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AHDEL Atmospheric Hydrometeor Detector based on Electrostatics

AIWT Atmospheric Icing Wind Tunnel

AOD Appendix O Discriminator

APP. O Appendix O

BIWT Braunschweig Icing Wind Tunnel

CCP Cloud Combination Probe

CER Contréle Essais Réception / Dedicated ATC for tests & acceptance

D Deliverable

DIDS Direct Ice Detection Sensors

EFM Electric Field Mill

FDAU Flight Data Acquisition Unit

FPGA Field-Programmable Gate Array

FTI Flight Test Instrumentation

FZRA Freezing Rain
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IAR Ice Accretion Rate

IDS Ice Differentiator System

IIDS Indirect Ice Detection System

IPS Ice Protection System

LwW Liquid Water Icing Conditions

MED Median Effective Diameter

MVD Median Volume Diameter

OF Observational Flight

PCB Printed Circuit Board

PICU Power Interface Control Unit

Service des avions francais instrumentés pour la recherche en
SAFIRE - L -
environnement (French facility for airborne research)

SLD Supercooled Large Drops
S ShonRangepatodae
TAT Total Air Temperature
O
TWC Total Water Content
N
UAV Unmanned Aerial Vehicle
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The EU-funded Horizon 2020 project SENS4ICE addresses reliable detection and discrimination of
supercooled large droplets (SLD) icing conditions. These conditions are considered as particularly safety-
relevant and have been included in airplane certification specifications. The SENS4ICE project comprised
technology development, icing wind tunnel upgrading/testing and flight testing. The first part of the project was
devoted to the development and maturation of icing detection technologies, with a focus on App. O (of 14 CFR
Part 25 and CS-25) icing conditions. Ice wind tunnel testing (including App. O) of the developed sensing
technologies concluded the first part of the project. The second part of the project was dedicated to flight
testing of icing technologies in natural icing conditions including App. O.

This document summarises the final SENS4ICE results for novel SLD icing detection technologies.
Considerable progress was made in developing, maturing and demonstrating direct, indirect and remote ice
detection technologies particularly for SLD icing, including icing wind tunnel testing and flight campaigns in
natural icing conditions. The demonstrated novel ice detection technologies facilitate broad and promising
applications for many different air vehicle types and several applications including ensuring operational safety
and supporting certification activities. The core outcome of the SENS4ICE project is a hybrid ice detection
solution to tackle the challenging task of SLD detection. It is combining one or several direct ice detection
technologies with the indirect approach to generate quick and robust warnings and continuous ice accretion
and flight performance monitoring, also supporting efficiency optimization of ice protection systems. This hybrid
ice detection was successfully tested and demonstrated in two flight test campaigns. The novel technologies
successfully demonstrated in SENS4ICE may serve as a game changer to pave the way towards ensuring
safety and certification for next generation air vehicles including greener aviation and revolutionary electrical
or unmanned or urban air mobility vehicles.

Based on the SENS4ICE lessons learned and knowledge gained it is apparent that further data collection and
analysis is imperative for a better physical understanding and further maturing of ice detection technologies to
an operational level, including a clear path towards certification requirements. Safe aircraft operations in icing
conditions are not related solely to atmospheric icing conditions but also to ice formation on airframe and
furthermore very importantly to the degradation of flight characteristics. This changes for view on any
certification path/ definition acceptable means of compliance particularly for new aircraft designs. A
collaborative effort is needed involving all relevant stakeholders including industry, research, flight operations
and aviation authorities.

Modern commercial and business aircraft operate worldwide in all weather conditions, including atmospheric
conditions in which ice may accumulate on the aircraft. This can adversely affect the aerodynamics,
performance and controllability of an aircraft and has resulted in catastrophic accidents. Since 1964, the
airworthiness regulations addressing icing conditions have been contained in Appendix C of the FAA and
EASA certification specifications for “large aeroplanes”. Ice detection systems were installed to inform pilots
and ice protection systems have been integrated to prevent or remove ice accretion on critical areas, on e.g.
wing leading edges or engine intakes. Ideally, ice detection systems should cover all relevant icing conditions
where pilot action is potentially required.

At the end of the 20™ century it became apparent that icing conditions with Supercooled Large Droplets (SLD),
not covered by Appendix C, still presented a hazard to aviation. SLD ice is mainly similar to clear ice but,
because of its large droplet size, it extends to unprotected parts of the aircraft and presumably forms larger
ice shapes. Moreover, SLD-ice may accrete much faster than ice caused by more common smaller droplet
conditions due to bigger drops with more water mass. As shown in Figure 1, if an SLD is large enough, its
mass will prevent the pressure wave traveling ahead of an airfoil from deflecting it. These droplets will impinge
further aft than a typical cloud-sized droplet, possibly beyond the protected area.
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Figure 1: Impingement behind leading edge potentially affecting unprotected areas.

In 1994, SLD ice was a major factor in the accident of American Eagle Flight 4184 near Roselawn, Indiana [5].
This accident triggered investigation of authorities, industry and scientists into the effects of SLD exposure on
aircraft and has led to the expansion of the airworthiness regulations (CS-25 [11] / 14 CFR Part 25 (formerly
known as FAR 25) [12]) with Appendix O covering SLD icing conditions. App. O stipulates that an aircraft can
safely exit icing conditions (including SLD) before ice accretion leads to accidents through a mixture of
detection and protection systems. Up until now, no ice detection system exists which can reliably detect App.
O conditions, inform pilots, trigger protection measures and consequently ensure timely and safe exiting. Until
SENSA4ICE, existing detection and protection technology is mostly insufficient to reliably and adequately
address App. O SLD conditions.

Although these conditions are rare, due to the projected continuing growth of aviation in the next decades the
number of SLD encounters will grow as well. With the objective of maintaining and improving the high aviation
safety standards, action is needed. The EU-funded Horizon 2020 project SENS4ICE [13], [14] addressed this
challenge [15] by researching a unique layered safety approach (see Figure 2) of:

» Supporting improved ice condition predictions before entering an area by providing data to enhance
forecasting methods and a “nowcasting” based on satellite data and potentially also data from other
aircraft that have flown in the same area. A better understanding of atmospheric conditions leading to
SLD directly supports development of better prediction models. This assists in both timely avoidance
of true icing threats and the prevention of unnecessary exits due to the false identification of an icing
threat.

» Arobust and hybrid ice detection system based on a range of sensors with different physical principles
to reliably detect all icing conditions during both entry and flight through such an area. Besides direct
measurement of atmospheric properties and ice accretion, indirect detection of ice accretion through
changes of the aircraft characteristics was investigated. Doing so, pilots obtain a better situational
awareness and ice protection systems could be activated only if a true icing hazard exists, reducing
the overall energy consumption and emissions to ensure a greener aviation.

» Hybridisation: Various technologies and physical principles can be used to detect icing conditions, ice
accretion, or the impact of the ice accretion on the aircraft behaviour. The hybrid system combines
several individual technologies with the aim of providing a more robust and reliable system by
combining their advantages and compensating for individual sensor limitations. Further details on
these individual technologies and their hybridisation can be found below.

* Prevention of icing-induced loss of control events as a contingency to safely exit icing conditions.
Complementary to the increased situational awareness on icing conditions, the new detection of the
reduction in aircraft flight envelope provides the necessary information to alert the crew on the
remaining aircraft capabilities if ice forms on the airframe.
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Figure 2: SENS4ICE layered safety concept for liquid water icing.

The consortium united European and international aircraft manufacturers, equipment suppliers and
research/academia with a large variety of technologies that have emerged in recent years [16], the most
promising and mature of which were selected for flight testing, while several other less mature but promising
technologies were advanced in laboratory environment [17]. Since icing is a global hazard, SENS4ICE
addressed this challenge with a global consortium including participants from Brazil, USA, and Canada (DLR,
ATR, CIRA, CNRS/Safire, Embraer, Honeywell, INTA, Leonardo, L-up, ONERA, TUBS, Collins, SAFRAN,
NRC). By aligning the EU-funded activity with nationally and privately funded programmes of those countries,
a new direction for a harmonised global view on Acceptable Means of Compliance was shown, and
technological progress was further advanced by ensuring complementarity and avoiding overlap.

2. SLD Ice Wind Tunnel Testing

The first project phase was mostly devoted to the development and maturation of icing detection technologies,
with a focus on Appendix O conditions. The aim was to enhance icing wind tunnel (IWT) SLD capabilities and
to test direct sensor technologies in IWT in order to perform a technology evaluation.

In order to test the direct sensors three IWT test facilities were involved:

. Collins Aerospace Icing Wind Tunnel,
. TUBS Braunschweig Icing Wind Tunnel (BIWT) [18],
. National Research Council (NRC): Altitude Icing Wind Tunnel (AIWT) [19].

While the NRC AIWT already provided the capability to achieve SLD in full bimodal freezing drizzle conditions,
the other two icing wind tunnel facilities improved their capabilities to represent App. O conditions in the scope
of the SENSA4ICE project. These improvements mainly included adapting the spray nozzle setup and were
aiming at freezing drizzle conditions, while testing freezing rain conditions was out of the scope for the
SENSA4ICE project.

The extension of the wind tunnel capabilities towards the Appendix O icing regime was accompanied by the
effort to precisely characterize the generated droplet sprays. However, as of now, no standardized procedure
for the measurement of Appendix O conditions exists, hence wind tunnel operators utilise a wide range of
different instruments. This raised the question, to what extent the results of SENS4ICE sensors that measured
in different wind tunnels are comparable. To ensure comparability between results obtained in the different
IWTs, reference measurements with a common set of established airborne instruments were conducted in the
three IWTs. Reference measurements of LWC were conducted in the three IWTs with a Nevzorov probe, which
had been modified with a second total water content collector cone (with an increased diameter of 12 mm
alongside the standard 8 mm cone). This has been found to be generally suitable for the collection of SLD
[20]. In addition, at Collins and at the BIWT, a Cloud Combination Probe (CCP) was used for IWT reference
measurements.

Dedicated reference measurement results are compared with specifications and IWT data for specific test
points. Icing wind tunnel conditions and comparison are deemed fully sufficient for SENS4ICE project purposes
of testing icing sensors as part of the sensor technology development and maturation process. From the icing
wind tunnel perspective it is concluded that further collaborative efforts are needed for product development
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and certification in standardised SLD conditions. International exchange and collaboration will be particularly
useful to achieve this goal.

A standardized testing procedure and partly common test points between the different icing wind tunnels serve
for adequate comparability of the results. Significant emphasis was put on the development of test matrices
for each involved IWT facility following the guidelines of ED-103 [27]. As the setup and capabilities of each
IWT facility vary, icing envelopes differ from one IWT facility to another with very limited overlap. This effect
was leveraged by establishing a common test procedure and by selecting common test points between all or
some of the facilities (Table 1). Test matrices for each IWT define details of the test points. Such details include
air speed, MVD, LWC, required response time as per ED-103, and other relevant parameters. Test for different
sensors and different test points were standardised to ensure comparability: 1) start data recording, 2) record
data for 1 min in clean air, 3) start the icing cloud, 4) once an icing signal is detected, run for 1 min, 5) stop the
icing cloud [28]. For a selected subset of the test points, 3 cycles of icing have been completed (to test
repeatability to the extent possible with the available IWT time). In order to test sensor ability to maintain its
functionality over an extended period, one Appendix C test point was selected for endurance. This test point
was tested with the icing cloud turned on for a duration of 45 minutes.

Table 1: Common test points between IWT facilities TUBS, Collins and NRC.

IWT App | C App | O
Total Common | Common | Only | CM IM Total Common | Common | Only | Total Total
Test with 3 | with 2 | at 1 | Test Test Test with 3 | with 2 | at 1 | Points Points
Points | IWT IWT IWT | Points | Points | Points | IWT IWT IWT | [unimodal] | [bimodal]
TUBS | 19 4 1 14 110 9 18 0 1 17 |0 18
Collins | 18 4 4 10 | 9 9 6 0 1 5 6 0
NRC 19 4 4 11 |19 10 17 0 2 15 | 4 13

Apart from the reference instruments, eight technologies have provided testing results in different icing wind
tunnels in App. C and O conditions. Due to the fact that the sensor technology AMPERA (ONERA) uses the
aircraft as a sensor (measurement of aircraft electric potential), IWT testing is not feasible. Instead, flight test
data from previous projects were assessed to investigate the correlation between the electrostatic field and
the total water content [29]. IWT results were used towards sensor technology evaluation and down-selection
with the support of the project Advisory Board. Table 2 gives a summary of the different technologies with
respect to each IWT facility used and result of the SENS4ICE evaluation. For more information about
SENSA4ICE direct ice detection technologies see section 5 and [6].
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Table 2: Grouping between sensors and IWT facilities as well summary result of SENS4ICE evaluation.

IDS / Collins Atmospheric  Collins and NRC Pass

SRP / Honeywell Atmospheric  Collins and NRC Pass

. Stop developments with
AHDEL / ONERA Atmospheric TUBS SENS4ICE

Stop developments with

AOD / Safran Atmospheric Withdrawn SENS4ICE
CM2D [BCPD]/DLR Atmospheric TUBS Pass

Sensor technologies performed generally very well in IWT tests and several sensors have correctly detected
100% of the test points for App. C and also for App. O, also within the required maximum response time as
per ED-103. An overview of the detection rates (test cases successfully detected related to the total number
of test cases) is shown in Figure 3, excluding DLR’s CM2D scientific/reference sensor and SAFRAN’s AOD
that was withdrawn from IWT testing in the context of Covid-19 related delays.
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Figure 3: SENS4ICE sensor detection rates overview for App. C and O icing condition IWT test points for
seven detection technologies.
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A qualitative overview (anonymised) of measured sensor response times compared to required response times
as per ED-103 is shown in Figure 4 (top) for App. C icing condition test points. In almost all cases the response
times for the detection technologies are within the requirements. Measured sensor response times compared
to required response times for detecting liquid water icing conditions for App. O IWT test points are shown in
Figure 4 (bottom).
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Figure 4: Measured sensor response times compared to required response times for App. C IWT test points
(top) Measured sensor response times compared to required response times for detecting liquid water (LW)
icing conditions for App. O IWT test points (bottom).

Measured sensor response times compared to required response times for differentiating App. C conditions
from App. O conditions are shown in Figure 5. Note that not all sensor technologies have provided
differentiation information for the IWT tests.
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Figure 5: Measured sensor response times compared to required response times for differentiating App. C
conditions from App. O conditions in IWT (for sensors providing differentiation information).

SENSA4ICE sensor IWT testing provided valuable results for the sensor technology development and revealed
that the technologies under development can be considered as promising. Furthermore, IWT test results
established a profound basis for the project internal technology evaluation and selection process.

The primary goal of the SENS4ICE project is to develop a hybrid system for detecting liquid water icing
including Appendix C and particularly Appendix O conditions. While the development of direct detection
sensors is considered critical for this effort, the development of sensors for stand-alone applications is
considered an important secondary goal.

Technology evaluation was greatly supported by the SENS4ICE Advisory Board composed of aviation
certification authorities, aircraft manufacturers, pilot representatives and research institutions. A multi-stage
evaluation process with dedicated technology evaluation criteria was developed [17], and additionally general
comments including highlighting strengths and weaknesses have been received and perceived as very
valuable for further technology development. No sensor technology received a very low overall Advisory Board
rating. All sensor technologies have made substantial progress and are considered promising by the Advisory
Board. As two sensors (AHDEL/ ONERA and AOD/ Safran) were withdrawn from flight testing due to low
maturity, it was decided to select all other sensors for flight testing [17].

3. SLD Icing Flight Test Campaigns and Atmosphere
Characterisation

This section gives an overview of the flights performed and the microphysical properties of the clouds
encountered during the two airborne campaigns within the SENS4ICE project. The first SENS4ICE flight
campaign took place between February 23 and March 10, 2023, based out of Alton, lllinois, USA. The second
flight campaign took place between April 3 and April 27, 2023, based out of Toulouse, France. The campaigns
are therefore referred to as the North American and the European flight test campaign, respectively [26].

This section first describes the measurement platforms and the reference instrumentation that were used to
characterize the atmospheric conditions during the campaigns. Subsequently, the evaluation strategy of the
instruments is explained. Thereafter, the campaign flights are briefly summarized and an overview of the icing
conditions that were encountered is given.

Prior to the campaigns, different models and satellite observations on icing occurrence above Europe and
North America were analysed to find the best region with the highest occurrence rate of icing in general and
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SLD in particular, given the different safety constraints on the flight manoeuvres. The overview and conclusions
of the analysis are summarized in [21].

The reference instruments for the characterization of microphysical properties of the clouds encountered were
of highest importance for both flight campaigns. The American flight test campaign used an Embraer Phenom
300 aircraft as the measurement platform (see Figure 6). The Phenom carried a Cloud Combination Probe
(CCP) [22],[23],[24], owned by Embraer and manufactured by Droplet Measurement Technologies for the
measurement of particle size distributions. For the measurement of liquid water content (LWC) and total water
content (TWC), the Phenom 300 also carried a SEA ice crystal detector (ICD) manufactured and operated by
Science Engineering Associates (SEA) [25].

Figure 6: North American flight campaign Embraer Phenom 300 aircraft [copyright Embraer/ SENS4ICE
project].

For the European flight campaign, an ATR 42 aircraft of the French facility for airborne research (SAFIRE) was
used (see Figure 7). Figure 8 shows an example of ice accretion on the wing of the Embraer Phenom 300 and
Figure 9 likewise for the SAFIRE ATR 42 horizontal tail with ice accretion. A large suite of reference instruments
was installed on the plane, for more details see SENS4ICE deliverable D4.3 [8]. To maintain consistency with
the American flight test campaign data, only measurements of the CCP and the Nevzorov probe were used
for the European campaign data. In the future, more detailed microphysical analyses and instrument
comparisons will also take into account the data from the other instruments.

Figure 7: European flight campaign SAFIRE ATR 42 environmental research aircraft [image DLR/
SENS4ICE project with SAFIRE permission].
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Figure 9: SAFIRE ATR 42 horizontal tail with ice accretion [image DLR/ SENS4ICE project with SAFIRE
permission].

The reference measurements of both campaigns can be grouped into particle size measurements and bulk
LWC and TWC measurements. Particular processes were applied to derive reliable reference measurement
results. Details of the evaluation steps necessary for both types of instruments are described in SENS4ICE
deliverable D4.3 [8].

3.1. Flight Campaign North America

This subsection details the flights of the American flight test campaigns. In the campaign, four of the icing
detection technologies under development in the SENS4CE project were tested: AIP / AeroTex, IDS / Collins,
SRP / Honeywell and PFIDS / Safran. 15 flights with a total of 25 flight hours (including ferry and check flights)
were successfully conducted allowing to target natural liquid water icing conditions and in particular SLD
conditions (Figure 10). Nine measurement flights were performed as part of the North American flight test
campaign, which are listed in Table 3. A total of 4 hours and 23 minutes were spent in icing conditions, 50
minutes of which were in Appendix O icing conditions, based on the definitions in SENS4ICE deliverable D4.3.
A detailed meteorological analysis of selected flights is available in [30].
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Figure 10: Ground tracks of the North American SENS4ICE campaign in February/March 2023[credit DLR/
SENSA4ICE project made with Natural Earth].

Table 3: Flights of the North American SENS4ICE flight campaign.

F1475-2 23/02/2023 17:18-18:33 19:59

0:00

F1477-1 01/03/2023 11:38-13:48 31:03 3:55

F1478 06/03/2023 11:46-14:18 43:24 4:03

F1481 09/03/2023 12:01-13:13 15:51 2:46
The following part of this section summarizes observations on the atmospheric parameters observed during
the North American flight test campaign based on the full flight data set. Figure 11 shows a histogram of the
LWCs encountered in Appendix C (left) and O (right) conditions in all flights. Appendix C conditions being
defined as data points where the icing flag equals one but the Appendix O flag equals zero (for details see
SENSA4ICE deliverable D4.3 [8]). The LWC of Appendix C encounters is relatively equally distributed between
0and 0.8 g/m3. The LWC is below 0.77 g/m3 in 90% of the cases. The values plotted for Appendix O conditions
are technically TWC values, but because Appendix O conditions were only detected in the presence of very
few or no ice crystals, LWC and TWC are assumed to be equivalent (see D4.3 for details). The majority of
TWCs fall between 0.2 and 0.5 g/m3, with 10% of TWCs exceeding 0.65 g/m?3. It should be noticed, that these
LWCs and TWCs are based on 15s rolling averages, which were not averaged over a specific exposure

distance, as is the case in [31]. Of relevance for Appendix O conditions is especially the LWC that is contained
in SLD, as it causes the critical ice accretion. Therefore, Figure 12 shows a histogram of the LWC that was
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contained in SLD during the North American flight test campaign. In the majority of cases, the LWC contained
in SLDs is below 0.05 g/m3. But isolated cases exist, where SLD LWCs were larger than 0.075 g/m3. These
measurements stem mostly from flights F1475-1 and F1481.
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Figure 11: Distribution of ICD LWC measurements in Appendix C conditions (left) and ICD TWC
measurements in Appendix O conditions (right) for North America flight campaign. The counts are based on
15 second rolling averages which were computed for each second. Because Appendix O conditions are only
defined if very few ice crystals are present, the TWC is assumed to be equivalent to the LWC in these cases.
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Figure 12: LWC contained in SLDs (i.e. all droplets with diameters larger than 100 um) during the North
American flight campaign. The data are based on 15 second rolling averages.

Figure 13 provides a map of the LWC measurements along the flight track as observed during the North
American flight test campaign. Blueish to black colours denote enhanced LWC while white shading symbolizes
cloud free air. The grey colours give flight segments without any data (e.g. transfer flights).
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Figure 13: Map of selected flight paths from the North American campaign colour coded with the LWC
measured by the ICD. Enhanced LWD shows region of icing encounters. Only flights F1475-1, F1475-2,
F1476, F1477-1, F1477-2 are included in the plot. [21].

