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Abstract. Context: The test data generated by the icing flight test instrumentation system is proof of the aircraft’s capacity
to operate safely in-flight icing conditions, continuous or intermittent. Objective: The objective of this systematic review
is to analyze research about sensors for measuring in-flight ice particles and other types of equipment of an icing flight
test instrumentation system aiming to develop a new system test. Method: The Systematic Literature Review (SLR) is the
basis of the work. Results: 51 studies have demonstrated relevant information to support the development of a new ice
instrumentation system Conclusions: The synthesis of new technologies and sensors found it would be possible to start a
project to develop a new ice instrumentation system, being necessary to evaluate the maturity of the solutions presented.
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1. INTRODUCTION

According to analyses of the causes for the aircraft accidents in recent years, aircraft icing is a major external cause
(Cao et al., 2018). This chapter describes some elements of the problem formulation. Green (2006) used the National
Transportation Safety Board (NTSB) Accident Database and Synopses, the Federal Aviation Administration (FAA) Acci-
dents/Incidents Data System (AIDS) and the National Aeronautics and Space Administration (NASA) - Aviation Safety
Reporting System for a research about Inflight Icing accidents and Incidents from 1978 to 2002. The research (Green,
2006) shows that the event sequences were modeled of the aircraft stall followed by loss of control is the most common
occurrence, followed by hard landings.

Appiah-kubi (2011) updated the research of Green (2006) with the US inflight icing accidents and incidents from 2006
to 2010. The databases revealed 228 icing related accidents and 30 inflight icing related incidents. The analysis showed
that 40 of the accidents were related to inflight icing occurring on the wings, fuselage or control surfaces. This research
(Appiah-kubi, 2011) was determined that icing events depended more upon the use and effectiveness of ice protection
system (IPS) equipment as well as the management of ice accretion by the aircrew. Cao et al. (2018) show that aircraft
icing influences the flight safety.

This paper is organized as follows. Section 2 presents background and related work. The research methodology
adopted to conduct the SLR is presented in Section 3. The results and the analysis related to our research questions are
presented in Section 4 . Our conclusions are presented in Section 5.

2. BACKGROUND AND RELATED WORK

Concerning other related works, a search was made to search for other systematic literature reviews or literature re-
views of the development of any flight test instrumentation system. Some bases were searched with a probability of finding
a job related to Flight Test Instrumentation. The bases surveyed were the American Institute of Aeronautics and Astro-
nautics (AIAA) (https://arc.aiaa.org/), Institute of Electrical and Electronic Engineers (IEEE) (https://ieeexplore.ieee.org/
Xplore/home . jsp) and ProQuest - Aerospace Database (https://search.proquest.com/). In addition to these bases, it was
also searched for systematic literature review works on Google Scholar. The search strings used were applied to the title
of the articles. A search set for this: (flight AND test AND instrumentation AND systematic AND "literature review").
Another set of searches was: (flight AND test AND instrumentation AND literature AND review). For any of the search
options and on any basis, no results from the previous study or work related to a systematic literature review or just a
literature review for a Flight Test Instrumentation System were returned.
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2.1 In-flight Ice Formation

According to the European General Aviation Safety Team (2015), In-Flight Airframe Icing will occur on an aircraft if
liquid water hits a part of the airframe which has a temperature below freezing. European General Aviation Safety Team
(2015) also shows these environment characteristics to in-flight icing formation:

*Ice tends to form close to leading edges.
*It does not mean that the water droplets are in the solid-state in a cloud with freezing temperature and they can remain

supercooled in the liquid state until –40°C.
*The ice spreads back and is less visible below 0°C.
*Convective clouds have generally supercooled droplets.

2.2 Flight Test

According to Ward et al. (2006), flight testing piloted is an interdisciplinary process fundamental to the development
of new systems and to the advancement of aeronautical knowledge. As described by Ward et al. (2006), a full-scale
aircraft prototype for a flight test is required to demonstrate the requirement validation and all aircraft manufacturers
fly prototypes to check their design assumptions before ramp-up of production. For Kimberlin (2003), the flight testing
involves engineering disciplines and the purpose is to validate and refine the design, determine if aircraft can be operated
safely by its crew, or have data compiled from the systems, quality, and performance of the aircraft.

Kimberlin (2003) mentions that the flight test results will be compared with established requirements for flight safety
and those government organizations manage these regulations.The Federal Aviation Administration (FAA) is the gov-
ernment organization which manages flight test in the United States. Other countries have similar organizations and an
aircraft manufacturer only can sell your product if its model completed your flight test with success (Kimberlin, 2003).
The two major international governing bodies present the regions with the largest aircraft manufacturers are the FAA
in the USA and the European Union Aviation Safety Agency (EASA) for Europe. The National Civil Aviation Agency
(ANAC) is a federal regulatory agency whose responsibility is to regulate and supervise civil aviation activity in Brazil,
both concerning its economic aspects and about the technical safety of the sector.

2.3 Certification

Airbus is one of the largest aircraft manufacturers of the World and according to them (AIRBUS, 2020), Certification is
a regulatory obligation. A Type Certification is issued by a regulatory body and means that the operation and manufacture
of a specific airplane model comply with design and airworthiness requirements. AIRBUS (2020) also shows that an
aircraft operator can only operate his aircraft if the specific model has a Type Certification issued for the operation region
and the certification process have the following phases: Design review, Test review and ground tests, Test review and
flight tests, and Aircraft operators.

