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Abstract

Development of a Mode | test rig for quantitative measurements of ice

adhesion using tensile stress

Maria José Grasso

Every winter in Canada, ice formation affects airplanes, power lines, telecommunications
equipment, windmills, ships and rail transport. Icing in aeronautics augment significant
human and monetary costs. From the National Transportation Safety Board (NTSB)
Accident Database, during a 19-year period 583 accidents and more than 800 fatalities
were caused by airframe icing accidents. Ice accumulation on aerostructures causes a
variety of issues & loss of lift, increase in drag, jamming of control surfaces or of
mechanical parts, damage of engine blades. Thus, aircraft icing affects the safety of flight
and increases fuel consumption. Engineers have developed various techniques for anti-\
and de-icing areas for components of an aircraft that are affected. In laboratory settings,
these technologies show promising results. However, they are designed and tested under
Gidealé addnditions and consequently they often underperform in practical applications. Not
all of the technologies make it beyond the conceptual phase, which is also due to the fact

that the processes of ice accretion and ice adhesion are not fully understood yet.

The purpose of this thesis is to study the available ice adhesion tests in order to select
and develop an easy to use and reproducible testing tool for measuring ice adhesion. The
Mode | or tensile was chosen because the analysis of the results is well understood, the
test is fully controlled and it can be easily reproduced. Test results will simulate real, in-
flight icing conditions. Mode | applies tensile loading at the ice-substrate interface. The
CRT icing wind tunnel has the capability of investigating the ice adhesion with a bending
cantilever test that measures the ice-substrate interfacial strength based on harmonic
excitation with a permanent magnet shaker. This proposed study will help researchers
and engineers to develop reliable systems by correlating the complementary ice adhesion
results obtained from the Mode | and the bending cantilever tests. The intention is to

minimize the risk of failures when conducting full-scale or flight testing. The prevention of



ice build-up on aircraft structures or its easy removal will reduce safety hazards, in
addition to leading to considerable savings, both financial and environmental. Further
advancement in the technology of ice protection systems will contribute to retaining
Canada6s aptheslaading authority of aerospace, green energy production, and

consumer products.
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Chapter =  Introduction

1.1 Motivation

In 1998, an ice storm became among the worst natural disaster in the history of Canada
due to an amount of heavy freezing rain accumulated that was never experienced before
[1, 2]. As it can be seen in Figure 1-1, this substantial icing event collapsed electricity
transmission lines impeding more than two million people to go on with their daily routines
and even halted many social and economic activities since they were deprived from
electricity for weeks [2, 3]. This catastrophe resulted in a shocking reality, at that moment
few understood the severity extent. This event gave a perspective about the
consequences that are possible from icing. This costly occurrence demonstrates the need
of research to foresee and try to prevent icing events. The icing problem continues to

exist and we are all exposed to the consequences.

Figure 1-1: Woman walking by a collapsed trans mission pylon causing  massive power
outage in Quebec (Robert Galbraith/Canadian Press)
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Ice buildup is a recurring concern for many industrial applications [4, 5, 6, 1]. In the field
of aerospace, icing can lead to an increased fuel consumption in addition to a wide
spectrum of issues related to the safety and integrity of aircraft [7, 8, 9]. Aircraft statistics
conclude that 12% of weather accidents are due to icing [10]. The formation of ice can
occur on ground and in-flight conditions since icing events can happen in cold climate
regions but also in high altitude since temperature decreases in the vertical. On ground,
icing can be caused by freezing drizzle, freezing rain, frost or snow accumulation that
usually grows on the upper surface of the wings, the horizontal tail plane, or the fuselage.
This can hinder the plane from taking off due to insufficient lift, an increase of drag, take
off stall and maneuverability [11, 12, 13]. While flying, ice builds on the front surfaces, or
leading edges, of the wings, the rudder, or the engine intake. This results in an increase
of drag and decrease of lift due to aerodynamic reshaping of the surface. In addition, ice
formation can interfere with instrument (e.g., airspeed probes) readings and cause
destructive vibrations of the measuring devices [14]. In 2009, the Air France flight 447
scheduled from Rio de Janeiro to Paris and did not make it to its final destination. Instead
it crashed over the Atlantic, costing the lives of all 228 passengers and crew on board. It
was reported that the pitot tubes were obstructed by ice crystal which led to a
disconnection of the autopilot in addition to an incorrect reaction of the crew caused the
aircraft to stall and did not recover [15]. This tragic event illustrate once again of the icing
problematic.