The time spent in Appendix C and Appendix O conditions for all flight data is provided in an altitude profile in
Figure 14. The LWC data for this analysis are based on 15 second averages, i.e. they are not directly
comparable to the data used for the Appendix O certification envelopes described by Cober and Isaac [31].
Icing conditions during the North American campaign were mostly encountered between 500 and 3000 m, with
a maximum around 1500 m. Appendix O conditions were encountered much less often, of course and they
were found between 1000 and 3000 m. Altitudes above 3000 m were mostly used for transfer and to deice.
Therefore, the number of icing encounters is very small at higher altitudes. The mean LWC values of Appendix
C and Appendix O conditions are mostly between 0.2 and 0.5 g/m3,. For colder temperatures, the mean LWC
decreases for both Appendix C and Appendix O conditions up to -14°C, below which no Appendix O conditions
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Figure 14: Altitude (left) and temperature (right) profile of the all icing encounters of the North American test
campaign divided in App. C and App. O conditions as defined above. Shown are mean and 95 percentiles of the
LWC contained in Appendix C and Appendix O classified clouds. LWC data are based on 15 second averages.

were encountered and also App. C conditions have only minimal LWCs. The 95 percentiles of the App. O LWC
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peaks around values of 0.8 g/m3 for temperatures between -4 and -8°C. Appendix C conditions reach
significantly higher LWCs, which can exceed 1 g/m3.

The cumulative mass distributions of the SLD conditions that were encountered are shown in Figure 15. All
but one of these distributions have more than 80% of LWC at diameters smaller than 100 pm. Median volume
diameters were on average at 23 um. Thus, mostly freezing drizzle conditions with MVD < 40 um were
sampled. Freezing rain conditions were not targeted and not encountered.

Due to sampling strategies designed to maximize safety, it was necessary to conduct most of the Appendix O
sampling near cloud top, where the small drop contribution to Appendix O clouds tends to be quite significant,
frequently resulting in MVD < 40 ym. Appendix O clouds with MVD > 40 tend to occur well below cloud top,
often near or below cloud base, where the small drop contribution to the drop size spectrum is much smaller
and drizzle has grown to larger sizes through collision coalescence

1.0 - Mean US campaign

App. O FZDZ MVD < 40 um
— App. O FZDZ MVD > 40 um
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Figure 15: Cumulative mass distributions for each Appendix O encounter observed during the North
American flight test campaign. MVDs were on average 23 um. The cumulative mass curves for freezing
drizzle MVD < 40 pm and MVD > 40 um from Cober and Isaac [31] are plotted in orange and red,
respectively.

In Figure 11 (right) the TWC encountered in Appendix O conditions (which is assumed to be equivalent to the
LWC, due to the criterion that an Appendix O encounter contains at most one ice crystal per liter) was plotted
as a histogram. It is apparent that occasionally TWC values occur which exceed the maximum specified in the
Appendix O envelopes [31]. However, it needs to be considered that the values that were used to create the
envelopes were averages over 17.4 nautical miles. According to Cober and Isaac [31], if data with different
encounter lengths are considered, a scaling factor needs to be applied to the LWC. For instance, the average
LWC measured during an encounter with a horizontal extent of 3000 m needs to be multiplied by 0.82 before
it is compared to the LWC envelopes of Appendix O. This scaling reflects the decreasing probability to
encounter high LWC over long distances. The comparison of the LWC of the Appendix O encounters of the
American SENS4ICE campaign and the certification envelopes can be seen in Figure 16. The appropriate
scaling factors were applied to all encounters. Most of the encounters fall within the envelopes and, as
mentioned earlier, there are no measurements in the portion of Appendix O which is at temperatures lower
than -15°C. Two points clearly fall outside the envelope of FZDZ MVD < 40 um, despite the scaling factor that
has been applied. Also, of the just two encounters with MVDs > 40 um, one falls outside the envelope. The
highest LWC for Freezing Drizzle MVD < 40 um occurred during Flight 1477-1, it is the same encounter that
was already pictured in Figure 16. The meteorological conditions of this encounter would be a suitable subject
for further study in order to assess the likelihood that the LWC exceeds the envelope limits. The highest LWC
in the FZDZ MVD > 40 pm regime occurred during Flight 1481. The temperature during the encounter was
relatively high and it did not result in ice accretion.
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Figure 16: Nevzorov TWC of the Appendix O encounters during the North American SENS4ICE campaign in
comparison to the LWC envelopes of Freezing Drizzle MVD < 40 um (a) and Freezing Drizzle MVD > 40 um
(b). The Nevzorov TWC is assumed to be equivalent to the LWC in Appendix O conditions because
Appendix O encounters were required to contain few ice crystals. Due to ambiguities that may exist in the
detection of particles(see D4.3) and due to the chance of intermittent mixed-phase pockets the TWC
measurement of the Nevzorov may be contaminated by ice and thus too high for some of the encounters
shown. Only encounters longer than 30 seconds were used for this plot.

Appendix O also defines a temperature and altitude envelope in which freezing drizzle conditions occur. This
is shown, in comparison to the data from the North American SENS4ICE campaign, in Figure 17. All test points
lie well within the envelope. Regarding altitude and temperature, the Appendix O conditions were therefore
normal.
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Figure 17 Pressure and altitude of Appendix O conditions encountered during the North American
SENS4ICE campaign in comparison to the envelope for FZDZ from Appendix O.

Lastly, a short overview of the overall occurrence of different cloud conditions is given. We differentiate
between small droplet icing (i.e. Appendix C conditions which contain almost no ice crystals), mixed-phase
clouds (also Appendix C conditions, but with a significant number of ice crystals) and Appendix O conditions.
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Glaciated conditions were not encountered. A plot of the frequency of occurrence of each of these conditions
in each flight is shown in Figure 18.
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Figure 18: Frequency of occurrence of different cloud conditions during the North American SENS4ICE
campaign.

Table 3 already listed the times in Appendix C and Appendix O conditions. Figure 18 shows that most of the
Appendix C conditions contained hardly any ice crystals, just during few flights several minutes in mixed-phase
conditions were encountered. During the campaign an effort was made to avoid conditions that are conducive
to the formation of ice crystals, such as cloud top temperatures below -15°C and situations where ice clouds
above could have seeded the cloud of interest. Furthermore, Appendix O conditions are often found above a
significant stable layer that limits the potential for ice nucleating particles and cloud condensation nuclei from
ascending into the cloud from the boundary layer.

3.2. Flight Campaign Europe

This section details the individual flights of the European flight test campaign and summarizes the atmospheric
conditions that were encountered. The flights of the European flight test campaign were either performed as
CER flights or as airways flights. CER (Contrble Essais Réception / Dedicated ATC for tests & acceptance)
refers to specifically designated areas that were reserved for the test aircraft. Flights in these areas were
controlled by a dedicated controller, hence there was a lot of flexibility for adjusting the flight plan. However,
CER zones only existed in the vicinity of Toulouse and towards the Atlantic coast near Bordeaux. If no suitable
conditions were predicted for these regions, airways flights were performed. In contrast to CER flights, airways
flights had essentially no flexibility to make changes in the flight path or even in altitude.
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Figure 19: Flight campaign Europe April 2023 ground tracks [credit SAFIRE/ SENS4ICE project, Map data
from OpenStreetMap].

Fifteen scientific flights were performed within the European flight test campaign. Additionally, one EMI flight
and two test flights have been performed, which were not evaluated. Furthermore, aircraft and instrument
issues were encountered during observational flights (OFs) 3 and 4, respectively so these flights were
subsequently not evaluated. On flight OF1 to OF8 the Nevzorov data was considered unreliable and is hence
not used. The LWC and derived parameters, such as icing flags, stem from the CCP for these flights. An
overview of selected flights of the European flight campaign is given in the following.

DISCLAIMER: For Appendix C conditions the reference measurement results for MVD are only valid for a low
concentration of large aspherical particles (parameter LAS N), see SENS4ICE deliverable D4.3 [8]. This was
not necessarily the case particularly for the European flight campaign and is checked specifically for the
analyses of individual icing encounters.
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Table 4: Flights of the European flight test campaign.

OF2 ptl a5230010 04/04/2023 11; 12 12:52 10 42
______
as230012 06/04/2023 Fﬁgg{:fntq
------
25230014 15/04/2023  05:24-08:11 40:37 12:40
______
25230016 20042023  09:43-13:17
______
25230018 24/04/2023  12:24-16:47 90:57 50:48
______
OF11 25230020 26/04/2023  05:56-08:52 13:42 0:00
_
OF13 25230022 27/04/12023  05:50-09:57 62:42

The following summarizes the atmospheric conditions in terms of microphysical cloud properties, temperature
and altitudes observed during the European flight test campaign. The statistical analysis is based on 13 flights.
In total, more than 10 hours were spent in icing conditions, and particularly in Appendix O conditions more
than 2 hours. We note, that the uncertainties in LWC and TWC here are higher than during the American flight
test campaign, due to discrepancies between optical and hotwire sensors (for details see SENS4ICE
deliverable D4.3 [8]).
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The temperature profile in Figure 20 shows median and 95 percentile LWC encountered during the SENS4ICE-
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Figure 20: Mean and 95th percentile of the LWC in App. C and App. O conditions plotted against the
temperature for the data of the European flight test campaign. The App. C values are based on the
Nevzorov LWC sensor, the Appendix O values on the Nevzorov TWC sensor (see D4.3). Only flights

where the Nevzorov worked are used for this plot. The data are based on 30 second averages.

European mission for Appendix C and Appendix O conditions. The highest frequency of measurements were
obtained in the temperature range between -5 and -10°C. Mean LWCs were mostly between 0.05 and 0.10 for
Appendix C conditions and between 0.15 and 0.25 g/m3 for Appendix O conditions. The 95 percentiles reach
values of nearly 0.3 g/m3 in Appendix C and more than 0.5 g/m3 in Appendix O conditions. The data are based
on the Nevzorov LWC sensor for Appendix C and on the Nevzorov TWC sensor for Appendix O. Median values
and 95 percentiles were lower than during the North American flight campaign. As in the North American flight
campaign, few icing conditions were sampled at temperatures less than -15°C, where they tend to occur less
frequently in general. LWCs observed during flight in Appendix O conditions were slightly higher than those
observed during flight in Appendix C conditions. That might be related to the presence of mixed-phase clouds,
which were more dominant during the European campaign than during the American campaign. The ice
crystals in mixed-phase clouds tend to deplete the available water vapor and thus decrease the overall LWC.

SENS4ICE, EU-funded project, Grant Agreement No 824253.

Page 30 of 114



Yo SENSA4ICE Final Report (D4.4)

Dissemination level: Public

Figure 21 shows the TWC that was observed in Appendix C and Appendix O conditions for the European flight
test campaign. In Appendix O conditions, which are defined such that hardly any ice crystals are present, the
TWC can be considered to be equivalent to the LWC. Maximum LWC values observed during Appendix O
encounters reached 0.6 g/m3, everything above that value is rare. Maximum TWC values (as opposed to the
LWC values that were shown in Figure 22) observed during Appendix C encounters were as large as 1.2 g/m?3.
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Figure 21: Distribution of Nevzorov TWC in Appendix C (a) and Appendix O (b) condition during the
European Sens4ice campaign. The counts are based on rolling 30 second averages that were evaluated
computed for each second.

As for the North American campaign, also for the European campaign the LWC contained in SLD conditions
is of great interest. A plot of the LWC contained in SLD can be seen in Figure 22. In comparison to the North
American flight test campaign, we find a significant amount of clouds to have SLD LWC values between 0.025
and 0.05 g/m3 during the European flight campaign. Also, the extreme values are larger, though these are very
few and might be related to precipitation, which was very close, or, if slight inaccuracies exist in the temperature
measurement, even above the melting point.
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Figure 22: Histogram of LWC contained in SLDs (i.e. all droplets with diameters larger than 100 pum) during
the European flight campaign. The counts are based on rolling 30 second averages that were evaluated
computed for each second.

Furthermore, we present the cumulative mass distributions observed during the European flight test campaign.
These can be seen in Figure 23. Many more Appendix O encounters were observed during the European flight
campaign than during the North American campaign, in part due to the number of missions, but the Appendix
O encounters during the European campaign were often of short duration (frequently well below one minute).
The clouds were in general patchier. A comparison of the cumulative mass distributions of North American
and European campaigns reveals, that the case of a cloud with an MVD around 23 pm, with few SLD
embedded into the conditions, was hardly observed during the European campaign, while it was relatively
common during the North American campaign. The European campaign data contains a lot of cumulative
mass distribution curves with MVDs around 45 pum. The majority of MVDs observed during the North American
campaign were smaller. Once again, differences in sampling strategy and the meteorological environments
present (e.g. continental vs. maritime, month of the year, altitude, consistency) may have contributed
significantly to the contrasts evident in the conditions observed during the two campaigns.
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Figure 23: Cumulative mass distributions for each Appendix O encounter observed during the European
flight campaign. The mean curve is plotted in black, the MVD of the mean curve is 45 pm. The cumulative
mass curves for freezing drizzle MVD < 40 pm and MVD > 40 pm from Cober and Isaac [31] are plotted in

orange and red, respectively.

Also for the European campaign, the liquid water content encountered in Appendix O conditions in comparison
to the certification envelopes is of interest. The respective plot can be seen in Figure 24. Similar as for the
North America campaign, the LWC was scaled to account for varying encounter lengths. It is apparent that
especially for the regime FZDZ MVD > 40 um several encounters exceed the maximum LWC specified in the
envelopes. The encounters that exceeded the maximum LWCs originated from OF9, OF10 and OF14. All of
these flights predominantly sampled mid-level clouds. Further studies should therefore be performed to assess
if mid-level clouds frequently contain drizzle drops and have LWCs that exceed the Appendix O maxima.
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Figure 24: Nevzorov TWC of the Appendix O encounters during the European SENS4ICE campaign in
comparison to the LWC envelopes of Freezing Drizzle MVD < 40 um (a) and Freezing Drizzle MVD > 40 um
(b). The Nevzorov TWC is assumed to be equivalent to the LWC in Appendix O conditions because
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Appendix O encounters were required to contain few ice crystals. Due to ambiguities that may exist in the
detection of particles (see SENS4ICE deliverable D4.3 [8]) and due to the chance of intermittent mixed-
phase pockets the TWC measurement of the Nevzorov may be contaminated by ice and thus too high for
some of the encounters shown. Only encounters longer than 30 seconds were used for this plot.

As for the North American campaign also for the European campaign a comparison of the temperature and
altitude range between the encountered conditions and the Appendix O certification envelopes was performed.
This can be seen in Figure 25. Here, we see that the temperature decrease with increasing altitude follows

very well the decrease in the envelope. No point exceeds the envelope. The temperature and altitude range
were therefore characteristic for high altitude Appendix O conditions.

0,
—— App. O envelope for FZDZ
. @® EU campaign
s
W 101
=
o
8 —-15-
€
@
_20_
-25
0 5000 10000 15000 20000 25000
Altitude / ft

Figure 25: Pressure and altitude of Appendix O conditions encountered during the European SENS4ICE
campaign in comparison to the envelope for FZDZ from Appendix O.

An overview of all flights with the absolute time spent in different conditions (purely supercooled small droplet
icing (Dmax<100 um; SM_DP_icing), FZDZ (see conditions described in section 3.3), mixed phase conditions
and clear sky (clear) or clouds with positive temperatures (positive)) is shown in Figure 26. OF1, OF8, OF9,
OF10, OF12, OF13 and OF14 had the highest rate of small droplet and FZDZ icing. For details on the data
evaluation and the atmospheric conditions encountered see D4.3 [8].
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Figure 26: Overview of sampled time in different cloud conditions for all flights during the European
campaign (except OF3 and OF4).

3.3. Comparison of flight campaign results with Appendix O envelopes

The comparison of the data sets from the two campaigns shows that significant differences existed in the
altitudes where icing and Appendix O conditions were observed.

Both campaigns took place in similar latitudes, yet the North American campaign in more continental conditions
and the European campaign with influence from the Atlantic Ocean. While the North American campaign was
executed in February and March 2023, the European campaign was performed in April 2023. Further,
considering the safety requirements of the two aircraft the altitude of measurements shifted to higher altitudes
for the European campaign. De-icing for the European campaign was mostly done below 8000ft (~2.5 km)
while during the North American campaign the ferry and de-icing was done above 3000 m. This resulted in
different patterns how clouds were approached, i.e. from above or below. Such differences may have
contributed significantly to the contrasts evident in the conditions found during the two campaigns, including
the ranges and distributions of T, LWC, TWC, and drop size that were observed.

Appendix O conditions solely comprised FZDZ in both campaigns. FZDZ conditions encountered during the
North American flight campaign tended to be bimodal and had mostly MVDs < 40 um. FZDZ conditions during
the European flight campaign were often unimodal (atypical for Appendix O conditions) and had MVDs which
mostly ranged between 25 and 60 um. For the North American flight campaign two Appendix O encounters
exceeded Appendix O envelopes while for the European campaign several of the Appendix O conditions
exceeded the LWC specified in the envelopes (Figure 27 and Figure 28).
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Figure 27: Comparison of the Nevzorov TWC measured during freezing drizzle encounters with MVD < 40
pm during both flight campaigns with the Appendix O envelope for freezing drizzle MVD < 40 um. The
Nevzorov TWC is assumed to be equivalent to the LWC in Appendix O conditions because Appendix O
encounters were required to contain few ice crystals. Due to ambiguities that may exist in the detection of
particles (see Section 3.3) and due to the chance of intermittent mixed-phase pockets the TWC
measurement of the Nevzorov may be contaminated by ice and thus too high for some of the encounters
shown. Only encounters longer than 30 seconds were used for this plot.
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Figure 28: Comparison of the Nevzorov TWC measured during freezing drizzle encounters with MVD > 40
pm during both flight campaigns with the Appendix O envelope for freezing drizzle MVD > 40 um (left: two
different flight campaigns colour coded, right MVD colour coded). The Nevzorov TWC is assumed to be
equivalent to the LWC in Appendix O conditions because Appendix O encounters were required to contain
few ice crystals. Due to ambiguities that may exist in the detection of particles (see Section 3.3) and due to
the chance of intermittent mixed-phase pockets the TWC measurement of the Nevzorov may be
contaminated by ice and thus too high for some of the encounters shown. Only encounters longer than 30
seconds were used for this plot.
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4. Satellite-based detection and nowcasting of icing conditions

One of the objectives of the SENS4ICE project was to increase pilot awareness of icing threats through the
development of a remote detection technology. In the first phase of the project, the Meteorology Laboratory of
CIRA developed a satellite-based tool for detection and nowcasting of icing conditions, which was tested during
the European flight campaign. During the campaign, data on monitoring and nowcasting of icing conditions
relying on the developed tools was provided via a Teamsite in pre-flight phase and updated in near-real time,
i.e., with a delay of a few tens of minutes due to the time of receiving and processing satellite data.

In Figure 29 an example of the output of the icing detection tool is reported: it shows the areas potentially
affected by in-flight icing hazard, giving an estimate of the severity of the phenomenon (light, moderate, severe)
with indication of possible SLD conditions. An estimate of the minimum and maximum altitudes affected by the
icing hazard is also available for each pixel of the map. The spatial and temporal resolutions of the product are
respectively of about 3 km and 15 minutes, as the satellite data used in input. The implemented nowcasting
tool is based on the extrapolation in time of the current weather condition, provided by the detection tool, to
perform a forecast over a short period ahead. It provides in output the same kind of information of the detection
tool on a reduced domain and at four different lead times: 15 minutes, 30 minutes, 45 minutes and 1 hour. A
complete description of the detection and nowcasting tools developed by CIRA is reported in [10].
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Figure 29: Example of the graphical output of the icing detection algorithm referred to 25 April 2023 at 12:00
UTC. The map on the left shows the icing hazard classified in light, moderate and severe plus an additional
flag indicating possible SLD conditions. The two maps on the right report the corresponding minimum and
maximum altitudes estimated by the algorithm.

Considering the challenge of validating such a kind of product, the SENS4ICE flight campaign represents an
important chance to evaluate the performance of the tools in environmental icing conditions.

It is worth noting that data coming from the satellite detection tool have very different characteristics in terms
of spatial and temporal resolution with respect to flight data. Concerning the spatial comparison, the nearest
point to the position of the aircraft was considered from the satellite data. As for the temporal comparison, an
updated satellite product was considered every 15 minutes (satellite data refresh rate) and each one was
considered as representative of the time range of 15 minutes centred around its reference time.
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An example of the methodology used to compare flight data and satellite data is shown in Figure 30. The
panels in Figure 30 represent the progress of the aircraft along its route every 15 minutes. Specifically, each
panel shows, on the left side, the map of the CIRA detection tool with the corresponding flight leg highlighted
in blue, and, on the right side, the time series of the variables recorded during the flight. In particular, the time
series of the top plot reports the flight altitude of the aircraft along with the minimum and maximum altitude
estimated by the satellite detection tool for the icing field (if present). The second plot reports the reference
icing flags evaluated by DLR relying on the microphysical cloud parameters measured in-situ and, finally, the
third one reports the icing flags detected by the CIRA tool. In the first phase of the flight (Figure 30 (a)), no
icing conditions were encountered by the aircraft, and this was correctly detected by the CIRA satellite tool.
Then the aircraft entered an area affected by icing hazard (Figure 30 (b)), where the icing is indicated according
to the icing flag from the DLR reference measurements. It is interesting to note the good timing of the satellite
detection tool which correctly starts to indicate icing conditions. These conditions are detected also in the
following leg of the flight (Figure 30 (c)), when the comparison is not possible as the aircraft was descending
for landing and was outside the range of altitudes identified by the satellite tool (which refers to the cloud layer).
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Figure 30: Example of the methodology used to compare flight data and satellite data. Each panel shows, on
the left side, the map of the CIRA detection tool and, on the right side, the time series of the flight variables.

