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1 Executive Summary

3D scanning has established itself as new method to document the final ice accretion on test objects
(e.g. components or systems of aircraft, helicopter, and UAV) after icing wind tunnel test runs. The
final ice shapes are quite complex and can differ significantly in their size and appearance because the
icing process is influenced by many variables. To better understand the icing process and the impact
of the final ice accretion on the flight characteristics of the respective aircraft, an accurate 3D scan is
of importance. Nevertheless, special software tools are also required to process and evaluate the
generated 3D data to investigate the parameters of interest, e.g. ice thickness and ice surface
roughness.

This report provides an overview and summarizes the activities performed at the Austrian Institute for
Icing Sciences (AllS) as part of WP4 in the ICE GENESIS project.

The presented work was performed between January 2019 and December 2020 in the scope of
Task 4.5. The main objective of the task was to select and optimize a 3D scanning system for icing wind
tunnel test facilities capable to be used for experiments and different test specimen in order to
characterize the following features:

— 2D contours

— 3D ice shape

— surface roughness

— ice density (combined with weighing device)

In addition, an appropriate post-processing tool for the surface roughness evaluation of 3D scans was
developed. Due to the nature of the performed activities, this report is divided into two parts:

Part 1: Assessment and optimization of 3D scanning system

In part one different 3D scanning systems were tested and compared to identify the most suitable
device for scanning of ice shapes. Therefore, the main scanning methods, as well as the accuracy of
devices and the relevant accuracy standards were reviewed. Requirements based on the scope of
application were defined to select 3D scanners for preliminary testing. The focus of the preliminary
testing was to test the capabilities of the devices in general with an emphasis on surface roughness
measurements, handling, and data quality.

Based on the results of the preliminary testing, one 3D scanner with interchangeable laser scan unit
was selected to perform a detailed analysis of its surface roughness measurement capabilities. The
repeatability of the measurement results was investigated, and the scanning system was tested and
optimized for use in the icing wind tunnel.

Part 2: Software evaluation tool

The software tool is required to evaluate the generated 3D data and compute the parameters of
interest. In part two of the report the existing software capabilities and sample applications are
presented. Thereafter, the focus is laid on the newly added capabilities for surface roughness analysis
in 2D and 3D with a special emphasizes on the curvature-correction in 2D and 3D, as well as the
automatic codebook-vector spacing.
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Part 1: Assessment and optimization of 3D scanning system

The assessment and optimization of the 3D scanning system was performed in four phases as outlined
in Figure 1 and can be divided into research activities, preliminary testing, the detailed analysis of
surface roughness measurement capabilities and the optimization to the 3D scanning system for use

in icing wind tunnels.

requirements

Testspecimens

2
——

Tests with different

Reserach activities i ) 1 )
3D-scanning 3D-scanning
accuracy standards methods Market reserach
\ J \. J \ J
4 r h 4
'd ™ 4 Y N
1SO Photogramm etry Stationary devices
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VDINVDE Structured light Arm-based devices
\ J \ J \ J
P - ' ™\
Preliminary testing
Definition of Reference

measurement
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3D-scanners
N~/

¥

Detailed analysis of surface roughness
measure ment capabilities

Tests with selected

3D-scanner

$

Optimization of 3D-scanning system

Adjustm ent and modification of
device for scanning in IWT

Figure 1:  Overview of tasks performed within “Part 1: Assessment and optimization of 3D scanning

system”.

ICE GENESIS - H2020 - 824310

© ICE GENESIS Consortium

Page 11




D4.4 PU - Public
07/04/2021

2 Requirements

2.1 Requirements for the 3D Scanning System

Requirements were defined to identify the most suitable 3D scanning systems for ice accretion and
surface roughness measurements.

Table 1: List of requirements defined for 3D scanner selection

Certified system accuracy The overall accuracy of the 3D scanning system
should be certified by the manufacturer, the
operator, or an accredited independent 3rd party
according to standard specifications for optical
measurement systems.

Accuracy The stated system accuracy should allow to clearly
detect and identify ice shape specific features and
surface roughness.

Size of objects/ice shapes Objects, respectively ice shapes, with dimensions of
0.2 x0.2 x 0.2 mup to 3.0 x 1.0 x 1.0 m should be
scannable. The latter dimensions are typical for a
wing section or fuselage section tested in large scale
icing wind tunnels. If scanning of such large objects is
not possible, then the device and/or software should
allow to make separate scans which can be merged
to one.

