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ABSTRACT

Full Name . Aditia Rifai

Thesis Title  : SeltCleaning Of Glass And Polycarbonate Surfaces Using Tex

And Dynamic Rotation

Major Field  : Materials Science and Engineering

Date of Degree: December, 2015

Selfcleaning surface arebeing fabricated by various methods and materialsrderto
keep the surface clean form dust. However, most of those surfaces are mpagyedue
to its micronano structure of its surfaocehich is notapplicablefor photovoltais. In this
study,a novel fabrication methodsingoil impregnationis introducedn a glasssurface
with alayer ofmixed-size (30, 75 and 220 nm) silica nanopars@#bich is formed bylip-
coating method Silica colloidal particles are funchalized by usingsilane solution
(trimethylchlorosilaneor trichloro (1H, 1H, 2H2H-perfluorooctyl) silanepre deposited
on to glassprior to oil impregnationat the surface forimproving adher@ce of theoil.
Contact angle measuremeatscarried outandthe static water contact angle, sliding angle
ard average transmittivity of thesesultingsurface are found to bel13°, 3° and 83%
respectively. A cleaning test iselied by incorpaating small waterdroplets on a dusted
surface and using &lted surface at 10%Wwith excellent results Scanning electron
microscope SEM, and atomic force microscopdFM, are used tocharacterizethe
morphology of the surfac@hefindingsrevealthatthereareseveral valleys with varying
depthin between the silica particles tHanction as air pocketo sene for storingoil on
the surface.Characterization revealed laerarchical (nananicro) structure that are

created due tthe deposition odlifferent size of silica particles wheresmaller particls lie

Xvili



ontop ofbigger particls. Thetransmissivityof theengineeredgurface is measured and it

is found that oil impegnationimproves transrttiance of the coated glass.

PDMS double castings also usedto replicatehydrophobic oflotus and rice leaes
morphology tavards producingransparent hydrophobic surface. The positRDMS
replica of lotus and rickeaves result imvater contact angles @29° and 131° respectively
whereas the lotus and rice leaf contacgles are 147° and 149° respective\ SEM
micrograpls of these surfaces demonstratatthe microdetailsof lotus and rice leaes
structureswverereplicatedwithout nanodetails The transmittivity of lotus leafeplicais
lower thanthat oftherice leafdetailsdue torandom oriented and folded structure of the

lotus leaf.

Silica aerogehanopatrticles also deposited on glass ussatgel dip-coatingmettod. The
surface developed by thimethod showwery promisng hydrophobicity 0f143 static
WCA and 10 mJ/surface free energ®il impregnation processiproves watedroplet
mobility with 4° sliding angleand decreasing WCA to 120 It also increases the

transmittancéo 79%.

Dynamic forces are also used to clean dusted surface of glass and polycafiwfatee
generatedfrom dynamic rotation to removdust particles iscalculated using Matlab
software. The calculatienare governedby centrifugal, drag, lift, gravitational and
adhesion force Surfaceroughness effeds alsoconsideredn calculation othe adhesion
forcebetween dust particles atite substrateTherotationalspeed andustradialdistance
are varied toexaminedynamic efficiencyof dust removalThe experimental testrealso

performed toashowthat dust accumulatiorere cleanedy amount 0f3.2, 25.9, 61.4 and

XiX



78.2 % atrotational speedfal00, 175, 250 and 375 rpm respectivétyall of the above
studies dustsamplesare collectedrom precipitation atop of P\panels that are located in

KFUPM, Dhahran
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CHAPTER 1

INTRODUCTION

1.1 Dust adhesion problem

Photovoltaic (PV)system has a big role as areafiative green energgourcedue toits
huge resourcef the suntechnology maturity and easiness to use. According to Kingdom
power plan at 2032s shown orrigure 1, one-third of total power plan will beoming

from solar power both from photovoltaic and concentrated solar pg&jers

Saudi Power Plan 2032 (wortdS$109 billion

m Photovoltaic (PV)

m Concentrated
W Solar Power (CSP

m Other powers

Figure 1 Saudi power plan in 2032]