The Title 14 of the Code of Federal Regulations (14 CFR) Part 25 is the aircraft certification standard for the United
States whose regulatory agency is the Federal Aviation Administration (FAA) and the CS-25 is the regulation for the
European Union whose regulatory agency is the European Aviation Safety Agency (EASA) (AIRBUS, 2020). The RBAC
(Regulamento Brasileiro da Aviação Civil) 21 regulations establish the requirements to obtain the Type Certification in
Brazil by the Agência Nacional de Aviação Civil (ANAC, 2019). The Project Sense for Ice (Sense4Ice, 2020) mentions
that for the flight icing conditions operation, the aircraft manufacturer must demonstrate to the respective regulatory
agency that your aircraft model is compliant with the airworthiness requirements according to Appendix C of 14 CFR
Part 25 and the CS-25. Supercooled Large Droplets (SLD) have caused aircraft accidents over the last three decades
(Sense4Ice, 2020) and Appendix O of 14 CFR Part 25 is a new certification rule created by the regulatory agencies due to
these accidents on this atmospheric conditions. Appendix C of the 14 CFR Part 25 (FAA, 2011) defines the Atmospheric
Icing Conditions for the continuous maximum icing, intermittent maximum icing and Ice accretions parameters. Appendix
O of 14 CFR Part 25 (FAA, 2016) describes the atmospheric conditions, flight qualities performance of the aircraft, volume
diameter of supercooled large droplets, and other airworthiness requirements.

2.4 Flight Test Instrumentation (FTI)

Crounse (2005) describes that the purpose of a flight test instrumentation system is to register and recorder the data of
the flight test campaign providing access for system engineers analysis the aircraft performance. According to Eshelby
and Gregory (2000), the purpose of the flight test instrumentation system is to register the evidence of aircraft perfor-
mances during flight tests. The Flight Test Engineer (FTE) and the System engineers define the aircraft parameters and
requirements for the flight tests. Test specifications compose part of the requirements for the development of flight in-
strumentation systems. The Instrumentation engineer develops the Flight test Instrumentation design for the installation
in the aircraft. During the flight tests, the FTE evaluates the aircraft performance through the solutions and parameters
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installed in the prototype aircraft according to Crounse (2005).
Airborne Instrumentation systems can be composed of some basic components showed by Crounse (2005): many

transducers, signal conditioners, modulators, multiplexers, Test Recorders, Telemetry systems, and Special systems that
are some systems associated with special tests like aircraft’s flutter modes, icing tests, and other cases.

The Icing Instrumentation system is one of the special instrumentation systems of a prototype aircraft. The main
function of this system is to record the parameters that demonstrate the test conditions according to Appendix C and O of
CFR Part 25 / CS-25, complying with the minimum flight quality requirements. The test result is a proof of the aircraft
can operate safely on in-flight icing conditions. In general, the aircraft manufacturing companies use the solutions of these
suppliers for an Icing test campaign to certify their products: Science Engineering Associates Inc. (SEA) (SEA, 2020)
and Droplet Measurement Technologies (DMT) (DMT, 2020).

3. RESEARCH METHODOLOGY

This section presents the design and the execution of the Systematic Literature Review (SLR). The research method-
ology to conduct the SLR was based on the guidelines proposed by Kitchenham et al. (2009), Unterkalmsteiner et al.
(2012) and Mian et al. (2007). The SLR will identify gaps in the literature and provide a framework for new researches.

3.1 Review Protocol

The review protocol has a structure with the definition of research questions, search process, criteria for inclusion and
exclusion of papers, quality assessment, data extraction, data analysis, and dissemination (Unterkalmsteiner et al., 2012)
according to Figure 1.

Figure 1. Protocol adapted from Unterkalmsteiner et al. (2012)

3.2 Research Questions

The research questions (RQ) are exactly what we want to answer with the SLR based on primary studies. There are 4
questions plus 2 as sub-questions.

*RQ1: What are the ice measurement technologies developed in the last 10 years?
*RQ1.1: What kind of new methods and technologies to measuring in-flight ice droplets were researched?
*RQ1.2: What are the new sensors developed for measuring in-flight ice droplets?
*RQ2: What kind of data acquisition system was used to test in this researches?
*RQ3: What is the technological maturity of the found solutions for measuring ice droplets?
*RQ4: What are the installation requirements of the new icing sensors?
The purpose of the RQ.1 is to identify all technologies used and developed in the last 10 years about icing conditions

measurements. The purpose of the RQ1.1 is to identify the possibilities of new methods and technologies to measuring ice
droplets regardless of the stage of sensor development. The purpose of the RQ1.2 is to identify some new icing sensors in
the last 10 years. The purpose of the RQ2 is to identify the data acquisition systems used for the signal condition of icing
sensors. The purpose of the RQ3 is to identify the research and development stage of any component of a data acquisition
system. The purpose of the RQ4 is to identify requirements or ways of installing the sensors for the tests performed and
assist in decision making for selection.

3.3 Search Strategy

The selected resources chosen were American Institute of Aeronautics and Astronautics (AIAA) (https://arc.aiaa.org/),
American Meteorological Society (AMS) (https://journals.ametsoc.org/), Cranfied CERES (https://dspace.lib.cranfield.ac.uk/),
Emerald Insight - Aircraft Engineering and Aerospace Technology (https://www.emerald.com/insight/publication/issn/0002-
2667), International Council of Aeronautical Sciences (ICAS) (https://www.icas.org/Papers_previous_congresses.html),
Institute of Electrical and Electronics Engineers (IEEE) (https://ieeexplore.ieee.org/Xplore/home.jsp), NASA Techni-
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cal Reports Server (https://ntrs.nasa.gov/), ProQuest - Aerospace Database (https://search.proquest.com/),Science Direct
(https://www.sciencedirect.com/journal/aerospace-science-and-technology), and Scopus ([http://www.scopus.com).

The search strings were refined and defined based on the elements of an ice instrumentation system. The following
search string was used to search within title, abstract, and full text of the publications: ("aircraft icing" OR "droplet mea-
surement" OR "droplet sensor" OR "MVD") AND ("ice droplet" OR "ice crystal" OR "ice particle" OR "water droplet"
OR "Ice instrumentation" OR "Icing instrumentation" OR "Ice test" OR "Icing test" OR "LWC") AND ("Ice sensor" OR
"Icing sensor"). The Liquid Water Content (LWC) and the Median Volume diameter (MVD) are parameters for charac-
terizing ice condition measurements.

3.4 Inclusion and exclusion criteria

The study selection criteria were determined based on that papers should be scientific articles from journals, maga-
zines, and conferences related to flight test instrumentation.