Types of ice All types of ice should be scannable, with or without
the use of surface coating.

Scan rate A high scan rate is preferred to reduce time used for
scanning.
Environmental conditions The system should work under environmental

conditions occurring in icing wind tunnels without
significantly influencing scan results.

Usability Scanning should be possible under low operator
workload to reduce fatigue and to minimize errors.
Additionally, it should be possible to scan from
several perspectives without requiring new
calibration. Furthermore, skill of the scanner
operator should have a low impact on the resulting
quality of the 3D shape.

Reference targets The system should not utilize reference targets.

Output data The data should represent the surface of the ice
shape in format of a sorted point cloud.

Optical real time feedback The system should provide the operator with optical
real time feedback during the scanning process to
improve the efficiency in capturing of ice features
and help to avoid errors.

Operation time Scanning of ice shapes should not be limited by the
hardware operation time, e.g. overheating, or
undercooling of the device.

Portability The system should be portable and easy to set up.
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For the ICE GENESIS project scanning of different test objects was planned at various test facilities as

shown in Table 2.

Table 2: Test facilities and planned test objects
Test Facility Country Test object Comment
. Compatibility with CIRA
CIRA Italy 3D swept wing model IWT ensured.
MINDEF France 2D wing model Compatibility with

MINDEF IWT ensured.

Compatibility with
Cranfield University IWT
ensured.

Cranfield University United Kingdom Engine component

3D scanning in TSAGI
IWT was in discussion
during the project.
Therefore, compatibility
with TSAGI IWT
requirements were
taken into account.

2D wing model,
2D nacelle inlet model,
TSAGI Russia 3D swept wing model,
3D rescue hoist covering,

Engine component

Adaption to RTA IWT
was necessary for
development process.
Compatibility with RTA
IWT is therefore given,
although, 3D scanning
by AlIS in RTA IWT is not
part of ICE GENESIS
schedule and budgeting.

RTA Austria -

Each icing wind tunnel differs in size and characteristics concerning the icing conditions which can be
simulated. For the scanning system, the size of the wind tunnel is of importance and determines if the
3D scan must be performed from outside or from the inside of the icing wind tunnel. This can influence
the obtainable results. For example, Cranfield University has a smaller test section. Here a small scan
distance is an advantage over a large scan distance, since less space is required to perform a full scan
of the object. For such a measurement, an arm-based scanner is preferable due to the low scan
distance and high accuracy. Scanning would be performed from outside of the icing tunnel. In
comparison, CIRA has a substantially larger test section. In this case, scanning would be performed
from the inside of the icing tunnel. Here a larger scan distance and field of view allows faster scanning,
which might favor structured light and handheld scanners. However, large objects can also be scanned
with arm-based systems. The scanning process itself might take a little more time, but therefore
provides also high accuracy.

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 13



D4.4 PU - Public
07/04/2021

3 3D Scanning Methods

3D scanning as non-contact measurement technique is an established optical method used in many
applications. As part of the ICE GENESIS project, existing 3D scanning systems for the documentation
of ice shapes and their surface roughness are reviewed. The emphasis is thereby on close-range scan
systems.

The basic principle of 3D scanning is similar to classical point to point measurements. However, the
amount of generated measurement points on the object surface is substantially higher and allows a
three-dimensional digital reconstruction of the object. The available 3D scanning technologies differ
in the way of how the data is generated. The three main methods used are photogrammetry, laser
and structured light.

3.1 Photogrammetry

Photogrammetry is based on photography. When taking photographs, the three-dimensional world is
reduced to two dimensions. Photogrammetry reconverts the taken two-dimensional images into a
three-dimensional representation. The reconversion utilizes the triangulation principle. Intersecting
lines in space are used to compute the location of a point in all three dimensions 14.

W W w ®

Single Point Triangulation Multiple Point Triangulation

Figure 2: The triangulation principle is used for the determination of the location of a targeted point.
An advantage is that triangulation can be applied to multiple points at the same time.

