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Abstract

azardous atmospheric icing conditions occur at

sub-zero temperatures when droplets come into

contact with aircraft and freeze, degrading aircraft
performance and handling, introducing bias into some of the
vital measurements needed for aircraft operation (e.g., air
speed). Nonetheless, government regulations allow certified
aircraft to fly in limited icing environments. The capability of
aircraft sensors to identify all hazardous icing environments
is limited. To address the current challenges in aircraft icing
detection and protection, we present herein a platform
designed for in-flight testing of ice protection solutions and
icing detection technologies. The recently developed Platform
for Ice-accretion and Coatings Tests with Ultrasonic Readings
(PICTUR) was evaluated using CFD simulations and installed
on the National Research Council Canada (NRC) Convair-580
aircraft that has flown in icing conditions over North East

Introduction

ircraft icing by supercooled water droplets pose a

major hazard for aviation [1]. Up until 2015, the

maximum icing envelopes used for the certification
of transport category airplanes have been performed in accor-
dance with the Title 14 Code of Federal Regulations (CFR)
Part 25 Appendix C [2] that defines the icing environments
with a median volume diameter (MVD) up to 40 pm for
continuous maximum (stratiform clouds) and up to 50 pm
for intermittent maximum (cumuliform clouds). However,
following the accident of an ATR-72 at Roselawn, Indiana in
1994, the National Transport Safety Board report [3] concluded
that the 14 CFR Part 25 Appendix C icing envelope has limita-
tions regarding certification in conditions that contain super-
cooled large drops (SLD) with MVDs in excess of 100 pm.

Accepted: 30 Apr 2023

USA, during February 2022. This aircraft is a flying laboratory,
equipped with more than 40 sensors providing a comprehen-
sive characterization of the flight environment including
measurements of temperature, pressure, wind speed and
direction, water droplet size and number distribution, and
hydrometeor habits imagery. The flight tests of the platform
included assessment of passive icephobic coatings as well as
heat-assisted tests. Monitoring tools included visual high reso-
lution, real-time inspection of the surface as well as detection
of surface ice using NRC’s Ultrasonic Ice Accretion Sensors
(UIAS). In this paper, we present the new platform and show
some preliminary commissioning results of PICTUR,
collected inflight under, predominantly, supercooled small
droplets and supercooled large drops (SLD) icing conditions.
The combination of the platform and the complementary
sensors on the aircraft demonstrated an effective and unique
technique for icing studies in a natural environment.

In order to better understand the SLD environment, a
series of international collaborative projects were conducted
to measure and assess aircraft icing conditions that contain
SLD [4-8]. The data provided by these studies have led to a
greater understanding of the icing environment and enabled
the expansion of the icing certification requirements to
encompass SLD conditions through addition of Appendix O
to 14 CFR Part 25 [9, 10]. In parallel with the development of
new regulations related to flight in SLD icing, work was also
conducted by several working groups to investigate mixed
phase and fully glaciated conditions that posed significant
threat to engine operation, with rollback, flameout, stall and
core damage symptomatic of some events [11]. This work
resulted in a further addition to the aircraft icing regulations
with Appendix D to FAA’s 14 CFR Part 33 [9, 12] and Appendix
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P to EASA’s Certification Specifications and Acceptable Means
of Compliance for Large Aeroplanes (CS-25) [13].

Mitigation strategies against aircraft icing include navigating
the aircraft away from the hazardous regions or grounding the
aircraft, however this is not always possible due to the indiscern-
ibility of the hazardous freezing layers by the commonly used
aircraft instrumentation, ground and space remote-sensing and
the operational and financial limitations (e.g., remaining fuel,
flight cancellation and rerouting implications).