The inclusion criteria were defined as Primary articles from the last 10 years, articles about types of equipment and
sensors for in-flight icing instrumentation, and articles related to measurement techniques of in-flight ice particles. The
exclusion criteria were defined as Secondary studies, researches until 2009, studies not related to Icing Instrumentation,
short papers (less than 4 pages), and articles related to instrumentation equipment from SEA and DMT suppliers.

3.5 Procedure for studies selection

The studies were obtained from electronic databases using the search string. AIAA returned 59 titles, AMS 9, Cranfield
CERES 13, Emerald 16, ICAS 18, IEEE Xplore 134, Nasa Technical Reports Server 24, ProQuest 48, Science Direct 73,
and Scopus 176 search results. On this Stage 1 (Table 1), the citations of this search results (570) were downloaded and
organized with the Parsifal tool. Out of 570 search results, 488 were unique according to Parsifal duplicate analysis (Stage
2 - Table 1). After reading the title and the abstract of the papers, we excluded 427 studies, based on the exclusion criteria.
After this criteria application, 61 papers remained in the selection process (Stage 3 - Table 1). After reading and analyzing
61 papers left for the full-text reading, and applied the Quality Assessment, it was obtained 51 relevant papers for data
synthesis (Stage 4 - Table 1). The detailed result of the study selection is described in Table 1.

Table 1. Stages and number of selected studies

Source Stage 1 Stage 2 Stage 3 Stage 4

AIAA 59 49 11 11

AMS 9 9 0 0

Cranfied CERES 13 13 2 2

Emerald Insight 16 15 4 4

ICAS 18 18 1 0

IEEE 134 111 17 11

NASA TRS 24 22 7 6

ProQuest 48 39 3 2

ScienceDirect 73 68 8 7

Scopus 173 144 8 8

Total 570 488 61 51

3.6 Data extraction and syntesis

The data were extracted according to Figure 5 from each of the 51 primary studies included in this SLR. During the
synthesis process, data were collected from any component of an ice instrumentation system.

3.7 Quality assessment

According to Kitchenham Kitchenham et al. (2009), the quality assessment is critical in a SLR to investigate and
classify the quality differences of differences study results. The quality assessment (QA) of the studies in the SLR was
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achieved by a scoring technique to evaluate the completeness and relevance of the selected studies. All papers were
evaluated against a set of 5 quality criteria. The quality assessment were defined as:

*QA1. Does the study answer the research questions?
*QA2. Is the research methodology explained clearly?
*QA3. Does the study explain the context in which the research was conducted and the concepts were applied?
*QA4. Is the research detail sufficient to understand all stages of development?
*QA5. Does the research demonstrate all the final results with the possibility of reproduction?
Each quality assessment question has 3 scoring options: “Yes” (score = 1), “Partially” (score = 0.5) or "No" (score

= 0). The result of the quality assessment of each research is the sum of the five scores for the quality questions of the
respective study.

3.8 Quality assessment results

The quality assessment helped in the validation of the studies. The maximum score for Quality Assessment per article
was 5. Studies were chosen with a score equal to or greater than 3. The result was that 83.6% of the 61 studies reached a
score equal to or greater than 3. As shown in the graph in Figure 2-a, the result the most repeated of the individual notes
of the articles was 3, which is the amount of 28 articles. There were no articles reaching the maximum score of 5, but 4
studies reached a score of 4.5, 11 studies were rated 4 and 9 studies with a score of 3.5. The 9 studies with score 2.5 and
1 study with score 2 were discarded for the next stage of stratification of results due to quality criteria for not having a
score equal to or higher than 3.

a) Quality Assessment b) QA Score x Quality of studies
Figure 2. Quality assessment results [The Author]

The Figure 2-b presents an analysis of the Quality Survey for each question. In an evaluation for each quality question,
QA.1 was partially attended by 60 studies, 1 study that did not meet, and no article reached the highest grade in this
question. For QA.2, 17 studies reached the maximum score and another 44 articles met partially. For QA.3, 29 studies
answered completely and 32 studies answered partially. For QA.4, 35 articles answered completely and another 26 studies
answered partially. QA.5 has been fully answered by 11 studies and partially by 49 studies. QA.1 was the only question
where no article completely answered, demonstrating that there was no article that completely answered all the research
questions. During the research of other systematic reviews of the literature on the ice test instrumentation system, no
related studies were found in the researched databases.

3.9 Theats to validity

Information on specifications essential to the full functioning of the device may be lacking, compromising the re-
production of results. Due to not finding previous systematic literature reviews, the sources of research were expanded,
but technical reports and patent searches were not included. They were also not compared if any of these studies were
patented. Because it is a high-tech and strategic issue for companies, it may be that developed products have become
patents.

4. RESULTS AND ANALYSIS

This section describes the results of the SLR. The answers to each research question will be discussed separately. The
selection process resulted in 61 studies that met the inclusion criteria and we extracted the data following the extraction
form described in the Table 1 of the 51 most relevant studies after the quality assessment had been applied. The results
are presented by an overview of general findings and analysis for each research question.

4.1 Overview of the studies

The selected studies were published between 2010 and 2020. In Figure 3-a, it is present the number of studies by year
of publication. According to the inclusion criterion, studies from the last 10 years were selected. Figure 3-a shows that
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a) Studies by year of publication
b) Countries of Author’s studies

Figure 3. Studies analysis [The Author]

a) Selected studies b) Research database analysis in the Stage 1
Figure 4. Database analysis [The Author]

there are no articles identified in 2012 and most studies are concentrated in the last 5 years. In 2010 there was 1 study, 3
studies in 2011, 6 studies in 2013, 3 studies in 2014, 4 studies in 2015, 6 studies in 2016, 5 studies in 2017, 7 studies in
2018, 8 studies in 2019, and 8 studies in 2020. The last 2 years have been with the largest number of studies per year.

The distribution of studies selected was analyzed according to the author’s country. Figure 3-b shows that the studies
are spread over several countries. Austria has 2 studies, Bulgaria has 1 study, Canada has 4 studies, China has 10 studies,
France has 1 study, Germany has 4 studies, Italy has 3 articles, the Netherlands has 1 study, Norway has 1 study, Russia
has 2 articles, South Korea has 1 article, Spain has 1 article, Sweden has 3 studies, the United Kingdom has 5 articles and
the United States has 16 studies. According to this selection, the United States is the country with the largest number of
studies on the instrumentation of flight icing tests.

