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Abstract

The aviation industry already consists of a complex system of strict regulations related
to operation and maintenance, where severe weather conditions further challenge flight
operations. Recent research has shown that most aircraft accidents are caused by icing
externally, where severe icing conditions lead to the critical degradation of the aerody-
namic effectiveness — increasing the stall speed. If only a thin film of ice accumulates

on the airframe, it will rapidly increase the risk for a fatal accident to occur.

The following thesis addresses critical icing conditions that might substantially affect
the aerodynamic performance and propose an accessible method of a hydrophobic coat-

ing to mitigate the risk of ice accretion on planes.

The results show that the most exposed phase within in-flight icing occurs at cruising
altitude, with glaze ice accretions. A risk assessment of components suggests that the
wing part has the most significant effect on aerodynamic sustainability. A further CFD
analysis of the wing section of an Airbus A320neo, at cruising altitude, was simulated
and compared with and without glaze ice conditions. The ice formation led to a mass of
2.3 kg after 100 seconds, while measurements determined that the drag capacity was

increased significantly. The lifting capacity was virtually unaffected.

Furthermore, a feasibility study has been conducted with the underlying goal of identi-
fying the most promising of anti-icing coatings for aircraft. To date, there are no coatings
capable of independently functioning as a passive anti-icing system. However, findings

reveal two promising methods that were further carried out for testing.

The preparation of a highly hydrophobic and ice phobic coating based on Zinc Stearate
(ZnSt) and a curable Polydimethylsiloxane (PDMS) was carried out. Indicatively, the
coating showed high water repellent and ice repellent properties by measuring the ice
adhesion, which reduced the interaction between the aluminum surface and freezing wa-

ter droplets by over 50%.
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Glossary of Terms and Abbreviations

Abrasion resistance: The ability of an adhesive to withstand wear due to contact with
another surface.

Adiabatic Process: Expansion where no heat is added nor subtracted from the air, which
cools during the expansion because of the work done by the air.

Airfoil: Cross-sectional shape of the wing.

Anti-icing: Application of a substance that can prevent and continuously delay ice for-
mation for a specific period.

Composite: Combination of two materials with different properties that becomes
stronger when merged.

Copolymer: Different types of monomers connected in the same chain.

Cross-linking: A bond that links one polymer chain to another.

Curing/curable: The process in which the polymer is made tougher/harder.

Curing agent: Substance used to harden a surface.

De-icing: The process of actively removing snow or ice accretion form a surface.

Deposition: Occurs when the pressure of a substance is so low that the atoms detach
from the solid phase during heating and go directly to gaseous form. The
opposite of deposition is sublimation.

Dispersion: A mixture where particles of one substance are spread throughout another
substance, creating a solution/suspension.

Hybridization: Process in which atomic orbitals® are mixed to form new, identical or-
bitals.

Icephobic[ity] - Icephobiclity] is the ability of a solid surface to repel ice because of the
low adhesion strength due to a certain topographical structure of the surface
(Sojoudi, Wang, Boscher, McKinley, & Gleason, 2016).

JAR-OPS: The general aviation requirements for commercial air transport. Any com-
mercial airliner in the European Directive needs to comply with these pro-

visions.

1 Definition of the areas an electron can appear around an atom.
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Liquid water content: A measure of water mass in a cloud.

Median Volumetric Diameter: A measure of droplet size.

Monomer: Monomers are simple molecules that, when bonded, can join long-chain
molecules, so-called polymers.

Partial vacuum: A section of low atmospheric pressure.

Polymer: Polymers or macromolecules means many monomers (See monomers).

Shear modulus: The ratio of shear stress and shear strain. A value that indicates how
resistant a material is to shear deformation.

Sublimation: When a solid material turns directly to a gas without going through an
intermediate phase as liquid. E.g., when a surface of ice turns into fog with-
out melting (Robards, Haddad & Jackson, 2004).

Substrate: A molecule upon which an enzyme act.

Substance: Any materials that have a definite chemical composition. E.g. water.

Thermal inversion: Usually, the air temperature decreases with altitude. In a thermal
inversion the temperature increases with height because the surface of the
earth cools more rapidly. The phenomenon is referred to as thermal inver-

sion.

AOPA: Aircraft Owners and Pilots Association.

DC: 1-dodecanethiol - C;,H,¢S

DMF: dimethylformamide - C;H,NO

EASA: European Aviation Safety Agency is the EUs bureau for aircraft safety.

FAA: Federal Aviation Administration.

FAR-25: Federal Aviation Regulations, Part 25.

HMDSO: Hexamethyldisiloxane - C¢H1g0Si,

ICAO: International Civil Aviation Organization.

IPS: Ice Protection Systems.

LWC: Liquid Water Content.

MVD: Median Volumetric Diameter.

Pt: Platinum.

PDMS: polydimethylsiloxane - (C,Hg0Si)n

PMTFPS: Polymethyltrifluoropropylsiloxane - (C,H,F;0Si)n
14



PFPE: Perfluoropolyether.

PTES: 1H,1H,2H,2H-perfluorooctyltriethoxysilane — C; ,H;9F;303Si
PTFE: Polytetrafluoroethylene — (C,F,)n

PVDF: Polyvinylidene - (C,H,F,)n

REACH: The European Chemicals Regulation.

SLD: Supercooled Large Water Droplets.

SLIPS: Slippery Liquid-Infused Porous Surfaces.

SWD: Supercooled Water Droplets.

WCA: Water Contact Angle.

WT%: Weight percentage (mass fraction of the solvent times a hundred).
ZnSt: Zinc Stearate - C3H7(04Zn

ZnO: Zinc Oxide - 0Zn

Other flight-related expressions that may be appropriate to know before reading can be

seen in Figure 1.
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Figure 1: Parts of an Airbus A320 (Commons, 2007).
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Introduction

Global warming is a significant threat to today’s society and industry. In the northern
areas, new hot air pockets are formed, creating more polar lows and colder winters. The
aviation industry already consists of a complex system of strict regulations related to
operation and maintenance, where the rapidly changing weather conditions further chal-
lenge minor airports in the Arctic. The aviation industry faces tough challenges when it

comes to the future of air travel and expected climate change.

According to Perrow (1999), aviation is one of the most complex industries in terms of
safety, where human error often can be claimed as a factor for unwanted events. Such
events sometimes originate from natural phenomena, where accidents caused by weather
are reported as a cause in about 50% of cases. It is stated by Mahapatra et al. (1999) that
weather conditions affect aviation in several subtle ways and are a constant factor in the
industry when overlooking periodic accidents.

Airplanes are designed to operate in frigid climates because the temperature at march
height is well below 0°C. So why do ice formations still appear on the surface of the
plane, and what makes the aviation industry spend billions of dollars on de-icing fluids,

while accidents still are caused by icing?

The process of icing on aircraft can be defined as the accumulation or accretion of su-
percooled liquid or water onto an airplane during flight. Recent research has shown that
most of the aircraft accidents are caused by icing externally (Lankford, 2000). According
to the National Transportation Safety Board, airframe icing has led to more than 583
accidents and more than 800 fatalities from 1982 to 2000, only in the US (NTSB, 2004).

When ice accumulates on the airframe, the aerodynamics can change and reduce its ef-
ficiency, potentially impair critical parts — which may lead to a disaster. Because de-
icing operations heavily rely on mechanical removal (Klein-Paste & Potova, 2014), ice
also disrupts flight schedules and causes repercussions in delayed aircraft (Sparaco,

2011).
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Airplanes are especially susceptible to the pernicious consequences of ice formation.
Small amounts of ice on the structural surface can significantly reconstruct flight char-
acteristics, which can be critical to the aircraft’s airworthiness (Rutherford & Dudman,
2001).

Since the establishment of the aviation industry, there have been many attempts to im-
pair ice formations on airplanes. Different methods have been tested, with thermal sys-
tems, chemical compounds, and mechanical creations, without ample impacts (ICAO,
2000).

In today’s industry, measures are being taken to reduce safety challenges in an ever-
changing climate, hence newer and more modern technology that may become more
resilient to adverse events. To combat some of the shortcomings caused by accumula-
tion of ice, the development of passive anti-icing systems in the form of special

icephobic coatings has been actively conducted in recent years.
In the following thesis, one will study and assess critical icing conditions that affect

the aerodynamics of an airplane and propose an accessible method of a hydrophobic

coating to mitigate the risk of ice accretion on planes.
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1.1 Background

1.1.1 Laws and regulations

Aircraft maintenance is regulated by the European directive and is enshrined in the Avi-
ation Act, and shall ensure that the aircraft is airworthy and that both operating systems
and emergency equipment are functional, including through the following measures
(Lovdata, 2018):

e (1) Performing pre-departure inspection”
o “(3) Completion of all maintenance in accordance with the carrier’s approved
maintenance program”

o “(4) Analysis of the efficiency of the carrier’s approved maintenance program”

1.1.2 Weather conditions

The International Civil Aviation Organization (ICAO) demands requirements prior to
flights. The following definitions from ICAO annex 6, section A13, Part I, 4.3 are uti-
lized in this chapter (COSCAP, 1984):

“A flight to be operated in known or expected icing conditions shall not be commenced
unless the aeroplane is certificated and equipped to cope with such conditions.

A flight to be planned or expected to operate in suspected or known ground icing con-
ditions shall not take off unless the aeroplane has been inspected for icing and, if nec-
essary, has been given appropriate de- icing/anti-icing treatment. Accumulation of ice
or other naturally occurring contaminants shall be removed so that the aeroplane is

kept in an airworthy condition prior to take-off. ”

1.1.3 Clean aircraft
The Association of European Airlines (2008), section 3.10 states the following hazards

after applying de-icing chemicals:
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All essential aircraft surfaces should be clean of all frost, snow and ice accumulations

under the following requirements:

Wings, tail and control surfaces

“Wings, tail and control surfaces shall be free of ice, snow, slush, and frost except that
a coating of frost may be present on wing lower surfaces in areas cold-soaked by fuel
between forward and aft spars in accordance with the aircraft manufacturer’s published

manuals.

Pitot heads and static ports

Pitot heads and static ports shall be clear of ice, frost, snow and fluid residues.

Engines
Engine inlets, exhaust nozzles, cooling intakes, control system probes and ports shall be
clear of ice and snow. Engine fan blades or propellers (as appropriate) shall be clear

of ice, frost and snow, and shall be free to rotate.

Air conditioning inlets and exits
Air conditioning inlets and exits shall be clear of ice, frost and snow. Outflow valves

shall be clear and unobstructed.

Landing gear and landing gear doors
Landing gear and landing gear doors shall be unobstructed and clear of ice, frost and

SNow.

Fuel tank vents

Fuel tank vents shall be clear of ice, frost and snow.

Fuselage
Fuselage shall be clear of ice and snow. Frost may be present in accordance with the

aircraft manufacturer’s manuals.”

1.1.4 Airworthiness
Airworthiness deals with various factors that relate to the legal and physical condition

of an aircraft. De. Florio (2016) defines airworthiness as airborne systems' ability to
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operate in air and on the ground, without constituting a significant danger to passengers,

aircraft, crew, and third parties.

1.1.5 Continuous Airworthiness
Continuous airworthiness describes the process in which the aircraft maintains its air-
worthiness beyond its expected lifespan. Explicitly: Technically suitable for flying. One

uses the definition according to ICAO, which describes the phenomenon as follows:

“All of the processes ensure that, at any time in its life, an airplane complies with the
technical conditions fixed to the issue of the Certificate of Airworthiness and is in a
condition for safe operation.” ICAO (2014).

By EASA, one can derive the aforementioned definition under Regulation No 216/2008,
which describes continuous airworthiness as all processes ensuring that the aircraft at
all times during its service life complies with current airworthiness requirements, while

at the same time in a reliable condition (EC, Commission Regulation, 2016).
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1.2 Research objective
The purpose of this thesis is preferably to examine ice formations that can affect an
aircraft aerodynamic ability, and likewise propose solutions that may help mitigate the
overall risk of icing, juxtaposed to an Arctic climate. In the introduction, there were
made references to such correlations between weather conditions and airworthiness, es-
pecially in a cold climate. Therefore, one would like to investigate the following research

questions further:

RQ1: How do different ice formations affect the aircraft’s aerodynamic performance?
RQ2: How can one create a passive anti-icing system for aircraft, and improve risk

mitigation through hydrophobic nanocomposites?

The effects of ice accretion are both wide-ranging and unpredictable (ICAO, 2000),
while icephobic surfaces remain an unresolved issue (Zhuo et al., 2020). Therefore, the
complexity of the second research question is seen as quite comprehensive. To be able
to do thorough research, it has been created a landscape assessment to provide a basis
for the research question.

The purpose of the “landscape assessment” is:

- to investigate the known methods for creating icephobic coatings/surfaces;
- to identify among the latter the most promising for commercial
implementation;

- to give a technical assessment and recommendations for further

development.
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1.3 Limitations
Limitations, according to the dissertation, are primary resources and scope, especially
given the ongoing pandemic. With limited access to laboratory testing and chemical
substances, this study will only show a prediction. The study is reserved for civil avia-
tion and limited within a European directive, but one will nevertheless look at theory
with a more substantial aspect.

The task mainly deals with risk factors that correlate according to preventive regula-
tions set by the European Aviation Safety Agency (EASA), and operational standards
set by the International Civil Aviation Organization (ICAO). The following research
does not concern the European aviation alone, but a study which can be seen in the

context of aviation’s challenges in a cold climate.

The aviation industry is seen as one industry and will not be separated in the task. The
industry has many different challenges related to atmospheric icing. These conditions,
as part of in-flight icing, will be in focus. Thus, ice that accumulates at a given altitude
above ground level.

The research will only address monoplanes?, neglecting drones and military aircraft. The
de-icing principle will be considered as an operational parameter to erase icing from
aircraft, as opposed to “anti-icing,” which is a passive system to prevent ice accumula-
tion. The thesis emphasizes the challenges that can be directly or indirectly linked to a
cold climate.

2 Monoplane is an aircraft with one set of wing surfaces (Rathakrishnan, 2013).
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1.4 Structure of the thesis

The thesis will go through four main chapters, and these chapters are as follow:

e The literature review and theory will present the most relevant metrological
phenomena during atmospheric icing and the related theory in creating an ice

repellent coating.

« Discussion, analysis, and methodology will address methods where different
assessments will be performed on topics such as structural icing, flight phases,

components, landscape assessment, and so forth.

e One will also discuss and present results from the analysis within each method
used. The risk assessment leads to CFD-analysis. Moreover, the landscape as-

sessment will go through known methods for creating an icephobic coating.

« Based on this landscape assessment, one does a final analysis by preparing a

highly hydrophobic coating.
« The final chapter will present a conclusion that sums up the results and discus-

sion by answering research questions 1 and 2. This part will also go through fu-

ture work with thoughts on what could be done regarding this subject.
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2 Literature review and theory

In the following chapter, one explains the selected theory to provide a basic understanding of
key themes and concepts. The section will provide a basis for the discussion and analysis of

the research.