However,currentenergy conversiofrom sun radiationo electricpower is not really big

which is around 120% for semiconductor PV typ§2]. Therefore, the maintaining of this



amount of energy is very crucial; otherwisaergy value comparei the cost is not
significant Moreover there is also big problem iRV implementation which isefficiency
reductiondue todust deposition or accumulation on the top surface of PV paibé dust
particles and otheparticulates can lead @0% efficiency reduction in PV modulafter
one yeaif accumulatior{3]. In term of energy losses, even a relatively sraalbunt of
dust with 1 g/radeposition dasity causes around 183 SAR/k@nergy losses annually as

illustrated onFigure?2 [4].
Photon energy from Sunlight
dust accumulation

Photovoltaic panel

70% efficiency loss

Figure 2 Dust Accumulation effect to photovoltaic energy I{&s

Many solutiors for the problem of dust accumulatitvad been offered to overcome this

loss either by activer by passivecleaning method. The accumulated dust can be cleaned
actively by several waysuchas using fluid stream, ultrasonic, vibration, electric field and
dynamic forcg51 9]. Passive cleaning methdgl done bycreating aself-cleaning surface

with properties to ease cleaning process by reducing adhesion force between the surface
and dust. One of thémportant surface propeyt used in selfcleaning surface is
superhydrophobity of thesurfacg10i 12]. Otherreportsarguedhat hydrophilic surface

has goodootentialto be seHkcleaning surfaceby the action ofspreading and slidingf
waterdropkts on the surfadd2,13] The following section providea reviewto explain

the mechanism by which hydrophobicgisomotes seltleaning characteristic.
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1.2 Selfcleaning surface

A seltcleaning surfacés a surface thatcanpassivelyremoves dust particlesand other
contaminants by utiingrolling or slidingwaterdroples. As illustrated orfFigure3, when
a water droplet ro# or slideson the surface, it wilcarry dust particles in its path of
movemeniandthus clean the surfac®riginally, this sekcleaning propestwas inspired
by the action oflotus leaves Other natural leaves also Vea similar selfcleaning

capabilities, e.gice leaves

‘ iss ]
wax crystal
water o 7 .
«____epidermis cell
debris 0 ' micro-structures
o 20is
Wy
® P

lotus leaf

Figure 3 self-cleaning lotus leaf

Self-cleaning surfacgaregoverned by two properties: hydrophobicity dnemorphology

of ther surface.Hydrophobicity is evaluated byhe surface energy of the surfagbere

the water droplet resides A surface with high surface energy called hydrophilic
Hydrophobic surfacéias high tendencyto attract water. On the contraryjow surface
energysurfaceis a hydrophobic surface. The parameter to distinguish these two opposite
surface is water contact angle (WCAHydrophobic surfackas WCA above90° and
hydrophilic one has WCA below0°. Surfaces with WCA of150° are called
superhydrophobic and those with WCA of lesanth0° are called superhydrophili&s

shown orFigure4 [14,15]



Superhydrophilic Superhydrophobic

Figure 4 Water contact angle of superhydrophilic and superhydrophobic sufizides

Superhydrophobic surface repels water droplet eadiiyving it to roll onthe surface and
collecting dustwith it. Moreover, due to very low surface energy of superhydrophobic
surface, the adhesion ferbetwen dust and surfaceill alsobevery low andthusmaking

it easier tobe removel. On the other handhé cleaning mechanism auperhydrophilic
surfaces idy spreading and sliding the watererthe surface and bringing dust with it.
Other selfcleaning properties related to water contact angle is sliding andlaysteresis
which arecategorized as dynamic water contact aagleshown oifrigure5. Sliding angle

is measured by tilting the surface with droplet on top of it frémar@dil the droplet is sliding

due to gravitational forcand hysteresis is the difference of advancing angig, and

recedingangle 1 min) [16].

Figure 5 Sliding angle measuremejii6]
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1.3 Dust cleaning methods

Dust accumuleed on PV panelscan be cleanedsing severalmethodsranging from
traditional to advanced oses shown orFigure 6. A simple and traditionatleaning
methodis done by usinga mop and wateisupply; a method that is labor intensive
Pressurized water is used to avitid ned formops. It also could increase time efficiency
and able to clean the spot that difficulti®clearedby a mop. The steamand compressed
air can be used to remove dust accumulation. Tdrerautomatiomethods whertéheneed

for labor is minimizedThese includeobot device, automatic brushes, and sprinkle water
[17]. An advancedmethod & using electric current to remove and repel the Hastalso
beenutilized by NASA [8,9,18] Utilizing mechanical vibratioor centrifugal forces are
examples of the use of dynamic method to clean surfaces from contamjbat@nMore

details on thesgechniguesill be given in chapter.2

A Selfcleaning surfaces characterized by the significant reductionaghesion forces
between dust and surface. However, thedekning surfacstill utilizeswater droplet to

clean the surfacé@ hiscan be effective if it ismmplemented imn area that has high rainfall
rate. For the relatively dry area which has very low rain rate, such as Saudi Arabia, it is
very difficult and not really effective to clean tha@lar panels frordust accumulation using
rainfall or externalater resources$n Saudi Arabia, average annual rainfall is just around
82 mm which is far less than global averageuat rainfall that is around 924 mi20,21]

Water vaporcoming from atmospheric humiditywill not help much to clean the PV
surface due to very small amount of water droplet create from water vapor. Moreover,

water vapor can increase the adhesion force between PV surfaces and dust due to meniscus



force. Therefore, external forsareneededo enhance the cleaning of dust accumulation
on PV surfaces in the desert area especially where it is difficult to provide water or any

other fluids in the PV plant.