There were 570 studies selected in the Stage 1 after applying the search strings in the research bases (Table 1). At the
end of stage 4, 9% of the studies were accepted, 14% were duplicates and 77% were rejected. This analysis is shown in
Figure 4-a. In search of Stage 1 selection, AIAA had 10% of studies, AMS 2%, Cranfield CERES 2%, Emerald Insight
3%, ICAS 3%, IEEE 24%, NSA TRS 4%, ProQuest 8%, Science Direct 13%, and Scopus 31%. Figure 4-b shows this
analysis and the IEEE source return more studies than other research databases. In the Table 1 it is possible to observe
that the AMS and the ICAS did not have any studies selected in Stage 4 for data extraction. After Stage 4, the IEEE and
the AIAA were the research bases with the largest number of selected studies.

4.2 Research Questions analysis

The Research Questions analysis shows the correlation between the 51 selected studies and the research questions.
The references cited in each analysis demonstrates some findings that it was extracted from the respective study even if it
partially answered the question.
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4.2.1 RQ1:What are the ice measurement technologies developed in the last 10 years? RQ.1.1: What kind of new
methods and technologies to measuring in-flight ice droplets were researched? RQ1.2: What are the new
sensors developed for measuring in-flight ice droplets?

An analysis of RQ.1 and its sub-questions (RQ1.1 and RQ1.2) were made together due to complementary infor-
mation. All selected articles have some information related to these RQs. This research question can be summarized
with the following topics about sensors or ways icing measurements: Item Icing quantification and mapping, Carbon
Nanomaterial-Based material, Wind Tunnel sensors, Optical sensing, RadarDoppler Spectra, Aircraft Supercooled Icing
Model, Capacitive ice sensor, Temperature sensors, Imaging detection imaging, Electromechanical Resonant Ice Pro-
tection Systems, Embedded Temperature anti-icing, Electrothermal and eletromechanical Component, Droplet Imaging
Instrument, Icephobic mateiral, Temperarature measurment by Imaging, Ice accretion measurement by Imaging, Ul-
trasocinc guided waves, Ultrasonic Sensor, Icing scaling Method, Heaters by induction, IKP2 probe, Shadowgraph Mea-
suring, Spectroscopy, Imaging equipments for Icing tests, and Fiber optics for icing accretion measurements (Strunin and
Zhivoglotov, 2014; Thompson et al., 2017; Chang et al., 2016; Boudala et al., 2019; Bakhoum et al., 2014; Struk et al.,
2017; Boinovich et al., 2013; Lamraoui et al., 2013; Bartkus et al., 2017; Ikiades et al., 2013; Luke et al., 2010; Kong
and Liu, 2014; Cho et al., 2015; Rieman et al., 2020; Thornberg and Rydblom, 2016; Pommier-Budinger et al., 2018;
Knoll et al., 2020; Iuliano et al., 2011; Ding and Chang, 2020; Rydblom et al., 2019; Esmeryan, 2020; Struk et al., 2011;
Waldman and Hu, 2016; Soltis et al., 2015; Struk et al., 2018; Mendig et al., 2018; Shen et al., 2019; Irajizad et al., 2019;
Liu et al., 2011; Dong, 2019; Villar et al., 2019; Strapp et al., 2019; Rydblom and Thörnberg, 2016; Leitzke and Zangl,
2019; Zeng et al., 2020; Bachelor et al., 2020; Zou et al., 2013; Davison et al., 2020; Struk et al., 2013; Dong and Ai,
2013; Liu et al., 2017).

4.2.2 RQ.2: What kind of data acquisition system was used to test in this researches?

This research question can be summarized with the following topics about softwares, concepts and data acquisiton
systems for an icing instrumentation system: Lewice, PSpice/Multisim, Deep Neural Network softwares (Caffe, Tensor-
flow, Theano, and Paddlepaddle), NUAA-ICE2D, PoliMIce, LEWICE3D, LabView, C++, VC software, MATLAB 2017,
IBM Rhapdosdy, DS Simulia Dymola, Mtatworks Simulink, OpenModelica, Icing detection model, Eulerian method for
new supercooled large droplet modeling, and Decision-making system (Strunin and Zhivoglotov, 2014; Thompson et al.,
2017; Chang et al., 2016; Wang et al., 2018; Boudala et al., 2019; Bakhoum et al., 2014; Dong, 2018; Guo et al., 2016;
Zocca et al., 2017; Fujiwara et al., 2020; Ikiades et al., 2013; Kong and Liu, 2014; Thornberg and Rydblom, 2016; Iu-
liano et al., 2011; Soltis et al., 2015; Irajizad et al., 2019; Liu et al., 2011; Dong, 2019; Villar et al., 2019; Strapp et al.,
2019; Rydblom and Thörnberg, 2016; Leitzke and Zangl, 2019; Zeng et al., 2020; Bachelor et al., 2020; Zou et al., 2013;
Davison et al., 2020; Struk et al., 2013; Dong and Ai, 2013; Liu et al., 2017).

4.2.3 RQ.3: What is the technological maturity of the found solutions for measuring ice droplets?

This research question can be summarized with the following topics about test installation locations and maturity for
installation on the aircraft: CYOD airport, Wind tunnels, Laboratories, NASA Glenn’s Icing Research, NASA Glenn
Research Center’s Propulsion Systems Laboratory (PSL), Testing chamber, Fog Chamber, Icing Wind Tunnel, NRC
cascade wind tunnel, Iowa State Icing Research Tunnel, NRC Research Altitude Test Facility, YBF-02 icing tunnel,
NRC Convair 580, NASA DC-8, Convair, and A340 flight tests (Strunin and Zhivoglotov, 2014; Thompson et al., 2017;
Boudala et al., 2019; Bakhoum et al., 2014; Guo et al., 2016; Struk et al., 2017; Lamraoui et al., 2013; Zocca et al.,
2017; Fujiwara et al., 2020; Bartkus et al., 2017; Cho et al., 2015; Rieman et al., 2020; Thornberg and Rydblom, 2016;
Pommier-Budinger et al., 2018; Norde et al., 2018; Rydblom et al., 2019; Struk et al., 2011; Mendig et al., 2018; Liu
et al., 2011; Strapp et al., 2019; Rydblom and Thörnberg, 2016; Leitzke and Zangl, 2019; Zeng et al., 2020; Bachelor
et al., 2020; Zou et al., 2013; Davison et al., 2020; Struk et al., 2013).