2.1 Overview
Table 1 provides an overview of fundamental meteorological phenomena that occur during

atmospheric icing and the related theory in creating an ice repellent coating.

Table 1: Overview.

Glaze Ice
Rime Ice

Structural icing _
Mixed Ice

Homogeneous Frost

Freezing

Lift
] Drag
Aerodynamics
Angle of attack

Wing stall

] ] Silicone coating
Ice phobic coatings

Atmospheric Icing
Super Cooled Water Droplets

Fluoropolymer coating

Heterogeneous

Freezing ] Hydrophobicity
Nanocomposites
Water contact angle

Ice adhesion

Airfoil/Airframe

The listed expressions will be discussed in the following chapters.
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2.1 Ice
There are several general definitions of ice. One adheres to The Federal Aviation Administra-

tion”s definition of ice:

“Ice is the solid form of frozen water and is formed when the water temperature falls below

freezing (0 ° C)” (FAA, 2016).

Icing refers to any formation of ice on an aircraft. In aviation, different ice formations are de-
fined according to icing that is critical to the aircraft’s operation, flight stability, and hazards

of take-off, cruise and landing.

2.1.1 Atmospheric Icing

At temperatures below sub-zero, clouds either contain supercooled liquid or ice. Ice particles
can form at temperatures as “warm” as -10°C, opposed du supercooled water droplets that may
remain in a liquid state even at a temperature of -40 °C. Supercooled water droplets are most
commonly found in temperatures between -15°C and 0°C and freeze immediately upon impact
with a structure such as an aircraft. The process of which supercooled water droplets hit an
object in mid-air is referred to as in-cloud icing. Ice particles that form due to wet snow, freez-
ing rain, or by deposition of water vapor (frost) is generally known as precipitation icing (Cat-
tin, 2012; Lester. F, 1995). According to Fikke, Heimo, & Séntti (2007), each of these pro-

cesses is generally referred to as atmospheric icing.

Physical properties such as humidity, temperature, shear strength, compression, and duration
of the ice accretion are essential factors to define the accreted ice (Vindportalen, (n.d)). The
dimension and the wind direction of the object exposed are critical preconditions to define the
significance of any type of ice accretion. Based on that ice particles may form by either freez-

ing® or by deposition®, they can, in each case, be produced by either: Homogenous freezing,

3 A substance changes directly from a liquid to a solid.

4 The substance changes directly from a gas to a solid without going through the liquid phase
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heterogeneous freezing, or heterogeneous deposition. (Since the latter do not occur under at-
mospheric conditions and there is no evidence that this is an important atmospheric process,

one will only focus on the first two (Centre For Atmospheric Icing (n.d)).

2.1.2 In-cloud icing

Clouds are formed by moist air rising upwards, expanding and cooling down adiabatically.
Upon sufficient cooling, the water vapor will be condensed on aerosols to form droplets. The
cloud droplets are water droplets with an approximate diameter of 10um. The droplets can
grow and thus fall with higher speed, and eventually, it falls out of the cloud as either rain or

snow reaching the ground.

The freezing point at 0 °C is the temperature at which water and ice are in thermodynamic
equilibrium®. However, for a given amount of water to freeze, a crystallization process must
be initiated. This means that random fluctuations of some of the water molecules spontane-
ously form an ice spire (Waagbg, 2013).

2.1.3 Clouds

Stratiform clouds

Stratiform clouds have about 3000-4000 feet in thickness, generally forming rime and mixed
ice conditions. Although stratiform clouds form trace to moderate icing conditions at the top
of the cloud, the danger lies in the horizontal distribution (O'Brien et al., 1990). Low-level
stratiform clouds warmer than -20°C are known to be more prone to icing conditions (Federal
Aviation Administration & National Weather Service, 2016).

Cumuliform clouds

Cumuliform clouds are smaller but extend longer vertically than stratiform clouds. Icing in
these clouds is usually glazed or mixed. Principally, there are variable ice conditions in such
cloud conditions, because it depends entirely on where the cloud is at the development stage.

Icing can occur from lighter to severe icing intensities, but is most dangerous as cumulus

5 When all parts in a physical or chemical system have the same temperature, the state of the system

is in thermal equilibrium (store norske leksikon, 2017).
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congestus, the stage before it develops into cumulonimbus (O'Brien et al., 1990). Cumulative
clouds are most intense at the upper part of the cloud, where there is an abundance of SLD,
and where they can exist at temperatures down to -40C (Federal Aviation Administration &
National Weather Service, 2016).

2.2 Supercooled water droplets (SWD)

Formation of supercooled water upon cooling
20°C
Liquid Freezing point
10°C water i

0°C

\

-10°C
Ice

Supercooled liquid
-20°C

-30°C

Temperature (°C)

-40°C

-50°C

-60°C

Time

Figure 2: Supercooled water remains liquid below melting point.

Aircraft icing occurs due to supercooled water droplets (SWD) in the atmosphere. SWD is
water in a liquid state, even though the temperature is below 0°C, figure 2. (Bureau of Mete-
orology, 2013). The phenomenon happens due to the absence of freezing nuclide, which usu-
ally consists of aerosol particles such as salt, dust, pollen, or smoke particles. A surface or
substance is needed to initiate the freezing process for a droplet of water to freeze. Without it
— freezing is delayed or even prevented. SWD can exist in the atmosphere at temperatures as
low as -40°C. However, what one needs to consider is how these water droplets act when

they encounter an aircraft, which is also below 0 °C.

In order to understand how SWD freeze when they hit objects in mid-air, it is essential to il-
lustrate the distinction between cloud droplets and a regular raindrop. Cloud droplets are so

small (10 pum) that even though the temperature is well below 0°C, it can take a long time for
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the molecules to be correctly oriented to reach freezing. The thermodynamic properties of
droplets from a cloud are vastly different from other types of water accumulations (Waaghg,

2013). The aspect-ratio has been illustrated in figure 3.

Figure 3: lllustration of the typical aspect ratio of a raindrop (radius 1mm) to a cloud-droplet (radius 10pum)
(Waagbg, 2013).

SWD come in a wide variety of sizes. Their size does not only control the type of icing but the
severity of it. Smaller droplets freeze at lower temperatures than larger ones, which is simply
because larger droplets are more likely to contain freezing nuclei than smaller droplets, and

therefore freezes more quickly (Jung, Tiwari, & Poulikakos, 2012).

2.2.1 Supercooled large droplets (SLD)

The accurate definition of Supercooled Large Droplets (SLD) is a droplet with a diameter
greater than 50pum. Compared to other precipitation in an atmospheric environment, an aircraft
certified for a flight can only handle droplets with a median volumetric diameter (MVD) up to
40 um. Because of the latter, the inertia of SLD is more preeminent and less influenced by the
airflow surrounding the aircraft, causing it to stick more easily to the surface of the plane (FAA,
2014).
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In recent years, the attention towards SLD has grown, creating regulations according to the
airworthiness, such as the FAR-25 Appendix. The reason behind the corresponding regulations
IS because of the significant hazard towards flight safety, affecting aerodynamics performance
(Cao, Wenyuan & Wu, 2018).

2.2.2 Homogenous freezing

According to the Centre for Atmospheric Science (n.d), Homogenous freezing is the process
in which a supercooled water droplet freezes without assistance from an ice nucleus®, figure 1.
Homogenous freezing usually takes place at -38°C (H&usler, Witek, Felgitsch, Hitzenberger &
Grothe, 2017).

oy

T<-38°C

Figure 4: Water droplet freezes without a Nuclei

2.2.3 Heterogeneous freezing
Heterogeneous freezing initiates when a supercooled water droplet freezes with the assistance
of an ice nucleus. It usually takes place at temperatures warmer than —38°C (Pruppacher &

Klett, 1997). The process operates via several different modes, figure 5-7:

—

T>-38°C

Figure 5: Immersion nucleation: Aerosol particle within a drop acts as a nucleus and the droplet freezes.

6 Ice nucleus is a particle that appears as the nucleus without the physical processes involved.
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Figure 6: Condensation nucleation: Water vapor condensates on an aerosol particle to act as an immersion
nucleus before the droplet freezes.

Figure 7: Contact nucleation: A solid aerosol particle collide with an existing droplet and initiates freezing.

2.3 Aerodynamics

(W — Fp)

Figure 8: Forces acting on a plane (Rathakrishnan, 2013)

Aerodynamics is the theory of how air moves around an object and is determined by the
aerodynamic forces acting on an aircraft (NASA, 2011). In fluid dynamics, Archimedes' law
defines that the buoyancy of the aircraft will be determined by a force equal to the weight of
air displaced by it, which means that the buoyancy force (F;) acts upwards, while the weight
(W) of the plane acts downwards, as seen in figure 8. The resultant force is, therefore (W —
Fp). According to Newton's first law, the net force acting on an airplane must maintain a
constant velocity (= 0) unless there is an external force (F,4) changing it (Rathakrishnan,
2013).

The sum of vectorial forces on an airplane is, therefore:
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2.3.1 Lift

Lift and drag are functions of the resulting force (F,,;). Lift is only a vertical force acting per-
pendicular to the direction of flight (V) or opposite to the weight (W) of the aircraft. (Ratha-
krishnan, 2013).

Lift is mainly produced through the
wing structures of a plane and is cre-
Low Pressure

ated when fluids act upon the curved High Velocity

airfoil. According to Bernoulli's prin-

Longer
Distance

ciple: “as the velocity increases, the

pressure decreases.” Fast-moving Shorter

Distance

fluids above the wings surface travel _ o _
Figure 9: Bernoulli's lift theory (Electropaedia, n.d)
further with a higher velocity than un-
derneath, creating lower pressure at the top of the wing, figure 9. The lower pressure exerts a

suction, which creates the pressure difference and thus generating lift (Johnson, 1998).

Even though one can make arguments to use or combine Newton's theory to explain lift, one
adheres to the Bernoulli principle because of the fluid dynamics and airflow related to a possi-
ble CFD analysis later in the research (NASA, 2015; Eastlake, 2002).

Lift coefficient (C;)

C, = —= [2.2]

- PXV2XA

The lift coefficient is a value used to explain lift contingencies (inclinations, shape, and flow
conditions). The lift coefficient is the ratio of lift produced by the dynamic pressure times the
area. (NASA, 2015)
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The maximum value of the lift coefficient (CL,,,,) depends on various factors, such as

(Sforza, 2014):

e “Wing aspect ratio. ”

“Taper ratio.”

“Sweep back angle.”
“Trailing edge flap design and deflection angle. ”

“Leading edge flap design and deflection angle.”

2.3.2 Drag
Drag is the horizontal force acting opposite to the direction of flight (V) or thrust (T). It re-

lates to every component of the aircraft and represents the object's resistance through a fluid.
Drag is often expressed in terms of the drag coefficient (Cp) (NASA, 2015).
P [2.3]

Cd = Vz
pX—

2.3.3 Angle of Attack (AoA)
The Angle of Attack (AoA) is simply explained as the difference between the flight path an-

gle and the pitch angle, as seen in figure 10.

Flight path angle

: |
(still air) | /
Horizon / j"

Figure 10: The principal of AoA (Boeing, 2000).
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The reference line is usually different when talking about the airfoil, (figure 11).

An increased AoA increases both lift and drag. As AoA increases to the point around 15°, the
airflow on the upper surface of the wing becomes detached, and the lift is lost, figure. This is
known as a stall. For every circumstance, an increase in AoA increases the lift coefficient
(Cp), until stall (Boeing, 2000).

QA = Angle of Attack

-

a~ = T~a
Relative Wind i ~C£°f‘d
_ ==

Figure 11: Airfoil displaying the Angle of Attack in contrast
to relative wind and wing chord (Ideas Engineering,

2016).
2.3.4 Wing stall
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Figure 12: The relationship between the angle of attack and the lift coefficient (Aerotoolbox, 2017).

When an aircraft rotates upwards, it creates higher angles to the flow and separates air mole-
cules needed to create the lift. The separation of the molecules, called the boundary layer, will
cause a wing stall (figure 12). The lift generated depends on the type of airfoil, shape, and how
the aircraft moves through the air. Therefore, with thin airfoils, the AoA (a) is proportional to
the lift coefficient (C,) compared to thicker airfoils, which is a more complicated matter
(NASA, 2018).
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With a layer of ice, FAA (2015) states that the maximum lift coefficient C, is significantly

decreased, as well as the AoA becomes lower at which a stall occurs (Figure 13).

—,

/ Clean airfoil

C.
lift coefficient [~ /
# 4 ’
- F \
“ Rirfoil with ice

|
Angle of Attack (AOA)

Figure 13: The relationship between the angle of attack and the lift coefficient with ice accretion (FAA, 2015).

Besides the reduced lift, the drag coefficient (Cp) increases proportional to the ice accumula-
tion, as shown in figure 14. An airfoil drag increase of 100%-200% is not uncommon.

Airfoil with ice

c D ."l

drag coefficient
Clean airfoil

Angle of Attack (AOA)
Figure 14: The relationship between the angle of attack and the drag coefficient with ice accretion (FAA, 2015)

2.4 Nanocomposites
Nanocomposites are a multiphase solid material, and has the following characteristics (Chen

et al., 2008):
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e Material consisting of several components.
e Contains different phase domains.
e At least one phase is continuous.

e At least one phase has a dimension in the nanoscale.

2.4.1 Hydrophobicity
The Greek word Hydrophobicity is known in the field of chemistry as the ability of a substance

or surface to repel water. Hydro is Greek for water, while phobicity means a lack of affinity
(Law, 2014).

2.4.2 Water contact angle
Hydrophobicity is defined by the static water contact angle (0), as determined by Young’s

equation (Young, 1805).
Vi €0s0 =Y, — Vg, [2.4]

Where Y;,, = liquid surface tension, Y, = solid surface tension, Ys; = solid/liquid surface ten-

sion, and 6 = Water contact angle.

Air = s
L‘uqmd P L
/st 5 o ‘:

Membrane

Hydrophobic Ultrahydrophobic | | Supcerhydrophobic
90° <0 < 120° 120° <0 < 150° 0> 150°

-
_a

Hydrophobicity

Figure 15: Characteristics of hydrophobic surfaces (Himma, Prasetya, Anisah, & Wenten, 2019). The angle (6) is
the water contact angle.
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A surface is said to be hydrophobic when 0 > 90°, and superhydrophobic when 6 > 150°, as

seen in figure 15.

Contact angle hysteresis (CAH) and sliding angle (SA)

Recending
contact angle, B¢

Advancing
contact angle, 8,

L N

Tilting angle

Figure 16: Contact angle hysteresis (Biolin Scientific, 2018).

A contact angle hysteresis (CAH) is often observed when a water droplet starts to slide. CAH
is the difference between the advancing and the receding angles of a droplet before it starts to
move, figure 16. (Biolin Scientific, 2018). The Sliding angle (SA) determines the coefficient
of static friction and is obtained by tilting the surface to a certain degree until the droplet starts

to slide.

