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EXECUTIVE SUMMARY

Optima Specialty Chemicals and Technology Inc. undertook this study to investigate the adhesion of
freezing precipitates to de/anti-iced and non-deiced aircraft surfaces at the request of the

Transportation Development Centre (TDC) of Transport Canada.

The research activity focussed on two types of freezing precipitation adhesion:

1. The adhesion of slush, ice and snow which are formed on and in a de/anti-icing fluid subject

to freezing precipitation.

2. The adhesion of dry snow on warm aircraft surfaces.

1. Background study

A background study was performed to establish the present state of research and knowledge on the

adhesion of freezing precipitation on aircraft surfaces. It included:

1.1 Literature Review

Literature on ice adhesion was reviewed and a summary presented. According to the studies
in the literature, adhesive strength of ice on stainless steel was quite high, up to 1.65 MPa.
On polished steel surfaces, the adhesion strength of ice was as low as 0.07 MPa. Adhesion of
ice to clean bulk plastics such as nylon and polyethylene is low (0.32- 0.08 MPa) compared
with that to metals but still too high for those plastics to be recommended as icephobic
surfaces. However, ice was removed easily from lubricated plastics surfaces. Lubricants such

as silicone grease and petroleum grease reduced the ice adhesion strength of plastics to zero.
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1.2 Research Activities

Studies and theoretical models developed on physics of ice adhesion, lubricity of failed

de/anti-icing fluid between ice and aircraft surfaces were reviewed. Test methods on ice

adhesion were investigated.

1.3 Research at MIT

Research activity at Massachusetts Institute of Technology (MIT) was reviewed.

2. Fluid failure definition

The mechanisms of de/anti-icing fluid failure under conditions of freezing precipitation were

described.
3. Definition of adhesion
The technical definitions of adhesion for the deposition of slush, ice and snow in the presence of
de/anti-icing fluids were developed. The shear strength of ice adhesion on aircraft surfaces was
interpolated based on adhesion values in the literature. The conditions needed to remove the failed
fluid under the aerodynamic shear stress at take-off before rotation were described.
4. Factors affecting adhesion
The principal independent variables which affect the adhesion were identified. They are:

4.1 Hydrophobic nature of surfaces

Treatment of wing surfaces with anti-icing fluids causes surface hydrophobicity and reduces

wetting and adhesive bonding characteristics. The hyrophobicity and surface finish as factors

affecting adhesion of failed fluid and ice were investigated.
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4.2 Temperature

The effect of temperature on the rheology of failed fluid, lubricity of a thin fluid layer

between ice and surfaces, and shear strength of freezing contamination were investigated.

4.3 Surface Profile

The effects of aircraft wing surface profiles and joints on adhesion were investigated.

4.4 Lubricity of thin de/anti-icing fluid layer

S. Conditions for adhesion in the absence of protective fluid

The limiting conditions for the adhesion of frozen precipitation on an aircraft surface were outlined.

A schematic representation was postulated showing maximum air temperature at which there is no

adhesion.



SOMMAIRE

A la demande du Centre de développement des transports (CDT) de Transports Canada, la firme
Optima Specialty Chemicals and Technology Inc. a mené une étude sur 1’adhésion de certaines
formes de précipitations aux surfaces d’un aéronef arrosées et non arrosées d’un liquide dégivrant et

(ou) antigivrant.

La recherche s’est concentrée sur les deux formes principales d’adhésion, a savoir :

1. Adhésion de givre, de neige et de neige fondante qui s’accumulent sur le liquide

dégivrant/antigivrant ou qui existent a I’intérieur de celui-ci.

2. Adhésion de neige séche sur des surfaces d’aéronef chaudes.

1. Recherches préliminaires

Des recherches préliminaires ont ¢té faites pour déterminer 1’état de la recherche et du
développement dans le domaine de 1’adhésion de certaines formes de précipitations givrantes aux

surfaces des aéronefs, a savoir :

1.1 Une recherche documentaire

Les études traitant de I’adhésion du givre, consultées dans le cadre de la recherche
documentaire, montrent que les valeurs d’adhésion du givre sur I’acier inoxydable sont tres
¢levées, pouvant atteindre 1,65 MPa, et que sur I’acier poli elles sont trés faibles, pouvant
tomber a 0,07 MPa. Sur le plastique de grande consommation en état de propreté, tel que le
nylon et le polyéthyléne, les valeurs d’adhésion sont faibles (0,32 - 0,08 MPa)
comparativement a celles sur les métaux, mais quand méme trop élevées pour qu’on puisse
recommander ces matériaux comme surfaces empéchant la formation de givre. Il a cependant

été constaté que le givre s’enlevait facilement des surfaces plastiques si elles étaient



lubrifiées par un produit tel que la graisse de silicone ou de pétrole, qui a la propriété de

rendre nulle la force d’adhésion du givre sur le plastique.

1.2 Des recherches

Examen des études menées et des modeles théoriques élaborés concernant les principes
physiques expliquant I’adhésion du givre et sur 1’effet lubrifiant du liquide dégivrant/
antigivrant agissant comme interface entre le givre et les surfaces d’aéronefs quand ce
liquide a cessé d’étre efficace. Examen des méthodes pour mesurer la force d’adhésion du

givre.

1.3 Examen des recherches menées au MIT

Des recherches au Massachusetts Institute of Technology (MIT).

2. Description de la cessation d’efficacité

Le mécanisme par lequel un liquide dégivrant/antigivrant cesse d’étre efficace dans des conditions

de précipitations givrantes a été décrit.