In practice, when aircraft fly through clouds at ambient
temperatures below freezing, supercooled water droplets
suspended in the cloud can impact and cause ice accretion, for
example, on the fuselage and instrumentation, resulting in false
and misleading flight data. Ice can also accrete on aircraft lift
and control surfaces, most crucially on the leading edge of a
wing, on the tail and around the engine intakes. Ice build-up
can have a significant impact on the aircraft aerodynamics,
through loss of lift and increase in drag, and can lead to cata-
strophic failure of the aircraft [e.g., 14, 15]. One of the deadliest
examples of icing hazard is the loss of Air France flight 447
(2009), taking 228 lives due to icing of aircraft pitot tube in high
ice water content (HIWC) conditions. Even more recently, there
have been numerous other icing- related incidents [e.g., 16, 17].

Aerodynamically critical parts that are prone to icing can
be equipped with anti- and de-icing technology such as those
using warm bleed air from engines, pneumatic boots or
forcing freezing point depressant fluid out of porous panels
[18]. Although such measures can reduce the ice formation or
melt accreted ice, there is the potential risk of runback ice
forming further downstream on unprotected areas. Heating
and pneumatic systems often require complex configuration,
adding weight and consuming power while de-icing fluids are
expensive and the right type is not always available with the
decision-making process strongly dependent on accurate icing
hazard forecasts [19, 14, 20]. Currently, flight safety and cost-
efficiency are addressed via development of better forecasting
tools, remote sensing instruments, and protection measures.
While forecasting tools and remote-sensing can facilitate
hazard avoidance, protection measures have a direct impact
on flight safety when avoidance is not possible.

With a drive towards more efficient and more electric
aircraft systems, the energy budget available for the operation
of traditional ice protection systems, e.g., heated leading edges,
is reducing, consequentially, leading to an increasing need in
alternative approaches for icing threat mitigation. Such
prospective protection measures, currently being developed
around the world, include icephobic coatings and ice accretion
sensors. While the disruptive technology of icephobic coatings
could offer a significant weight and power saving, the in-flight
icing behavior is still far from being fully understood and
needs to be thoroughly assessed using ground test facilities,
modeling and in natural icing environment, when possible,
before they can be considered a viable ice protection solution
by aircraft manufacturers and regulatory authorities.

Icephobic coatings are meant to prevent ice accretion by
reduction of ice adhesion to the substrate or suppression of
ice formation altogether and can be applied and used as is (i.e.,
passive) or in tandem with heating applied to the surface (i.e.,
semi-passive), depending on several factors, such as: geometry
of the surface, ambient temperature, wind speed and

direction, hydrometeor size and shape and other factors. In
some cases, aerosol (small particulates suspended in the air)
in high concentration interacting with the surface can also
play a role, affecting the functionality, and therefore the effi-
ciency, of icephobic surfaces.

NRC’s Aerospace Research Center (ARC) specializes in
icing studies. ARC’s current projects include flights and collec-
tion of data in real icing environments, wind tunnel icing
simulations, icing sensor development, modeling, and devel-
opment of icephobic materials [e.g., 21-27]. The In-Cloud Icing
and Large-Drop Experiment (ICICLE) is one example of icing
studies led by US Federal Aviation Administration (FAA) and
conducted onboard NRC’s Convair-580 aircraft [28], an
airborne laboratory for atmospheric research, incorporating
more than 40 probes and sensors for aircraft and atmospheric
state, in-situ cloud (single-particle), cloud bulk properties,
aerosol measurements and remote sensing [21-24, 29].

While the study of icing conditions and ice accretion on
different surfaces are ongoing in wind tunnels of different
agencies around the world, such simulations are limited by
the capabilities of the wind tunnels, which cannot represent
the full complexity and range of the atmospheric particulates
and dynamic mixing states. In addition, icing conditions
covered by new regulations, e.g., SLD and ice crystals are
difficult to recreate in current icing wind tunnel facilities and
questions remain about the validity of the simulated environ-
ment compared to that experienced in flight [30]. Alternatively,
models are often used to complement wind tunnel experi-
ments; however, these are limited by computer power and the
accuracy of parameterizations derived from historical
measurements.