2.4.3 Ice adhesion

Ice adhesion is the physical and chemical process between the solid and ice surfaces. Petrenko
& Ryzhkin (1997) proposed that the electrostatic attraction between the ice and metal surfaces
influences the ice adhesion strength. According to Ghalmi, Menini & Farzaneh (2009), hydro-
gen bonding is responsible for the solid ice cohesion from the liquid. The liquid layer on the

solid-ice surface, influence the ice adhesion. (Beeram, 2017)

The method to estimate the characteristics of ice adhesion is called the Work of Adhesion; it
can be defined as the maximum amount of free energy required to remove the ice from the

solid surface.

Maximum Force

Ice Adhesion Strength = [2.5]

Contact Area
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Figure 17 illustrates a droplet of water on the solid layer for the three-phase system, where the
liquid is the droplet of water, the solid is the surface. The water droplet shape can be determined
by the solid-liquid, solid-gas, and liquid-gas interaction energies, denoted by ySL, ySG, and
YLG, respectively.

Figure 17: Water surface placed on the solid surface with contact angle (Nanoproject, 2013).

As the contact area 6., has an indirect relation with the solid-liquid interaction. If the contact
area is high, there will be low interaction, and if the contact area is low, there will be high
interaction. If the surface energies of ice and water become the same, the work of water adhe-
sion is approximately equal to ice adhesion (Makkonen, 2012). So, one can say the ice removal
is dependent upon the contact angle. If the contact angle is low, there will be high ice adhesion

strength; if the contact angle is high, there will be low ice adhesion.

2.5 Icephobic coatings
According to Huang et al. (2019), icephobic or ice-phobic coatings are characterized by their

chemical composition, surface properties, and application approaches.

To be called icephobic, a coating must have at least one of the following functions:

e Water repellent, such that they detach from the coated surface before freezing.

e Carries a delay before freezing,

e |ce-to-surface adhesion strength reduction. For passive systems, this parameter should
be less than 20 kPa.

The dimensions and features of the final product also matter. Essential details such as aircraft

components are economically achievable to process using standard methods such as dip, spray,
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brush, or electrostatic deposition’. For such cases, coatings made using polymers are usually
most suitable. However, it is rational to coat expensive small-sized components using more
technologically complicated processes that involve the use of enclosed chambers (Huang et al.,
2019).

2.5.1 Silicone-based coating
Silicones include a group of macromolecular compounds, where the siloxane unit having var-
ious organic elements acts as a monomer. It has been determined that due to their low surface

energy and low elastic modulus, silicones have icephobic properties (Golovin et al., 2016).

2.5.2 Fluoropolymer coating
Fluoropolymers are polymers bonded by multiple fluorocarbons and have properties that other

polymers do not have. It is, therefore, very compatible on the surface of a substrate. Some of
the most known non-stickable coatings are:

e Polytetrafluoroethylene (PTFE)

e Tetrafluoroethylene- hexafluoropropylene copolymer (FEP)
e Ethylene tetrafluoroethylene copolymer (ETFE)

e Polyvinylidene fluoride (PVDF)

PVDEF is the only fluoropolymer that is made of thermoplastic and has previously been used
for paint since it was difficult to dissolve in organic solvents. In recent decades, new fluoro-
polymers have been developed with successful curable® features, most commonly used as

weather-resistant coatings (Stoye & Freitag, 1998).

7 The deposition of material in liquid form followed by evaporation of the solvent, creating a solid coat-
ing.
8 A curable substance is a substance that starts out in a liquid phase and is hardened into a solid, in

this case, by use of a curing agent (Pham & Marks, 2005).
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2.6 Icing conditions and subsequent effects

2.6.1 Structural Icing
There are three main types of ice formations that affect an aircraft during the flight (Thompson,
Bruintjes, Brown & Hage, 1997). The type of structure and how each affects an aircraft are

further discussed below.

2.6.2 Rimelce

Ahrens (2007) and O'Brien et al. (1990) define rime ice as a whitish and rough ice deposit with
an opaque texture, figure 18. It is generated by small supercooled droplets (MVD <50 um)
encountered in either stratiform or cumuliform clouds where the temperature varies from -10°C
and -20°C. Rime ice freezes instantly upon impact with a sub-zero surface of the aircraft. Be-
cause of the small size of the SWD, the droplets trap air inside them, generating an instant
transition to ice crystals. The freezing process happens so rapidly that the droplets will strike
the wings' leading edges, creating porous and brittle ice crystals. Rime ice is usually favorable

in cold temperatures with low Liquid Water Content (LWC).

Rime Ice

Figure 18: Rime ice (Federal Aviation Administration & National Weather Service, 1975).
Rime ice mainly accumulates on the leading edges of both wings, stabilizers and air inlets. This

type of ice mainly affects the aircraft by altering the plane's aerodynamics and may choke the
orifices of the carburetor in the process.
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2.6.3 Glazeice

Glaze ice (clear ice) is glossy, transparent and caused by Supercooled large droplets (SLD). As
Lynch & Khodadoust (2001) reported, the most favorable conditions for glaze ice are between
0°C and -3°C with higher LWCs. It usually occurs in areas of freezing rain, and forms on the
aircraft's wings and antennas, but have a more substantial aerodynamic effect on the wings
(FAA, 2016). Because the MVD of SLD exceeds 50um, the droplet does not freeze instantly
upon contact with the wings surface. Only a portion of the droplets will freeze on the leading

edge, but the droplet's excess will flow towards the trailing edge, creating a robust, transparent,

and unnoticeable ice film, figure 19 (Ahrens, 2007).

75).

Figure 19: Glaze Ice. (Federal Aviation Administration & National Weather Service,

Glazed ice massively disrupts the airflow around the airfoil and is known as the most hazardous
structural ice, where even modern de-icers may be insufficient in removing the structures
(Ahrens, 2007; O'Brien et al., 1990). Since glaze ice has high ice adhesion strength, de-icing
fluids prior to take-off needs to be repeated to remove glaze ice (Association of European Air-
lines, 2008).

2.6.4 Mixed Ice

40



Figure 20: Mixed Ice. (Federal Aviation Administration & National Weather Service, 975.

On most occasions, one would not just experience one type of icing, but both types called
mixed ice (figure 20). Mixed ice incorporates both rime and glaze ice characteristics and is the
most common form of icing since droplets of different MVD usually occur in the cloud. It is
most likely to occur in temperatures between -10°C and -15°C and is characterized by being
irregular, rough, and whitish.

With a mixture of frost, glaze, and rime, mixed ice can accumulate quickly, making it more
difficult to remove compared to rime ice. This ice type usually affects take-off by increasing
stall speed and reducing lift (Federal Aviation Administration & National Weather Service,
2016).

2.6.5 Frost

Upper Surface Frost Leading Edge lce Formations

Figure 21: Frost vs. Ice (Federal Aviation Administration, 2008)

Frost (figure 21), or hoar frost, is a type of icing that can be formed under clear weather con-
ditions, both in-flight and in-ground conditions. When the surface temperature falls below 0°C,
particles on the surface of the airplane can act as aerosol particles (FAA, 2008). Water vapor
can turn directly to ice, and hoarfrost can be seen as the ice crystals are created (Bureau of
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Meteorology, 2013). Frost differs from the ice because of their independent growth and gran-

ular texture, though heavy frost may have frictional similarities to other icing types.

At ground conditions, the aircraft surface may be below 0°C. The water vapor in the air that

encounters the surface will freeze on impact through a sublimation, thus forming hoar frost.

In-flight frost can be formed when the aircraft climbs through a thermal inversion, from an air
layer below 0°C to an air layer above 0°C (figure 22). The plane will then be below the freezing
point, allowing hot air to freeze on the aircraft's surface through sublimation (Oxford Aviation
Academy, 2010).
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Figure 22: Frost may accumulate when climbing from air temperatures below 0°C, into warmer air (Oxford Avia-
tion Academy, 2010).
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As seen in figure 23, in-flight frost may also occur during a descent during typical inversion,
where the surface of the aircraft is above 0°C, while the layer of air underneath is below 0°C
(Oxford Aviation Academy, 2010).
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Figure 23: Frost may accumulate when descending rapidly from air temperatures below 0°C, into warmer air (Ox-
ford Aviation Academy, 2010).

Frost caused by inversion is challening to detect because it will most often be situated on the
underside of the aircraft's wings, where the fuel tanks are located. The reason is that the fuel
takes longer to heat than the rest of the surface (ICAO, 2000). See figure 24.
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Figure 24: Fuel tanks Schematic (Frega, 2018).



2.7 Precipitation

Precipitation is a wide-ranging definition of any atmospheric water vapor that condenses and
falls to the earth’s surface. Examples are rain, snow, hail, ice pellets, etc. (American Meteoro-
logical Society, 2012). Figure 25 illustrates the risk of precipitation and SWD in various alti-

tudes.
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Figure 25: Aircraft icing. (Bureau of Meteorology, 2013).
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2.7.1 Freezing rain

Freezing rain is the most
hazardous to aircraft operations
is characterized by droplets that
exceed 50um. It occurs when
frozen precipitation falls from a
warm air mass (>0°C) into a cold
layer of air - where they become
supercooled. For this to happen,
there must be a layer of air above
0°C, overlying a layer of air

below 0°C, as seen in figure 26

Subfreezing and
temperatures Snow
| Melting
Temperature - Snow
Inverslon X
Drops Freezing
supercooled Raln

T<0 ocC >0
Figure 26: How snow melts and becomes supercooled
through temperature inversions (AOPA, 2010).

(Bernstein 2000; Rauber, Olthoff, Rama-
murthy, & Kunkel, 2000; Skybrary, 2019c).

When rain falls into the zone with below 0°C, it may become supercooled. If an aircraft were

to fly within this area, then the airframe temperature will be below 0°C, and Supercooled Water

Droplets (SWD) will hit the airframe. The rate of accumulation is so severe that within a short

time, the aircraft may not be able to sustain flight. This type of icing can occasionally be found

associated with a warm front: The diagram in figure 27 shows where warm air overlies air

below 0°C.

Cold Air

Temperature less
than 0°C (32°F)

© Temp>0°C 32°F)

Warm Air

Temperature more
than 0°C (32°F)

RAIN
Snow melts and does
not refreeze

WINTER PRECIPITATION

FREEZING RAIN SLEET SNOW
Snow melts and raindrops
become supercooled and refreeze
on contact with objects

4 ~iotom
66 r:i'n':mps

Cold Air .

o Rain freezes
® o tobecome
& Supercooled [y sleet

4 raindrops o (ice pellets) B
“ o

Snow melts and refreezes
before reaching surface

No melting occurs

45



Figure 27: The diagram shows the cloud and rain formation within the warm layer. (Richoffmanclass, n.d.)

Airplanes, heading towards a front, can have a significant impact on ice accretion, especially
if the air ahead of the front is cold. (Bureau of Meteorology, 2013; Federal Aviation Admin-
istration & National Weather Service, 1975; Federal Aviation Administration, 2008).

2.7.2 Freezing drizzle
Freezing drizzle can happen due to either collision-coalescence (CC) or the classical melting
process (CMP) (Bocchieri 1980; Huffman and Norman 1988; Ohtake 1963).

Previous studies have shown that the CC process is the primary process for the propagation of
freezing drizzle in more than 80 percent of the time (Bernstein 2000; Kajikawa, Kikuchi,
Asuma, Inoue, & Sato, 2000; Rauber et al., 2000; Skybrary, 2019c).

The CC process usually occurs in clouds where the temperature is between 0 and — 10°C, where
supercooled droplets are commonly produced due to low concentrations of ice nuclei (Cortinas
Jr, Bernstein, Robbins, & Strapp, 2004).

Freezing drizzle occurs when some droplets in a cloud develop to roughly 30 um, and they
begin falling fast enough to collide with smaller droplets, creating a coalition. These droplets
are now even more significant in size and have a better chance of capturing smaller droplets.
Under the right conditions, the process may generate drizzle-sized drops with a diameter of
between 50 and 500 um, typically at the top of a supercooled cloud. When entering a freezing
drizzle, one should not expect a warmer layer of air to exist above the conditions (Skybrary,
2019c).
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2.8 Ice-exposed flight conditions

2.8.1 Icing in mountainous area

Orographic lifting

When stable air currents rise above a mountain, the wind cools adiabatically by the leeward
side of the hill, thus having a higher density than the air around it. Air mass then falls towards
the bottom of the mountain before it produces fluctuations at the equilibrium level, (figure 28).

The phenomenon is called orographic lift (Whiteman, 2000).

Upwind Forcing
of Stable Air

Wavelength

-
Equiliorium Level

Overshoot

Figure 28: Orographic waves. (Whiteman, 2000).

Orographic lifts are known to create hazardous flying conditions, especially by the ridges on
the windward side, where the zone can extend to over 5000 ft, (figure 29). (AOPA Air Safety
Foundation, 2008; Federal Aviation Administration & National Weather Service, 2016;
O'Brien et al., 1990). If there is enough moisture in the atmosphere and perpendicular clouds
are visible (lenticular clouds), there is a significant chance of freezing drizzle (Whiteman,
2000).

WINDWARI
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Figure 29: Icing with mountains (FAA, 2016).
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Since freezing drizzle is known to produce small supercooled droplets, the layer of clear ice
accumulating on a plane will be transparent, and significantly harder to notice for pilots. More-
over, it can mask the aerodynamic effects. Should the aircraft be exposed to freezing drizzle
from the windward side, the maximum lift coefficient (C,, ,,) will be reduced to the point that
the aircraft is unable to ascend over the mountain. Neither will the plane be capable of descend-
ing to safer conditions because of the terrain elevation (AOPA Air Safety Foundation, 2008;
Federal Aviation Administration & National Weather Service, 2016).

2.8.2 Icing in frontal area

The definition of a front is a dis-

o _ . * Mostly Ice Crystals )
tinction between two air masses, ¢ :--otooo et n e s e oo e
which are different in

Supercooled water droplet

temperature, stability, and hu-

————— OOC
midity. When these two air
masses coincide, the hot air rises  *, .
above the cold air (Yr, 2009). Coldair 4 ° Warrr;,irmmst
frontal areas are known for . . . . & &4 . N
freezing rain and freezing e E LA T
drizzle, (figure 30). Figure 30: Icing with fronts (Federal Aviation Administration &

National Weather Service, 2016).

One will mainly distinguish between three types of fronts: Warm fronts, cold fronts, and oc-

cluded fronts, (stationary fronts).
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Warm front

A warm front occurs when warm air
gradually exceeds cold air, (figure 31).
Production of freezing rain and freez-
ing drizzle are typical in a warm front,
where rime, clear or mixed icing is fre-
quent. (O'Brien et al., 1990).

Figure 31: Warm front (Ahrens, 2007).

When hot air passes over a sub-freezing air mass through cold winters, the conditions create a
higher risk of freezing rain and freezing drizzle (NASA, 2016; Federal Aviation Administration
& National Weather Service, 2016).

