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PREFACE

PREFACE

At the request of the Transportation Development Centre of Transport Canada, APS
Aviation Inc. has undertaken a research program to further advance aircraft ground
deicing/anti-icing technology. The specific objectives of the APS test program were:

e To develop holdover time tables for new anti-icing fluids, and to validate fluid-specific and
SAE holdover time tables;

» To gather enough supplemental experimental data to support development of a deicing-only
table;

e To examine conditions for which contamination due to anti-icing fluid failure in freezing
precipitation fails to flow from the wing of a jet transport aircraft when subjected to speeds
up to and including rotation;

* To measure the jet-blast wind speeds developed by commercial airliners in order to generate
air-velocity distribution profiles (to predict the forces that could be experienced by deicing
vehicles), and to develop a method of evaluating the stability of deicing vehicles during live
deicing operations;

e« To determine the feasibility of examining the surface conditions on wings before takeoff
through the use of ice-contamination sensor systems, and to evaluate the sensitivity of one
ice-detection sensor system;

* To evaluate the use of warm fuel as an alternative approach to ground deicing of aircraft;

* To evaluate hot water deicing to determine safe and practicable limits for wind and outside
ambient temperature;

e« To document the appearance of fluid failure, to measure its characteristics at the point of
failure, and to compare the failures of various fluids in freezing precipitation;

* To determine the influence of fluid type, precipitation (type and rate), and wind (speed and
relative direction) on both the locations and times to fluid failure initiation, with special
attention to failure progression on the Bombardier Canadair Regional Jet and on high-wing
turboprop commuter aircraft;

e To evaluate snow weather data from previous winters to identify a range of
snow-precipitation suitable for the evaluation of holdover time limits;

« To compare the holdover times from natural and artificial snow tests and to evaluate the
functionality of the NCAR simulated snowmaking system; and

e To develop a plan for implementing a full-scale wing test facility that would enable the
current testing of deicing and anti-icing fluids in natural and artificial freezing precipitation on
a real aircraft wing.

The research activities of the program conducted on behalf of Transport Canada during
the 1998-99 winter season are documented in twelve separate reports. The titles of
these reports are as follows:

e TP 13477E Aircraft Ground De/Anti-Icing Fluid Holdover Time Field Testing Program for
the 1998-99 Winter;
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TP 13478E Aircraft Deicing Fluid Freeze Point Buffer Requirements for Deicing Only
Conditions;

« TP 13479E Contaminated Aircraft Takeoff Tests for the 1998-99 Winter;

e TP 13480E Air Velocity Distribution Behind Wing-Mounted Aircraft Engines;

e TP 13481E Feasibility of Use of Ice Detection Sensors for End-of-Runway Wing Checks;
e TP 13482E Evaluation of Warm Fuel as an Alternative Approach to Deicing;

e TP 13483E Hot Water Deicing of Aircraft;

e TP 13484E Characteristics of Aircraft Anti-lcing Fluids Subjected to Precipitation:
1998-99;

e TP 13485E Aircraft Full-Scale Test Program for the 1998-99 Winter;
e TP 13486E Evaluation of Snow Weather Data for Aircraft Anti-lcing Holdover Times;
e TP 13487E Development of a Plan to Implement a Full-Scale Test Site; and

e TP 13488E A Snow Generation System — Prototype Testing.

This report, TP 13484E addresses the following objectives:

e To document the appearance of fluid failure, to measure its characteristics at the point of
failure, and to compare the failures of various fluids in freezing precipitation.

This objective was met by conducting and documenting a series of tests on flat plates
in a cold chamber laboratory and under natural snow conditions. Test parameters
included type of fluid, temperature, precipitation rate and type of precipitation. Various
fluid properties were recorded by human observers as well as ice detection sensors as
the fluid failure progressed. Visual and narrative observations were recorded at
pre-determined stages in the failure progression.
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1. INTRODUCTION

1. INTRODUCTION

This study formed part of the winter 1997-98 and the winter 1998-99 research
programs on deicing, as described in the detailed work statement, Appendix A.
This report encompasses all the data and analysis included in the 1997-98
Transport Canada report, Characteristics of Failure of Aircraft Anti-icing Fluids
Subjected to Precipitation, TP 13317E (1).

Discussions within the aviation industry on the subject of wing contamination
and related testing of anti-icing fluids invariably question the nature of fluid
failures.

Here are some examples of commonly asked questions:

* What does a fluid failure look like?

* How does a fluid failure progress?

* How visible is the failure? Was the failure obvious or difficult to discern?

* Did it have a distinctive appearance at different temperatures, under specific
precipitation conditions and according to different fluid types?

* Did it adhere to the underlying surface?

At the request of the Transportation Development Centre (TDC) of Transport
Canada, APS Aviation undertook a research project to examine and document
the appearances and properties of deicing and anti-icing fluids when exposed to
precipitation conditions. The appearance and the physical properties of each
fluid examined were monitored on standard flat plate test surfaces from the
instant of fluid application to the point at which visual fluid failure completely
covered the test surface.

Each fluid test was observed as it approached, reached, and surpassed its
operational limit. Discrete measurements of each fluid’s physical properties
were recorded at pre-selected stages of visual failure. The physical properties
measured included fluid concentration, wet film thickness, viscosity, and
adhesion. Variations in the appearance of applied fluids were documented and
recorded using still photography, videos (analog and digital), ice detection
sensors and ice detection cameras.

When this report was written, the lexicon of terminology describing fluid failures
within the deicing community had not yet evolved to support the clear and
precise communication of the appearance of fluid that has reached or surpassed
its operational limit. Consequently, a strong common visual image of the
appearance of fluid at the time of failure did not exist. A shared common image
of the nature of the various types of fluid failures will contribute to better
communication within the community involved in deicing research, and will
promote better recognition of fluid failures in field operations.
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1. INTRODUCTION

A glossary of de/anti-icing terms was compiled by the Transportation
Development Centre. Please refer to the Transport Canada report Aircraft
Anti-lcing Fluid Endurance, Holdover, and Failure Times Under Winter
Precipitation Conditions, TP 13832 (2).

To promote clearer communication in the field, narrative descriptions of the
progress of fluid failures, recorded by seasoned observers, have also been
prepared.

Throughout this report, the term fluid failure is frequently used to indicate fluid
at its operational limit. In this context, fluid that is considered to have failed
need not to have reached its ultimate limit, but demonstrates characteristics
accepted by the industry as indicators of failure.

To satisfy the goals of this study, tests were conducted in two distinct
environments. Laboratory tests were conducted at several temperatures, with
controlled precipitation types and rates. Outdoor tests were conducted during
natural snow precipitation. The precipitation rate and ambient temperature
changed as the tests progressed. Test conditions were established to allow
observation of specific fluids under various conditions to enable the following
comparisons to be made:

* Appearance of Type | versus Type IV — light freezing rain;

» Appearance of Type | versus Type IV — snow;

» Appearance of Type IV — light freezing rain versus freezing drizzle;

» Appearance of Type IV — freezing drizzle versus snow;

» Appearance of Type IV — effect of temperature (-4°C and -10°C);

» Ethylene glycol-based Type IV fluid versus propylene glycol-based Type IV
fluid — freezing drizzle;

 Time to adhere — Type | versus Type IV; and

* Appearance of Type | versus Type IV 50/50 — light freezing rain.
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2. METHODOLOGY

2. METHODOLOGY

This section describes the test sites, procedures and equipment, data forms,
fluids, and personnel requirements that are necessary to perform and record a
series of fluid tests under natural precipitation conditions and in a controlled
environment during the 1998-99 test session.

As mentioned in Section 1, the issue of clarity when discussing fluid failure is
significant. In order for all parties to arrive at a common point, Section 2.1
Icing Definitions has been included. These definitions are taken directly from the
Transport Canada report TP 13832 (2), except for those in italics, which have
been included to provide a better understanding of this report.

For the terminology specifically used to describe the development of a
progression of failure, please refer to Section 3.6.

2.1 Icing Definitions
i)  Acceptable Fluid

Anti-icing fluid that may be sporadically covered with frozen precipitation but
is capable of absorbing more contamination because its overall surface has
not met failure conditions.

i)  Pristine Fluid
Fluid that is entirely uncontaminated by frozen or liquid precipitation.
i)  Fluid failure

Two major forms of failure are currently in use: visual failure and adhesion
failure.

iv)  Visual failure

A layer of ice crystals is plainly visible at the surface and the layer is building
up thickness as precipitation continues. Generally, in the case of Type I, I,
and 1V fluids, uncontaminated fluid is in contact with the supporting surface
at this time and therefore the ice crystal layer is not in contact with that
surface and is not adhering to it. The growth of crystals in the fluid is
compounded by incoming precipitation, resulting in an increased
accumulation of crystals on the surface and thus in a visibly contaminated
surface. When this area is large enough to be seen by an observer, a visual
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failure is adjudged. Obviously, the distance of the observer from the surface
will influence what can be seen. For a test technician observing a plate from
inches away, visual failure is characterized as a loss of gloss or obscuration
of the surface by ice or slush affecting one third of a standard test plate
surface. For an aircrew member viewing a wing through a window at night
at a distance of several feet, only slush or bridging snow covering about one
third of a critical area such as an aileron or a leading edge will be visible.
Visual failure on test plates is the mode used to establish endurance times
and thus holdover times.

v) Adhesion/Adherence failure

The failure of the fluid to perform as an anti-icing fluid. A layer of ice crystals
builds up, the crystals come in contact with the surface below, and they are
bonded to it.

vi) Test surface; substrate

Any surface onto which deicing and/or anti-icing fluid is applied. Usually
used to refer to aircraft surfaces, flat plates, or airfoil sections.

vii) Contamination; contaminant(s)

With regard to deicing and anti-icing operations, any sort of precipitation in
solid or liquid state. Liquid contamination includes rain, drizzle, freezing rain,
and freezing drizzle. Fog and freezing fog are considered special cases of
liquid precipitation. Solid contamination includes snow, hail, and ice pellets.
Mixtures of solid and liquid contamination are occasionally observed in
nature.

viii) Failure adhesion

The initial bonding of ice crystals in a fluid to the surface resulting from the
diluted fluid freezing point rising above the surface temperature at a
nucleation site on the surface.

ix) Failed fluid
Fluid that has reached and is well past the fluid failure condition.

X)  First failure/First icing event/Initial Plate Failure

At surface discontinuities, such as gaps, and at the edges of surfaces, the
fluid is at its thinnest. The first ice crystals form at such locations, known as
nucleation sites. Generally the areas of ice crystal coverage grow from these
locations. Depending on the thoroughness of the de/anti-icing process, first
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failure may occur very quickly; it is not a significant event in the history
leading to fluid failure.

xi) Standard plate failure

Failure is established as a visual failure of one third of the test surface based
on the observation of conditions on full-scale aircraft. This usually occurs
when the failure front on the plate crosses the 15 cm (6 in.) line. However,
in outside snow tests, because there is usually wind, the start point may be
anywhere on the plate and the progression in any direction. Under these
conditions, visual failure may be estimated. Alternatively, when
contamination is visible on five of the 15 cross hairs, the plate is determined
to be one-third covered and therefore visually failed.

xii) Complete/Total/Full/Entire plate failure
100 percent of the plate has reached a visual failure condition.
xiii) Fifth Cross Hair Failure

When the ice crystals that indicate visual failure obliterate only four cross
hairs on a standard test plate, the fluid is considered to be good. When the
fifth cross hair is obscured, the fluid is considered to be visually failed. This
represents a standard plate failure mode.

xiv) Standard test plate

The standard test plate, for the purpose of this document, is restricted to the
plate used in endurance time testing. It is an aluminum alloy plate 50 cm (20
in.) long and 30 cm (12 in.) wide adopted by SAE for the evaluation and
certification of de/anti-icing fluid performance. For testing, it is mounted at
10° to the horizontal. Along the top and two sides, a line is marked 2.5 cm
(1 in.) from the edge; ice crystals commencing in these zones are ignored as
these are outside the test area. The bottom edge is a special case because
the fluid is held back and is excessively thick there. The test area of the test
plate is about 75 percent of the total area. The plate is marked with
horizontal lines parallel to the top edge at 7.5 cm (3 in.), 15 cm (6 in.),
22.5cm (9in.), 30 cm (12 in.), and 37.5 cm (15 in.). On each of these lines
are marked three cross hairs, one in the middle of the line and the other two
evenly spaced 7.5 cm (3 in.) each side of it for a total of 15 cross-hair sites.

xVv) Nucleation site

The site at which an ice crystal is stimulated to form from supercooled
water.
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xvi) Precipitation rate (as used in holdover time tables)

The total rate of deposition of frozen and liquid water on a surface, including
any effects of wind-induced deposition; it is really the "catch rate” for a wet
surface and is equivalent to the rate of catch on a wet aircraft surface. This
use of catch rate to replace precipitation rate allows the visibility definitions
of light, moderate, and heavy snow to be readily used, because visibility is
also affected by wind speed.

xvii) Holdover time

The time from initial application of anti-icing fluid onto an aircraft to the
moment the fluid can no longer be guaranteed to provide protection at the
anticipated takeoff time. These times must be at least five minutes less than
the protection time, and may be substantially less.

xviii) Slush

Snow or ice that has been reduced to a soft watery mixture by rain, heat, or
chemical treatment. Slush is an accumulation of ice crystals in a fluid
forming a non-rigid agglomeration.

xix) Visible contamination

When anti-icing fluid has been applied to the wing, the fluid has a freezing
point substantially below the ambient air temperature. Furthermore, there is
a temperature gradient through the fluid from the hot wing skin to the cold
ambient air. In a snowstorm, flakes hit the fluid surface and melt
immediately, absorbing heat from the fluid. The fluid is thereby cooled at the
air-surface interface, approaching the ambient temperature rapidly and being
simultaneously diluted by the precipitation. The decreasing fluid temperature
causes the snowflakes to melt and be absorbed more slowly and, as a result,
the incoming snow lands on partially melted flakes and a mat of slush
develops. This mat of slush is the visible contamination. It has partially
melted snow on top, which acts as an insulator and further slows the
melting process.