The achievable measuring accuracy highly depends on the camera used and the quality of the pictures.
Furthermore, the size of the objects as well as the number of photographs and their position relative
to the object can have influence on the accuracy. Under ideal conditions, accuracies in the range of
0.025 to 0.050 mm can be achieved [1]. These values are comparable to the achieved accuracies by
laser based and structured light systems. The downside of this technique though is that it is impossible
to scan a transparent, reflective or very shiny object without some kind of surface preparation or
projection technique, as it works by defining exact positions of reference points on a given surface [2].
Ice accretions fall in this category and need proper coating to be scanned by photogrammetry.

3.2 Laser Scanning

3D laser scanning systems utilize a laser, which is projected from the device onto the surface of an
object. The measurement can be performed by time of flight or triangulation. The speed of light is
constant and the time of travel for the laser to hit the surface can be measured. Hence, the distance
to the object surface can be calculated. However, this method requires high frequency computing
because the time of flight is very short. For this reason, time of flight laser scanning is used for
measurements of objects from larger distances where the time of flight is longer. Triangulation based
laser scanning is applied for high accuracy scanning of smaller objects. A laser line is projected onto
the surface and captured by a camera. The surface topology changes the form of the projected laser
line and distorts it. The distortion is captured by the camera and enables the determination of the
X-, y-, and z-coordinates of the measured points on the surface. The accuracy of 3D laser scanners is
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high and consistent, because they do not depend on surface texture as photogrammetry does.
However, laser scanning systems also tend do have problems with transparent and reflective objects
as other optical measurement methods have. To obtain good results the surface must be coated.

3.3 Structured Light Scanning

3D scanning based on structured light utilizes the principle of triangulation, as photogrammetry and
laser scanning does. The way the measurement is performed, and the data is gathered differs. A
structured light scan system consists of a projector and a camera, although most times two cameras
are used per projector to improve speed of measurement and accuracy. For the measurement, a series
of alternating patterns is projected onto the object surface. The cameras capture the distortion of the
projected pattern which allows the triangulation-based calculation of surface coordinates. An
advantage of structured light 3D scanners is that the measurement is area based, as in contrast to the
line-based laser scanners. This allows fast scanning of larger objects. Main disadvantage is the time-
intensive data post-processing. Scanning of transparent, reflective objects and ice shapes requires
generally surface coating. Puffing et al. developed in [3] a method based on structured light scanning,
which, in combination with fluorescent dyes and an optimized set of optical filters, enables scanning
of ice shapes without additional surface coating. However, further investigations are required to
identify the influence of the fluorescent dye on the physical fluid properties and icing wind tunnel
spray nozzles.

It can be concluded that all presented scanning methods, respectively scan technologies, rely on the
triangulation principle for the measurement. However, the photogrammetry, laser scanning and
structured light scanning use different approaches to gather the data. The obtainable accuracies of
high-end devices are similar, though laser scanners are the most accurate. For the 3D scanning of ice
shapes surface coating must be applied, as all commercially available devices are having difficulties
with scanning of reflective and transparent objects. Photogrammetry requires an additional coating
for contrast, making the scanning process more intricate.

3.4 Coating

To obtain good results when scanning transparent, reflective, or shiny objects the object needs to be
coated. AlIS uses a custom made TiO, coating based on the mixture presented by Lee et al. [4]. For
scanning of ice shapes, the TiO; spray coating is the preferred one, as the solvent evaporates
completely during spraying at temperatures below 0 °C and does not influence the surface features of
the ice. TiO; is classified as possible carcinogenic to humans by the International Agency for Research
on Cancer (IARC). Therefore, inhalation of the spray coat should be avoided. Only a small amount of
the TiO; is required for coating in general. Nevertheless, precautious safety measures have to be
applied, e.g. good ventilation during application process and/or wearing a protective mask.

Commercial chalk sprays for coating in 3D scanning applications can also be used for coating. However,
those are not recommended for ice shape scanning, as the contained solvent does not evaporate at
temperatures below 0 °C and creates a wet film on the iced surface.
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3.5 Accuracy and Associated Standards

The accuracy of state-of-the-art 3D scanning systems is in the range of microns and enables the precise
documentation of ice accretions. Scanning of the ice generates 3D data, which is generally not only
used for documentation purposes, rather it is further processed to extract additional information. The
surface roughness of the accrued ice is of special interest because it has significant influence on
aerodynamic parameters and the ice accretion process. It is essential to know how the accuracy of 3D
scanning systems is defined, to be able to make conclusions based on the achieved results. The
accuracy of commercially available 3D scanners in Europe is described in a standardized procedure
based on ISO 10360 and the VDI/VDE 2634. VDI/VDE 2634 consists of three parts, although only Part
2 and Part 3 of the standard deal with optical measurement systems. Part 2 covers the 3D optical
measurement of objects in an elementary ,single view” measuring process [5], whereas Part 3 is
applied to the 3D optical measurement of objects using a ,multi-view” approach [6].