Protection coating

Transparent conductive
coating

Glass layer

Photovoltaic cell

Control circuit and
Junction box

hannel

Figure 6 Various ways dust cleaning metho@s) mop and drinking water, (b) steam, (c)
compress air, (d) pressurized water, (e) automatic robot device, (f) electric curtain, (g) sprinle

water and (h) automatic brush§z2]



In this study, we will investigate effect of surface texturing and dynamic rotatidhe
seltcleaningcharacteristicef glass and polycarbonate surfaces. Surface textisrohgne

by creating nanwoughsurface usingsilica nanoparticles deposition and PDMS casting,

will promotethe developnentof superhydrophobic surface which is the main properties

for selfcleaning surface in solar cell applicatioihile the rotational methodaims at
enhanmg the effect d dust removalvhen there is no enough water to clean the solar panel
surfaces. The materials used as substrate are polycarbonate and glass which are mainly

used in solar panel covers

1.4  Scoop of the work

This study was done to solgeist adhesion problem inside the Kingdom of Saudi Arabia
(KSA) where disty weatheris commorand become more intense as a result of increasing
frequency ofsand storns. Designing and engineering oklscleaning surface is a
promising solution to solve this problem since it can minimize dust adhasemeduce

the use of water during the cleaning of these surfd&gspplying seHcleaning coating,
dust adhesiois expecedto decrease arttiusreducing the need fantensiveuse of water,
labor and expensive techniques to clean thEmachieve tls objective,the following
techngues are approachedurface texturing to create seleaning surface and dust
cleaning method by dynamic rotational for&ame surface texturing followed by oil
impregnaion ofsurface modified silica nanapticle The second techniqugtousedouble
castingof polydimethylsiloxane on lotus and rice leaf textdree third technique is to use
silica aerogel nanoparticle sgél deposition. The lasttechniqueis the use otlynamic

rotationalto cleansurfaces opolycarbonate and glass surface.



CHAPTER 2

LITERATURE REVIEW

1.5 Dust adhesion forces

1.5.1 Contact Mechanic

The adhesion of dust particle is affected by many factor such adevavaals force, static
electricity, relative humidity, contact area, surface roughness, agglomeration, time of
contact, temperature and oth§8]. For the sake of simplicity in this preliminary study,
Van der Waals force is assumed that is the most common force that plays on particle
adhesiorj24,25] Johnson et aJ26] has developed adhesion force theory which is coming
from Vander Waals force of spherical particle on flat wall. This theory is then known as

JKR model

O Y e 1

Where R is radius of the particle ahdis surface energy between two surfaces. This

equation valid for large, soft bodies with high surface engzdj

DMT model

In addition to that, Derjaguin et §27] had developed modeihich isalso similar to JKR

model lut with different constartnown as DMT model.

This equation is appropriate for small, hard solid particles with low surface €wigy
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Hamaker 6s model

Another avelopment of adhesion theory wdsveloped by Hamakeas illustrated on

Figure7 [28].

v\R‘
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T
Figue7Ha ma k er 28] model
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Where A is Hamaker constant and Zo is separation distance between particle and the
surface, normally).3 or 0.4 nnj24]. Hamaker model did not consider the particle contact

area to the surface.

Rumpf-Rabinovich model

Rabinovich et al[29] modified Rumpf model which is about van der walls force particle
on rough surface. They calculated statisticHiyeffect of RMS (root mean square) of the

asperity of the rough surfaes illustrated ofrigure8.