4.2.4 RQ.4: What are the installation requirements of the new icing sensors?

This research question can be summarized with the following topics about shape of sensor or installation requirements:
Probe and Camera (Strunin and Zhivoglotov, 2014; Thompson et al., 2017; Boudala et al., 2019; Bakhoum et al., 2014;
Guo et al., 2016; Struk et al., 2017; Lamraoui et al., 2013; Sørensen et al., 2015; Armanini et al., 2016; Bansmer et al.,
2018; Ikiades et al., 2013; Luke et al., 2010; Cho et al., 2015; Rieman et al., 2020; Thornberg and Rydblom, 2016; Knoll
et al., 2020; Rydblom et al., 2019; Waldman and Hu, 2016; Mendig et al., 2018; Rydblom and Thörnberg, 2016; Leitzke
and Zangl, 2019; Zeng et al., 2020; Zou et al., 2013; Davison et al., 2020)
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4.2.5 Findings about a New Icing Instrumentation architecture

Figure 5 shows a summary of the information found in the 51 selected studies. This information is structured according
to the architecture of an ice instrumentation system and shows many possibilities of combined solutions to the integration
and development of a new in-flight icing instrumentation system.

Figure 5. New FTI architecture according research findings [The author]

5. CONCLUSION

Through research questions, it was possible to conduct the efforts and work of this research. The fact of not finding
a correlated previous work did not allow a comparison with the search results. Through RQ.1 it is also possible to verify
that none of the studies selected in the last 10 years have demonstrated all the information and specifications of a new ice
instrumentation system. There may be new technologies for measuring ice that is not mentioned in the bases surveyed
or that hold patents, and this may be due to characteristics in the aeronautical market and their protection of information.
The United States of America and China are the countries that most demonstrated studies related to ice instrumentation.
The most difficult information to find is related to the maturity of the searches. For implementation on an airplane, the
sensor will have to prove to be in a laboratory operation maturity. Few studies have demonstrated a new sensor installed
on the plane or with information on the number of hours of testing in the laboratory.

Figure 5 summarizes all technologies and sensors developed or under development based on this review. It is possible
to state that with the combination of some studies found, a proposal for a new ice instrumentation system can be developed.
There are incremental innovations in parts of the systems studied. As a next step, a product development project needs
to be structured, placing this synthesis of figure 5 as evaluation options for each component, logic, system architecture,
software, or technology mentioned. An integrated product development process will be necessary to ensure the successful
implementation of the new system.

6. ACKNOWLEDGEMENTS

The authors would like to thank all aviation professionals who supported this research.

7. REFERENCES

AIRBUS, 2020. “Airbus test programme and certification”. https://www.airbus.com/aircraft/how-is-an-aircraft-built/test-
programme-and-certification.htmlcertification. June 20, 2020.

ANAC, 2019. Cartilha com Orientação para Certificação de Projeto de Tipo. ANAC - Superintendência de Aeronaveg-
abilidade (SAR). First edition.

Appiah-kubi, P., 2011. U.S Inflight Icing Accidents and Incidents , 2006 to 2010. Master’s thesis, University of Tennessee,
USA.

Armanini, S.F., Polak, M., Gautrey, J.E., Lucas, A. and Whidborne, J.F., 2016. “Decision-making for unmanned aerial
vehicle operation in icing conditions”. CEAS Aeronautical Journal, Vol. 7, No. 4, pp. 663–675. ISSN 18695590.
doi:10.1007/s13272-016-0215-2.

Bachelor, G., Brusa, E., Ferretto, D. and Mitschke, A., 2020. “Model-Based Design of Complex Aeronautical Systems
through Digital Twin and Thread Concepts”. IEEE Systems Journal, Vol. 14, No. 2, pp. 1568–1579. ISSN 19379234.
doi:10.1109/JSYST.2019.2925627.

Bakhoum, E.G., Cheng, M.H. and Van Landingham, K.M., 2014. “Alpha-particle-based icing detector for aircraft”.
IEEE Transactions on Instrumentation and Measurement, Vol. 63, No. 1, pp. 185–191. ISSN 00189456. doi:



18th Brazilian Congress of Thermal Sciences and Engineering
November 16–20, 2020 (Online)

10.1109/TIM.2013.2275205.
Bansmer, S.E., Baumert, A., Sattler, S., Knop, I., Leroy, D., Schwarzenboeck, A., Jurkat-Witschas, T., Voigt, C., Pervier,

H. and Esposito, B., 2018. “Design, construction and commissioning of the Braunschweig Icing Wind Tunnel”.
Atmospheric Measurement Techniques, Vol. 11, No. 6, pp. 3221–3249. ISSN 18678548. doi:10.5194/amt-11-3221-
2018.

Bartkus, T.P., Struk, P.M. and Tsao, J.C., 2017. Comparisons of Mixed-Phase Icing Cloud Simulations
with Experiments Conducted at the NASA Propulsion Systems Laboratory. doi:10.2514/6.2017-4243. URL
https://arc.aiaa.org/doi/abs/10.2514/6.2017-4243.

Boinovich, L.B., Domantovskii, A.G., Emelyanenko, A.M., Miller, A.B., Potapov, Y.F. and Khodan, A.N., 2013. “Antiic-
ing performance of superhydrophobic coatings on aluminum and stainless steel”. Russian Chemical Bulletin, Vol. 62,
No. 2, pp. 380–387. ISSN 10665285. doi:10.1007/s11172-013-0049-6.

Boudala, F., Isaac, G.A. and Wu, D., 2019. “Aircraft icing study using integrated observations and model data”. Weather
and Forecasting, Vol. 34, No. 3, pp. 485–506. ISSN 15200434. doi:10.1175/WAF-D-18-0037.1.

