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ABSTRACT 

Development of a Thermally Sprayed Electro­thermal Anti­icing System for In­flight Ice 

Mitigation 

Nima Hamed Nohbaradaran 

Ice  formation  and  accumulation  cause  many  inconveniences  in  daily  routine.  Drawbacks  in 

infrastructures  such  as  road  structure,  overhead  telecommunication,  wind  turbines,  and 

transportation are examples of icing consequences. In­flight icing, for instance, can brings about 

severe  aerodynamic  and  mechanical  problems.  Formation,  adhesion,  and  accumulation  of  ice 

disfigure  the  airflow      on  the  aircraft’s  critical  aerodynamic  surfaces,  decreasing  the  lift  and 

increasing  the  drag  force,  and  causing  undesired  circumstances.  Hence,  significant  efforts  have 

been devoted to developing methods to mitigate icing problems, including anti­ icing, and deicing 

strategies. There are  three  types of  ice protection systems,  including passive, active, and hybrid 

systems frequently used in anti­icing mode, deicing mode, or both. Several inadequacies in these 

methods  encourage  researchers  to  investigate  the  feasibility  of  developing  more  efficient  and 

reliable  ice­opposing  systems.  Accordingly,  based  on  the  literature,  designing,  and  producing 

efficient ice protection systems are needed, especially regarding safety, energy consumption, cost­

efficiency,  and  long­lasting  performance.  The  present  work  aims  to  study  a  specific  active  ice 

protection system fabricated by a thermal spray technique (electro­thermal heating) in harsh icing 

conditions. Moreover, this work will study this ice protection system’s performance by integrating 

it  into  a  unique  architecture  (empowering  efficiency).  Also,  this  work  aims  to  briefly  study 

performance of a passive ice protection system (nano­textured superhydrophobic coating) in anti­

icing performance. Plasma spray technique as a versatile and cost­effective surface modification 

alternative is used as the manufacturing method in this study. Several coatings are developed and 

studied during this project to determine the most promising materials, processes, and parameters 

achieving  the  optimized  active  ice­mitigation  system.  Furthermore,  the  functionality  of  the 

established system is assessed using an  icing wind  tunnel. Besides, challenges and solutions  for 

improving the desired performance of to­be­heated surfaces are discussed. 
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Chapter 1

Introduction

Icing is an ever-present phenomenon that undesirably impacts a broad range of daily

activities. The inconveniences that the icing incidents bring to our daily routine cause severe

problems. Icing can hold back industrial components’ operation and decrease mechanisms’

efficiency. In reality, its downsides can be seen in the aerospace industry, wind turbine

operation, power transmission lines, and other infrastructural and energy systems (some of

them can be seen in Figure (1.1)). As a general rule, icing happens when water droplets

(usually super-cooled) impinge on a surface and create a deposition or coating of ice on such

a surface [1]. For instance, in the aerospace and aviation industry, Ice formation on aircraft’s

critical aerodynamic surfaces involves or causes unexpected substantial losses or failures for

human activities either on the ground or during fight [2]. The present study’s primary goal

revolves around this topic, which is discussed in the following sections.

Figure 1.1: The importance of surface protection against icing in a broad spectrum of systems [1].
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1.1 In-flight Icing

In certain weather conditions, every moving airfoil is prone to icing. Defects on wind tur-

bine blades, aircraft wings, open rotor engine blades, aircraft tail, are some examples of icing

consequences. Hence, formation, adhesion, and accumulation of ice on top of unprotected

surfaces are undesired occurrences [3]. In-flight icing for instance, can cause severe problems

by disturbing the smooth air-flow on the frontal surfaces of an airplane, which increases drag

force, and decreases thrust force; consequently, ice build-up brings about a loss in operational

efficiency, and degraded safety margins [4]. Increase of drag force and weight requires to add

extra power, which itself leads to an increase of the airplane’s angle of attack, and even more

ice formation is awaited. Ice accumulates on every exposed frontal surface of the airplane,

not only on the wings, propeller, and windshield but also on the antennas, vents, intakes,

and cowlings. It generates ruthless vibration in antennas and may cause them to break. A

lightweight aircraft can become so iced up that it makes a nonstop flight impossible either

in slight to severe circumstances. The airplane may stall at much higher speeds and lower

angles of attack than usual. It can roll or pitch uncontrollably, and recovery may perhaps

be impossible. Ice can also cause engine blockage by icing up the carburetor. Moreover, in

the case of a fuel-injected engine, icing blocks the air source of the engine [5]. Icing-related

problems associated with aircraft also cause significant losses. For example, in terms of per-

sonal injuries and damages, icing incidents cause $96 million annual economic losses in the

USA; moreover, the percentage of icing-related aircraft fatal accidents has been reported as

high as 8.2% [6]. Stories are related to icing fall commonly into two categories: ground-level

icing and in-flight icing, in which many participants, different regulations, and separate ice

protection systems are designated for tackling each type. Concerning icing problems, various

alternatives are employed to improve all-weather flying safety, including pre-flight precau-

tions and in-flight courses of action, which comprised of deicing (removal of the ice) and

anti-icing (protecting against ice formation) [7]. When super-cooled water droplets (liquid

water at temperature below its freezing point) impinge on the airplane’s frontal surfaces, ice

starts forming and accumulating on the exposed surfaces. Considering airplane’s altitude,

relative velocity, and surrounding air circumstances, the freezing phenomenon may occur
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immediately or after spreading [8]. As a result of successive impingement of super-cooled

water droplets, ice accumulates over time and builds up relatively thick ice cover, raising

subsequent problems [9].

1.2 In-flight Icing Preconditions

Presence of several key factors are required for aircraft icing to happen, including Liquid

Water Content (LWC), Ambient Temperature and Mean Volumetric Diameter of

droplet (MVD).The LWC is essential to assess the existing volume of water in the cloud for

icing. The mass of the water in a cloud in a specified amount of air is measurable by rating

the liquid water content (LWC). The measurement is generally defined by dividing the mass

of water per volume of air ( g
m3 ). Measuring the LWC also determines the types of clouds that

are going to form that helps to figure out the coping solution against icing. Temperature

affects both the severity and the type of icing. Temperature decrease results in increasing

the icing area. This rise up occurs in a short time when the temperature is between −6◦C

and −12◦C. Between temperature −14◦C and −20◦C, the icing area increases slowly. The

environmental temperature has significant influences on the icing area on an airfoil. Some

calculations show that 43% of the airfoil leading edge area is iced when the temperature is

−20◦C [10]. The average droplet diameter distribution (MVD) influences the collection of

water droplets by the air-frame. Icing typically consists of tiny droplets ranging in diameter

from 10 to 50 microns. Sometimes airfoil surface encounters Super-cooled Large Droplets

(SLD). Large super-cooled droplets can reach up to 100 microns. Once the ice has formed

on a critical surface, it can only be removed using an ice protection system. In addition, if

the ice protection system is working and removing ice from the leading edge, any ice aft of

the protection system may quickly grow into a ridge. This will significantly disrupt the flow

over the airfoil and may result in handling issues or performance degradation. Therefore

protecting the whole surface of an airfoil also is of great importance.

Cloud type, airfoil geometry, airspeed and exposure duration are the other substantial factors

that significantly affect icing circumstances. Once the ice is started to form and accumulate

on the aircraft’s critical aerodynamic surfaces, it does not matter to have a considerable ice

3



volume for an icing accident. Even a tiny layer of frost on a critical aerodynamic surface

is enough to be the reason for altering the roughness on the airfoil leading edge, and this

alteration is sufficient to deteriorate stall characteristics. From this point of view, preserving

the critical surfaces of an airplane against ice formation is essential, and removing the accu-

mulated ice is essential for a safe flight. Therefore, the necessity of keeping airplane surface

results in developing and applying various ice protection techniques [11].

Based on the mentioned key factors, three ice types may form on critical aerodynamic sur-

faces, including rime, clear or glaze, and mixed ice. The glaze or clear ice typically forms at

−10◦C and lower temperatures. When water droplets impinge on the surface, they do not

freeze immediately, resulting in the formation of runback flow and shed on the surface. This

type of ice is recognized as glassy, transparent, and relatively smooth and dense ice. Rime

ice as the second type typically forms at temperatures between −15◦C to −20◦C. Unlike the

clear ice, which consists of partially frozen super-cooled water droplets, rime ice is formed

mainly due to frozen super-cooled water droplet’s impingement, resulting in immediate ice

formation upon impact the surface. Rime ice naturally is white and irregular. The high

adhesion of glaze ice and its potentiality to form on various surface regions rather than only

the point of impact make it a more dangerous type of ice. Between −10◦C to −15◦C, mixed

ice formation is possible (a combination of clear and rime ice), which is not considered a

significant threat. Mixed ice has the characteristics of both in effect. It is formed quickly

when ice particles are embedded in clear ice and form a rough accumulation of ice. It has

been determined that Strati-form clouds have the most intense icing. The icing altitudes

typically does not extend above 3,000 feet (a change in altitude of only a few thousand feet

can remove the aircraft from icing conditions, even if it is still in cloud cover). Figure (1.2)

shows the concentration and distribution of the super-cooled water droplets and ice crystals

in different temperatures and altitudes [12].
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Figure 1.2: Ice formation in clouds and the subsequent possibility of aircraft icing [12].

Figure (1.3) shows ice on the cross-section of an airfoil, (a) clear ice, which is transparent

and dense, (b) Mixed ice combined of clear and rime ice; (c) Rime ice, is opaque and milky

.

Figure 1.3: (a) Clear, (b) Mixed, (c) Rime icing on airfoils [13].

Overall, for icing occurrence, some specific conditions are necessary. First of all, icing

happens at air temperature equal to 0°C or colder. However, it should be noted that icing may

happen above freezing temperature if an airplane remains below the freezing temperature

and when it moves in a region above freezing point because the aircraft’s surface temperature

can remain below the freezing point for some time. The second main reason for the icing

incident is the presence of super-cooled liquid water droplets or wet snowflakes, mainly found

at temperatures varying from 0◦C to −20◦C. Small amounts of super-cooled droplets may

be found at a temperature ranging from −20◦C to −40◦C. While an aircraft enters in
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the air, a super-cooled water droplet’s internal stability is destroyed due to impacting the

surface of an aircraft, increasing its freezing temperature because of the phenomenon known

as aerodynamic heating (the freezing temperature rise resulting from adiabatic compression

and friction) [13]. Table (1.1) presents the summary of the parameters influencing the type

of ice and icing risk. Clear ice, because of its high adhesion to the surface and severity

is the most undesirable type of ice. It is more damaging to flight safety as it can affect

many areas due to runback flow and can grow large enough to negatively affect an airplane’s

aerodynamic characteristics [12].

Table 1.1: Circumstances for formation of different ice types [12].

Parameters Glaze(Clear) Ice Mixed Ice Rime Ice

Temperature 0◦C to −10◦C −10◦C to −15◦C −15◦C to −40◦C

Droplet Size Large Small to Large Small

Liquid Water Content High Low to High Low

Risk High Intermediate Low

Finally, it is shown that icing risk restrictions are usually accepted in the presence of water

droplets smaller than 50 µm; however, it may happen in the presence of larger droplets [14].

According to the hazards of in-flight icing, ice protection systems should be intended to keep

aircraft surfaces free from ice formation and accumulation. An ice protection system should

either avoid ice formation or support the aircraft to shed the ice in case of ice formation before

growing up to a risky thickness. Table (1.2) represents the conditions that are naturally

considered as an in-flight icing risk [11].

Table 1.2: In-flight icing risk [11].

Parameters Icing Risk Condition

Liquid Water Content (LWC)) From 0.1 to 3 g/m3

Temperature From +4◦C to −40◦C

Droplet Diameter (MVD) Usually from 1-50 µm but also up to 400 µm
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Events related to icing fall commonly into two categories: ground-level icing and in-flight-

icing, in which many stakeholders, different regulations, and separate ice protection systems

are involved [7].

1.3 Ice Protection Systems

Concerning ice-protection systems, various alternatives are employed to improve all-weather

flying safety, involving pre-flight precautions and in-flight courses of action, including de-

icing (removal of the ice) and anti-icing (protecting against ice formation) [7]. There

are three classifications of ice protection systems in terms of energy: Passive systems are

used to prevent ice accumulation without any additional source of energy, Active systems

which are required external energy to operate, and Multi-functional (hybrid) systems

are the combination of other methods. These ice protection systems can be developed in

anti-icing, deicing, or cooperation modes [15]. The conventionally used active ice protec-

tion techniques are categorized into Chemical , Mechanical , and Thermal systems [3].

Among all active strategies, surface heating (thermal approach) is the most desired, reliable,

and energy-efficient method [16]. There are typical concerns about performance, efficiency,

energy consumption, and environmental problems for active systems, which resulted in signif-

icant attempts to developing an alternative solution reducing the adhesion forces between the

ice and the aerodynamic surface using an ultra-smooth, nano-structured coating with water

and ice-repellent properties (ice-phobic surface) that boosts the ice shedding [17]. However

in passive methods, the correlation between ice-phobicity and surface properties (roughness,

chemistry, porosity) is still imprecise. This uncertainty leads these strategies not to be ac-

cepted as dependable ice protection systems. Therefore, regardless of ongoing researches

on designing and engineering ice-phobic coatings, there is no standalone coating solution

(passive strategy) to in-flight ice mitigation [18]. Based on these issues, the limitations and

principal merits of active and passive techniques suggest using multi-functional (hybrid) ice

protection systems for preserving aerodynamic surfaces ice-free in all icing episodes. Accord-

ingly, several results indicated that combining the passive strategies (ice-phobic coatings) and

the active strategies (particularly surface heating) can keep the entire airfoil surface free from
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ice almost under all icing conditions [19]. Moreover, coatings have been proved to decrease

thermal deicing’s power consumption up to 80% and lower the runback ice simultaneously

[20]. Thus evidence shows that re-configuring individual ice protection systems towards be-

ing a part of a hybrid system is much more reliable and highly advantageous procedure to

preserve critical surfaces free from ice [21]. A summary of currently active and passive Icing

Protection System (IPS) and the classification of these methods are provided in Figure (1.4)

[22].

Figure 1.4: Overview of strategies and approaches for prevention of ice nucleation and accretion [22].