On monoplanes, frontal icing can become extremely hazardous, according to NASA (2016). It
is relatively critical because it is unpredictable, but also because under such conditions, freez-
ing precipitation may extend horizontally over 10.000 ft., making lateral deviations almost im-
possible. However, the probability of such events is usually exceptional, and they commonly
extend to no more than about 3000 ft., making a vertical deviation less hazardous. (Federal
Aviation Administration & National Weather Service, 2016; NASA, 2016; O'Brien et al.,
1990)

Cold front

Cold fronts are produced when a cold
layer of air mass supersedes the
warm layer of air, (figure 32). Be-
cause of the high density, cold fronts
stay close to the ground, forcing the
warmer air to ascend above the cold

mass. Due to the rapid climb, the

temperature decreases - creating cu-

muliform clouds (FAA, 2016). Figure 32: Cold front (Ahrens, 2007)
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The rapid lifting associated with a cold front may cause severe icing conditions, usually with a
high Liquid Water Content (LWC). Although a vertical deviation of 3000 ft. may avoid in-
flight icing, it can become hazardous since the end passage of cumuliform clouds is known for
the intense production of SLD. Moreover, cumuliform clouds in cold fronts will be about
10.000 ft. thick (NASA, 2016; O'Brien et al., 1990).

The main difference between a cold and a warm front is the violent activity along the cold
front, as opposed to a warm front with more limited movement before the front line. According
to O'Brien et al., 1990, a cold front is portrayed by extreme weather that develops quickly (up
to 100 km/h), often without warning, opposed to a warm front that moves relatively slowly
(25-40 km/h) with the possibility of advance notice (FAA, 2016).

Occluded front

oYY

B Warm occluded fromt  E C Cold occhided front

Figure 33: Warm occluded front compared with a cold occluded front (Ahrens, 2007).

Occluded fronts are known for their substantial rate of precipitation with both stratiform and
cumuliform clouds, consisting of glaze, rime, and mixed ice.

Ahrens (2007) describe a cold occlusion as when very frigid air accelerates too quickly to catch
the less cool air mass, forcing the warm air mass to rise above the cold front, (figure 33). Cold
occluding fronts have stable air mass and a mixture of weather associated with both cold- and

warm front weather conditions.

A warm occlusion front follows the same process as a cold front, except that the front air is
colder than the air mass at the front, which causes the cold mass to drift over the warm.
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The most dangerous flight conditions transpire most often by a warm occlusion since the cold
air forced over the heat is often unstable. The phenomenon contributes to stratiform clouds
with an icing zone up to 20.000 ft. with heavy freezing rain and freezing drizzle (NASA, 2016;
FAA, 2016).

2.9 Icing intensities
The type of ice accumulation and the intensity are reported through PIREPS, which is the pilot
weather report. Intensity is categorized according to the rate of accumulation, the effectiveness

of de- and anti-icing chemicals, and how pilots must act toward the different scenarios of ice,

table 2 (Lester, 1995).

Table 2: Icing intensities (Lester, 1995).

Intensity Airframe Accumulation

Pilot Action

Trace Ice becomes perceptible. Rate
of accumulation of ice is
slightly greater than the rate of

loss due to sublimation.

Unless encountered for one hour
or more, de-icing/anti-icing
equipment and/or heading or alti-

tude change not required.

Light The rate of accumulation may
create a problem if flight in this

environment for one hour.

De-icing/anti-icing required occa-
sionally to remove/prevent accu-
mulation or heading or altitude

change required.

Moderate The rate of accumulation is
such that even short encounters

become potentially hazardous.

De-icing/anti-icing required or
heading or altitude change re-

quired.

Severe The rate of accumulation is
such that de-icing/anti-icing
equipment fails to reduce or

control the hazard.

Immediately heading or altitude

change required.
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In trace conditions, ice becomes barely visible, and there is ordinarily no need for action un-

less exposed for one hour or more.

Light icing is usually not an obstacle, though conditions in glaze conditions are might con-

sidered more severe than rime ice.

In moderate icing, a deviation may be crucial because of the rate of ice accumulation. The

rate may cause a hazardous situation.

In severe icing conditions, the accumulation rate is such that de-icing may fail to reduce the
potential hazard. Therefore, an altitude change is vital to evade additional accumulation and

flight impairments (Lester, 1995).

The severity of ice accretions depends on the type of aircraft and which kind of de-icing is
used. The higher the cloud's LWC, the more quickly ice accumulates on the surfaces. The
quantity of water can also influence the ice shape. Nevertheless, the MVD of the droplet is an

essential factor in determining the intensity of ice accumulations (FAA, 2014).
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3 Discussion, Analysis and methodology

3.1 Risk assessment

The previous chapter addressed factors that affect the aircraft's aerodynamics. Facts reveal that
different ice formations of structural ice have a variable impact on the aircraft's lift and drag
capacity. Icing incidents occur under the right conditions and is dependent on the environment.
As structural icing is a leading factor for such occurrences to happen (figure 34), this chapter
will discuss the challenges of such ice formations and further assess the risk against different

flight phases.

Ground
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Figure 34: Report from 1990-2000 reveals that structural icing is one of the leading factors for accidents to occur
(AOPA Air Safety Foundation, 2008).
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“AT43, en-route, Folgefonna Norway, 2005 (On September 14, 2005, an ATR 42-320 operated
by Coast Air AS experienced a continuous build-up of ice in the climb, despite the activation
of de-icing systems aircraft entered an uncontrolled roll and lost 1500ft in altitude” (Skybrary,
2019a).

LIFT DECREASES

THRUST DECREASES

e
- .
i

Figure 35: Aeradynamic effects of icing. (Foto: Airbus.com)

The wing of an airplane has been designed to exact the aerodynamic standards. The wing de-
sign is made to produce lift and decrease drag. Structural icing that accumulates on the airframe
will be detrimental to both factors, as seen in figure 35. As ice accumulates on the airframe,
the weight grows, and the plane reduces lift. Gradually the ice forms on the wings, changing
its aerodynamics, resulting in increased drag and reduced airspeed (Federal Aviation Admin-
istration & National Weather Service, 1975).

3.1.1 Rimeice

According to a study by Cao, Zhang, & Sheridan (2008), rime ice grows critically faster with
a Median Volume Diameter (MVD) in the higher spectrum, as seen in figure 36. The latter is
merely explained by the fact that larger droplets are less affected by the airflow, which leads

to more extensive ice accumulation.
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Figure 36: Rime ice with a MVD of 50 um. Shows accumula-
tion of rime ice on airfoil in 0° AoA after 60, 120, 180 seconds
(Cao, Zhang, & Sheridan, 2008).

The unlimited various ice structures, especially those of rime ice, are dependent on numerous
variables (speed, temperature, LWC, AoA, MVD, type of cloud, technical reasons, and so
forth). Because of the latter, it is impossible to make an accurate and comprehensive study of

ice shapes related to a given flying condition (Airbus Industry, 2000).

However, there have been reported several icing accidents concerning cruising conditions
(1982-2000, US). Statistically, 40 % of all accidents caused by airframe icing have correlated
with the in-phase flight (0-3° AoA). Moreover, 50% was fatal (Petty & Floyd, 2004).

Standing/ . ] Maneuver/ "
Taxi/ Other Takeoff Climb Cruise Descent Hover Approach |Go-Around | Landing

0.5% 18.9% 8.6% 39.8% 5.7% 2.6% 15.8% 0.0% 8.2%
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Figure 37: Percentage of accidents represented in blue color and fatal accidents represented in black writing (Petty
& Floyd, 2004).

Figure 37 displays that under cruising conditions, the risk of icing accidents is much higher

than in other flight phases. According to Aopa Air Safety Foundation (2008), only about 0.33

mm ice thickness on airfoils is enough to reduce the lift by 30% with an increased drag by

40%. However, NASA (1984) researched the effects of rime ice compared to glaze ice on two

different flights. They found that even though one of the flights encountered rime ice 77%
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longer than the glazed plane, the drag was only 1/3 compared to the flight with glazed ice.
Despite research done in severe rime ice conditions (Lynch & Khodadoust, 2001), ice accretion
was twice as much compared to glaze conditions. Nevertheless, drag reduction was only 15%
compared to 47% and 62% drag decrease in glazed conditions. The aerodynamic penalties are
less critical for rime ice due to the low accretion rate but may become hazardous after pro-

longed exposure since rime ice may be viewed as a function of time (Zhang, Wu, & Min, 2017).

3.1.2 Glazeice

NACA0012

Figure 38: Typical shape of an airfoil with glaze ice. After more prolonged exposure, it forms as a horn (Cao,
Wenyuan & Wu, 2018).

Glaze ice is a more severe type of icing not only because it is difficult to spot, but because it
tends to form as a horn near the leading edge of the wings (figure 38). This poses a more
substantial obstruction for the air to flow evenly above the airfoil Federal Aviation Administra-
tion & National Weather Service (2016).

According to Cao et al. (2008), glazed ice accretions have a much higher degradation rate on
the airfoils aerodynamic performance compared to rime ice. Moreover, SLD and runback ice's
consequences (towards the trailing edge) just aft of the Ice Protection System (IPS) surfaces
may result in about 80% reduction in C,,4, (Lynch & Khodadoust, 2001). According to Cao,
Wenyuan & Wu (2018), the proportional drag coefficient (Cp) can increase by 300% under

glaze ice conditions.
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Nasa (2008) collected incident and accident data from NTSB and FAA in the span from 1988-
2003, considering the US. Icing-related incidents sorted by flight phase indicated that most of
the occurrences happened in cruising altitude, table 3.

Table 3: Most of the icing accidents in the US was caused in an in-flight phase (NASA, 2008).

Flight Phase Number of Incidents
Climb-out 98
Cruise 325
Descent 193
Ground 106
Landing 133

Although the current evaluation of structural ice is based on prediction, the current evaluation
indicates that icing significantly impacts the phase of cruising. Since rime ice is a minor risk
factor compared to glaze ice, one could conclude by assuming that glaze ice has a more signif-

icant impact because of the adverse aerodynamic effects.

3.1.3 Mixed Ice

Mixed ice tends to form like glaze ice, except the distinct hollowing in the middle, as seen in
figure 39.

B
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Figure 39: Mixed ice shape on the leading edge of the airfoil (Han, 2011).

As explained in subchapter 4.1.3, mixed ice is a combination of rime ice and glaze ice formed
from SWD of various droplet sizes. It mainly affects the take-off and initial climb phase. How-
ever, since it occurs below the flight level, it may become hazardous also under descent
(Baumert, Bansmer, Trontin, & Villedieu, 2018). Lynch & Khodadoust (2001) compared glaze
ice to mixed ice in a wind tunnel and found that the drag penalty for glaze ice conditions was

twice as much as mixed ice (75% versus 31% and 38%), even though the amount of mixed ice
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was 50% greater than glaze ice. For a single wing, the drag penalty for glaze ice was six times

as much as mixed ice.

3.1.4 Frost

The aerodynamic functions of the aircraft may not be severely affected by frost. However, the
contours and size of the frost could pose a potential hazard for ice to distort and slow down the
airflow over an exposed wing area, especially when the aircraft is climbing in altitude (Oxford

Aviation Academy, 2010). The following claim is sustained by an accident report from 2002:

“On January 4, 2002, a Canadair Challenger—a small jet—was taking off from Birmingham,
England [...]. Immediately after liftoff, the aircraft started to bank rapidly to the left, and two
seconds after liftoff the bank angle had reached 50 degrees. [...] "The left winglet contacted
the runway shoulder, the outboard part of the left wing detached and the aircraft struck the
ground inverted, structurally separating the forward fuselage, which caught fire. The crash
killed the jet's two pilots and all three passengers aboard"” (AOPA, 2016).

As described in the report from the Aircraft Investigation Branch (2004), the jet almost rolled
upside down right before the initial crash. It confirms that the left-wing was accumulating frost
more rapidly compared to the right-wing, which reduced its lifting capacity and increased the

stall speed tremendously.

A substantial and dense layer of frost may affect the lift characteristics of the wing by reducing
CL gy FUrthermore, it will lead to an increase in the risk of stall speed by 5-10 % (AOPA,
2019; Hoth, 2012; Skybrary, 2019b). Also, considering that frost is a discrete ice type and
difficult to notice for pilots (Federal Aviation Administration & National Weather Service,
1975). If one considers a more fundamental approach in assessing the risk factor, it would be
relevant to think of an approximate reduction in the probability variable according to detecting

the danger in time, as described by Hoth (2012).

To summarize the effects, frost is both challenging to notice and possesses greater danger in
larger quantities, especially during climbing. In-flight, frost represents an equal threat if not
noticed in time. According to Oxford Aviation Academy (2010), frost accumulation during
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descent does not constitute a significant hazard compared to other types of icing. The Civil
Aviation Authority (2000) states that controlled descents will help eliminate the accumulation

of frost.

3.1.5 Thermal de-icing

According to the Aircraft Investigation Branch (2004), the wings had not been checked of frost,
making the left-wing accumulate a substantial amount of frost. The frost's contour and irregu-
larity reduced the angle of attack, while the stall warning system had stopped functioning. Even
though both the pilots confirmed the use of thermal anti-icing, the plane stalled almost imme-
diately after take-off. As mentioned by Alizadeh et al. (2013) and ICAO (2000), electric ther-
mal heating systems may not have a substantial effect of removing already existing frost and
can decrease flight operating efficiency. Due to the aircraft design, there are limited numbers
of generators to produce enough wattage to maintain an ideal surface temperature of 38°C —
54°C (Vertuccio, De Santis, Pantani, Lafdi, & Guadagno, 2019). The reduced wattage is also
consistent with Baumert, Bansmer, Trontin, & Villedieu (2018), who investigated an airfoil of
type NACA 0012, in mixed clouds. They found that the thermal flux® only generated 0.31
W /m?, which is far too low to create a significant melting process of the ice accretion. There
are different liquid-based thermal systems; however, they possess a delay before heat is trans-
ferred to the outer surface of the airfoil (Pourbagian, Talgorn, Habashi, Kokkolaras, & Le
Digabel, 2015). It is, therefore, essential that the thermal system is activated before entering
icing conditions. Active ice protection systems (IPS) are nevertheless the most effective
method to actively remove ice in the aviation industry, yet the system exhibits weaknesses and
is dependent on the pilots both observing the danger in time and actively activating the system
before entering icing conditions (NTSB, 2008). All these parameters affect the reliability of
the system.