Cao, Y., Tan, W. and Wu, Z., 2018. “Aircraft icing: An ongoing threat to aviation safety”. Aerospace science and
technology, Vol. 75, pp. 353–385. Elsevier.

Chang, S., Leng, M., Wu, H. and Thompson, J., 2016. “Aircraft ice accretion prediction using neural”. Aircraft Engineer-
ing and Aerospace Technology: An International Journal, Vol. 88, No. 1, pp. 128–136. doi:10.1108/AEAT-05-2014-
0057.

Cho, H.C., Zhi, X., Wang, B., Ahn, C.H. and Go, J.S., 2015. “DEVELOPMENT OF A CAPACITIVE ICE SENSOR
TO MEASURE ICE GROWTH IN A School of Mechanical Engineering , Pusan National University , Busan , South
Korea”. pp. 1017–1020.

Crounse, D.R., 2005. Introduction to Flight Test Engineering, Vol. 14 of Flight Test Techniques Series. RTO Publications,
Neuilly-sur-Seine, France. Chapter 6 – Flight Test Instrumentation, RTO AGARDograph 300, NATO – North Atlantic
Treaty Organisation.

Davison, C., Fuleki, D., Lynne, J., Chalmers, Y. and Galeote, B., 2020. “NRC particle detection probe : test cell to fl
ight”. Aircraft Engineering and Aerospace Technology, Vol. 92, No. 1, pp. 8–14. doi:10.1108/AEAT-11-2018-0286.

Ding, L. and Chang, S., 2020. “Evaluation of inflight deicing performance for designed electrothermal systems with
experimental verification”. Journal of Aircraft, Vol. 57, No. 1, pp. 156–166. ISSN 15333868. doi:10.2514/1.C035524.

DMT, 2020. https://www.dropletmeasurement.com/about/. June 04, 2020.
Dong, Y., 2018. “An application of Deep Neural Networks to the in-flight parameter identifi-

cation for detection and characterization of aircraft icing”. Aerospace Science and Technol-
ogy, Vol. 77, pp. 34–49. ISSN 1270-9638. doi:https://doi.org/10.1016/j.ast.2018.02.026. URL
http://www.sciencedirect.com/science/article/pii/S1270963817318242.

Dong, Y., 2019. “Implementing Deep Learning for comprehensive aircraft icing and actuator/sensor fault detec-
tion/identification”. Engineering Applications of Artificial Intelligence, Vol. 83, No. April, pp. 28–44. ISSN 09521976.
doi:10.1016/j.engappai.2019.04.010. URL https://doi.org/10.1016/j.engappai.2019.04.010.

Dong, Y. and Ai, J., 2013. “Research on inflight parameter identification and icing lo-
cation detection of the aircraft”. Aerospace Science and Technology, Vol. 29, No. 1,
pp. 305–312. ISSN 1270-9638. doi:https://doi.org/10.1016/j.ast.2013.03.012. URL
http://www.sciencedirect.com/science/article/pii/S1270963813000734.

Eshelby, M.E. and Gregory, B., 2000. Flight Test Instrumentation for Flight Test Engineers. Instrumentation Course.
Cranfield University, College of Aeronautics, Bedford, United Kingdom.

Esmeryan, K.D., 2020. “From extremelywater-repellent coatings to passive icing protection-principles, limitations and
innovative application aspects”. Coatings, Vol. 10, No. 1, pp. 1–20. ISSN 20796412. doi:10.3390/coatings10010066.

European General Aviation Safety Team, E., 2015. “In flight icing”. European Aviation Safety Agency (EASA).
<https://www.easa.europa.eu/sites/default/files/dfu/198961EASAEGASTGA10.pdf > .

FAA, 2011. “Appendix c to part 25 - airworthiness standards: Transport category aiplanes”. https://www.ecfr.gov/cgi-
bin/text-idx?node=14:1.0.1.3.11ap14.1.25.00000nbspnbspnbsp.c. ElectronicCodeofFederalRegulations(eCFR) −
June04, 2020.

FAA, 2016. “Appendix o to part 25 - supercooled large drop icing conditions - air-
worthiness standards: Transport category airplanes”. https://www.ecfr.gov/cgi-bin/text-
idx?node=14:1.0.1.3.11ap14.1.25.00000nbspnbspnbsp.o. ElectronicCodeofFederalRegulations(eCFR) −
June04, 2020.

Fujiwara, G.E., Bragg, M.B. and Broeren, A.P., 2020. “Comparison of computational and experimental ice accretions of
large swept wings”. Journal of Aircraft, Vol. 57, No. 2, pp. 342–359. ISSN 15333868. doi:10.2514/1.C035631.

Green, S.D., 2006. “A study of U. S. inflight icing accidents and incidents, 1978 to 2002”. Collection of Technical Papers -
44th AIAA Aerospace Sciences Meeting, Vol. 2, No. January, pp. 1048–1073. doi:10.2514/6.2006-82.

Guo, T., Zhu, C. and Zhu, C., 2016. “An efficient and robust ice accretion code: NUAA-ICE2D”. AUS 2016 - 2016



J. M. Domingos and P. Lourenção
In-flight icing Instrumentation System: A Systematic Literature Review

IEEE/CSAA International Conference on Aircraft Utility Systems, pp. 739–746. doi:10.1109/AUS.2016.7748151.
Ikiades, A.A., Richards, T., Howard, G. and Pfeil, M., 2013. “Detection and rate of growth of ice on aerodynamic surfaces

using its optical characteristics”. Aircraft Engineering and Aerospace Technology: An International Jour, Vol. 85, No. 6,
pp. 443–452. doi:10.1108/AEAT-11-2012-0219.

Irajizad, P., Nazifi, S. and Ghasemi, H., 2019. “Icephobic surfaces: Definition and figures of merit”. Advances in Colloid and
Interface Science, Vol. 269, pp. 203–218. ISSN 00018686. doi:10.1016/j.cis.2019.04.005.