1.3.1 Active Ice Protection Methods

Ice protection systems are designed based on effective factors in the formation and ac-

cumulation of ice all at once, including cloud’s liquid water content (LWC), an average of

droplets size (MVD), atmospheric conditions, airfoil geometry, aircraft velocity, and angle of

impact (AOI) [19]. Conventional active ice protection systems can be separated into chem-

ical methods, mechanical methods, and thermal methods. These methods protect different

aircraft components, such as wings, leading-edge slats and spoilers, engine inlets, engine

struts, radar domes, and vertical and horizontal stabilizers. Designing and implementing ice

mitigation techniques require an in-depth understanding of flight physics, meteorology, and

icing sensation. Many books, papers, and reports are available to date, including experi-

mental and numerical studies of icing phenomenon and alternative solutions to cope with

this issue. Some of these methods are commercially available, while many are immature and
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need more investigation to be implemented on an industrial scale [23]. Some earlier anti-

icing methods were improved, such as liquid de-icers (chemical methods), where changes in

design have enabled this form of ice protection to be used today. At present, designers have

many options for ice protection, each one with some advantages and disadvantages. How-

ever, because aircraft are used for specific roles and have a restricted ice tolerance, choosing

ice protection systems becomes limited. Overall, all considerations have to be taken into

account, including first cost, operating costs, reliability, weight, complexity, ease of mainte-

nance, and, of course, guaranteed performance.

Generally, systems that try to prevent icing are so-called anti-icing systems, and systems

to remove the ice are known as deicing systems. These systems, in turn, can be divided

into distinct sub-categories. For instance, thermal systems can be divided into two main

approaches: evaporating or wet water runback regimes. Ice protection can be effectively

achieved in the evaporating regime by heating the critical surfaces to over 100◦C to evap-

orate all the impinged super-cooled water droplets. The evaporating regime requires an

extremely high-power input to the electric heating element for keeping the heated surface

at a high temperature over 100◦C under all icing conditions, which might also cause un-

expected over-heating issues. In such systems, the choice is restricted to use the thermal

system because the aerodynamic surfaces should be preserved cleaned at all times. On the

other hand, wet water runback regime in which the impinged super-cooled water droplets

are heated up to a “warmed” state (temperature higher than the water frozen temperature)

to remain in the liquid phase. Then the liquid ridges are shed by natural forces like gravity

or wind. However, there is a concern here, and it goes back to the possibility of runback ice

formation. If ice’s temporary presence can be endured, applying protection methods would

be more convenient and economical to only when required, and this arrangement is called

deicing. Systems applying this approach operate intermittently by using heat or mechanical

energy to remove the ice. Mechanical pulsating systems as another field of ice protection

were used since ice can remain on aerodynamic surfaces for a short while. However, always

clean aerodynamic shape is expected on completion of ice removal. In this context, the

electrical-thermal system will be the most probable choice [24]. Active systems continuously

need energy to operate. According to the typical active IPS, chemical substances are used as
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an ice protection method. These materials create a thermal hysteresis between the melting

point and the freezing point. Mechanical methods involve physically shattering the ice by

using vibration or movement of the structure. Pneumatic techniques and ultrasonic deicing

can be identified as the primary methods under this category. Thermal methods mainly

include hot air injection, resisting heaters,and microwave heating [25].

1.3.2 Passive Ice Protection Methods

The wettability of a solid surface is related to the tendency of a liquid to maintain contact

with that surface. A water molecule tends to stick to things, including itself, because of

considerable surface tension, primarily due to its electrical dipole structure. Surfaces form-

ing ionic or a hydrogen bond with water are identified as hydrophilic, while surfaces that

do not partake in the water’s hydrogen bonding are so-called hydrophobic [26]. To quanti-

tatively evaluate the wettability (hydrophilic or hydrophobic) of a surface, two parameters

are involved: water contact angle (CA) and slide angle (SA). The contact angle (θ) is the

angle conventionally measured through the liquid, where a liquid–vapor interface meets a

solid surface, and the slide angle (θS) is the tilt angle required for a static droplet deposited

on a surface to start rolling down. In theory, the wettability of an entirely smooth surface is

defined by Young’s Equation (1.1),

cos(θ) =
γSA − γSL

γLA
, (1.1)

where (θ) shows contact angle, γSA and γSL are the surface energies of the solid against air

and liquid, and γLA is the surface energy of liquid against air. Any surface with CA < 90◦

is categorized as hydrophilic, while values of CA > 90◦ are considered hydrophobic. For a

surface to be classified as superhydrophobic, CA > 150◦ and SA < 10◦ are generally re-

quired. Moreover, two factors are relevant to the evaluation of the water droplet mobility

on a surface: the advancing contact angle (θa) at the front of the moving droplet and the

receding contact angle (θr) at the back. Contact angle hysteresis (CAH) is subsequently de-

fined as the difference between the advancing and receding contact angles. In case of having
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a contact angle hysteresis smaller than 10◦ beside the above-mentioned features, the surface

is determined as superhydrophobic. Figure (1.5) depicts hydrophilic, hydrophobic, superhy-

drophobic surfaces, and also the advancing contact angles (θa), receding contact angle (θr),

and sliding angle of a tilted surface (SA) [27].

Figure 1.5: Surface wettability characteristic [27].

In both fundamental and practical terms, controlling the surface’s wettability is a concern

that is essential to consider. For instance, lotus leaves showing striking superhydrophobic-

ity and self-cleaning characteristics became the inspiration for the fabrication of synthetic

surfaces with comparable features, like creating superhydrophobic surfaces with low surface

energy to take advantage of their remarkable properties [28]. Figure (1.6) shows some char-

acteristics, including a hierarchical, micro, or nano-structure of superhydrophobic surfaces

[29].

Figure 1.6: Schematic for wettability of different surface structures [29].

The high water-repellency capabilities of superhydrophobic surfaces, in conjunction with

the same ice and water adhesion mechanisms, make them advantageous for forming anti-icing
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or ice-phobic coatings. From this viewpoint, implementing these surfaces in the aviation in-

dustry is a potential solution for mitigating in-flight icing. Different production methods

are applied to create artificial ice-phobic surfaces such as lithography, evaporation, sol-gel,

etc. Various materials are used to make superhydrophobic surfaces (metals, polymers, semi-

conductors, nanotubes, nanoparticles) [28]. On the first consideration, ice-phobic surfaces

are defined as surfaces with low adhesion strength between ice and a solid surface [29]. In

general, water in its solid form should be prevented or delayed from being formed on critical

surfaces. Otherwise, against ice formation, the accumulation rate on the surface should be

slowed down, and the adhesion to the substrate should be reduced (can be easily removed).

Ice-phobic surfaces are anticipated to be practical for a wide range of applications, includ-

ing dams, solar panels, airplanes, wind turbines, and more. Therefore, the structural and

chemical integrity of ice-phobic surfaces used in operation must be able to withstand ero-

sion, wear, UV radiation, and other weathering conditions. Furthermore, these surfaces

must be practicable, inexpensive, environmentally friendly, and mechanically durable. To

figure out the best strategies for developing ice-phobic surfaces, these various characteristics

should be classified. In other words, the correlation between ice-phobicity and surface char-

acteristics (roughness, chemistry, porosity) is still imprecise. This uncertainty is due to the

different definitions of ice-phobicity. Various poorly understood test methods evaluate the

ice-phobicity of a surface, which provokes these ambiguities. Essentially, three parameters

play a decisive role in designing an ice-phobic surface: Topography (determines the wetta-

bility state of the surface), Elasticity(determines flexibility and surface energy level), and

Liquid Extent, which provides a smooth liquid interface that reduces droplet retention and

ice adhesion strength (a lubricant with a low freezing point infuses the micro or nano-porous

surface). Figure (1.7) presents a schematic of ice-phobic coatings classification based on

these distinctive surface characteristics: elasticity (soft vs. hard), topography (smooth vs.

rough), and liquid extent (dry vs. wet) [18]. Developing new materials with the desired ice-

phobicity requires an accurate understanding of ice repellency in all environments. Despite

all the progress made, no single surface has shown the ideal ice-phobicity [30]. As a rule,

four key-features define the ice-phobicity excellence of a surface: (1) lower temperature to

start ice nucleation, (2) delay in ice accretion time, (3) smaller ice adhesion strength at the
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ice-solid interface, and (4) long-lasting durability. The required key-features are vary based

on the type of application for ice-phobic surfaces. In the aerospace industry, low freezing

temperatures, low ice adhesion, and long-term durability are the most critical requirements

[1].

Figure 1.7: Classification of the three mechanisms applied in development of ice-phobic coatings [18].

Despite the continued innovation in developing ice-phobic surfaces, ice-phobic coatings

have not yet been certified for aerospace applications due to the complexity of icing condi-

tions, solid-ice interaction, and mechanical properties [31]. From another perspective, results

indicate that ice-phobic coatings alone may not be adequate for de-icing and anti-icing pur-

poses [32]. It specifies that icing problems’ diversity causes various challenges, and icing

conditions can only be controlled in individual circumstances. For example, heat exchangers

may be designed to operate within limited temperature and humidity changes. In contrast,

ice build-up occurs in natural environments over a wide range of temperatures, humidity

degrees, and other weather conditions. Although it is typical for laboratory experiments to

analyze a single aspect of icing, practically ice-phobic materials need the ability to withstand

a wide range of possible conditions [33].

As things stand now, standard ice-phobic coatings can be divided into several main classi-

fications that exist naturally or are produced artificially. A classification of the main well-

accepted ice-phobic surfaces is shown in Figure (1.8). However, these technologies might not

be precisely compared because of preferred parameters and the different test methods. Nev-
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ertheless, the presence of shortcomings is still felt in the fabrication of consistent ice-phobic

surfaces, and this is why other solutions should be considered. Employing multi-functional

ice protection systems is an example of these solutions. Using an active ice protection

systems (electro-mechanical or electro-thermal) combined with ice-phobic coatings (passive

strategies) has proven as reliable multi-functional ice protection methods [19]. Current in-

dustry strategies for tackling icing problems consist of various techniques such as active

heating, chemical deicing fluids, and mechanical removal. These processes can be ineffi-

cient, environmentally unfavorable, expensive, and time-consuming. However, they would

be advantageous as complementary systems to overcome the limitations seen in passive ice

protection strategies [33].

Figure 1.8: Schematic of the different categories of ice-phobic coatings [19].

1.3.3 Multi-functional (Hybrid) Ice Protection Methods

Primarily active ice protection systems (chemical, mechanical and thermal) were applied

for in-flight ice mitigation. These methods are characterized based on the physical principle

they used to remove the ice [34]. Secondly, concerns about performance, efficiency, energy

consumption, and active systems’ environmental problems result in significant attempts to

developing alternative solutions. In this regard, applying electrical power as a more efficient

and cleaner energy source has been considered a severe issues for an all-electric aircraft [35].

These ice removal techniques are mainly divided into electro-thermal and electro-mechanical

systems. Hybrid systems that employ multiple ice protection strategies have been established
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to decrease required energy for in-flight ice mitigation. The electro-thermal model is used to

stop droplets from freezing in the area near the leading edge, while the electro-mechanical

system is regularly pushed to produce ice shedding in the unheated section at the back of the

airfoil [36]. Besides the conventional active ice protection systems, many studies are focused

on exploring the possibility of using water-repellent coatings to delay or even prevent ice

formation on aerodynamic surfaces. However, passive systems could not still provide all the

requirements for being admitted as dependable in-flight ice mitigation techniques. Hybrid

mechanisms combining passive and active methods have been proved to be more efficient,

environmentally friendly, less expensive, and time-saving systems [37]. The aim of this study

is also to introduce the multi-functional deicing system. This system would integrate electro-

thermal heating and superhydrophobic coating into a unique architecture to have a more

durable ice protection system with less power consumption.
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Chapter 2

Literature Review

This section deals with the background of our study. At first, selected technologies for

active and passive ice protection systems are reviewed. Afterward, a synopsis of the multi-

functional ice mitigation systems and their figures of merit are pointed up.

2.1 Background of Active Ice Protection Methods

After the Second World War, significant consideration was given to in-flight icing hazards,

and the necessity of developing more efficient protection systems was better understood,

which resulted in the improvement of earlier anti-icing methods. Initial costs, manufactur-

ing, operating costs, reliability, weight, complexity, ease of maintenance, and guaranteed

performance are always the primary and essential requirements for an ice protection system

to be certified. This is the reason for restriction in choice and development of ice-opposing

systems [24]. In general, active ice protection systems require energy to operate. Based

on energy consumption type, they can be separated into chemical methods, mechanical

methods, and thermal methods, which are briefly defined in Chapter 1 [38].

2.1.1 Chemical Ice Protection Techniques

The idea of using chemicals for ice protection originates from the polar animals observed

in nature. Scientists discovered particular antifreeze proteins in the body of animals that
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survive species in polar regions. These biochemical proteins decrease the freezing point in

animal’s blood and protect them against icing [39]. Chemical techniques for deicing and

protecting aircraft surfaces are using freezing point depressant (FPD) fluids. These liquids

are commercially offered. Several chemicals such as chloride salts, acetate compounds, glycol-

based solutions can also be placed in this category. However, these chemicals are short-term

options because they lose their properties over time. In several instances, they also have

shown the capability to corrode the protected surface [40]. Besides, chemicals usually contain

harmful ingredients, making them environmentally toxic [41]. With chemical techniques,

frost, ice, snow or slush is removed from an aircraft using a heated aircraft deicing fluid

(ADF) and aircraft anti-icing fluid (AAF). Chemical substances are applied to a surface

to protect it from the buildup of frozen contaminants for a limited period. Four types of

chemical fluids are used for aircraft deicing or anti-icing that are categorized based on physical

and chemical properties, and their use is aircraft specific. However, the basic structure of all

types is the same. All types are usually glycol-based (lower the freezing point and prevent ice

contamination at temperatures below freezing). They are typically mixed with water to wash

(leaching) the lead or copper from pipes, wetting agents that allow the liquid to spread more

easily across any solid surface, corrosion inhibitors to protect the aircraft skin and dye from

visually identifying the fluid type. These fluids are formulated to remove ice, snow, and frost

from aircraft’s exterior surfaces (deicing). The composition of anti-icing fluids is comparable

to deicing fluids, and the only difference is the polymeric thickeners, which are added to

anti-icing fluids to prevent for a more extended time. Laser-drilled titanium porous panels

distribute the FPD liquid to the aircraft leading edge. The FPD liquid usually is delivered

to the propellers and windshield using a slinger ring and spray bar [42]. In general, the FPD

liquid flow is pumped into the surface-ice interface to weaken the ice bonding and make ice

removal of the surfaces easier by aerodynamic forces [43].

Figure (2.1) shows the simple conventional procedure of FDP distribution in anti-icing or

deicing. Porous panels are inserted as a cuff over the leading edge of protected zones. Liquid

pumped into the cavity exudes through the surface to provide a protective film [44].
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Figure 2.1: Schematic of FPD deicing system [44].

2.1.2 Mechanical Ice Protection Methods

As the second major group of active IPS, mechanical methods involve physically shatter-

ing the ice using vibration or structure’s movement. Pneumatic techniques and ultrasonic

deicing can be identified as the primary methods under this category. Running active IPS

always requires on-board power and needs frequent careful maintenance. A review of modern

and most-common active IPS technologies is given in the following [23]. Sonic Pulse Electro-

expulsive Deicer (SPEED) system is an acceleration-based deicer for aircraft ice protection.