2.2 Test Sites

The laboratory tests were conducted at National Research Council Canada’s
(NRC) Climatic Engineering Facility (CEF) in Ottawa. This facility provided a
test environment that satisfied the need to control the ambient temperature,
and both the type and rate of artificial precipitation.
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Natural snow tests were conducted at the Dorval test site used by APS for
holdover time tests. Precipitation rates and ambient air temperature were
monitored throughout the duration of the tests.

Artificial snow tests were conducted at NRC’s CEF in Ottawa. This facility
provided a test environment to control the ambient temperature. The
precipitation was produced by a snowmaking machine developed by the
National Center for Atmospheric Research (NCAR). The rate of precipitation
was controlled by the NCAR system.

2.3 Description of Test Procedures

The experimental procedures for this study are presented in Appendix B,
Appendix C and Appendix D.

The experiments were conducted following the same procedures as
employed in the test program to determine fluid holdover times. Flat plates
mounted with C/FIMS sensor heads were employed as the test surfaces,
when available.

2.3.1 Fluid

Type IV fluids were allowed to equilibrate to the ambient test temperature
prior to the tests. However, Type | fluids were kept at room temperature.

2.3.2 Concentration

Fluid refractive index was measured with a hand-held Brix-scale
refractometer. Brix measurements were taken prior to fluid application
and at predetermined intervals during the course of the tests. The
sampling intervals for Type | and for Type IV fluids were two minutes
and five minutes, respectively.

For Type IV fluid tests, samples were collected from the top and bottom
of the fluid layer. Top samples were obtained by laying a strip of acetate
film on the surface of the fluid. Bottom samples were drawn with a
syringe. The sampling location for all fluid tests was at a crosshair on the
15 cm (6 in.) line. As well, a Brix sample was taken at the boundary of
the failed fluid when a standard plate failure call was made. This sample
represented a mixture of top and bottom layers.
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For Type | fluid tests, samples were collected from the top of the fluid by
laying a strip of acetate film on the surface of the fluid. These samples
were assumed to be average fluid samples since the fluid layer was too
thin to allow for bottom samples to be collected.

2.3.3 Wet Film Thickness

The wet film thickness gauges were used to perform fluid layer thickness
measurements.  Fluid thickness was measured at test initiation and
thereafter at two minute intervals for Type | fluids, and at five minute
intervals for Type IV fluids. Measurements were conducted at the 15 cm
(6 in.) line and were collected until the fluid was completely solidified or
until the fluid thickness was not measurable.

2.3.4 Viscosity Measurements
Two different sample sets were taken depending on the test period.

For tests 1 to 28 (1997-98), a fluid sample for viscosity measurement
was collected at the time and location of the standard plate failure call
(fifth crosshair to undergo failure). At complete plate failure, fluid
samples were collected at both the B2 and F2 crosshairs (see Figure 2.1),
as well as at a point adjacent to the fifth crosshair, for a total of four
samples.

For tests 29 and up (1998-99), a fluid sample for viscosity measurement
was collected from the clean fluid at the time of pouring. At complete
plate failure, fluid samples were collected from each of the top, middle
and bottom thirds of the plate. If the amount of fluid remaining after
failure was insufficient, one single sample was collected from the plate.

2.3.5 Adhesion

Adhesion was identified at the time and point of standard plate failure call
(fifth crosshair) and at various other locations. Between standard plate
failure and complete plate failure calls, adhesion was periodically
measured at various locations. When the entire plate had failed
(complete plate failure), adhesion was measured again at several points.
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2.3.6 Photo and Video Record

Fluid application, initial failure, standard plate failure and complete plate
failure were photographed with a 35 mm still camera, a digital still
camera and a digital video camera. Two analog video cameras were
focused on the test plates and allowed to run continuously during tests to
record the fluid contamination process.

2.3.7 Ice Detection Sensors and Cameras

The C/FIMS, RVSI BF Goodrich, and Spar/Cox ice detection systems were
run continuously during selected tests. It should be noted that the
Intertechnique ice detection unit was not available at the time of these
tests.

During the 1997-98 test season a no-touch zone (3 cm x 5 cm rectangle)
was marked on each plate near the C/FIMS sensor head to serve as a
reference area for ice detection cameras. This area was to remain
undisturbed when lifting fluid samples or measuring thickness.

During the 1998-99 test season, the RVSI BF Goodrich system was not
available. The Spar/Cox ice detection camera was focused on the entire
plate surface.

2.4 Equipment

Complete equipment lists are provided in Appendix B, C and D for each test.

2.4.1 Plates

Standard flat plate test equipment was used in tests to determine fluid
holdover times. The test bed consists of an array of flat plates with
installed C/FIMS ice detection sensors mounted on a flat plate stand for
both the laboratory tests and the natural snow tests.

During laboratory tests the stand was positioned under a spray device
designed to provide controlled precipitation rates and produce a
satisfactory range of droplet sizes, to be representative of natural
conditions.  For the natural snow tests the stand was positioned
perpendicular to the wind, with the inclined plates facing into the wind.
The NCAR snowmaker, evaluated in Transport Canada report TP 13488E
(3), contains one plate mounted to a collection bucket.
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All plates were marked to show crosshair positions that are identified in
the procedure, on data sheets and throughout this report by the reference
of row number and the position from left to right (example B1 = row B,
left crosshair). A schematic of crosshair positions on a flat plate with
installed C/FIMS sensor is provided in Figure 2.1.

2.4.2 Cameras

A 35 mm still camera, a digital still camera and a digital video camera
were used to photograph fluid appearance at several pre-selected stages
of the fluid failure progression. Two analog video cameras were focused
on the test plates and ran continuously. The video recording procedure
included a photograph of the test status board at the start of each new
test run to assist in relating images to test runs (Photo 2.2). Test
summary sheets in the 1998-99 procedure replaced the test status board.
The video recording procedure was modified to include a photograph of
the general form (Photo 2.3).

2.4.3 Ice Sensors

In addition to the C/FIMS sensor, the RVSI BF Goodrich and the Spar/Cox
ice detection sensor were employed when available. The two latter
systems provided ongoing still images at 30-second intervals of ice
formation on the subject plates. All sensors provided a data reference
profile over the test duration that gives an indication of the time related
extent of fluid failure. A complete test set-up with the RVSI BF Goodrich
and Spar/Cox video cameras mounted at each end of the test stand
provided ongoing video records of the failure progression. The C/FIMS
sensor recorded the plate temperatures during tests (Photo 2.1).

2.4.4 Fluid Thickness

Fluid thickness was measured with wet film thickness gauges shown in
Figure 2.2.
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FIGURE 2.1
TYPICAL FLAT PLATE
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FIGURE 2.2
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2.4.5 Fluid Concentration

Fluid concentration was measured with a hand-held Brix-scale
refractometer. Fluid samples were collected from the plate with small
acetate strips and with syringes (Photos 2.4 and 2.5). The plates shown
in Photo 2.5 illustrate the plate markings, including the no-touch zone to
the right of the sensor installation. The no-touch zone was only used
during the 1997-98 test season.

2.4.6 Fluid Adhesion

In the absence of a recognized standard method or apparatus for
measuring adhesion, attempts had been made during earlier tests to
quantify this characteristic through use of prototype devices or ad-hoc
procedures. These attempts were generally based on an evaluation of the
resistance to movement of the layer of failed fluid. One approach was
based on the stiffness of the bristles of a brush mounted in a device to be
drawn through the fluid. This device proved awkward and invasive,
disturbing too much of the subject fluid. Another approach used pliable
plastic strips of various degrees of stiffness. When drawn through the
fluid the strips provided a sense of fluid resistance, sliding over areas
where adhesion had set in, but dislodging failures where no adhesion to
the plate had developed. Another approach involved directing a jet of air
at the subject fluid and observing whether the fluid would be dislodged or
moved. None of these approaches were fully satisfactory. In this study,
adhesion and the degree of bonding were determined using an electric
dental flossing device (Photo 2.6).

During operation (Photo 2.7), a thread of floss was spun by the device.
The floss segment extended about 3 to 4 mm from the tip of the unit,
and upon spinning could carve out a circle (or not, depending upon
whether adhesion had occurred) 3 to 4 mm in radius on a failed surface
element. In a layer of non-adhered fluid failure, the force of the spinning
floss was sufficient to expose the surface of the test plate. As the
rotation speed of the unit was fixed, the applied force was constant for
all tests, providing a basis of comparison among various test conditions,
and between different stages of contamination for individual tests.

This device proved to be the most satisfactory of the various approaches
to establish whether an area had undergone surface bonding to the
substrate and to give a measure of the strength of the bond formed.
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An analysis of the shearing force exerted by this instrument (see
Appendix E) determined it to be in the range of 1.3 x10* to
2.0 x 10* MPa. This shearing force is higher than the wind shear on a
wing during takeoff. If the fluid failure cannot be dislodged by the dental
floss device, it will not shear off an aircraft wing during rotation. If,
however, it is removed by the adherence tester, it may not remain on the
aircraft wing during rotation.

2.4.7 Fluid Viscosity

Fluid samples for viscosity tests were gathered during the tests and
preserved in small wide-mouth glass bottles with screw caps. Viscosity
levels of these samples were subsequently measured by use of a
Brookfield viscometer (Model DV-1+; Photo 2.8) fitted with a
thermostatted recirculating fluid bath and micro sampling option.

The 1997-98 viscosity samples were tested with the SCR-16/8R
spindle/chamber assembly due to the small fluid samples collected. In
1998-99, larger samples were collected and the SCH-31/13R assembly
was used.

2.5 Data Forms

Standard data forms used for fluid holdover time tests were used for
recording failure times, precipitation rates and fluid thickness measurements.
Special data forms were designed to record Brix readings, viscosity sampling,
fluid failure adhesion, and the subjective appearance of fluid failure. The
complete set of forms used during the 1997-98 tests are included in
Appendix B. The forms used during the 1998-99 season are included in full
for outdoor and indoor tests in Appendix C and D, respectively.

2.6 Fluids

Test fluids were selected to provide a representation of SAE Type | and SAE
Type IV fluids. Both ethylene glycol- and propylene glycol-based fluids are
represented in the data collected. Fluids were tested at full strength except
for one particular Type IV fluid that was diluted to a 50/50 concentration in
order to provide comparisons to Type | fluid. Table 2.1 shows a full list of
the fluids used.
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TABLE 2.1
SUMMARY OF FLUIDS TESTED

Fluid Name Fluid Type Nature Concentration
Clariant Safewing Four A" Propylene Meat
Fluid X A% Ethylene MNeat
..... _ Hil_f;;;it ABC-S \") Propylene Meat
Octagon Max-Flight A" Propylene Meat
SPCA AD-ﬂ;E_!'J-_m | IV Propylene MNeat & 50/50
UCAR Ultra+ - IV Ethylene Neat
UCAR XL54 I Ethylene Standard
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2.