The aforementioned limitations can be addressed through
the use of airborne platforms such as the NRC’s Convair-580
that utilizes a high number and redundancy of probes and
sensors. This aircraft offers multiple measurements during
flight through natural icing conditions and provides data for
comparison and validation of observations made using
ground-based facilities and simulations.

Moreover, the limited testing options for unmanned
aerial vehicles (UAV) in icing conditions [e.g., 31] may benefit
from data collected with a large aircraft in severe icing, outside
of the current flight envelope of UAVs. In this paper, we present
new competencies of in-flight ice accretion analysis and
protection through integration of in-house expertise in icing,
sensing and materials. These new competencies will help to
advance studies of aircraft icing and accelerate development
of icing protection technologies in the coming years. In the
following sections, we describe the characteristics and
commissioning of a new airborne testing Platform for
Ice-accretion and Coatings Tests with Ultrasonic Readings
(PICTUR). A drawing of the PICTUR testing platform is
shown in Figure 1.

Methods

For the design and flight tests of the PICTUR, we combined
a unique overlap of airborne icing measurements expertise
[e.g., 21, 22], in-house developed icephobic coatings [32, 26],
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IR Left: Design drawing of PMS canister mounted
PICTUR with two test articles; Right: Internal test article design,
red custom-made heater with a temperature sensor in the
middle.

and in-house developed icing sensors [33, 25], as well as
modeling of ice accretion [34, 35]. In this section, we present
the technical specifications of the new platform, and some
relevant CFD simulations to evaluate its performance before
commissioning. Next, we briefly describe the first set of
coatings that were tested in icing flights. Finally, we describe
the NRC Convair-580 research aircraft and provide a brief
description of the flight conditions. In regard to aircraft data,
we present only atmospheric, aircraft state, and cloud param-
eters, which are relevant for ice accretion analyses. These
complementary aircraft data help to quantify the severity of
icing, and to evaluate the performance of preventive measures,
i.e., icephobic coatings.

PICTUR Specifications

The new PMS-canister mounted platform was designed with
2 symmetric Interchangeable test articles, in Port and
Starboard locations relative to probe’s longitudinal axis
(Figure 2). The mountings of PICTUR were designed to allow
for flexibility in test article geometries and structural mate-
rials. Normally, the geometry and composition of an airfoil
would affect the airfield vectors, flow of particles towards the
surface, and the accretion of ice. The current design can
accommodate tests of separate surface geometries and mate-
rials of airfoils on each mounting. In particular, these engi-
neering properties would have a critical role in comparisons
of coated and uncoated reference areas. The current orienta-
tion of the PICTUR test articles was set by the spatial

IEIILETEN Animage of PICTUR integrated on the NRC
Convair-580 aircraft, underwing Starboard Outer Lower (SOL)
position.

Might direction

Y
o S

constraints and the proximity to the carrying pylon and
neighboring probes.

The test articles, currently aluminum cylinders, have
forward facing surfaces coated with 4 coating samples with
uncoated reference areas. Each coating is a rectangular of
approximately 2” spanwise and 3” in circumference, curved
around the forward-facing half of the cylinder (2.5” in
diameter). The less aerodynamic design of the cylindrical test
articles was chosen to maximize surface for ice accretion in
flight and because its surface flow distribution, including
Mach and Reynolds Number effects, are well understood [e.g.,
36]. To observe the coatings, we included visual real-time
inspection of the surface with two high-definition heated
video cameras (1080p), which are mounted in the head of the
probe facing aft, one for each test article.

The coated cylindrical test articles are equipped with
internal heaters, which allow control of the surface tempera-
ture in flight, effectively from the ambient temperature up to
30 °C. The temperature control feature was added to allow for
quick ice removal in between test periods in flight and to allow
implementation of temperature stepping in the case of heat-
assisted, semi-passive, icephobic protection coatings tests.