Iuliano, E., Mingione, G., Petrosino, F. and Hervy, F., 2011. “Eulerian Modeling of Large Droplet Physics Toward Re-
alistic Aircraft Icing Simulation”. Journal of Aircraft, Vol. 48, No. 5, pp. 1621–1632. doi:10.2514/1.C031326. URL
https://doi.org/10.2514/1.C031326.

Kimberlin, R.D., 2003. Flight testing of fixed-wing aircraft. American Institute of Aeronautics and Astronautics.
Kitchenham, B., Pearl Brereton, O., Budgen, D., Turner, M., Bailey, J. and Linkman, S., 2009. “Systematic literature reviews

in software engineering - A systematic literature review”. Information and Software Technology, Vol. 51, No. 1, pp. 7–15.
ISSN 09505849. doi:10.1016/j.infsof.2008.09.009. URL http://dx.doi.org/10.1016/j.infsof.2008.09.009.

Knoll, M., Offenzeller, C., Jakoby, B. and Hilber, W., 2020. “Embedded Temperature and Anti-Icing Monitoring Systems
Directly Printed on 3D Shaped Substrates”. IEEE Sensors Journal, Vol. 20, No. 10, pp. 5314–5321. ISSN 15581748.
doi:10.1109/JSEN.2020.2971833.

Kong, W. and Liu, H., 2014. “Development and theoretical analysis of an aircraft supercooled icing model”. Journal of
Aircraft, Vol. 51, No. 3, pp. 975–986. ISSN 15333868. doi:10.2514/1.C032450.

Lamraoui, F., Fortin, G., Benoit, R., Perron, J. and Masson, C., 2013. “Atmospheric icing severity: Quantification and
mapping”. Atmospheric Research, Vol. 128, pp. 57–75. ISSN 01698095. doi:10.1016/j.atmosres.2013.03.005.

Leitzke, J.P. and Zangl, H., 2019. “Low-power electrical impedance tomography spectroscopy”. COMPEL - The international
journal for computation and mathematics in electrical and electronic engineering, Vol. 38, No. 5, pp. 1480–1492. doi:
10.1108/COMPEL-12-2018-0530.

Liu, H., Xing, Y. and Xu, L., 2011. “Icing scaling method on aircraft and verification test”. Asia-Pacific Power and Energy
Engineering Conference, APPEEC, pp. 1–5. ISSN 21574839. doi:10.1109/APPEEC.2011.5748521.

Liu, Y., Bond, L.J. and Hu, H., 2017. “Ultrasonic-attenuation-based technique for ice characterization pertinent to aircraft
icing phenomena”. AIAA Journal, Vol. 55, No. 5, pp. 1602–1609. ISSN 00011452. doi:10.2514/1.J055500.

Luke, E.P., Kollias, P. and Shupe, M.D., 2010. “Detection of supercooled liquid in mixed-phase clouds using radar
Doppler spectra”. Journal of Geophysical Research Atmospheres, Vol. 115, No. 19, pp. 1–14. ISSN 01480227. doi:
10.1029/2009JD012884.

Mendig, C., Riemenschneider, J., Monner, H.P., Vier, L.J., Endres, M. and Sommerwerk, H., 2018. “Ice detection by
ultrasonic guided waves”. CEAS Aeronautical Journal, Vol. 9, No. 3, pp. 405–415. ISSN 18695590. doi:10.1007/s13272-
018-0289-0. URL https://doi.org/10.1007/s13272-018-0289-0.

Mian, P., Conte, T., Natali, A., Biolchini, J. and Travassos, G., 2007. “A Systematic Review Process for Software Engineer-
ing”. Empirical Software Engineering, Vol. 32, No. 3, pp. 1–6. ISSN 01635948. doi:10.1145/1241572.1241584. URL
http://portal.acm.org/citation.cfm?id=1241572.1241584.

Norde, E., van der Weide, E.T.A. and Hoeijmakers, H.W.M., 2018. “Eulerian Method for Ice Crystal Icing”. AIAA Journal,
Vol. 56, No. 1, pp. 222–234. doi:10.2514/1.J056184. URL https://doi.org/10.2514/1.J056184.

Pommier-Budinger, V., Budinger, M., Rouset, P., Dezitter, F., Huet, F., Wetterwald, M. and Bonaccurso, E., 2018. “Elec-
tromechanical resonant ice protection systems: Initiation of fractures with piezoelectric actuators”. AIAA Journal, Vol. 56,
No. 11, pp. 4400–4411. ISSN 00011452. doi:10.2514/1.J056662.

Rieman, L., Guk, E., Kim, T., Son, C. and Kim, J.S., 2020. “Development of a novel multi-channel thermocouple array sensor
for in-situ monitoring of ice accretion”. Sensors (Switzerland), Vol. 20, No. 8. ISSN 14248220. doi:10.3390/s20082165.

Rydblom, S. and Thörnberg, B., 2016. “Liquid water content and droplet sizing shadowgraph measuring system for
wind turbine icing detection”. IEEE Sensors Journal, Vol. 16, No. 8, pp. 2714–2725. ISSN 1530437X. doi:
10.1109/JSEN.2016.2518653.

Rydblom, S., Thornberg, B. and Olsson, E., 2019. “Field Study of LWC and MVD Using the Droplet Imaging Instru-
ment”. IEEE Transactions on Instrumentation and Measurement, Vol. 68, No. 2, pp. 614–622. ISSN 00189456. doi:
10.1109/TIM.2018.2843599.

SEA, 2020. http://www.scieng.com/aboutus/. June 04, 2020.
Sense4Ice, 2020. “Project sense for ice, context and challenge”. https://www.sens4ice-project.eu/context-and-challenge. June

03, 2020.
Shen, Y., Wu, X., Tao, J., Zhu, C., Lai, Y. and Chen, Z., 2019. “Icephobic materials: Fundamentals, performance evalu-

ation, and applications”. Progress in Materials Science, Vol. 103, No. February, pp. 509–557. ISSN 00796425. doi:
10.1016/j.pmatsci.2019.03.004. URL https://doi.org/10.1016/j.pmatsci.2019.03.004.