As mentioned at the outset, aviation is one of the most complex industries concerning safety.
If this is seen according to Perrow's (1999) system focus, thermal systems can be dependent on

three parameters: (1) Timing. (2) Pilots' risk perception and (3) system reliability. Compared

? Thermal flux/heat flux is the amount of heat energy passing through a particular surface (Cochrane,
Hertleer, & Schwarz-Pfeiffer, 2016).
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to Reasons' (1997) Swiss cheese model, the right conditions were in place for the weaknesses
of each barrier to run parallel to each other and cause the accident. On the other hand, these
redundancy applications can make the system even more complex and counterproductive, and
instead increase the risk of accidents (Perrow, 1999). AOPA (2010), FAA (2014), and Lester
(1995) also claim that under particularly severe icing conditions, current anti-icing and de-icing
systems may not be sufficient to reduce a potential hazard. In aviation, where safety is a deci-
sive factor, developing a more reliable solution would have to be fundamental to eliminating
current problems in frost and icing conditions. Thermal solutions still are not as effective as

desired, and often supported with de-icing chemicals.

3.1.6 Icing hazard assessment

Flight phase

Based on Ryerson (2011), a combination of risk matrix and cross-tabulation (table 1) was de-
veloped to assess and summarize the icing severity in different phases of flight. The different
ice types are determined by the degree of impact on the aircraft's aerodynamics, while the flight
phase is ranked based on which phase of flight the specific ice types are most likely to occur.
For example: Compared to rime ice, glaze ice has a more significant impact on aerodynamic
performance in the final approach (e.g., increased stall speed when reducing the speed, precip-
itated area, holdover time, etc.).

Table 4: ice impact on aerodynamics by flight phase. Black square denotes that frost is not included in these spe-
cific phases of flight.

Flight phase

probability

rating Glaze Mixed Rime Frost
Ice type hazard rating 10 8 7 5
Cruising altitude 10 100 80 70
Initial approach 8 80 64 56
Initial climb 7 70 49 49 35
Take-off 7 70 56 49 35
Final approach 6 60 48 42 30
Landing 3 30 24 21 15
Climb (flaps up) 3 30 24 21 15
Taxi/Hold/De-icing 1 10 8 7 5




In the assessment of flight phases, it is also taken into consideration that de-icing fluids have a
limited holdover time®?, regardless of the type of fluid applied, which increases the probability

rate after the de-icing phase.

Components

In order to simulate the severe impact of structural ice, it is essential to understand the charac-
teristics that influence the aerodynamic effects. The most crucial factor for assessing and sim-
ulating structural icing is to identify the amount of SWD water content, temperature, and MVD
of the droplets. Various characteristics: Size, shape, amount, and roughness of the ice type,
are dependent on environmental circumstances, such as flight conditions, aircraft design, the

time spent in icing, and the specific component being exposed (NASA, 2008b).

To determine the necessity of de-icing equipment on airplanes, Heinrich et al., (1993) claimed

that all aircraft could be examined with the following questions under icing conditions:

1. Will ice accumulate, and to what extent?
2. Will the ice accretion influence the component's function?
3. If the component is affected, will it influence the safe flight?

4. Will the downstream components have a substantial impact on ice accumulation?

Based on the evaluation done by both Vukits (2002) and Heinrich et al., (1993), it will be
reasonable to claim that any severe structured ice can impair that specific component to the
extent that the aerodynamic effects will no longer function. To simplify the questions into one
fundamental question: "*Which individual components of the system can be removed dur-
ing continuous flight and still sustain the aerodynamic functionalities?"".

One of the central answers to this question was the aerodynamic effect it caused on surfaces,
especially the wings (Heinrich et al., 1993). Vukits (2002) categorized several aircraft compo-
nents by minor, moderate, and significant risk under icing conditions. The assessment made
was similar to Heinrich's conclusion. One of the individual major risk factors was "Lifting or

control surfaces leading edges - Reduction in aircraft stability and/or control."

10 Estimated time for how long a specific de-icing fluid protects against icing.
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To follow up on the alleged theory, one wants to further analyze the wing's aerodynamic func-

tionality under glaze ice conditions.

3.2 Aerodynamic CFD-analysis
A Computational Fluid Dynamics (CFD) analysis has been carried out using Ansys Fluent.
Because of previous findings related to various icing occurrences in the in-phase flight, the
CFD analysis examines the wing structure of airliner Airbus A320neo, in cruising conditions
at 0° AoA. The simulation compares the aerodynamic performance, with and without structural
ice. The following model has been chosen since the A320neo will replace the current Boeing
737-800 from 2020-2023, incorporating many countries, including several Norwegian domes-

tic and international routes.

3.2.1 Introduction

A Computation fluid dynamics simulation is conducted on an Airbus A320 Neo wing to cal-
culate the drag and lift forces produced when the airplane is cruising at an altitude of 35000ft.
The temperature is set to -55°C, which is common at this altitude. The surface temperature of
0°C has been used to replicate the most favorable conditions for SWD to accumulate.

The analysis provides necessary data to analyze the aerodynamics of the airbus wing. The var-
iation in the temperature due to the ice formation on the wing was also simulated. It was carried

out to examine how the temperature varies due to the airflow over the wing.

3.2.2 Setup
There is a possibility to use both ICING Fluent and FENSAP-ICE to simulate ice on the wing.
In this case, ICING FLUENT was used, although both workbenches are equivalent.

The solution obtained from the steady-state simulation was combined with the airflow in "Icing

Fluent™ before droplets, and glaze ice was simulated on the wing surface.
After simulating the ice, the "displaced grid fluent" option was used to modify the mesh without

the winglet or "sharklet." The removal of the sharklet was done since the geometry gave an

unknown error with ice accretion. Figure 40 displays the workflow in Ansys.
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Figure 40: Workflow in Ansys.

3.2.3 Material properties

Table 5: Material properties.

Sr. No. Property Value
Altitude 35000ft
Mean Molecular Weight 28.9644 kg/kmol
Kinetic Temperature 218.9242 K
Molecular Temperature 218.9242 K
Pressure 23909 Pa
Density 0.38046 kg/m3
Speed of Sound 296.6141 m/s
Dynamic Viscosity 0.000014341
Kinematic Viscosity 0.000037694
Coefficient of Thermal Conductivity 0.019696

3.2.4 Mesh data

Table 6: Nodes and elements.

Domain Nodes Elements

Fluid-domain 129.507
Plane Wing 118.639

718.689
660.109

All Domains  248.146 1.378.798
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3.2.5 Procedure
The simulation study of the wing was done in three parts:

e Preprocessing
e Solution

e Post-processing

3.2.6 Pre-processing
The pre-processing part includes the 3d model development, domain modeling and meshing.

The 3d model of the Airbus A320 Neo was obtained from and online source (Shaylesh, 2020).
The wing part was extracted from it and simplified by removing unnecessary features such as

surface features before it was transformed into a solid body.

Figure 41: Airbus A320neo (Adapted from Shaylesh, 2020).
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Figure 42: (Extracted wing part).

After the 3d model was complete, an enclosure was created around the plane wing to represent

the fluid volume, (figure 42).

Figure 44: Enclosure. Figure 43: Mesh.

After the creation of fluid volume, a mesh was created, which is the discretization of the whole

3d model into small elements, (figure 43-44).

3.2.7 Solution

In the solution part of the analysis, the boundary conditions are applied:
Inlet Velocity: 257m/s

Wing Area: 122,6 m?

Wingspan: 35,81 m

Wing surface temperature: 0°C
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Air temperature: -55°C

Analysis settings: Pressure based
Gravity: On

Energy Equation: On

Flow model: K-epsilon 2 equation-Realizable-Enhanced wall Treatment

Wing area and wingspan were retrieved from Airbus (n.d).

3.2.8 Post Processing

The following images show the results obtained from CFD analysis. The velocity, pressure,
and temperature are based on the Navier-Strokes equation (Zhang, 2019); to determine the
airflow around the wing structures.

Figures 45-46 illustrates the pressure and velocity at different cross-section 1:

e
9.890e+02
6.564e+02
3.238e+02
-8.886e+00
-3.415e+02
-6.742e+02
-1.007e+03
-1.339e+03
-1.672e+03
-2.005e+03

-2.337e+03
[Pa]

Figure 45: Pressure at cross section 1. Figure 46: Velocity at cross section 1.

The cross-section of the wing profile is an airfoil shape. Figure 45 and figure 46 displays the
velocity around the wings structure. It is evident by the red contours that the air on the upper
surface has a higher velocity compared to the leading and trailing edge of the airfoil, a factor
for creating lift. (The reason for the increased velocity underneath the wing surface is merely
a result of the thrust). It indicates that the pressure at the wing's upper side is lower than the
pressure underneath the wing, which, combined with the velocity, produces lift (Johnson,
1998).

Note: Additional pictures are available in appendix B.
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Figure 47: Temperature at cross section 1. Figure 48:Temperature at cross section 3.

Figure 47-48 shows the local change in temperature of the air as it flows over the wing surface

at different cross-sections.

Since cold air is denser than warmer air, one will usually be able to detect an increase in aero-
dynamic performance, as low temperatures are not a dependent factor in affecting the aerody-
namics. The obstruction usually correlates with the structural ice and the change of shape in

the wing’s airfoil.

Note: The temperature applied on the wing surface is 273K. The air velocity and flow
rate are very high, and the far-field average temperature is constant at 218K. Therefore,
to capture the small temperature change as compared to the overall temperature of the

airflow, the maximum and minimum values were user-specified to obtain these results.

3.2.9 Ice condition contours
Table 7: Ice property.

&= Output parameters
Total mass of ice -Kg 2.334
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Table 7 shows the mass of ice applied to the wing in kg. The ice simulation was carried out for

100 seconds.

Ice thickness
ice thickness

1.469e-02
H 1.322e-02
1.175e-02

i 1.028e-02
8.814e-03
7.345e-03
5.876e-03
4.407e-03
2.938e-03
1.469e-03

0.000e+00
[m]

Figure 49: Ice thickness contour (isometric view).
Figure 49 shows the ice thickness contour from an isometric view with glaze ice accretions,

after 100 seconds.
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Figure 50: Glaze ice on the wing surface (isometric view).
Figure 50 illustrates the ice thickness from an isometric view with glaze ice accretions, after

100 seconds.
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Figure 51: Glaze ice on the wing surface (front view).

Figure 51 illustrates the ice thickness from a front angle with glaze ice accretions, after 100
seconds.

Figure 52: Glaze ice on the wing surface (bottom view).

Figure 52 illustrates the ice thickness from underneath with glaze ice accretions, after 100 sec-
onds.
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Figure 53: Velocity streamlines without glaze ice (isometric view).

Figure 53 illustrates the streamlines from an isometric view without glaze ice. These stream-

lines show the path followed by different particles of air over the wing.
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Figure 54: Velocity streamlines with glaze ice (isometric view).

Figure 54 illustrates the streamlines from an isometric view with glaze ice accumulations, after
100 seconds. These streamlines show the path followed by different particles of air over the

wing.

70



Velocity
velocity

! 4.623e+02

3.467e+02

I 23126402

' 1.156e+02
0.000e+00

[m s-1]

=

Figure 55: Velocity streamlines without glaze ice (front view).

Figure 55 illustrates the streamlines from a front view without glaze ice. These streamlines

show the path followed by different particles of air over the wing.
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Figure 56: Velocity streamlines with glaze ice (front view).

Figure 56 illustrates the streamlines from a front view with glaze ice accumulations, after 100

seconds. These streamlines show the path followed by different particles of air over the wing.
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Figure 57: Pressure on the wing surface without glaze ice (isometric view).

Figure 57 shows the pressure contour from an isometric view without glaze ice.
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Figure 58: Pressure on the wing surface with glaze ice (isometric view).

Figure 58 shows the pressure contour from an isometric view with glaze ice accumulations,

after 100 seconds.
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Figure 59: Pressure contour without glaze ice (front view).

Figure 59 shows the pressure contour from a front view without glaze ice accretions.
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Figure 60: Pressure contour with glaze ice (front view).

Figure 60 shows the pressure contour from a front view with glaze ice accumulations, after 100
seconds.

Note: Additional illustrations are available in appendix B.
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3.2.10 Lift and drag

The coefficient of lift was calculated using the lift coefficient formula [3.2]:

Without ice:

€ = pxnzal;xA - 0,9801::2§324j122,6 ~ 0,00506 = 0.0051
With ice:

¢, = 2L 2x7777,85 ~ 0,00505 = 0,0051

T pxv2XA 0,98046X2572x122,6

The coefficient of drag was calculated using the drag coefficient formula [3.3].

Without ice:
D 2138,49
C, = = ’ = 0,066
d prZ—z 0,98046x¥
With ice:
Cq = —p = ——— ~0,0769 = 0,077

V2
px—  098046x22-

Table 8: Lift and drag forces were obtained from Ansys.

Conditions Lift (N) Drag (N)

Ice Conditions TIT7.85 2490.94
No Ice Conditions 77858 42 213849

The lift coefficient obtained was 0,0051 without ice accretion and the lift force 2139N. The lift

coefficient due to ice accretion was 0,0051, and the lift force 2491N. The results imply that
the ice accretions reduced the airfoil lift by 11,57N, which is a total reduction of barely 0,15%

lift force.
The drag coefficient obtained was 0,066 without ice accretion and the drag force 2139N. The

drag force due to ice accretion was 2491N. The results imply that the ice accretions increased

the airfoil drag by 352.45N, which is a total reduction of 17% drag force.
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3.2.11 Results

Glaze ice accumulates at a very high rate. After 100 seconds of simulation, the total mass of
accreted ice was around 2.3kg. Under glazed ice, airflow's primary obstruction correlates with
the structural reformation in the airfoil, as the change in velocity streamlines and pressure is
evident. The aerodynamic impairment resulted in an approximately 17% increment in airfoil
drag, while the wing lift was almost unaffected with a decrement of 0,15%. The relationship
between the velocity and pressure in glazed conditions indicates that a constant AoA of 0° will
have a prominent increment in the drag coefficient (Cp). Simultaneously, the lift coefficient

(Cp) is close to stagnant in both conditions at 0° AoA.

The results only show a prediction since the simulation is assessed on a single wing. The wing-
let that was omitted from the simulation may influence lift and drag variables. Other uncer-
tainty factors, such as SWD water content, temperature, MVD of the droplets, size, shape,

amount, and roughness of the ice type, are dependent on various environmental circumstances.
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3.3 Landscape Assessment
Based on published research, the following chapter will attempt to approximate a hydrophobic

coating that may be suitable for further research and testing.

3.3.1 Purpose
The purpose of this “landscape assessment” is:

e To investigate the known methods for creating icephobic coatings/surfaces.
e To identify among the latter the most promising for commercial implementation.

e To give a technical assessment and recommendations for further development.

3.3.2 Icephobic coatings
According to Wong et al. (2011), the following icephobic coatings are most actively studied:

e Coatings having a structure which mimics the surface microstructure of water repellent
plants (such as Lotus leaves),
e Coatings with a nanostructure with a lubricating fluid locked to it, like mechanisms

shown by certain pitcher plants (the Nepenthes pitcher plant structure).

Measurements of ice adhesion have shown that polymers with elastic properties, such as rub-
ber, tend to have lower ice adhesion than thermoplastics!!. The lower ice adhesion is due to
their viscoelasticity, allowing for slippage and initiation of cracks in the ice. Most of these
polymers are attractive substances because of their low ice adhesion, and the scale on which
they are produced makes them inexpensive. The two polymer types which have regularly per-
formed better than all others (without modification) are fluorinated organic polymers, and pol-

yorganosiloxanes (silicones).