Another internally mounted component is an Ultrasonic
Ice Accretion Sensor (UIAS) developed by the NRC. The
sensor can detect surface ice in a non-intrusive manner [25].
It incorporates an array of detectors along each of the test
articles, under coated and clear-aluminum reference areas.
An algorithm is then applied to derive the detection of accre-
tion, and preliminary quantification. In this study, data were
acquired from PICTUR at a 1 Hz rate to facilitate synchroni-
zation with the complementary instruments onboard the
aircraft. Table 1 provides a summary of all the characteristics
of the PICTUR. The next section describes CFD simulations
and analysis to evaluate performance.

CFD Simulations

Computational Fluid Dynamics (CFD) simulations of airflow
and particle flow were used as a guidance in the development
of an aerodynamic design of the canister mounted probe;
evaluation of heat distribution on the cylindrical test articles;

TABLE 1 A Summary of PICTUR features.

Feature Details

Geometry of test articles Currently cylinders, 2.5”
diameter

Currently at 45 degrees
Currently Aluminum (6061)

Orientation of test articles
Composition of test articles

Modularity Test articles are self-contained
and can have different designs

Coatings Currently 4 different icephobic
coatings

Surface measurements UIAS for accretion detection,
temperature

Visual inspection and recording Two 1080p HD cameras, 60 fps

Complementary measurements Core instruments that provide
when installed on NRC’s the atmospheric and aircraft
Convair-580 aircraft state contextual information
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and assessment of the extent of ice accretion, comparing
model with real data.

In-flight ice accretion is a complex phenomenon and chal-
lenging to simulate. The modelling, usually, involves 5 steps
[37]. Once we established a computational model, we simu-
lated changes in the angle of attack, wind speed, and hydro-
meteor size. The simulations also incorporated the heat-
assisted operation mode to evaluate the extent of ice accretion
in such settings.

In all CFD simulations, the probe was analyzed in isola-
tion. For the aerodynamic design, the CFD software Cobalt,
from Cobalt Solutions, LLC, was used while a combination of
Ansys CFX and Ansys FENSAP-ICE were used for the heat
distribution and ice accretion simulations. The same CFD
model of the probe was analyzed in both the aerodynamic
design and icing simulations.

Coatings

The test articles here were coated in preassigned locations,
above UIAS detectors (Figure 3). The icephobic coatings
applied to the test cylinders were formulated and tested by
NRC. These are 2-component polyether urethane coatings
that have superior erosion resistance against high-speed ice
particles and rain droplets, as well as high surface hydropho-
bicity. Static water contact angles of the coatings are about
110°. For the coating applications, the aluminum surface was
first treated using AkzoNobel’s Metaflex SP 1050 pre-treat-
ment, followed by application of a thin layer (ca. 20-25
microns) of non-chromate epoxy-based Aerodur HS 2118 CF
primer. The NRC coatings were then spray-applied on top of
the primer to provide a clear coat of about 100 pm in thick-
ness. In this paper, we focus on the capabilities and prelimi-
nary observations obtained using the PICTUR platform
without dwelling on the detailed analyses of chemistry,
coating procedures, results intercomparison, and heat impact.

IEIETETEED An example of a coated test article (Port side),
which had 2 coating types.

NRC coatings
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Ultrasound Ice Accretion
Sensor (UIAS)

The NRC has developed a non-intrusive, low-power, light-
weight sensor that can be placed on the surface opposite to
where the ice accretion is suspected of occurring (Figure 4).
This technology uses ultrasound waves to detect accretion and
is known as NRC Ultrasound Ice Accretion Sensors (UIAS)
[25, 33]. The detection signal from these sensors changes in
the presence of water or ice and has shown to be effective when
some or all of the surface above the sensor gets covered. This
technology was successfully demonstrated in a full scale
ALF502R-5 aircraft engine, tested in altitude ice crystal icing
(ICI) conditions led by NASA and the Ice Crystal Consortium
(ICC) [25, 38-40]. As a follow-up to that test, a new generation
of ultrasound ice accretion sensors were developed with
improved functionality including the ability to detect accre-
tion locally at the sensor but also in a larger area between
sensors. This allowed a large area to be monitored for accretion
with only a few sensors. This capability was proven in a vane
segment test conducted at the NRC ICI test rig [33].