METHODOLOGY

Fluids tested during the two test seasons were from different batches.
Some variations in fluid properties were detected for some of the fluids. The
fluids included UCAR XL54, SPCA AD-480 (50 percent), UCAR Ultra+,
Octagon Max-Flight, Kilfrost ABC-S, SPCA AD-480, Clariant Safewing Four
and an ethylene glycol-based reference fluid (Fluid X). The Octagon
Max-Flight used in 1998 was highly sheared. The Max-Flight fluid from the
1998-99 test season was a typical mid-specification range viscosity fluid.

2.7 Personnel

The nature of the tests resulted in a number of simultaneous documentation
activities triggered by events of significance that occurred during the
progression of fluid failure. Completion of documentation and collection
activities within a short time period required the involvement of an unusually
large number of test personnel.

The most critical event in any given test was the standard plate failure call.
This event required samples to be collected for concentration, wet film
thickness, and viscosity measurements. Narrative descriptions of the
appearance of the failed fluid were recorded. Both still photography and
video capture of the event were also carried out at this point, as was
adhesion testing. Normally, tests were run simultaneously on two or three
plates. On two occasions, up to four flat plate tests were simultaneously in
progress. As all of these activities required close access to the test plate, a
sequence of activities was developed wherein test members took turns
approaching the plate, performing their function, and then stepping back.
This discipline prevented crowding around the test stand and minimised the
risk of raising local air temperatures from body heat and exhaled air. This
was more critical in tests carried out at higher temperatures and lower
precipitation rates.

Ten APS personnel were involved in the test process during the 1998 tests.
Based on the experience gained during the previous test season and due to
procedural changes, the personnel required dropped to eight during the 1999
tests. One person recorded both the video and still photography
documentation. Additionally, personnel from both RVSI and Cox were
present to provide support in operating their equipment (when used) and to
ensure ongoing recording of fluid condition in tests underway.
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2. METHODOLOGY

Photo 2.1
General Test Setup

Photo 2.2 - - Photo 2.3
Test Status Board General Form
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2. METHODOLOGY

Photo 2.4
Syringe for Collecting Fluid Samples from Bottom Layer

Photo 2.5
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2. METHODOLOGY

Photo 2.6
Dental Flossing Device Used to Test Adhesion

—E—

Photo 2.7
Adhesion Tests Performed with Flossing Device
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2. METHODOLOGY

Photo 2.8
Brookfield Digital Viscometer Model DV-1+ and Temperature Bath
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3. DESCRIPTION AND PROCESSING OF DATA

3. DESCRIPTION AND PROCESSING OF DATA
3.1 Overview of Test Sessions

Fourteen runs, including 28 individual plate tests, were conducted over a
two-day period during the 1997-98 test season. Twelve individual plate
tests were conducted in natural snow in January 1999 and seventeen indoor
plate tests were conducted in April 1999, including 11 artificial snow tests.
A summary of test parameters is presented in Table 3.1.

Table 3.2 provides a log of all tests with associated test conditions and
failure times. The table indicates duplicate tests conducted to ensure
reproducibility.

3.2 Discussion of Test Variables
Test conditions were established to address the following considerations:

» Appearance of Type | versus Type IV — light freezing rain;

* Appearance of Type | versus Type IV — snow;

» Appearance of Type IV — light freezing rain versus freezing drizzle;

» Appearance of Type IV — freezing drizzle versus snow;

* Appearance of Type IV — effect of temperature (-4°C and -10°C);

» Ethylene glycol-based Type IV fluid versus propylene glycol-based
Type IV fluid — freezing drizzle;

* Time to adhesion — Type | versus Type IV; and

* Appearance of Type | versus Type IV 50/50 — light freezing rain.

During the afternoon of the first day of testing in the 1997-98 test season,
under ambient temperature conditions of -10°C, it was noted that the test
plate temperature was not as cold as expected. Following some
experimentation, it was found that the photographers’ lights were a problem
source of heat on the test plates. All light sources, including those
associated with the ice detection sensors, were turned off or positioned
farther back from the test stand for subsequent tests. The light sources
required for photography were turned off between pictures. Personnel
concentration close to a test stand was minimized to reduce the effects of
body heat, particularly during runs performed at higher temperatures.
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TABLE 3.1

DOCUMENTATION OF FLUID FAILURE
SUMMARY OF TESTS CONDUCTED

Location NRC = NRC NRC NRC NRC | NRC Dorval Dorval Dorval | Dorval | NCAR NCAR NCAR NCAR
N ! I . | | | | | ! |
Precipitation Type ZD | ZD I ZD ZD | zR ZR | Snow l Snow | Snow | Snow | Snow | Snow | Snow | Snow
Rate (g/dm?/hr) 5 | 13 | | .5- -1-11 | 25 | 25 | 1 I- .m | 15 | 30 | m" | 25 | 10 | 25
OAT (°C) _3___3 | 10 | <10 | -10 | -4. B --22 | 16 | <18 | -14 -4 i -4 | 12 | -12
|UCAR XLE4 5.7 | 14,18 34 39 | 56 57 46
Pl —— . | | | .
UCAR Ultra + 20,22 | 24,27 1.4 | 69 |1319 29 | a2 - | 48 53 44 a3
?Eta_gffaiﬂﬂlt KD _]--2.1.,23 ' EE,EEi 2.3 |311 | 16 I 30 f31,35f | 51 52 47 | 45
K.i_lfn:iat ABC-S 49,50 | 54,556 41,42 | | 10,12 ! i | |
—r | |
SPCA AD-480 28 i
Clariant Enf.uwing Four T 3.5 - 40 | i
FLUID X 33 38 | |
sPcAAD4s050%) | | | 1817

Motes: = Values in cells represent test numbaers,
* Tasts 1 to 28 waere performed during the 1997-98 season
* Tests 29 to 57 were performed during the 1998-99 season
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TABLE 3.2
DOCUMENTATION OF FAILURE - TEST LOG
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DOCUMENTATION OF FAILURE - TEST LOG (cont.)

TABLE 3.2
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3.

DESCRIPTION AND PROCESSING OF DATA

3.3 Description of Collected Data and Analysis

The data collected during this study were focused to provide documentation
of the appearances and physical nature of deicing and anti-icing fluid failures.
The various media required to provide this documentation included still
photography and videotape, narrative descriptions, response profiles from
various ice detection sensors, and measurements of physical characteristics
including fluid concentration, fluid film thickness, adhesion and viscosity.

Data from the various means used to document fluid failures were sorted by
test and arranged in a fixed order of presentation. A full set of test results,
arranged in a set order and sorted by individual tests, is presented in the
CD Attachment. A sample of the documentation for a single test (ID #1)
follows.

3.3.1 Photographic Documentation

Figure 3.1 provides general test information including test conditions, test
start and failure times, and some quantitative results.

A set of four photos (Photos 3.1 to 3.4) show the appearance of fluid at
four specific stages during the test:

* at time of pouring;

» at time of initial (first) failure;

» at time of standard plate failure call; and
* at complete plate failure.

The photos were taken as soon as possible after the time of each
specified failure progression stage. The average delay between a failure
time and the picture time is approximately two minutes for anti-icing
fluids, and shorter for Type | fluids. This delay occurred due to the time
required to measure the physical properties of the fluid after failure was
called. If the elapsed time before the photo is taken is longer or if the
failure has progressed beyond the specified stage, a comment is included
in the photo caption.

The C/FIMS sensor head, the markings (squares) denoting crosshair
locations and the no-touch zone are visible in the photos. In Photo 3.2
the area of initial fluid failure appears as surface roughness along the near
top of the plate. In Photo 3.3, failure appears in the plate area above the
sensor and as fingers of failed fluid extending toward the middle of the
plate. In Photo 3.4 complete plate failure has occurred. The fingers of
failure are extending to the bottom of the plate.
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FIGURE 3.1
GENERAL TEST INFORMATION

D # 1

July 8, 1998
Ambient Air Temperature: =-10.3°C
Precipitation Type: Freezing Drizzle
Rate of Precipitation: 10.4 g/dm?*/hr
Fluid: UCAR ULTRA +
Dilution: Neat
Start of Test: 11:13:10
Failure Mode: Fifth Crosshair
Failure Location: D2
Failure Time (Standard): 12:03:00
Failure Time (Complete Plate): 12:19:00
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3.

DESCRIPTION AND PROCESSING OF DATA

3.3.2 Video Documentation

In addition to the photos described in the preceding section, each stage
of the fluid failure progression was recorded on videotape. During the
1997-98 test session, two video cameras were focussed on the no-touch
zone of the two most frequently used plates and ran continuously.
During the 1998-99 test session, a video camera ran continuously, taking
a wide angle view of the test area. In addition, the RVSI and Spar/Cox
systems maintained an ongoing video record of the events that occurred
at the test stand.

3.3.3 Observer Description

Figure 3.2 is an experienced observer’s narrative description of the
appearance of the fluid as it progresses toward failure. Sketches
illustrating points of interest support the narrative.

3.3.4 Fluid Thickness

Figure 3.3 is a record of fluid thickness over the duration of the test. The
fluid thickness graphs include vertical time lines indicating initial (first)
failure, standard plate failure and complete plate failure.

3.3.5 Fluid Freeze Point

Figure 3.4 is a profile of the fluid freeze point temperature as the deicing
fluid concentration is progressively diluted from its initial strength. When
testing Type IV fluids, the fluid concentration was sampled from both the
top and bottom of the fluid layer, and the respective freeze points are
shown as indicated by the legend. Since the fluid layer is very thin for
Type | fluids, fluid concentration was only measured on top of the fluid
and the value was taken as an average fluid concentration. When
available, profiles of ambient temperature or plate temperature are
presented to serve as a base line for fluid freeze point values. The
comparison of fluid freeze point temperature to plate temperature at the
time of standard plate failure is of interest. In this case, the fluid freeze
point matched ambient temperature near the time of standard plate
failure. In some cases, fluid freeze points may climb above ambient
temperature due to samples being collected from the top layer of the fluid
or due to uneven failure patterns.
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4. ANALYSIS AND DISCUSSION 4.6 Type IV Fluid (Clariant Safewing Four Neat)

4.6.3 Fluid Freeze Point

Upon exposure to precipitation, the fluid freeze points of the top and
bottom layers rapidly rose from their initial values of approximately
-34°C. After application, the top fluid freeze point and the bottom fluid
freeze point diverged slightly to produce a 3 to 5°C variation between the
freeze points of the two layers. The spread between top and bottom
layer freeze points remained until the failure was called, with freeze
points of -13°C and -18°C for the top and bottom layers, respectively.

4.6.4 Adhesion

There was no evidence of adhesion during the course of the tests for this
fluid.

4.6.5 C/FIMS Ice Detection Sensor

The sensor trace (ID # 35) for this fluid gave no indication of fluid failure.
The traces were very flat, showing a very slight increase with time.

4.6.6 RVSI BF Goodrich Ice Detection Sensor

The RVSI BF Goodrich sensor was not available for the test involving this
fluid.
4.6.7 Spar/Cox Ice Detection Sensor

The Spar/Cox ice detection sensor was not available for the test involving
this fluid.
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4. ANALYSIS AND DISCUSSION 4.7 Type IV Reference Fluid (Fluid X)

4.7 Type IV Reference Fluid (Fluid X)
(CD Attachment — Test ID #s 33 and 38)

Fluid X is an experimental fluid formulation prepared according to
specifications indicated by Union Carbide. The formulation consists of
ethylene glycol and water, with Xantham gum as a rheological additive.
Two Fluid X batches were prepared and the resulting Brix and viscosity
profiles were measured to be within experimental error limits. These fluids
were tested in natural snow conditions with an ambient temperature near
-15°C.

4.7.1 Fluid Appearance

The appearance of the bulk fluid can be described as a very runny gel.
High-speed mixing does not improve the homogeneity of the fluid
rheology and causes air to be incorporated into the fluid. Air release is
exceedingly slow and the various-sized bubbles impart a grey tinge to the
fluid.

The resulting fluid samples were poured onto test plates according to
standard holdover time procedures. The fluid pours in a manner that
indicates cohesive forces to be much stronger than adhesive forces (fluid
affinity for itself is greater than for the plate). The fluid tends to slip off
the side of the plate in clumps while the plate surface is hardly wetted.
This occurs during application when the fluid flow onto the plate is
interrupted or not poured at a sufficiently high rate. This behaviour is
more pronounced at colder temperatures.