3. Définition du phénoméne d’adhésion

Définition du phénomene d’adhésion dans le cas de I’accumulation de givre, de neige et de neige
fondante en présence d’un liquide dégivrant/antigivrant. La résistance au cisaillement, ou cohésion,
du givre aux surfaces des aéronefs a pu étre obtenue par interpolation, a partir des valeurs
d’adhésion données dans les ouvrages publiés. Description des conditions dans lesquelles les forces
de cisaillement aérodynamique durant le décollage et avant le cabrage font se détacher les résidus du

liquide qui a cessé d’étre opérant.
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4. Parameétres régissant les forces d’adhésion

Les principales variables indépendantes régissant les forces d’adhésion ont été reconnues. Ce sont :
4.1 L’hydrophobicité des surfaces
L’arrosage des ailes avec un liquide antigivrant rend celles-ci hydrophobes et abaisse le
pouvoir mouillant ainsi que la force d’adhésion. L action de I’hydrophobicité et de la finition
superficielle sur I’adhésion du givre en présence d’un liquide antigivre inopérant a été
approfondie.
4.2 La température
L’influence de la température sur la rhéologie d’un liquide antigivre inopérant, sur 1’effet
lubrifiant de I’interface de ce liquide et sur la cohésion des précipitations givrantes a ét¢
examinée en profondeur.
4.3 L ¢état des surfaces
L’effet de 1’¢tat des surfaces et des joints sur I’adhésion a lui aussi été examiné.
4.4 L’effet lubrifiant du liquide dégivrant/antigivrant

S. Conditions aux limites

Le rapport esquisse les conditions aux limites de I’adhésion des précipitations givrantes aux surfaces

des aéronefs et fixe les idées au sujet de la température maximale de I’air a laquelle le risque

d’adhésion devient nul.
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INTRODUCTION

1. INTRODUCTION

The formation of ice deposits on aircraft surfaces can adversely affect the aerodynamic
characteristics of airfoils. Therefore, Canadian Air Regulation 540.2(2) requires that wings, control
surfaces and propellers of an aircraft must be free from adhesion of frost, ice or snow before take-
off. Aircraft ground deicing/anti-icing fluids play a vital role in cold weather procedures to ensure

that an aircraft is free of ice, frost and snow contamination at takeoff.

There are two kinds of fluids airlines use during ground deicing operations. Those are: aircraft
deicing fluids (Type I) and aircraft anti-icing fluids (Types 11, III, IV). Aircraft deicing fluids are
used to remove the accumulated ice contamination and to clean aircraft surfaces. Because deicing

fluids have low viscosities, they offer very little protection time against continuing precipitation.

Aircraft anti-icing fluids are used to prevent ice, snow or frost build-up on aircraft surfaces during
precipitation. The protection time of those fluids depends on precipitation conditions in addition to
fluid properties. Under conditions of freezing precipitation, visual inspection is required to make a
decision as whether the applied de/anti-icing fluid on the aircraft surfaces has failed. In some cases,
such as at the gate or at the time of de/anti-icing, ground crew personnel are present to advise to the
pilot. However, in other cases the tactile and visual inspections required by the regulations pose
problems. It is difficult to visually identify the true fluid failure when the rate of absorption of falling
precipitate by an anti-icing fluid is low. Slush, ice or snow may be present in the fluid which has not
failed. The ultimate problem is to ascertain the adhesion of precipitate, which determines true failure

point of de/anti-icing fluid.

Precipitation temperature, ambient air temperature, water content of precipitates, wing surface
temperature, and wind velocity play a decisive role on the adhesive nature of freezing precipitates.
The adhesive properties of freezing precipitates increase around freezing point. On the other hand, if

the ground ambient temperature is very low, freezing precipitation becomes dry and does not adhere
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on the surfaces. However, the adhesion limits of precipitates are not well known. For example, the

adhesion of dry snow might indeed be possible on warm aircraft surfaces.

The objective of this project was to review the literature and develop an understanding of the
mechanism of the ice adhesion on aircraft surfaces. Since the adhesion of ice to surfaces has many
practical and safety aspects, the literature search included the studies of ice on paints, naval vessels,
bridges, road pavements, and electrical transmission lines in addition to fundamentals of adhesion.
Chapter 2 presents the literature survey on ice adhesion. Chapter 3 describes the fluid failure from
the view of ice adhesion. The ice adhesion process is presented in Chapter 4, and factors affecting
ice adhesion are reviewed and discussed in Chapter 5. The adhesion conditions of dry snow are

discussed in Chapter 6.
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2. BACKGROUND STUDY

2.1 Literature review

There are numerous studies in the literature which have investigated the adhesion of ice on various
substances. The experimentation of ice adhesion under controlled conditions with natural ice is
sometimes difficult, therefore some of the studies in the literature used artificial ice. Investigations
have focussed on ice adhesion to ships, bridge decks, highways, electrical switches, lubricated
machinery, aircraft and helicopters. Greater effort was put into the study of aeronautical icing
problems, which includes aircraft, helicopters and runways. In addition to fundamental works on the
adhesion of'ice, extensive searches have been conducted in the hope of finding a “miracle coating”
that would allow effortless ice removal from surfaces. The results and conclusions of those studies

will be reviewed in this section.

The instability of ships in icing conditions has been recognized for hundreds of years, but it was only
after the loss of the British trawlers “Lorella” and “Roderigo” in the early 1950s the British
Shipbuilding Research Association carried out cold room model tests and investigated the effects of
ship design on ice build-up. The former USSR had carried out much work on the theoretical aspects
of ship icing but no practical solutions were developed. Those studies were reviewed by Minsk in
“Icing on Structures”(1)” and Sawyard in “Seeking Low Ice Adhesion”(2). The U.S. Navy decided
there was no strong need for icephobic coatings. However, the U.S. Navy later changed its position
(3). Ono also studied the conditions of icing and accreted ice weights on ships (4). He was unable to
pin down the relationship between the latent heat balance and the weight of pure ice formed, but he
discovered that it was necessary to take the weight of ice accretion as roughly twice the weight of

pure ice formed from the captured spray.

The adhesions of ice to electrical switches and electrical power conductors were investigated by
Mundon (5), Druez et al. (6), Phan et al. (7) and Laforte et al. (8). Studies measured the adhesive
strength of natural rime and glaze impact ice on aluminum electrical power conductor cables. In

* References are listed in Section 8
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those works, the adhesive shear strength was shown to vary from 0.067 MPa to 0.40 MPa, and
appeared to increase with both wind velocity and surface roughness. The greatest variation in
adhesion was observed with surface roughness. The adhesive shear strength was found also to

increase with wind velocity.