Another example of comparison between the time series of the CIRA tool output and the variables observed
during the flight is shown in Figure 31. In Figure 31 the parts of the time series highlighted with a shaded blue
area represent the flight legs characterized by static air temperature below 0°C and are the parts for which the
comparison with satellite tool output can be made. Indeed, the remaining parts (with white background) are
not comparable since they correspond to times in which the aircraft was descending in altitude for de-icing,
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but clearly the satellite tool always refers to the cloud layer above. From the comparison between cloud drop
diameters it seems that the two curves are very different, but it is worth noting that the greater differences
occur inside or near the areas of the plot with white background, corresponding to the descent in altitude of
the aircraft. These differences are due to the big droplet measured when the aircraft descended because it
was raining below the clouds (as reported in the SAFIRE flight report). Excluding these parts of the time series,
the order of magnitude of the two variables is similar, and this is a good result as the estimation of MED
(Median Effective Diameter) from satellite is a difficult task. The two bottom plots of Figure 31 report the icing
flag from the in-situ reference measurements of DLR and the icing flag remotely detected from satellite by
CIRA. In particular, for this last one, the three severity levels (light, moderate and severe) were collapsed in a
single icing flag (yes/no) in order to facilitate the comparison with observed conditions. The plots reveal that
almost all the flight was conducted in icing conditions, and the satellite tool correctly detected icing.
Furthermore, several encounters of App. O conditions occurred and they were detected also from the satellite
tool. The matching is not punctual, but this is partly due to the different nature of the data compared,
characterized by very different spatial and temporal resolutions.
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Figure 31: Comparison between the time series of the variables observed during the flight and the output of
CIRA detection tool.

The described results regarding the evaluation of the detection tool in relevant icing conditions are promising,
suggesting that this satellite-based approach, after further maturation, can be exploited for applications
supporting aviation meteorology. Indeed, additional investigations are ongoing with the aim of performing a
more detailed validation to identify the strengths and weaknesses of the tool and the needed steps for its future
exploitation.
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5. Direct Ice Detection Technologies Development, Maturation
and Demonstration

SENS4ICE addressed development, testing (icing wind tunnel and in flight, in both cases with a focus on
freezing drizzle and without addressing freezing rain conditions), validation, and maturation of different
detection principles, as well as the final airborne demonstration of technology capabilities in relevant natural
icing conditions. Hence ten different technologies with diverse physical principles for directly detecting icing
conditions were developed and/or advanced. At the project beginning, the sensor technologies had different
levels of technology readiness, some at very low levels and others having had already passed steps of
technology testing. In the first phase of the project, all sensors reached the status to be ready for icing wind
tunnel testing. Note that one particular technology, the DLR CM2D, combines a Nevzorov Probe and the
Backscatter Cloud Probe with Polarization Detection (BCPD) with the aim to improve airborne scientific and
reference measurements, with special focus on the SENS4ICE flight test campaigns. The other nine direct
sensing technologies target applications for operational air transport. These sensor technologies can be
clustered into two categories:

* atmospheric sensors, that measure the atmospheric conditions, and
* accretion sensors, that measure ice accretion on the aircraft.

Table 5 gives an overview of the icing sensor technologies under development in the SENS4ICE project.
Table 5: SENS4ICE sensor technologies overview, sensor types and principles.

Isothermal with inertial separation at different sensors

AIP AeroTex Atmospheric along aircraft
IDS Collins Atmospheric Thermal response to heat impulse
LILD DLR Accretion Ultrasonic wave attenuation / phase change
SRP Honeywell Atmospheric Collecting backscattered light from particles
FOD INTA Accretion Latent heat measured with fiber optic
AHDEL ONERA Atmospheric Particle charging an:ihzucisae;gtéent measurement of
AMPERA ONERA Atmospheric Measurement of aircraft electric potential
AOD Safran Atmospheric Shadowgraphy
PFIDS Safran Accretion Optical reflection from accretion
CM2D [BCPD] DLR Atmospheric Single particle optical backscatter
CM2D [Nevzorov] DLR Atmospheric Isothermal measurement of water content

The following sections describe the development, maturation and demonstration of the SENS4ICE direct ice
detection technologies. For further information and details please refer to SENS4ICE deliverable D4.1 section
3.
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5.1. AeroTex AIP - Atmospheric Icing Patch

5.1.1. Technology Description

The AeroTex-AlIP comprises of two key components; the isothermal heater unit and a data processing and
control unit. The heater is a custom designed 20mm square patch that is installed on an insulated mount that
prevents excess heat being drawn into the aircraft structure. An erosion shield is bonded on top of the heater
and mount to provide protection for the heater. Two temperature sensors are integrated in the development
unit to monitor and control any over-temperature of the system. The individual heater patches operate at high
temperature (~120°C) but their small size means that they draw little power (<30W).

Figure 32: AIP heater (left) and an insulated mount (right).

The second unit part of the system is the data processor. The primary role of the data processor is to process
atmospheric and operating condition data from the flight computer (speed, temperature, angle-of-attack etc.)
and combine it with a measurement of the power drawn by the heater units to determine whether icing
conditions exist. The data processor unit also provides a safety role as it monitors for weight-on-wheels,
sensors overtemperatures and sensor open or closed circuits.

=Med Speed App O
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—High Speed App O
= Patch Locations

Low Speed App C - —
—Low Speed App O —
—Med Speed App C - AIP_5
AIP_3 .- AIP_4

'| __—"ap2
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1 15 2 25 3 is 4
Wrap distance from highlight [m]

Figure 33: Example showing sensor locations on the forward fuselage.

A key aspect of the AIP system is the use of a network of sensors distributed over the forward fuselage which
allows differentiation between small and large droplet icing to be differentiated. Figure 33 shows an example
installation when the forward two sensors are only subject to impingement under large droplet icing conditions,
as indicated by the blue/grey curves with the small droplet icing conditions indicated by green curves indicating
zero impingement. The figure also shows that AIP_3 and AIP_4 sensors are subject to icing in both large
droplet and small droplet icing conditions. Therefore, by monitoring the system response in these different
positions, icing can be identified. Figure 34 shows an example response for a two-sensor system under large
droplet icing with the large droplet sensor responding when the larger droplets are present.
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Figure 34: Example of sensor response for large droplet icing conditions (lower).

5.1.2. Technology status at project start

During the early 2010’s, AeroTex tested a probe type detector that operated on the same principle as the AIP
(see left hand side of Figure 35). Where the probe was maintained at isothermal conditions, and the presence
of icing can be inferred from the power required to maintain the temperature and comparing this to a dry
reference dataset. This test was an add-on to a main test programme and therefore had limited development
associated with it. The fundamental technology and approach was successfully demonstrated to TRL2 but
required significant further work and investment to mature the technology further.

5.1.3. Technical Work

During the first phase of the SENS4ICE programme a humber of trade studies were performed to decide on
the best configuration of sensor/sensors to detect icing and discriminate between small and large droplet icing
conditions (Figure 35). The different concepts had to balance power, weight and costs against the technical
driver of robust ice detection. The final concept, as shown in Figure 35 was defined after a number of iterations
both in terms of design and heater technologies that were used.

Figure 35: Candidate configurations for the AIP system.
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Just as critical to the success of the AIP was the selection of the platform. Initial studies on the ATR 42 platform
showed that the location available for sensor installation meant that the concept of a network of sensors could
not be fully tested. Therefore, the Embraer Phenom 300, which had forward fuselage locations available for
installation, was selected as the flight test platform.

In addition to the hardware development, the analysis software is key to the success of the programme. The
main challenge for thermal systems is to correctly calculate the heat loss due to dry air flight such that any
changes from this value can be identified as icing conditions. For SENS4ICE, this correlation is initially based
on analysis data but during flight trials, dry phases of the flight were used to provide the correlation.

5.1.4. Flight Test

For the flight test an array of 5 AIP were located along the centreline of the Embraer Phenom 300 flight test
platform. The locations for the installation were based on the locations shown in Figure 33 and are shown
mounted on the aircraft in Figure 36. For this installation wire bundles were run along the outside of the aircraft
and routed in through a ventilation pot into the forward luggage bay.

Figure 36: AIP sensors mounted along the centreline of the aircraft [image AeroTex with Embraer
permission/ SENS4ICE project].

The AIP control and logging system was installed on an equipment rack inside the aircraft. The system consists
of a main processor, logging and communication unit, a power regulator unit and two in-house manufactured
electronics units used for power monitoring and controlling power to the patches and the control unit.

The flight tests were based in East Alton, Illinois and were performed between the 22" February 2023 and the
10t March 2023.

The system showed good response during the initial flight tests and some initial results are shown in Figure
37. The black dots represent when the reference ice detector detected any form of icing and the green dots
show the MVD measured by the reference ice detector. The yellow dots show when any form of icing was
detected by the AIP system and the yellow dots show when SLD conditions were detected. The figure shows
that the system performed well in detecting all icing conditions and differentiating between small droplet and
large droplet icing conditions.
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Figure 37: AIP system response for flight 1475, shown alongside data from the reference sensors.

Initial attempts at assessing the severity of the icing conditions were also made based on the response of the
different sensors. This approach shows some promise but requires further maturation. During the tests the
response of the AIP sensors degraded and the reason for this is currently under investigation.

5.1.5. Current TRL

The current TRL of the AIP is assessed as TRL5 for the sensor and signal processing aspect and TRL4 for
the integration and robustness aspects.

5.1.6. Short summary of further development, maturation and exploitation

Based on the success of the AIP sensor under the SENS4ICE project, AeroTex has secured further funding
under an Innovate UK, NATEP programme funded by the UK government. This programme will investigate
alternative materials used in the sensor, develop capabilities for ice crystal detection/differentiation and
improve the estimation of icing severity. AeroTex have partnered with Printed Electronics Limited
(https://www.printedelectronics.com/), to support the sensor development and Cranfield University to provide
testing capabilities. In addition, discussions with aircraft manufacturers are advancing with initial
implementation based on liquid water and SLD differentiation.
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5.2. Collins = 1IDS

5.2.1. Technology Description

Collins-IDS is made of two components: (1) Sensing Element that uses a proven and certified construction
made of high temperature composite, temperature sensors and metallic heater that measure heat flux
distribution and communicate this to the power interface control unit. (2) Power Interface Control Unit (PICU)
that provides the necessary power to the sensing element, analyses the measurements, and makes
recommendation on icing conditions Dry or App. C or App. O. Detection and differentiation is done with a built-
in detection algorithm within the PICU. The system is scalable to include one or multiple sensing elements
positioned on sensitive areas of the airplane, powered individually, and controlled together by a master

controller.
POWER a Mounting location on leading edge
) VELOCITY —— Power 3
Aircraft —— Control Interface 7
OAT, SAT Unit g o
PV . | Unit m
AOA 3
3
T Stat us l rD Ice Detection Sensor 1
Ice conditions (dry, C, O) =1 Aifoils)

Ice Detection Sensor 2

Leading Edge

Collins-IDS Schematic

Phenom 300 Control unit Power unit Sensing element

Collins-IDS components

Figure 38: Overview of Collins-IDS structure, possible mounting location, and communication with the aircraft
[Phenom 300 aircraft image copyright Embraer].

Installation of Collins-IDS on the aircraft is flexible. It can be integrated on the leading edge by being installed
inside of the leading edge and/or areas of the leading edge where no ice protection is installed, for example
wing and/or tail tips, vertical fin and other. IWT and flight test results show very good performance for detection
and differentiation within the required response time for installation on the leading edge. Further improvements
can be achieved by installing the sensor in other more sensitive areas than the wing leading edge to ensure
ice detection before wing or other aerodynamic surfaces. For easy maintenance and replacement, the sensor
can be installed in a dedicated strip over the leading edge, under the leading edge or integrated in a recessed
composite leading edge. This way Collins-IDS is replaceable without replacing the whole leading edge.

IWT and flight test results proved the sensor as a viable ice detector and differentiator of App. C and App. O
icing conditions, by using one single sensing element. If necessary, further improvements can be done tailoring
the heater strips with different power density along the sensor chord to improve performance.

Prior to flight test, further refinements of the power interface control unit was carried out reducing the sensor
power requirement by over 62% from 800W to less than 300W and improving the accuracy of the detection
algorithm. The sensor completed 220 hours of icing wind tunnels tests at Collins Aerospace and NRC test
facilities as well as 25 hours of flight test in natural icing conditions.

The system achieved TRL6 in 2023 following a successful flight test with Embraer during the SENS4ICE North
American flight test campaign.
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5.2.2. Technology status at project start

The Collins-IDS is a concept developed by Collins Aerospace under self-funding. The system builds upon a
patented ice detection technology based on thermal response on a heater that changes from dry to icing
conditions. The system had only been used for basic ice detection and has not been flight tested. The detection
principle is based on measuring the heat flux variation in different icing conditions using a heater. Advanced
composite materials are increasingly used in aerospace applications due to superior stiffness, strength, fatigue,
and corrosion resistance.

The Collins-IDS technology had been developed by Collins Aerospace prior to SENS4ICE project and was at
TRL2. The sensor system can take direct measurement at areas of interest and offers multiple sensors
capability.

5.2.3. Technical Work

Collins Aerospace continued the development of the Collins-IDS within SENS4ICE maturing the technology to
TRL6. The technology components were designed and tested in simulation, IWT and flight test natural icing.
5.2.4. Flight Test

The Collins-IDS sensor was flight tested in the SENS4ICE North American flight test campaign in
February/March 2023. Figure 39 shows a view of Collins-IDS installed on Embraer Phenom 300.

Collins-IDS

Figure 39: Collins-IDS sensors mounted on the vertical fin of the aircraft [image copyright Embraer/
SENS4ICE project].

While during the IWT, the conditions were controlled both in terms of LWC and MVD, the conditions during the
flight tests were more fluid; both the LWC and MVD were temporally variable. Both the control algorithm as
well as the detectors were updated to perform better under non-experimental (uncontrolled) conditions. The
class boundaries for the new combined differentiator are shown in Figure 40.

For the flight tests, the sensor can detect and differentiate icing conditions encountered by the aircraft, to a
great degree of accuracy, and within a short time of conditions being encountered. The performance of the
detector is shown in Table 6.

The confusion matrix was generated using class boundaries calculated using observed prior probabilities of
conditions — this results in the best possible confusion matrix where every classification error has the same
weight. The priors could instead be weighted according to the impact of misclassification, moving the
boundaries slightly and resulting in a more practical classifier.
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Figure 40: Classification boundaries for all three conditions. Dry conditions (green), App C conditions (blue),
and App O (red).

Table 6: Confusion Matrix for Collins-IDS detection and differentiation algorithm.
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An example flight test campaign is shown in Figure 41. The raw outputs of the Collins-IDS are shown on the
top graph, along with the areas denoting detected conditions: dry (green), App. C (blue), and App. O (red). For
comparison, the graph on the bottom shows the reference measurements “ground truth” LWC and MVD, and
the “ground truth” conditions are again depicted with areas of the same colours.

Flight test 1476 - 25 February 2023

During the North American flight test campaign, the flight 1476 encountered multiple significant icing events.
Specifically, there were five instances where the aircraft experienced App. O icing conditions, which were
denoted in red. Concurrently, App. C conditions were observed and marked in blue.
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Figure 41: App. C and App. O encounters during flight test. Bottom figure is ground truth, top graph is
Collins-IDS sensor and detector outputs.

5.2.5. Current TRL

Collins-IDS achieved TRL6 at the end of the project following successful IWT testing, over 220 hours over the
course of the project at Collins IWT and NRC IWT, followed by successful flight test completing over 25 hours
in natural icing conditions.

5.2.6. Short summary of further development, maturation, and exploitation

Collins-IDS successfully passed TRL6 and MRL6. Further development is needed to focus on a dedicated
Power Interface Controller Unit for the SENS4ICE application. Additional flight test data are also needed
covering wide range of App O conditions. IWT enhancements to cover App. envelope needed, which (1) will
allow for the ice detection/differentiation algorithm to be refined further and (2) support the development and
testing of the Collins-IDS for different aircraft applications.

The technology was transferred from R&D to applied technology for finalizing hardware industrialization
processes.
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5.3. DLR-LILD

5.3.1. Technology Description

The basic working principle of the LILD sensor consists in detecting ultrasonic lamb wave packets, which are
transmitted through an icing prone aircraft structure as e.g. wing or tail leading edges. Therefore, a transmitter
and a receiver are placed on this structure in order to obtain the wave propagation behaviour, see Figure 42
left. An ice accretion can be detected in a variation of the received signal amplitude and propagation time,
since a layer of ice changes the mechanical parameters (stiffness, damping and mass) of the skin material.
The sensor itself consists of an electronics box within the fuselage, which is used to generate the transmitter
signals and to analyse and process the obtained receiver signals, and at least one transmitter and one receiver
piezoelectric transducer, which have to be applied on the aircraft surface, where ice accretion has to be
detected, see Figure 42 on the right.

28V

Structure > > > ) -

Electronics Box :
20x10x10cm Data link

Ultrasonic waves

Sender Receiver | [Piezo ———— —

Figure 42: Sensor principle (left) and sensor setup (right).

Aircraft use and mounting

As already mentioned, the mounting location on aircraft is where an ice accretion needs to be detected, as
e.g. leading edges as shown in Figure 43. An ice accretion can be sensed and the ice protection system can
be activated instantly to remove the ice and prevent further accretion. In addition, the LILD sensor allows a
success check of the ice protection system or in the case of electric ice protection systems a modulation of the
heating power to prevent ice accretion without using too much excess power thus saving energy.

Japiwsues)

19A1I808Y

Figure 43: Mounting principle on aircraft.

5.3.2. Technology status at project start

Prior to the SENS4ICE project, the LILD sensor technology had been investigated using laboratory tests on
different panel structures where ice was applied by freezing water on the surface. For a more realistic
approach, also tests in a small icing wind tunnel have been undertaken on airfoil demonstrators. Both
experiments were able to prove the influence of accreted ice layers on the lamb wave transmission behaviour
of the tested structures.

For the experiments, standard laboratory hardware had been used, such as function generators for signal
generation and computer-based oscilloscopes for signal acquisition. This was suited for feasibility tests of the
sensor principle, but is not sufficient for flight testing or further development as an integrated sensor.

5.3.3. Technical Work

The development work in SENS4ICE can generally be grouped into three different main tasks:

1. Design and development of flight test ready sensor electronic hardware,

2. Icing wind tunnel testing and determination of ice induced deviations of wave guide behaviour of the
structures,
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3. Transfer of obtained wave guide behaviour of test structures into ice detection algorithm and implementation
on flight test hardware.

Since lamb waves relevant for the LILD principle are operating within frequencies up to 1MHz, a special
hardware has been designed using a combination of a microcontroller and a FPGA to achieve the required
sampling speeds. Furthermore, power supply, transmitter amplifier, receiver amplifier and input filters were
designed and developed. To analyse the sensor signals, a special algorithm was implemented, which is able
to precisely detect amplitudes and travel times of signal pulses also for noisy signals. In a last step, icing wind
tunnel tests were undertaken to gain a deeper insight into the wave transmission behaviour of a test structure
with the presence and accretion of different ice types and thicknesses.

Prior to the flight test, the real flight test location of the sensor transducers was measured in an icing wind
tunnel to investigate the lamb wave behaviour with different ice covers. The data acquired by this test were
used to indicate the presence of ice on the test structure in the flight test. More details on the flight test setup
can be seen in the flight test paragraph.

5.3.4. Flight Test

For the flight test, a final update of the electronic sensor hardware was done to ensure continued functionality
and the operability without the need of an operator besides activation and deactivation of the system. For
redundancy and since the space was available in the 19” rack, which was used in the flight test, two individual
sensor hardware units were installed. Figure 44 shows the final hardware and the sensor box.

Figure 44: Flight test sensor hardware.

The transducers for the actual ice testing were installed on the right wing. There a pylon was added which
carries all atmospheric probes as shown in Figure 45 on the upper left. At this pylon, the transducers are
placed on the inside of its leading edge. In the lower part of Figure 45 a photo of the transducers in comparison
to one Euro coin is given as well as a photo of the inside of the leading edge. At the places with the red tape,
the transducers were mounted with a measurement distance of 30cm.

Due to the small size of the transducers, the sensitive part of the sensor can be placed even in quite tight
locations.
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Figure 45: Transducer placement on test aircraft [aircraft image Safire].

During the flight test campaign, two clean air calibration flights and 15 actual test flights in icing conditions
were performed. In the calibration tests it was observable, that an amplitude change was happening in clean
air which triggered the ice detection. This was found to be a temperature effect of the mounting location of the
transducers and could be compensated with the temperature sensors, that were installed in parallel at the
transducer locations.

In the icing test flights, a wide variety of different icing conditions could be encountered ranging from very light
to heavy. To detect the presence of ice on the aircraft structure, a combination of pulse lag time and pulse
amplitude thresholds were used. If one of the thresholds is exceeded, ice is detected on the aircraft.
Furthermore, a linear relation was used to calculate the ice thickness on the basis of a lag time increase. With
the current state of data analysis, the following conclusions can be drawn:

- The LILD sensor was able to detect an ice accretion in all cases when the aircraft entered the icing
conditions with a previously clean airfoil.

- With the current state of the sensor, the main output is the “ice present” signal, which is reset when
the ice is removed (e.g. in the flight tests by descending into warm air to melt the accreted ice).

- Reaction time of LILD is very short. The sensitivity to even thin layers of ice, which is already known
from the wind tunnel tests, could be confirmed.

- The ice thickness estimation based on the additional lag time is imprecise with the current data since
the temperature and shape of the ice layer also have an influence.

As an example Figure 46 shows a diagram of one measurement with the LILD ice present flag together with
the icing flag and the static air temperature<0 indication from DLR’s microphysics cloud probes. It can be seen,
that LILD always indicates the presence of ice shortly after icing conditions are detected by the microphysics
probes. Ice accretion from App C and App O conditions are both detected.
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Figure 46: Ice flags of Microphysics (uP) and LILD with static air temperature.