11 Plastic that becomes flexible at elevated temperature and solidifies/hardens upon cooling.
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3.3.3 Silicone Based coatings

Susoff et al. (2013) studied the viscoelastic silicon rubber; coatings made up of polydime-
thylsiloxanes. He found that the silicon coating caused the reduction in ice adhesion strength
about 100 times as compared to the bare aluminum. Researchers usually consider a high WCA
and a low sliding angle (SA) to cause a reduction in the water adhesion strength/ice adhesion
strength. Such as, Li et al. (2012) generated a modified composite coating based on polydime-
thylsiloxane (PDMS) to reduce ice formation on glass insulators. The superhydrophobic prop-
erties of the obtained coating had a WCA of about 161°, and significantly higher efficiency in
reducing ice accumulation compared with a non-modified silicone coating (Li, Zhao, Hu, Shu
& Shi, 2012).

By two steps, Mobarakeh, Jafari & Farzaneh (2013) used a plasma spray process (plasma

polymerization) to develop a superhydrophobic surface with icephobic properties:

1. Anodization'? of the aluminum surface.

2. Plasma polymerization of hexamethyldisiloxane (HMDSO) for application of func-
tional group with low surface energy. The WCA found 158° and SA around 8° in the
result of the coating on the anodized aluminum surface. On the application of the su-
perhydrophobic film, they found a reduction in ice adhesion strength 3.5 times lower

compared to an untreated aluminum surface.

Yang et al. (2015) designed a method to generate a superhydrophobic ZnO/PDMS composite
coating using hydrophobized oxide®® particles on an aluminum substrate. The resulting coating
reduced the accumulation of ice within the temperature range of -5°C to -15°C. Additionally,

the composite could withstand the repeated cycle of icing and de-icing and could revive itself.

Hong, Wang, Huang, & Liu (2019) designed a mechanically robust and self-cleaning icephobic
coating. They combined the micro-scaled particles of poly-hexeafluorobisphenol A-co-cyclot-
riphosphazene (PHC) with adhesive PDMS. The result indicated high values of hydrophobi-
city: WCA about 164° and SA about 3.7° when they treat a surface with such combination of

12 Surface treatment that improves protection against corrosion.

13 Oxygen-compund with a higher electropositive element.
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particles; they found exceptional mechanical durability against different types of stresses
caused by the synergistic “effects of surface structures. They also found quite stable bonding
between the PDMS and microparticles. The surface showed excellent water repellent and ice
repellent properties at the lower temperature about -15°C, higher humidity of 70%, delayed
formation of ice, and reduction in ice adhesion after the coating. This mechanism provides
benefits from the flexibility of composite and microspheres of PHC and nanoscale structure of
the PDMS. Furthermore, the process of preparation is suitable for different substrates and cost-

effective so that it can be used for many applications, like aircraft components.

Several commercially available icephobic silicone coatings are already known. For example,
AMES corporation offers a range of products. AMES uses proprietary materials such as sili-
cone, fluorosilicone, fluoroelastomer, whether alone or in combination to provide erosion-re-
sistant icephobic coatings for the aviation industry (Amescorp, n.d). Some NuSil brand silicone
coatings are also icephobic. Watson et al. (2015) developed and patented an erosion-resistant
anti-icing coating using NuSil R-2180 silicone composition. Susoff, Siegmann, Pfaffenroth &
Hirayama (2013) estimate NuSil R-1009 silicone as a promising icephobic material. NuSil R-
1009 is a silicone system that can be used by simple dip-coating (figure 61) from a solution of

50% by weight concentration in toluene.

‘ Evaporation

Dipping Formation of Sclvent evaporation/
polymer layer water drop condensation/drying

Figure 61: The process of dip-coating (Instras scientific, 2013).

14 Interaction between substances that make the cooperative effects greater than each individual sub-

stance.
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3.3.4 Fluoropolymer coatings
A fluoropolymer coating is quite suitable for the anti-icing materials because is it has extremely

low surface energy, and due to this property, it may not adhere to water.

Yang et al. (2015) examined the characteristics of materials based on fluoropolymers. They
found that Polytetrafluoroethylene (PTFE) with a flat and smooth surface has a low strength of
ice adhesion at a specific temperature range. Although fluorinated coatings have a WCA up to
158°; at low temperatures, the surface structure leads to a significant increase in ice adhesion
strength. In another study done by Susoff et al. (2013), they treated the aluminum substrate
with perfluoropolyether (PFPE) by dip-coating (figure 46). Their results showed that a decrease

of 20-folds had been observed in comparison to bare aluminum.

Another method was to prepare a polyvinylidene fluoride (PVDF) coating, where PVDF is
dissolved in dimethylformamide (CsH,;NO) before ammonium bicarbonate (NH,CO05) is dis-
persed in the resulting solution. The dispersion is applied to the substrate and dried at 80°C. At
this temperature, the bicarbonate decomposes to gaseous products - forming a coating with a
microstructure (Peng et al., 2012). The authors mentioned 156° for WCA while 2° sliding an-
gle. When spraying supercooled drops of water onto the resulting surface at —10 °C, a very

slight accumulation of ice was observed for 50 minutes compared to the bare sample.

In order to enhance the mechanical durability of the coating, PVDF porous structure can also
be prepared as a composite system using nanoparticles (epoxy-siloxane modified SiO2 (Wang
et al., 2011), fumed silicon dioxide (Basu & Paranthaman, 2009), or graphene (Zha et al.,
2011). Zou et al. (2011) studied the ice adhesion strength's dependence on surface roughness
and surface energy. By depositing a silicon-doped hydrocarbon film and fluorinated-carbon
film on smooth and sandblasted aluminum surfaces, the coating could reduce the ice adhesion
strength by over 50%. On the rough surface, due to sandblasting, they found a great increase
in the WCA (Zou et al., 2011).
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To obtain the advantages of three different polymers (fluoropolymers, silicones, and acrylates),
Li, Zhao, Li & Yuan (2014) investigated the icephobic properties of several coatings based on
Polymethyltrifluoropropylsiloxane (PMTFPS) block copolymers®®. The research revealed that
such copolymers are excellent candidates for use as an icephobic coating since they exhibit a
synergistic effect from the combination of fluorine and silicone. Both a delay in the freezing
process of 186 seconds at —15°C and a decrease in ice adhesion strength of 300 Kilo Pascals
were observed. Cross-linked networks composed of hyperbranched fluoropolymers (HBFP)
and polyethylene glycol (PEG) can delay the freezing process due to the complex structure
(Zigmond et al., 2016). As in the case of silicones, particles of metals or oxides are used to
give the necessary texture for coatings based on fluoropolymers. In one study, they examined
treated aluminum plates with a suspension?® of nanopowders. Even though the coating exhib-
ited a reduction in ice adhesion up to 5.7 times after the first icing cycles, the coating loses
required properties after several cycles of icing and de-icing due to the low mechanical dura-
bility of the obtained nano-texture of the surface (Farhadi, Farzaneh & Kulinich, 2011; Ku-
linich & Farzaneh, 2009). Wang, He & Tian (2012) applied a thin fluorocarbon coating on a
substrate of copper in order to get the superhydrophobicity. A water droplet on a flat surface
of copper achieved a WCA ~84°. However, the icing process of the superhydrophobic copper
surface was initiated at around 220 seconds because of the reduction in the contact area of the
water droplets. The time to notice an entirely ice accreted surface on the superhydrophobic
copper surface was much higher as compared to the bare copper surface and showing the delay

in ice formation.

3.3.5 Slippery Liquid-Infused Porous Surfaces (SLIPS)

There are two kinds of anti-wetting surfaces, one is lotus leaf surfaces (superhydrophobic sur-
faces), and the other is pitcher plant surfaces, Slippery Liquid-Infused Porous Surface (SLIPS).
Icephobic surfaces are usually achieved by using the principle of a superhydrophobic surface
inspired by the lotus leaf. However, due to the larger surface area under the conditions of high

humidity, there is the disadvantage of water condensation, an increase in ice adhesion, and frost

15 Polymers from one or several different monomers are called copolymers.

16 A mixture of a finely distributed but insoluble solid in a liquid.
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accretion. To avoid the challenges with superhydrophobic surfaces, they used characteristics
of the pitcher plant surface to construct the anti-icing method, SLIPS (Bohn & Federle, 2004).

SLIPS is a potential alternative to superhydrophobic surfaces. There is quite a low contact
angle hysteresis, which causes no pinning during the sliding down of condensed water droplets
from the surface. Nguyen, Park, Jung & Lim, (2019) investigated the anti-icing ability of var-
ious types of lubricants that can penetrate aluminum surfaces. They found that the lubricants
were not able to reduce the ice adhesion significantly. Nevertheless, they found another com-
bination of infused lubricants and high-water repellency of porous surface that caused an ef-
fective reduction in the ice adhesion strength on SLIPS. Zhu et al. (2013) designed a coating
based on silicon infused PDMS, caused a significant reduction in the ice adhesion on the sur-
face. Zhang, Gu & Tu, (2017) developed a double-layered SLIPS on the magnesium alloy by
the coating of double-hydroxide carbonate CHO; 3 composite and an infused porous layer on
the top, that infused porous layer was consist of 1H, 1H, 2H, 2H perfluorooctyltriethoxysilane
(PTES) with infused PFPE-lubricant in the layer. The results indicated that the SLIPS reduced
the corrosion and shown excellent anti-icing performance. Wong et al. (2011), inspired by a
pitcher plant and invented SLIPS that was made up of penetrating the lubricating liquid in the
surface, which formed a homogenous and smooth film on the surface. They developed two
different kinds of porous surfaces and penetrated the perfluorinated lubricants in the pores and
form a smooth and homogeneous surface with the roughness value of approximately 1nm. The
resulted SLIPS showed less than 2.5° of contact angle hysteresis and repelled a series of dif-
ferent liquids like blood, crude oil, and water. At the temperature of -4 °C and humidity level
of 45%, the SLIPS found with no signs of ice adhesion, and it has taken only milliseconds in
order to fix the physical damage and keep the wettability. They also noticed that the infused
lubricant inside the pores of the surface wasn't undisturbed at the pressure of 680 atm.

Kim et al. (2012), produced a SLIPS-coated aluminum surface that was quite efficient in re-
ducing the ice accumulation and strength of ice adhesion. Kim at el. coated an organic polymer,
namely polypyrrole (PPy), on the aluminum substrate by using the method of electrodeposi-
tion. It was transformed into a hydrophobic coating using chemical vapor deposition of tri-
chlorosilane (tridecafluoro-1,1,2,2-tetrahydrooctyl), as shown in figure 55. Finally, SLIPS was
fabricated by putting few perfluoroalkyl liquid drops on the coated aluminum substrates. The
results indicated that the droplets of condensed water rolled off rapidly before the freezing, and
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the accreted ice was detached under the action of gravity with a low angle of tilting. These
materials held an ice adhesion strength of approximately 15KPa, and these materials were

found quite useful in outdoor anti-icing applications.
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Figure 62: The Chemical vapor process (CVD): The monomers in the blue and purple cylinders are evaporated before entering
the vacuum chamber where the surface is being coated. The initiator speeds up the process, making the monomers link up in
chains to create polymers (Massachusetts Institute of Technology, 2015).

Wang et al. (2017), used the hot suspension of decahydronaphthalene and hydrophobic silicon
dioxide polyethylene on different surfaces, including the aluminum and fabricated a stable su-
perhydrophobic surface. These engineered surfaces indicated exceptional mechanical durabil-
ity against corrosion, abrasion, and drop impact. However, at the temperature less than 0°C,
the water droplets pinned on the engineered superhydrophobic surface, showing meager anti-
icing ability. Thus, SLIPS was engineered by the penetration of various lubricant liquids in the
pours structure of the superhydrophobic surface. At the temperature of -20°C, it is noticed that
the water droplets smoothly slipped off the SLIPS, while at all other temperatures, the water
droplets remained pinned on the superhydrophobic surface. They also made research and gen-
erated a superhydrophobic coating by spraying the fluorinated silicon dioxide on the surface,

which demonstrated an excellent water repellent property.

Liu et al. (2018), performed experimentation in which they saturated fluorinated lubricants in
the spin-coated PTFE film, as shown in figure 63. The result of their experiment showed ad-

mirable anti-icing property.
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Figure 63: Spin-coating technique (Hosseini et al., 2015).

Cao et al. (2016), compared the wetting ability of pitcher plant based lubricant invaded surfaces
and the lotus leaf based superhydrophobic surfaces. The silicon-based superhydrophobic
(SUB) coating was made on the glass surface by dipping it in the homogenous suspension of
hydrophobic fumed polydimethylsiloxane. This resulted in WCA approximately150° and SA
around 4.3°. The silicon oil was absorbed on the SUB surface and resulted, liquid infused
slippery (LIS) surface with the WCA around 96° and SA with an approximate of 7.8°. Both of
the surfaces, SUB and LIS, have their advantages and disadvantage. On the requirement during

different environmental conditions, suitable surface can be used.

In recent time, Zhang et al. (2018) used a low-priced lubrication liquid named as polyols, to
invade in the pours structure of magnetic nanoparticles, results showed the capability of ther-
mal de-icing. Wan et al. (2015) saturated a cross-linked polymer network by using the liquid
paraffin (LP) and invented a type of anti-icing gel. The network of polymer holds the paraffin
in the cross-linked network in order to keep safe during the removal of accrued ice. The swelled
LP crossed-inked PDMS originate to show ultra-low strength of ice adhesion (1.7 + 1.2 kPa)
even under the temperature of —70°C. They experimented with 35 cycles of icing/de-icing and

kept it exposed in an ambient environment; results showed the ice adhesion strength on the LP-
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OG endures under the 10KPa. Overall results are showing that the LP-OG has an outstanding

ability to anti-ice coating with good durability and ultra-low ice adhesion.

3.3.6 Icephobic coatings based on cross-link density and interfacial lubricant
Recently, many researchers have moved away from directly adding the hydrophobicity of a
surface with its anti-icing properties. In this sense, the newer and more promising methods are

described in the following approaches:

1. Preparation of coatings based on polymers with a low cross-link density.

2. Creation of structured systems with a chemically enclosed interfacial lubricant.

Using these approaches leads to partial mobility of the polymer chains inside the elastomeric
matrix, which reduces the strength of ice adhesion. Previously, Golovin et al. (2016) studied a
series of coatings from various elastomeric systems. For example, the use of PDMS with a low
cross-link density made it possible to produce a coating with the ice adhesion of 33 kPa. Fur-
ther, this parameter was even reduced to 6 kPa with the addition of the lubricants. In this work,
much attention was paid to the study of the durability of the obtained system. Indicatively, the
coatings did not lose their icephobic properties after a series of icing / de-icing cycles.