One of the earliest works on the adhesion of ice to various surfaces-related aeronautical icing was
done by Lougborough and Haas (9). The shear strength of refrigerated ice was found to reach 1.72
MPa. Adhesion of artificial ice to metals and polymers was also studied. They found the adhesive
shear strength varied from 1.52 MPa for aluminum to 0.85 MPa for copper. Those relatively high
adhesion strength values were probably due to the nature of artificial ice. Artificial ice is by nature
more homogeneous and hard solid and gives higher interfacial contact areas with test substrates.

Beams et al.(10) used the first rotating rotor centrifugal force technique to measure adhesive and
tensile strength of thin films of ice on metal. Raraty and Tabor (11) used the same method to
measure the adhesive shear strength of ice, on polished, cleaned stainless steel. They measured the
shear strength of ice as 1.96 MPa at 10°C. Jellinek (12) studied the adhesive and cohesive strength
of a snow-ice sandwiched between polished circular 304 SS plates approximately 0.3 cm apart.
Shear stresses were developed from torsional loads. Using the “sandwich” technique he found the
adhesive strength of ice on stainless steel to be quite high, up to 1.65 MPa at —14°C. Bascom et al.
(13) and Ford and Nichols (14) measured somewhat lower values of 1.63 MPa and 0.24 MPa,
respectively, for polished stainless steel. Kuroiwa (15) attempted to measure the adhesive shear
strength of natural impact ice from the top of Mt. Nisekoan-Nupuri. The calculated strength was

quite high, 2 MPa at —10°F and 3 MPa at -5°C.

On the other hand, Stallabrass and Price (16), and more recently, Itagaki (17,18) found the adhesive
shear strength of ice to be quite low, ranging from 0.03-0.07 MPa at -6°C and 0.03-0.16 MPa at the
temperature range from -1 to -15°C. Those investigators used another measurement technique, the

dynamic rotating rod centrifugal force technique.
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Kozitsokii (21) studied the effect of surface roughness on 304 SS plates. He investigated three types
of surfaces: a machined surface, a mat surface finish, and a mirror polish 127-178 pm. Mean
adhesive shear strengths were 0.6 MPa, 0.26 MPa, 0.07 MPa respectively, for a snow-ice layer
0.1-0.2 cm thick and a cross section of 0.26 cm®. Thus, increasing surface roughness can increase the

shear strength by a factor of 10.

One of the most extensive studies on ice adhesion was conducted by Chu and Scavuzzo (20). T hey
investigated the adhesive strength of impact ice formed in an icing tunnel as a function of tunnel
temperature, wind speed, water droplet size, substrate material (aluminum vs. steel), substrate
surface roughness and substrate/impact ice temperature. The NASA Lewis Research Center Icing
Research Tunnel (IRT) was used for testing. IRT is a closed-return low speed refrigerated wind
tunnel. Its test section is 1.83 m high and 2.74 m wide. The airspeed in the test section can be varied
from 30 km/h to 480 km/h, and the tunnel temperature can be varied from above 0 °C down to about
-30 °C. More than 200 points were collected. In general, the adhesive shear strength of impact ice is
found to be highly stochastic in nature. It is independent of substrate material, tunnel temperature
T<-7 °C and ice thickness. It has weak linearly increasing correlation with droplet momentum. On
the other hand, it has strong correlations with the following factors: the shear strength linearly
decreased with increasing ice/substrate surface temperature at T>-4°C, and there was a marked
linearly increasing correlation with substrate surface roughness. It was found that the adhesive
strength was 0.12 MPA for rime ice and 0.41 MPa for glaze ice. Therefore, it was concluded that the
adhesive shear strength of rime ices is much weaker than that of glaze ices. While glaze ice is a
homogeneous transparent hard continuum solid, rime ice is nonhomogeneous, consisting of powdery

ice particles, shaped into finger-like structures.

An early literature review on coating materials to prevent ice adhesion was given by Porte et al. (21).
Ahlborn et al. (22) and Dohaney et al. (23) investigated methods to reduce the adhesion of ice onto
pavements and highways. Those studies were directed specifically to the development of
hydrophobic material coatings for highway surfaces to reduce the adhesion of ice of such surfaces.

Polymers having low critical surface tension such as organopolysiloxane and tetrafluoroethylene
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were tried. The applied cost of those polymers ranged from 0.08 $/m” to 0.69 $/m?. Those coatings
exhibited satisfactory traction on wet roads, produced very low runoff water contamination, and
demonstrated a significant reduction in ice adhesion. However, the coatings were unsuccessful
because of their very short service life. They did not meet the goal of one season long effective
service life. Keyser (24) studied the role of deicing chemicals on the adhesion of ice to pavements.
The positive impact of deicing chemicals on ice release was found due to the ice melting
characteristics of such chemicals. Croutch and Hartley (25) investigated more than 50 paint for-
mulations in an effort to minimize ice adhesion. Those studies involved alkyd coatings, silicone
coatings, fluorinated coatings, latex paints and polyethylene glycol PEG 400. Fluorinated and
polysiloxane modified surfaces showed the poorest wetting by water and the best candidate for
icephobic coatings. Latex paints, because of their hydrophilic nature, gave the higher ice adhesion
values. Differences in ice adhesion were observed for ice produced from natural seawater, synthetic

seawater, fresh distilled and boiled distilled water.

Murase et. al. (26) investigated the adhesion of ice on heterogeneous polymer systems. Surfaces of
organopolysiloxane modified with lithium compound (SIII), organopolysilixane grafted fluoro
polymer (FX) and polyperfluoroalkyl acrylate combined with hydrophobic silicium dioxide (NX)
were used in the study. It was found that ice adhesion can be almost completely prevented by the

composite material (SIII).

Baker et al.(27) and Ford and Nichols (14) researched the adhesion of ice to lubricated surfaces.
According to those studies, adhesion of ice to clean bulk plastics such as nylon and polyethylene is
low (0.32- 0.08 MPa) compared with that to metals but still too high for those plastics to be
recommended as icephobic surfaces. However, ice was removed easily from lubricated plastics
surfaces. Lubricants such as silicone grease and petroleum grease reduced the ice adhesion strength

of plastics to zero.
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The difference in values of the adhesive shear strength measured by various investigators could be

attributed to many factors. The most significant ones are:

o the types of ice used in the experiment (natural, wind tunnel, refrigerated, rime, glaze);
o the conditions of substrate surfaces (clean, lubricated, rough, smooth, hydrophobic);
o the methodology of measurements (static, quasistatic, dynamic);
and
o statistical adequacy of data points collected, which is necessary because of the inherent

highly stochastic nature of properties of ice.
Further investigations are necessary to collect more extensive data and investigate the effects of

wind speed, drop size, and water content on ice adhesion.