NASA Lewis and ARPA’s SBIR program developed the system in cooperation. The idea

of developing the Electro-impulsive deicing (EIDI) concept results in the advent of SPEED

with a significant improvement in the actuator coil and electronics. In this system, impulsive

loads with rapid acceleration are directly applied to actuator coils located behind the air-

craft’s leading edge. This speedy acceleration causes de-bonding and shedding the ice layers

efficiently. In terms of deicing power efficiency, SPEED is recognized as the most accessible

advanced system. Later, to provide an autonomous mode of operation, a Icing Onset Sensor

was added to the primary system. This sensor monitors the ice accretion beginning and the

amount of accumulation and commands the deicer to fire. This technology was introduced

by IDI company (Innovative Dynamics Inc.). After extensive tests in wind tunnels and in-

flight conditions, this method was certified by FAA in 2000. The design is covered by U.S.

Patent Number 6,102,333. reduced power consumption; erosion resistant, low-cost design,

reliable and maintenance-free, and fault-tolerant operation are underlined by IDI to disclose

their SPEED system [45]. Figure (2.2) shows a schematic of the Electro-expulsive deicing
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system [46].

Figure 2.2: Electro-expulsive Deicer located in the wing nose [46].

In England, in 1973, another important ice protection method (Electro-impulse Method)

was patented [47]. Extensive tests were done on NASA Twin Otter aircraft in the wind tunnel

and in-flight conditions. In this method, a sudden electromagnetic repulsive force in the skin

throws ice in all directions because of promptly discharge the high-voltage capacitors through

the coils installed inside the skin of the aircraft leading edge. Electromagnetic interference,

structural fatigue and passenger response to the noise are some disadvantages of this method.

Using this method is allowed on only one airplane and only on its tail. Helicopter rotors and

turbine engine inlets could be protected against icing by this method [48].

Figure 2.3: Impulsive coil in a leading edge (Eddy current) [49].

In 2002 Dennis Newton, in his work, introduced the Electro-impulsive as a reliable, ef-

fective, efficient and light-weight system with an improved design [49]. An Electro-impulse
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system can be seen in Figure (2.3). Another certified active method is the Electro-expulsive

Separation System (EESS), which lies on two main parts: the EESS Controller and the EESS

Expulsive Boot. Also, ice detection sensors, electrical cabling, indicators, and controllers are

used as additional elements. Figure (2.4) illustrates that there are two conductors in this

system. Both the top and bottom conductors are embedded in an elastomer substance.

Passing rapidly current through two conductors generates a magnetic field producing either

attractive or repulsive forces around conductors, which causes them to push apart. Passing

an enormous pulse of current in a brief time (millisecond) causes the conductors to jump

about 500 µm, resulting in ice bond breakage [23]. According to Leonard Haslim of NASA’s

Ames, ice shrinkage into tiny particles in this method would not harm aircraft components.

Meanwhile, the power consumption is reduced by 1000 compared to the electro-thermal ice

removal, and the weight is one-tenth the weight of Electro-Thermal Ice Removal Systems

[50].

Figure 2.4: Ice shattering using the electro-expulsive separation system [23].

Another widely deicing method used in the aerospace industry is the pneumatic deicing

boots system, invented by Goodrich company in 1923. The pneumatic deicing boots system’s

operation is based on supply-blooded air extracted from the airplane engines into the boots.

This system comprises fabric-reinforced layers of synthetic rubber and several air chambers

between the layers. Inflating and deflating the boot air chambers in this system results in

mechanical ice removal from leading edges. The chambers’ inflation and deflation shatter the

ice from the surfaces shed then by aerodynamic forces. The thickness of pneumatic boots is

usually less than 1.9 mm, and a low power is required for deicing. However, the formation

of ice bridging in pneumatic boot systems is always posible. Ice bridging forms on top of
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the boot, and its removal is complicated and difficult. The ice bridging problem has been

partially resolved by modifying the speed of inflation and deflation [51]. Pneumatic deicing

boot before and after inflation is shown in Figure (2.5) [52].

Figure 2.5: Cross-section of a pneumatic deicing boot deflated (top) and inflated (bottom) [52].

COX Inc developed another electro-mechanical ice protection system based on the latest

technology known as Electro-Mechanical Expulsion Deicing System (EMEDS). There are ac-

tuator coils in this system embedded in a row on the leading edge. A massive current delivers

into actuators in microsecond intervals. Consequently, an opposing electromagnetic field has

been generated that causes a rapid change in the actuator’s shape results in acceleration-

based debonding of accumulated ice on the erosion shield. A schematic of this system is

shown in Figure (2.6) [53].

Figure 2.6: Electro-mechanical expulsion deicing system [53].

Another approach of mechanical ice removal is using ultrasonic technology. Glenn Re-

search Center in NASA initially developed this method. This approach can be used in the
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aeronautical industry and is compatible with air-frame ice protection, automobile windshield

ice protection, and ice buildup protection for marine vessels. Sound waves in this method

break the adhesive bond between two materials by forming a large enough stress field at the

interface. This stress field causes debonding at the interface of ice and substrate. However,

most of the research is dedicated to debonding ice from aluminum surfaces; future studies

may also include unique substrates like composite, glass, and steel. However, this technol-

ogy is limited in the laboratory state thus far, but this alternative will soon be available

commercially. Figure (2.7) depicts a schematic of this technology [54].

Figure 2.7: Ultrasound actuator placed inside the nose of leading edge [54].

2.1.3 Thermal Ice Protection Systems

As the last active IPS, the heat is applied on aerodynamic surfaces (thermal method).

Thermal methods mainly include hot air injection, resistive heaters, microwave heating.

This technology is used to prevent ice accumulation by maintaining the surface temperature

above the freezing point. Among all these strategies, Engine Bleed Air and Electro-thermal

systems are the most predominant ice opposing techniques regarding their efficiency and

reliability. Both systems are established based on heating the critical zones of aircraft,

which are prone to icing. Engine Bleed Air ice protection technique is primarily employed

in aerospace rather than the Electro-thermal technique. However, this mechanism needs

long and complex piping systems with switches and vents, making the system heavy with

accordingly high fuel consumption. Air temperature control is impossible; thus, the air

temperature degree is almost between [200 to 250] ◦C, and there is high pressure inside
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the system. Later regarding this concern, applying electrical power as a more efficient and

cleaner source of energy has considered an all-electric aircraft, and it led to the precedence

of electro-thermal systems. Re-freezing is still a problem in Bleed Air System [25]. In Figure

(2.8) a simple ice protection procedure of engine inlets and wing leading edges by Hot Air

Injection (Bleed Air) system is depicted [55].

Figure 2.8: Schematic of Engine Bleed Air ice protection method [55].

The Electro-thermal system’s idea is to pin the resistive heating element under the surface

required to be protected from ice. Electrical heating elements deliver the energy to operate

either in anti-icing or deicing mode. The structural design of an electro-thermal ice protection

system (ETIPS) is typically based on a multi-layered stack of materials. Each stack may vary

in material properties and thickness according to the design and applications [56]. These

systems use resistance heaters in different forms like wire, film, or foil for heating and deicing

an airplane or wind-turbine blades. The electro-thermal heaters heat the to-be-protected

area once an electrical current is applied to them [43]. The electro-thermal systems act as

anti-icing when the heaters work nonstop to prevent ice formation and as deicers when the

heaters work intermittently to remove the ice accumulated on the critical surfaces [57]. The

running of a modern electro-thermal ice protection system in deicing mode is depicted in

Figure (2.9). A parting strip (heater C) is maintained active during the entire cycle. Then

according to the distinct cycle, the rest of the heaters are activated. This cycle initiates

a liquid water film formation at the interface between the ice and the protected surface;
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consequently, ice’s ability to remain attached to the surface is significantly reduced. Once a

critical amount of water film is formed, the ice block is shed under aerodynamic forces [19].

Figure 2.9: Illustration of an ETIPS operating in deicing mode [19].

Despite the effectiveness of the active ice protection systems in delaying ice formation and

reducing ice adhesion, delivering guaranteed anti-icing or deicing methods still require further

development. For instance, it could be noted that innovation in production methods here can

be mentioned as a developing technique. For example, in the structural design of an electro-

thermal ice protection system (ETIPS), electrical elements are embedded in the vicinity of

to-be-heated surfaces to provide the anticipated amount of heat applied to these surfaces.

Accordingly, there are different heating elements, such as metal heating elements, thick film

heaters, thermally sprayed heaters. For instance, on the subject of ice mitigation, thermally

sprayed resistive materials right on surfaces can tackle the restrictions of other heating

elements by tailoring the geometry of them to the application [58]. Furthermore, they have

shown better performance in the homogeneity of temperature distribution because of the

intimate contact between the heating element and the substrate. Also, the heat transfer rate

is maximized by minimizing the distance between the heater and the to-be-heated surface.

These are also reliable for industries because even at high temperatures, their life span is well
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long compared with other types because of immunity from thermal shocks, which notably

affects heaters on ceramic substrates [59]. In effect, this technique offers a fast and flexible

way of fabricating standard heater solutions for different shape surfaces [60].

Another alternative to heat super-cooled water droplets impinging on aerodynamic surface

is microwave electromagnetic energy transmitted to the droplets. This method was disclosed

for the first time in 1982 by Hansman [25]. Another system is microwave frequency IPS.

This system also is energy efficient and very easy to maintenance. The only concerns of this

technique are safety matters [61]. As another thermal ice protection technology, infrared

heating does not require any installation on the blades to transfer thermal energy because,

in this system, energy is emitted through the air. This system delivers energy from the

power resource to a distant object. The infrared system, as a result, does not have additional

roughness due to the installations, which is a tremendous advantage for the efficiency of the

ice mitigation process. This system also can be used in both deicing or anti-icing mode.

The mechanism of this system is established based on the significant capability of ice to

absorb infrared radiation. The ice is melted by absorption of the heat radiated in the air

and sheds by aerodynamic forces. However, it should be noted that there is a limitation

in material selection in this method because only materials that do not absorb the range

of radiation could be used in the structure; otherwise, there is always a risk of fire. For

instance, lubricants, oils and many other components in the nacelle can quickly overheat;

thus, the technology necessitates particular safety precautions [62].

In large airplanes, it should be noted that the required energy consumption by using joule

heating would rise dramatically by increasing the dimension of the aerodynamic surfaces.

Therefore, heating the whole critical surfaces is undesired; on the other hand, heating smaller

areas (ice nucleation region) may cause significant challenges. Primarily, it initiates the

form of so-called runback ice (water flow running back from the heated or protected zones

to unprotected areas and refreezes there). Runback ice may cause severe problems and

detrimentally affects operation and safety [63]. Ultimately, The application of thermally-

sprayed resistive heaters seems to be the best method of thermal ice protection. This thermal

ice mitigation method has been studied several times by various authors, although in terms

of in-flight ice relief strategies, the subject is almost felt to be neglected.
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However the inadequacies of active IPS techniques over the time have drawn increasing

attention to passive anti-icing alternatives due to their low installation cost and almost

zero energy consumption [64]. A summary of current active IPS, their advantages and

disadvantages as well as their applications are provided in Table (2.1).

Table 2.1: Comparison of active ice mitigation techniques [19].
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2.2 Review of Passive Ice Protection Strategies

The definition of passive ice protection methods was discussed in detail in the previous

chapter. It was concluded that passive anti-icing surfaces or ice-phobic surfaces turn to a

subject that attracts much attention. The purpose of this chapter is to provide a description

of the origin and development of these surfaces. The passive method’s popularity refers to

their significant economic, energy implications and appropriate safety margins in ice preven-

tion. However, the nature of ice-phobicity concept is particularly complicated. In practice,

the extensive range of icing scenarios results in different definitions of ice-phobicity, which

subsequently brings many challenges in designing ice-repellent surfaces. For instance, with

their hierarchical structure, superhydrophobic surfaces are not always ice-phobic. Results

are proved that surfaces with high ice repellency under certain conditions can act ultimately

adversely in another environment. Therefore, additional studies are still required to realize

such surfaces’ potentiality in different icing conditions and based on their desired applica-

tion. It is crucial to comprehend the nature of ice repellency in all environments to identify

the limitations of solutions and design new materials with robust ice-phobic properties [30].

Thomas Young described the equilibrium behaviour in a droplet on an ideal surface in 1805

[27]. In the early 1900s, the metallurgical community described deviations in the droplet’s

contact angle on a solid surface that affect the adhesion and mobility of a liquid on such

a surface. They called that “hysteresis” [65]. However, in earlier times, Gibbs’s work on

surfaces’ thermodynamic properties included metallurgical community claims. The work

was about the frictional resistance to a displacement at the liquid-solid interface, which was

later named contact angle hysteresis (CAH) [66]. Subsequent developments have led to the

Wenzel [67], and Cassie-Baxter equations to understand non-ideal surfaces further [68]. All

these theories jointly have determined the surface properties considered necessary to pro-

duce highly efficient water repellent surfaces [69]. In the 1900s, the discovery of natural

rubbers and the subsequent development of synthetic polymers resulted in the significant

development of water-repellent surfaces [70]. Common silicone rubber (PDMS) and polyte-

trafluoroethylene (PTFE) (commercially called Teflon) are two examples of results from the

development of synthetic polymers with water-repellency properties (low surface energy).
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This breakthrough was later updated by identifying porosity. Modifying surface porosity

affected PTFE properties and made it breathable and more water-repellent. It was an in-

novation in the high-performance textile industry. Modifying surface wettability by these

polymers can be done on various materials because these polymers can be applied on sur-

faces as coatings. Development in creating low-energy surfaces caused more accurate control

on chemistry and repellency of certain materials’ surfaces [71]. In the late 1990s, improve-

ments in visualization and fabrication techniques created the possibility of a more detailed

investigation of occurrences in nature, including detecting water-repellent phenomena. For

instance, the ability to visualize and imitate the lotus leaf structure enabled manufactur-

ing synthetic superhydrophobic surfaces (SHSs) with hierarchical structure and low surface

energy. Superhydrophobic surfaces show very high water contact angles (CA > 150◦) and

low (CAH < 10◦) [72]. However, there is another issue related to these complex surfaces

with the water-repellent feature. Later it was discovered that under harsh environmental

conditions, voids between surface topography could serve as vulnerabilities. This problem

resulted in manufacturing another water-repellent surface known as slippery liquid-infused

porous surfaces (SLIPS). In this method, a lubricant is infiltrated inside a textured solid

surface. These surfaces are stable under high pressure, showing virtually no contact line

pinning and are called omniphobic [73]. Many beneficial properties have been obtained by

producing non-wettable surfaces, such as fluid-flow drag reduction, heat transfer enhance-

ment, and self-cleaning ability [74]. Assumption of similarity mechanisms of ice and water

adhesion suggests that surface-roughness-induced superhydrophobicity can be used as ice-

phobic material. However, results are indicated that superhydrophobic coatings alone may

not be adequate for deicing and anti-icing purposes because the force required to detach

a piece of ice depends on the receding contact angle and the initial size of the interfacial

crack, while the force needed to repel a water droplet, additionally depends on contact angle

hysteresis. Therefore, even surfaces with very high receding contact angle (superhydropho-

bic surfaces) may have strong adhesion to ice [32]. For example, in-flight icing depends on

external circumstances, not only the surface morphology, and a thin layer of ice is formed,

the coating would no longer be functional. Using a hybrid coating or active ice protection

system for aerospace applications is one of the solutions that has taken much attention [75].
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As a rule, four key-features define the ice-phobicity performance of a surface: (1) lower

temperature to start ice nucleation, (2) delay in ice accretion time, (3) smaller ice adhe-

sion strength at the ice-solid interface, and (4) long-lasting durability. The influence of

these key-features varies according to the type of application for ice-phobic surfaces [1]. The

diversity of icing problems causes various challenges, and icing conditions can only be con-

trolled in specified circumstances. For example, heat exchangers may be designed to operate

within limited temperature and humidity source. In contrast, ice build-up occurs in natu-

ral environments over a wide range of temperatures, humidity degrees, and other weather

conditions. Although it is typical for laboratory experiments to analyze a single aspect of

icing, practically ice-phobic materials need the ability to withstand a wide range of possible

conditions [33]. Therefore, the industry for tackling icing problems still utilizes active ice

protection systems (chemical, mechanical and thermal). However, these mechanisms can

be inefficient, environmentally unfavourable, expensive, and operationally time-consuming.