Once successfully poured, the fluid was subject to holdover time testing
in a reasonably heavy snowfall. The fluid was observed to pull away
from the plate edges and contracted toward the middle of the plate.
Runoff at the bottom edge of the plate was maintained during ongoing
precipitation. The top and side edges of the plate became bare as the
fluid tended to coagulate toward the plate centre and away from these
three edges.

4.7.2 Holdover Time Performance and Failure Appearance

Failures on the bared surfaces (essentially outside the work area of the
plate) were observed first. The majority of the work surface of the plate
remained fluid-covered and exhibited holdover time performance superior
to that of commercially available Type IV fluids. This is likely due to the
coagulating action of the fluid, which resulted in a thicker fluid layer over
the surface that remained fluid-covered. The failure progresses more
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4.

ANALYSIS AND DISCUSSION 4.7 Type IV Reference Fluid (Fluid X)

slowly than for Type IV fluids, but finally achieves an appearance similar
to that of Type IV fluid failures. Some streak-like failure propagation was
also observed prior to complete plate failure. Failures were easily
observed for this fluid. No adhesion was observed with Fluid X in the
snow tests.

4.7.3 Comments

The Fluid X holdover time is abnormally high; however, this is not the
objective of the formulation. The desired potential reference fluid
formulation is a standard worst-case fluid that is easy to prepare, gives
holdover time performance near the lower limit of currently available
Type IV fluids, and behaves in a rheologically similar fashion to Type IV
fluids.
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ANALYSIS AND DISCUSSION 4.8 Rheology, Mixing Processes, & Mechanisms of Fluid Failure for Fluids Tested

4.8 Rheology, Mixing Processes, and Mechanisms of Fluid
Failure for the Fluids Tested

This section discusses some of the processes and mechanisms that operate
in the degradation of the fluids as caused by freezing rain and freezing
drizzle.

The rheology, or flow characteristics, of a fluid can be adjusted by the
addition of suitable modifying agents. In the case of anti-icing fluids, the
fluid rheology influences the way a fluid behaves when subject to different
forms of precipitation. For example, fluid rheology influences its ability to
accept contamination and has important consequences on the rate and
degree of mixing of fluid and contaminant. The rheological differences
among the different fluid brands are manifested by the different patterns of
failure initiation and propagation observed among the fluids tested.

The Ultra+ fluid was the only ethylene glycol-based fluid among the Type IV
fluids tested. It appears that this Type IV fluid will return to its previous
viscosity after turbulent shearing. The other propylene glycol-based fluids
exhibited permanent shear-induced reductions to their viscosity. This
suggests that the thixotropy of the propylene glycol-based fluids relies on a
different mechanism than the Ultra+ fluid. The Octagon, Kilfrost, Clariant
and SPCA fluids are all propylene glycol-based.

4.8.1 Influence of Droplet Impact on the Mechanical Component
of Mixing

Contaminant absorption rate (mixing) is enhanced by mechanical
considerations such as droplet impact on fluid surface, which varies
proportionally with droplet size and mass. Another important mechanical
parameter is the rate of precipitation. The mechanical component of
mixing is likely an important factor in fluid failure rate differences
between freezing drizzle and light freezing rain holdover times determined
at the same temperatures and precipitation rates for a given fluid.

There may also be differences in contaminant absorption rate as a
function of temperature due to surface tension effects on the fluid
surface and on the droplets themselves.

The possibility of partial droplet solidification before impact on the fluid
surface also exists and presents another parameter that should be
considered as a possible contributor to mechanical mixing.

It is also possible that droplet size has an influence on the fraction of
precipitation, impinging on a fluid-covered surface that actually remains in
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ANALYSIS AND DISCUSSION 4.8 Rheology, Mixing Processes, & Mechanisms of Fluid Failure for Fluids Tested

the fluid layer after droplet impact. This aspect of fluid and contaminant
behaviour is considered in Subsection 4.8.3.

The diffusional component of mixing is operative in the dilution of fluid by
liquid or melted contamination. While this process always occurs to a
greater or lesser extent depending on the physical state of the
contaminant, it can be considered to be a secondary effect.

4.8.2 Comments on the Rheology and Failure Mode Generally
Exhibited by the Propylene Glycol-Based Anti-Icing Fluids

The propylene glycol-based anti-icing fluids generally exhibit a reduced
tendency to mix with contamination.

From previous test experience, it had been expected that, due to the
reduced mixing tendency, failures exhibited by these fluids would occur in
a manner that results in a layer of relatively undiluted fluid between the
plate and the failed fluid surface.

The point at which this uppermost surface layer fuses and becomes too
solidified to be sheared completely off the wings upon rotation of the
aircraft was investigated during tests documented in Transport Canada
report TP 13479E (5).

The fact that mechanical shearing can permanently reduce the viscosity
of some propylene glycol-based fluids suggests that a thixotrope
composed of long delicate polymer strands is present in this fluid.
Mechanical shearing of the fluid from turbulent flow is probably sufficient
to break the length of these polymer chains and permanently alter the
fluid’s rheological properties.

4.8.3 Surface Tension Effects

The surface tension effects on a fluid surface and on the falling droplets
themselves influence the ability of the fluid to accept contamination into
its surface layer. The significantly lower surface tension of the fluid, in
comparison to the surface tension of water, enhances the acceptance of
contamination into the surface layer of the fluid.

On the other hand, the surface tension on a droplet of liquid is inversely
proportional to the radius of the droplet. Therefore, the surface tension of
a droplet of liquid approaches infinity as the droplet radius approaches
zero. It is expected that smaller droplets should display a reduced
tendency to be absorbed by the fluid surface and an enhanced tendency
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to bead or bounce and roll off the test surface. Along this line of
thinking, larger droplets are expected to penetrate the fluid surface, and
subsequently mix more efficiently with the surrounding fluid.

As a droplet of rain penetrates the fluid surface, a percentage of it is
instantly solidified. As a result, the dilution effect of the each individual
droplet is reduced. The solidified rain drops remain suspended in the fluid
and are not active in reducing the overall fluid concentration.

4.8.4 Mixing Tendency/Dilution

Highly viscous fluids tend to remain in a thicker layer on a surface and
exhibit a reduced tendency to flow-off. Some propylene glycol-based
fluids tend to resist mixing to a greater extent than ethylene glycol-based
fluids, and are thus diluted at a much slower rate. This resistance to
mixing may be due to surface tension effects or possibly to the presence
of an additive that has a coagulating effect. A coagulant might tend to
attract fluid around the contaminant without allowing complete mixing.
The mixing seems to be most efficient in the Ultra+ fluid and least
efficient for the propylene glycol-based Type IV fluids.

4.8.5 Flow-Off

The rheology of the fluid is responsible for maintaining a thick fluid layer
on test surfaces. One rheological property is the viscosity of the fluid.
The higher the viscosity, the greater the resistance to flow. Flow is
influenced by dilution, which reduces the fluid viscosity especially on the
top of the fluid layer and to various depths depending on the mixing
tendency of the fluid. The more easily the fluid is diluted, the more easily
the fluid will flow off the plate, with subsequent reduction in effective
fluid thickness. This is often referred to as erosion of the fluid. A fluid
that resists mixing will accumulate a solid surface above the good fluid
layer, leading to an encapsulating type of adhesion due to fusion of fluid
surface contamination in a layer parallel to the substrate surface.

4.8.6 Bounce and Roll-Off

It was observed that in flat plate experiments, a considerable portion of
contamination consisting of water droplets actually bounced upon impact
and rolled off the plate. This was noted for all fluids and has important
consequences as to the difference between a larger surface, like an
aircraft wing, and a relatively small surface element such as a standard
test plate.
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4. ANALYSIS AND DISCUSSION 4.8 Rheology, Mixing Processes, & Mechanisms of Fluid Failure for Fluids Tested

If much of the contamination is able to escape the surface in a bounce
and roll-off fashion, this means that not all the impinging precipitation at
a given precipitation rate ends up being absorbed into the fluid surface.
While this is true for the first bounce on an extended surface, the roll-off
counterpart of this phenomenon is only significant close to the edge of an
extended surface (like an aircraft wing). There is a significant difference
between the flat plate and the aircraft wing for the categories of
precipitation including freezing rain, freezing drizzle, and ice pellet
conditions.

It would be worthwhile to investigate what fraction of the precipitation
impacting on a given surface element actually remains on, or is accepted
by, the fluid layer at known rates of precipitation. This might be
accomplished using a hooded trap at the bottom of the plate positioned
to allow for flow-off and to also allow the fluid to continue to fall to the
floor, but the bouncing droplets could be caught in the trap and weighed.
It might also be interesting to monitor the refractive index of the
recovered droplet mix to determine how much, if any, fluid is picked up
by the bouncing droplets escaping the plate.
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4. ANALYSIS AND DISCUSSION

4.9 Comparison of Type | & Type IV Failures in ZR- (25 g/dm?/hr)

4.9 Comparison of Type | and Type IV Failures in Light Freezing

Rain (25 g/dm2/h)

Type | Union Carbide XL54
Test ID Numbers 5, 7 and 14, 18

Appearance

» Unthickened fluid;

» Left a very thin, transparent orange layer
when applied;

 Almost immediate accumulation of solid
contaminant;

e Failure propagated from top of plate and
from points of failure; and

» Rapid failures with complete adhesion.

Film Thickness
e Rapid reduction to 0.1 mm thickness or
less.

Fluid Freeze Point

e Dilution to 0°C in six minutes; and

» Uniform freeze point in fluid layer due to
thin unthickened film.

Adhesion
e« Rapid and complete adhesion following
freezing.

C/FIMS Sensor Trace
* Weak indication of failure, slightly ahead of
visual call.

RVSI Sensor Trace

e Clearly definable downturn indicated
standard plate failure, concurrent with
visual call of plate failure.

Type IV Union Carbide Ultra+
Test ID Numbers 6, 9 and 13, 19

Appearance

* Thickened fluid;

» Left a thick, smooth, shiny, transparent
green layer with suspended bubbles when
applied;

e Fluid progressed through several phases
prior to failure;

* Failure propagated from the top of plate
and carved drain channels in fluid below;
and

* Contamination fused into solid, bumpy
layer appearing as fingers of failed fluid.

Film Thickness

* Thickness at five minutes of 01.4 mm;

e Initially stabilized at about 1.0 to 1.3 mm
then progressively decreased until failure;
and

e Reduced thickness just prior to failure was
function of temperature and precipitation.

Fluid Freeze Point
» Rate of dilution much slower than Type I;
» Different freeze points of top and bottom

layers; and

* Freeze point reached air temperature at
failure.

Adhesion

e Adhesion trailed failures by some time;
and

»  Severity a function of temperature and
time.

C/FIMS Sensor Trace

»  Well defined indicator of failure, generally
between time of visual call of initial and
standard plate failures.

RVSI Sensor Trace

e« At -10°C, trace provided strong indicator
of failure, concurrent with visual failure
call; and

* Trace indicator less reliable at warmer
temperatures.
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4. ANALYSIS AND DISCUSSION 4.9 Comparison of Type | & Type IV Failures in ZR- (25 g/dm?/hr)

4.9.1 Discussion

Ambient temperature appears to have a direct effect on the appearance
of Ethylene Type | and Type IV failures in light freezing rain conditions.

« At -10°C, the Typel and Type IV failures were fairly similar in
appearance, and both consisted of solid, rough contamination that
progressed in a top-to-bottom manner on the plate (Photos 4.12 and
4.13).

* At -3°C, Type IV failures, observed in flat plate tests, were similar to
those of tests conducted at -10°C, and consisted primarily of
hardened, rough contamination (Photo 4.14). This same appearance
of failure was documented in a Type IV fluid failure test conducted on
a McDonnell Douglas DC-9 wing in 1995-96 (Photo 4.15). The
ambient temperature for this test was -1°C.

« At -3°C, Type I fluid failures consisted primarily of a clear, glossy ice
surface. This mode of failure is apparent in photo documentation from
a flat plate test and a full-scale fluid failure test conducted on a
Boeing 737 wing in 1996-97 (Photos 4.16 and 4.17).

Another noticeable difference between Type | and Type IV failures in light
freezing rain was the adhesion of the failure to the test plate.