Some of this original work showed the UIAS was very
sensitive to ice crystal icing, similar to the type of accretion
seen with aircraft icing. It was therefore desirable to further
examine and develop the UIAS capabilities in an aircraft-icing
environment of supercooled water droplets. A series of UTAS
sensors were installed on PICTUR to characterize ice
accretion.

NRC Research Aircraft

The PICTUR was installed on NRC’s Convair-580 aircraft.
This is a twin-engine pressurized turbo-prop aircraft that has
been extensively modified for research. A typical flight lasts
3 to 5 hours with maximal altitude of ~24,000 ft. This aircraft
hasbeen frequently used in icing research [e.g., 21, 41, 28, 29].
In addition to data collected with PICTUR, we employed
aircraft sensors as complementary sources of information to
target a variety of icing conditions (i.e., freezing drizzle,
freezing rain, ice, and mixed-phase clouds).

The aircraft was instrumented with state-of-the-art
in-situ and remote sensing instruments for cloud microphys-
ical-properties measurements as well as aircraft state and
atmospheric state parameters (Figure 5). Bulk water content

m Schematic of ultrasound ice accretion sensors
(UIAS) installed for ice accretion detection inside the test
articles.

Ice

e

Test article wall UIAS
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IEEILEER Picture of the NRC Convair-580 aircraft with
some of the complementary instruments seen underwings.

was measured in tandem with single particle images and size
distributions, ranging from small cloud droplets to large
precipitation hydrometeors. For this work, cloud particle size
distributions were collected from several single-particle
commercial probes: Fast Cloud Droplet Probe (FCDP, 2-50
pm, SPEC Inc.); two-dimensional stereo probe (2DS, 10-1200
pm, SPEC Inc.); High Volume Precipitation Spectrometer
version 3 (HVPS3, 150-19200 pm, SPEC Inc.). In addition,
Cloud Particle Imager (CPI, 10-2000 pm, SPEC Inc.) collected
high resolution (~2 pm) grayscale imagery of small cloud and
drizzle drops, ice crystals and portions of large drops and ice
aggregates (see Appendix). Aerosol and water vapor data were
collected as well. The full list of instruments that collected
data during the flights is presented in Table Al in the
Appendix. More information about the aircraft and the equip-
ment typically installed for flight campaigns can be found in
published literature [e.g., 29, 23, 42, 43, 44].

Flights

Data have been collected during the FAA led winter flight
campaign, January to February 2022, in the Northeast US.
Those flights, primarily, targeted freezing rain (FZRA) and
freezing drizzle (FZDZ) conditions, with a secondary emphasis
on small drop icing conditions, to demonstrate and evaluate
a new terminal area icing diagnostic and forecast tool.
Typically, aircraft speed during data collection was between
80 to 100 m s™. The sampling strategy included leveled flights
at different altitudes as well as missed approaches within the
terminal areas. Next, we present some preliminary results
from a number of flights.

Results

Freezing rain Glaze-ice accretion and runback over the test
article were simulated using heat and mass transfer equations
(FENSAP Ice, ANSYS Inc.). Figure 6a depicts simulation
results for extreme glaze icing (20 min of accretion) and Figure
6b depicts a cross section at the mid-span of the test article.

In-flight, severe icing conditions were encountered.
Figure 7 shows one of the test articles in clear-air and below
it, the same test article in another flight, after few minutes of
exposure to severe icing conditions as predicted in the
simulations.