2.2 Research activities

The research activities on ice adhesion are reviewed in two domains. Those are: 1) test and

evaluation methods; and 2) search for material and conditions which minimize ice adhesion.

2.2.1 Test and evaluation methods

1. Method used by Murase et al.(26)

For the evaluation of adhesive forces of ice, Murase et al. built a test device which consists of
temperature-regulated chamber, process controller, load cell and recorder. The stainless-steel metal
ring with inside section area 5 cm?, height 1.5 cm, was set on a polymer surface of test plates and
precooled for 90 minutes at the predetermined temperature: then 2 ml of distilled deionized water
stored at 25°K was poured into the ring. After 3 hours at that temperature, shear strength of ice ad-
hesion was measured. A substrate of test pieces made of stainless steel was 70x90x10 mm in size,
and with this apparatus, the adhesion of ice on polymers with heterogenous chemical structures was

tested.
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il. Adhesion-shear test apparatus

Ford and Nichols(14) used adhesion-shear apparatuses which consists of a specimen holder, plunger,
jack support and hydraulic jack. The specimen was prepared with an ice formation on a test
substrate. With this apparatus they measured the adhesion bond of ice on clean and lubricated brass,

stainless steel, nylon, teflon and polyethylene surfaces.

iii. Shear strength test apparatus

One of the common apparatus for adhesion testing of impact ices, uses cylindrical specimen ice
holder geometry. It was used by Chu (20) and others. Figure 1 shows a schematic diagram of test
apparatus to determine the adhesive shear strength of impact ices. As shown, the equipment has two
main sections 1) the ice forming section where impact ices are accreted on the test specimens, and 2)
the test section where the adhesive shear force is measured. The device is placed in the cold room.
Instrumentation of the test section stays outside the cold room. The test specimen (see Figurel)
consists of a thin outer cylinder with window and end flanges and a hollow inner rod. The impact ice
is accreted through the window on the inner rod. The material to be tested must be fabricated in

hollow rod forms as test specimens.

Such particular geometry was useful to measure the adhesion of rime ice on various machined metal
cylinders. However, it is not be appropriate for the adhesion measurement of snow or other

precipitations with and without de/anti-icing.
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v. Centrifugal apparatus

Stallabrass and Price used a whirling arm apparatus(16). This apparatus consisted of a two-bladed,
9- foot diameter rotor situated in a 10 foot x 10 foot cold chamber. Test specimens were basically
1/2 inch diameter cylinders, 3 inches long. To ensure a constant area of ice accretion, two parallel
flats 0.375 inches apart were milled on opposite sides of the cylinder, parallel to the relative air flow,
thus confining the ice accretion to the forward facing curved surface having an area of 1.27 square

inches.

The centrifugal force exerted by the ice at the moment that the ice/specimen interfacial bond breaks
down is the adhesive shear force of the bond. The centrifugal load of the specimen was measured by

strain gauges.

2.2.2 Materials and conditions

The studies in the literature were focussed on ice adhesion on various metals and plastics. Some of
the studies investigated the effects of lubricants on metal surfaces and freezing point depressants
such as salt in freezing water. The ice adhesion characteristics of various surfaces are presented in

Table 1.

Various investigators studied the dependence of the adhesive strength with various factors:

o air temperature

o wind speed

o water droplet size

J substrate material

o substrate surface roughness; and
o substrate/impact ice temperature.

The adhesive shear strength of impact ice was found to be highly stochastic in nature.

10
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No study was found in the literature on the subject of ice adhesion on aircraft wings after the failure

of de/anti-icing fluids.

Table 1. Comparison of ice adhesion characteristics of surfaces
Surface Type of ice Shear Strength, MPa Reference
Aluminum Artificial ice 1.52 9
Aluminum Rime ice 0.60 16
Titanium Rime ice 0.30 16
Copper Artificial ice 0.85 9
Aluminum Rime and glaze impact ice 0.067-0.40 8
Stainless steel Snow-ice 1.65 12
Stainless steel Natural ice 1.63 10
Stainless steel Artificial ice 1.96 11
Nylon Artificial ice 0.325 25
Polyethylene Artificial ice 0.08 25
Teflon Artificial ice 0.025 14
SIII Artificial ice 0.0 26
Silicone grease Artificial ice 0.0 14

Note: By comparison, the applied aecrodynamic shear stress on a wing during rotation is less than 10

4 MPa.

In the literature the problem of ice adhesion was described by the following features:

J One of the components (ice) is close to its melting point

11
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o Either phase transition or very fast mass transfer on the surface makes the contact area grow

quickly to a size comparable to that of one of the components (ice).

Such conditions are closer to bonding by an adhesive than to adhesion between two solids in contact,
in which case the contact area is pretty much limited and considerable internal stress exists within
the contact area. Therefore the ice adhesion was treated as liquid (adhesive) spreading and
liquid/solid interfacial interaction phenomena in the literature. Itagaki (17,18) and Murase et al. (26)
have used a surface energetics approach in their studies to the adhesion problem. Those studies can
be named as one of the key researches to the ice adhesion problem. We have chosen the same
approach to explain the ice adhesion on top of failed de/anti-iced fluids and non deiced surfaces in

the preceding sections.

2.3 Research at MIT

A research group directed by Hansman has been investigating various aspects of aircraft icing
process since the 80s. The group started to work on flight icing and later focussed on ground icing as

well.

Hansman (27) studied droplet size distribution effects on aircraft ice accretion. The impinging mass
flux distribution which determines an aircraft ice accretion rate was shown to be related to the
atmospheric droplet size distribution through the droplet collection efficiency of the body.
Collection efficiency was studied be means of a two-dimensional droplet trajectory code which
includes the effect of nonspherical droplet shape due to hydrodynamic deformation. The intermittent

maximum icing envelope of Federal Aviation Regulation, Part 25 was also modelled.