Thus, it would be helpful if surfaces could passively impede ice formation or simplify ice

removal [76]. Among all techniques, superhydrophobic surfaces (SHSs ) are of high interest

due to their remarkable ability to get rid of water. However, research has revealed that

durability and humidity tolerance during ice removal is still a big challenge. Despite the

continuous improvement of passive ice-repellent materials, each of them has certain limita-

tions. For instance, Sun et al., in their work, used SHS surfaces to reduce the amount of

fluids in airplane deicing. They also proposed to use biological or bio-mimetic antifreeze

proteins in combination to have more environmentally friendly solution [77]. There are a

limited number of studies about the integration of ice-phobic materials with current active

technologies; however, it seems important consideration should be paid to these techniques.

The inadequacies and principal merits of these methods call to substitute the individual

anti-icing systems, which led to the design of multi-functional (hybrid) systems [78].

2.3 Multi-functional (Hybrid) Strategies

The limitations and principal merits of the passive and active IPS methods were addressed

in the prior sections. Active ice protection systems (chemical, mechanical and thermal) are
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applied for in-flight ice mitigation. These methods are characterized based on the physical

principle they used to remove the ice [34]. Concerns about performance, efficiency, energy

consumption, and active systems’ environmental problems result in attempts to develop al-

ternative solutions. In this regard, applying electrical power as a more efficient and cleaner

energy source has been taken into serious consideration for an all-electric aircraft [79]. How-

ever, applying electric power for the whole leading edge, especially in large aircraft, requires

a massive amount of energy, which is still a significant challenge in aircraft design. In par-

ticular, this stands out during take-off and landing, which have the highest potential risk of

icing, and that was the main reason why attention was drawn to clean and energy-efficient

passive methods [80]. However, as mentioned earlier, passive methods alone are not suffi-

cient for aircraft deicing or anti-icing demands as demonstrated in the early work achieved

by Anderson in 1997 [75].

Electrical ice removal techniques are mainly divided into electro-thermal and electro-mechanical

systems. These systems, at first, have been established to decrease the amount of required

energy for in-flight ice mitigation. The electro-thermal approach is used to stop droplets

from freezing in the area near the leading edge, while the electro-mechanical system is reg-

ularly pushed to produce ice shedding in the unheated section at the back of the airfoil

[36]. Besides the conventional active ice protection systems, many studies are focused on

exploring the possibility of using water-repellent coatings to delay or even prevent ice for-

mation on aerodynamic surfaces. However, passive systems could not still provide all the

requirements for being admitted as dependable in-flight ice mitigation techniques. With this

in view, hybrid mechanisms combining passive and active methods are proven to be more

efficient, environmentally friendly, less expensive, and time-saving systems but how these

systems work [35]. As the most accepted method, Prevention of ice formation and accretion

over the aerodynamic surfaces can be efficiently achieved by manipulating active approaches

to heat the critical surfaces electrically. There are two main regimes in this connection: the

evaporative regime in which the heat is provided to over 100◦C on the surface to evaporate

all the impinged super-cooled water droplets [81], and wet-water runback regime in which

the surface is heated up to a temperature higher than the water frozen temperature to keep

the impinged super-cooled water droplets in the liquid phase [82]. It is evident that an

30



extremely high-power input to the electric heating element is required in the evaporative

regime to preserve the surface at a high temperature over 100 C. Although this method

ensures the surface remains free from ice, it requires high power consumption. Moreover, it

might also cause undesired over-heating issues to the surface. On the contrary, the wet-water

runback regime is much safer and energy-saving. In this method, the existing water mass

runback over the leading edge and is shed by boundary layer airflow. However, the driven

water mass may freeze again downstream of the heated zone where the surface wetness factor

coupled with the runback rivulet flow structure is deficient. Consequently, thermal systems

would be inefficient and massive energy should be spent to solve this concern [83]. A much

stronger convective heat transfer exists on an airfoil leading-edge (LE) stagnation line due

to aerodynamic forces’ zero velocity. Therefore higher energy input is required in the region

near the blade leading edge, compare to the downstream regions. On the other hand, Pa-

padakis et al. in their work showed that super-cooled droplets impinge the surface mainly

in the region near the blade leading edge. Therefore it is essential to heat the stagnation

region rather than the other surface regions. The only remaining challenge is preventing the

refreezing of the runback surface water without consuming a considerable amount of power.

The traditional solution to stop refreezing the downstream flow at the back of the surface

is to extend the heated area’s size, which keeps runback water in the liquid phase. Such a

solution requires massive power to heat the whole surface [84].

Waldman et al. [85] and Liu et al. [86] revealed that ice adhesion strength over ice-phobic

surfaces is much smaller than hydrophilic surfaces. They showed that water or ice-water

mixture runback much faster over ice-phobic surfaces, which cause them to be repelled from

the surface by the same magnitude of aerodynamic forces. Sharp roll-off and faster water

droplets movement over the superhydrophobic surfaces is another promising solution to pre-

vent runback ice formation. A combination of superhydrophobic coating (Passive IPS) and

active leading edge (LE) heating method then established a cheaper ice protection strategy

with higher efficiency [16].

Figure (2.2) is a sample of an electro-mechanical hybrid system. In this system, to prevent

ice formation and accumulation, a running-wet electro-thermal heater is placed at the leading

edge. In case of runback water freezing, piezoelectric actuators start to work and mechan-
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ically shed the formed ice [46]. Because of the lowered ice adhesion on superhydrophobic

surfaces, another hybrid method could be suggested, which is more efficient than the previous

model. Such a system enables the melted ice to move faster downstream and pushed away

by the aerodynamic forces. Piezoelectric actuators produce a dynamic mechanical shear in

this condition and require less energy to operate [87]. A schematic of the hybrid IPS layout

integrated active-passive IPS: (A) thermo-electric heating wire, (B) piezoelectric actuators,

and (C) ice-phobic surface is presented in Figure (2.10) [88].

Figure 2.10: Schematic of the integrated active-passive IPS: (A) thermo-electric heating wire, (B) piezo-

electric actuators, and (C) icephobic surface (on the airfoil top surface) [88].

As mentioned earlier, near an airfoil leading edge, aerodynamic shear forces in the region

would become very small. It can even vanish at the stagnation line because the wind’s local

velocity would be zero there and not workable to shed water droplets anymore. As another

instance of hybrid system worthiness, Figure (2.11): (a) presents the dynamic ice accretion

process over the hydrophilic surface without any anti/deicing actions. After the super-cooled

water droplets impinge onto the surface, a portion of the impacted water droplets turns into

ice. The remaining portion of the impacted water mass was found to form a thin water film

flow first and then runback flow over the iced surface. Figure (2.11): (b) shows a passive

strategy with superhydrophobic coating. This coating was found to reduce ice accretion

significantly; moreover, the accretion area was found significantly reduced. However, it is

still far from sufficient to prevent ice formation. Figure (2.11): (c) shows the active electro-

thermal strategy. When the water moved to a further downstream region beyond the area

protected by the electric heating element, the runback surface water was found to be frozen

into ice. The irregular-shaped ice structures accreted over the airfoil’s rear surface would
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cause severe adverse effects on the aerodynamic and structural performances. In summary,

by using the heating strategy only, it was also incapable of preserving the entire surface

free from ice. Finally, Figure (2.11): (d) presents a multi-functional ice protection strategy

(combining both heating and superhydrophobic coating). During the icing experiment’s

entire duration, the airfoil area remained completely free from ice, showing an outstanding

anti/deicing performance compared to that of the other methods. In this experiment, results

showed that a hybrid strategy (a combination of electric-heating and ice-phobic surface

coating) substantially requires less power consumption (up to 90% saving) for wind turbine

ice mitigation in comparison to the conventional strategy [16]. As shown in Figure (2.11),

using multi-functional equipment (hybrid systems) for ice-mitigation would be more efficient

than fabrication surfaces that only passively repel super-cooled water droplets. Moreover,

these systems have also shown better performance compared to an individual electro-thermal

IPS [89].

Figure 2.11: Comparison of various anti/deicing strategies, (a) ice accretion process over the hydrophilic

surface, (b) passive strategy with superhydrophobic coating, c) active electro-thermal strategy, and (d)

multi-functional ice protection strategy [16].
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Recently a hybrid anti-icing system (ICE-WIPS) has been developed by the Japan Aerospace

Exploration Agency (JAXA). This system includes an ice-phobic coating and electro-thermal

heating, which is proven to reduce power consumption by more than 70% in dry-icing condi-

tions and 30% in wet-icing circumstances. A Schematic description of the system is presented

in Figure (2.12), impacted Super-cooled water droplets form ice at first. These accumulated

ice mass become melted by running an electro-thermal heating unit at the leading-edge re-

gion. Afterward, due to the local airflow around the wing, melted ice or water film moves

downstream and usually refreeze at the surface’s tail. Applying ice-phobic coating then sup-

ports the shedding of the ice or a water film from the surface. In this system, the energy

consumption is remarkably reduced by restricting the to-be-heated area to the leading-edge

region. However, the ice-phobic coatings’ durability is a critical worry, mainly in harsh icing

conditions that cause severe erosion of ice-phobic coatings. Therefore, regular coating repairs

are consistently necessary [90].

Figure 2.12: ICE-WIPS (Hybrid Ice-phobic Coating and Electro-thermal Heating ) [90].

Various solutions have schemed in this connection, resulting in more durable coatings such

as employing different coating fabrication methods or using different ice-opposing materials

with more durability. However, in this study, these issues are not considered the primary

target, but the focus would be on improving conventional anti-icing systems to a more

efficient and safer one considering safety and commercial standards. The next chapter will

discuss the fabrication method that can be used to develop such conventional systems. Table

(2.2) presents a comparison of conventional ice mitigation techniques, which are can be

utilized in combination as hybrid systems. [25].
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Table 2.2: Comparison of ice mitigation techniques [25].
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Chapter 3

Fabrication Approaches

Based on previous chapters’ content, understanding of the icing phenomenon more in

depth, or developing new fabrication strategies would be a solution to produce more reliable

ice-opposing systems in the future. It is worthy to mention that efficient hybrid ice protection

mechanisms might be cheaper, environmentally friendly, and entirely efficient. Using the

active ice protection systems (electro-mechanical or electro-thermal) can be recognized as

the most common ice protection method. Among these two types of systems, electro-thermal

heating has proven the most efficient and reliable IPS type. In this connection, different

types of systems are suggested either theoretically or, in some cases implemented practically.

Efforts are made to address the existing shortcoming of these systems and improve them

to meet the desired goals as far as possible. One solution is finding better production ways

and implementing alternatives to develop these systems differently. For instance, various

production methods are applied to create the desired structure. Various materials could be

used to make these systems if the primary requirements are provided. For example, as a

novel, flexible, versatile, and cost-effective method, thermal spray technology is considered

as another process to create demanded structures. Utilizing this method also is an excellent

way to tackle significant limitations involve with heating strategies. This chapter describes

how we can produce our proposed ice protection system by using the plasma spray technique.

Moreover, according to the expected function, the reason for this choice and the advantages

are stated.
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3.1 Thermal Spray Technology

A variety of fabrication methods are applied to produce artificial (bio-mimetic) surfaces,

lithography, deposition, stretching, etching, evaporation, thermal spraying, sol-gel, and the

like are some of the examples of these fabrication methods. Various materials are manip-

ulated to make functional surfaces (metals, polymers, semiconductors, nano-tubes, nano-

particles). Thermal spraying techniques have proven to be a sufficient method in almost

every aspect of surface fabrication [91]. Thermal spray processes comprise a combination of

coating methods in which metallic or non-metallic coatings are deposited by a heat source to

melt the feedstock. High-temperature gas is used to supply kinetic energy to the molten par-

ticles that impinge the substrate surface and rapidly cool down to form a stable topcoat with

the desired thickness to provide the functional coating. Covering thermal sources and jet

configurations bring about lots of different deposition processes, each one producing coatings

with distinct micro structures and physical properties [92]. Metals, alloys, ceramics, plas-

tics, and composites are coating materials used for thermal spray. The coating properties are

typically characterized by measuring its porosity, oxide content, macro and micro-hardness,

bond strength, and surface roughness, etc. Typically, thermal spraying processes can be clas-

sified into various categories according to temperature and velocity of the sprayed particles

[93]. Figure (3.1) presents a classification of the thermal spray techniques [94].
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Figure 3.1: Classification of the thermal spray deposition techniques [94].

In this study atmospheric plasma spray (APS) is used for coating fabrication. Plasma

spraying technique is a flexible, versatile and scalable process to produce coatings in the

several applications.

3.1.1 Plasma Spray Techniques

Plasma spray processes can provide precise surface morphology with the desired mechan-

ical properties. Some of the benefits of this method incorporate the ability to deposit a

wide variety of materials on different substrates. This method of coating is cost efficient as

compared to the other methods of surface alteration. APS coating process also can be used

without applying a considerable amount of heat to the substrate. Using thermally sprayed

coatings as heating elements for dealing with in-flight and other types of icing has been

previously reported. Figure (3.2) shows a schematic representation of thermal spray process

[95].
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Figure 3.2: Schematic of a plasma spray process [95].