Moreover, new and better coatings can tolerate abrasion better in comparison with previously
known materials. It was revealed that this approach could be applied to other polymer systems
(polyurethane, fluorinated polyurethane, and perfluoropolyether), making it more promising
for practical implementation. Gao et al. (2019) studied a similar approach. In their work, they
developed new types of PDMS slippage coatings. They displayed an ultra-low ice shear
strength, which remarkably enhanced the icephobic durability and abrasion resistance as well.
The coatings combined a polyhedral oligomeric silsesquioxane (POSS) cross-linker with a
PDMS elastomer matrix. This type of elastomer matrices displayed excellent durability and
stability of icephobic with the ice share strength of 11.2 + 2.7 KPa. They performed 50 cycles
of icing/de-icing, and the results showed the value of ice shear strength below the 14 KPa.
Besides, the implementation of POSS can prevent the waste of lubrication liquids and cause a
significant impact on the abrasion resistance, which can be maintained the low ice shearing

strength even after the 175 cycles of abrasion.
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Beemer, Wang, & Kota (2016) developed an inexpensive, environmentally friendly, non-cor-
rosive new PDMS gel that offers low adhesion to ice (about 5.2 kPa). It also showed excep-
tional mechanical durability even after the unlimited cycles of icing/de-icing and up to 1000
cycles abrasion with no significant alteration in the strength of ice adhesion. Zhuo et al. (2019)
described another promising approach by using slide-ring materials'’, which are cross-linked
molecular networks of polyrotaxane. It has been given much attention recently because of its
mechanical characteristics. The architecture of slide-ring materials yields a low Young's mod-
ulus in comparison with the traditional cross-linked polymer in the same density. In addition
to this, slide-ring material coatings display high abrasion resistance due to flexibility. Slide-
ring materials with an effectively designed molecular structure can be served as a good candi-
date for durable anti-icing/de-icing applications. These sorts of characteristics cause an ultra-
low strength of ice adhesion about 13 + 1.3 kPa and excellent durability. The ice adhesion
strength on the surface was sustained at an approximate value of 12 kPa during 20 cycles of

icing/de-icing, with an increment to ~22 kPa after approximately 1000 cycles.

3.3.7 Technical considerations

Current aircraft ice mitigation strategies can include anti-icing equipment, which can be acti-
vated before encountering icing conditions. It is manufactured to avoid ice from forming, gen-
erally by maintaining above freezing point temperature. Such equipment may include electro-
thermal heating systems and anti-icing systems that use hot compressed air from the compres-
sor portion of the engine to avoid ice formation on critical components of the engine, such as
air intakes and turbine guide vanes'® (Pellissier, Habashi and Pueyo, 2011). The fluid system
contains an organic liquid with a freezing temperature lower than water. It is also widely used
on the aircraft surface to prevent icing and frost. Equipment is fabricated in order to remove
ice as it starts to accrue on the airframe. For instance, pneumatic boot systems which expand

on ice-exposed areas of the aircraft (ICAO, 2000).

The systems of electric thermal heating can decrease the efficiency of flight operation while
fluids are only convenient for the shorter duration and can be harmful to the environment. The

passive energy doesn't need the energy input to perform the function, so the passive approach

17 Formed as a necklace of molecules consisting of three different materials. Also known as polyrotax-
ane.

18 Number of blades within the turbine inlet that can adjust the flow rate through the turbine.
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is more attractive. Regardless of the ongoing research to develop icephobic coating, there is no
universal coating solution currently available to repel the formation of ice for various icing
conditions, including the completely wetted state under the conditions of high-speed water
droplet impingement and condensation from moist environments (Alizadeh et al., 2013). Since
water in both liquid and ice forms has similar surface energy and surface tension, most re-
searchers have suggested that coatings that repel liquid water should also be effective against
ice. In this sense, superhydrophobic coatings with a microstructure like water-repellent plants
seem to be a promising icephobic material.

In the laboratory, it is challenging to reproduce the exact conditions that the surface of an air-
craft encounters during flight. Therefore, researchers must test superhydrophobic coatings at
temperature, speed, and humidity quite different from the actual operating conditions. Never-
theless, already in 1987, a work was published where the details of ice formation under various
conditions were studied in the Icing Research Tunnel at the NASA Lewis Research Center
(Scavuzzo & Chu, 1987). The authors revealed a direct dependency between the droplet impact
momentum (droplet size and wind velocity) and the ice adhesion strength. In the same work, it
was determined that surface roughness could seriously affect the increase in adhesion. Yeong
et al. obtained similar results (2017), they tested several superhydrophobic coatings under con-
ditions sufficiently close to the conditions of ice formation during the aircraft flight (airspeed
of 50 m/s and 70 m/s while the air temperatures of -5°C and -15°C). Their tests showed that
the water-repellent characteristics of the coating do not necessarily provide low ice adhesion
in the aviation industry. Whenever a water droplet would impact velocities, the strength of ice
adhesion to a superhydrophobic surface also increases. When developing coatings for the avi-
ation industry, it is crucial to test under conditions as close to practice. The results of the above
studies indicate that micro-textured superhydrophobic surfaces can not only be ineffective but
even complicate the problem in conditions of frost formation. It is known that as earlier as a
minimal ice layer forms on the coating, the surface becomes hydrophilic. Therefore, the prop-
erty of a surface to repel ice depends not only on the properties and characteristics of the surface

itself but also on the conditions under which ice formation occurs.
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Varanasi & Deng (2010) studied ice nucleation on a superhydrophobic surface in real-time.
They fabricated a series of hydrophobic silicon posts and coated them with a thin hydrophobic
layer of trichlorosilane. Then they gradually increased the humidity in the test chamber at lower
temperatures. The results showed that ice forms in each part of the surface without any partial-
ity, which caused the loss of superhydrophobic properties. Moreover, the textured surface's
high contact area causes more strength of ice adhesion as compared with a smooth surface
(Varanasi, Deng, Smith, Hsu, & Bhate, 2010). Thus, under different icing conditions, if the
surface has not been specially designed to prevent frost formation, superhydrophobicity cannot

be a direct indicator of icephobicity. However, this applies only to micro-textured systems.

There are disputes whether superhydrophobic surfaces can act as a repulsive anti-icing system,
especially in high humidity conditions (Bharathidasan, Kumar, Bobji, Chakradhar, & Basu,
2014; Chenetal., 2012; Varanasi et al., 2010). Varanasi et al. (2010) reported that ice formation
is unavoidable while the hydrophobicity is lost due to the constant surface energy. The argu-
ment is also sustained by Chen et al. (2012), who determined that the superhydrophobic surface
can't cause a reduction in ice adhesion. Superhydrophobic coatings even displayed an irregular
surface, which may be insufficient as a coating to prevent ice formations under different envi-
ronmental conditions (Bharathidasan et al., 2014). Previously conducted studies have mainly
been focusing on SWD, neglecting other icing conditions such as frost and mixed ice. At the
same time, a thorough knowledge of microstructures is needed to achieve anti-icing properties.
Even though superhydrophobic coatings are a controversial subject, Bharathidasan et al. (2014)
found that silicon-based superhydrophobic coatings maintained a smooth surface, which is a
significant factor for not altering the aerodynamics of a monoplane. In the same study, silicone-
based hydrophobic coatings revealed an exceptional reduction in ice adhesion strength on alu-
minum alloys (23 — 43 kPa). In summary, superhydrophobic surfaces do not essentially entail
icephobicity, especially for the aircraft during the flight icing scenario with high-speed influ-

ences of supercooled water droplets onto the wing areas.

There is another way to cause a reduction in the strength of ice adhesion by using SLIPS,
because of adhesion strength of only a few kPa. The low strength of ice adhesion is quite suit-
able because it will rapidly remove the accrued ice over the surface. There is another concern
to use SLIPS for anti-icing purposes is that the infused liquid could evaporate because of re-

duced pressure or high temperature. When the ice starts to flow through the lubricated surface,
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so the liquid lubricant may be removed by the accrued ice, this will affect the durability. More-
over, the surface can be damaged by mechanical contact like penetrated liquid depletes and
make the surface week (Liu, Ma, Wang, Kota, & Hu, 2018).

Other soft materials have been suggested for icing mitigation because of the dynamic defor-
mation. As mentioned earlier, Beemer et al. (2016) showed that the soft material of PDMS gels
has ultra-low strength of ice adhesion, good mechanical durability because of stiffness, and
deformability. Hydrophobic gels occupy ultra-low ice adhesion due to the hydrophobic mate-
rials generally occupy low work of adhesion, and gels generally take a low shear modulus.
Furthermore, hydrophobic gels have better mechanical durability as compared to the lubricated
materials. Hydrophobic PDMS materials/gels offer excellent mechanical durability and ultra-
low ice adhesion and reliable mechanical durability. Besides, the PDMS materials/gels are

transparent with a visual transfer of more than 90% in the visible range.

Based on the current evaluation of the methods done in previous studies of icephobic surfaces,
one will assess the following approaches based on what has been discussed. The creation of
the icephobic surface using polymers with low cross-link density seems to be the most prom-
ising approach. According to Beemer et al. (2016), PDMS is the most suitable polymer due to
the followings:

a) “Itis a hydrophobic material that results in low work of adhesion. ”

b) “It can be cross-linked to generate gels with low shear modulus.”

c) “The shear modulus of gel can be blended by modifying the cross-link density.”

d) “Itis available without additives (e.g., silicon dioxide particles) in different molecular
masses in the market.

e) “Itis economical, non-corrosive, and environmentally friendly.”
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3.3.8 Findings
Of the methods studied, two are the most promising:

1. Preparation of PDMS gel via hydrosilylation as described by Beemer et al. (2016).

2. Preparation of slide-ring PDMS through the cross-linking reaction of the methylhy-
drosiloxane-dimethylsiloxane copolymer (HPDMS) with vinyl functionalized poly-
rotaxane (slidable cross-linker, SA3403P) as described by Zhuo et al. (2019).

The first method is more straightforward and accessible, as well as more studied. The second

method is a more technically complex solution, but it probably has more serious prospects.

The aviation industry has several requirements and regulations for safety, especially during
icing conditions, such as the FAR-25 appendix. Chemicals are also limited according to regu-
lations, such as the REACH regulations (EC, Commission Regulation, 2006). Whether or not
the international standards are met, a successful icephobic coating should prevent or delay ice
formations on airfoils and laminar components of the airframe. Additional outcomes are to
reduce fuel consumption and maintenance, and at the same time, increase the performance
(Huang et al., 2019). Accordingly, further research paths include laboratory testing of materi-

als prepared using methods for compliance with these requirements.

3.3.9 Results

1. Methods for creating anti-icing coatings suitable for use in aircraft have been studied.
To date, it has been unveiled that neither of industrial products nor amongst scientific
solutions, there are no coatings capable of independently functioning as a passive anti-
icing system. Modern aviation uses active systems.

2. Superhydrophobic coatings revealed disadvantages that limit their use in extreme icing
conditions. Among the developed approaches, the most promising is the use of poly-
mers with a low cross-linking density.

3. For further research, two different methods for developing icephobic substances are

proposed.
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3.4 The Preparation of a Highly Hydrophobic coating based on Zinc
Stearate and a Platinum-Curable Polydimethylsiloxane (PDMS).

The following method is based on the first finding from the previous landscape assessment.
The reason for choosing the first method is that the second method is too complicated and

requires more research based on extensiveness.

3.4.1 Objective

The scope of this preliminary trial is the development, on a laboratory scale, of a highly effec-
tive hydrophobic and icephobic coating. Since the final material will be applied in the field of
aviation and aerospace, a necessary feature for the proposed coating is the high adhesion to

metals, specifically to aluminum.

Based on the literature sources previously cited, one of the proposed approaches is based on
the use of a hydrophobic Zinc salt dispersed into a polymer matrix that can efficiently adhere
to aluminum. This study was developed by taking a leaf from a previously cited paper by Yang
et al. (2015). In this study, the authors successfully dispersed Zinc oxide (ZnO) into curable
polydimethylsiloxane (PDMS), obtaining a highly effective ice-phobic coating. Despite the
high efficiency of the obtained coating, the cited method needs the use of 1-dodecanethiol

(DC). DC is a corrosive and toxic chemical with a bad smell even at low concentrations.

To avoid the use of 1-dodecanethiol, one decided to use another hydro-phobic zinc salt, which
is easily dispersed into a polymer matrix without further modifications. Zinc Stearate (ZnSt) is
an organic salt that is well dispersible in a wide range of polymers and widely used as a polymer
additive (Anneken et al., 2006). ZnSt has familiar hydrophobic properties (Richarda, Anan-
dana, & Arunaa, 2016) and has already been used for the realization of long-lasting hydropho-
bic materials (Lanzén, Martinez, Mestre, & Madrid., 2017; Wu, Wu, Yang, & Ye, 2020). More-
over, ZnO combined with stearic acid has been proficiently used with a PDMS matrix by Yu,
Xiao, Pan (2019). In this case, ZnO was treated with stearic acid. The treated ZnO were highly
organophilic and was then dispersed in silicone, allowing it to obtain a long-lasting and super-

hydrophobic coating.
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The following report shows a simple way to develop a highly hydrophobic and ice-phobic
coating based on ZnSt and a Pt-curable PDMS. The chosen curable silicone rubber was Easy
Composite AS 40 (silicone rubber + curing agent); it was chosen based on its high affinity

toward metals and its extremely low post-curing shrinkage.

3.4.2 Materials and Methods

Materials

AS40 PDMS (Part A) and Pt curing agent (Part B) were purchased from Easy Composites Ltd;
both polymer and curing agent composition are proprietary and not specified. Zinc stearate
(USP- Ph. Eur., Zinc stearate approx. 98,5%; free fatty acid 1%, water approx. 0,5%) was
purchased from Pharmalabor. Aluminum plates (thickness 3mm) were purchased from Bi-

metal. All reagents and materials were used without any further purification.

Methods

Aluminum plates coated with ZnSt-curable PDMS with different compositions were prepared
according to the following procedure: ZnSt powder was weighed into a beaker and mechani-
cally mixed with PDMS (Part A). After 10 minutes of stirring, Part B (curing agent) was added
to the mixture. The mixture was briefly stirred, then poured on a sanded aluminum plate and
spread using a plastic blade. Different amounts of ZnSt and curing agents were used in the
preparation of the coating. All the quantities are reported in table 9.

Table 9: Various compositions in the mixture.

PDMS Curing Agent ZnSt ZnSt
@) (@) (9) %
10 1 1,1 10%

5 1 0,6 10%
5 1 12 20%
5 2 2,4 40%

The coated aluminum plates were left to cure at room temperature for 24 hours at 60°C for 2

hours.
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3.4.3 Results and discussion

Morphological properties

In nearly all cases, the ZnSt resulted in a well-mixable PDMS, leading to a homogeneous dis-
persion; the only exception was the last case (40%), where the ZnSt showed the tendency to
form lumps into the PDMS (probably because of the high concentration). However, all the

mixture resulted as highly homogeneous after the addition of the curing agent.