5.3.5. Current TRL
TRL6 for App. C and App. O ice detection. TRL3 for App C/O discrimination.

5.3.6. Short summary of further development, maturation, and exploitation

Further maturation of the sensor includes the improvement of the detection of the ice thickness foremost.
Therefore, additional wind tunnel testing in different temperatures and LWC conditions is needed to create a
database for the lamb wave behaviour in these conditions. This will be followed by more sophisticated analysis
algorithms with the aim to derive the ice thickness and the accretion rate from the lamb wave data in icing
conditions. This information allows an estimation of the LWC and the severity of icing conditions. Secondly,
the sensor electronics need to be further miniaturized and improved for e.g. Al analysis, more data channels
and faster signal acquisition as well as higher lamb wave signal amplitudes. As a last step, investigations in
the simulation of the sensor signals are required to obtain the sensor signals for an application on aircraft
without the need for calibration tests on the real structure in icing wind tunnel experiments.
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5.4. DLR-CM2D

5.4.1. Technology Description

The CM2D is a combination of two scientific, flight-proven instruments. The CM2D is not developed for
commercial aviation, but rather for scientific flights, development within SENS4ICE aimed to enhance the
possibilities of precisely measuring SLD conditions.

The two instruments which constitute the CM2D are:

e Nevzorov Hot-Wire LWC/TWC probe,
e Backscatter Cloud probe with Polarization Detection (BCPD).

The Nevzorov probe [10, 12] itself consists of four sensors, two TWC collector cones, an LWC collector hotwire
and a reference sensor (see Figure 32). The reference sensor is aerodynamically protected from the impinging
droplets and is used to correct the measurements of the other sensors for dry air losses. The Nevzorov probe
derives liquid water content from the power that is needed to maintain its sensors at a constant temperature.

LWC collector

Reference sensor.
—~

8 mm diameter

TWC collector

\ 12 mm diameter

TWC collector

Figure 47: Sensor head of the Nevzorov probe.

The BCPD [11, 13] is a scattering instrument that measures droplet size from the intensity of backscattered
light. It incorporates a polarization filter and is thus also able to determine the shape of the sampled patrticles.
By doing so it is able to distinguish droplets from ice (spherical and non-spherical particles). The probe
measures particles up to 42 um.

5.4.2. Technology status at project start

The sensors that constitute the CM2D, the BCPD and the Nevzorov both were flight proven instrument at the
start of the project. However, neither of them was able to serve the purpose of detecting and differentiating on
its own, which necessitated the combination of the two instruments.

Furthermore, the versions of the instruments that we used for the SENS4ICE project are altered with respect
to their precursors. The Nevzorov sensor head features a 12 mm cone that was added specifically for the
collection of SLD. The BCPD is an enhancement of the Backscatter Cloud Probe (BCP) that is used in the
IAGOS project. Compared to the BCP, the BCPD has the ability to differentiate between spherical and
aspherical particles (between droplets and ice). These additional features of the BCPD and the Nevzorov
probe had not been characterized at project start.

5.4.3. Technical Work

As both components of the CM2D, the BCPD and the Nevzorov, were already flight proven sensors, no
mechanical additions were made to the instruments. However, data acquisition components were added to
the Nevzorov system to digitize its outputs and software was developed that allowed live-monitoring of the
measured liquid water content.
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Further technical work on the sensor system therefore mostly consisted of instrument characterization and
algorithm development. The basis of both activities were the wind tunnel measurements that we acquired
during the SENS4ICE campaigns. For the Nevzorov, the main activity was the computation of the collision
efficiency of the 12 mm cone and an assessment of how the different sensors behave in SLD conditions.
Measurements of three different wind tunnels were used for this task and an extensive evaluation and
comparison to other LWC instruments was carried out.

The work on the BCPD included theoretical calculations on the droplet sizing of the BCPD. The scattering
cross sections for the parallel and the perpendicular components of the scattered light were computed, which
allows us to define the polarization ratio of spherical particles (see Figure 48). Ice crystals exhibit scattering
cross sections that deviate widely from the expected value for spherical droplets, allowing for a differentiation
between ice and water.
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Figure 48: Scattering cross sections for the parallel and the perpendicular component of the backscattered
light from droplets of a given diameter.

On the basis of these findings, an algorithm was developed, that allows us to estimate the number of spherical
and aspherical particles detected by the BCPD. This algorithm allows us to assess the cloud conditions, i.e.
whether the aircraft flies through a purely supercooled cloud, a mixed-phase cloud or a pure ice cloud.

Furthermore, our characterization of the BCPD also showed, that a correction for undersizing of particles that
pass through the fringes of the sample area is required, due to an uneven distribution of the laser intensity
across the sample area. We implemented such an algorithm and tested it in comparison to reference
measurements from a Cloud Droplet Probe (CDP). Extensive testing was required to optimize the algorithm.

Lastly, from the output of Nevzorov and BCPD an algorithm was developed that to detect and differentiate
between Appendix C and O. This algorithm is further explained in the following sections of this document.

DLR tested the CM2D and the individual components of the CM2D during several flight campaigns (see Table
7). During the Cirrus-HL campaign, just the BCPD component was integrated into a side window on DLR’s
HALO Gulfstream 550 aircraft. The campaign focused on high-latitude cirrus clouds, but we were also able to
obtain some data in low level and mixed-phase clouds. In the high cirrus clouds, the response of the CM2D to
ice particles could be established. App. O conditions were not encountered during Cirrus-HL.

Both components of the CM2D were flown during the HALO-AC [11] campaign on the Polar-6 aircraft of Alfred-
Wegener Institute. The campaign focused on Arctic mixed-phase clouds. Numerous icing conditions were
encountered, but no App. O conditions. The data from the campaign allowed us to develop the algorithm for
estimating the number of liquid and ice particles. On the basis of that algorithm, we are able to distinguish,
pure ice, mixed-phase and supercooled clouds. The differentiation between the three types of clouds is
however somewhat fluid and depends on the definition of mixed-phase clouds (e.g. what is the minimum
number of ice crystals that need to be present in a given volume for a cloud to be considered mixed-phase).
For the CM2D, the minimum ice particle concentration that can be detected is approximately 0.01 g/m3.
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Table 7: Flight testing of CM2D components.

Time Campaign name Location Components tested
24.06.2021-30.07.2021 Cirrus-HL Oberpfaffenhofen, Germany | BCPD
14.03-2022-13.04.2022 (AC)3 Longyearbyen, Spitzbergen | Nevzorov + BCPD
03.04.2023-27.04.2023 SENS4ICE Toulouse Nevzorov + BCPD

Finally, the CM2D was tested during the European SENS4ICE campaign, where a large number of App. O
conditions were measured. The installation of the two instruments on the aircraft can be seen in Figure 49.
Both instruments were mounted on the side of the fuselage, several meters behind the aircraft nose. The
position of the instruments was mostly dictated by availability. The DLR team would have preferred a position
further towards the nose of the aircraft for the BCPD, in order to reduce the influence of the fuselage on the
measurement, but no such position was available.

Nevzorov probe

Figure 49: Nevzorov probe and BCPD integrated on the SAFIRE ATR-42 aircraft during the European
SENS4ICE campaign [image DLR / SENS4ICE project].

We tested the algorithm from Section 5.4.3 on the flight data. However, it was observed that the BCPD sample
area lay in a region close to the fuselage where the airflow was strongly altered. The MVD measurements of
the BCPD were thus deemed to be unreliable. A reduced version of the algorithm that was developed for the
HALO-AC? campaign that relies solely on the ratio of the Nevzorov measurements was used to distinguish
App. C and App. O conditions. App. C and O conditions can be distinguished with the CM2D, if a large number
of large droplets is present and if the App. O conditions are relatively homogeneous. This can be seen from
Figure 50. The three-minute long App. O encounter at approximately 14:33 is accurately detected by the
CM2D. The shorter encounter at approximately 14:14 is missed, because the presence of ice crystals was
detected. SLD and ice crystals both cause a decrease in the ratio between the LWC sensor and the TWC
sensors of the Nevzorov probe. If ice crystals are present in the BCPD data, the decrease in the LWC sensor
to TWC sensor ratio of the Nevzorov probe is assumed to be due to these ice crystals. Conditions where both
SLD and ice crystals are present can therefore not be differentiated with the BCPD.
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Figure 50: Cloud condition detected by the CM2D (blue) and App. O indication from the reference data
(orange).

5.4.5. Current TRL
Both BCPD and Nevzorov probe are TRL5.

5.4.6. Short summary of further development, maturation, and exploitation

The CM2D is designed to serve as an indication for icing conditions on research aircraft. The advantages of
the CM2D over classical underwing particle measurement probes is, that the combination is lighter and can
be integrated directly into the fuselage. The maturation of the Nevzorov part of the CM2D can be considered
as mature, as the collision efficiency of the 12 mm cone was assessed within SENS4ICE and the LWC sensor
and the 8 mm sensor are already well characterized in the literature. For the BCPD component of the CM2D,
further work after SENS4ICE is required. This work should focus on extending the sample area of the BCPD
outwards and resolve remaining differences between the number concentration and MVD measured by the
BCPD and reference instruments.

SENS4ICE, EU-funded project, Grant Agreement No 824253. Page 56 of 114




) S SENSA4ICE Final Report (D4.4)

Dissemination level: Public

5.5. HONEYWELL - SRP

5.5.1. Technology Description

The SRP (Short Range Particulate) sensor is an optical sensor based on collecting backscattered light from
individual particles in the environment directly outside of the aircraft skin as shown in Figure 51. Using this
particle-by-particle measurement, the sensor measures the overall particle size distribution, which are then
used to derive the total number concentration, liquid water content (LWC), and median volume diameter
(MVD). Using the size distributions, the sensor will discriminate between App. C and App. O. In the current
SENSA4ICE design, the sensor will not be able to detect the entire App. C envelope.
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Figure 51: Flush mounted sensor optical design.
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5.5.2. Technology status at project start

Honeywell will expand on its existing SRP sensing technology which was in TRL5 phase. This sensor currently
detected App. C icing conditions and needed technology development in order to detect App. O icing
conditions, particularly the larger end of size distribution. The existing sensor has been flight tested across
several aircrafts in a wide range in flight conditions.

The SENS4ICE SRP sensor was in TRL3 phase. Some preliminary optical design and trade studies for
detecting App. O conditions were completed in 2018 ahead of the SENS4ICE project. These studies were
aimed at first to determine the appropriate sample area, laser power, and photodetector parameters to meet
expected App. O conditions. Following this, a preliminary optical layout was designed and evaluated.

5.5.3. Technical Work
The preparation phases for each test (IWT, flight test) were split into development and integration phases.
IWT preparation phases were outlined as:

A) Development Phase (2019): design and assembly of the SRP sensor. This phase is further split into:
a. Preliminary Design (3 months): system requirements and architecture definition, trade studies
on main components, function definitions for software / firmware.
b. Detailed Design (5 months): opto-mechanical design, circuit schematic design and simulation,
PCB layout, electronics housing design, firmware design, software prototype implemented.
c. Manufacturing & Assembly (6 months): manufacture of the sensor components (PCB, optical
head, mechanical boxes), components functional check and assembly of sensor sub-systems.
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B) Integration phase (2020-2021): perform system integration, calibration, and testing of the SRP sensor.
This phase is further split into:
a. System Integration, Checkout, and Design Updates (8 months): final system assembly and
basic functionality checks. Issues identified and corrected with updated designs.
b. Sensor Calibration (3 months): calibrate the system for size and particle density measurements.

IWT was carried out in Collins and NRC facilities with good results, however there were also several areas for
improvement identified. Flight test preparation started after the IWT testing results were reviewed and all the
ideas for improvement captured. In cooperation with the Embraer Flight Test department, requirements for
aircraft installation were generated. Flight test requirements and IWT findings were condensed together
resulting into following design changes:

A) Electronics box
a. Decrease footprint to the half of the current size
b. Update temperature control for increased robustness
c. Update laser power control to enable automatic operation of the laser with flight conditions
B) Optical head
a. Updates to the optical sensing parameters
b. Re-Calibration of the sensor
C) Software
a. Live data processing and stand-alone functionality implementation
b. Communication with aircraft systems implementation
D) Testing
a. Safety Of Flight testing - both Electrical (Power, Emissions) and Environmental (Temperature,
Vibration) tests per DO-160G standard were required

After the implementation of all the hardware changes and integration tests, SRP prototype was tested for the
set of DO-160G tests. All the test results were considered as pass and therefore SRP prototype was claimed
to be safe for installation into the aircraft. After the bailment agreement contract was negotiated, the sensor
was shipped to Brazil and integrated to the Embraer Phenom 300. Shakedown tests were performed by
Embraer and then the aircraft was moved to Saint Louis Regional Airport (state lllinois, United States of
America), where the icing flight test campaign took place. Except of SRP sensor, the aircraft carried ice
detection sensors manufactured by other companies and Cloud Combination Probe which provided
measurement of icing conditions reference data.

The flight test campaign took place from February 19 2023 to March 10 2023, thirteen flights were performed
and for eight flights icing conditions were encountered while SRP sensor data and reference instrumentation
data were successfully collected. The flights were performed in the airspace of the following states: lllinois,
Indiana, Ohio, Michigan, lowa and Wisconsin.

There were several App. C and App. O condition encounters during the icing campaign, which allowed us to
evaluate performance of SRP sensor for various levels of LWC and various particle size distributions. After the
icing campaign, DLR Institute of Atmospheric Physics performed reference data analysis and applied
corrections to increase reference data measurement accuracy. The comparison of SRP sensor measurements
with the reference probe measurements is shown in Figure 52 and Figure 53.

SRP sensor performance evaluation summary:

e The sensor successfully performed icing condition measurement over the whole flight campaign
o Sensor optical parameters were not affected by the environmental conditions
e Sensor measurement accuracy
o For events in which particulate MVD > 25 microns, there is very good correlation between
SRP sensor LWC data and reference sensor LWC data
o For events in which particulate MVD < 15-20 microns, the measurement accuracy is poor as
the SRP sensor design developed under SENS4ICE does not cover the whole App C
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Figure 52: Optical sensor data analysis: Flight 1476.
(No collection efficiency corrections applied, sensor non-linearities corrections not applied, better results are expected)
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Figure 53: Optical sensor data analysis: Flight 1481.
(No collection efficiency corrections applied, sensor non-linearities corrections not applied, better results are expected)
5.5.5. Current TRL

The technology maturation goal was to leverage the App. O sensing technology to TRL6 which was confirmed
by TRL assessment in the project internal document D6.3 Interim Catalogue of results and IP register after
successful IWT testing.

5.5.6. Short summary of further development, maturation, and exploitation

Honeywell plans to develop the SRP sensor beyond SENS4ICE into a single commercially available sensor
capable of detecting all forms of liquid water icing conditions (both Appendix C and O), as well as extending
the measurement capabilities to ice crystals in order to cover all icing appendices (Appendix D/P). Currently,
the expected entry into service data of such sensor would be in the 2028/ 2029 timeframe.
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The Fiber Optic Detector (FOD) is a latent energy-based ice sensor. The latent energy released by the water
during the phase change produces an abrupt temperature increase in the surface where ice is accreted. That
temperature rising is a function of the icing cloud conditions, so the FOD can assess the ice severity in an
approximate way.

The technology consists in an Optic Fiber embedded in a sensor surface. The fiber should be close to the
sensor surface so the energy flux rate could be measured conveniently. The optic fiber has, all over its length,
equispaced Bragg gratings with an eight millimetres separation, that back scatter the light in certain
wavelengths. The wavelengths in which it backscatters the light are function of the temperature of the fiber. In
a single fiber many temperature points could be measured. If the optic fiber is placed on the sensor surface,
the temperature differences in several points on surface could be measured.

The sensor technology has two main capabilities:

a. Ice detection: The ice detection is done measuring the temperature changing abruptness. The chosen
temperature is the difference between a detection grating and a reference grating that is not exposed
to liquid water. The sensor first detects ice and then, using the temperature data assessed if there are
Appendix O conditions depending on the impingement limits.

b. Ice severity assessment: The ice severity assessment relates the temperature rising of the sensor line
and icing cloud conditions. First of all, a sensor is used for calculating the ice accretion rate in a
reference sensor (located on the probe stagnation point) and the rest are used for calculating the
accretion all over the chord. With the relationship with the stagnation point sensor and the rest the
droplet size could be calculated. In order to do that process, a standard airfoil (NACA 0012) was used.

For more information see references (M. Gonzalez, 2022) (Miguel Gonzalez del Val, 2021).
Thermal Model: Ice Assessment

In order to predict the external conditions a thermal model was used. The model solves a heat transfer equation
of this type:

node node node node node _—_
Qiat  — Yevap t Usens + dk — Qnc =0

Being the first term q7°?¢ the latent flux energy flux, the second term qggg; the evaporate heat flux, the third
term q72%¢ the sensible heat flux, the fourth term q}°® the kinetic energy heat flux and the last term q24¢
the net convective heat flux. In case of rime conditions and solving the last equation, the Ice Accretion dA/dt
rate could be calculated. The App. O and App. C discrimination could be assessed with the differences
between the icing accretion profiles as it can be seen in Figure 54.
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Figure 54: Sensor ice accretion profile predicted by the sensor.

Ice detection technology

At the beginning of the project, the icing detection technique used the temperature rising abruptness that was
calculated from the first temporal derivative of the temperature difference between a reference sensor and the
detection sensor. This method was seen to require a lot of computational time, because firstly a filter and then
a finite difference method has to be used. Later, Discrete Wavelet Transforms (DWT) were implemented in the
detection algorithm. DWT do the filtering and the ice detection simultaneously. For more information about the
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algorithm, reference (M. Gonzalez, 2022) is recommended. Another advantage that presents the DWT is its
capabilities to reduce the data size, so gives IAR and icing cloud parameters with logical sample rates
(sampling time of 3 seconds).

The discrete coefficients above a certain threshold that is calculated from test data are considered ice. The
threshold has to be function of external parameters like airspeed or total temperature, so it maximizes the
sensibility of the sensor and minimizes its specificity.
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Figure 55: DWT coefficients of the sixth, fifth and fourth levels.

Before the project started a previous study was done, only in order to see if the FBGS detected a droplet
supercooled water freezing. The wavelength of the water droplet freezing was recorded. For a droplet freezing,
a temperature peak was seen. The process of a droplet freezing is very fast, and the energy release is discrete
so this principle could not be applied for a water flux impinging an airfoil surface.

A very preliminary airfoil was prepared with a few layers of composite material and foam to give consistency
to the geometry. This configuration was tested in the INTA IWT as well, seeing a certain pattern of signal. INTA
IWT was not prepared for icing sensor tests. One of the things that was done was conditioning the Icing Wind
Tunnel and the testing process in order to simulate realistic icing conditions. FOD is very influenced by the
transitory conditions in the start of the icing cloud.

The results of the preliminary testing only detected ice without discriminating between Appendix C and O
conditions. Additionally, the conditions could not be predicted neither. The main goal of those preliminary tests
was only giving a very straightforward detection output (ice/no ice). Detection algorithms were not implemented
previous to the project start.

The development of FOD during the project had six different steps. The first one was researching about the
relationship between the physical thermal events and the sensor response. Then, a sensing probe was
designed firstly for INTA IWT testing and then for NRC testing. Later, the software of the sensor was developed,
in order to assess severity, discriminate between Appendix C and O and detect ice very fast for the NRC
testing. The testing results of NRC IWT were studied and all the algorithms were adapted for all conditions that
were tested. The performance of the NRC tests was studied and the detection parameters were optimized

Lastly, all the work done in order to prepare the sensing probe for flight test. This includes the DO-160 testing,
the communication design for flight tests, the software development in order to be adapted to the new
conditions and the postprocess of the sensor data. A new detection algorithm was done in order to detect the
real icing clouds with its instabilities.

For flight tests a new icing probe was designed, according to the DO-160G and with a different material and
design than the previous one. The probe had a larger span than the previous one, so the bigger droplets can
impact the probe surface. The used material was ULTEM® that is a very high resistance polymer and was
fabricated with additive manufacturing, because it was considered the easiest solution for the proposed design.
The used airfoil was the same than before, a shorten NACA 0012 with a better aerodynamic design in the tip.
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After placing two fibers in the sensing probe, it was painted with a polyurethane painting. The sensing probe
was previously tested in INTA IWT so it could be seen if all the system worked well, including detection
algorithm, communication, and data acquisition.

T IN

Figure 56: INTA-FOD flight test direct sensing probe installed in the left side fuselage of the aircraft [images
INTA/ SENSA4ICE project].

In the case of flight tests, a different behaviour of the icing cloud was seen compared with IWT tests. In the
IWT tests the icing cloud had a very good temporal stability, so it was easy to detect when the sensor entered
the cloud and when it left it because inside the icing cloud there was only two temperature abrupt changes. In
the case of inflight clouds, the LWC is quite instable, so the previous assumptions cannot be made, due to the
amount of temperature changes recorded in the FBGS when the aircraft goes in an icing cloud. This makes a
noisier behaviour in the Discrete Wavelet Transform and in the FBGS signal. Other detection alternatives were
considered. The first one is considering the standard deviation of the discrete detail coefficients during an
interval of time (during fogging the amplitude of the DWT signal is higher but it has not a very big peak). Other
solution is establishing a lower threshold and a lower DWT level and just considering the ice presence when
there is a peak.

For IAR or LWC detection it was different. IAR values were postprocessed after the flights, but it is difficult to
compare those values and check if they are right because ice thicknesses were not measured during the flight.
Even though there are inaccuracies in the case of LWC measurement because the freezing fraction is unknown
a priori, Liquid Water Content could be compared with other sensors data Nevzorov for example. The majority
of the flights were done close to the 0°C isotherm, so glaze conditions, with freezing fraction different than one,
were present, making more inaccurate the LWC results. In Figure 57 can be seen the LWC measured by the
FOD and Nevzorov. It can be seen that even when there is LWC present if the total temperature is higher than
0°C FOD does not detect ice so, sometimes Nevzorov measures LWC while FOD LWC output is zero. Many
times, there was LWC that was not supercooled, so the probe only detected a cooling effect without a latent
energy release.
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Figure 57: FOD measured LWC compared to Nevzorov.