A comparison of the degree of adhesion was made for two tests. The
first test, ID #7, used Type | fluid and the second test, ID #9, used
Type IV Neat fluid. The two tests were conducted under light freezing
rain at 25 g/dm2/h and the ambient air temperature was -10°C. Data
from these tests are plotted in Figure 4.2 to illustrate, for particular
locations on the plate, the observed extent of adhesion in relation to the
time of fluid failure. Adhesion was measured only twice during the
process of failure: at the time of standard plate failure (1/3 or
fifth crosshair), and again when the plate was completely failed. The
precise onset of adhesion is not known. The line representing fluid
failure, based on four data points (start of test application, initial failure,
standard plate failure, and complete plate failure), provides an estimate of
time of failure at any plate position.

Data plotted for the Type | fluid test demonstrate that adhesion at any
position measured occurred either simultaneously with fluid failure or very
shortly thereafter. In contrast, data on the Type IV fluid test demonstrate
a longer delay from the time of fluid failure to adhesion, in the range of
three to six minutes.
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4. ANALYSIS AND DISCUSSION 4.9 Comparison of Type | & Type IV Failures in ZR- (25 g/dm?/hr)

Two other similar tests (Test ID numbers 5 and 6) provide almost the
same results.

The steepness of the Type | curve demonstrates the danger of freezing
rain at cold temperatures when using Type | for protection. A pilot could
potentially view the aircraft wing just prior to initial failure and determine
that it is uncontaminated. W.ithin four minutes the fluid on the wing
could be completely failed and, more importantly, would probably be
bonded over the entire wing surface. With an application of neat Type IV
fluid under these conditions, the time required for bonding to reach
significant levels following initial failure is probably greater than
15 minutes.
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4. ANALYSIS AND DISCUSSION

4.10 Comparison of Type | & Type IV in Failures in Snow

4.10 Comparison of Type | and Type IV Failures in Snow

Type | Union Carbide XL54
Test ID Numbers 34, 39, 46, 56, 57

Appearance

* Unthickened fluid;

» Left a very thin, transparent orange layer
when applied;

* Immediate
contaminant;

e Clumps of snow rapidly accumulated on
plate surface;

* Plate area between snow accumulation
was dry; and

* Rapid failures without adhesion.

accumulation of solid

Film Thickness

e Rapid reduction of thickness to 0.1 mm;
and

e Difficult to measure thickness due to snow
accumulation.

Fluid Freeze Point

e Fluid dilution to freeze point above air
temperature before standard plate failure;
and

e Uniform freeze point in fluid layer due to
thin unthickened film.

Adhesion
* No adhesion detected for any of the tests
with these conditions.

C/FIMS Sensor Trace
* Uninterpretable results.

RVSI Sensor Trace
« N/A

Type IV Union Carbide Ultra+
Test ID Numbers 30, 32, 37, 43, 44, 48, 53

Appearance

*  Thickened fluid;

» Left a thick, smooth, shiny, transparent
green layer with suspended bubbles when
applied;

*  Fluid surface became dull;

e Precipitation resting in fluid matrix;

» Failures propagated from the top of plate
and fluid layer absorbed snow to become
slush; and

» Contamination accumulated faster
fluid is capable of absorbing snow.

than

Film Thickness

* Thickness at five minutes of =1.4 mm;

* Stabilized at about 1.0 to 1.3 mm then
progressively decreases until failure; and

* Reduced thickness just prior to failure was
function of temperature and precipitation
rate.

Fluid Freeze Point

e Rate of dilution much slower than Type I;

* Freeze point generally remained below air
temperature at standard plate failure; and

« Different freeze points of top and bottom
layers.

Adhesion
« No adhesion detected for any of the tests
with these conditions.

C/FIMS Sensor Trace
* Noticeable indicator of failure coincided
with visual call of standard plate failures.

RVSI Sensor Trace
« N/A
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4. ANALYSIS AND DISCUSSION 4.10 Comparison of Type | & Type IV in Failures in Snow

4.10.1 Discussion

The following is a comparison of ethylene glycol-based Type | and
Type IV fluids in snow precipitation. Ambient temperature and rate of
precipitation did not have much effect on the appearance of failure in
snow conditions, with the exception of reducing the time to failure.
Natural and artificial snow test results are combined for the purposes of
the report. The differences between the two conditions are discussed in
Transport Canada report TP 13488E (3). The Type | fluid immediately
showed signs of snow building on its thin film. In contrast, the Type IV
fluid could absorb a large quantity of precipitation before failures began to
appear on the fluid surface.

In all snow tests performed, adhesion never occurred between the
precipitation and the plate surface, as shown in Figure 4.3. In most tests
a layer of slushy fluid resulted from the fluid and precipitation mixture.
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4. ANALYSIS AND DISCUSSION

4.11 Comparison of Type IV Ethylene

4.11 Comparison of Type IV Ethylene Glycol-Based Fluid — Freezing

Rain versus Freezing Drizzle

Union Carbide Ultra+
Freezing Drizzle, Test ID Numbers 1, 4

Appearance

* Thickened fluid;

e Left a thick, smooth, shiny transparent
green layer with suspended bubbles when
applied;

e Fluid progressed through several distinct
stages prior to failure;

* Failures propagated from the top of plate
and carved drain channels into the thick
fluid below to form fingers of failure;

e Thick fluid below drainage channels broke
up into scattered lumps that were washed
away to give rise to rapid failure; and

» Contamination fused into a mottled bumpy
layer from the fingers of failed fluid.

Film Thickness

* Common thickness at five minutes of
1.4 mm;

* Initially stabilized at about 1.0 to 1.3 mm
then progressively decreased until failure;
and

* Film thickness at time of plate failure was
0.5 mm.

Fluid Freeze Point
e At 15 cm line at time of plate failure:

OAT (°C) FP (°C)

-10 -7

-4 -4
Adhesion

* Occurred later than with freezing rain.

C/FIMS Sensor Trace
* Weaker indicator of failure than in freezing
rain.

RVSI Sensor Trace
e Strong indication of failure.

Union Carbide Ultra+
Freezing Rain, Test ID Numbers 6, 9, 8, 11

Appearance

* Thickened fluid;

e Left a thick, smooth, shiny transparent
green layer with suspended bubbles when
applied;

e Fluid progressed through several distinct
stages prior to failure;

* Failures propagated from the top of plate
and carved drain channels in the fluid
below to form fingers of failure;

e Thick fluid below channels broke up into
scattered lumps and was superseded by
more rapid failure; and

» Contamination fused into a mottled bumpy
layer from the fingers of failed fluid.

Film Thickness

* Common thickness at five minutes of
1.4 mm;

* Initially stabilized at about 1.0 to 1.3 mm
then progressively decreased until failure;
and

* Film thickness at time of plate failure was
0.3 mm.

Fluid Freeze Point
e At 15 cm line at time of plate failure:

OAT (°C) FP (°C)

-10 -1

-4 -1
Adhesion

e Occurred earlier and was more severe than
with freezing drizzle.

C/FIMS Sensor Trace
e Stronger indicator
freezing drizzle.

of failure than in

RVSI Sensor Trace
e Strong indication of failure.
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ANALYSIS AND DISCUSSION 4.11 Comparison of Type IV Ethylene

4.11.1 Discussion

The differences in ethylene glycol-based fluid appearances at the time of
failure between tests conducted in light freezing rain and freezing drizzle
conditions were not significant. At failure, the contamination fused into a
mottled, bumpy layer in both conditions (Photos 4.18 and 4.19). The
time required for the Type IV fluid to exhibit this failure in freezing drizzle
tests was significantly longer than in light freezing rain tests. Scattered
lumps of fluid endured longer in freezing drizzle than in freezing rain.

Tests conducted in freezing drizzle exhibited greater film thickness at
failure than tests conducted in light freezing rain (0.5 mm compared to
0.3 mm). The adhesion of failures to test surfaces was observed to
initiate sooner and to bond more strongly in light freezing rain tests.

The C/FIMS produced a much more noticeable change when failure was
detected in freezing rain than in freezing drizzle. The indications of failure
for freezing rain were strong and near the time of standard plate failure,
whereas the freezing drizzle indicators were weak and between initial
failure and standard plate failure. The RVSI BF Goodrich ice detection
system produced strong indications of failure for both conditions.
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ANALYSIS AND DISCUSSION

4.12 Comparison of Type IV Propylene

4.12 Comparison of Type IV Propylene Glycol-Based Fluid — Freezing

Rain versus Freezing Drizzle

Octagon Max-Flight
Freezing Drizzle, Test ID Numbers 2, 3

Appearance

Thickened fluid;

Left a thick, smooth, turbid, shiny
transparent green layer with no bubbles
when applied;

Fluid progressed through several distinct
stages prior to failure; however, the speck-
covered stage was not observed;

A marbled appearance was observed as a
pre-failure stage;

Failures propagated from the top of plate
were streaks, and dots of solid
contamination began to fuse together;
Thick fluid began to uniformly thin below
the failed region; and

Ice particles began to dam at the bottom
of the plate and continued to collect until
complete plate failure.

Film Thickness

Common thickness at five minutes of
=0.8 mm;

Fluid thickness increased during test and
finally decreased as failure approached;
and

Film thickness at time of standard plate
failure was dependent on temperature.

Fluid Freeze Point

At 15 cm line at time of plate failure:

OAT (°C) FP (°C)

-10 -10

-4 -4
Adhesion

Occurred later than with freezing rain.

C/FIMS Sensor Trace

Weaker indicator of failure than in freezing
rain.

RVSI Sensor Trace

Relatively weak indication of failure.

Octagon Max-Flight
Freezing Rain, Test ID Numbers 8, 11

Appearance

Thickened fluid;

Left a thick, smooth, turbid, shiny
transparent green layer with no bubbles
when applied;

Fluid progressed through several distinct
stages prior to failure, including large ice
pellet accumulation;

A marbled appearance was observed as a
pre-failure stage;

Failures propagated from the top of plate
were streaks, and dots of solid
contamination began to fuse together;
Drainage formed;

Fingers of solid contamination reached
down the plate and slands of
contamination began to form; and
Contamination fused into a mottled bumpy
layer from the fingers and islands of failed
fluid.

Film Thickness

Common thickness at five minutes of
0.8 mm;

Fluid thickness increased during test and
finally decreased as failure approached;
and

Film thickness at time of standard plate
failure was dependent on temperature.

Fluid Freeze Point

At 15 cm line at time of plate failure:

OAT (°C) FP (°C)

-10 -2

-4 0
Adhesion

Occured earlier and was more severe than
with freezing drizzle.

C/FIMS Sensor Trace

Strong signal, not temperature related.

RVSI Sensor Trace
Strong indication of failure coincident with
visual call.

X:\@APS ARCHIVE\CM1514 (TDC Deicing 1998-99)\REPORT\DOC_FAIL\Final Version 1.0\Final Version 1.0.doc

APS AVIATION INC. "Fi

98

Final Version 1.0, March 06



4.

ANALYSIS AND DISCUSSION 4.12 Comparison of Type IV Propylene

4.12.1 Discussion

The differences in propylene glycol-based fluid appearances during the
progression of failure between tests conducted in light freezing rain at
-10°C and tests conducted in freezing drizzle at -10°C conditions were
significant. At visual failure, the contamination fused into a mottled,
bumpy layer in both conditions, but the marble condition endured longer
in the freezing drizzle precipitation and a damming effect was observed.
During the freezing rain tests fingers of failure and islands of failure were
noted during the failure progression, whereas more uniform top-to-bottom
failure was more frequently observed in freezing drizzle tests.

The differences in the appearance of failure for tests conducted at -3°C
were not significantly noticeable. The contamination fused into a
mottled, bumpy layer in both conditions and fingers of failure and islands
of failure were noted during the failure progression.

The decrease in fluid viscosity due to the higher temperatures can affect
the fluid’s ability to flow down the plate and will help inhibit the damming
effect.

Tests conducted in freezing drizzle at colder temperatures exhibited
greater film thickness at failure, than light freezing rain tests. The
adhesion of failures to the test surface was observed to initiate sooner
and be more severe in light freezing rain tests.