Since ice shapes are scanned from multiple angles and views to gather all features, it can be concluded
that Part 3 applies for the measurement of ice shapes. Though, the procedure for the definition of the
accuracy in Part 3 is very similar to the Part 2. It has to be noted that the standard applies only for the
3D optical measurement of objects utilizing the triangulation principle [6]. The determination of the
accuracy relies on the measurement of certificated and calibrated test specimen. As test specimen
defined are spheres, a dumbbell shaped specimen with spheres or a ball bar, and a gauge block [6].
Due to the novelty of the field of application, a certificated reference ice shape for calibration of the
scanning system does not exist yet. Therefore, the above-mentioned standard calibration specimens
are used. The dimensions of the specimen depend on the measuring volume of the 3D scanner.

The specimens are measured according to [6] in five categories:

e Probing error form

e Probing error size

e Sphere spacing error

e Flatness measurement error
e Length measurement error

The individual measurement errors of the categories are calculated based on a best-fit least-square
method [6] and result in the system accuracy, which is typically given in form of a 2o confidence
interval. It has to be noted, that the by the manufacturers stated accuracy is determined under ideal
conditions. The conditions in an icing wind tunnel are contrary to the ideal and outside of the
operational range defined by the device manufactures. Dust particles, illumination, mechanical
vibrations, and low temperatures may affect the results of a measurement.

The American standard for the accuracy determination, acceptance and re-verification tests is the
ASME B89.4.22:2004. The ASME procedure differs slightly from the 1SO 10360 procedure and
therefore leads also to different results. This makes it very difficult to compare scan systems based on
their stated system accuracy because the accuracies are determined differently. In [7] a comparison
between the two standards was made with a coordinate measurement arm, which is also used for
arm-based 3D scanning systems. It is stated, that a comparison of the norms ASME B89.4.22:2004 with
ISO 10360 shows that the best tool for inspecting coordinate measurement arms is the norm
ISO 10360-12, because of the widest range of identified errors during probing system test and the size
of identified errors of the length measurements [7].

It can be summarized that different types of standards and procedures exist to determine and
certificate the accuracies of 3D scanning systems. However, neither of those measurement procedures
covers surface roughness as parameter. This is an important finding and implies that the stated system
accuracies are not applicable for surface roughness. It is assumed that the minimal detectable surface
roughness is in range of the resolution of the 3D scanning device. Given that there is no data available
to support this thesis, a validation for the measurement capabilities of surface roughness with 3D
scanners was performed.
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4 Applicable 3D Scanners based on Market Research

A market research based on the defined requirements was performed to find suitable commercially
available 3D scanning systems. The focus was on high-end devices, as these generally have higher
accuracy and more features, as well as better software support. A differentiation was made between
handheld scanners and arm-based systems.

4.1.1 Handheld 3D Scanners

Handheld scanners are very mobile and are designed for scanning of small objects under one meter
or for midsize to large objects up to several meters. The accuracy is dependent on the use case. In
general, the scanners designed for small objects have a higher accuracy compared to the scanners for
larger objects. The reference of the handheld scanner is the scanned object itself. Hence, the
measurement area of the device requires overlapping with already scanned areas to not lose the
reference and position in 3D. In the case that the reference is lost, the measurement must be
repeated. The utilized technologies are structured light and/or a combination of stereo
photogrammetry [8].

A closer look was taken on the Artec Leo, Artec Eva, Artec Space Spider, FARO Freestyle 3D, Mantis F6
Smart, Shining 3D Scan X7 and the Creaform Handyscan 700. The Shining 3D Scan X7 and Creaform
Handyscan use targets [8] which are applied to the object for scanning. The advantage of targets is,
that the 3D-scanner is able to orientate itself and can identify the position relative to the object,
despite of a preceding loss of reference. However, the use of targets is not applicable to iced
structures. An overview of considered handheld 3D scanners is available in Table 3.

Table 3:

Summary of technical specifications of commercially available handheld 3D scanners from
[9], [10] and [11].