Aerospace companies have developed ice protection technologies since the first day of
aviation with the aim to mitigate the consequences of aircraft icing and to be able to fly in
all weather conditions [16, 17, 18]. Since then, anti-\ and de-icing systems are in constant
development, to keep flying safe, but also to reduce the costs associated with the high
fuel consumption and with ice protection systems for better environmental sustainability.
Ongoing research attempts to develop functional passive ice shedding coatings to
implement along with active ice protection systems; the aim of combining passive de-icing
coatings to active de-icing systems is to reduce ice adhesion and ease ice removal [5,
19, 20, 21]. One of the major challenges engineers are currently facing is to ensure the

durability of the coatings [22, 23]. Additionally to reduce considerably the adhesion of ice,
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such coatings must withstand sand and rain erosion, resist aggressive chemicals and
endure extreme atmospheric conditions [24]. To address the current demand of designing
reliable icephobic coatings, it is highly important to investigate the process of ice formation
and the physical properties of ice formed under simulated flight conditions.

Literature and experimental data suggest that there is still a gap in understanding the
mechanical behavior and the adhesion of ice in real applications [25, 26]. Additionally, it
is not possible to date to compare data obtained across different laboratories, since there
is no established standard testing procedure and no cross-calibration methods employed
among all researchers in this field who are all using home built apparatus that on top
make use of different physical principles for determining the ice adhesion strength to a

surface.



1.2 ThesisObjectives

The aim of this study is to develop ice adhesion testing methodologies to ensure that the
data obtained with the same or similar test rigs from different facilities could be cross-
validated. Consequently, it opens the possibility to create a database of sample

characterizations. Figure 1-2 demonstrates the project scopes.

Cantilever Bending Ice Tensile Strength
Test (Mode I Fracture)

l

Wind Tunnel Ice |__| Early Crack Detection
Fracture Testing Implementation
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Surface
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! l

Data Correlation

|

Testing Recommendation

Figure 1-2: Project scope.

Thesis goals (Figure 1-2):

1. Design and implement a versatile Mode | ice adhesion test

2. Validation of the new Mode | test rig by testing reference surfaces

3. Correlate data of the new Mode | test with results from the cantilever bending test
4

. Optimize testing recommendations



1.3 Thesis Organization

The thesis is organized into five chapters. A brief description of each chapter is presented

below.
Chapter 1 - Introduction

To begin, a literature review of the icing problematic is presented, with a focus on the
topics related to aerospace industry. The reason of performing this research is justified

and the objectives are listed.
Chapter 2 - Literature Review

Theoretical background is presented in this chapter about ice accretion on aircraft, the
risks associated with icing, conventional techniques used to prevent ice formation and to
remove ice once it is accreted on the surface of an aircraft. Moreover, information on the
topics of icephobic engineered surfaces are presented, and the procedure of testing
surfaces according to their surface characteristics are used to select the potential
candidates for icing wind tunnel tests. A review from the research done from previous
authors about the Mode | test and other methods to measure the ice adhesion is also
presented after introducing the mechanics of failure. A summary of the influences of the
adhesion strength of ice to a surface is discussed. The framework of this project is clarified
at the end of the chapter.

Chapter 3 - Materials & Methods

In this chapter, the ICORE (icing and Contamination Research facility) is presented along
detailed specifications about the icing wind tunnel used to perform the tests in this project,
and the experimental procedure of the Mode | test. A main part of the study is to
implement a new testing rig, therefore, the design of the new setup is explained by
presenting each subsystem. The manufacturing and preparation of the samples to be
studied and the approach to characterise them are summarized.