The C/FIMS produced a much more noticeable change when failure was
detected in freezing rain than in freezing drizzle. The RVSI ice detection
system produced strong indications of failure for both conditions.
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4. ANALYSIS AND DISCUSSION

4.13 Comparison of Type IV; Freezing Drizzleversus Snow

4.13 Comparison of Type IV Fluid — Freezing Drizzle versus Snow

Union Carbide Ultra—+
Freezing Drizzle, Test ID Numbers 1, 4

Appearance

* Thickened fluid;

e Left a thick, smooth, shiny transparent
green layer with suspended bubbles when
applied;

e Fluid progressed through several distinct
stages prior to failure;

* Failures propagated from the top of plate
and carved drain channels into the thick
fluid below to form fingers of failure;

e Thick fluid below drainage channels broke
up into scattered lumps which were
washed away to give rise to rapid failure;
and

e Contamination fused into a mottled bumpy
layer from the fingers of failed fluid.

Film Thickness

e Common thickness at five minutes of
1.4 mm;

e Initially stabilized at about 1.0 to 1.3 mm
then progressively decreased until failure;
and

* Film thickness at time of plate failure was
0.5 mm.

Fluid Freeze Point
e At 15 cm line at time of plate failure:

OAT (°C) FP (°C)

-10 -10

-4 -4
Adhesion

* Occurred later after the onset of failure.

C/FIMS Sensor Trace
*  Weaker indicator of failure than in freezing
rain.

RVSI Sensor Trace
e Strong indication of failure.

Union Carbide Ultra+
Snow, Test ID Numbers 30, 32, 37, 43, 44,
48, 53

Appearance

* Thickened fluid;

» Left a thick, smooth, shiny, transparent
green layer with suspended bubbles when
applied;

*  Fluid surface became dull;

»  Precipitation resting on surface;

e Failures propagated from the top of plate
and fluid layer absorbed snow to become
slush; and

e Contamination accumulated faster
fluid is capable of absorbing snow.

than

Film Thickness

* Thickness at five minutes of 1.4 mm;

e Initially stabilized at about 1.0 to 1.3 mm
then progressively decreased until failure;
and

» Reduced thickness just prior to failure was
function of temperature and precipitation
rate.

Fluid Freeze Point

« Different freeze points of top and bottom
layers; and

» Freeze point generally remained below air
temperature at standard plate failure.

Adhesion
* No adhesion detected for any of the tests
with these conditions.

C/FIMS Sensor Trace
* Noticeable indicator of failure coincides
with visual call of standard plate failures.

RVSI Sensor Trace
« N/A
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4.

ANALYSIS AND DISCUSSION 4.13 Comparison of Type IV; Freezing Drizzleversus Snow

4.13.1 Discussion

The difference in fluid appearance during the progression of failure
between tests conducted in light freezing drizzle and snow conditions
was significant. A progression of several different pre-failure modes was
observed during freezing drizzle, contrary to that of snow contamination.
In freezing drizzle conditions, the failures carved drainage channels from
the top to the bottom of the plate to form fingers of failure. A
top-to-bottom failure mode was observed during both freezing drizzle and
snow tests. In snow tests the precipitation accumulated in the fluid layer
until the fluid was too diluted to absorb the falling precipitation.

Tests conducted in freezing drizzle at the colder condition exhibited
greater film thickness at failure than snow tests. The film thickness was
very difficult to measure during snow tests due to the accumulation of
slush within the fluid matrix. The adhesion of failures to test surfaces
was observed in all freezing drizzle tests with Ultra+, whereas adhesion
was never noted during snow precipitation tests.

The fluid freeze point for snow tests generally did not converge by
standard plate failure. A graph comparing the fluid freeze point
progression for both precipitation conditions is shown in Figure 4.4.

The C/FIMS produced a much more noticeable change when failure was
detected in snow than in freezing drizzle. The RVSI ice detection system
was not available during snow tests.

The preceding comparison was based on the ethylene glycol-based fluid
Ultra+. In snow precipitation, the appearances of failure of all the Type
IV fluids tested were similar. Every fluid accumulated precipitation in the
fluid layer and on the top surface of the fluid. As the test progressed, the
quantity of snow in the fluid matrix increased to create a layer of slushy
fluid. Failures were called when the fluid layer was not capable of
absorbing further precipitation.

X:\@APS ARCHIVE\CM1514 (TDC Deicing 1998-99)\REPORT\DOC_FAIL\Final Version 1.0\Final Version 1.0.doc

Final Version 1.0, March 06
APS AVIATION INC.

101






4. ANALYSIS AND DISCUSSION

4.14 Comparison of Type IV Ethylene Fluid

4.14 Comparison of Type IV Ethylene Glycol-Based Fluid — Effect of
Temperature in Light Freezing Rain (-4 versus -10°C)

Union Carbide Ultra+
OAT = -4°C, Test ID Numbers 13, 19

Appearance

* Thickened fluid;

e Left a thick, smooth, shiny transparent
green layer with suspended bubbles when
applied;

e Fluid progressed through several stages
prior to failure: specked, orange-peel, and
gelatinous;

e Failures propagated from the top of plate
and carved drain channels in the fluid
below to form fingers of failure down the
plate;

e Fluid below drainage channels broke up
into scattered lumps of thick fluid that
were washed away to give rise to rapid
failure; and

» Contamination fused into a mottled bumpy
layer from the fingers of failed fluid.

Film Thickness
* Avg thickness at 15 cm line at time of
standard plate failure = 0.1 mm.

Fluid Freeze Point

« At 15 cm line at time of standard plate
failure; freeze point = -1°C;

e Top layer temporarily stabilized at -15°C; and

e Top and bottom layer freeze point converged
prior to time of standard plate failure and
rapidly diluted thereafter.

Adhesion
« Adhered over smaller area at complete failure.

C/FIMS Sensor Trace
e Strong signal, not temperature related.

RVSI Sensor Trace
» Relatively weak indication of failure.

Union Carbide Ultra+
OAT = -10°C, Test ID Numbers 6, 9

Appearance

Thickened fluid;
Left a thick, smooth, shiny transparent
green layer with suspended bubbles when

applied;

Fluid progressed through several stages
prior to failure: specked, orange-peel,
gelatinous;

Failures propagated from the top of plate
and carved drain channels in the fluid
below to form fingers of failure down the
plate;

Fluid below drainage channels broke up
into scattered lumps of thick fluid that
were washed away to give rise to rapid
failure; and

Contamination fused into a mottled bumpy
layer from the fingers of failed fluid.

Film Thickness

Avg thickness at 15 cm line at time of
standard plate failure = 0.4 mm.

Fluid Freeze Point

At 15 cm line at time of standard plate
failure; freeze point = -1°C;

Top layer temporarily stabilized at -19°C; and
Top and bottom layer freeze point converged
at time of standard plate failure and rapidly
diluted thereafter.

Adhesion

Adhered over larger area at complete failure.

C/FIMS Sensor Trace

Strong signal, not temperature related.

RVSI Sensor Trace

Strong indication of failure coincident with
visual call.

X:\@APS ARCHIVE\CM1514 (TDC Deicing 1998-99)\REPORT\DOC_FAIL\Final Version 1.0\Final Version 1.0.doc

APS AVIATION INC. "Fi

103

Final Version 1.0, March 06



4. ANALYSIS AND DISCUSSION 4.14 Comparison of Type IV Ethylene Fluid

4.14.1 Discussion

The appearance of fluid failure was not temperature dependent for this
ethylene glycol-based fluid during the test performed. In holdover time
tests, it was observed that certain propylene glycol-based Type IV fluids
exhibited different failure mechanisms at colder temperatures. This
property is described in Section 4.15.

The ethylene glycol-based Ultra+ fluid mixed more easily with
contaminants than all the other anti-icing fluids tested. It accepted
contaminant, mixed and diluted more readily than other fluids. The mode
of failure of the Ultra+ fluid was more consistent than the propylene
glycol-based Type IV fluids tested, and showed little or no temperature
dependent behaviour over the temperature range of -3°C to -10°C.
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4. ANALYSIS AND DISCUSSION

4.15 Comparison of Type IV Propylene Fluid

4.15 Comparison of Type IV Propylene Glycol-Based Fluid — Effect of
Temperature in Freezing Drizzle (-4 versus -10°C)

Kilfrost ABC-S
OAT = -4°C, Test ID Numbers 49, 50

Appearance

* Very thick, pale green, transparent fluid
layer when applied;

* Fine air bubbles within fluid matrix;

» Surface studded with fine solid particles;

e Orange peel texture formed;

» Surface began to smooth as precipitation
was absorbed into fluid layer;

e Progressive thinning of fluid at top edge of
test plate;

 Drainage channels began extending from
top of plate toward bottom; and

e Thin fluid film adhered to plate surface.

Film Thickness

e At five minutes = 2.2 mm;

e Fluid thickness stabilized slowly after
pouring at 20-30 minutes = 1.8;

e Dropped dramatically near the time of
initial failure; and

e« Tended toward O mm thickness as failure
propagated.

Fluid Freeze Point

e Top and bottom layer freeze point
converged by time of initial failure; and

e At standard plate failure, the fluid freeze
point had reached outside air temperature.

Adhesion

» Adhesion begins at top of plate 25 minutes
after initial failure; and

» After complete plate failure 80 percent of
surface covered by adhered fluid.

C/FIMS Sensor Trace
e Gave strong indication of failure at time of
standard plate failure call.

RVSI Sensor Trace
« N/A

Kilfrost ABC-S
OAT = -10°C, Test ID Numbers 41, 42

Appearance

* Very thick, pale green, transparent fluid
layer when applied;

*  Fine air bubbles within fluid matrix;

e Dots of contamination accumulated
without mixing on the fluid surface;

* Islands of contamination formed together
to create continuous network of solids on
fluid surface;

» Contamination continued to accumulate
and solids fused to plate from bottom
toward top; and

» Lateral cracking shows underlying fluid.

Film Thickness

e At five minutes = 1.8 mm;

e Fluid thickness stabilized slowly after
pouring; and

e« 1.5 mm at time of plate failure.

Fluid Freeze Point

e At 15 cm line at time of initial plate failure;
freeze point was between -15 and -20° C;

e Top and bottom layer freeze point had not
converged by time of standard plate
failure; and

e At complete plate failure, freeze point of
bottom layer was lower than that of the
top layer.

Adhesion
e No adhesion was noted at the time of
complete plate failure.

C C/FIMS Sensor Trace
* Gave no indication of failure.

RVSI Sensor Trace
« N/A
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4.

ANALYSIS AND DISCUSSION 4.15 Comparison of Type IV Propylene Fluid

4.15.1 Discussion

The appearance of fluid failure was highly temperature dependent for this
propylene glycol-based fluid during the test performed. Certain propylene
glycol-based Type IV fluids follow different failure progressions at colder
temperatures. At temperatures of -4°C Kilfrost ABC-S accepted the
contaminants within the fluid layer and the eventual failure was due to
fluid dilution. At colder temperatures, such as -10°C, the precipitation
does not penetrate the fluid layer. It is suspended on top of the fluid and
accumulates above a relatively undiluted fluid layer.

The failure progression exhibited by Kilfrost ABC-S at higher temperatures
is similar to Ultra+ at -10°C. Section 4.16 describes in more detail the
differences between ethylene glycol- and propylene glycol-based fluids.

The operative failure mechanism in freezing drizzle, at colder
temperatures, prevents failure adhesion from securing on the plate
surface. The failure call may be premature for this type of failure since a
layer of undiluted fluid is trapped between the overlaying sheet of ice and
the test surface. The failure call may be appropriate since the frozen
contaminant may not shear off a wing during rotation.

The C/FIMS showed a strong indication of failure for the higher
temperature tests since the fluid directly above the sensor was thinning
and diluted. The trace produced during the lower temperature test gave
virtually no indication of failure. The layer of fluid in contact with the
C/FIMS sensor for these tests was the layer of uncontaminated fluid
trapped under the ice bridging failures.

The exact temperature at which each different propylene glycol-based
fluid began to fail due to ice bridging is not clear. The tests performed for
this study are insufficient to determine these temperatures. It can be
noted that the transition temperature for Kilfrost ABC-S is between -3°C
and -10°C.
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4. ANALYSIS AND DISCUSSION

4.16 Comparison of Type IV Propylene Fluid

4.16 Type IV Propylene Glycol-Based Fluid versus Ethylene
Glycol-Based Fluid — Freezing Drizzle, Outside Air Temperature

Ethylene Glycol
Union Carbide Ultra+

Test ID Numbers 1, 4

Appearance

 Left a thick, smooth, shiny transparent
green layer with suspended bubbles when
applied;

* Fluid progressed through several stages
prior to failure: specked, orange-peel, and
gelatinous;

* Failures propagated from the top of plate
and carved drain channels in the fluid
below; and

e Contamination fused into a mottled,
bumpy layer from the fingers of failed
fluid.