I @ Icing accretion (20 min @-10 °C, 100 m/s
flow, MVD 1000 pm, LWC 1g m-*) and (b) Icing accretion on
the cylinder at a cross section of the cylinder mid-span.

0.04

0.02

002 / Clean
Cylinder

-0.04

-0.48 -0.46 -0.44 -0.42 0.4 -038 -0.36
Z(m)

(a) (b)

m An example of icing encountered in flight. Top:
Port test article in clear-air. Bottom: Port test article in another

flight after several minutes in supercooled water drops (MVD
1000 pm, LWC 0.9 g m-?).

A response of the UIAS signal to icing on the uncoated
part of the test article, together with hydrometeor size distri-
bution, is shown in Figure 8. In this example, the aircraft
penetrated the cloud i.e. elevated liquid water content (LWC),
around 20:36 when we start to observe temporal correlation
between high concentration of supercooled small droplets and
drizzle, mostly below 500 pm in diameter, which are causing
the detected accretion. The signal remains constant while ice
remains on the surface, without further accretion. Although
results are preliminary, they provide confidence in UIAS
ability to detect early supercooled water droplet accretion.
Further work will be carried out to analyze the UIAS data
over a range of ice accretion conditions and correlate them
with measurements of the icing environment.

Another example of complementary indicators of icing
periods in flight, derived from the Collins Rosemount Icing
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LY Supercooled water drops accretion and

detection example. Top panel: hydrometeor size distribution
derived from CDP probe. Bottom panel: the resultant UIAS
detection of ice accretion on both test articles (Port and
Starboard) overlaid with LWC measured by Nevzorov and ICD
sensors (see Table Al for details). The strongest spike in LWC
leads to the sustained ice accretion detection by the UIAS.
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RN An example of icing conditions periods detected
in one of the flights. Top panel: frequency shifts of 2 Collins
Rosemount Icing Detectors. Bottom panel: Icing transitions
observed using Collins’ new dither algorithm.
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Detectors onboard the NRC Convair-580 aircraft, shown in
Figure 9. Examples of signals are shown from two icing detec-
tors installed in port and starboard locations on the aircraft.
The upper panel shows the raw frequency fluctuations,
reflecting the ice accretion and shedding cycles with good
correlation between the two detectors. The bottom panel uses
an experimental dither algorithm from one of the detectors.
The averaged dither parameter counts the average number of
frequency changes per second and can also provide informa-
tion about the non-freezing supercooled water portion [45].

In high intensity icing events there is a rough correlation
between ice accretion rate, oscillator frequency and dither,
restricted by the upper limit of ice shedding cycle frequency.
In this example (Figure 9), there is a gradual increase in the
intensity of ice accretion from 9:45 to 10:30 AM.

In Figure 10, we show an effective temperature control of
a semi-assisted protection heat-stepping applied during one
of the many icing flights (black) and the corresponding
feedback readings of the test article surface temperature from
both test articles in flight. Set temperature is reached at the
center of the test section on the test article and it is signifi-
cantly lower in the canister attachment joints (blue).

An example of other typical complementary information
of the atmospheric environment and aircraft state is shown
in Figure 11. These include: true air speed, static air tempera-
ture, static air pressure, and water vapor concentration.

Next, we show a composite size-distribution time series
for the same flight (Figure 12). The uncertainties of diameter
derivation from imaged projections, corrections of inter-
arrival time, sample area definition, area ratio correction that
were applied are described in detail in [46].

In Figure 13, we show the distribution of median volume
diameters (M VD) relative to the maximum observed diameter
(Dypay) throughout the same flight as shown in Figure 12. Time
series of one of the flight segments, dominated by SLD condi-
tions, is shown in the lower panel of Figure 13. Drop diameters
reach well above 1 mm and sometimes above 1 cm at the static
temperature of -5 °C.