The App. O and App. C discrimination is being studied comparing the microPhysics data and the temperature
data along the chord. It has been seen that, according to microPhysics data, depending on the MVD, there are
more or less sensors that accreted ice. There are other factors that affect the number of sensors that
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experience a temperature rising in the sensors located downstream the leading edge, like angle of attack or
true airspeed, so a more detailed study must be made.

Finally, it was seen that during the de-icing of the probe, there is an effect that can help to know if there is an
ice layer accreted, and where the ice was formed. The ice is a good thermal insulator, so the temperatures in
the sensors where the ice was not accreted change faster than the others. When the aircraft descents under
the zero isotherm, the sensors without ice measure more than 0°C but the other ones measure temperatures
much lower. In the moment when the ice layer is removed, the temperature rises drastically because the
temperature of air is much higher than the surface temperature. That abrupt temperature rise is due to the
convection heat that is proportional to the temperature difference between the surface and air. Previously that
abrupt temperature rise, the temperature was stable in a value lower than 0°C that is the fusion temperature.
That makes sense because when the ice is changing of state the temperature is constant. This physical effect
could be used in systems that want to integrate a de-icing and sensing system in order to know when the ice
layer is removed and stop the heating power.

i T L ——— M

Figure 58: Probe de-icing (flight 27 April 2023).

The TRL depends on the type of detection that is considered. According to the TRL definitions in the
SENS4ICE project:

¢ Appendix C detection: A prototype was built and tested in NRC IWT with more than 5 conditions.
Additionally, environmental tests were carried out according to DO-160. Flight tests were executed so TRL6
was achieved.

e Appendix O FZDZ detection: Several conditions in FZDZ were tested in NRC IWT. The ice detection ratio
was very high but the discrimination between FZDZ and Appendix C conditions was not enough in order to
ensure a TRL6.

The sensor needs some maturation in some aspects in the aerodynamic design. A further study that relates
the collection efficiency with the sensor geometry must be done in order to maximize the performance. The
optic fiber gratings distribution is not optimized either.

The sensor has a saturation ice thickness in which the sensor does not work. A de-icing system must be
developed if it is wanted to measure ice constantly. Additionally, it can exist the possibility of a more feasible
Appendix O discrimination if a de-icing system is used. Another aspect that must be done is the optimization
of the de-icing cycles in order to maximize the sensor performance. The optical interrogator that was used in
this project was of a very high quality and precision. A cheaper optical interrogator with lower size could be
used.

For its exploitation, some companies in the aeronautical sector have been contacted. The sensor has been
patented, and the advances and research have been published in scientific, technical journals and in
conferences like SAE’s International Conference on Icing of Aircraft, Engines, and Structures. The department
of technology transfer in INTA is working in exploiting the technology in different fields like energy distribution,
aeronautics, wind turbines or railway transport.
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5.7. ONERA - AHDEL

5.7.1. Technology Description

The AHDEL sensor is based on the charging of the droplets by a corona discharge, followed by the detection
and measurement of their electric charge, allowing the inference of the particle diameter. The sensor is
composed of three main sub-systems: a droplet size discriminator, a droplet charging system and a droplet
electric charge detector. Figure 59 illustrates the charging and the detection principles.
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Figure 59: (a) Diagram of the electrical charging of a particle when crossing
electric charges created between two electrodes (N and G). (b) Measurement of
particle’s electric charge (q) by an inductive ring of radius a and length L. This ring
is connected to an electronic circuit that amplifies the inductive current.

The purpose of the charging system is to produce enough electric charges to charge the droplet to its saturation
value, which is a direct function of the droplet surface (and consequently the droplet diameter squared). It
consists of one high voltage electrode designated N and a grounded electrode G integrated in the sensor body.
This subsystem generates a corona discharge between N and G, creating a cloud of electrical charges in the
medium. When the droplets enter the region of corona discharge, they collect the electric charges drifting
between N and G.

The detection system measures the droplet electric charge using one or several capacitive rings integrated in
the sensor body. This subsystem generates electric signals that are function of the electric charge carried by
the droplets. The shape of this signal is a function of the ring geometry and the particle speed, but its integral
should be only function of the particle charge.

For the droplet size discriminator, two filters are evaluated, one based on inertial principle and other based on
electrostatic principle. The inertial discriminator is located upstream of the charging chamber. Using the internal
sensor geometry, it filters the small particles that are driven by the flow and keeps only large droplets. The
latter reach the charging-detection zone. The electrostatic filtering takes place along the charging zone. In an
axisymmetric corona discharge, charged droplets experience an outward radial force which increases near the
corona wire. Heavier (larger) droplets will be less deflected than lighter (smaller) droplets. As a consequence,
a collection electrode located near the detector axis only collects droplets which have not been significantly
deflected. By changing either the intensity of the electrostatic force or the location of the detector, different
classes of droplets can be detected and quantified.
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The AHDEL sensor started the SENS4ICE project from a very low TRL (between 1 and 2). At the beginning
of the project, we had just formulated the concept based on a few previous lab supporting experiments for the
charging system and from the experience on the development of on-board sensors for atmospheric
characterization in previous projects. The detection system, which is based on an induction ring, had already
been designed to measure the electric charge carried by the droplets inside thundercloud. This system was
installed on a Transall C-160 aircraft for thunderstorm and lightning characterization campaigns [Lalande et al.
(1999), Laroche et al. (2012)].

During the SENS4ICE project, we realized an extensive work in the development and optimization of the
sensor technology through numerous simulations and lab tests for the different sub-systems individually,
leading to the design and implementation of two sensor versions. In the preparation of IWT tests, the prototypes
were tested and calibrated in ONERA's lab using droplets up to 600 um with velocities up to 25 m/s at room
temperature. These preliminary tests helped to verify the efficiency of the discriminator system to filter the
droplets and reduce the particle concentration in the detection zone. The two AHDEL versions were tested in
IWT at TUBS in June 2021. In the IWT testing, we performed a few points of the SENS4ICE test matrix for low
water density and we explored many additional academic points to a better evaluation of the sensor capabilities
and limits.

The IWT testing for AHDEL sensor was performed in the first week of June 2021. The two AHDEL versions,
one based on electrostatic and other on inertial principle were tested in IWT at TUBS. We started the test
campaign with the points of the SENS4ICE test matrix, both in App. C and App. O conditions, for points with
low water density, respecting the SENS4ICE test procedure for IWT. We were able to test 4 points of App. C
and 4 points of App. O. Once the water concentration increased (LWC >0.6 g/m3) we had unexpected problems
with water accumulation in the charging system that led to a short circuits. This rendered the charging system
inoperative. In addition, in these higher densities conditions, we noticed ice accretion in some internal parts of
the model. After a few minutes (3 to 5 minutes), the icing was enough to block the detector zone entrance,
making this subsystem also inoperative. These were conditions (low temperature and a large water
concentration) that we were not able to reproduce in our lab during the preliminary testing of the sensor.

However, we opted to conduct academic tests to gain a deeper understanding of the sensor's performance
and limitations. To achieve this, we explored supplementary test parameters beyond those outlined in the
SENS4ICE test matrix. We conducted a series of sweeps across various parameters, each lasting
approximately 5 to 10 minutes. Throughout these testing runs, we executed multiple 30-second ON-spray
cycles. Within each cycle, a single parameter—such as LWC, MVD, temperature, or flow speed—was altered.
Through this parametric study, we examined approximately twenty additional data points. Figure 60 and Figure
61 display the graphs showcasing the sensor results, alongside comparisons highlighting the required
response time and IWT values for LWC and MVD. Table 8 summarizes the results obtained from the tested
points.
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Figure 60: Graph showing measured vs required response time for all test in the SENS4ICE matrix (8
points). All the points below the black dashed line indicate a response time that met the requirements.
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Figure 61: Graph showing measured vs tunnel LWC (a) and MVD (b) for the tested points concerning
SENS4ICE matrix and academic runs. All the points below (above) the black dashed line indicate a
measured LWC/MVD underestimating (overestimating) the calibrated tunnel values.
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Table 8: Results summary table, including the standard and academic test points (AHDEL sensor).

Test Percentage Percentage of Percentage of Percentage of Average | Average
of Test Test Points Test Points Test Points MVD LWcC
Points Within Required with MVD with LWC Error Error
Detected Response Time Measurement Measurement

App. C Test 100%* 100% 100% 100% 185% 59%

Points

App. O Test 100%?2 100% 100% 100% 170% 70%

Points

Academic runs | 100%3 100% 100% 100% 17%4 27%5

As the necessary modifications and improvements to perform a successful aircraft flight test were not
compatible with the remaining time and resources in the SENS4ICE project, the ONERA team decided, by end
of June 2021, to withdrawn AHDEL sensor from the SENS4ICE flight tests.

ONERA validated the different subsystems separately, and then integrated these into two different prototypes,
based on two discrimination principles, which we tested in the TUBS IWT. The AHDEL sensor presented a
good performance in terms of response time and LWC/MVD estimation, having a response time around 1 s
for the entering and exit of the icing condition detection and within 20% error on MVD estimation for high MVD
cases. We consider that the AHDEL technology has reached an intermediary TRL between 3 and 4.

The feedback of the IWT campaign provided us several ideas and inputs for improvement of the AHDEL
technology. In further activities, we expect to solve the different problems related to the insulation of charging
system and on the anti-icing of internal part. In general, it includes the modification of the sensor systems, as
well as the performing of new IWT testing to continue the development and maturation of AHDEL technology,
having as main purpose the achievement of a reliable and robust on-board direct detector of App. O conditions
and able to perform scientific flight campaigns in future projects.

1 Only 4 out of 19 App. C test conditions were tested from the SENS4ICE test matrix. This is due to unexpected
problems with water accumulation in the high-voltage when LWC >0.6 g/mé.

20Only 4 out of 18 App. O test conditions were tested from the SENS4ICE test matrix. This is due to unexpected
problems with water accumulation in the high-voltage when LWC >0.6 g/mé.

3 Seven academic runs with calibrated tunnel conditions were realized.

4 Only points with MVD > 25 uym are considered in this average error.

5 Only points with MVD > 25 um are considered in this average error.
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5.8. ONERA - AMPERA

5.8.1. Technology Description

When an aircraft flies inside a cloud, atmospheric particles (droplets, ice crystals ...) run into the fuselage. The
particle impacts lead to electric charge exchanges through a triboelectric process as illustrated in Figure 62.
These electric charges on the aircraft fuselage produce an electrostatic field on the metallic part of the airframe.
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Figure 62: lllustration of the aircraft charging process due to particle impacts. (a) Before impacts and (b) after

impacts.

AMPERA system is an electric field mill (EFM) network that locally measures the electrostatic field at the
surface of the aircraft fuselage. The distribution and amplitude of the electrostatic field on the aircraft skin
depends on the atmospheric electrostatic field around the aircraft and the net electric charge of the aircraft.
This latter parameter depends on the balance between the triboelectric current due to the impact of the cloud
particles on the aircraft fuselage, the current due to the charged particles emitted by the engines, and the
corona current emitted by the aircraft through the static dischargers. In contrast to conventional TWC probes,
which sample a local area of the atmosphere, the AMPERA system uses the entire aircraft as the sensitive

part, providing an overall estimation of the net TWC exposure. Therefore, the sensor in its current version is
not relevant for IWT tests.

Figure 63 shows a strong correlation between the time evolution of the aircraft electrostatic potential (net
electric charge of the aircraft divided by the electric capacitance of the aircraft) and the time evolution of the

TWC measured by the IKP2 probe during a flight of the HAIC campaign [14]. The results of this campaign
showed that the sensor
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Figure 63: Time history of aircraft potential (black curve- units: V) deduced from
AMPERA, and TWC (grey curve — units: g.m3) from the IKP2 probe. Figure
taken from reference [14].
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5.8.2. Technology status at project start

Since the 1970’s, ONERA has been involved in the understanding and characterization of the physical
processes occurring during a lightning strike to the aircraft which has led to the development of on board
sensors for atmospheric characterization. In the 1980’s, a first EFM network had been designed to measure
the electrostatic field inside thundercloud. The system was installed on a Convair CV580 (Collaboration
between NASA and ONERA) and a Transall C160. A new version of this EFM network, called AMPERA, has
been developed since 2010. It has been used on four flight test campaigns with a Falcon 20 and one with an
Airbus A340.

In the framework of the HAIC European project, AMPERA was used to show the feasibility (TRL3) to retrieve
in-flight the total water content (TWC) from the electric potential of the aircraft measured by the electric field
mill network. The measurements performed during the flight campaigns Darwing and Cayenne show that there
is a strong correlation between the TWC and the aircraft electric potential [Bouchard et al. 2020]. The sensor
has never been tested in in-flight SLD icing conditions even if the principle of the sensor (triboelectric effect)
should work with SLD. Due to that, at the starting of the SENS4ICE project the AMPERA system remained at
a TRL of 3.

5.8.3. Technical Work

In the SENS4ICE project, the work performed on AMPERA was focused on the electrostatic simulation of the
ATRA42 aircraft platform to find the best position for integration of the EFM network, as well as the optimization
of the AMPERA software to measure the TWC.

Based on the assumption of a uniform atmospheric electrostatic field around the aircraft, the electric field on
the aircraft skin can be expressed by the following linear relationship:

E; = q;Ex + BiE, + viE, + AV,

where E; is the electrostatic field recorded by an individual field mill; Ey, E,,, E, are the three components of
the atmospheric electrostatic field in the aircraft reference; V is the aircraft potential. The aircraft's electric
charge and the potential are linked by its electrical capacitance; «;, S;, i, A; are constant coefficients. Note
that these coefficients can be positive or negative except the A; coefficients which have all the same sign.

Figure 64 shows the electrostatic simulation on the SAFIRE ATR 42 platform. Each figure corresponds to the
distribution of the coefficients of the above equation all over the aircraft skin. The two positions in the windows
identified with a black cross are the best location for electrostatic measurement, as these have a moderate
dependency on the V, parameter (values around 220), but a very weak dependency on the electric field
components (values near zero).
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Figure 64: Electrostatic simulation on the SAFIRE ATR42 platform showing the distribution for the normal
field coefficients V (upper), Ex (lower left), Ey (lower centre) and Ez (lower right).
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Therefore, by using only one EFM placed in any of these positions and neglecting the terms with the electric
field component in the above equation, we can directly determine the aircraft potential by V, = E/A. In order
to enhance the accuracy of this measurement, it is possible to install a pair of EFM symmetrically along the
fuselage axis. For the flight campaign, we chose to employ two pairs of EFM positioned in the rear windows
of the ATR 42 platform, ensuring both accuracy and redundancy. Figure 65 presents an image of the SAFIRE
ATR 42 indicating the two pairs of EFM installed in the rear windows.

Figure 65: SAFIRE ATRA42 aircraft drawing with indication of the two right side windows where the EFM are
installed, EFM2 and 4 (left, image Safire). Picture showing the two others mills, EFM1 and 3, installed
symmetrically in the left side windows (right, image ONERA/ SENS4ICE project with Safire permission).

5.8.4. Flight Test

In April 2023, the European flight test campaign was conducted, consisting of 15 flights and more than 50 flight
hours carried out under various icing conditions. Throughout the campaign, the AMPERA system
demonstrated exceptional robustness, as no technical issues were observed with either the hardware nor
software components. The real-time communication with the HIDS interface, to receive the aircraft data input
(temperatures, velocities, altitude, etc.) and to send the AMPERA outputs (status, icing flag, TWC and trust
level) worked well during all flights.

The first calibration flights in clear air were very useful to set the baseline for the aircraft electrostatic potential
in different flight phases, including the take-off, landing, and during manoeuvres and engine power variation.
At constant level and speed, Vais around 300 V, and during high power engine phases, it can reach up to
3 kV. During the flight tests conducted under icing conditions, this measurement exhibited excellent sensitivity
when encountering particles. The response time for entering and exiting a cloud with particles was
approximately 1 second, and the electric potential inside the cloud exceeded 100 kV. This significant increase
in potential clearly distinguishes it from a phase of clear air. Figure 66 shows the measurement during a flight
with multiple cloud encounters.
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Figure 66: Aircraft electrostatic potential and altitude for the flight of April 3@ 2023, showing the excellent
sensitivity of this measurement when passing through clouds.
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The preliminary analysis and comparisons conducted with the reference probe have shown a strong correlation
between the shape and variations of the measured LWC and the electrostatic potential. Figure 67 depicts the
comparison between the AMPERA output and the Robust reference probe from SAFIRE, highlighting a
significant agreement between the two signals.

In order to calculate a real-time atmospheric icing detection flag, we have proposed, during this campaign, a
flag derived from three parameters: the aircraft potential (Va) the static temperature (SAT), and dew point
temperature (DEW). When comparing this flag with the airframe ice accretion flag obtained from the
Rosemount Ice detector, we observe that the AMPERA flag demonstrates higher sensitivity. This is because
the AMPERA flag considers the specific atmospheric conditions encountered by the aircraft during flight, while
the Rosemount flag primarily accounts for ice accretion.

Further analysis with the reference microphysics measurements is necessary to extend our understanding of
the physics behind the triboelectric process. Additionally, these measurements will help evaluate the AMPERA
sensor's capability to differentiate between aircraft charging caused by water droplets and ice crystals.
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Figure 67: LWC and Aircraft electrostatic potential comparison (upper) and AMPERA atmospheric icing
flag and Rosemount Ice accretion flag (lower).

5.8.5. Current TRL

Based on the feedback received from the flight test campaign and the analysis of the preliminary results, we
have determined that the AMPERA system, used for icing detection application, achieved TRL 5-6 at the end
of the project.

5.8.6. Short summary of further development, maturation and exploitation

ONERA's plan for future development involves ongoing enhancements and utilization of the AMPERA system
for scientific in-flight campaigns. The goal is to expand its capabilities to detect various atmospheric hazards,
including lightning, volcanic ashes, dust, and monitoring certain aspects of aircraft health through field mill
signal processing. Furthermore, ONERA is considering applications such as atmospheric electrification and
contrails characterization. In addition, the roadmap for sensor technology includes efforts to reduce the size of
the system and adapt it for installation in Unmanned Aerial Vehicles (UAVS). This adaptation will open up new
possibilities for utilizing the AMPERA system in UAV operations.

SENS4ICE, EU-funded project, Grant Agreement No 824253. Page 71 of 114




) SENSA4ICE Final Report (D4.4)

Dissemination level: Public

The App. O Discriminator (AOD) aims to specifically detect icing conditions originating from the presence of
Supercooled Large Droplets (SLD) of diameter larger than 100 pm in the atmosphere. It is an optical sensor
based on imaging. It relies on shadowgraphy. This technique had been developed to obtain images of objects
made of transparent material, such as droplets.

Short duration light pulses are emitted at high frequency. As they propagate in the atmosphere, they impinge
the droplets and are deviated by refraction. A high-resolution camera equipped with an objective located in
front of the light source grabs the images of the droplets. This configuration enables one to get very high
contrast images.

Each frame is then processed for detecting the objects and counting them. The AOD can detect objects as
small as 10 um and can size them from 30 um to 10 mm. Parameters of the droplet size distribution are derived
to determine the nature and the severity of the icing conditions.

At the beginning of the project, this technology was at TRL1. The State-of-the-Art had been carried out and
basic principles established.

During the SENS4ICE project, the main steps of the AOD development were:

¢ Defining the specifications from the MOPS ED-103,

o Dimensioning the optical, electronical and mechanical parts,

e Designing the optics: the imaging system was designed in order to ensure a resolution, sampling
volume and a response time compliant with the ED-103 requirements - a constraint on the
compactness of the shadowgraph configuration was also considered for improving the integration
handiness but also reducing the de-icing need of the external part,

e Designing the electronics: an electronics circuit was developed for driving the LED, which generated
pulses of 25 ns duration,

e Developing the image processing software: the image processing algorithm code was written in VHDL

and Verilog - it was based on the Field-Programmable Gate Array (FPGA) technology to ensure real-

time processing,

Setting-up a breadboard experiment for testing the different parts,

Fabricating a laboratory mock-up for assessing and validating the system architecture,

Testing the sensor with calibration microspheres,

Designing the sensor housing for the IWT test campaign.

This work enabled us to achieve the design of the sensor for the IWT test campaign shown on Figure 68. It
contained an LED mounted on a PCB, a parabolic mirror for collimating the light, a telecentric objective
mounted on a high speed and high-resolution camera, an electronics board driving the LED, two windows,
some temperature probes and heating cartridges for de-icing.
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Figure 68: CAD of the AOD.

5.9.4. Laboratory Tests

The sensor design was mainly tested in laboratory. An AOD mock-up was set-up for lab testing. The tests
consisted in using calibrated bead suspended in water in a cuvette. Indeed, the polystyrene beads behave
similarly to water droplet for our sensor, are easy to handle, dilute and mix. Calibrated beads of 10, 30, 75, 90,
100 and 200um were used for testing our system. A picture obtained with our sensor can be seen in Figure
69.
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Figure 70: Diameter measured by the AOD.
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The beads size and number were measured from image acquisition followed by processing on an FPGA board.
The results can be seen in the histogram in Figure 70. The diameter of the beads could be measured with a
relatively high accuracy. Indeed, as it can be seen in Figure 71, the error on the MVD was less than 10% for
all the diameters tested but the 30 um. In this case, the error was slightly larger than the 20% recommended
by the ED-103. However, it is out of the App. O droplets diameter.