Chapter 4 - Results & Discussion

The Mode | test rig developed in the framework of this thesis was tested to verify its
functionality. This was done by repeating icing test with samples that were previously
studied with the bending cantilever test. This chapter covers the testing procedure and
the results obtained from the sample characterisation and the icing wind tunnel tests for
the Mode | test and for the bending cantilever test. After each result, a paragraph is
dedicated to the observations deriving from the obtained data and to the scientific theory.
The hypothesis of possible measuring errors are given for the performed experiments.

Chapter 5 - Overview and Future Work

The final chapter summarizes the work done designing and testing a new test rig with an
emphasis of the obtained results. An outlook of possible upgrades of the Mode | test and
future studies are suggested.



Chapter 2 Literature Review

Icing is a complex phenomenon and ice characteristics on a surface is affected by many
factors. The atmospheric conditions (e.g., formation of clouds), wind speeds, and
precipitation have an impact on the icing severity, ice type and accretion rate [12, 27].
The complexity of icing on surfaces depends on many factors including the surface
chemistry, surface topography, wetting behavior, ice type, temperature, and liquid water
content (LWC) [17, 28]. However, the data associated with ice adhesion strength in many
cases are contradictory due to the fact that the mechanism of ice formation and adhesion
is not fully understood yet [26, 29]. This chapter intends to compile the results from diverse
investigations about ice adhesion strength by describing methodologies and properties of

the studied surfaces.

2.1 Aircraft Icing and Frost Formation

Ice formation on surfaces of aircraft are sometimes inevitable and can be the source of
catastrophic failures or events [30, 10]. In order to develop new anti-\ and de-icing
technologies, one must understand how icing is initiated and all the variables that come
into play 8 thermodynamics, heat transfer, fluid dynamics, surface chemistry and
topology [21]. In the following paragraphs, the source of ice formation, type of clouds,

type of ice and ice protection systems (IPS) will be explained.
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As shown in Figure 2-1, atmospheric icing, as a part of the hydrological cycle, is a form
of precipitation encountered in cold climates and high altitudes. Water vapor condenses
in the atmosphere and forms clouds as it cools. Ice or snow is formed in cold climates
when the droplets of condensed water droplets are too heavy to remain in the atmosphere
and fall to Earth as precipitation. Icing events are also influenced by elevated regions and
hills and mountains, since the ambient temperature decreases when the altitude
increases. In addition, the type of clouds will influence the severity of icing that affects
aircraft flying. Dry clouds have a low potential for aircraft icing since the humidity level is
low. On the contrary, wet clouds are characterize by a significant amount of moisture
which in cold temperatures are filled with ice [10].
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Figure 2-2: Aviation icing hazard

Ice accretion adversely affects the control and overall performance of the aircraft and can
occur on ground or in-flight. Environmental conditions directly alter the type of ice formed,;
depending on the meteorological conditions the size of the droplets changes, affecting
the growth rate of ice and the collision with airframes (Figure 2-2). When the temperature
of the water droplets in the cloud or air is below 0 °C, the water droplets supercool [21, 1,
33]. When a droplet is in the supercooled state (i.e., droplet that remains in the liquid
phase below freezing point), it is in a metastable state; thereby, since the droplet is
thermodynamically unstable, it can easily and quickly change phases from liquid to solid

[21, 26]. Above 8 000 ft, icing is not common due to the fact that the droplets in the clouds

environment
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are already frozen and ice crystals do not accrete on the cold airframe [34, 35, 36].



Depending on the weather conditions, atmospheric icing can be divided into precipitation
and in-cloud icing. Rime, glaze and mixed ice are the types of in-cloud ice that adheres
to the airframe skin [34, 37]. Snow and frost formation are precipitation icing that also lead
to problems in the aviation industry and can adhere to all surfaces of the aircraft.

Figure 2-3: Rime (left) and glaze (right) ice [38].

