, literature, and mitigation approaches." Renewable and
Sustainable Energy Reviews 22 (2013): 698-733.

https://doi.org/10.1016/j.rser.2012.12.065.

Basant Raj PaudyalShree Raj Shakya. "Dust accumulation effects on efficiency of solar PV modules for off grid
purpose: A case study of Kathmandu." Solar Energy 135 (2016): 103-110.
https://doi.org/10.1016/].solener.2016.05.046.

Attia, Osam H., Nor Mariah Adam, Azizan As’arry, and Khairil Anas Md Rezali. "Removal of Dust from the Solar Panel
Surface using Mechanical Vibrator." In Journal of Physics: Conference Series, vol. 1262, no. 1, p. 012021. IOP
Publishing, 2019.

doi:10.1088/1742-6596/1262/1/012021.

Harland L Goldstein, George N Breit, and Richard L Reynolds. "Controls on the chemical composition of saline
surface crusts and emitted dust from a wet playa in the Mojave Desert (USA)." Journal of Arid Environments 140
(2017): 50-66.

https://doi.org/10.1016/j.jaridenv.2017.01.010.

Sanaz Ghazi, Ali Sayigh, and Kenneth Ip. "Dust effect on flat surfaces—A review paper." Renewable and Sustainable
Energy Reviews 33 (2014): 742-751.

https://doi.org/10.1016/j.rser.2014.02.016.

Abir Chakravorty. "Process intensification by pulsation and vibration in miscible and immiscible two component
systems." Chemical Engineering and Processing-Process Intensification (2018):
https://doi.org/10.1016/j.cep.2018.09.017.

Ali Pabarja, Moahmmadreza Vafaei, Sophia C Alih, Mohd Yazmil Md Yatim, and Siti Aminah Osman. "Experimental
study on the efficiency of tuned liquid dampers for vibration mitigation of a vertically irregular structure."
Mechanical Systems and Signal Processing 114 (2019): 84-105.

https://doi.org/10.1016/j.ymssp.2018.05.008.

Santiago Silvestre, Ali Tahri, Fatima Tahri, Soumiya Benlebna, and Aissa Chouder. "Evaluation of the performance
and degradation of crystalline silicon-based photovoltaic modules in the Saharan environment." Energy 152 (2018):
57-63.

74



CFD Letters
Volume 12, Issue 9 (2020) 60-75

(23]

(24]

[25]
(26]

(27]

(28]

[29]
(30]
(31]
(32]

(33]

https://doi.org/10.1016/j.energy.2018.03.135.

Imhade P Okokpujie, Enesi Y Salawu, Obinna N Nwoke, Ugochukwu C Okonkwo, IO Ohijeagbon, and Kennedy O
Okokpujie. "Effects of Process Parameters on Vibration Frequency in Turning Operations of Perspex Material." In:
Lecture Notes in Engineering and Computer Science: Proceedings of The World Congress on Engineering 2018.
London, U.K, pp. 700-707.

Wei Lu, Yupeng Wu, and Philip Eames. "Design and development of a building fagade integrated asymmetric
compound parabolic photovoltaic concentrator (BFI-ACP-PV)." Applied Energy 220 (2018): 325-336.
https://doi.org/10.1016/j.apenergy.2018.03.071.

Klaus-Jirgen Bathe, Finite element procedures. 2006: Klaus-Jurgen Bathe.

Perspex Cast Acrylic. Perspex. 2018 Available from: https://www.perspex.co.uk/applications/designers-
specification/.

Ahmad, Afnan, Shahid Ali, Mujahid Khan, Indra Sati Hamonangan Harahap, and Muhammad Sagheer Aslam. "Re-
Assessment of an Earth fill Dam using Finite Element Method and Limit Equilibrium Method (Case study of Latamber
Dam, Pakistan)." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 71, no. 2 (2020): 87-102.
https://doi.org/10.37934/arfmts.71.2.87102.

Daimallah, Ahmed, Mohamed Lebbi, Mohand Said Lounici, and Lyes Boutina. "Effect of Thermal Collector Height
and Radius on Hydrodynamic Flow Control in Small Solar Chimney." Journal of Advanced Research in Fluid
Mechanics and Thermal Sciences 71, no. 2 (2020): 10-25.

https://doi.org/10.37934/arfmts.71.2.1025.

I Ansys. "ANSYS Meshing User’s Guide." vol 15317 (2013): 724-746.

Rao V Dukkipati, Solving vibration analysis problems using MATLAB. 2007: New Age International.

RH Josephs, Solar cell array design handbook. 1976: NASA.

S Chung Kim Yuen, GN Nurick, GS Langdon, and Y lyer. "Deformation of thin plates subjected to impulsive load: Part
Ill—an update 25 years on." International Journal of Impact Engineering 107 (2017): 108-117.
https://doi.org/10.1016/].ijimpeng.2016.06.010.

Syed AM SaidHusam M Walwil. "Fundamental studies on dust fouling effects on PV module performance." Solar
Energy 107 (2014): 328-337.

https://doi.org/10.1016/j.solener.2014.05.048.

75


http://www.perspex.co.uk/applications/designers-specification/
http://www.perspex.co.uk/applications/designers-specification/