The error on the maximum measured diameter noted Dmax hereafter was much larger and reached up to 120%
for 75 um beads. This was mainly due to out-of-focus beads. However, it did not affect too significantly the
App. O discrimination capabilities as Figure 72 shows. Indeed, this graph represents the proportion of beads
detected as a bead, whose diameter is larger than 100 um. In other words, it corresponds to the beads that
could be counted as an App. O icing condition SLD. It varied from 9% for 75 pum to 21% for 90 um and reaches
almost 100% for 100 um diameter beads. It can then be concluded that, by setting the appropriate threshold
diameter to rise App. O alarm, only few false alarms could be triggered and almost all the App. O conditions
would be detected.
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Figure 71: Relative error on the MVD and Dmax measured with the AOD
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Figure 72: Number of beads detected as an SLD larger than 100 um with regard to the bead diameter.
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5.9.5. Ice Wind Tunnel Tests

Several issues related to the Covid crisis and the Safran healthcare policy led us to postpone the IWT. In
addition, successive issues with our mechanical subcontractor increased our delay and planning deviation.

A careful analysis of the AOD sensors design revealed some strong drawbacks of this technology, which
convinced us that it did not fit the market. It was then decided that this development would not be conducted
any further. It was decided to cancel the IWT test campaign.

5.9.6. Current TRL
The AOD achieved TRL3 in January 2021.

5.9.7. Short summary of further development, maturation and exploitation

A careful analysis of the AOD sensors design revealed some strong drawbacks of this technology: a poor
compactness, a large volume in the atmosphere leading to a high-power consumption for de-icing, a large
drag coefficient and a cumbersome image processing need. This technology then, did not appear as the best
candidate for Appendix O discriminator, which was confirmed by the technology assessment Made within
SENSA4ICE. It was then decided that this development would not be conducted any further.
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PFIDS is an optical ice accretion sensor able to measure Ice Accretion Rate. The PFIDS ice catch area,
highlighted by a white circle in Figure 73, is illuminated by two wavelengths, 4, and 4,, and then a contrast is
calculated by measuring the reflected light for both wavelengths. In order to determine the presence or not of
ice, this contrast value is compared to a threshold, the “ice detection threshold”.

The contrast evolution, being proportional to the ice thickness accreted on the ice catch area, is used to
evaluate the local Ice Accretion Rate, see Figure 62 where a classic example of PFIDS contrast signal is
reported.

PFIDS can detect App. C, App. O and App. D/P mixed phases, but cannot discriminate between them.
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Figure 73: PFIDS working principle.

To avoid the Ludlam limit at temperature close to 0°C, PFIDS ice catch area is cooled down in order to increase
the local freezing fraction, which tends to 1, and to force ice accretion.

After any ice detection, the PFIDS probe is heated thanks to a de-icing system in order to be ready to start a
new detection cycle.
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Figure 74: Typical PFIDS detection cycle.

PFIDS was already a TRL6 equipment at the beginning of the SENS4ICE project. Indeed, PFIDS provided
excellent detection capabilities during previous icing wind tunnel tests and several flight tests campaigns.
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5.10.3. Technical Work

In order to integrate PFIDS in HIDS a PFIDS Data Acquisition Unit was developed. It consists of a mini-
computer able to convert the PFIDS CANZ2.0 protocol to IENA protocol, the data protocol chosen for SENS4ICE
flight tests. Moreover, the Data Acquisition Unit manages PFIDS Shop Mode (software update).

During the SENS4ICE project, a new algorithm aimed to improve the accuracy of PFIDS IAR measures, in
particular for low IAR icing conditions, was developed as well. This new algorithm was used during both Ice
Wind Tunnel tests and the flight test campaign.

5.10.4. Flight Test

PFIDS participated to the North American flight test campaign with Embraer. The detector was installed on the
door of the right luggage rack of Phenom 300, see Figure 75.

L d

Figure 75: Installation of PFIDS on Phenom 300 [images Embraer/ SENS4ICE project].

This position was suggested by the Embraer team, who realized collection efficiency analyses showing that,
in this location, PFIDS would be able to detect both App. C and App. O conditions, see Figure 76.
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Figure 76: Example of water catch simulations results.

All the icing conditions encountered were detected by PFIDS.
The following figures show preliminary results of PFIDS for both App. C and App. O conditions.

In Figure 77, results of PFIDS detection for the flight 1475-leg 2 of the 23 of February are illustrated. During
this flight several App. C conditions were encountered, as demonstrated by both the MVD and LWC signals
reported in the first two subplots of the figure. PFIDS was able to detect very fast (in less than 10s) all the
conditions but the second one, since the SENS4ICE network was disconnected for about 20 minutes.
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The IAR measured by PFIDS, the black curve in the last subplot, is well correlated to LWC. Actually, accurate

comparisons are ongoing in order to properly consider the PFIDS installation factor.

Figure 78 displays PFIDS results for the flight 1476-leg 1 of the 25" of February. During this flight 5 App. O
conditions were encountered, as shown by the blue curve of the first subplot representing the MVD of the
droplets with a diameter greater than 100 um. Even in SLD conditions, PIFIDS was able to detect very fast (its
response time is again of the order of 10s) and the IAR measures are always well correlated to the LWC ones.

Please note that at the time of writing of this report, the analyses of flight test data are still ongoing in order to
evaluate the PFIDS installation factor (IF). Once this factor will be defined, it will be possible to obtain LWC
measurements from PFIDS IAR since the aircraft speed is known:
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Figure 77: PFIDS detection results for the flight 1475-leg 2 of North America flight test campaign. In the first
subplot is reported the MVD signal; in the second subplot is reported the LWC signal, in black, and the
reference Ice Flag represented by the areas filled in blue; the third subplot displays PFIDS IAR measure, in
black, and the PFIDS Ice Flag represented by the areas filled in green.

SENS4ICE, EU-funded project, Grant Agreement No 824253.

Page 78 of 114



) S SENSA4ICE Final Report (D4.4)
Dissemination level: Public

Flight 1476 legl of North America FT campaign

30 | £
=
E (=]
2 20 a
o A
:E‘: ]
10 | 2
04 I
T T T T T T T T T T T T T T T
_ 0.3 08 _
(4] 1]
E F0.6 =
é 0.2 v
Y -0.4
S 01 2
L 0.2
0.0 1 !
T T T T T T T T T T T T T T T T _O.O
- 1.0
0.8 o
[i+]
o e
< 0.6 o
g =
= -0.4 2
o o
Loz =
— 0.0
T T T T T T T T T T T T T
0 n 0 0 O o0 o0 o0 Q O o0 o0 o0
50040550040 Dpo& o |0 AR 0% 50 aqo 1{:.

e \;L"ﬂ'@'f’@'l {P\;P RS e 1"7'1561" e P L
UTC Time [hh:mm:ss]
Figure 78: PFIDS detection results for the flight 1476-leg 1 of North America flight test campaign. In the first
subplot is reported the MVD signal; in the second subplot is reported the LWC signal, in black, and the

reference Ice Flag represented by the areas filled in blue; the third subplot displays PFIDS IAR measure, in
black, and the PFIDS Ice Flag represented by the areas filled in green.

5.10.5. Current TRL
PFIDS is a TRL6 technology for liquid water icing condition detection and TRL3 for Appendix O discrimination.

5.10.6. Short summary of further development, maturation and exploitation

PFIDS was already a TRL6 detector at the beginning of the SENS4ICE project. Nevertheless, thanks to
SENSA4ICE, the performance of PFIDS, in particular in SLD conditions, was further tested and assessed.

The promising results obtained during both IWT test and the flight test campaign clear the way to further
developments that will make PFIDS able to discriminate between Appendix C and Appendix O conditions, now
a TRL3 function. In this way PFIDS will become even a better candidate for the hybrid detection approach,
since indirect detection is not able yet to discriminate between conditions.
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6. Hybrid Ice Detection Architecture including Indirect Ice
detection

Within SENS4ICE a new hybrid ice detection approach was developed in order to combine the advantages of
dissimilar ice detection technologies for more robust and reliable detection behaviour in App. C and App. O.
Direct sensing technologies mostly cover only one specific part of the icing envelope or only allow to detect
specific atmospheric parameters, but doing so in a very reliable manner. Hence, with in the SENS4ICE layered
safety approach (Figure 2), the hybridisation is one goal to success. The indirect ice detection is part of the
HIDS and allows with its specific implementation detecting performance degradations and therefore the ice
accretion (see Figure 79). With this complementary information the HIDS is not only capable of responding
very fast on encounters in icing conditions and ice formation on the sensor surfaces but also alert the flight
crew on the limited aircraft capabilities if the flight performance is significantly degraded. Hence, the HIDS
allows a next step to the loss-of-control prevention, which is the inner layer in Figure 2.

The HIDS implementation is designed to be applicable to both flight test benches used for SENS4ICE flight
test campaigns, which are very different aircraft configurations: a light business jet aircraft (Embraer Phenom
300) and a regional class turbo-prop aircraft (ATR 42). This applicability is possible through the generic
formulation of the detection methodology itself, not relying in specific information about the aircraft: the required
aircraft-specific adaption of the detection is achieved by considering the aircraft-specific reference, which is an
input to the algorithm and not part of the core implementation.

Performance
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Data Base

Detection | Indirect Ice ‘ Hybrid Ice
Algorithm Detection Abitration Bertian
\ | Algorithm

)

Figure 79: SENS4ICE Hybrid Ice Detection System overview (pictures credit DLR / Embraer / SAFIRE).

The following subsections provide an overview of the SENS4ICE hybrid and indirect ice detection approach.
For a more detailed description please refer to SENS4ICE deliverable D4.2 “Final report on hybrid ice detection
development” [7].

6.1. Short Summary

Through the analysis of flight test data, the advantages of the hybrid ice detection approach are undeniable:
HIDS can guarantee an early ice detection, thanks to the fast and reliable direct ice detection technologies
developed within the SENS4ICE project, together with a continuous monitoring of the aircraft performance
during the icing conditions encounter and even after. Indeed, the indirect detection algorithm was able to detect
aircraft performance degradation due to the presence of residual ice accretion on the airframe after leaving
the icing clouds. These capabilities clear the way for the use of HIDS as a Primary Ice Detection system, since
it is based on dissimilar ice detection sources and can provide an automatic control and monitoring of the
aircraft Ice Protection Systems. Actually, the proven capability of [IDS to detect residual ice accretion on the
whole airframe provides a direct measurement of ice protection efficiency. HIDS could even enable significant
reduction in fuel consumption thanks to a more efficient use of IPS, thanks to the indirect detection, associated
to the monitoring of remaining ice.

Thanks to the flight tests campaign and the promising results obtained, the hybrid ice detection approach has
been validated during real icing conditions and may be consequentially considered TRL5, according to the
Horizon 2020 TRL definitions.
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With regards to the capabilities of DIDS and HIDS in Appendix O icing conditions, it can be pointed out that
only a small part of the envelope was encountered during the flight test campaign, mainly FZDZ. Covering the
whole Appendix O, including the rare FZRA, to properly assess the performance of the SENS4ICE
technologies, can hardly be met in a single flight campaign.

Additional research is thus necessary in order to further mature the hybrid approach in Appendix O conditions,
as well as, to improve such technology on a system level. Indeed, all the aspects linked to safety issues,
implementation of the IIDS/HIDS algorithm within aircraft avionics, etc., were out of the scope of SENS4ICE
project. Nevertheless, all these subjects will be crucial to address HIDS airworthiness.

HIDS allows to combine the direct ice detection, provided by the DIDSs installed outside the aircraft, which
measures directly the local air flow characteristics and/or the ice accretion on a specific surface, and the
indirect detection, provided by the IID, which evaluates the effect of ice accretion on aircraft flight performance.

During the flight test, the HIDS main functions were:

1. Toinitialize IID with some data not available through the A/C network, i.e. A/C weight, CG position,
Fuel weight, before the take-off;

2. to collect in real time all the aircraft data transferred through the FTI network in order to feed the
11D algorithm;

3. tocollect DIDS outputs, standardize each data format,

4. to run the IID algorithm,

5. to combine direct and indirect detection, via an internal function called Arbitration, in order to
provide a synthetic and optimized ice detection information.

HIDS Arbitration function aims to extract a single, consistent output by coupling Indirect Detection with each
Direct detector. As displayed in Figure 80, this function takes as input Direct and Indirect detection outputs,
defines the validity on these two signals by considering the status of the detection sources, checks for
inconsistencies, and combines them by considering A/C characteristics in icing conditions.

The Arbitration function, indeed, will raise an Ice Flag, only if TAT < TAT,,, where TAT,, is the maximum TAT
at which ice accretion is possible on the airframe (for SENS4ICE FT, TAT,,. = 5°C for Embraer and , TAT,, =
10°C for ATR/SAFIRE), and thanks to direct detection IAR or LWC measurements, can provide an ICE
SEVERITY signal based on specific thresholds provides by the A/C manufacturer. For SENS4ICE tests,
standard thresholds were used:

- SEVERE ICE if IARpips > 7.5 cm/h (=1.25 mm/min)
- SEVERE ICE if LWCbips > 1.2 g/m3

Since direct detection shall guarantee an early detection, while indirect detection needs a certain ice accretion
on the airframe, the Arbitration function can provide the detection outputs after a certain delay, At , in order to
wait for 11D detection confirmation. This could reduce direct detection false alarms and warn the pilot only if a
performance degradation that could put in danger the A/C safety is detected. This At can be a fixed value, or
can be evaluated automatically by the HIDS if the DIDS can provide an accurate measure of the IAR and the
maximum admissible ice thickness on the airframe, 7,4y, is known:

At = (tmax —X% tmax )_
IARpIDS
Note that during the SENS4ICE flight test campaigns, the arbitration function combined separately each DIDS
installed on the A/C with IID.
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Figure 80: Schematic representation of HIDS Arbitration function.

On the SAFIRE ATR 42, HIDS had to guarantee two more functions:

1. To record all the project level (“public”) data, shared with the SENS4ICE consortium and used to
perform the presented analyses;

2. To convert the aircraft data coming from ATR FDAU and SAFIRE FTI unit into the SENS4ICE
IENA format, used for the North American flight test campaign. For more details on the SAFIRE
ATR 42, see Ref. [1].

Actually, in order to limit the difference between Embraer and ATR HIDS demonstrator, on SAFIRE ATR 42
was installed the HIDS-PC: a PC with a software developed by SAFRAN able to perform the A/C data
decoding, also used for data recording.

Moreover, the software installed on HIDS-PC was also used to monitor and display in real time HIDS/IID and
DIDSs outputs, as well as A/C data. This last function of HIDS-PC turned out to be a real asset for European
flight test campaign since it allowed the SENS4ICE partners participating to the flight test campaign to easily
obtain real time information during the flight and to do in-situ cross-comparisons between different sensors.

Figure 81 shows the HIDS installed on SAFIRE ATR 42 on the left, and the HIDS-PC interface on the right.

\ Wil =" —a=.

_ e - © © B

Figure 81: ATR HIDS, on the left, and HIDS-PC user interface, on the right [images SAFRAN/ SENS4ICE
project].
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For the North American flight test campaign, data recording and HIDS/IID and DIDS monitoring were operated
by Embraer flight test engineers.

The overall behaviour of HIDS during the two flight test campaigns was very promising: HIDS was always able
to receive and provide data through the A/C network, IID was always well initialized before the take-off, and
all the encountered icing conditions were detected thanks to the combination of direct and indirect detection.

Regarding data recording during the European flight test campaign, no problem was detected and the data
were properly stored and shared with the involved partners.

In the following 88, detailed analyses of the selected flights are provided.

6.2.1. Specific Implementation during the North American Campaign

The experimental prototype of Phenom 300 was equipped with four different DIDS that were tested and used
for hybridisation: Aerotex AIP, Collins IDS, Honeywell SRP and SAFRAN PFIDS, together with HIDS/IIDS.
The basic HIDS architecture for this flight test campaign is given in Figure 82.
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Figure 82: Basic HIDS architecture for North American flight tests.

6.2.2. Specific Implementation during the European Campaign

The SAFIRE ATR 42 environmental research aircraft was equipped with different direct sensors, of which only
the following were used for hybridisation: INTA FOD, DLR LILD and ONERA AMPERA. The basic HIDS
architecture for this flight test campaign is given in Figure 83.
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Figure 83: Basic HIDS architecture for European flight tests.

6.3. Indirect Ice Detection Algorithm and Implementation

Within SENS4ICE the “indirect ice detection” (1ID) was further developed and matured and is one important
project pillar. It is a novel methodology and system for the on-board surveillance of aircraft flight performance
used for ice detection purposes. It was originally formulated and presented as a performance-based ice
detection methodology, e.g., in Ref. [3]. It utilizes the effect of aircraft performance degradation due to ice
accretion. The idea of the IID is not restricted to an application on large transport aircraft but can also enable
a reliable ice detection for aircraft systems, such as small UAV, which currently have no ice detection system,
but operate in hazardous environments with very different icing conditions.

One major effect of aircraft ice accretion is a significant drag increase due to surface roughness changes,
parasitic influence of ice protuberances, and local flow separation. Another effect of icing is a change of the
aircraft lift behaviour, causing e.g., earlier or more abrupt flow detachment with increasing angle of attack
and/or a reduction in aircraft lift slope. Both together significantly alter the aircraft flight performance which can
be monitored during flight. Figure 84 illustrates the typical icing-induced change of the lift and drag curves as
generally described, e.g., in the AGARD report 344 [4]. Icing will also change the aircraft's flight dynamics
(e.g., pitching and rolling moment). In addition, the control characteristics are negatively affected by icing and
change the aircraft dynamics differently according to the specific occurrence of ice accretion. But these
changes are very difficult to detect during flight, for what the IID relies on the icing-related change of aircraft
flight performance [3].
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Figure 84: Expected icing influence on aircraft aerodynamics (lift and drag coefficient); adapted from [4].

Hence, aircraft flight performance monitoring can provide crucial information to the pilots about the current
(limited/degraded) aircraft capabilities while only requiring the sensor information that is available on all modern
airliners and business jets. The advantage of the developed methodology is that it relies only on the change
in flight performance (i.e. steady flight states) contrary to the many failed attempts (see for detailed information
about this in Ref. [3]) based on the estimation of changes in the aircraft's dynamic behaviour or a combination
of both. The change/degradation in the flight performance is an indicator of ice accretion that is both robust
and highly available: unlike the approaches based on the detection of changes in the aircraft dynamical
behaviour, it can be used also during steady flight conditions (most of an operating flight) and can detect icing
effects significantly before entering into stall. Although other direct ice measuring approaches for the detection
of icing conditions or ice accretion on the airframe could deliver a partly similar information, the indirect
detection using the performance monitoring approach would not require (potentially costly) modifications of
existing and future aircraft. It is important to highlight that the method within the 11D is focused on the flight
performance changes without any specific need for additional dynamic aircraft excitations. Such an excitation
is not acceptable during normal operations and especially not when flying with an aircraft that has a reduced
(unknown) maximume-lift angle of attack due to icing.

The basic assumption for the indirect ice detection using performance monitoring is the possibility to
discriminate between (very slow and low) performance variation of a single aircraft over lifetime in service (or
within a fleet of same type) and the (much faster) performance variation caused by icing. Factors causing the
flight performance variations across airplanes from the same type are for example:

production tolerances,

aircraft skin repairs,

aircraft skin contamination (e.g., dirt),
engine aging causing reduced efficiency, or
engine contamination.

The aircraft flight performance can be seen as follows:
Flight Performance = Nominal Aircraft Performance + Expectable Variation + Variation to be detected

whereby the “Expectable Variation” part gathers the effects mentioned previously and the “Variation to be
detected” is subject to the indirect ice detection approach. The first step is to determine the typical and most
extreme flight performance variation (“Expectable Variation”) encountered during regular airline operations
(due to a real performance variation or sensor errors).

The basic idea of the herein-proposed detection method is to compare the current (possibly ice-influenced)
aircraft flight performance characteristics with a known reference, as schematically represented in Figure 85.
The flight performance can be formulated as a power imbalance (change of total energy) E,,, in both cases
(current state and reference), which allows to represent the changed aircraft characteristics in only one
significant value and reduces the detection module complexity. Moreover, it combines the influences of
aerodynamics and engines on the aircraft performance.
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Figure 85: Basic principle of the IID method based on the aircraft power imbalance.

The power imbalance E,,, is analytically derived through
. . 1 . . )
Eror = Vras Vras - Mac +E'V72AS'mAC+g'H'mAC+g'H'mAC

with the altitude change (with respect to time) H referenced to the surrounding air and the speed change (with
respect to time) V4. Note that the gravitational acceleration is assumed to be constant and its variation with
time can be neglected for the calculation of the power imbalance. The following scaling/conversion of this
power imbalance into an equivalent drag coefficient variation according to Ref. [3] is used:

Etot,ref - Etot
Vras - q-S

This nondimensional value is well comparable to a predefined threshold and indicates an abnormal
performance variation when exceeding the threshold value, independent from any flight point. Moreover, it is
well interpretable in terms of aerodynamics and flight mechanics by aerospace engineers and allows a direct
assessment of the magnitude of aerodynamic degradation caused by icing within the 1ID. The equivalent drag
coefficient is calculated by comparison of the current determined power imbalance E,,. and a predefined
reference value Ei, ;. The latter is a function of certain aircraft flight parameters like altitude, speed and load
factor, the aircraft configuration (e.g. mass, high lift system configuration) and propulsion system state. In Ref.
[7] a description of the development of the performance reference for the two flight test benches is given.

ACy =

The equivalent drag coefficient is well comparable to a predefined threshold value and indicates an abnormal
performance variation when exceeding. This is further independent from any flight point. Note that a drag
coefficient value is well interpretable in terms of aerodynamics and flight mechanics by aerospace engineers
and allows a direct assessment of the magnitude of aerodynamic degradation caused by icing. Within the IID,
this drag coefficient is normalized with the aircraft's zero-lift drag coefficient and compared to a predefined
threshold of 10%°. Note that in the nominal case, the additional drag coefficient is zero and there is no relative
change to the normal drag condition.