IETILIEREN An example of time series of two test articles

surface temperatures, color-coded (top and bottom panels,
Port and Starboard locations respectively). Black line: Set
temperature for each of the test articles. Test article
temperature middle-location (red line) and temperature
reading location near-canister (blue line).
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IEEEERRN An example of selected atmospheric and

aircraft state information collected in one of the icing flights.
Top left: aircraft true air speed, Top right: Static air
temperature, Bottom left: Static air pressure, Bottom right:
Water vapor concentration.
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m An example of composite size distribution of

hydrometeors combined from scattering and optical array
probes detected concentration. Single particle images of FZRA
conditions are presented in the appendix.
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Discussion and Summary

In this paper, we have presented a novel airborne platform for
aircraft icing studies and ice protection solutions tests in
natural atmospheric icing environments. We have demon-
strated the operation of the platform in a variety of icing
conditions encountered in targeted FAA-led flights. The
platform provides both visual observations and surface icing
detection. The controllable temperature stepping makes it
possible to assess energy efficiency of semi-passive coating
systems. The modular insert design allows easy geometry
shifts in the future as well as surface modifications to evaluate
different icephobic coatings on various prototypes of airfoil
structures. Last but not least, PICTUR coupled with compre-
hensive environmental data collected from probes, installed
on NRC’s Convair-580 aircraft, enable effective correlation of
atmospheric conditions to the icing and ice protection proper-
ties of surfaces under evaluation, as demonstrated in this paper.

Here, we showed some preliminary exemplary results of
ice accretion visual observations caused by supercooled water
drops and an example of ice accretion detection with the
UIAS. Overall, good correlation of ice accretion initiation was
observed between Collins Rosemount Icing Detector readings

IGEEERER MVD and Dy, observed during the flight in

Figure 12. Top panel: MVD vs. D, for the whole flight, red line
indicates 1:1 ratio. Bottom panel: time series of a flight segment
with predominantly FZRA/SLD (>1 mm) conditions.
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and UIAS readings. The occurrences of unique icing condi-
tions are supported by single particle imagery and tempera-
ture data (Figures 11, Al). Figure 12 shows the concentration
size distribution of hydrometeors throughout one of the icing
flights. The liquid water content measured by the Nevzorov,
often used in wind tunnel tests, has known limitations due to
its collection efficiency in Appendix O icing conditions [47].
Figure 13 demonstrates the importance of the complementary
measurements from the optical array probes which can
be used for derivation of the true LWC over the full-size
spectrum (2 pm - 2 cm), in particular in FZRA icing.

In these preliminary results, we noticed that in FZRA
events some of the tested coatings play an important role in
reduction of ice accretion on the leading edge, although the
size of the rain drops and their velocity vector, perpendicular
to flight propagation, may cause drop deformation and vary
the splashing and liquid runback on the coatings, therefore
changing protection efficiency in different aircraft types [e.g.,
48, 49]. These results of coatings protection efficiency analysis
will be reported in the following months.

The high cost, risk, and complexity of flying in unique
and inimitable atmospheric icing conditions, often inhibit
studies of this nature, which are, nonetheless, essential to
understand in-flight icing in real, convoluted, dynamic envi-
ronments and to test prospective icing protection solution
candidates. The unique datasets collected will help to advance
knowledge in ice protection, validate and fine-tune existing
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icing simulation algorithms, and accelerate development of
innovative icephobic surfaces and icing sensors. Moreover,
this study and its follow-ups will strive to identify materials
and further develop detection technologies also applicable to
wind turbines, power lines, bridges and other
infrastructure.