Film Thickness

» At five minutes = 1.3 mm

e Fluid thinned progressively. No increase as
in Octagon; and

0.6 mm at time of standard plate failure.

Fluid Freeze Point

e At 15 cm line at time of standard plate
failure; freeze point = -8°C;

* Top layer temporarily stabilized at -20°C;
and

e Top and bottom layer freeze points
converged at time of standard plate failure
and rapidly diluted thereafter.

Adhesion
* Adhesion occurred some time after failure.

C/FIMS Sensor Trace
e Strong indication of failure.

RVSI Sensor Trace
e Strong indication of failure.

= -10°C

Propylene Glycol
Octagon Max-Flight
Test ID Numbers 2, 3

Appearance

e Similar to Ultra+ but without bubbles,
slightly paler and slightly turbid;

* Progression to failure had short-lived
orange-peel stage followed by a gelatinous
stage. Size of features observed in the
gelatinous phase were 2/3 that observed
with Ultra+ fluid; and

e Fluid maintained thinning slurry that
gradually underwent fusion. Run-off
maintained open channels to bottom edge.

Film Thickness

e At five minutes = 0.8 mm;

e Fluid increased notably during
interval to 1.2 mm; and

* Similar thickness to Ultra at time of
standard plate failure (0.6 mm).

initial

Fluid Freeze Point

e At 15 cm line at time of standard plate
failure; freeze point = -10°C;

» Top layer quickly rose such that the freeze
point was 5°C above the bottom layer,
and then rose in concert with bottom
layer; and

e Top and bottom layer freeze point had not
converged by time of standard plate
failure.

Adhesion
* Adhesion occurred some time after failure.

C/FIMS Sensor Trace
« Not as strong an indication of failure as
with Ultra+.

RVSI Sensor Trace
e Progressively decreasing
strong indication of failure.

lines without
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4. ANALYSIS AND DISCUSSION

4.16 Comparison of Type IV Propylene Fluid

4.16b Type IV; Propylene Glycol-Based Fluid versus Ethylene
Glycol-Based Fluid — Freezing Drizzle, Outside Air Temperature

Propylene Glycol
SPCA AD-480
Test ID Number 28

Appearance

* Very thick and intense green transparent
fluid layer when applied; and

e Dots of contamination accumulated
without mixing on the fluid surface. Test
was not continued to the point of fusion
but was beginning to form a slushy layer
on the surface as the density of dots
approached a continuum.

Film Thickness

* At five minutes = 1.7 mm;

e Fluid thickness stabilized shortly after
pouring; and

e 1.2 mm at time of standard plate failure.

Fluid Freeze Point

e At 15 cm line at time of standard plate
failure; freeze point = -16° C;

* Top and bottom layer freeze point had not
converged by time of standard plate
failure; and

* Following complete plate failure, freeze
point of top layer was still 7°C higher than
that of the bottom layer.

Adhesion
e« No adhesion was noted at the time
of complete plate failure.

C/FIMS Sensor Trace
e Not a strong indicator of failure.

RVSI Sensor Trace
e Progressively decreasing
a strong indication of failure.

lines without

= -10°C

Propylene Glycol
Kilfrost ABC-S
Test ID Numbers 41, 42

Appearance

 Very thick pale green transparent fluid
layer when applied;

» Fine air bubbles within fluid matrix;

e Dots of contamination accumulated
without mixing on the fluid surface;

* Islands of contamination formed together
to create continuous network of solids on
fluid surface;

e Contamination continued to accumulate
and solids fused to plate from bottom
toward top; and

» Lateral cracking showed underlying fluid.

Film Thickness

e At five minutes = 1.8 mm;

e Fluid thickness stabilized slowly after
pouring; and

e« 1.5 mm at time of standard plate failure.

Fluid Freeze Point

e At 15 cm line at time of standard plate
failure; freeze point is between -15 and
-20°C;

e Top and bottom layer freeze point had not
converged by time of standard plate
failure; and

e Following complete plate failure, freeze
point of top layer was lower than that of
the bottom layer.

Adhesion
e No adhesion was noted at the time of
complete plate failure.

C/FIMS Sensor Trace
e Gave no indication of failure.

RVSI Sensor Trace
« N/A
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4.

ANALYSIS AND DISCUSSION 4.16 Comparison of Type IV Propylene Fluid

4.16.1 Discussion

The characteristics of failure of an ethylene glycol-based fluid were
compared to the characteristics of three propylene glycol-based fluids in
freezing drizzle at -10°C. It has been recognized during the process of
previous holdover time testing (see Transport Canada report TP 13131E
(6)) that two behaviour extremes occurred in the failure mechanisms of
propylene and ethylene glycol-based Type IV fluids at colder
temperatures. One extreme was exhibited by the ethylene Type IV fluid,
Ultra+; this fluid tended to be diluted in a more homogeneous fashion
through the fluid depth. The propylene glycol-based Type IV, Octagon,
SPCA, and Kilfrost, which tend to resist dilution by maintaining the
precipitation at the top of the fluid profile, thereby exhibited the other
extreme.

The diagram in Figure 4.5 helps to visualize the difference in behaviour
during a freezing drizzle test at -10°C. The Ultra+ fluid failure
mechanism is described as follows:

» Initial exposure caused the fluid to absorb precipitation into its upper
layers, promoting the fluid to swell;

» Continued dilution enhanced the fluid's ability to flow; and

e The diluted fluid eroded off the surface, and its thickness was
diminished until failure occurred.

The typical failure was characterized by a thin layer of solidified
precipitation. The Kilfrost and SPCA fluids failed by accumulating
precipitation in the upper fluid layers. These fluids resisted dilution
(especially at these lower temperatures). The upper layers did flow, but
damming of the failed surface layer occurred at the bottom edge of the
plate, trapping the failures in place. This situation was interpreted as a
failure by an observer because the fluid had developed suspended ice,
which eventually formed a layer of solid ice. Considerable unfailed fluid
lay below the failed upper surface layer.

The mechanism of failure described above for propylene glycol-based
Type IV fluid was not observed for Octagon in documentation of fluid
failure tests. The Octagon fluid used in these tests was inadvertently
sheared prior to testing and its viscosity spray was substantially reduced.
As a result, the fluid failure appearance was similar to that of the Ultra+
fluid. However, it should be noted that the Octagon Type IV fluid
documented in this report may be an adequate representation of an
operational fluid, since shearing does occur during fluid application on a
wing surface.
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4. ANALYSIS AND DISCUSSION 4.16 Comparison of Type IV Propylene Fluid

The appearance of failure of the SPCA fluid was similar to that observed
in previous tests using other propylene glycol-based fluids. Prior to the
failure, the surface was covered with a thin layer of fine slush. At
standard plate failure, the surface of the fluid was covered with fine, solid
contamination that had started to fuse. Below this top layer of solid
contamination, a layer of uncontaminated fluid remained. Absolutely no
adhesion of ice to the plate surface had occurred at or soon after
standard plate failure. The film thickness of the SPCA AD-480 fluid at
the time of standard plate failure was 1.2 mm, equivalent to twice that of
the Ultra+ and the sheared Octagon fluid at the same stage of failure.
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4. ANALYSIS AND DISCUSSION

4.17 Appearance of Flash Freezing; Type | vs Type IV 50/50, ZR

4.17 Appearance of Flash Freezing — Type | versus Type IV 50/50 in

Freezing Rain

Union Carbide XL54
Test ID Numbers 14, 18

Appearance

e Unthickened fluid;

» Left a thin, transparent orange layer when
applied;

« Almost immediate accumulation of solid
contaminant;

e Fluid layer thinned
along the top edge;

+ Islands of frozen fluid formed after
ten minutes, with rapid adhesion to plate;
and

* No flash freezing occurred.

rapidly, with drying

Film Thickness
* Rapid reduction to 0.1 mm thickness.

Fluid Freeze Point
e Dilution to 0°C in six minutes.

Adhesion
e« Rapid and complete adhesion following
freezing.

C/FIMS Sensor Trace
e Weak, undefined indication of failure,
slightly ahead of visual call.

RVSI Sensor Trace
e Clearly definable downturn indicated plate
failure, concurrent with visual call.

SPCA AD-480 50/50
Test ID Numbers 15, 17

Appearance

* Thickened fluid;

» Left a thick, transparent green layer when
applied;

* Failures were similar to other Type IV
fluids with  accumulation of solid
contaminant;

 Time to failure about two times that of
Type | (16 minutes versus eight);

* No adherence at time of standard failure;
at complete plate failure, some adherence
noted at top of plate (four minute lag); and

* No flash freezing occurred.

Film Thickness

* Initial fluid layer much thicker than Type I
(1.5 mm versus 0.5 mm);

» Rate of thinning much slower; and

* Thickness at failure was 0.2mm.

Fluid Freeze Point

e Rate of dilution much slower than Type |
fluids; and

e Dilution to -4°C in ten minutes.

Adhesion

* No adhesion at time of standard failure; at
complete plate failure, some adherence
noted at top of plate (four minute lag).

C/FIMS Sensor Trace
e Visual identification of failure slightly
ahead of visual call.

RVSI Sensor Trace
e Clearly definable downturn indicated plate
failure, concurrent with visual call.
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4. ANALYSIS AND DISCUSSION 4.17 Appearance of Flash Freezing; Type | vs Type IV 50/50, ZR

4.17.1 Discussion

No flash freezing occurred in the documentation of fluid failure tests using
Type | or Type IV 50/50 fluids. The appearance of failure for both fluid
types in this comparison was consistent with previous descriptions of
Type | and Type IV failures.
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4.

ANALYSIS AND DISCUSSION 4.18 Appearance of Type IV Neat Fluids in Ice Pellet

4.18 Appearance of Type IV Neat Fluids in Ice Pellet Precipitation

The following observations were recorded while waiting for snow
precipitation. No definition of failure or holdover time is available for ice
pellet precipitation.

Light snow began to fall between 01:30 and 04:00 on January 3, 1999.
Temperatures were in the process of rising from -18°C to -14°C over this
timeframe. At about 04:00 a thick snowfall began, consisting of large snow
grains that ranged in diameter from 2 mm to 5 mm. During this session,
two runs per stand were executed, the second of which passed the 04:00
time mark, at which point the snow grains underwent a transformation to ice
pellets. Rates were on average from 35 to 39 g/dm?/h.

Clariant Safewing Four is a propylene glycol-based fluid and bridging failures
were initially expected. However, Clariant fluids exhibited failure progression
similar to that of Ultra+ Type IV fluid, which tends not to support failures on
the top of the fluid surface. The large and dense snow particles caused the
contaminant to penetrate the surface layer of the fluid and rest on the
substrate surface. It is doubtful that snow-bridging failures would have
occurred in these conditions with other propylene glycol-based Type IV
fluids.

Under snow grain precipitation, the contaminant quickly established itself on
the work surface and first signs of contamination were observed within five
or six minutes. Prior to this, contamination embedded itself in the fluid layer
and the larger particles persisted indefinitely in the fluid layer to begin the
failure process. Viewed at shallow angles, the fluid surface could be
observed to contain larger grains, which protruded above the fluid surface
while resting on the substrate. As the contamination accumulated, this view
showed a completely wet surface, but with the contaminant protrusions
becoming more and more dense over the entire plate. It was necessary to
prod the plate surface to check the underlying fluid supply and to check for
adhesion, as these conditions are somewhat rare.

Once the fluid reservoir had been absorbed under each crosshair, failures
were called, even though the contaminant top layer was not completely dry
and no adhesion was observed. Although the fluid reservoir was not
absorbed very quickly, the quantity of precipitation caused plate
contamination to be observed in less than 15 minutes.

Once the transformation to ice pellets was complete (before 04:30), rates
remained the same well past the completion of the tests. The ice pellets
were crystal clear (no occluded air) and could almost be said to be a very
fine hail, with particle sizes ranging from 0.5 to 2.5 mm in diameter.
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4. ANALYSIS AND DISCUSSION 4.18 Appearance of Type IV Neat Fluids in Ice Pellet

The ice pellets also quickly established themselves in the fluid and began to
accumulate rapidly. Ice pellet failures were not as rapid as those observed in
snow grain conditions. The ice pellets were denser and the surface area of
these particles was relatively small, which reduced the tendency for the fluid
to be absorbed. A significant portion of the contamination impinging on the
fluid-coated plate bounced off the test surfaces, but most was captured.
The precipitation was not so readily observed to protrude out from the fluid
surface, and plate contamination was called well past the times recorded
earlier for the snow grains.