Figure SRumpfr abi novi R 6s model

1.5.2 Surface Energy

Surface energy of the materialdie r i ved from Youngds equatior

Wheref] andl aresurface energpf solid against vapoand liquid,/ is surface

energy of liquid against vapand— is Y o u napriiast angle of surface and liquidhich

refers to diagram oRigure9. Th e y o u n g 6 sws thay ecortactiangle affeching the
surface energy or in other words surface energy can be measured by knowing the contact

angle of the surface against liquid.
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Figure 9 Surface energy diagram on water contact angle

1.5.3 CassieBaxter and Wenzel theory

Modi fication of Youngds equation is needed
condition. There are two famous modified v
Baxter and Wenzel theorieas illustrated orrigure 10 [30i 34]. Wenzel theory proposed

geometrical surface which is distinguish from actual surface.

smooth surface wenzel state  cassie-baxter state

air pockets

Figure 10 CassieBaxter and Wenzel state illustratifg2]

Orcan be added by Youngbds equation
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Wherei is surface roughness factor (actual surface/ geometric surfaie)eal contact
angle or Young contact angle which is smooth surface--aim&l\Wenzel apparent contact

angle or also called- .

If thereis air trapped inside air pockets of the surface structure, the cEessier wetting
state is needed to describe in which the fluid just only contact the top peak of the surface.

The contact fraction is calle@
R e ¢ W A - S OO 9

WhereQs contact fractiomnd—is CassieBaxter apparent contactO angle or ca#éd.

1.6  Factors affecting selfcleaning properties

1.6.1 Surface Functional Groups to hydrophobicity

In ordinary unmodified surface, there are many hydrox@H) groups on the surface
which is coming from water vapor in tla@mosphereThis hydroxyl groups will enhance

the hydrophilicity of the surface to attract water by forming hydrogen bonding. Farggetti
hydrophobic surface the unreacted functional groups is needed to repel water droplet. Some
functional groups was used to create hydrdytity effect are methyl -CHz) and

trifluorocarbon {CFs) groupsas shown ofrigure11[35].

1.6.2 Surface Structure Effect to hydrophobicity
Surface roughness is the main factor to createctedhing surfacdncreasingroughness
of the surfaceeduces the apparent contact armggéveen solid and liqujdhus it reduces

the surface energsince surface energyadunction of areaMoreover, surface roughness

12



forms air pockets which promotes water repellent effect. This water repellent effect will

increases hydrophobicity and seléaning properties of the surface.
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Figure 11 Surface funtional group435]
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Figure 12 The fitted curve of kerarchical structure effect ttontact anglécontact angle, in

degrees, against the mean outer diameter of protruding structurgsyometery[36]
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Hierarchical structure, combination of mierand nanestructure,is believedto bethe

optimal structure to create seleaningeffect as it appears on lotus 1¢26,37] Figure12

shows that hierarchical (micro and nano) structure has higher WCA than microstructure
only. Figure13 shows the nanostructure and microstructure alse Hédferent effecton

contact angle. Furthermordhet size of the hierarchical structure also affects therwate
contact angle of the surfadeigure 12 shows that smaller the diameter size of pleaks

gives higher contact angle and the forming of nano details increases more the contact angle

as well.
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Figure 13 varation of hierarchical structure-hexatriacontanand its effect to water contact

angle[37]
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Some reportsfoundthat lotus wax materials is intrinsically hydroph#éindhas 74.0+8.5°
static WCA [38,39] The lotus was heated until the nanofibers of lotus wax was
disappeared. The contaeingles of heated and unheated lotusee measured and
comparedThe heat treated lotus leaf has lower contact angle but still hydrophobic due to
the remainingmicrostructure Whereas, the smooth lotus wax has WCA lower than 90°
which is categazed as hydrophilicTherefore, the maifiactor to create selfleaning

effect is the structure of the surface.

1.6.3 Surface roughness effect to transmittivity

When light strikes a surface it can be absorbed, transmitted, reflected, scattere
combination of them. The cover glass of photovoltaic, lime glass or polycarbonate sheet,
is categorized as translucent material which is almost completely transmit the light.
However, even translucent surfacan possibly scatter o reflect the lightreducing the
amount of transmitted lightThis transmissivity lossvas found to be proportionab

roughness of the surfaes shown ofrigure14[40i 42].
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Figure 14 Transmittance 10sSiO:/TiO: film due to surfaceoughnes$40]
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Photovoltaic works by absorbing certain wavelength range of sunlight then turns it into
electric charge. The majority of wavelength range is in visible light which between 400
750 nm whichs within human eyesdetection rangas shown ofrigure15[43]. Thus, the
effective transparency of photovoltaic cover glass coating can be determined easily by
human eye. If it has gl transparency so it is good candidate t@ lw®ver glass coating

for photovoltaic. However, the accurate measurement for this transparency factoleid ne

by using photospectrometer. Since @épplication of sefcleaning can bextended to other
applicationssuch as windshieldshich needto havevisible light transparency, it is better

to set the transparency range in visible tiglavelength(400-750 nm).

Figure 15 Spectral response of various solar ¢&3]
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