The indirect ice detection is implemented as a modular set of functions, including the core detection algorithm,
the required data pre-processing and a subsequent detection result filtering to prevent false detections. The
filtering also helps to achieve the necessary system robustness and reliability. Within SENS4ICE, the indirect
ice detection is part of the HIDS and allows with its specific implementation detecting performance
degradations and therefore the ice accretion on the two very different testing aircraft (see Figure 79). This is
possible through the generic formulation of the detection methodology itself, not relying on specific information
about the aircraft: the required aircraft-specific adaption of the detection is achieved by considering the aircraft-
specific reference, which is an input to the algorithm and not part of the core implementation. With regard to a
highly adaptable use of the IID for different aircraft types, this formulation of the detection methodology is a
significant advantage for prototyping the specific system implementation compared to more integrated
approaches. Such implementations would require more specific information about the aircraft inside the core
detection algorithm. Hence, there are still several needs for adjustments inside the IID for a specific aircraft
type, which concern:

1. the flight data pre-processing,
2. the flight performance reference data base,
3. theindirect ice detection threshold and confirmation times,
4. the detection reliability conditions.
which are further detailed below.

° During the European flight test campaign, a threshold of 15% was used, but changed to 10% during the
post flight data evaluation because the IID outputs were more robust to variations that initially expected.
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The IID is currently implemented in MATLAB®/Simulink including several parts formulated in code originating
from the SENS4ICE project partners. Basically, the methodology can be implemented in different formats
depending on the framework to run with. For SENS4ICE a very agile prototyping and dynamic testing was
required for which MATLAB®/Simulink is very handy. Furthermore, for flight testing the HIDS runs on a dSpace
MicroAutoBox in real time, and the Simulink model can be easily transferred to the hardware including a full
intellectual property protection required for several parts of the 1ID. Future exploitation will presumably provide
a code implementation running with aircraft avionic systems.

The 1ID is designed to run continuously during the whole flight and to monitor the aircraft flight performance,
and a potential degradation, independently from any specific flight phase or manoeuvre, as discussed in
Ref. [3]. This also includes considering different aircraft configurations for different settings of the high lift
system and gear extension. Nevertheless, the implementation in SENS4ICE was experimental and limited to
one aircraft configuration without flaps or gear extended because of the flight test in icing conditions being only
performed in this configuration for flight safety reasons. For all other aircraft configurations, the 1D is designed
to detect that the configuration is not reflected in the current implementation, freeze and set an unreliability
flag allowing the HIDS to discard the current 11D output. Freezing in this case allows to not load the moving
average filters with unreliable data leading to a false positive detection when the IID is reactivated after a
configuration change. A similar procedure is applied for short-term effects on the flight performance not
included in the reference flight performance data base to reduce the overall effort for calculations in the IID like
the use of speed-brakes. During these phases, the I1ID also freezes and the output unreliability is set.

DISCLAIMER: the assessment of icing severity used in this section is only for research and development
purposes based on engineering science judgement but not related to the aircraft operations.

The results of the analyses shown hereinafter are obtained by replaying offline the whole flight test scenario
by using post-processed data for the indirect detection, the microphysics and direct sensors (AlIP, SRP and
IDS).

As displayed in Figure 86 FT1476-1 was characterized by 5 IC classified as App. O encounters. The
parameters characterizing these IC, as well as the theoretical IAR and detection time are reported in Table 9.
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Figure 86: uPhysics and A/C data for FT1476-1. The red lines represent the calculated average values of
each parameters during the icing encounters. Such values are reported in Table 9.

Table 9: Characteristics of IC1, IC2, IC3, IC4 and IC 5 for FT1476-1.

IC | ICE ICE END | Duration | LWC MVD Alt [ft] SAT TAS ED103 ED103
START (uP) (uP) [g/m3] | [micron] [°C] [kts] IAR Resp
(uP) [mm/min] | time [s]

1 | 12:19:37 | 12:25:58 | 00:06:21 | 0.22 32.91 8309.41 | -9.82 17797 | 1.15 15.66

2 | 12:34:14 | 12:39:05 | 00:04:51 | 0.30 29.79 9038.41 | -11.76 175.31 | 1.52 11.85

3 | 12:46:38 | 12:51:07 | 00:04:29 | 0.33 28.97 9165.32 | -11.91 180.03 | 1.70 10.58

4 | 12:58:47 | 13:03:55 | 00:05:08 | 0.23 29.83 9008.57 | -11.00 176.47 | 1.18 15.19

5 ]13:10:58 | 13:17:51 | 00:06:53 | 0.22 26.10 8549.39 | -9.83 178.73 | 1.10 16.38

The detection signals of DIDSs and 11D are compared with the reference uP ice flag in Figure 87: the detectors
were able to detect the 5 conditions and SRP and IDS, which can discriminate between App. C and App. O,
considered the 5 encounters as App. O conditions, as displayed by Figure 88. Table 10 reports the number of
detections for each detector.

Unfortunately, during this flight Aerotex AIP faced same issues, for this reason its data are not available.

SENS4ICE, EU-funded project, Grant Agreement No 824253. Page 88 of 114




) SENSA4ICE Final Report (D4.4)

Dissemination level: Public

51 Il Ref. ICE
B |ID ICE
I PrIDS ICE

s+ I SRP ICE
B IDS ICE

c 3

]

3 2
1
0

.&Nﬁx .5“"6-& .(:-*"‘)x .x“ﬁx .'1*'5& .'59"“)-& .b.*"()x .5“5\ .(:-9"‘{;L .x“ﬁx .'1*'5& .'39"‘()3
R N Y L A A L C A C

UTC Time [hh:min:sec]

Figure 87: Ice Detection signal of DIDSs and IID for the icing encounters of FT1476-1. From the bottom to
the top: uP, 1ID, PFIDS, SRP, IDS.
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Figure 88: App O detection signals of DIDSs for the icing encounters of FT1476-1. From the bottom to the
top: uP, SRP, IDS.

Table 10: Number of icing encounters for FT 1475-1 and number of IC /App. O Flags raised by each
detector. Note that IID and PFIDS are not able to discriminate between App. C and App. O icing conditions.

uP IID PFIDS AlP SRP IDS
IC/ APP O Flags 6/5 5/- 5/- - 5/5 5/5

The response times reported in Table 11 show that DIDS are able to detect very fast each encounter, in
particular SRP detected the conditions even before the uP probe. It is interesting to note that I1ID, even if not
compliant to ED-103 response time, seems to detect App. O conditions faster than App. C, see Ref. [7].

The top plot in Figure 89 contains the altitude and indicated airspeed for the example encounter (IC3). It is
clearly visible that the aircraft was intentionally descending into the (expected) icing conditions and climbing
again out of these after a certain encounter time. The second plot (from top) shows the nominal drag estimation
(based on clean aircraft zero-lift drag) and gives a direct impression about the performance degradation. In
parallel, the IID detection output is given allowing a direct comparison of drag increase and IID detection
performance. Note that the shown data are a result of the online IID calculation within the HIDS system
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implementation directly fed with aircraft data/measurements. The third plot (from top) contains the information
about the encountered icing conditions. The measured droplet size (MVD) and liquid water content (LWC)
describe the atmospheric icing conditions (all drops, sold lines) with an additional information about the SLD
part of the conditions (dashed line). The bottom plot contains the measured static air temperature as well as
the averaged engine fan speed (left and right, assuming symmetric thrust conditions). During the descend into
the icing conditions the temperature decreases significantly and increases again after leaving the conditions,
indicating an atmospheric inversion layer. This allows a direct assessment about the icing encountered leading
to airframe ice accretion and hence a performance degradation, together with the possibility to cross-check
the detection reset with the flight through warm air and consequently de-icing. The averaged engine fan speed
is directly linked to the total engine thrust and therefore gives an information about the forces applied to the
aircraft in combination with the aerodynamic performance degradation.

During the encounter the IID was able to reliably detect the performance degradation shortly after the ice built
up started. The confirmed detection remained every time until the aircraft left the conditions and was
completely de-iced again. For these encounters, the time to restore the nominal flight performance and to reset
the detection flag took approximately the same time as the aircraft stayed in the conditions itself. This shows
the great value of the IID because it reliably indicates the aircraft degradation being eventually critical
for the aircraft operation and potentially unknown by the crew, even the icing conditions might be
already left. This is one of the keys related to the layered safety concept provided by SENS4ICE including the
HIDS approach.
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Figure 89: Time history of IID system performance during specific icing encounter from the first example
flight (February 25, 2023,12:45:49 UTC to 12:55:49 UTC): altitude and indicated airspeed (top), nominal
drag estimation and IID detection output (second plot), and MVD and LWC of encountered icing conditions

(third plot) including the indication of the amount of SLD (dashed lines), and static air temperature and
average engine fan speed (bottom); detection threshold at 10% relative drag increase; adjusted engine
thrust model behaviour.
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Table 11: 1ID and DIDSs response time for the 5 App O conditions of FT 1476-1.

IC | ICE ED103 IDICE | IID PFIDS | PFIDS SRP SRP IDS IDS
START Resp Resp. ICE Resp. ICE Resp. ICE Resp.
(uP) time [s] time wrt time wrt time wrt time wrt

upP upP upP upP

1 | 12:19:37 | 15.66 12:22:08 | 02:31 12:19:49 | 00:12 12:19:34 | -00:03 12:19:49 | 00:12

2 | 12:34:14 | 11.85 12:35:07 | 00:53 12:34:35 | 00:21 12:34:11 | -00:03 12:34:24 | 00:10

3 | 12:46:38 | 10.58 12:47:21 | 00:43 12:46:48 | 00:10 12:46:34 | -00:04 12:46:46 | 00:08

4 | 12:58:47 | 15.19 13:00:01 | 01:14 12:59:09 | 00:22 12:58:47 | 00:00 12:58:54 | 00:07

5 | 13:10:58 | 16.38 13:11:48 | go:50 13:11:16 | 00:18 13:10:59 | 00:01 13:11:11 | 00:13

Ref. ICE

11D ICE
PFIDS ICE
SRPICE
IDS ICE

ICE Detection
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Figure 90: Ice Detection signal of DIDSs and IID for IC3 of FT1476-1. From the bottom to the top: uP, IID,
PFIDS, SRP, IDS.

Figure 90 shows that, if the DIDSs ICE flags dropped once the A/C exits the icing condition, the 1IDS continued
to detect performance degradation. Actually, Embraer engineers observed that the A/C left the clouds with
moderate ice accreted on the unheated surfaces and that it entered in the new condition with still some ice.
IIDS is thus able to detect a performance degradation due to remaining residual ice.

The Arbitration function checks also the reliability of DIDS and IID, in particular it creates a new IID ICE signal,
called IID ICE Valid, based on the reliability of 1ID outputs and on the TAT value:
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e if IID outputs are reliable and TAT < 5°C =» IID ICE output is valid;
o if IID outputs are unreliable (for example when high lift devices are used and/or the lending gear is
down) and/or the TAT = 5°C => IID ICE output is not valid.

In order to keep an early ice detection and to monitor the A/C performance even when the A/C exits the icing
clouds, the Arbitration flag encloses perfectly both DIDS and IID Ice flags (for S41 FT we used At = 0): the
HIDS ICE flag is raised as soon as there is a DIDS detection and dropped when the IID ice flag drops.
Moreover, the HIDS ICE flag can be equal to 2, if based on DIDS measurements (IAR or LWC), the IC can be
considered as a severe IC, or it can assume a negative value if the encountered condition is an App O
condition. Therefore, HIDS Arbitration output (i.e. HIDS ICE flag) can assume the following values:

0: noice

1:ice

2: severe ice

negative sign: App O conditions

The HIDS Arbitration status (the last subplot in Figure 91 and Figure 92) provides some details on how the
Arbitration result has been built:

e Arbitration status = 0 = both DIDS and IID outputs are unavailable
e Arbitration status = 1 = only DIDS outputs are available and reliable
e Arbitration status = 2 =» only IID outputs are available and reliable
e Arbitration status = 3 = both DIDS and IID are available and reliable

Thanks to this approach, even if only one detection source is available, HIDS will provide ice detection
information.

Figure 91 and Figure 92 report the results of HIDS arbitration function for each couple DIDS/IID. As for the
previous flight, HIDS ICE flag encloses perfectly both DIDS and IID Ice flags.

Based on PFIDS IAR measures, the 5 conditions can be considered as severe conditions, HIDS flag = 2, see
Figure 91 on the left. For the couple SRP/IID and IDS/IID, the HIDS ice flag switches from 1 to -1, since the
two detectors classified these encounters as App. O conditions.
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Figure 91: Results of HIDS arbitration for the couple PFIDS/IID, on the left, and the couple SRP/IID, on the
right. From the top to the bottom: LWC curve and P ice flag; IID ice flag; DID IAR or LWC curve and ice
flag; DID App O flag (not available for PFIDS since it cannot discriminate); HIDS Arbitration results; HIDS

Arbitration status.
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Figure 92: Results of HIDS arbitration for the couple IDS/IID. From the top to the bottom: LWC curve and uP
ice flag; IID ice flag; IDS ice flag; IDS App O flag; HIDS Arbitration results; HIDS Arbitration status.

6.4.2. European Flight Test Campaign

A detailed evaluation of results from the European flight test campaign is given in Ref. [7]. In this section one
flight of the campaign (flight as230018) is shown and results are briefly discussed. During this flight several
icing conditions were encountered, including App C and App O conditions. The results of the analysis
presented were obtained by replaying offline the whole flight test scenario by using post-processed data for
indirect detection, microphysics and direct sensors.

In Figure 93 are reported A/C data, uP data and IID main outputs for the flight as230018. Note that for HIDS
evaluation the IID outputs obtained by considering the 10% threshold for relative drag increase are used.

Flight as230018 lasted more than 4 hours and several icing clouds were encountered as demonstrated by
RICE probe, the legacy ice accretion detector, and the uP measures. Actually, the ATR 42 flew through some
clouds characterized by the presence of SLD and Ice Crystal too.

For safety reason, SAFIRE’s pilots activated the Ice Protection System (pneumatic boots) when the A/C
entered in icing conditions and ice accretion was visible on the “visual clue” outside the cockpit windows. After
a while in icing conditions, the pilots exited the cloud by reducing the altitude in order to fly in warm air layer to
ensure a full de-icing of the aircraft. The IPS were switched off during this phase.

Such de-icing cycle occurred 8 times during the flight, see the first subplot in Figure 93.

Indeed, a good correlation between the indirect ice detections and the period of activation of the ATR 42
pneumatic boots can be observed, meaning that the indirect ice detection matches the pilots’ observations.
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Figure 93: A/C data, uP data, reference icing flags and IID outputs for the flight as230018. From the top to
the bottom: A/C altitude time history and IPS activation; Nevzorov measurements of LWC and TWC,;
Temperature time history (both SAT and TAT) and RICE reference probe ice flags; uP ice flags; IID relative
drag increase and ice flags.

In Table 12 a summary of the number of IPS systems activations (both wings and horizontal tail IPS), the RICE
reference probe detections, uP ice flags and App O flags is reported. Note that the RICE probe signals were
considered severe for the following evaluation and assessment when the ice thickness on the probe is above
0.02 inch, corresponding to engineering judgement. As already stated, because of the nature of the
encountered icing clouds, uP probes detected several very short icing encounters.

Table 12: Summary of the number of IPS activation, reference ice flags and indirect ice detection for the
flight as230018.

IPS activation RICE ice RICE severe ice | uP ice uP App O IID ice detection
detection detection detection
9 20 11 251 34 8

As illustrated in Figure 94, all the DIDSs were able to detect the icing encounters. As expected, the AMPERA
icing flags are well correlated with the uP ones, while LILD and 1ID match up the RICE signals. The FOD
detected as well several icing encounters, in agreement with the uP flags, but it was not able to hold the ice
signal and to properly detect the exit from the cloud.

In effect, the FOD detection algorithm is based on the observation of abrupt temperature changes at the sensor
surface due to the ice accretion. Thus, the exit from the icing cloud should correspond to a temperature
decrease due to the convection heat flux. During the European flight test, because of the heterogeneous nature
of the icing clouds, the temperature did not rise to its equilibrium temperature and therefore the convection
could not cause an abrupt decrease of the temperature. For this reason, FOD developers preferred to modify
the detection algorithm in order to detect each temperature changes and to display the ice presence in a
discrete manner.

Neither LILD, nor FOD, detected the presence of SLD during this flight.
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Figure 94: Ice Detection signal of DIDSs and IID for the icing encounters of flight as230018. From the top to
the bottom: RICE (reference), uP, IID, AMPERA, LILD, FOD.

For this flight, the analysis is focused on two different time intervals:

1. IC1:[14:19:00 — 14:28:00] UTC time
2. 1C2:[14:42:00 — 15:01:00] UTC time

These time intervals are characterized by two different icing encounters, detected by both RICE reference
probe and pP. The two conditions are characterized by SLD presence.

Figure 95 shows the third encounter of this flight, which had a different profile than the previous ones. This
time, the icing conditions led directly to a significant ice formation on the airframe (indicated through the jump
in the reference ice probe signal) which is directly correlated with the strong icing situation also produced by
SLDs in the air. The aircraft performance is continuously degraded until it reaches more than 50% relative drag
increase compared to the nominal value. This degradation persists although the icing situation changes to
even larger drops (see bottom plot at around 14:29 UTC). Due to the fact, that the de-icing boots were activated
during the encounter, the aircraft was protected and a further aerodynamics degradation was prevented. The
IID directly confirmed the ice formation on the airframe through the monitoring of the aircraft's flight
performance within less than a minute after the encounters started. For this encounter pictures from the
cameras indicting the airframe icing situation are available. Figure 96 show a specific view on the leading
edges of left and right wing (from below) together with the horizontal tail for different times. At 14:19:25 UTC
when the encounter started, the airframe was free of visible ice accretion. But around two minutes later and a
confirmed IID detection information, the airframe shows an icing layer which on the wings is already broken
from the active de-icing system. During the next minutes the formation does not really change in total and
although the boots allow to remove some ice, new formations built up, which then cause almost no change in
the estimated drag resulting from the IID. It is interesting to see that at around 14:29 UTC, when large drops
were encountered, the wings seem to have less ice then before — resulting in the reduction of the additional
drag estimated by the 11D between 14:29 UTC and 14:31 UTC — because of presumably a good effectivity of
the protection system. The drag rises again shortly after, where a more glaze ice looking ice formation is visible
on the aircraft (14:32:37 UTC in Figure 96), which is presumably a result of the ongoing SLD icing situation.
Anyway, this result shows that a currently present encounter might not have instantaneously a noticeable
adverse effect on the aircraft aerodynamics. Monitoring only the icing conditions might consequently not give
a correct indication on the criticality of the encounter even if the situation looks dangerous in terms of water
drops in the air, but the continuous monitoring of the ice formation and corresponding aerodynamics
degradation will give the comprehensive view on the current situation required for a safe aircraft operation.
After descending and passing through the 0°C temperature layer, the aircraft got free of ice again (14:36 UTC).
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Figure 95: Time history of 1ID system performance during specific icing encounter from the first example
flight (April 24™, 2023,14:18:20 UTC to 14:36:40 UTC): altitude and indicated airspeed (top), nominal drag
estimation and 11D detection output (second plot), ice built-up on reference accretion ice sensor and static air
temperature (third plot), and MVD and LWC of encountered icing conditions (solid line) including the
indication of the amount of SLD (dashed lines) (bottom); updated detection threshold at 10% relative drag
increase.
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Figure 96: Evolution of ice accretion on the airframe during icing encounter: camera views on left & right wing
and horizontal tail for specific moments during flight (increased brightness and contrast); corresponding to
encounter and 11D detection output given in Figure 95; credit Safire/ SENS4ICE project.
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In Figure 97 are reported for the selected time interval [14:19:00 — 14:28:00] UTC, the LWC, MVD, SAT and
TAS time histories, reference icing flags and the concentration of aspherical particles (LAS N), figure on the
left, and the ice detection of DIDSs and 11D w.r.t. the reference ones, figure on the right.

It is important to observe that the LAS N is always lower than 1/L (i.e. 1 per litre, corresponding to 0.001 per
cm?3), this means that the MVD evaluation was not affected by the presence of ice crystals, see SENS4ICE
D4.3 [8].

Average values of LWC, MVD, SAT, ALT and TAS have been used to evaluate the ED103 theoretical IAR and
response time for the encountered icing condition. This allows to compare DIDSs performances.

The detectors response time w.r.t. RICE reference probe, the legacy ice detector, for IC1 are reported in Table
13. Note that in this Table the IID response time is reported as well even if ED103 is addressed only to direct
detectors.

IID raised the icing flag 30s after the RICE reference, while all the DIDS were more sensitive and raised an ice
flag before RICE, in agreement with the P flag.

Table 13: IID and DIDSs response time for the icing encounter during the time interval [14:19:00 — 14:28:00]
UTC of flight as230018.

ED103 ED103 IAR | uP ICE RICE ICE IID Resp. AMPERA LILD Resp. | FOD Resp.
Resp. time | [mm/min] FLAG FLAG Time w.rt. | Resp.Time | Timew.r.t. | time w.r.t.
[s] [hh:min:sec] | [hh:min:sec] | RICE [s] w.r.t. RICE | RICE [s] RICE [s]
(s]
26 0.70 14:19:04 14:19:16 30s -7s -1s -7s
E — wc —-— iag ralset
Soz| — /e~ Hﬂf\f\wf\w/: o L Gpriag raised
200l = P ICE
Il RICE ICE

I 1D ICE
I AMPERA ICE
I LILD ICE

W FOD ICE

=
o
o

/\f/-\“/\ —— MVD avg = 53.603 61
A\ ™

/ —

5] . -«_/\-/"‘\'"\-\\A —— SATavg = -8.283 51

MVD [um]
%3
<}

Z e~
5 41
— —— Altavg = 12678.888 s
£ 12800 1 __V\ g
= [
3 a
o
3]

L — P e S 4

w 2204 .,,_._/—\_/—’_'A\\ —— TAS avg = 208.025
I WI 5]

I RICE Flag
Il uP Flag
1 4
S @ A

o

N
Ref. ICE FLag S
N

o

i
: |
§ 0.0005 4 ' —— LAS avg = 0.000057 :
- 1
= 4 1
z e\ 0 pP
< 0.00001 = =7 . . . . ; ; 3 - - - - - - . :
oSS S Y 1} AN Q‘\v R 4 2 3‘\ -]} -\_\ Q‘\r c) b,‘\- «l‘\- o> \5‘\- D,‘\- '5 ‘L \_ oY
ADT A Q- A 2 -7 AN ‘) () A AD \‘ 'LQ '1:\ '1:1 '1:5 '1:5 'l«b‘ ’f) ’1«6 1:\ "
N R S R RN ax'l' ISV SNV RSV, X N R S R N g R S S S SN L X

UTC Time [hh:mm:ss] UTC Time [hh:mm:ss]

Figure 97: On the right, uP, A/C data and reference ice flags during the time interval [14:19:00 — 14:28:00]
UTC of flight as230018. On the left: DIDSs, 1ID and reference ice flags during the time interval [14:19:00 —
14:28:00] UTC of flight as230018.