3.2 Thermal Spray Application for Heater Fabrication

In the following, the advantages of plasma spraying in the fabrication of heating elements

are presented. The primary purpose of thermal spray technologies has been to deposition

protective coatings, which improve or restore the surface of a solid material. One application

of this method, which has recently received much attention, is utilizing thermally sprayed

metals as heaters [96]. Heating surfaces is required in several of processes and systems such as

scientific instrumentation, industrial apparatus, medical equipment, etc. Usually, electrical

elements are embedded in the vicinity of these surfaces to provide the anticipated amount

of heat on these surfaces [60].

3.2.1 Conventional Heating Elements

A heating element is composed of both electrically conductive and insulating materials,

designed to serve a heating purpose. A heating element is more than the heating alloy alone.

It is an assemblage of parts that includes a framework of insulating material as well as lead

connectors, in the case of an open coil heater. For example, the heating alloy is typically

held or suspended by a mica or ceramic insulator. Wire terminals safely connect the heater

coils to the circuit. The core of an electric heater is the heating element alloy converting
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electrical energy into heat [97]. Some conventional heating elements are shown in Figure

(3.3) [98]. Accordingly, heating elements should be appropriately tailored to their particular

applications. However, it is not always doable because of several intrinsic limitations asso-

ciated with heating element geometry and physical location. Therefore, finding alternative

solutions is a priority to overcome these limitations. One approach to cope with these issues

is using thermal spray techniques to produce resistance heating elements suitable for apply-

ing considerable heat flux to solid surfaces. Several restrictions are resolved by replacing

common heating elements with thermally sprayed heaters outlined subsequently [59].

Figure 3.3: Several types of conventional heating elements [59].

3.2.2 Thermally Sprayed Resistive Heaters

As earlier mentioned, thermally sprayed electrical elements deposited directly on surfaces

can tackle common heating elements’ restrictions by tailoring them to the application’s ge-

ometry. Regarding temperature, for instance, it is reported that thermally sprayed heater

is superior to other technologies like thick film technology, micro-hot plates, etc. Thermally

sprayed heaters furthermore have shown better performance in uniform temperature distri-

bution. The intimate contact between the heating element and the substrate helps in getting

a homogeneous temperature distribution. Moreover, the rate of heat transfer is improved

by minimizing the distance between the heater and the to-be-heated surface. They are also

reliable for industrial use because even at high temperatures, their life span is well long com-

pared with other heating element types because of their resistance to thermal shocks, which

notably affects heaters on ceramic substrates [59]. There are some other significant particu-

larity for thermally sprayed heaters over other heating approaches, including the capability
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to coat large surfaces with complex shapes quickly and with various materials [99]. Recently,

Battelle’s Heath-coat technology uses a high-conductivity, carbon nanotube heating coating

that conforms to the aircraft’s skin and utilizes intelligent sensors and controls to reduce

ice accumulation without compromising flight performance. This innovative anti-icing and

de-icing solution’s small size, weight, and power envelope are unmatched in the industry

[100]. High-temperature resistive heaters have shown the ability to overcome the constraint

of conventional heaters (usually 3D-geometry coil). They either comprise an air gap or a

weighty insulator thickness between the to-be-heated material and the heater restraining the

heat transfer’s reaction time and efficiency. Likewise, this geometry is difficult to adapt to

space-limited applications. As mentioned earlier, an elegant way of avoiding such problems

is to thermally spray resistive elements directly on the surface to be heated. This technique

offers a fast and flexible way of fabricating convention heater solutions for arbitrary shape

surfaces. Resistive heaters have been fabricated using thermal spray by various authors.

Safety, practicability, performance efficiency, durability, cost-efficiency, and environmental is-

sues are the significant concerns that have always been given priority in aviation industries.

In this context, improvements of in-flight ice mitigation strategies are still needed. Current

systems have limitations, especially in terms of system design and fabrication methods (a

place where other solutions should be considered). This thesis tries to define a more optimal

anti-icing system for in-flight icing incidents. The next chapter presents the motivation and

objective of the project.
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Chapter 4

Research Objectives

This work aims to put forward a practical and cost-effective method to develop an ice

protection system to address the weaknesses of typical deicing and anti-icing applications

in aerospace industries. Furthermore, the present study analyzes an alternative fabrication

method (thermal spray technique) to manufacture heating elements for aerospace applica-

tions, taking into account the anti-icing performances, durability, maintenance challenges,

and cost-efficiency. Additionally, the contribution of a passive mechanism (nano-textured

superhydrophobic coating) and an active method (electro-thermal heating) working in a

synergic operational mode. Moreover, this work aims to investigate this multi-functional

system’s performance by integrating it into a unique architecture. Throughout this project,

several sub-objectives have been set to reach the primary goal in the following way:

• An experimental study on the feasibility of developing an active ice protection system

(electro-thermal anti-icing) ,focusing on the reduced power consumption in the harshest

in-flight icing conditions.

• Using plasma sprayed iron-based powder (FeCrAlY) as resistive heaters right on the

aerodynamic surface to tackle conventional heating elements’ restrictions by tailoring

them to the component geometry. This strategy is expected to lead to some signifi-

cant improvements such as increasing the applicable temperature, better performance

regarding the homogeneity of temperature distribution, increasing the heat transfer

rate by minimizing the distance between the heater and the to-be-heated surface, and
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resolving intrinsic limitations associated with heating element geometry and physical

location .

• Developing the surface morphology by using superhydrophobic coatings to effectively

repel water droplets, delay ice nucleation, and significantly , eliminate ice adhesion.

Operating this strategy is expected to reduce the required energy consumption, deicing

time and most efficient ice protection strategy. Having a cheaper and more environ-

mentally friendly system is expected.

• Implementing only a small resistive heater chord instead of traditional heating of the

whole front side of the wing leading edge. This structure acted in a minimal zone to

prevent ice formation at the stagnation line.

• Design a particular structure by heating the unprotected areas when needed to prevent

rapid runback ice formation at uncovered regions.

• Improving the temperature control of heating processes at any time required.

• Decrease in the time it takes for the heater to reach the target temperature needed to

prevent icing, increasing safety significantly.
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Chapter 5

Materials and Methodology

In this chapter, a detailed plan of the research methodology is presented. The required

facilities and equipment are described along with their respective procedures. This research

project comprises ten steps, including, (1) preparation of experiment samples (introduction

to the type of substrates and how they are prepared before spraying), (2) presenting the

powder feed-stocks that were used in each of the coatings, (3) deposition of coatings (insu-

lation layer and heater layer) by using APS, (4) deposition of ice-phobic layer by using a

commercial superhydrophobic coating, (5) analysis of the micro-structure of the coatings,

(6) electrical characterization of the coated samples, (7) analysis the thermal performance of

the coated samples, (8) evaluation the performance of the coated samples as a hybrid ice pro-

tection system in an Icing Wind Tunnel (IWT), (9) Identify of common electrical cartridge

heating element, and repeat the electrical and thermal analysis for the system and (10) the

way of setting up and testing the thermal anti-icing system by using conventional thermal

ice protection system and fabricated anti-icing system system. These steps are discussed in

detail below.

5.1 Design and Preparation of Experiment Samples

Several experimental methodologies were used for static measurement of physical prop-

erties (mechanical, electrical, and thermal) of the heaters’ performance, and these mea-

surements were incorporated into the simulation and actual analysis. Based on the results
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obtained from previous published studies, a cylindrical aluminum tube was selected as the

substrate for the deposition of the coatings. Aluminum was chosen because it is the fuselage’s

primary structure material, including the leading edges. The cylindrical shape was chosen to

be as close as possible to the leading edge’s form (airfoil geometry). A plasma sprayed layer

of zirconium oxide was deposited on the aluminum tubular substrate to electrically insulate

the resistive heater from the substrate. additionally, zirconium oxide also has a very low

thermal conductivity that helps to prevent the transfer of heating energy into the substrate

(thermal insulator). A plasma sprayed layer of FeCrAlY as a resistive heating element was

deposited on the insulator layer. The resistive system is designed with a unique geometry

that consists of parallel strips deposited at equal intervals on the insulator surface. Thermal

spray masking tape was used to define the layout of this mechanism. The two layers was

deposited by APS. In icing test one layer of a commercial superhydrophobic coating was

deposited on top of the resistive heater to assess the effect of using a superhydrophobic layer

on deicing time and reducing energy consumption (role of passive ice protection system).The

measurement of electrical properties of the coating as well as icing tests were subsequently

assessed .

Figure (5.1)) (a) shows the schematic of the designed sample structure for the icing test to

evaluate the effect of using hydrophobic surfaces in deicing or anti-icing process, and (b)

represents the schematic of the designed cylindrical samples for the heated anti-icing exper-

iments.

Figure 5.1: Schematic representation of the designed cylindrical samples for the experiments.
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5.1.1 Materials and Types of Equipment Selection

A 10-cm (4-inch) long, 2.54-cm (1-inch) OD, and 0.65-cm (1/4-inch) wall thickness of high-

strength 2024 aluminum tubes (METAL-PROS, Ottawa, Ontario, Canada) were used as the

substrates. A cylindrical hi-density cartridge heater (diameter: 1.27 cm (1/2-inch), length:

11.4-cm (4.5inch), was used as an internal heater (Omega Environmental, QC, Canada).

Yitria stabilized zirconium oxide powder (Metco 202NS) with a nominal particle size dis-

tribution of (−90 ± 16) µm and FeCrAlY iron-based alloy (Metco Amdry™ 9700) (Metco

Oerlikon, Fort Saskatchewan, Canada) with a nominal particle size distribution of (−45±11)

µm were used to deposit the insulating and heating layer respectively. A radial injection

plasma torch 3MB (Sulzer Metco, USA). Amdry T-3325, thermal spray masking tape (Metco

Oerlikon, Fort Saskatchewan, Canada), providing the desired geometry. High temperature

and high thermally conductive paste (Omega Environmental, QC, Canada) for continuous

use between -40 and 200 ◦C.

Before deposition, the cylindrical aluminum substrates were grit-blasted for surface decon-

tamination and enhance coating adhesion by increasing the surface roughness. In order to

decrease the tensile stresses generated during cooling and solidification of the zirconia molten

droplets, the substrates were preheated before spraying. Figure (5.2) (a) and (b) shows the

morphology of the zirconia and FeCrAlY powders respectively [101].

Figure 5.2: Photomicrographs of (a) Metco 202NS and (b) Metco Amdry 9700 [101].
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5.1.2 Coating Process

The samples were coated by Zirconia and FeCrAlY using the reference parameters delivered

by Metco, but some differences were applied to meet a better result, such as supplying more

power, decreasing the powder feed rate, and modifying spray distance. Table (5.1) present

the spray parameters for the coating deposition.

Table 5.1: The plasma spray parameters used for the coating of substrates.

The Thermal Spray Laboratory at Concordia University is equipped with a 3MB (Sulzer

Metco, USA) plasma torch and controller system that is fully operational and used to pro-

duce the coatings in this research. Figure (5.3) shows a schematic of the plasma gun and

coating process [102].
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Figure 5.3: Schematic of the plasma spray process [102].

After analyzing the coated samples and finding the proper spray parameters and the ap-

propriate powder type, Several samples were prepared and coated for the electrical, thermal,

and icing tests. Figure (5.4) shows the setup used for the spraying of the substrate.

Figure 5.4: Plasma spray process equipment.

An optical spray sensor (Tecnar Accuraspray 4.0) were used to measure the temperature

and velocity of the in-flight particles during spraying. An infrared camera (FLIR 42701-

1201 A320 Thermal Imaging Camera) was also used for monitoring the substrate’s surface
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temperature during spraying. A design of the experiment (DOE) to efficiently reduce the

time and cost of experiments assessed each process parameter’s effect.

5.2 Coating Structure and Performance Characteri-

zation

5.2.1 Structural Imaging and Morphology Characterization

After the deposition process, according to ASTM guidelines, standard metallography

procedures, including cutting, mounting, grinding, and polishing, was done to prepare

the sprayed samples for cross-sectional imaging. A Secotom 15 precision cutting machine

(Struers, Cleveland, OH, USA) was used to cut the coated samples. Then samples were

cold-mounted in an epoxy resin (Epofix, Struers, Cleveland, OH, USA) for microstructural

characterization. A Tegramin automated grinding and polishing system (Struers, Cleveland,

Ohio, USA) was used to comprehensively grind and polish the samples to get a mirror-like

surface suitable for further analysis. Optical microscopy primarily was utilized to evaluate

the coating thickness, cross-sectional structure, and bonding quality. The coatings’ mor-

phology was investigated by Scanning Electron Microscopy (SEM) (Hitachi S-3400N VP)

afterward. Samples were covered with a thin layer of gold to prevent the accumulation of

static electric charges on the non-conductive zirconia coating. The collected images were

analysed by the ImageJ software for image processing (developed at the LOCI, University of

Wisconsin) to evaluate the coating porosity, and oxidation. The LEXT OLS4000 Confocal

Laser Microscope (Olympus, Toronto, Canada) also used to measure the coatings’ local and

overall roughness.

5.2.2 Electrical Characterization

Defining the electrical properties of the coatings has a high level of importance since the

amount of heat generated by a heating element (deicing element) coating for a given current

is directly related to its electrical resistance. Electrical resistivity is a property of a material
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that indicates how well it opposes and resists the flow of electricity. The following equation

describes the relationship between resistance and resistivity of a specimen:

R =
ρ× L

A
=
ρ× L

wt
(5.1)

In which ρ is the resistivity (Ω.m), R is the electrical resistance (Ω), L is the specimen

length (m), A is the specimen cross-section area (m2), w is the specimen width (m) and t

is the specimen thickness (m). In this experiment, the four-point electrical probe technique

was used to determine the specimens’ electrical properties. This technique is handy due to

eliminating the wire resistance and any contact resistance that might cause errors in the

resistance calculation. As shown in the schematic of this method (Figure (5.5)) [103]. Four

wires were attached to the sample’s top face for doing the four-point probe test

Figure 5.5: Schematic of four point probe method [103].

A constant current was applied to the sample through the current probes connected to a

power supply. A voltmeter was connected to the sample using voltage probes for measuring

the voltage drop between these two locations. The voltmeter is in parallel to the circuit

and has a high resistance so that almost no current passes through the voltmeter, To avoid

affecting the reading on the ohmmeter. The voltmeter was used to measure the voltage drop

along the samples while different electrical currents were applied. Therefore, the resistance
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was calculated using the equation (5.2), and we can calculate the resistivity from equation

(5.1).

R =
V

I
(5.2)

Based on the objectives of the study, samples with several heating configurations were fab-

ricated. Therefore, we needed to calibrate the sample in different forms to evaluate its

performance. The electrical characterization was done in seven configurations between three

strips (three heating elements). First, the characterization for each strip was done separately,

then the experiment was repeated for the three strips at the same time. Finally, this was

done for two out of the three available strips (in turn for all strips). Therefore we had a

total of seven configurations. In this way, both the correct operation of the system and its

controllability were evaluated. Figure (5.6) illustrates this strategy more precisely.