Rime ice (left of Figure 2-3) is characterized by its milky white color [10]. It occurs when
supercooled liquid water droplets freeze when impacting a surface having a sub-zero
temperature [1, 33, 34]. This type of ice is usually brittle and is typically formed with a
slow accumulation rate and the water droplets freeze almost instantaneously after
impacting the surface. Air is captured between the small ice particles creating a
roughness and opaque appearance. The air pockets trapping induces a low density of
the ice which enhances its removal by de-icing systems. Thereby, rime ice has a rough
appearance and tends to follow the silhouettes of the surface [10]. As shown in Figure
2-4, rime ice tends to accrete in low temperatures of -20 °C to -10 °C [34].

Glaze ice (right of Figure 2-3) tends to form from freezing rain which occurs when liquid
water droplets freeze on contact with a surface with temperatures below 0 °C [34]. This
results in smooth, transparent, solid ice with little to no air pockets i thus a higher ice
density i due to gradual freezing when a water droplet impacts the freezing surface [10].
Due to its high density and high accretion rate, glaze can lead to severe problems [27,

33]. In contrast to rime ice, glaze ice does not follow the contours of the surface but rather

10



tends to form uppl@d. and | ower o6hornso

Mixed ice is a combination of rime and glaze ice and it is commonly encountered in a

temperature range from -15 °C to -10 °C [27].
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Figure 2-4: Type of ice as a function of wind speed vs air temperature [33] .

The different types of clouds according to their relative heights are presented in Figure
2-5. In the aerospace field, the atmospheric clouds are categorized as continuous and
intermittent maximum icing [37]. Continuous icing allows MVD values of 15-40 um while
intermittent maximum icing allows MVD up to 50 um. LWC values are from 0.05 to 2.8

g/m3.
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Artificial aircraft icing environments are used for certifications and are characterized by
the Federal Aviation Administration (FAA) Regulation 25 Appendix C [40] by defining
envelops providing maximum probable (99%) icing condition that could be encounter
when flying [34]. As seen in Figure 2-6, the icing envelopes define the environmental
conditions as function of temperature, median volumetric diameter (MVD) of droplets and
liquid water content (LWC) of clouds that an aircraft must penetrate for continuous

maximum (stratiform) and intermittent maximum (cumuliform) clouds.
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Mean effective droplet diameter, pm
Figure 2-6: FAR 25-C curves of LWC vs MVD values for conti nuous icing representing
stratiform clouds (left) and intermittent maximum icing representing cumuliform clouds

(right) [40] .

An environmental weather condition which can also contribute to ice formation is frost.
This phenomenon becomes not only a problem on-ground, but also during in-flight
conditions [41]. Its formation can be due to a desublimation mechanism, or due to
condensation followed by freezing [30]. Once the supersaturated conditions needed for
frost to form are reached, the entire surface is affected since frost has no spatial
preference [30]. Consequently, the effective contact area between ice and the substrate

13



is greater when compared to other processes of ice formation [21]. In fact, even if
experimental results demonstrated that hydrophobicity and icephobicity are proportional
in some icing conditions [30], since frost nucleation is not related to surface wettability,
frost can form on all surfaces of the airframe skin, even on superhydrophobic ones. The
concern of frost formation in the aviation field illustrates the complexity of the ice adhesion
behavior phenomena and the reason of pursuing further studies in order to develop new
engineered surfaces that can prevent and inhibiting the grow of ice in all weather

conditions.

Chemical Hybrid

Mechanical
IPS
Thermal
Passive

Coatings

5

Figure 2-7: Ice protection systems (IPS)

The aviation industry is continuously striving to increase safety through the advance of
cutting-edge ice protection systems (IPS) and other related technologies. As shown in
Figure 2-7, IPS were developed for aircraft icing mitigation and protection by using
pneumatic, chemical (coatings), thermal and mechanical methods and are classified as
passive and active methods [42, 43, 44]. Passive de-icing systems prevent ice formation
without any external power input or reduce ice adhesion; while active de-icing systems