Similar results for the indirect ice detection can be obtained for the next encounter between 14:42:29 UTC and
15:02:39 UTC given in Figure 98 (time history plot) and Figure 99 (camera footage). During the climb to FL140
the aircraft entered icing conditions leading to an airframe ice accretion indicated by the reference icing probe.
At around 14:46 UTC, the aircraft's wings and empennage are visible free of ice, which means that ice
formation was presumably only present on the unprotected surfaces resulting in less than 10% relative drag
deviation. But, during the following climb the aircraft performance was notably degraded and the 11D correctly
announce the performance loss. At 14:49:15 UTC the wings’ leading edges had some ice formation
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corresponding to the around 25% increase in the nominal drag estimation. The situation maintained almost
constantly in terms of ice formation and degradation until the aircraft descended after 15:00 UTC into warmer
air to remove the ice completely. Note that this encounter shows the advantage of the 11D working throughout
all flight conditions resulting in a fast and reliable information.
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Figure 98: Time history of IID system performance during specific icing encounter from the first example
flight (April 24T, 2023,14:42:29 UTC to 15:02:39 UTC): altitude and indicated airspeed (top), nominal drag
estimation and 11D detection output (second plot), ice built-up on reference accretion ice sensor and static air
temperature (third plot), and MVD and LWC of encountered icing conditions (solid line) including the
indication of the amount of SLD (dashed lines) (bottom); updated detection threshold at 10% relative drag

increase.
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Figure 99: Evolution of ice accretion on the airframe during icing encounter: camera views on left & right
wing and horizontal tail for specific moments during flight (increased brightness and contrast); corresponding
to encounter and 11D detection given in Figure 98; credit Safire / SENS4ICE project.
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In Figure 100 are reported the time histories of LWC, MVD, SAT, TAS, reference ice flag and the concentration
of aspherical particles (LAS N), figure on the left, and, the ice detection of DIDSs and IID w.r.t. the reference
ones over the time interval [14:42:00 — 15:01:00] UTC, figure on the right.

Detectors response time w.r.t RICE reference are indicated in Table 14. IC2 is characterized by a lower IAR
than IC1, this explains the higher response time of ice accretion detectors, such as LILD, FOD and IID as well.
Once again, AMPERA, which is an atmospheric sensor, guaranteed an early detection in agreement with uP

ice flag.
ED103 ED103IAR | uP ICE RICE ICE IDResp | AMPERA | LILDResp | Fop Resp
Resp. time | [mm/min] | FLAG FLAG Time wrt Resp Time | Time wrt time wrt
[s] [hh:min:sec] | [hh:min:sec] | RICE [s] wrt RICE [s] | RICE RICE [s]
[s]
60 0.30 14:42:38 14:44:03 122 -95 84 486

Table 14: 1ID and DIDSs response time for the icing encounter during the time interval [14:42:00 — 15:01:00]
UTC of flight as230018.
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Figure 100: On the right, uP, A/C data and reference ice flags during the time interval [14:42:00 — 15:01:00]

UTC of flight as230018. On the left: DIDSs, IID and reference ice flags during the time interval [14:42:00 —
15:01:00] UTC of flight as230018.

From Figure 101 to Figure 103, the results of HIDS arbitration, coupling each DIDS with 1ID, are reported.
As for the North American flight campaign, HIDS ICE flag encloses perfectly both DIDS and IID Ice flags (At=
0s) in order to guarantee an early detection based on DIDS signals, and the continuous monitoring of A/C
performances provided by 11D even after the exit from the icing clouds.

The 1ID ICE Valid signal used by the arbitration function, as explained in SENS4ICE D4.2 [7], truncates
detections above the upper limit TAT,, . In the EU campaign, this value is 10°C. Note that this limit [TAT,,]
should ideally be provided by the aircraft manufacturer, according to the aircraft performance.

Figure 101 shows a very good correlation between AMPERA TWC and Nevzorov measurements, while both
LILD and FOD provided higher IAR values than expected (theoretical) ones, see the second subplot from the
top of Figure 102 and Figure 103. Actually, for both detectors, the results of the arbitration indicates some

severe icing encounters (i.e. IAR > 1.25 mm/min).
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For FOD, the IAR is evaluated indirectly, by resolving the classical Messinger balance equation. The observed
overestimation could be due again to the heterogeneous nature of the icing clouds and a possible
overestimation of the convective heat transfer coefficient.
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Figure 101: Results of HIDS arbitration for the couple AMPERA/IID. From the top to the bottom: TWC curve
and RICE ice flag; AMEPRA TWC measurements and ice flags; IID ice flags; HIDS Arbitration results; HIDS
Arbitration status.
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Figure 102: Results of HIDS arbitration for the couple LILD/IID. From the top to the bottom: LWC curve and
RICE ice flag; LILD IAR measurements and ice flags; IID ice flags; HIDS Arbitration results; HIDS Arbitration
status.
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Figure 103: Results of HIDS arbitration for the couple FOD/IID. From the top to the bottom: LWC curve and
RICE ice flag; FOD IAR measurements and ice flags; IID ice flags; HIDS Arbitration results; HIDS Arbitration
status.

6.5. Further Development, Maturation and Exploitation

The results of the two SENS4ICE flight test campaigns are very promising: HIDS, indeed, appears to be a
more robust and reliable ice detection system than the legacy one. Association of direct sensors with the IID
makes the HIDS the only system that can perform both an early ice detection, and a continuous monitoring of
remaining ice, after leaving the icing clouds.

Moreover, direct detection may be limited because it measures only very local characteristics of the flow or
accretion, therefore global drag increase effects measured by IID can reduce false alarms and consolidate the
early detection, and can be used to alert the pilot only whenever the A/C performance is reduced by the
encounter condition. In order to properly consolidate the hybrid output the delay applied to the DIDS ice signal
to wait for the indirect ice detection confirmation shall be adjusted. This can only be done once the A/C, the
indirect ice detection and the direct ice detector performances are known. In this way, the IPS activation can
be strongly optimized. Indeed, HIDS could enable significant reduction in fuel consumption thanks to a more
efficient use of IPS, associated to the monitoring of remaining ice.
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This requires to determine the IID detection thresholds: after the confirmed detection of the performance
degradation, safety margins for envelope protection become relevant. These are subject to the individual
aircraft and must be defined accordingly. With a feedback of this information to the flight management system,
further flight operation can be planed and optimized, in order to maintain the original flight plan if possible. The
performance degradation, and respectively the drag increase further, mainly indicated the presence of ice but
does not directly allow a correlation to the ice formation itself. As the certification is mainly related to an
admissible ice formation for certified icing operations, the information about a performance degradation must
be transferred to a potentially admissible impact on flight performance for icing operations.

Probably, such an innovation in the ice protection domain will require a new certification approach, to be
developed in collaboration with the certification authorities and aircraft manufacturers.

7. Conclusions and Recommendations

7.1. TRL Progress in SENS4ICE

Significant progress was made on technology maturation during the SENS4ICE project. A summary of the TRL
progression is illustrated in Table 15. Most technologies started at low TRL, mostly TRL2-4, and made
significant progression to higher TRLs, in many cases TRL6, which is a major achievement of the SENS4ICE
project.
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Table 15: SENS4ICE technology maturation progression in terms of TRLs.

Atmospheric lcing TRL2 TRL3 TRL5 TRL5-6 TRL5-6 TRL5-6
Patches (AIP)

originally
Appendix O TRL5,
Discriminator (AOD) L L stopped ) ’ URES
at TRL3
Cloud Multi Detection
Device (CMZD) TRL5 TRL5  TRL6 TRL6 TRL6 TRL6
ocalloe ey T TRLS4 TRLS4 TRLSS TS TRS TRL3
Nowcasting TRL2  TRL3-4  TRL5 TRL5 TRL5
SO RENEE PEIIEEE | o o TRL6 TRL6 TRL6 TRL6 TRL6
Sensor (SRP)
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Direct and remote ice detection technologies particularly for SLD icing were further developed, considerably
matured and successfully demonstrated, for the direct sensors in icing wind tunnels (IWT) and for direct and
remote ice detection in natural icing conditions flight campaigns. Intense and significant coverage of relevant
icing conditions was achieved for IWT and flight campaigns including valuable SLD encounters, while the
certification envelope for Appendix O is multi-dimensional and much larger. All detection technologies
performed well during the flight demonstration and generally exhibited robust and timely ice detection
behaviour. For the satellite-based approach the evaluation of the detection tool in relevant icing conditions is
promising, suggesting that this remote approach, after further maturation, can be exploited for applications
supporting aviation meteorology. A major step for increasing technology readiness (TRL) for almost all
technologies under development was achieved. The TRL was increased up to TRL5 in several cases and even
TRL6 for many of the technologies. The demonstrated novel ice detection technologies facilitate broad and
promising applications for many different air vehicle types (including UAV, UAM and any unconventional future
air vehicles including greener aviation) and several applications including ensuring operational safety and
supporting certification activities. This is particularly the case for many of the novel technology due to low size/
low weight/ low power properties. Furthermore, the novel detection technologies support the efficiency
optimization for future smart ice protection systems. However, further research/ development/ testing in
enhanced icing wind tunnels and in natural icing conditions in flight is required for covering the full range of
App O, specifically freezing rain, for maturing icing detection and discrimination technologies and identifying
path for certification.

During the flight test campaigns in natural icing conditions with two different aircraft types, enough data about
the individual direct detectors performance as well as the indirect ice detection system was gathered in order
to make a first assessment of the hybrid approach and make some relevant conclusions.

Association of direct sensors with the indirect ice detection (aircraft performance monitoring) makes the HIDS
(hybrid ice detection system) the only system that can perform both an early ice detection, and a continuous
monitoring of remaining ice, after leaving the icing clouds.

These characteristics could make the HIDS a possible Primary Ice Detection System. As illustrated in Figure
104, HIDS could offer both the control and the monitoring of A/C IPS: when DIDS detects an icing encounter
the IPS shall be switched on, then, the indirect ice detection continuously monitors the IPS efficiency. If a
performance degradation is detected after the exit from the icing clouds, some residual ice is still present on
the airframe. This could be due to an inefficiency of IPS or to ice accretion on unprotected surfaces, for example
due to SLD or runback ice. Pilots are then aware of the real performance of the aircraft, and can apply
corrective actions if needed.

Icing conditions I
Accretion sensor —
I

time

»
»

Figure 104: Schematic activation and monitoring of IPS provided by HIDS.

The main conclusions about the HIDS can be summarized as follows:

e The coupling of each direct ice detector with the indirect ice detection algorithm, through HIDS Arbitration
function, gives extensive information on the aircraft status during an icing encounter, since it provides
details on the icing conditions, ice accretion and remaining aircraft capabilities.
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Direct and indirect ice detection are not directly comparable but complementary technologies: direct ice
detection technologies allow detecting icing conditions or local ice accretion fast and reliably, whereas the
indirect ice detection methodology uses the aircraft as a sensor and gives an information about the
performance degradation after ice formation.

Preliminary analyses of flight test data show that the direct detection technologies tested are very promising
and demonstrate a good agreement with ED103B standards, in particular regarding response time.

The indirect ice detection was able to announce the performance degradation during all icing encounters
of the SENS4ICE flight test campaigns. Although the algorithm is only reactive to conditions where the flight
performance is already degraded due to ice accretion on the aircraft surfaces, it provides a high potential
for applications where no direct sensing technology could be applied or is too complex or expensive, like
smaller aircraft of the general aviation, unmanned aerial vehicles or new advanced air mobility vehicles. It
further allows a reliable operational envelope monitoring for envelope protection and flight performance
calculations, (e.g., endurance and range) if the reserves are limited.

During flight testing, the indirect ice detection algorithm and the hybrid detection approach have shown their
advantages for application on new and existing aircraft.

Certification is mainly related to demonstration of safe operations in the icing environment or successful
sense-and-exit operations. SENS4ICE flight test results have shown that especially for SLD conditions, the
sensing with direct detection technologies is still a challenging task. Thanks to the ice detection approach
developed within SENS4ICE, which allows more comprehensive information on the encountered icing
situation and the aircraft capabilities, aircraft operations throughout the wide App. O envelope might be
possible. Nevertheless, the hybrid ice detection approach is currently not reflected by the certification rules
and this would require an agreement on acceptable mean of compliance.

With the SENS4ICE project, via the development of HIDS and the analysis of flight test campaign results, a
big step to a more comprehensive view on the aircraft icing has been done.

Based on the SENS4ICE project results, the following recommendations for future research programmes and
activities can be made:

Particularly for Appendix O/ SLD icing the conditions differed substantially for the two SENS4ICE flight
campaigns. In general, the observations of atmospheric conditions impose the need for improvements of
the physical understanding and forecasting/nowcasting capabilities:
e Further extensive data collection with enhanced icing wind tunnels and in natural icing conditions in
flight is required as sufficient data is not available today specifically for freezing rain.
A further use and analysis of obtained natural icing flight test data during SENS4ICE is required beyond
the scope of the project. This will provide valuable insights and knowledge gain for understanding of aircraft
icing, including a detailed analysis of the camera images collected during flight.
Enhancing aviation icing safety including for rare SLD conditions may involve revolutionary hybrid approach
including novel detection technologies — addressing the challenge of detecting few large droplets/ low liquid
water content:
e further research/ development/ testing of detection technologies in enhanced icing wind tunnels and
in natural icing conditions in flight required covering the full range of App O, specifically freezing rain,
o develop robust and reliable discrimination of safety relevant icing conditions (e.g., freezing
drizzle/rain),
e no clear path existing yet for certification requirements for sensor technologies (including software
algorithms).
The SLD-icing poses still challenges for conventional aircraft, but icing in general is a particularly complex
topic for future unconventional vehicles like UAV, UAM, more/all electric and any greener aviation vehicles
due to low size/weight/power solutions, for which the SENS4ICE technologies can provide solutions.
Further dedicated research and development is required for, e.g., small/ low speed/ low altitude vehicles
and atmospheric conditions, including efficient and smart IPS.
The transfer of SENS4ICE results to an arbitrary aircraft design is possible but a systematic evaluation is
mandatory in order to further exploit the technologies, specifically the hybrid ice detection approach
including the indirect ice detection. SENS4ICE developments were in close collaboration with the involved
OEMSs, which would force an even closer collaboration of OEM and ice protection system suppliers than it
is for today’s aircraft developments and certification.
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e Safe aircraft operation in icing conditions are not solely related to atmospheric icing conditions but also to
the ice formation on airframe and the corresponding degradation of flight characteristics.

o SENS4ICE showed that the impact of SLD icing in App. O must also be considered regarding the
effect on aircraft (relevant for certification) and not only detection of icing conditions.

e This changes for view on certification path/ definition acceptable means of compliance (AMC/MoC)
particularly for new aircraft designs.

e For the hybrid ice detection additional research for further maturation is still required as the technologies
are currently only tested for a relatively small part of the Appendix O envelope leaving a wide part of the
envelope not considered yet. Individual sensor technologies, indirect ice detection and the hybrid
architectures must be tested during additional flight tests to give a more comprehensive conclusions on the
approach’s capabilities and performance.

e A more complete assessment of the technologies and hybrid architectures is needed to allow a better
definition of required acceptable means of compliance for a potential system certification. SENS4ICE made
the first step in the corresponding direction which needs to be proceeded.

o ltis of high importance to better understand the actual SLD appearance during flight and the specific impact
on the aircraft flight characteristics. The latter is essential for evidence-based definition of thresholds for
the indirect ice detection and further understanding of required flight envelop protection in SLD-icing
conditions. For this, numerical simulation or ice wind tunnel testing will not be able to replace the unique
information from flight tests in natural icing conditions (particularly SLD), which are hence required in future.

Note that this is a non-exclusive list of recommendations for aircraft icing research in general. However, it
reflects the major conclusions from the SENS4CIE project.
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TRL Horizon
2020

Definitions

TRL technology
6 demonstrate
d in relevant
environment
(industrially

relevant
environment
in the case

of key

enabling

technologies

)

TRL technology
5 validated in
relevant
environment
(industrially
relevant
environment
in the case
of key
enabling
technologies

)

TRL technology
4 validated in
lab

TRL  experimental
3 proof of
concept

Appendix C
Detection

"Prototype built and
tested over 5-10
conditions within the
App C envelope in a
relevant environment
(IWT or FT).

Some calculations or
analysis should be
included to show
extension of coverage
to non-tested cases."

"Testing of key
components or
subsystems to show it
can withstand
relevant
environmental
conditions for
proposed installation
location on aircraft.

Could also be testing
of a full detector
system but only in
part of the set of
required
environmental
conditions”

"Build of prototype for
lab testing;
demonstration of
detection of icing
conditions (e.g.
droplets, LWC, etc) or
ice accretion over
several conditions (3-
5) within the App. C
envelope.

Some calculations or
analysis should be
included to show
extension of coverage
to non-tested cases."

Build of prototype for
lab testing;
demonstration of
detection of icing
conditions (e.g.
droplets, LWC, etc) or

Appendix O [FZDZ
only] Detection

"Prototype built and
tested over 3-5
conditions within the
App O [FZDZ only]
envelope in a relevant
environment (IWT or
FT).

Some calculations or
analysis should be
included to show
extension of coverage
to non-tested cases."

"Testing of key
components or
subsystems to show it
can withstand
relevant
environmental
conditions for
proposed installation
location on aircraft.

Could also be testing
of a full detector
system but only in
part of the set of
required
environmental
conditions”

"Build of prototype for
lab testing;
demonstration of
detection of icing
conditions (e.g.
droplets, LWC, etc) or
ice accretion over at
least 2 conditions
within the App. O
[FZDZ only]
envelope.

Some calculations or
analysis should be
included to show
extension of coverage
to non-tested cases."

Build of prototype for
lab testing;
demonstration of
detection of icing
conditions (e.g.
droplets, LWC, etc) or
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Appendix O [FZDZ only]
Discrimination

"Prototype built and tested
over 3-5 conditions within the
App. O [FZDZ only] envelope
and 5-10 conditions within the
App. C envelope in a relevant

environment (IWT or FT).

This should include at least
two test points where the size
distributions of App. C and
App. O [FZDZ only] overlap.

Some calculations or analysis
should be included to show
extension of coverage to non-
tested cases."

"Testing of key components or
subsystems to show it can
withstand relevant
environmental conditions for
proposed installation location
on aircraft.

Could also be testing of a full
detector system but only in
part of the set of required
environmental conditions"

"Build of prototype for lab
testing; demonstration of
identification of icing
conditions (e.g. droplets, LWC,
etc) or ice accretion as App O
[FZDZ only]. This could be
through the detection of both
App. O [FZDZ only] vs App. C
and subsequent discrimination
or through an insensitivity to
App. C.

This should include at least
four conditions, including at
least one where the size
distributions of App. C and
App. O [FZDZ only] overlap."

"Build of prototype for lab
testing; demonstration of
identification of icing
conditions (e.g. droplets, LWC,
etc) or ice accretion as App. O
[FZDZ only]. This could be

Example: forward scatter
particle instrument for
Appendix C (e.g. DMT's
CDP)

Build of prototype; tested for
performance over 8 conditions
within the App. C size range
within an IWT and
demonstration of system
during flight test.

Testing of the photodetector
and laser (or assembly) to
show it can withstand relevant
environmental conditions for
proposed installation location
on aircraft, which is outside the
aircraft's skin.

"Build of non-environmentally
robust prototype for testing
with lab based spray nozzle or
droplet generator covering the
full App. C size range and
some of the particle density
range.

Calculations completed to
show the full particle density
range can be measured. "

Build of prototype for testing
with lab based spray nozzle or
droplet generator covering 2
conditions the App. C size
range
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TRL

TRL

Note

technology
concept
formulated

basic
principles
observed

https://ec.euro
pa.eu/researc
h/participants/
data/ref/h2020
/wp/2014 201
5/annexes/h20
20-wp1415-
annex-g-
trl_en.pdf

ice accretion over 1-2
conditions within the
App. C envelope as a
proof of concept.

Basic detector design
completed with
relevant calculations
completed

Demonstration of the
basic principles of
detecting App. C icing
conditions or ice
accretion.

ice accretion over at
least one condition
within the App. O

[FZDZ only] envelope

as a proof of concept.

Basic detector design
completed with
relevant calculations
completed

Demonstration of the
basic principles of
detecting App. O
[FZDZ only] icing
conditions or ice

accretion.
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through the detection of both
App. O [FZDZ only] vs App. C
and subsequent discrimination
or through an insensitivity to
App. C.

This should include at least
one test of an App. C condition
and at least one test of an
App. O [FZDZ only] condition."

Basic detector design
completed with relevant
calculations completed

Demonstration of the basic
principles of discriminating
App. O [FZDZ only] vs App. C
icing conditions or ice
accretion.

Basic detector design created;
scattering collection estimated
using Mie scattering theory;
required laser power / detector
efficiencies estimated

Demonstration of detection of
optical forward scatter from
liquid droplets within the App.
C size range.

http://www.dropletmeasurement.co

m/cloud-droplet-probe-cdp-2
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