In another study (28), a series of experimental investigations focussed on isolating the primary
factors that control the behaviour of unfrozen surface water during glaze ice accretion. Detailed
micro video observations were made of glaze accretions on 2.54 cm diameter cylinders in a closed

loop refrigerated wind tunnel.

12
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Recently Hansman has been investigating the adhesion of ice using a centrifugal apparatus, similar

to that described in Section 2.2.1.

13
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3. DEFINITION OF FLUID FAILURE

Canadian Air Regulation 540.2(2) requires that wings, control surfaces and propellers of an aircraft
must be free from adhesion of frost, ice or snow before take-off. The rationale behind this concept is
that the presence of even minute amounts of contamination in form of frost, ice, or snow on aircraft
surfaces can cause a dangerous degradation of aircraft performance. The regulations are very clear in
terms of the definition of contamination and zero tolerance policy. However, the term “adhering” in
the regulations lacks a clear description. The meaning of adhesion is especially important in the case
of an anti-icing fluid failure under precipitation. A fluid must be accepted as failed when the
precipitates start to adhere to surfaces. Therefore, the adhesive property of precipitation/failed fluid

mixture onto surfaces needs a better description.

3.1 Fluid failure

Aircraft anti-icing fluids are used to prevent the deposition and adhesion of ice, snow and frost on
aircraft surfaces for a certain period of time under continuous precipitation. The protection time
which is usually referred as Holdover Time is defined by the duration of time. During the holdover
time, an anti-icing fluid resists freezing precipitation. The failure point marks the end of the holdover
time. An anti-icing fluid must be considered as failed, once the precipitation starts to adhere to the

aircraft surfaces and degrades the aerodynamic properties. Therefore, the three phenomena are:

° the fluid failure;
o adhesion of precipitated contamination; and
o the aerodynamic performances are directly related to one another.

The physical state of precipitation contaminated anti-icing fluid can be characterized in various
forms, such as “loss of gloss”, snow build-up, slush, and ice. The formation of those forms depends
on the precipitation conditions, such as precipitation density, temperature, type of precipitation,
water content of precipitation, in addition to the exposure time of the fluid to the precipitation. The

exposure time of fluid with the rate of precipitation determines the fluid film thickness and freezing

14
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point depressant glycol concentration. To define the fluid failure and adhesion of precipitation
contaminated (failed) anti-icing fluid, one has to describe the freezing process of a precipitation

diluted anti-icing fluid mixture.

3.2 Growth of ice crystals and slush formation

Prior to examining the adhesion of ice from failed de/anti-icing fluids, the work was carried out to

investigate the ice formation and freezing processes in the fluid during failure.

Aircraft anti-icing fluids are used to protect aircraft surfaces against on-going precipitation. With
appropriate flow properties, aircraft anti-icing fluids adhere to the aircraft surfaces and attain
thicknesses of typically 0.1-1 mm. The fluid film thicknesses vary with time, location on the inclined
surface and precipitation intensity. As time passes, the fluid film gets thinner and the glycol
(freezing point depressant) concentration in the fluid decreases. Since the mixing of fluid and
precipitation is not instantaneous, the deicing fluid becomes heterogeneous. The most common
observation of this point is a “loss of gloss” in the fluid. This happens when the fluid saturates with

precipitates.

Figure 2 shows schematically the freezing process in the fluid. During the snowing process, ice
crystals first start to grow out of the fluid. They are not attached to the metal surface but mobile

within the fluid layer.

It is important to characterize the nature of freezing in mixtures of precipitation and glycol solutions.
Contrary to common belief, a single freezing temperature cannot describe a freezing process of any
liquid. In some cases pure water can be supercooled to temperatures of -20°C to -40°C before
solidification. Precipitation of droplets in the 20 micron-diameter range commonly exists in the

supercooled state down to temperatures as low as -20°C. The rate of heat transfer

15
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also has an impact on freezing point. Lowering the rate of cooling favours the formation of small
grain crystals and surface disclocations and should lower adhesion values. Therefore, the inhibition

of freezing of ice has far-reaching ramifications to control the adhesion of ice in the field of aviation.

In physical chemistry, there are two points which describe the freezing nature of glycol solution

de/anti-icing fluids. Those are: freezing point and pour point.

Freezing point is the onset of crystallization. It is defined by the appearance of the first crystal. The
freezing point determination uses ASTM method D 1177. The maximum temperature in the cooling

curve gives the freezing point. The ice crystals form on cooling at the freezing point.

Figure 3 shows the freezing diagram of a typical deicing fluid (29). Unlike single component liquids,
chemical solutions do not completely freeze and solidify at their freezing points. They start to form

non-rigid “slush” below freezing points.

The transformation point from slush to a solid state is called pour point. Unlike a freezing point, a
pour point cannot be clearly described with a sudden phase change. Below pour point, slush

becomes more solid than liquid.

The glycol solutions in precipitation contaminated anti-icing and deicing fluids exist in slush form
between freezing and pour points. During the freezing process of an anti-icing fluid, pure water
crystals are initially formed with pockets of concentrated glycol solutions between crystals (30).

Under shear, slippage between crystals can occur leading to lower shear adhesion values.

The shear adhesion in failed anti-icing fluids is lower than failed deiced fluids because of their
formulations. Unlike deicing fluids, anti-icing fluids contain more complex thickener and surfactant
additives (31,32). Those additives can work as lubricants between ice crystals in the slush and cause

lower shear adhesion values.
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4. DEFINITION OF ADHESION

Adhesion is a physical-chemical process in which two surfaces are held together by interfacial
interactions. It may consist of intermolecular forces or mechanical interlocking action, or both.
This chapter” presents the theoretical aspects and applied surface physics of adhesion. It specifically

addresses the adhesion of ice and snow to a wing surface with and without de/anti-icing fluid.
4.1 Wetting theory

In order for ice to adhere to a surface, it is necessary for liquid water to spread on a surface or to

“wet.” Wetting means to replace the solid substrate/air interface with a substrate/water interface.

The tendency of water to wet the surface can be determined by measuring the contact angle of a
water drop on the substrate. When water is at equilibrium with solid substrate and air, we can
diagram the contact angle ® as shown in Figure 1. At point A, the three surface tensions are in

equilibrium. Therefore, the force balance gives:

YLA €0S © = YsA - 1l
[1]

Equation [1] is generally called Young's equation and where
vsa = the surface tension at the solid-air interface,
vsL = the surface tension at the solid-liquid interface,
vLa = the surface tension at the liquid-air interface.