Lastly, aerosol is rarely, if at all, taken into account in
wind tunnel icing studies and simulations however, it may
have a significant role in real flight environment (e.g., salt
particulates that suppress the freezing point of water or hydro-
phobic black carbon and ash flakes, or oily organic aerosol).
For example, during missed approaches or takeofs, periods
of increased vulnerability, the surface aerosol concentration
in the air can get quite high, especially during cold winter
heating seasons. These nanoparticles have the ability to alter
ice adhesion efficiency on protective surfaces. In the next steps,
aerosol data collected in these flights will be crosschecked
with other datasets to assess its impact on icing, in particular
in cases of low altitude FZRA precipitation.
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Definitions/Abbreviations

2DS - 2D Stereo Probe

ARC - Aerospace Research Center, NRC
CFD - Computational Fluid Dynamics

CEFR - Code of Federal Regulations

CPI - Cloud Particle Imager

CS - Certification Specifications

DAS - Data Acquisition System

EASA - European Union Aviation Safety Agency
FAA - US Federal Aviation Administration
FCDP - Fast Cloud Droplet Probe (SPEC Inc.)
FZDZ - Freezing Drizzle

FZRA - Freezing Rain
HIWC - High Ice Water Content

HVPS-3 - High Volume Precipitation Spectrometer version
3 (SPEC Inc.)

ICD - Icing Conditions Detector (SEA WCM-2000)
ICC - Ice Crystal Consortium
ICI - Ice Crystal Icing

ICICLE - In-Cloud Icing and Large-Drop Experiment
(flight campaign)

LWC - Liquid Water Content

MVD - Median Volume Diameter

MSO - Magnetostrictive Oscillator

MYVD - Median Volume Diameter

NAW - NRC Airborne W-band radar
NRC - National Research Council Canada
OAP - Optical Array Probe

PICTUR - Platform for Ice-accretion and Coatings Tests with
Ultrasonic Readings

PIL - Port Inner Lower (location)

PMS - Particle Measuring Systems (company)
POU - Port Outer Upper (location)

PSP - Port Single Pylon (location)

RH - Relative Humidity

RID - Collins Goodrich/Rosemount Icing Detector
SIL - Starboard Inner Lower (location)

SLD - Supercooled Large Drops

SOL - Starboard Outer Lower (location)

SOU - Starboard Outer Upper (location)

SSP - Starboard Single Pylon (location)
STBD - Starboard (location)

SUW - Starboard Under Wing (location)
TWC - Total Water Content

UAYV - Unmanned Aerial Vehicles

UIAS - Ultrasonic Ice Accretion Sensor
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Appendix

m Single particle images collected in sub-zero temperatures in flight (i.e., FZRA, FZDZ, ice). Images from CIP, CPI, 2DS
(see Table AD.
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Below, Table Al lists all the core instrumentation that was installed on the NRC Convair-580 aircraft during the flight tests
and the complementary data available for evaluation of the flight environment.
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TABLE A1 A list of relevant instruments operated on NRC
Convair-580 aircraft inicing flights.

Additional
Probe/Sensor Location Description info
GPS Fuselage Aircraft state
parameters
PICTUR SOL Icing video and
ultrasonic readings
RMNT858 SOou Winds, Pressure,
Temperature
LICOR 7000 Cabin inlet Water Vapour, RH
LICOR 840a Cabin inlet Water Vapour, RH
Chilled mirror  Cabin Inlet ~ RH, Td
Hygrometer
RID PSB Icing [1
RID SUW Icing and accreted [1
non-freezing phase
Nevzorov STBD LWC, TWC [2]
scalarboom
ICD Fuselage TWC [3]
starboard
FCDP SIL Droplets 2-50 pm [4]
2DS SIL Imaging of [5]
Hydrometeors 10-
1200 pm
CIP-15 POU Imaging of
Hydrometeors 15-
960 pm
HVPS-3 PIL Imaging of [6]
Hydrometeors 150-
19200 pm
CPI v2.5 SSP Imaging of [7]
hydrometeors 10-
2000, res 2.3 um
Particle-I PSP Imaging of [8]
hydrometeors 10-
2000 pm
NAW Fuselage Remote sensing [9]
W-band radar
AECL lidar Fuselage Zenith 355 nm lidar  [10]
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