do employ electrical, thermal or mechanical energy to remove ice once it is accreted on
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the aircraft surface (de-icing) [45] or to prevent ice from forming at all (anti-icing). An
active anti-icing system used in-flight is to use the bleed air from the engine compressor
to warm up the leading edges surfaces to prevent ice formation. Another example of an
active de-icing system that is commonly used on small aircrafts are pneumatic de-icing
boots; by inflating the pneumatic bladders, the accreted ice can be shed in critical
locations as the leading edges of the airfoil [43]. Active IPS systems require the
installation of systems (e.g., wires for electrical systems, tubes for the pneumatic system)
that increases the overall weight and when the systems is turned on the efficiency of other
components is reduced [46]. Passive systems do not involve power consumption and
thus are preferred to reduce the costs associated with the energy requirements and with
the environmental impact [47, 42]. De-icing systems are efficient when there is an ice
layer with a certain thickness to be removed; since the presence of ice on the aircraft is
undesirable at all times, passive anti-icing systems have a big advantage for reducing the

potential icing hazards [45].

Significant efforts have been dedicated in the past decade to develop icephobic surfaces
which will repel ice or result in very low ice adhesion strength [48, 24, 49, 23]. Importantly,
these surfaces should maintain their icephobicity properties for a reasonable lifetime
under practical icing conditions. This thesis will cover the testing of engineered surfaces

in an environment that mimics ground and in-flight conditions.
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2.2 Development oEngineeredsurfaces

For some people, the lotus leaf is a symbol of purity due to its self-cleaning properties;
for many scientists its topology and chemistry is the source of inspiration for developing

new engineered materials to repel water.

Figure 2-8:(a) Lotus leaves known by its water repellence and self -cleaning properties ; (b)
Scanning electron microscopy (SEM) shows the dual -hierarchy structure of micr o-scale
pillars covered by nano  -scale bumps, and (c)nano - patterns structures  [50] .

The lotus effect is known in the scientific field due to two main characteristics. First, by its
capability of rolling off water droplets and allowing to remove dirt, if any, without wetting

its surface. Second, by its hierarchical micro-nano structure (Figure 2-8) [47]. The rough
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structure of the surface allows to suspend a droplet in contact with the leaf on a trapped
layer of air in between the surface of the leaf and the droplet. Consequently, the contact
area and adhesion forces between the water droplet and the surface of the lotus leaf are
minimized. In addition, the hierarchical structure is naturally coated with a natural wax
material that allows the water droplet to roll-off easily. The contact angle of pure water on
the leaf can be higher than 150° [51]. This example from nature inspired the development
of superhydrophobic materials to be also used in icephobic applications. The current
challenge of novel surface technologies is the assessment of the durability and protection

against: rain and sand erosion; thermal exposure; UV light; corrosion and abrasion.

The meaning of vocabulary related to the topic of surface engineering can vary between
different reports. Therefore, the basic vocabulary employed in this research will be
defined as follows:

- Surface: topmost layer of a physical object (can refer to the uppermost layer of a
treated material or of the bulk material)

- Texture: smoothness or roughnessofan obj ect 6s pgalishedf flaree
(after plasma cleaning); sand blasted, etc.)

- Coating: covering applied to an objectds
can change the properties of substrate (e.g., adhesion of surface, wettability),
protect surface (e.g., corrosion resistance, sealing), prevent deterioration of
substrate (e.g., wear resistance) and can have decorative purposes. A wide range
of different coatings is possible by controlling its composition and the application

process

Efforts to mimic the lotus leaf characteristics are still a research topic to develop
superhydrophobic coatings for many industrial applications. Aerospace surface
technologists have been using similar natural phenomena to develop new coating
technologies, but durability of the surface is limiting further progress. Another surface
coating technology that also aims to diminish the surface adhesion strength is the
implementation of a lubricating fluid in the coating matrix. Coatings that show noticeable

anti-freezing characteristics are ultra-smooth lubricant-infused porous surfaces (LIS) and
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slippery liquid-infused porous surfaces (SLIPS) [21].