® = Contact angle.

* Task 3.3 Definition of Adhesion in the Contract
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The quantity known as the work of adhesion, Wy, between water phase, L and solid substrate, S is

given by

Wa =71LA +V¥sa - VsL [2]

Combination of Equations [1] and [2] gives:

Wa =7y1a (1 +cos ©) [3]

The description of contact angle and theory of adhesion in detail can be found in the literature (35).
From Equation [3] it can be seen that when ® = 0° then W = 2 y 4 and complete wetting occurs
with perfect adhesion. When ® = 180° then cos ® = -1 and so W becomes zero with wetting and no
adhesion. When ® =90°, W, =y 5, with poor wetting and poor adhesion. However, it is impossible
to reach ® = 180° because the London (see Section 4.2) and dispersion intermolecular forces still act
at the interface and hydrophilic sites are still present in hydrophobic surfaces. Therefore it is not

possible to produce a surface which water would not wet at all and to which ice would not adhere.
Consequently, for a practical icephobic surface, it is necessary to obtain a surface with ® > 90° and
with little or no tendency for water to spread spontaneously. For the latter to occur, the work of
adhesion W, must overcome the cohesion to the liquid drop and this can be expressed as

S=WA-WC [4]

Where S is the spreading coefficient and W¢ is the work of cohesion of the liquid. It can be shown

that We =2 ypa and the equation [4] become

S= ysa-(ysL +7yLa) [5]
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and a liquid will spread on a solid when S > 0.

The difficulty here is that ysa and ysp cannot be determined using equation [1] alone. This was
solved by considering the relationship between the free energy of adhesion, the attractive energy
between liquid molecules, dipole moments, polarizability, and ionization energy. The result is given

by:

Ysa = Yra (1 + cos 0)*/4 [6]
Consequently, surface-free energies have been determined for a wide range of metals, oxides, salts,
and polymers (33,34,35) and some polymer values are shown in Table 1. Since water has a surface
energy of 72 mNm'', it will not readily wet the various surfaces which have surface energies lower

than 72 mNm™. This would result in poorer adhesion.

Table 2. Surface tensions of substrates

Surface Free surface energy
mNm™

Polyvinylchloride 45

Polystyrene 42

Teflon 20

Polymethyl siloxane film 24

Aluminum >100

Steel >100

4.2 Interfacial forces and work of adhesion

Two types of bonds exist in the nature which holds atoms and molecules together. First there are
primary chemical bonds (covalent, ionic, and metallic) which hold atoms in the molecules. There are
also secondary intermolecular forces which hold molecules together. These types of intermolecular

forces at solid/water interface play a key role in the adhesion process.
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Intermolecular forces are much weaker secondary forces compared to primary chemical bonds. Two
neutral molecules, interacting with little electron orbital perturbation or electron redistribution, can
be attracted to each other if an instantaneous fluctuation in one molecule polarizes electrons in the
second molecule. This instantaneous dipole-induced dipole is the London dispersion force which
acts over an extremely short range. Similar electron polarizations occur with permanent dipoles

(including hydrogen bonds) and when dipole-induced dipole (Debye force) interact.

The binding energies involved are 40 to 400 kJ mol™ for covalent and ionic bonds, 4 to 8 kJ mol™
for London dispersion forces, and 8 to 35 kJ mol™ for hydrogen bond forces. The most important
force at the solid surface is London dispersion force. The strength of London dispersion forces for
adhesion is 30 MPa at a distance of 5 nm from the surface. London dispersion forces are relatively
short-range forces. They are effective in the range of a molecular monolayer. However, permanent
and induced dipole forces and hydrogen bonds have effects thicker than monolayer. Water is in this
category and this explains the strong adhesion of ice onto surfaces. The adhesive bonding ofice and

effects of failed de/anti-icing fluid layers are discussed in the following sections.

4.3 Adhesion of ice

While ice is a special case in which the practical emphasis is on good abhesion (i.e., the opposite of
adhesion), the principles involved are similar to those in conventional adhesion processes described
in the previous section. First water must wet and spread onto the substrate prior to the freezing
process. For the start of freezing, nucleating spots at the interface must cause a structural match of

water molecules and ice nucleation.

Ice adhesion in terms of wetting theory can be explained as follows. The interfacial tension between

water and solid surface was expressed by the equation of Girifalco and Good (36):
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YsL=7Ysa T Yia -2 (ysa X yra )" [7]

Thus the interfacial tension between water and Teflon for example can be found 16.6mNm™,
assuming that the surface tension of Teflon is 20 (Table 1) and the surface tension of water is 72
mNm™. The interfacial tension is then smaller than the surface tension of Teflon, making spreading
of water on Teflon surface energetically favourable. Since the surface energy of ice is 109 mNm''
and much higher than that of water, the interfacial tension becomes 35.6 mNm'l, which is much
higher than the surface tension of Teflon, making a smaller interface energetically favourable. If this
simplified explanation is applicable further, water may not stay on a substrate having surface tension
lower than the interfacial tension ysi. From Equation [7] the value was calculated to be ys; /4 =18.5
mNm™ or less. If such a low interfacial energy surface was available, water would not stay on the

surface and no adhesion would be expected (37).

The ice nucleation is sensitive to nature and orientation of surface groups. Those groups organize
water molecules at interfaces and start nucleation of ice. It was observed that at first large crystals
were formed and within a few hours smaller polygonal grains were produced by recrystal-

lization(38).

Like any other adhesive layers, the theoretical adhesive strength of ice at the solid interface is
expected to be stronger than the bulk strength of ice (39). Nevertheless, the experimental adhesion
values of ice on surfaces are an order of magnitude lower than theoretically expected values. In
addition, it was found that the adhesion strength of ice varies on different surfaces. For example,
with metals, adhesion is good, while with tetrafluoroethylene (Teflon) it is poor. The reason,
apparently, is that freezing against a surface that it wets only poorly, air bubbles are produced at the

ice-substrate interface(40). These allow stress concentration to lead interfacial crack propagation.