From initial contamination to just prior to standard plate failure, the
fluid-contaminant mixture resembled a thick slush with large particle sizes.
Shallow viewing angles gave the best overall views of the plate and allowed
the observers to perceive the state of the fluid-contaminant mixture.
Although the fluid reservoir at the top of the plate was depleted more
rapidly, it did not give rise to a completely dry condition on the plate surface.
At standard plate failure call, a large quantity of solid contaminant was
observed to be present on the surface, with slightly more fluid on the lower
portion of the plate. The plates were left out and were occasionally
inspected for fluid content and adhesion. Fluid content decreased, but never
to the point of dryness. Some melting was inevitable due to the continued
temperature rise. After complete (full) plate contamination, the fluid surface
was ridged laterally and contaminant caked together and cracked between
the ridges to expose very small lines of the bare, slightly wet test surface.
Blowing on the failed surface easily dislodged the slush.

At 06:00 no adhesion was detected and the top layer appeared dry, although
a good centimetre of ice pellets was observed to blanket each plate. Gentle
prodding of the fluid surface with a pencil tip exhibited no resistance. No
crust formed, and a considerable amount of diluted fluid still persisted
underneath the top layer.

The ice pellets were considerably more dense than the snow grains and did
not reduce visibility nearly as much. To the observer it appeared that the
rates were reduced; however, they were not. In these conditions
temperatures rose to -11°C and precipitation dwindled to insignificance.
The tests were monitored well past complete (full) plate failure.

Once morning airport operations resumed, the ice pellet precipitation did not
seem to influence airline operations as aircraft were deiced and took off.
Traffic was light. This was most likely due to situations at destinations hit
hard by the storm. At 08:00, precipitation rates began to dwindle, and by
11:00, rates were negligible. Temperatures had risen to -8°C.
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4.

ANALYSIS AND DISCUSSION 4.19 Viscosity Measurements and Analysis

4.19 Viscosity Measurements and Analysis

The two different procedures used for viscosity sample collection are
described below. The first was implemented during the 1997-98 test
season. The second procedure was used during the 1998-99 season due to
the difficulties encountered in measuring the viscosity of the sample
collected the previous year.

4.19.1 Test Samples Collected in 1997-98

An attempt was made to examine the viscosity of the fluid at time of
failure. To this end, fluid samples were collected at the time and location
of fifth crosshair failure and at time of complete plate failure at positions
B2, F2 and adjacent to the location of fifth crosshair failure, with the
intent to measure fluid viscosity with a Brookfield Viscometer. It was
subsequently determined that individual sample volumes were insufficient
for accurate testing and, consequently, individual test samples were
consolidated to enable testing.

The results of these consolidated samples are shown in Table 4.5, which
presents the test sample concentrations in terms of Brix-scale refractive
index values, as well as the measured viscosities. With one exception,
the consolidated samples provided a measurement of viscosity equivalent
to water. Fluid concentrations were quite low, as indicated by the Brix
numbers.

The only fluid sample having a measurable viscosity was from a single
test on Type IV (SPCA AD-480) fluid. The measured viscosity value for
this fluid was probably lower than its actual viscosity as the sample
volume was slightly less than specified (3.8 mL versus 4.1 mL).
Standard plate failure for this fluid was called when an observer judged
that the extent of the aggregate contaminant plate coverage reached
33 percent. Failure was due to isolated frozen particles suspended in the
fluid. During discussion of the test results for this fluid, it was noted that
a considerable amount of protective capacity (not yet failed fluid)
appeared to exist at the time of the standard plate failure call. Even at
test end, when the plate was considered to be fully failed, this appeared
to be the case.

4.19.2 Test Samples Collected in 1998-99

The sample collection procedure was modified to ensure a sufficient fluid
quantity would be collected. Four samples were collected from each test,
when possible. A clean fluid sample was collected before the test
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4.

ANALYSIS AND DISCUSSION 4.19 Viscosity Measurements and Analysis

started. This sample served both as a verification of the fluid poured and
as a reference of the viscosity of the fluid before contamination.

The other samples represent the top, middle and bottom thirds of the
plate once complete plate failure was called and the test was stopped.

The fluid viscosity of the samples was then tested with a Brookfield
Viscometer model LVII at 20°C using spindle 31 and the small sample
adapter. Most samples collected were of sufficient volume for individual
viscosity measurement. The results of the fluid viscosity tests are shown
in Table 4.6 and 4.7 along with the Brix value for each sample.

For the majority of the tests, the viscosity of samples collected after
complete plate failure was relatively close to the viscosity of water. The
Brix values show a distinctive top-to-bottom pattern in most of the tests.

Kilfrost ABC-S was tested in freezing drizzle precipitation with different
temperatures and precipitation rates. The samples from the colder
temperature tests, 41 and 42, contained a considerable residual viscosity.
At colder temperatures the mechanism responsible for the standard plate
failure was ice bridging. A film of uncontaminated fluid was still present
under the layer of frozen precipitation resting on top of the deicing fluid.
When the sample was collected, the uncontaminated fluid and the
contaminated fluid were combined into one sample. The residual
viscosity is a function of the quantity of uncontaminated fluid underlying
the frozen contamination.

The remainder of the Kilfrost tests were performed at a higher ambient
temperature. At these temperatures the viscosity of the fluids was lower
and the fluid flowed down the plate more readily. Dilution failures
resulted from the fluid mixing with the contaminant and thinning out as
the tests progressed. At standard plate failure, the fluid layer was very
thin, due to fluid draining off the plate. The Brix values measured
validate the behaviours described above.

The fluid viscosity of Octagon Max-Flight samples was difficult to
measure. The repeatability of the viscosity tests was questionable. After
the standard test duration, the viscosity of the fluid was not stable for
some of the tests. A second questionable behaviour was the increase in
viscosity observed in samples from tests 45 and 47. The clean fluid
viscosity at 0.3 rpm was measured at 2000 mPa for the sample from test
number 47. The viscosities of the failed samples were 8200, 9800 and
15 600 for the top, middle and bottom respectively. These values
represent viscosity increases from four to eight times the uncontaminated
fluid viscosity.
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The viscosities of the samples collected from the Ultra+ in natural and
artificial snow tests were approximately equal to the viscosity of water.
The main failure mechanism of this fluid is dilution failure. The fallen
precipitation is quickly absorbed into the fluid layer and the diluted fluid
flows down the test surface. The snow precipitation created a slushy
mass of fluid during the tests. The samples collected were a combination
of fluid and partially melted snow. When the samples were melted, the
resulting fluid was a highly diluted combination of Ultra+ and water.

4.19.3 Viscosity at Various Concentrations

To understand whether the measured viscosity values were typical of
Type IV fluids at low concentration, three Type IV brands (one ethylene
glycol-based, two propylene glycol-based) were diluted to various
concentrations, and their viscosities measured. The resulting data are
displayed graphically in Figures 4.6 and 4.7, which show the viscosities
plotted as a function of concentration.

These curves display very different characteristics for the fluids. The
ethylene glycol-based fluid (Union Carbide Ultra+) demonstrated a direct
relationship between concentration and viscosity, with viscosity values
decreasing rapidly as concentration decreased. At a 50/50 concentration,
the fluid viscosity had reduced to zero. In contrast, the propylene
glycol-based fluid SPCA AD-480 displayed an initial increase in viscosity
while concentration was decreased, with the viscosity peaking at about a
60/40 concentration, and returning to initial value at about a 45/55
concentration. Viscosity values then decreased rapidly and reached a
value of zero at a 30/70 mix.

Dilution tests were performed at various temperatures for the Kilfrost
ABC-S fluid. One of the purposes of this analysis was to obtain further
insight into the two different failure progressions demonstrated by this
fluid. The results of the viscosity tests, as well as the Brix values for
each fluid dilution, are shown in Figure 4.8. The following possible
explanation was found for the viscosity behaviour as a function of
temperature.

The viscosity of the fluid at -10°C is inferior to the viscosity at -3°C by
design. If the fluid viscosity continued to increase as temperature
decreased the fluid would not shear off the aircraft wing during rotation
at colder temperatures.

The viscosity tests tend to support the observation that an important
degree of protective capacity still existed at the time of standard failure
call.
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This observation draws attention to the difficulty in making valid visual
judgements on fluid failure for fluids exhibiting this failure mode. It also
indicates the possibility that the full anti-icing capacity of the fluid is not
being used in field operations.

It was noted that neither the C/FIMS nor the RVSI ice detection sensor
traces gave a clear indication of the point of fluid failure in these tests.
Interpretation of images from the RVSI system (Photos 4.10 and 4.11),
however, does lead to the conclusion that the fluid had reached its
operational limit.

It is possible that the visual failure calls are correct, if the fluids that
accumulate frozen precipitation in the upper strata of the applied fluid film
become immobilized. This could occur upon fusion of the contamination
layer and may occur in spite of a layer of uncompromised fluid remaining
in the lower strata of the applied fluid film.
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4.20 Adhesion of Type | and Type IV Fluids

The adhesion of contaminant to the test surface was found to be highly
dependent on the fluid properties at test temperature, as well as the type of
precipitation.  During freezing drizzle and freezing rain, adhesion was
detected in a significant number of tests. After the onset of initial failure,
given the proper conditions, the precipitation will begin to adhere to the test
surface.

4.20.1 Freezing Drizzle and Freezing Rain Adherence

Type | fluids adhere to the substrate surface very quickly after failure. As
discussed in section 4.1.4, these fluids can begin to adhere to the plate
approximately 1 minute after failure. Figure 4.9 shows approximate time
to adhesion points on the same graph as time to failure curves. The short
time between the curves and the quick failures does not provide a large
safety window for aircraft takeoff.

Type IV fluid failure adherence time curves are shown in Figure 4.10.
The ambient temperature and the type of fluid have a significant impact
on the mechanism that causes the fluid failure. Ethylene glycol-based
fluids (Ultra+) fail due to fluid dilution and fluid layer thinning. As the
contaminant falls on the surface, the fluid is diluted and runs off the test
plate. The fluid freeze point increases as precipitation falls on the plate
surface, and once failure is called, a small margin exists between the air
temperature and the fluid freeze point. The additional precipitation
absorbed by the fluid after failure causes the fluid to adhere to the plate
surface.

Propylene glycol-based fluids at colder temperatures fail due to surface
bridging.  According to this mechanism of failure, the precipitation
remains on the top surface of the fluid and a layer of uncontaminated
fluid remains between the substrate and the contamination. Figure 4.11
indicates that adhesion was detected during Kilfrost ABC-S tests at
temperatures of -3°C, and Figure 4.12 shows that adhesion was not
detected during Kilfrost ABC-S tests at temperatures of -10°C. At
warmer temperatures the viscosity of the fluid is decreased and the
failure mechanism is different.
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4.20.2 Snow Adherence

Figure 4.13 shows the difference in failure mechanisms that may be
experienced during snow precipitation conditions. The left side of the
figure shows an example of a typical test where no adhesion was
experienced and the right side shows an example of a test when adhesion
was experienced about 29 minutes after failure was visually observed.
Adhesion occurred because the solution was fully diluted by the incoming
precipitation before the plate temperature fell below 0°C.

Adherence was not detected in any of the natural or artificial snow tests
performed during this study. Independent of fluid type, ambient
temperature and rate of precipitation, snow did not adhere to the test
surface. One possible explanation for this behaviour is the capillarity of
snowflakes.

Capillarity is a property that a porous solid medium exhibits with a fluid
as a result of attractive forces between the porous medium and the fluid.
The forces operative in this type of system are adhesive and cohesive,
and are related to the wetting process and the fluid’s surface tension,
respectively. Adhesional forces, Fs, occur between the fluid and the
medium. Cohesional forces, Fc, act among the components of the fluid.
When Fa=Fc, the medium is said to be easily wetted, as is the case for a
glycol/water-ice mixture. Here, the porous medium is ice in the form of
snow crystals.

This capillary action is the phenomenon responsible for the non-adhesion
of failed regions in the precipitation conditions where dilution from
contamination is minimal. The fluid concentration gradient can be said to
maintain the highest fluid concentration directly on the plate surface,
eliminating the possibility of adherence. Insulating effects are likely
operative only once a considerable layer of dry snow has accumulated
over the already failed region.
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