Figure 5.6: Schematic of designed circuit.

Figure (5.7) shows the types of equipment and setup of the experiment used for electrical

characterization. For the both thermally-sprayed anti-icing experiments and anti-icing ex-

periment, using the conventional heating strategy (use of electrical heating element to heat

the substrate from behind the surface).

51



Figure 5.7: Electrical characterization process equipment.

5.2.3 Surface Temperature Measurement

This step involved measuring the surface temperature of coated samples to verify the cor-

rect performance of the system. The measurement was done at ambient temperature without

force convection. First, the surface temperature of each heating element was recorded. Then,

this record was repeated for each designed mode. To this aim, the surface temperature and

its uniformity were monitored using an infrared camera (FLIR 42701-1201 A320 Thermal

Imaging Camera). In order to guarantee the consistency of the results, each temperature

measurement was repeated several times. In addition, the generated power was calculated

using equation (5.4).

P = V I = RI2 (5.3)

In which P is the electrical power generated (watt), R is the electrical resistance (Ω), I

is the current intensity (A), V is the voltage drop between two specimen’s probes (volt).

Temperatures along the coating surface were also measured by a thermocouple type K

(KMQSS-062U-36, Omega, Canada) attached to the surface of the coated samples. Fi-

nally, temperature uniformity was measured while the samples were connected to a power

supply. For providing the required power, two power supplies were used in the experiments.

Figure (5.8) presents these two power suppliers including, (a) TEMNA 72-6908, POWER

SUPPLY, BENCH, 35V, 175W) and (b) (TEMNA 72-7695, POWER SUPPLY, BENCH,
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36V; Power Supply Output, Type: Adjustable).

Figure 5.8: types of power suppliers used in the experiments.

5.2.4 Icing Tests

All icing tests were implemented using the closed-loop icing wind tunnel (IWT) at Con-

cordia University (see Figure (5.9)) [104]. The test section of the wind tunnel has a square-

shaped cross-section (10 cm wide). The IWT can generate a maximum air velocity of 45

m/s and a minimum air temperature of - 20 ◦C.

Figure 5.9: Schematic of the icing wind tunnel [104].

Substantially, four key-features define the ice-phobicity properties of a surface: (1) lower

temperature to start ice nucleation, (2) delay in ice accretion time, (3) smaller ice adhesion

strength at the ice-solid interface, and (4) long-lasting durability [1]. In the present study, two

groups of tests were done assessing the anti/deicing performance of the fabricated samples.
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Ice Accretion Tests

The first group of experiments comprised ice accretion and heating deicing tests. Several

key factors are required for aircraft icing to happen, including liquid water content (LWC),

free stream temperature, mean volumetric diameter of the droplet (MVD), and air stream

velocity [11]. Primarily to evaluate the effect of the SPS superhydrophobic coatings com-

pared to an unprotected surface on ice accretion, different sets of operating circumstances

were performed to characterize typical in-flight icing scenarios in the IWT. These conditions

comprised of different liquid water content (LWC) and water droplet median volume diame-

ter (MVD) that affect the icing risk. In two air temperatures (−3 ± 1)◦C and (−10 ± 1)◦C

conduction were investigated, which typically results in the formation of clear ice and a

mixture of glaze and rime ice respectively. An air atomizing spray nozzle was used to inject

the water droplets into the air stream. The size distribution and the spray pattern were ad-

justed by using the air-flow and water flow controllers. Icing blade technique (recommended

by SAE International was employed to measure the LWC value. For the icing tests, cold

distilled water was used, which was maintained to a temperature lower than 4◦ C to guaran-

tee the arrival of super-cooled water droplets to the test section. The total accumulated ice

throughout the experiment was determined by weighing the samples before and after each

test. Ice accretion on the uncoated sample and coated samples were recorded to investigate

their anti-icing performance.

Heated Anti-icing Tests

The second group of experiments included placing the cylindrical heating element inside

the tube samples to assess the potential contribution of combining minimum leading-edge

electric heating and superhydrophobic coating for icing mitigation. The first set of tests

considered the effect of combining the superhydrophobic coating and heating on deicing

time. The superhydrophobic coating was placed in different icing conditions for a specific

time. After the observation of the ice layer, the water spray was stopped. Then the electrical

heating element inside the sample was turned on to absolute power. The time for the samples

to become completely ice-free was recorded as the deicing time. Another test was used to
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quantify the expected heat input to provide an ice-free surface using a multi-functional

strategy compared to traditional techniques. This experiment was performed in distinct

air-stream velocity and temperature. The results were recorded for all designed conditions

to evaluate the required electrical power to maintain the superhydrophobic coatings ice-free

compared to the uncoated sample. Besides, the effect of applying heat only on a smaller

region was also tested. A summary of the proposed methodology of the present study is

described in Table (5.2)

Table 5.2: Summary of Proposed Methodology.
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Chapter 6

Results and Discussion

The results are presented and discussed in this chapter concerning the aim of the research,

which was to develop a novel ice protection system. The findings are presented under the

following significant headlines: deposition of an insulator layer on substrates using plasma

spraying, deposition of FeCrAlY layer by plasma spraying, morphology and structural char-

acterization, electrical characterization, thermal analysis, and icing tests. However, it should

be pointed out that this study focuses on the assessment of the fabricated system’s anti-icing

capability. The effect of heating element geometry on developing controllability of the heat-

ing energy is also of great importance. After all tests on heating performance were done

on thermally-sprayed samples, all the tests were repeated by using a commercial heating

element at the back of the substrate. All tests were done in the same condition to assess the

advantages of using the new anti-icing system.

6.1 Coating Fabrication

All samples were manufactured using the Plasma Spraying technique. Before starting the

deposition all the samples were prepared. For preparation, the samples were grit blasted

to clean the surface as well as increasing the roughness of the surface, resulting in a more

efficient deposition. Moreover, it removes the chemicals involved, accuracy for patterning,

and longevity for the surface. As mentioned in the previous chapter, two coating layers were

deposited on the substrate, that the process parameters to control and create the micro-
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texture of the coatings is defined as follows.

6.1.1 Insulator Layer

It was discussed earlier that several process parameters could significantly affect the mi-

crostructure of coatings using plasma spraying. Figure (6.1) lists a few parameters that

can significantly impact a coating’s microstructure [105]. Then, in the current study, the

deposition process parameters were modified to achieve the desired structures by depositing

molten particles on a preheated substrate.

Figure 6.1: Major processing parameters that affect the coating microstructure [105].

These parameters were reminded because they are also applied in the current study. Hence,

these considerations were adjusted according to the manufacturer’s recommendation and

desired microstructure of the test. As stated earlier , there were two coating layers deposited

by atmospheric plasma spray. The substrates were preheated to approximately 100◦C by

the plasma instantly before coating for all samples. It was accompanied by sand-blasting in
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providing the proper adhesion required. For the APS process, the surface temperature of the

coatings was monitored by the infrared camera and kept below 200◦C. Based on the previous

studies and results, the optimum thickness for the deposited insulating layer is between 120-

200 µm, for which the test parameters were adjusted accordingly [60]. On this point, Table

(6.1) presents the spray parameters of the Zirconia layer (first layer) as an insulator coating.

Table 6.1: The plasma spray parameters used for the Zirconia coating.
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The insulation layer was deposited on 10 samples. All selected samples were deposited

under the same spraying conditions. Figure (6.2) shows a sample before and after deposition

of the Zirconia layer.

Figure 6.2: One sample before and after the deposition of Zirconia layer.

6.1.2 Resistive Layer

In the second phase of experiments, ceramic coated substrates were coated using the

FeCrAlY powder (Amdry 9700). As previously mentioned, the resistive system (heating

element) is designed with unique geometry for this study. The strips deposited at equal

intervals on top of the insulator layer. For this goal, thermal spray masking tapes were used

to define the layout of the heating elements. Furthermore, the masking tape uses pressure-

sensitive silicone adhesives that allow the product to continuously withstand temperatures

up to 260 ◦C (500 ◦F). Moreover, it also prevents slippage at high temperatures during the

plasma spray process. In the first place, fabrication of these geometries was done to reduce

costs and energy consumption by decreasing the required cross-section of the to-be-heated

surface. Next, it is designed to investigate the capability of developing a multi-functional ice

protection system to reduce power consumption in the glaze and rime ice regime. Finally,

another outstanding significant objective of this design is to examine the possibility of con-

trolling the heating of the desired surface whenever and wherever necessary. Throughout the

design process, different cross-sections were fabricated to compare the expected capabilities
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of the different designs and explore the possibility of creating a variety of cross-sections based

on the needs in various circumstances. One of the most critical features of thermal spray

methods was demonstrated in this part. Six geometries were fabricated as shown in Figure

(6.3).

Figure 6.3: Design of different heating elements.

As an example, sample 5 is shown in Figure (6.4). On top of the insulator layer, a design-

specific mask was applied for getting the desired heating element geometry. In accordance,

studies and results have indicated that the optimum thickness for the deposited FeCrAlY

Figure 6.4: Schematic of one of the masked samples.
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layer (heating element) is 60-80 µm, which has led to adjustments to the test parameters.

In this regard, Table (6.2) shows the spray parameters for a coating of resistive strips. These

parameters were chosen based on the manufacturer suggestions.

Table 6.2: The plasma spray parameters used for the FeCrAlY coating.

As noted earlier , Air Plasma Spray technique was used to deposit metallic coatings on

top of Zirconia layer. Figure (6.5) shows the prepared samples after deposition of metallic

coatings (FeCrAlY) on top of the insulator layer. After masking the samples based on the

designed cross-section the spray processes were performed. Different designs were fabricated

to evaluate their performance in terms of local heating.
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Figure 6.5: Coated samples with five different geometries.

6.2 Coating characterization

A cutting machine was used to cut multi-layered samples of the coatings, which were

then mounted in epoxy resin for micro-structural analysis. Samples were coated with a thin

layer of gold to prevent static electric charges on the non-conductive Zirconia coating for

SEM characterization. Images were analyzed using Java-based image processing program

(ImageJ) to measure porosity and oxidation of deposited coatings (a significant factor in

this study). SEM micrographs of coating structure are shown in Figure (6.6). There are

two different layers in the micrograph. A metallic layer (FeCrAlY) on top is the heating

element. Ceramic layer (Zirconia) as an intermediate layer (insulator) and substrate (Alu-

minum tubing). The top coating layer (FeCrAlY) is on average 60-90 µm, and the zirconia
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layer is approximately 150-200 µm. The parameters setting such as powder flow rate, cur-

rent, stand-off-distance directly influence the properties and performance of the fabricated

coating. After characterization of the coatings, the results indicate that microstructure for

plasma-sprayed was satisfactory.

Figure 6.6: SEM micrograph of five samples with different width of FeCrAlY coating (figure 6.5).

All selected samples were deposited under the same spraying conditions and indicating the

same texture. The SEM micrographs in Figure (6.7) represent the microstructure of coating.
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Figure 6.7: SEM micrograph of a coated sample.

As earlier mentioned, thermal spray technology poses the possibility to make large active

coatings. Plasma spray coatings’ microstructure and properties are largely dependent not

only on the powder properties but also on the parameterization of the process itself. Typ-

ically, the effects of plasma spraying parameters on coating properties are studied, includ-

ing phase content, powder deposition efficiency, deposition rate, microstructure roughness,

porosity, and micro-hardness. Based on the goal of this study. Table (6.3) (a) presents

the coating properties of Zirconia based on the stated spray parameters. In addition, Fe-

CrAlY coating’s properties were evaluated. Table (6.3) (b) presents the coating properties

of FeCrAlY based on the stated spray parameters.
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Table 6.3: Properties of the (a) Zirconia and (b) FeCrAlY coatings

6.3 Electrical characterization

This section is consisted of measuring the surface resistance of the coated samples using the

four-point probe technique. In Table (6.4), the applied voltages (3, 6, and 9 V) and resulting

currents along the surfaces of the coatings and some other electrical properties (resistance,

resistivity, and intensity) for each type of coating are given. Prescribed voltages were applied

to the coated samples, as a result, the required power could be supplied as intended, and

more uniform heat distribution is achieved along with the coating and better control on the

heating procedure is earned. After finding the resistance of the coated samples, the resistivity

of the coatings was calculated. In contrast to resistance, resistivity is an intrinsic property

of materials, independent of their shape and dimensions. Thus, two coatings sprayed with

65



the same spray parameters but with different dimensions should have the similar resistivity.

Nevertheless, changing control parameters and powder size may affect the percentage of

coating oxidation and porosity, leading to a different resistivity value. Since coatings are

always associated with porosity and oxidation, their intrinsic properties, such as electrical

resistivity, are usually different from bulk and pure materials. The resistivity values for

the coatings sprayed samples (Middle strip in all) are shown in Table (6.4) comparing the

resistivity values for coated samples, one finds that the difference between them is negligible.

Table 6.4: Electrical properties of the coated samples.

For each coated sample V-I graph is represented in Figure (6.8). As expected, the current

is linearly related to the voltage, which corroborates the equation (R= V
I

= ∆V
∆I

) in all cases.

The slope of the curve represents the coating’s resistance. From Figure, it is apparent that

FeCrAlY coatings with a wider cross-section have a lower resistance value than coatings with

a thinner cross-section. This confirms that resistance is directly proportional to electrical

resistivity and length, as well as inversely proportional to cross-section (R=
ρL

A
=
ρL

tw
) in

which parameter t and parameter w are the cross-section thickness and width, respectively.

The samples were also tested at various temperatures for their resistance (25◦C to 250◦C).
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In all cases, it performs that the resistance of the FeCrAlY coating during the temperature

range is almost constant. Therefore, it can be concluded that the variation of resistance in

this range of temperature is negligible.

Figure 6.8: Voltage vs current for the FeCrAlY coatings.
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As discussed earlier, different geometries were created to reduce the required area to-be-

heated in the future which is not possible in traditional heating elements. In addition, The

feasibility of developing a multi-functional ice protection system with a focus on solving

the available system’s deficiencies was another reason for designing these geometries. This

design also explored the possibility of controlling the temperature of the surface whenever

and everywhere necessary. Therefore the tests were repeated for all the coated samples with

different geometries to ensure their required performance. The method was assessed using an

infrared camera (study the change in surface temperature and heating element performance

during the heating process). In addition, it was examined in different conditions how well

the supplied heat could be controlled. Further investigation of the electrical properties of

different coated samples was undertaken.

6.4 Thermal Analysis

Three different voltages (3, 6, and 9 V) were applied to the coated samples for each set of

experiments and surface temperature was measured using thermocouple and infrared camera

. The law of intensity is determined by the equation (6.1) is used to calculate power in which

R is equal to resistance, P is power, and V is voltage.