Soltis, J., Palacios, J., Eden, T. and Wolfe, D., 2015. “Ice adhesion mechanisms of erosion-resistant coatings”. AIAA Journal,
Vol. 53, No. 3, pp. 654–662. ISSN 00011452. doi:10.2514/1.J053208.

Sørensen, K.L., Helland, A.S. and Johansen, T.A., 2015. “Carbon nanomaterial-based wing temperature control system for



18th Brazilian Congress of Thermal Sciences and Engineering
November 16–20, 2020 (Online)

in-flight anti-icing and de-icing of unmanned aerial vehicles”. IEEE Aerospace Conference Proceedings, Vol. 2015-June,
pp. 1–6. ISSN 1095323X. doi:10.1109/AERO.2015.7119206.

Strapp, J., Lilie, L., Ratvasky, T., Davison, C. and Dumont, C., 2019. “Isokinetic TWC Evaporator Probe: Development of
the IKP2 and Performance Testing for the HAIC-HIWC Darwin 2014 and Cayenne-2015 Field Campaigns”. American
Institute of Aeronautics and Astronautics, pp. 1–28.

Struk, P., Currie, T., Wright, W.B., Knezevici, D.C., Fuleki, D., Broeren, A., Vargas, M. and Tsao, J.C., 2011. “Fundamental
ice crystal accretion physics studies”. SAE Technical Papers, , No. May 2012. ISSN 26883627. doi:10.4271/2011-38-
0018.

Struk, P.M., Bencic, T., Tsao, J.C., Fuleki, D. and Knezevici, D.C., 2013. Preparation for Scaling Stud-
ies of Ice-Crystal Icing at the NRC Research Altitude Test Facility. doi:10.2514/6.2013-2675. URL
https://arc.aiaa.org/doi/abs/10.2514/6.2013-2675.

Struk, P.M., King, M.C., Bartkus, T.P., Tsao, J.C., Fuleki, D., Neuteboom, M. and Chalmers, J.L., 2018. Ice crystal icing
physics study using a NACA 0012 airfoil at the national research council of Canada’s research altitude test facility. ISBN
9781624105586. doi:10.2514/6.2018-4224.

Struk, P.M., Ratvasky, T.P., Bencic, T., Zante, J.F.V., King, M.C., Tsao, J.C. and Bartkus, T.P., 2017. An Initial Study of the
Fundamentals of Ice Crystal Icing Physics in the NASA Propulsion Systems Laboratory. doi:10.2514/6.2017-4242. URL
https://arc.aiaa.org/doi/abs/10.2514/6.2017-4242.

Strunin, A.M. and Zhivoglotov, D.N., 2014. “A method to determine true air temperature fluctuations in clouds with
liquid water fraction and estimate water droplet effect on the calculations of the spectral structure of turbulent heat
fluxes in cumulus clouds based on aircraft data”. Atmospheric Research, Vol. 138, pp. 98–111. ISSN 01698095. doi:
10.1016/j.atmosres.2013.10.016. URL http://dx.doi.org/10.1016/j.atmosres.2013.10.016.

Thompson, G., Politovich, M.K. and Rasmussen, R.M., 2017. “A numerical weather model’s ability to predict character-
istics of aircraft icing environments”. Weather and Forecasting, Vol. 32, No. 1, pp. 207–221. ISSN 15200434. doi:
10.1175/WAF-D-16-0125.1.

Thornberg, B. and Rydblom, S., 2016. “Droplet Imaging Instrument”. pp. 4–9.
Unterkalmsteiner, M., Gorschek, T., Islam, A.K., Cheng, C.K., Permadi, R.B. and Feldt, R., 2012. “Evaluation and mea-

surement of software process improvement-A systematic literature review”. IEEE Transactions on Software Engineering,
Vol. 38, No. 2, pp. 398–424. ISSN 00985589. doi:10.1109/TSE.2011.26.

Villar, I., Iruretagoyena, U., Cardenas, A. and Redondo, F., 2019. “Induction Application to Aircraft Ice Protection System”.
2019 IEEE Energy Conversion Congress and Exposition, ECCE 2019, pp. 4201–4206. doi:10.1109/ECCE.2019.8912552.

Waldman, R.M. and Hu, H., 2016. “High-Speed Imaging to Quantify Transient Ice Accretion Process over an Airfoil”. Jour-
nal of Aircraft, Vol. 53, No. 2, pp. 369–377. doi:10.2514/1.C033367. URL https://doi.org/10.2514/1.C033367.

Wang, J., Lu, Z. and Shi, Y., 2018. “Aircraft icing safety analysis method in pres-
ence of fuzzy inputs and fuzzy state”. Aerospace Science and Technology, Vol. 82-
83, pp. 172–184. ISSN 1270-9638. doi:https://doi.org/10.1016/j.ast.2018.09.003. URL
http://www.sciencedirect.com/science/article/pii/S1270963818308460.

Ward, D., Strganac, T. and Rob, N., 2006. “Introduction to flight test engineering, vol. 1”. Dubuque Iowa: Kendall/Hunt, pp.
101–128.

Zeng, L., Wang, H., Li, Y. and He, X., 2020. “Measurement for the thickness of water droplets/film on a curved sur-
face with digital image projection (Dip) technique”. Sensors (Switzerland), Vol. 20, No. 8. ISSN 14248220. doi:
10.3390/s20082409.

Zocca, M., Gori, G. and Guardone, A., 2017. “Blockage and Three-Dimensional Effects in Wind-Tunnel Testing of
Ice Accretion over Wings”. Journal of Aircraft, Vol. 54, No. 2, pp. 759–767. doi:10.2514/1.C033750. URL
https://doi.org/10.2514/1.C033750.

Zou, J., Ye, L., Ge, J. and Zhao, C., 2013. “Novel fiber optic sensor for ice type detection”. Measurement,
Vol. 46, No. 2, pp. 881–886. ISSN 0263-2241. doi:https://doi.org/10.1016/j.measurement.2012.09.020. URL
http://www.sciencedirect.com/science/article/pii/S0263224112003697.

8. RESPONSIBILITY NOTICE

The authors are solely responsible for the printed material included in this paper.