Ice adhesion failures occur due to crack initiation at stress points and are not the results of breakage
of chemical bonds. Therefore, it is very difficult to correlate basic theoretical adhesion values with

practical adhesion and the difference can be very large. In fact, adhesion values of ice measured on
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the same type of surfaces by different groups show wide variations. This is in fact due to the method

of water and surface preparations, thermal history and test methods.

4.4 Failed de/anti-icing fluids and ice adhesion

Field experiences and climatic chamber tests have shown that the adhesion of ice on deiced and anti-
iced surfaces are weaker than non de/anti-iced surfaces. Based on our investigation on ice adhesion,
we can outline several one mechanisms that reduce the adhesion of failed de/anti-icing fluids onto
aircraft surfaces. They are:

4.4.1 Slippage of ice crystals in the slush

Prior to examining the failed fluids and slush bonding onto surfaces, we have investigated the effect

of the type of freezing medium to the ice form.

The freezing and adhesion of boiled distilled water, synthetic seawater, and natural seawater on an

uncoated brass rod were used as examples (25). The results are given in Table 3.

Table 3. Shear adhesion of various types of ice to uncoated brass rods
Water used Temperature, °C Average shear adhesion, Standard deviation
MPa
Boiled distilled water -20 1.542 0.4
Synthetic sea water -20 1.055 0.2
Natural sea water -20 0.483 0.7
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In the case of boiled distilled water, the torque adhesion is higher than the two saline water, with a
31% reduction for synthetic seawater and a 68% reduction for natural seawater. The reason for this
is that during freezing, pure water crystals are initially formed with pockets of concentrated salt
solution between the crystal phases (24). So under shear, slippage between crystals occurs leading to
lower shear adhesion values. The large difference between the natural and synthetic seawater can be
explained by the presence of hydrophilic polymeric substances from various plant, animal, and
bacterial species, e.g. alginate, fulvates, polysaccharides, etc. These substances would also tend to
concentrate in the saline solution between the crystal phases and, since they are related to friction

reducing polymers, extra slippage can occur.

The adhesion of a failed de/anti-icing fluids resembles adhesion of frozen salt water. Like boiled
distilled water, precipitates without any de/anti-icing fluids freeze homogeneously at 0°C. Therefore,
adhesion of such solid ice will be strong. On the other hand, de/anti-icing fluids and precipitate
mixtures start to freeze once the liquid temperature is below the freezing point of failed fluid
solution. The freezing process does not transform all of the liquid into a solid phase (Section 3.2). As
it was described previously, during the freezing, pure water crystals are initially formed with pockets
of concentrated glycol solution between the crystal phases. This is what we called slush. Under

shear, slippage between crystals occurs, leading to lower shear adhesion values for slush.

Again with a natural vs. synthetic seawater analogy one would expect different adhesion values for
the failed deicing fluids and anti-icing fluids. A lower adhesion value of a failed anti-icing fluid than
the failed deicing fluid can be explained as follows. Unlike deicing fluids, anti-icing fluids contain
more sophisticated thickener and other additive systems. These substances would also tend to
concentrate in the glycol solution between the crystal phases and, since they are related to friction
reducing polymers. Therefore extra slippage can occur in anti-icing fluids and cause lower adhesion

values. Thus, adhesion of failed anti-icing fluid is expected to be lower than failed deicing fluid.
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4.4.2 Adsorption of additives to surfaces

The adhesive strength of ice at the surface and the cohesive strength in the ice near to the surface is
controlled by crystallization of water near the surface. Crystallization is accompanied by structure
formation, in which the form and location of the ice grains depend on the adsorbed species onto

surfaces.

Density, viscosity and other properties of failed de/anti-icing fluid near the wing surface differ
significantly from the bulk properties of liquid. Surface active species and thickeners in deicing and
anti-icing fluids migrate and are adsorbed onto aircraft surfaces. After the failure of the deicing and
anti-icing fluids failure under precipitation, those adsorbed species still reduce the bond strength of
ice to the surface and lower the adhesion. Thus one would expect lower adhesion values for failed

anti-icing fluids than failed deicing fluids because of more sophisticated formulations of anti-icing

fluids.

4.4.3 Lubricating effect of a thin layer of fluids

In most cases, precipitation builds up at the surface of an anti-icing fluid. A glycol concentration
gradient in the fluid forms in the direction of thickness. The glycol concentration decreases from the
solid interface to the air interface. After the failure of the fluid, a thin film of anti-icing fluid exists
between slush/ice and wing surface. This layer works as a lubricating layer between ice and wing

surface and reduces the adhesion.
A similar example was found in the literature. The U.S. Naval Research Laboratory investigated the

adhesion-shear strength of ice frozen to clean and lubricated surfaces. Table 4 shows the

effectiveness of silicon grease on the three bulk plastics: nylon, polyethylene, teflon.
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Table 4. Adhesion strength of ice to clean and lubricated bulk plastics at -1°C
Surface Lubricant Average shear adhesion, Standard deviation
kPa
Nylon None 325 214
Silicon grease
J941-C-5000 1 0
Polyethylene None 76 62
Silicon grease
J941-C-5000 0 0
Teflon None 0 0
Silicon grease
J941-C-5000 0 0
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5. FACTORS AFFECTING ADHESION

Factors affecting the adhesion of ice after the failure of a deicing or anti-icing fluid are listed as

follows:

5.1 Hyrophobicity of surfaces

Aluminum, made aircraft surfaces have a hydrophobic nature. They have high affinity to water,
therefore they make strong adhesive bonds with ice. Wing surfaces treated with anti-icing fluids

causes surface hydrophobicity and reduced wetting and adhesive bonding characteristics.

5.2 Effect of temperature

The temperature at which freezing starts and the place it starts in a body of failed de/anti-icing fluid
are important because these factors influence crystal structure and the direction of growth. The
temperature effect plays a role together with glycol concentration for ice bonding. The solidification
of glycol water mixture slush increases with lowering temperature and bonding becomes stronger

below -10°C.

5.3 Surface profiles

Surface profile has a significant impact on ice nucleation start-up and bonding strength. Edges and

protrusions reduce bonding of ice on surfaces. In addition, recesses retain anti-icing fluids and delay

ice formation and bonding.