P =
V 2

R
(6.1)

Tests were conducted for all samples with different heating elements configurations. All

tries were done for one strip at first. Furthermore, tests were repeated for heating two and

three strips simultaneously to investigate the system’s ability to work correctly. In other

words, as discussed earlier, this strategy enables us to control our heating method; more-

over, the system’s capability to provide the required amount of heat in more than one region

was revealed. Table (6.4), in previous section presented the resulting current and the gener-

ated power per unit area known as intensity. For the different coatings, as expected, results

indicate that the intensity of all the coatings’ power increases with increasing voltage. It was
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also confirmed that the coatings’ resistivity remains relatively constant at all temperatures

as anticipated. Therefore, the sample with a smaller width of resistive coating would have

a higher temperature for a given voltage than the other coated sample. Table (6.5) includes

the results of supplying different voltages into the system (subsequent currents and power

intensity, which were produced accordingly). Results showed a more uniform heating distri-

bution, and the heating procedure is controlled to a greater extent. A variety of geometries,

resulting in reducing the required surface area, were employed to reduce costs and energy

use. Another achievement we could infer from testing these geometries was developing a

multi-functional ice protection system that focuses on solving the individual systems’ short-

comings. Tests were repeated six times for all the coated samples with different geometries

to ensure the repeatability.

Table 6.5: Electrical properties for the coated samples with different geometries.
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As a next step, the heaters were switched on, and enough time was allowed for their op-

eration to stabilize the temperature profile. Three different voltages (3, 6, and 9 V) were

applied to the coated samples with different widths (3, 5, and 10 mm) for each set of experi-

ments. In order to ensure a steady state, we used a thermocouple and infrared camera. The

steady-state condition was achieved when apparatuses showed stable temperature readings.

The temperature profile of the samples coated for three different voltages and three different

widths was measured. The thickness of the coating was equal in all models. Figure (6.9)

illustrates the temperature profile of the sample coated in three different voltages and three

different widths. The graph shows that the slope, especially in the beginning, is sharp, and

the surface temperature rises very rapidly. The surface temperature in the highest supplied

voltage (9 V) reaches 150◦C in just less than 50 sec, and it goes to 210◦C in about 120 sec.

The 6 V curve indicates that the slope is smoother, and the temperature increases more

slowly over time than the 9 V curve. In this case, the surface temperature increased from

26◦C to 150◦C in about 80 seconds. After 120 s, the temperature is approximately 190◦C.

In the 3 V, the temperature of 150◦C is reached in around 100 seconds. In about 120 sec-

onds, the temperature also reaches 170◦C. The different cases show that the temperature

profiles, especially after 90 s, have a more smooth slope; however, the time it takes to reach

the temperature of 150◦C is different for different supplied voltages. The samples with the

applied higher voltage always have a higher temperature and reaches a specific temperature

earlier. For the wider coatings (5mm and 10 mm), it should be noted that increasing the

cross-section area results in decreasing the coating resistance.

70



Figure 6.9: Temperature profile of the sample coated in three different voltages and three different widths.

With the same thickness of the coatings, the 3 mm wide coating appears to have better

performance as a heating element due to higher surface temperatures higher power inten-

sity, and a shorter steady-state time. Additionally, the surface temperature distribution

resulted from a coating thickness of (70 ± 10) µm while the coating was connected to a

power source was very uniform. Accordingly, the thickness was found to be properly chosen.

In all these cases different constant voltages were applied to the samples (3, 6, and 9 V).

It should be noted that the power generated using coating is lower in thinner coatings if

instead of applying constant voltages, constant currents be applied to the coated samples,

as (P =
V 2

R
= RI2). Each of these strategies might be proper depending on several factors

like the application of the heating element, where it is used, the amount of needed power,

uniformity, level of importance, and other limitation. The next step was to investigate the

controllability of the heating elements. In this experiment, different voltages (3, 6, and 9 V)

were applied to the coatings again. This time, however, two and three heating strips were

powered simultaneously. As long as all heating strips were at the same width, the current

passed through all heaters equally and the temperature changes grew similarly for all heat-
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ing elements. But if the width of the heating elements is different the current pass through

the coatings would be different because of changing resistance and the temperature profile

will be altered. As a result, we were able to heat multiple heating elements at the same

time, and we could control the heat output to each heating strip whenever needed. With

this method, it is easy to control both the place and the time of heating. For instance, to

prevent in-flight icing, as mentioned previously, we only need to heat the stagnation area of

the leading edge. However, it is important to note that in different angles of attack there is a

different stagnation region, and we need to heat the different zone of the leading edge at the

right times. Using this technique, it is possible to heat a specific area at a specific time with-

out having to heat the whole surface, which translates into a more efficient consumption of

energy. Furthermore, homogeneous temperature distribution can be achieved on surface as

a result of the intimate contact between the plasma-sprayed coatings (the heating elements)

and the substrate. Essentially, the coating system would heat and melt ice more efficiently

than conventional electric heating systems. However, applying more power did not result in

any noticeable changes in the ice’s melting times from one point on. Figure (6.10) in the

next page illustrates the surface temperature distributions that result from heating on the

different coatings.

6.5 Icing Test

Testing was done under two different conditions to assess the ice protection system’s re-

liability and performance. In the first group of tests, the samples were evaluated for the

performance against icing (ice accretion test) to determine the effect of superhydrophobic

coating on anti-icing performance (demonstrate passive ice protection capacity). The second

group of tests examined the anti-icing performance (heated anti-icing test) for the conven-

tional thermal ice protection systems and the designed thermally-sprayed heating system.

Then the results were compared to see the difference between the two systems’ anti-icing

performance. Finally, the test was include using superhydrophobic and heating concurrently

as a multi-functional ice protection system (integration of passive and active method). The
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Figure 6.10: Performance test of the FeCrAlY resistive heaters for (a) one, (b) two, and (c) three strips

heating system’s controllability was also evaluated (the ability to heat the leading edge at

different angle of attacks while take-off or landing using coatings with a particular design).

The test section of the wind tunnel has a square-shaped cross-section with a width of 10 cm.

Test sections can achieve air speeds of up to 45 m/s and temperatures as low as −20◦C with

air speeds of up to 40 m/s. The maximum operating temperature of the wind tunnel in-

creases with increasing air velocity since the residence time of the air in the chiller decreases

when the air velocity increases. Cold distilled water was used for the spray. In order to

obtain super-cooled water droplets, the water temperature was maintained below 4◦C dur-

ing icing tests. The water droplets were injected into the air stream using an air atomizing

spray nozzle placed after the fan. By adjusting the airflow and water flow, the spray pattern

can be tailored. The liquid water content in the test section can be varied between 0.2 g/m3
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to 1 g/m3. All the tests performed resulted in a spray with a median volume distribution

(MVD) of 30 µm with an LWC of 0.5 g/m3 and the velocity equal to 25 m/s. . Figure (6.11)

shows the test section and the sample holder used in the icing wind tunnel. The details of

these tests are discussed in the following sections.

Figure 6.11: Schematic of icing wind tunnel test section.

6.5.1 Ice Accretion Test

Within the capabilities of the testing equipment, the operating condition was designed to

estimate ice accretion. In all these conditions, the liquid water content (LWC) was 0.5 g/m3,

and the median volume diameter (MVD) was 30 µm, matching the icing risk conditions.

The air stream velocity was equal to 25 m/s. We chose temperatures slightly below the

freezing point of water (-4 ± 1) ◦C, which typically forms the glaze or clear ice (the most

dangerous type of ice). Each ice accretion test was conducted for one minute to assess the

delay in ice formation more accurately. We weighed each sample before and after each trial

to determine the weight of the ice formed during the test. The tests were repeated six times

for each sample to assess the repeatability of the results. The profile of ice formation was

also studied. Figure (6.12) illustrates the effectiveness of a passive anti-icing strategy versus

uncoated samples under the same icing conditions. Figure (6.12) (a) shows the dynamics

of ice accumulation on aluminum (hydrophilic surface) under clear icing conditions without
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using any anti-icing strategies. Most of the impinged super-cooled water droplets became

frozen into ice as gotten on the surface (mainly near the leading edge). The remaining mass

of impacted water formed a thin layer of water. Afterward, they split into multiple rivulets

and subsequently became ice at further downstream locations. For comparison purposes,

a commercial superhydrophobic product, NeverWet® (Rust-Oleum, Canada), was used to

coat the aluminum substrate. It is clearly shown in Figure (6.12) (b) that the ice accretion

process on the SHS-coated surface was much less than that of the hydrophilic surface. The

accumulated ice structures mainly concentrated near the leading edge instead of covering a

much greater area over the hydrophilic model. Moreover, weighing the samples also confirms

that the mass of accreted ice on the surface covered by SHS coating is much less than the

Aluminum surface. The results of weighing the sample are shown in Table (6.6). All the

measurements were recorded after one minute of surface exposure to the icing condition.

The critical results that should be given importance, show that ice features were found to

be accreted in the region near the stagnation line of the leading edge. The subsequent

super-cooled water droplets would impact the surface of the accreted ice. Therefore, these

experimental results confirm the claim that the stagnation point is the most critical area

that should be protected because it is the first point that ice starts to nucleate.

Table 6.6: Effect of applying SHS on the ice accumulation ratio.

Passive strategy with SHS coating was found capable of reducing ice accretion compared

to the bare aluminum surface. However, it is still far from being sufficient to successfully

prevent ice formation/accretion. Moreover, durability and humidity tolerance during ice
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removal (under severe icing condition) was unsafe. Ice-phobic coatings’ durability is a critical

issue, mainly in harsh icing conditions that cause severe detonation of the ice-phobic layer.

Figure 6.12: Ice accretion on (a) hydrophilic, and (b) SHS coating.

6.5.2 Heated Anti-icing Test

Thermally-sprayed Heating System

The coating’s heating performance was tested by exposing each sample to the harshest

icing condition. The first set of experiments were done on the designed structure (thermally-

sprayed heating system). Electric currents were applied to the heating element (FeCrAlY

coating) at different voltages. FeCrAlY coatings have high electrical resistance, so heat is

generated by passing a current through the conductive FeCrAlY layer. All tests were done

for enough minutes to see the stabilized temperature on heaters, and then the samples were

exposed to the icing condition. The tests aimed to determine the amount of heat required

to maintain the surface free from ice. We turned on the heater and allowed enough time

for the temperature profile to be stabilized. The steady-state was ensured by reading the

temperature from the infrared camera. We conducted the first group of tests by heating

one strip 3 mm wide at the center of the substrate (almost at stagnation point). once after

the infrared camera displayed a steady-state temperature, water was sprayed. We started

the test with the maximum power we could supply. The heater was turned on with 20 W.

Formation of ice on the sample’s surface means that we did not supply enough power. In the
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case of this occurrence, the test was designed was stopped; the sample was deiced, dried, and

repeated with higher heat input. On the other hand, if we saw the sample remained free from

ice, we decreased the power by 1 W and repeated the test (In the absence of ice on the sample,

the process repeated with a 1 W reduction in heating). We continued this cycle to find the

least amount of energy in which the surface remained free from ice. The minimum electrical

power required to maintain an ice-free surface was measured and recorded acceptably by

this trial and error method. There should be a reminder that the surface temperature can

vary depending on the external environment and the supplied energy, committing changes in

anti-icing modes (dry surface mode, evaporative mode, and runback water mode). The dry

surface mode prevents water from entering the protected area, keeping the aircraft relatively

safe but consuming massive energy. The water barely evaporates in the runback water mode,

and the surface temperature stays a few degrees above freezing. Although it consumes little

energy, it risks the formation of runback ice, which cannot be permissible on lifting surfaces

or on the air intakes of aircraft. In order to maintain flight safety and conserve energy,

thermal anti-icing systems work in an evaporative mode. Evaporative mode indicates that

runback water may be allowed but must evaporate entirely within the protected area. This

approach has an energy consumption between the dry surface mode and the runback water

mode. Therefore this method as the most proper technique was used in our experiments.

Published experimental data were used to validate the calculation method. For preserving

the surface free of ice, the maximum value of heat load was recorded. Finally, the method

was calibrated to verify experimental results based on findings in the literature, aviation

industry regulations and standards. Based on the calculations of this study, the necessary

power for anti-icing was measured. As anticipated, the total required installed power for our

electrical anti-icing system not only was in good agreement but also met our anticipation

(introduce more efficient IPS). For example, the Boeing 787 (an airplane with one of the most

efficient electrical ice protection systems) requires 3.61 kW/m² power for its leading edges ice

protection which was also a good benchmark for comparison with our system. Moreover, in

the next set of experiments the comparison between these results and the results gained from

conventional method was done. Figure (6.13) presents a schematic of the heat generation

circuit. The test was started by supplying current in strip 1. These procedures were also
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done for 2 and 3 strips at the same time, and finally, the average power intensity required for

anti-icing in the harshest icing conditioned was measured. It should be noted that there are

various challenges for the optimization of an electro-thermal wing anti-icing system in both

running-wet and evaporative regimes, which have not been addressed in this study; however,

since they can be effective in some cases, they can not be ignored.

Figure 6.13: Schematic of the heat generation circuit.

The test was conducted on sample number 5, which has coated strips all 3 mm wide.

At the beginning, electric potential of 9 V was supplied into the heating element. After

100 s, the surface temperature reached over 150◦C, which was deemed okay for starting the

experiment. The procedure of calibrating the required power as above-mentioned is shown

in Figure (6.14). In this case, the minimum power to keep the surface free from ice was

around (4 ± 0.5)W . The surface temperature decreased to (13 ± 2)◦C but remained at this

temperature, preserving the surface free from ice in 7 minutes duration of icing condition.

We could protect the surface against icing with very low power intensity. However, after

around 7 minutes, the ice started to form at the back of the substrate (runback ice) and

grew downstream because the temperature was approximately (4±0.5)◦C in the lower regions

which was enough to runback ice formation.
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Figure 6.14: Required anti-icing power for heating only the middle strip.

Figure (6.15) shows that, when we warmed up the leading edge insufficiently the ice starts

to nucleate on the surface (the area where drop collection is the highest). Therefore we could

not avoid ice nucleation. Ice starts to form on the leading edge and get larger by time.

Figure 6.15: Formation of runback ice on the unprotected regions.

Figure (6.16) shows the picture captured by the infrared camera. It is apparent that

supplying approximately 4W of power preserve the surface at a temperature around 13◦C

which was enough for anti-icing performance. However, in the unprotected regions, it was

79



evident that the surface temperature was as low as necessary, letting runback water being

transformed into the solid phase.

Figure 6.16: Surface temperature while heating only the middle strip under icing condition.