The blade-spreading allowed one to obtain highly uniform layers of the ZnSt-PDMS mixture
on the aluminum plates. The first test was executed using the silicone to curing agent ratio
recommended by the supplier (10:1). Nevertheless, the resulting mixture had not optimal vis-
cosity and gave fewer uniform layers. Moreover, after curing (both the one cured at room tem-
perature and that cured at 60°C), the final coating resulted slightly sticky. Because of the latter,
it was decided to use higher amounts of curing agent to increase the coating's viscosity while
decreasing the "sticky effect." The samples were prepared with increased curing agents (5:1
and 5:2), resulting in highly viscous liquids and were not sticky after curing.

All samples obtained at higher concentrations of curing agents displayed similar behavior. Af-
ter curing, uniform layers with a matt white color were obtained; the final thickness resulted
from 700 to 800 um (measured by caliber) for each composition.

In all cases, no distinct differences in the final morphology of the layers were noticed between

the sample cured at room temperature for 24 hours, and those cured at 60°C for two hours.
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Wettability properties
A first test was carried on by merely dropping some water droplets on the surface of uncoated

aluminum and on the ZnSt-PDMS coated aluminum. The results are shown in figure 64-66:
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Figure 66:Uncoated aluminum. Figure 66: 10% of ZnSt, 10:1 Figure 66: 40% of ZnSt, 5:2

PDMS to curing agent. PDMS to curing agent.

As shown in figure 64, the water droplets on the uncoated aluminum result flatter than those

on the coated aluminum (figure 65, figure 66).

0 seconds 1 second 3 seconds 4 seconds

Figure 67: Adhesion test under compressed air.

The low interaction between coated aluminum and water results is also evident in figure 44,
where one droplet of water was applied on the uncoated aluminum surface. In comparison, one
droplet was added on the ZnSt-PDMS treated aluminum (40% of ZnSt, 5:2 PDMS/curing agent
ratio). The two droplets were subjected to compressed air (2 atm). It is possible to notice that,
under a flux of compressed air, the water droplet on the untreated aluminum flows more slowly
due to the higher wettability of the surface (figure 67). Moreover, it is possible to see that a
small part of the droplet on the untreated aluminum does not move at all, remaining adhered to

the aluminum surface. In contrast, no water residues can be found on the coated aluminum.

Note: A video of the process is provided in Appendix A.
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Figure 68: Uncoated aluminum.  Figure 69: 10% of ZnSt, 10:1 Figure 70: 40% of ZnSt, 5:2
PDMS to curing agent ratio. PDMS to curing agent ratio.

The results are similar for the droplets after freezing at -20°C for 3 hours, (figure 68-70). The
frozen droplets show a reduced contact angle on the ZnSt-PDMS treated aluminum. The ZnSt-
PDMS coating showed a lower grade of interaction with the frozen droplets, which are easily
removable from the coated aluminum (figure 69-70); in contrast, the frozen droplet remains

solidly anchored to the untreated aluminum, (figure 68).

Water contact angle (WCA)

The contact angle is a measure of the wettability of a surface, and it is the angle measured
through the liquid, where a liquid-vapor interface meets a solid surface. By convention, hydro-
phobic surfaces have a contact angle 6 >90°, while hydrophilic surfaces have a contact angle 6
<90°.

The images collected for the contact angle dimensions are obtained by a MACRO lens mounted
on a 2220 x 1080-pixel camera and processed with ImageJ software, 1.47 version.

The WCA measurements for the untreated aluminum are reported in figure 71.

The water droplet results flat, with measured contact angles of ,,¢, = 79.39° and

Brignt = 80.31°. The defined values indicate a hydrophilic aluminum surface (0 — 90°).
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The WCA on the PDMS-ZnSt coating is displayed in figure 72.

Figure 72: A water droplet measured on an un- Figure 71: A water droplet measured on the
coated aluminum surface. ZnSt-PDMS coating.

The water droplet displays a slightly rounded shape than the uncoated surface (figure 72), and
the measured contact angles are 8, = 123.34° and 0, = 124,18°. Since 1,4 = ~124°, (6 >
90) the PDMS-ZnSt confirms a hydrophobic surface, compared to the hydrophilic uncoated

aluminum.

Ice adhesion

A preliminary test of the ice adhesion on the ZnSt-PDMS coating (40% of ZnSt, 5:2 PDMS to
curing agent ratio) was performed using a procedure based on the work of Makkonen (2012):
An ice cylinder with 1 cm radius and about 0,5 cm height was obtained on both uncoated and

ZnSt-PDMS coated aluminum using a silicone mold (figure 73).

Figure 73: Ice sample deposition on aluminum (A) and on ZnSt-PDMS coating (B).
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A shear force was then applied on both ice cylinders at -20°C for 2 hours, using a belt moving
at a constant rate of 200 mm/min. The shear force was measured by a precision spring dyna-
mometer (3B Scientific, 5 N of maximum load). Adhesion was then measured as the peak of
the shear force divided by the interface area (314 mm?).

The shear force for the ice sample deposited on the ZnSt-PDMS coating resulted in 2,65 N,
which corresponds to an ice adhesion of 8,4 x 10 MPa. In contrast, the sample on the uncoated
aluminum surface broke during the examination, and its base remained firmly adhered to the

surface, as reported in figure 74 (circled in red).

Figure 74: Ice adhesion between neat aluminum and ZnSt-PDMS coating.

This behavior further confirms the excellent efficiency of the designed coating in reducing the

ice adhesion force on the aluminum.

3.4.4 Results
The present report shows an easy way to prepare a highly hydrophobic and icephobic material
by dispersing Zinc Stearate (ZnSt) in curable polydimethylsiloxane (PDMS).

CagH00,2n + (C,H 0SDn

The high efficiency of the ZnSt-PDMS coating was confirmed by testing a higher Water Con-
tact Angle (WCA) in interaction with the coating - both in liquid and solid state. Indicatively,
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the ZnSt-PDMS coating offers lower resistance to water flow than the untreated aluminum, as
well as reducing the interaction between the material and frozen water droplets by more than
50%. Ice adhesion measures confirmed the lower interaction between the ice and the ZnSt-
PDMS coating, with a lower adhesion force determined through the ice adhesion test.
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4 Conclusion

Based on previous assessments and results, the sub-conclusion will be given in accordance

with research questions 1 and 2, addressed in subchapter 1.1.

4.1 RQ1
RQ1: How do different ice formations affect the aircraft’s aerodynamic performance?

The partial conclusion from RQ1 is that severe ice accretions lead to critical degradation of
the aerodynamic effectiveness. Structural ice formations reconstruct the airframe, which
leads to reduced lifting capacity and increased drag — increasing stall speed. Since aircraft
varies in altitude, different icing conditions will occur rapidly in different altitudes, under var-
ious weather conditions. It was also found that mixed ice, rime ice, and frost are detrimental

under freezing conditions but not as severe as glaze icing.

Through cross-tabulation, an attempt was made to classify the risks related to different flight
phases. According to flight-phase, risk assessment revealed that the most adverse and fatal

events occurred in cruising altitude at 0-2 AoA.

e By evaluating the components by individual risk significance in icing conditions (Tab
le 4), one can neglect parts based on sustainability. The alleged theory suggests that the
wing part is most susceptible to aerodynamic degradability.

e A CFD analysis compared the wing of the Airbus-A320 in 0° AoA, with and without
glaze ice. It was found that glaze ice accumulates at a very high rate. After 100 seconds
of simulation, the total mass of accreted ice was around 2.3kg. Under glazed ice,
airflow's primary obstruction correlates with the structural reformation in the airfoil, as
the change in velocity streamlines and pressure is evident.

e The aerodynamic impairment resulted in an approximately 17% increment in
airfoil drag, while the wing lift was almost unaffected with a decrement of
0,15%. The relationship between the velocity and pressure in glazed conditions
indicates that a constant AoA of 0° (cruising conditions) will have a promi-
nent increment in the drag coefficient (Cp). In contrast, the lift coefficient

(Cp) is close to stagnant in both conditions at 0° AoA.
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The main threat for severe icing conditions is caused by super cooled water droplets un-
der freezing rain. While small super cooled droplets may freeze instantly and may stay unno-
ticeable as both frost and rime ice, super cooled large droplets can remain avoidant and less
influenced to the airflow surrounding the aircraft. The latter causes it to stick more easily to
the surface of the plane and creating a structure of glaze ice. Glaze ice is the structure most
difficult to spot and usually has the highest risk of severely disrupting the airflow and impairing
the planes aerodynamics.

e Glaze ice is the most harmful ice structure for aerodynamic functions. It creates
more extensive reconstructions on the airframe, leading to a drag penalty about six
times more extensive than mixed ice while reducing lifting capacity. It was also
found that glaze ice develops beyond the wings IPS (Ice Protection System).

e Rime ice is a function of time and does not possess a severe risk until prolonged
exposure. Even though it accretes with a similar amount as glaze ice, it only leads to
about 1/3 drag compared to glaze ice.

e Mixed ice is a combination of rime ice and glaze ice and incorporates supercooled drop-
lets with various MVD (Median Volume Diameter). Compared to glaze ice, it can
achieve a drag penalty of about 1/2 compared to glaze ice conditions, and it mainly
affects the initial climb phase.

e Frost is both challenging to notice and possesses greater danger in larger quantities,
especially during climbing, but is considered least hazardous compared to glaze,
rime, and mixed conditions.

e IPS systems are the most effective active ice removal systems in-flight, to date.
However, they exhibit weaknesses in terms of reliability because of low thermal flux,
limited wattage to generate a significant melting process, while at the same time reliant

on pilots' risk perception.
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42 RQ2

RQ2: How can one create a passive anti-icing system for aircraft, and improve risk mitiga-
tion through hydrophobic nanocomposite?

According to RQ2, the following work has shown that a coating of Zinc Stearate (ZnSt) in
curable polydimethylsiloxane (PDMS) can provide safer aviation. The high efficiency of the
ZnSt-PDMS coating was confirmed by a higher Water Contact Angle (WCA) of ~124 °
(compared to water on the uncoated aluminum surface (~80°)) in interaction with the coating
- both in liquid and solid state. The ZnSt-PDMS coating offers lower resistance to water flow
than untreated aluminum and reduces the interaction between the material and frozen wa-
ter droplets by more than 50%. Ice adhesion measures confirmed the lower interaction be-
tween the ice and the ZnSt-PDMS coating, with a lower adhesion force determined through the

ice adhesion test.

The "Landscape assessment" revealed that to date there are no coatings in industrial production
capable of independently functioning as a passive anti-icing system. Modern aviation uses ac-

tive systems.

Hydrophobic coatings revealed disadvantages that limit their use in extreme icing conditions.
Among the developed approaches, the most promising was the use of polymers with a low

cross-linking density.

« However, findings revealed two promising methods for creating anti-icing coatings
suitable for aircraft, where number 1 was prepared:

1. Preparation of PDMS gel via hydrosilylation as described by Beemer et al.
(2016).

2. Preparation of slide-ring PDMS through the cross-linking reaction of the
methylhydrosiloxane-dimethylsiloxane copolymer (HPDMS) with vinyl func-
tionalized polyrotaxane (slidable cross-linker, SA3403P) as described by Zhuo
et al. (2019).

« lcing conditions are reported by the intensity of the atmospheric surroundings and based
on the rate of ice accretion. Even though there are procedures to handle icing threats,
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severe conditions may not be voidable even with the current anti- and de-icing equip-
ment available.

Current de-icing methods in the aviation industry have high reliability until the take-
off phase but is still expensive and not considered environmentally friendly. De-icing
maintenance also creates repercussions in delays. In an already complex industry where
the highest risk of unwanted events is related to traffic on ground — such procedures

should be modernized.
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4.3 Further research
Even though the demonstrated Zn-St-PDMS coating has proven effective in preventing water
and ice adhesion on aluminum, further analysis and testing is needed before giving a main
conclusion in respect to safety and reliability. Since the chemical are only tested under static
conditions and with a “weather-still” environment, further research should produce more ac-

curate results in terms of usability. The most important criteria are as follows.

4.3.1 Mechanical tests

The first property of the material which should be tested is the adhesion force to the metal. This
test would give a measure of the durability of the interaction between the coating and the alu-
minum. A standard method for measuring the adhesion force of organic compounds, ASTM
D2197 (Standard Test Method for Adhesion of Organic Coatings by Scrape Adhesion), is rec-

ommended.

Due to aerodynamics and an unsteady airflow, the coating would likewise be subjected to vi-
brations, mainly if applied to components such as the wings upper and lower surface, ailerons,

and the vertical and horizontal stabilizer.

The material would be exposed to long cycles of oscillation, which would cause mechanical
stress on the substance. In the long term, it may cause cracks into the coating, leading to its
partial or total detachment. Testing the resistance to vibrations could be performed by subject-
ing a sample to vibrations at different times and frequency, registering the eventual formation

of cracks, holes, or the partial or total detachment of the coating from the aluminum.

4.3.2 Thermal test

The Zn-St-PDMS would be exposed to high thermal excursion during its consistent utilization.
Although silicone rubbers work well even at -80°C, the difference in the thermal expansion
coefficient of the two materials could cause mechanical stress that could cause the coating to
deteriorate. The resistance to thermal excursion could be tested by subjecting the coated alu-
minum to several thermal cycles, from -80°C to +60°C, registering the partial or total detach-

ment of the coating from the aluminum.
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Differential Scanning Calorimetry analysis (DSC), in a temperature range between 0 and -
100°C, is also suggested to determine the material properties (e.g., thermal stability, and tem-

perature transitions) at low temperatures.

During its frequent use, the coating would be subjected to a high dosage of UV radiation,
which can cause the polymer/material to change. The resistance of the surface to UV-altera-
tion can be tested irradiating a sample with a UV-lamp at different times, then analyzing it by

FT-IR spectroscopy to determine the eventual formation of degradation products.

Based on test results, it could be necessary to modify the coating formulation, adding me-

chanical reinforcing fillers, photo-stabilizers, or adhesion reinforcers.
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6 Appendices

6.1 Appendix A
Wettability properties:

https://youtu.be/HrjlbM8 9c8
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6.2 Appendix B
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Figure 75: Velocity streamlines without glaze ice (side view).

Figure X illustrates the streamlines from a side angle without glaze ice. These streamlines

show the path followed by different particles of air over the wing.
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Figure 76: Velocity streamlines with glaze ice (side view).

Figure X illustrates the streamlines from a side angle with glaze ice accumulations, after 100
seconds. These streamlines show the path followed by different particles of air over the wing.
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Figure 77: Pressure contour without glaze ice (side view).

Figure X shows the pressure contour from a side view without glaze ice.
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Figure 78: Pressure contour with glaze ice (side view).

Figure X shows the pressure contour from an isometric view with glaze ice accretions, after
100 seconds.
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Figure 79: Pressure at cross-section 3. Figure 80: Velocity at cross-section 3.
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