The liquid layer that is imprisoned in the porosity of the matrix do not allow condensed or
deposited water to penetrate into the coating, keeping a small ice-substrate contact area.
While the lubricant liquid layer has significant anti-icing properties, it also limits the life of
these surfaces. The liquid layer by its nature can also flow out of the porous structure and

thus cannot resist multiple icing and de-icing cycles [21].
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2.3 DropletRepellency andiobility

Ice adhesion characteristics are estimated based on their wetting behavior. When a
droplet is deposited on a solid surface (metallic or polymer substrate), the interaction is
known as a wetting. Measuring the liquid-solid interaction helps to experimentally
characterize the surface properties. The wetting characteristics of a surface can be
guantified by the static contact angle, CA, the roll-off angle, ROA, and the hysteresis
contact angle, CAH, [21] of a (mostly water) droplet. The angle d is measured from the

contact line formed at the junction of the three phases: solid, liquid and vapor.

The wetting behavior is idealized into three different models, as shown in Figure 2-9. A
droplet that impacts a solid surface and remains in its spherical shape, or easily rolls off
when the surface is tilted, tends to determine if the surface has hydrophobic

characteristics.

Wenzel's
equation®

‘ Q J LILPLELELELE
Young's equation’ - ﬂ
Cassie—Baxter

equation®

(@) (b) (©

Figure 2-9: Wettingstatesof a | i qui d: (o& pquifbdunrstgté s; (b) Wenzel state; (c)
Cassie - Baxter state  [21] .
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In the Wenzel state (Figure 2-9b), the liquid penetrates the voids and as a consequence
the wetting surface area is larger than it would be for a drop of the same volume and
apparent angle on an ideal flat solid surface.
formula where r represents the roughness [29]:

~

wé+F 1 wéE+ Equation 2.1
In a Cassie-Baxter state, the wetted surface area is smaller since the droplet sits on the
vapor that has been captured in the voids, as shown in Figure 2-9c. The Cassie-Baxter

equation includes the solid area fraction of the substrate in contact with the liquid droplet,
no[29]:

o é—F p N QEl o Equation 2.2

Thus, the desired wettability features for a superhydrophobic surface are a high CA
(>160°) and a small CAH (best if < 10°). A hydrophobic surface is defined bya CA wm J
and an angle w mtdefines a hydrophilic surface. The wettability of a substrate can be
used as a guide to predict its behavior in icing conditions, but does not always guarantee
that a superhydrophobic surface is icephobic, too [45]. Superhydrophobic surfaces have
the further capability of repelling water droplets before they freeze and adhere on the
surface [21]. Decreasing the contact time of the droplet on the surface therefore
decreases the probability of a nucleation event to occur [21]. With regard to ice phobic
coating, it refers to a coating that can prevent or reduce the ice accretion on the surface

and also decrease the amount of force needed to remove the ice from the surface [24].

The three-phase equilibrium condition for a water droplet resting on a flat surface is given
by Youn g 6 sFigarg2:9a) whichrelates the surfaces tensions of the solid/vapor
¢ ), solid/liquid (" ), and liquid/vapor ( ) interfaces to obtain the CA [45]:

wé | — Equation 2.3
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Figure 2-10: Average ice adhesion strength on four d ifferent si licon wafer surfaces
(surperhydrophilic to superhydrophobic) 0 temperature of -15 °C and the speed of the
probe of the force trasnducer was 0.5mm/s [49] .

Will a higher water CA decrease the ice adhesion? This common misconception has been
proved wrong by studying the frost formation and the mechanical interlocking effects on
the surfaces [30, 17, 23, 49, 52, 50]. Figure 2-10 demonstrates the ice adhesion strength
results obtained for different wettabilities and it can be noted that a higher CA
(superhydrophobicity) does not guarantee icephobic behavior [49]. The CA is related to
the self-cleaning effect and it is a measure of the hydrophobicity of a surface but does
not, by its own, characterize the icephobic properties of a surface [53]. To completely
characterise wetting, the drop is studied under the influence of an external force (e.qg.,
gravity) (e.g., a sessile drop on a tilting table) by measuring the contact angle of the
droplet when tilting the surface [44, 23, 45]. As the surface is tilted, the shape of the drop
starts to become asymmetric until the weight of the drop is higher than the liquid-solid
adhesive strength and sliding or rolling begins. At that moment, just before the droplet
moves, the ROA is observed.
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