Consequently the experiments were repeated by supplying 20 W power to the two of

the heating elements (strip 1 and 2). After the 120 s, the surface temperature of the strips

reached over 150◦C (proper target temperature to start the water spraying). In this case, the

minimum power to keep the whole surface free from ice was around (3 ± 1)W . The surface

temperature decreased to (11 ± 0.7)◦C for both strips but remained at this temperature,

and preserved the surface free from ice for 10 minutes duration of icing condition. In this

configuration with two heating elements, we could run from runback icing as we protected

the downstream regions as well. Moreover, less energy than the previous condition was

required to protect the surface against icing. In fact, when we turned on just one heating

element, we required more energy to evaporate more water from the leading edge to prevent

the formation of runback ice. In other words, we can supply lower energy to the first heating

element located at the stagnation point (the region ice initiates to form) to keep the super-

cooled droplet in the liquid phase. Consequently, the second heating element prevents the

ice nucleation in the runback flow. It was also possible to have an interval for using heating

elements when needed.

Finally, the test was conducted on the same sample with three strips were connected to

the power supply. Again the experiments started with supplying 20 W power into each

heating elements. The minimum power to keep the whole surface free from ice was around
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Figure 6.17: Required anti-icing power for heating two strips.

(2 ± 1)W . The surface temperature for all strips decreased to around (7 ± 1)◦C after ten

minutes of spraying super-cooled water droplets, but the supplied power was enough to keep

the surface free from ice under the harsh icing condition. The procedure of calibrating the

required power is shown in Figure (6.18). As we had three heating elements, we could rid

of runback icing. In addition, less energy consumption was required to protect the surface

against icing. The reason was that three strips enabled us to supply less power for evaporation

on the leading edge because more runback liquid water can be avoided, while we used three

heating elements.

In other words, we could remain more in the wet-water regime because the second and

third heater removed the runback water. We can supply the least energy to the first heating

element at the leading edge (the region ice initiates to form) to remain in the liquid phase.

In continuing, if the runback ice wants to nucleate, the second and third heaters were turned

on and put off the ice formation on the unprotected areas. This was also possible to have an

interval for using heating elements. It means that we can turn on the other heating element

than the one located at the leading edge right as icing happens on the unprotected regions,
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Figure 6.18: Required anti-icing power for heating three strips.

which is an excellent achievement in heating system improvement regarding controllability

and energy consumption. Figure (6.19) illustrates the capability of the anti-icing system.

In this case, we could completely get rid of ice nucleation either at the leading edge and

downstream of the sample. This approach has been proved to require a small amount of

energy to be spent on evaporating liquid water on the surface. Recently, there has also been

much interest in superhydrophobic and ice-phobic surfaces, which are capable of repelling

water and ice, respectively, and may be used to prevent ice accretion. Despite remarkable

improvements in this route, there are still some significant problems with such alternatives.

Figure (6.20) presents the matching plot, the surface temperature versus time during

spraying of super-cooled water. In graph (a) we turned on just strip one, (b) strips 1 and 2,

and (c) three strips at the same time. In all graphs, power of (3 ± 1)W was supplied to the

sample until reaching the steady-state temperature before spraying started.
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Figure 6.19: Anti-icing performance of heating system with three heaters on.

Conventional Heating System

In this set of tests, all the icing condition were performed similar to the previous exper-

iments to have the proper comparison on the performance of the two systems. The only

difference between the two tests was the heating type to see the effect of using thermally

sprayed resistive heaters. The coating system heating performance was tested by expos-

ing each sample to the harshest icing condition, which was shown in Table (6.7). The set

of experiments were done based on conventional heating system from the backside of the

substrate. This test provided electric currents to the Hi-density Cartridge Heater with 321

stainless steel sheath and 12.7 mm nominal diameter (DBA OMEGA Environmental, QC,

Canada) for different voltages. Various voltages were applied to the system to test the

heating performance. This flexible cylindrical heating element was placed inside the sample

(Figure (6.21)). The possible space between the sample and the heating element should not

be left empty because the air breach between the sample and the heater affects the experi-

ment’s reliability. Also, the gap disturbed the uniformity of heat transfer from the heater to

the substrate. Therefore high temperature and high thermally conductive paste (OT-201-2

OMEGATHERM, DBA OMEGA Environmental, QC, Canada) was used to fill the gap,
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Figure 6.20: Surface temperature under icing conditions when (a) one strip, (b) two strips, and (c) three

strips are turned on.

consolidate and unite the heater with the sample. For the first step, like the previous test,

20 W electrical power was supplied to the heater. We waited the surface of the sample was

reaches up to the maximum stabilized temperature. Afterward, the spraying started, and

the sample remained under the icing condition for 10 minutes. The heating tests were all

conducted at the same initial ice temperature of (−4 ± 1)◦C. The test aimed to determine

the amount of heat required to maintain the surface of the samples free from ice. Figure

(6.21) presents a schematic of the experiment’s sample preparation that was used in the

icing wind tunnel for anti-icing test. It should be noted again that in this set of tests, all

the icing conditions were observed as before for the purposes of comparing the performance

of the two systems.
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Figure 6.21: Schematic of the prepared sample for the conventional heated anti-icing test.

Figure (6.22) shows the test section and the sample holder used in the icing wind tunnel.

The details of these tests are discussed in the following sections.

The test was started by supplying voltage. At first, we supplied 20 W to the heating

element. Approximately it took around 15 min to reached the stabilized temperature around

110◦C, and was stabilized there, then we start spraying water for 10 minutes. It was shown

that ice was started to form on the surface after after around 4 min of start spraying. It

was apparent that supplying 20W of power was not suitable for anti-icing in this experiment

and after a short while the system will not be able to keep the surface at the required

temperature, avoiding ice formation, so we increased power for 1w and repeated this process

up to the power that was enough for ice mitigation for the long-enough time. Finally, We

reached to this condition by applying around 26W . Then we decreased the power for 1 W and

recorded the result as the anti-icing required power. These procedures were done for 6 times,

and the average power intensity required for anti-icing in the harshest icing conditioned was

measured. It should be noted that there are various rigid challenges for the optimization

of an electro-thermal wing anti-icing system in both running-wet and evaporative regimes,
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Figure 6.22: Test section and the sample holder used in the icing wind tunnel.

which have not been addressed in this study. The procedure of calibrating the required

power as above-mentioned is shown in Table (6.7). In this case, the minimum power to

keep the surface free from ice was around (25 ± 2)W . The surface temperature decreased to

(13 ± 1)◦Cbut remained at this temperature, and preserved the surface free from ice in 15

minutes in the icing wind tunnel.

Table 6.7: Calibration of the power required for electro thermal anti-icing.
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Figure (6.23) shows the picture captured by the infrared camera. It seems that supplying

approximately (25±2)W of power preserved the surface at a temperature around (13±1)◦C

which was enough for anti-icing performance. Figure (6.23) (a) presents the temperature

the the surface was reached after 7 min and and was stabilized there which was the point

of starting the super-cooled water spraying for 15 minutes to see the occurrence. Figure

(6.23) (b) represents the surface temperature after 15 min of spraying which is in the range

of (12to13)◦C providing an ice free surface steadily. However, in contrast to the previous

case (heating one thermally-sprayed resistive heater), significantly more power was required

for the anti-icing process. Another important concern refers to the time that takes for the

surface to reach the required temperature for anti-icing which was more than the previous

experiment. It was also evident that the surface temperature was enough in the downstream

regions, avoiding runback ice formation.

Figure 6.23: Surface temperature while heating: (a) stabilized temperature before water spraying, and

(b) stabilized temperature after 15 min of water spraying.

Comparison of the Anti-icing Performance

In the present study, an effective anti-icing operation is defined as no ice could accrete over

the surface during the anti-icing process. The thermally sprayed electrical elements with a

specific architecture were used as an anti-icing system in the first set of tests. The second set

of experiments includes using conventional electrical heating elements located in the back
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of the surface. In order to compare the two anti-icing strategies, power consumption was

measured for each model. For further assessment, we measured the time it took for the

heaters to reach the steady-state temperature. Furthermore, a monotonic distribution of

temperature was detected in both experiments. Glaze ice formation was formed throughout

all the experiments, which is the most dangerous form of icing. The minimum power required

consumption for preventing glaze ice formation over the thermally-sprayed model was found

to be (3±1)W while using an electrical element; we found the minimum power consumption

to prevent glaze ice formation is (25 ± 2)W watts. Moreover, the time for the samples

to reach the required temperature enough for anti-icing was significantly different in the

two strategies. When using thermally-sprayed FeCrAlY heaters, in the worst case, the

temperature reached 150◦C in just 60s while for the heating elements, this time was at

least 7 min which was significantly longer. Moreover the temperature in thermally-sprayed

heaters reached around 220◦C while the heating element under the best circumstance reached

to 120◦C. Figure (6.24) presents the comparison of two strategies regarding the time required

to reach the steady-state temperature.

Figure 6.24: Temperature variation versus time for thermally-sprayed heater and cartridge heating ele-

ment.
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Using a commercially available heating element, we consumed more energy to reach the

required temperature for anti-icing conditions. A faster heating up requires a consider-

able amount of energy compared with using thermally-sprayed resistive heaters. Moreover,

through the results obtained from the infrared camera, the temperature distribution on the

surface was significantly more uniform in the thermally-sprayed resistive heaters. It could

be recognized that this study was an achievement in the improvement of the anti-icing sys-

tem as it yielded the anticipated outcomes. Using this system brings a massive saving in

energy consumption and shows a faster response in anti-icing performance, resulting in a

more reliable IPS system. In addition, it should be considered that another great advantage

of this technique is controllability. Using the proposed heating system, we could heat-up the

elements at any time, and wherever required. This improvement is desirable as we could de-

velop a high controllable IPS system that requires a small amount of energy for outstanding

performance compare with other prevalent thermal IPS systems. This extraordinary results

can be related to several facts. In this connection some of the more prominent reasons can

be itemized as follows:

• Typically, conventional thermal ice protection systems are subject to intrinsic limita-

tions associated with heating element geometry and physical location, while thermally-

sprayed electrical elements directly on surfaces can overcome these limitations by tai-

loring the geometry of the heating element to the application.

• Heat transfer rate in thermally-sprayed heating elements becomes maximized by mini-

mizing the distance between the heater and the surface to be heated (intimate contact

of heating elements and the to-be-heated surface).

• Thermally sprayed techniques are comparatively cost-efficient compared to the other

methods of surface heating because, in this method, the massive heating pieces of

equipment are eliminated, and complex installment is preventable.

• This method enables the temperature to reach up to 600°c, which is not reachable in

other types of heating elements. Moreover, these type of heating elements is warmed

up significantly faster than the other privileged types (very fast warm-up).
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• The temperature distribution is more uniform than other heating elements due to

far-reaching contact between the thermally-sprayed heating element and the to-be-

protected surface.

• Immunity from thermal shocks, which notably affects heaters specially on ceramic

Our study of the anti-icing heat load reduction mechanism provides valuable guidance for

designing a beneficial thermal anti-icing system in all aspects. This information can be used

to design an effective ice protection system for the aircraft’s wings leading edge and wind

turbine blades or any other components with an aerodynamic profile. Based on the presented

results, it is possible to improve the configuration of the thermal anti-icing system, which

will reduce the weight and energy requirements despite particular limitations. In order to

meet the anti-icing requirements in practical applications, the margins for both the anti-icing

heat load and protected area need to be increased accordingly. In addition, regarding the

amount of heating power that can be provided, extra consideration must also be given to the

density of this power. It should be mentioned that we anticipate that ice-phobic coatings will

improve performance under these conditions. Compared to the conventional ice protection

methods (brutally heating the entire hydrophilic surface) to keep the surface free from ice,

the hybrid strategy was found that substantially requires less power to provide the same

anti-icing performance. However, there is a severe problem with such surfaces regarding

their durability under icing conditions. This reason also was applied in our study that we

could not use the available commercial superhydrophobic coating in our experiment as its

very low durability against icing circumstances. However, some superhydrophobic coatings

were found that can tolerate the harsh condition of icing, which will lead us to have a more

developed ice protection system.
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Chapter 7

Conclusion and Future Works

In this study, the fabrication of a FeCrAlY coating layer on an aluminum substrate for

anti-icing application was examined. For the fabrication of the proposed structure the plasma

spray technique was used. Then this strategy was compared with the conventional heating

strategy to assess the advantages of this technique regarding energy consumption and safety.

The first group of experiments comprised ice accretion tests to show the effect of superhy-

drophobic surfaces on anti-icing performance. Results showed that the ice accretion process

on the SHS-coated surface was much less than that of the hydrophilic surface. In the second

and the major group of tests, thermally-sprayed resistive heaters’ anti-icing performance was

compared with conventional heating elements’ anti-icing effectiveness. We concluded that

in our testing condition, heaters needs to be supplied by an average power of (4 ± 1)W to

have acceptable anti-icing performance while heating the substrate with conventional heat-

ing elements required to consume at least (25 ± 2)W of power which was approximately six

times greater than that of thermally-sprayed heaters. In addition, the time required for the

to-be-heated surface to reach a stable and high enough temperature for anti-icing was signif-

icantly different between the two systems; thermally-sprayed resistive heaters can be reached

(120◦C) in just 1 min while this time for the cartridge heating elements takes around 7 min.

Moreover,it was also apparent that implementing the thermally-sprayed resistive heaters in

functional conditions will be cost-effective as it is much easier to use than the cartridge

heater. Also, using thermal spray techniques will let industries use different materials in

ice protection systems without any restriction, and at the same time, they will enable the
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implementation of their techniques on the complex geometries of to-be-protected surfaces.

Controllability of heating strategy regarding the required time and location of protection

is another benefit of this method. Although the proposed system is a simple setup, all the

results demonstrate that using this strategy can bring significant advantages.

7.1 Future Works

Based on, the findings in this study the following directions for future research can be

envisioned.

• Feasibility of developing more efficient multi-functional ice protection system (use ther-

mal spray methods).

• Examine coating adhesion to various aerospace substrates (aluminum, carbon fiber-

reinforced polymer (FRPC), glass fiber reinforce polymer (GFRP), and metal compos-

ite laminate).

• Coating development on more complex aerodynamic surfaces.

• Investigating the performance of using a durable superhydrophobic surface coating

in the icing condition enabling to take advantage of ice-phobicity characteristic of

superhydrophobic surfaces under the harsh weather condition.

• Using other metallic materials instead of FeCrAly, for the deposition of a heating

element coating, and comparing their performances with each other.

• Life cycle assessment and benefit assessment of the system in practical application

• Using thermal spray techniques makes it possible to deposit a wide variety of materials

on different substrates. Therefore it would be possible to take advantage of specific ma-

terial characteristics. For example, deposition the resistive material on the composite

structures without damaging such temperature-sensitive materials.
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[61] C. Mayer, “Système électrothermique de dégivrage pour une pale d’éolienne: simula-
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