5.4 Lubricity of thin de/anti-icing fluid layer

The presence of a thin film of de/anti-icing fluid between ice/precipitation build-up and wing surface

works as a lubricating layer and reduces the adhesion. The type and intensity of precipitation and
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type of fluid whether deicing fluid or anti-icing fluid are critical factors in determining the efficiency

of the lubricating layer. This type of adhesion reduction is greater than an anti-icing fluid.

5.5 Fluid formulations

The type of fluid and formulations with thickeners and surface active agents affects the additive
adsorption and thin lubricity layers. Therefore, the type of fluid affects the adhesive strength. The
climatic chamber experiments and field experiences showed that lower adhesion is obtained on anti-
icing fluids than deicing fluids. Nevertheless, deicing fluids still reduce the adhesion compared to a

bare wing surface.

5.6 Ice adhesion shear strength vs. shear stress at rotation

In the literature there is no measurement of ice adhesion in the presence of failed de/anti-icing fluids.
Nevertheless, based on other adhesion values, we can postulate that the adhesion in the presence of
failed de/anti-icing fluids would be in the range of 1 - 100 kPa. This is significantly lower than the
adhesion values of ice on the non de/anti-iced surfaces. Aircraft wings are subject to shear stresses
around 0.1 kPa before rotation. This level of shear stress is not sufficient to clear the wing from ice,

slush and failed fluid mixtures just before take-off.
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6. CONDITIONS FOR ADHESION IN THE ABSENCE OF PROTECTIVE FLUID

Snow is a precipitate of porous, unstable aggregate mixture of ice particles and air. It is formed
directly from the water vapour in air at a temperature less than 0°C. At temperatures higher than -
5°C, the crystals are generally clustered to form snowflakes. The most frequently occurring

temperature range of wet snow fall is 0 to -10°C. At temperatures lower than -10°C, snow becomes

dry.

Under dry snow condition, if the wing surface is dry and cold, snow does not adhere to the surface.
Dry snow particles flow freely. Strong blowing wind and shear forces at take-off minimize the
particle-particle and particle-wing surface contact times. Snow is easily blown off and cleared from

wing surfaces. Therefore, dry snow at lower temperatures does not as require anti-icing.

Adhesion and cohesion of ice and snow particles are of fundamental importance and have received
attention in recent years, but in 1858 Tyndall (41) and Faraday(42) proposed that ice was covered by
a water film at temperatures just below the freezing point. Their suggestion was based on the
observation that two pieces of ice brought in contact at 0°C freeze together, even in vacuum and
with the least possible contact pressure. Tyndall called this phenomenon “regelation.” This view was
vigorously opposed by Thomson(43) who ascribed regelation to a melting produced by stress,

followed by solidification upon removal of the stress.

Recently Weyl (44), Nakaya and Matsumoto (45) and Jellinek (46) have given renewed support to
the liquid- like layer theory. Jellinek estimates the thickness of the layer at -4.5°C to range from 10
(100 Angstrom) to 10 cm (1000 Angstrom). This represents a layer 30 to 300 water molecules
thick. Theoretical investigations of the stability of the liquid-like layers by Fletcher (47) led him to
suggest that water layer exceeds 100 Angstrom in thickness just below the freezing point of water

and that it disappears at about -30°C.
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The adhesion and cohesion phenomena of snow particles could be conveniently explained if there
were a liquid-like film surrounds snow particles. Air and surface temperatures and water content of
particles affect the thickness of liquid-like layers. Sintering of snow particles results in cohesion
phenomena and size growth and accumulation. Refreezing of liquid-like water film around snow

particles on wing surfaces cause adhesion. The sintering process is shown in Figure 5.

The primary criteria for the adhesion of snow particles is the melt and formation of a thin water layer
around particles. If wing surface temperature is sufficiently warm, snow particles melt and fuse

together and adhere to wing surfaces.

The two conditions for the adhesion of dry snow particles on aircraft wing surfaces can be described

as follows:

1. Warm aircraft wing surface

In the cases of interest in the winter, wing surfaces are either at or above ambient air
temperature (parked aircraft) or at very low temperatures (recently landed aircraft). Most of
the fuel tanks are located in aircraft wings and after landing the wings stay cold because of
the heat sink effect of structure and fuel tanks. Nevertheless, the wing temperature might
change if there is a refuelling. Warm fuel goes on top of the cold fuel with very little mixing

and contact to the top of the tank. In this case the wing surface might become warm.

2. Absence of blowing wind
Dry snow particles do not accumulate on wing surfaces because of their low cohesive
properties. A strong wind can easily blow free-flowing dry snow particles. However, if there

is no wind and wing surface is warm liquid layers around snow particles might form and

bond snow particles together and to the wing surfaces.
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(®)

(b)

Figure 5. Sintering of vdry snow particles with liquid-like layers
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A schematic diagram of a temperature profile from a warm surface to the covered snow layer is
given in Figure 6. The heat flux density from a warm aircraft wing to the dry snow pile layer is Qy,
taken as positive if heat is added to the snow layer. After melting, snow particles refreeze and bond

to surface. The partial melting process can last longer by the insulating influence of a snow cover.

The preceding analysis showed that the adhesion of dry snow on wing surfaces is not likely unless a

wing surface becomes warm on a calm (not windy) day.

34



ADHESION IN THE ABSENCE OF FLUID

Warm fluid

- 0°C +

Figure 6. A schematic diagram of a temperature profile
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7. CONCLUSIONS AND RECOMMENDATIONS

Deicing and anti-icing fluids, even after their failure, reduce the adhesive strength of ice and
freezing precipitation. Anti-icing fluids are more effective than deicing fluids to lower the adhesive

strength of ice.
The adhesive strength of ice and failed de/anti-icing fluids would be in the order of 10 >-10 ' MPa.
Aircraft wings are subject to a maximum shear stress of 10™* MPa before rotation. This level of shear

stress is not sufficient to clear the wing from ice, slush and failed fluid mixtures just before take-off.

The low adhesion strength of slush and ice on failed fluids make consecutive deicing operations

speedy and easy.

Caution must be exercised in case of non anti-iced dry snow operations if the aircraft is refuelled

with warm fluid and there is no wind.
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