Device Artec Leo Artec Eva Artec.Space FARO Freestyle Mantis F6 Smart
Spider 3D

Scan Distance 0.35-12m 04-1m 0.2-03m 0.3-0.8 m 0.5-45m

Field of View at closest  [pYPNET RN VIS g 90 x 70 mm 270 x 360 mm 510 x 670 mm

range, HxW

Field of View at 843x527mm | 536x371mm | 180x140mm | 600x680mm | 4585x 6070 mm

furthest range, HxW

LG 6 0.25 mm 0.5 mm 0.1 mm 0.5mm 0.5 mm

up to

j:'f Point Accuracy up 0.1mm 0.1mm 0.05 mm 0.5mm 0.5mm

3D Accuracy ‘ 0.3 mm/m 0.3 mm/m 0.3 mm/m 0.8 mm/m 0.1%

Max. Frame Rate ‘ 80 fps 16 fps 7.5 fps 8 fps 8 fps

Max. Point Acquisition 4000000 pts/s 2 000000 pts/s 1 000000 pts/s 88 000 pts/s 640 000 pts/s

Weight ‘ 1.80 kg 0.85 kg 0.85 kg 0.98 kg 1.00 kg
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4.1.2 Arm-based Systems

Arm-based systems, also called scanarms, are mobile scanning systems consisting of two main parts.
They consist of a multiaxial arm assembly, usually mounted on a tripod, and a laser scanning device
which is attached to the free end of the arm assembly. The reference of the scanarm system is the
stationary center part of the device. Hence, a loss of reference during the digitalization of an object
cannot occur as long as the stationary center part is not moved. Based on this, the absolute position
of the laser head and its orientation is known during the measurement procedure. In contrast to
handheld devices, the area that can be scanned at once is limited to the measurement range, which
is directly linked to the length of the scanarm. The longer the elements of the arm assembly are, the
bigger is the measurement range. However, with increasing measurement range the system accuracy
decreases. Typical measurement ranges are from 2.0 m up to 4.5 m. The system accuracy of a scanarm
over the measurement range is the total measurement error and includes the local error of the laser
head. By comparing accuracy values from Table 3 with Table 4 it can be concluded that arm-based
scanning systems are more accurate than handheld scanners. To a similar conclusion came Lee et al.
in [4] and choose after comparison of several different scanners a Romer Absolute 7520 SI. The 7520
S| has a system accuracy of 0.058 mm (2c) over a measuring range of 2.0 m [12]. An overview of the
considered devices and their accuracies is presented in Table 4.

Table 4: Technical Specifications of most accurate commercially available arm-based systems with

different arm lengths. Table values summarized from [13], [14] and [15].

Manufacturer Nikon Hexagon Hexagon FARO
Scanarm Model MCAXx+ Absolute_ Arm 85 Absolute_ Arm 85 Design ScanArm 2.5C
Series Series

Measurement Range /
System Accuracy (2:)

2.5m/0.032 mm

2.5m/0.048 mm

2.5m/0.047 mm

2.5m/0.075 mm

3.0m/0.038 mm

3.0m/0.066 mm

3.0m/0.064 mm

3.5m/0.048 mm

3.5m/0.080 mm

3.5m/0.078 mm

3.5m/0.110 mm

Laser Model H 120 RS 5 RS 6 Prizm
Accuracy 7 um (1o) 28 um (20) 26 um (20) 30 um (20)
Point Acquisition Rate 900 000 pts/s 752 000 pts/s 1200 000 pts/s 600 000 pts/s
Points per Line (max.) 2 000 7520 4000 2 000
Line Rate (max.) 450 Hz 100 Hz 300 Hz 300 Hz
Scan Distance 80—-180 mm 115-215mm 115-215mm 80 - 150 mm
:‘::;::;ﬂ‘:aﬁ"g 0°C-50°C 5°C-40°C 5°C-40°C 10°C - 40 °C
Minimal Point Spacing 35 pum 11 pm 27 pm 40 pm
Certification ASME ISO ISO none
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5 Preliminary Tests with 3D Scanners for System Selection and
Assessment

Based on the defined requirements and considered 3D scanners five different devices from different
manufacturers were chosen for the preliminary testing. The test was performed to compare them
based on a defined measurement procedure.

The selected devices consisted of one handheld device, one stationary system and three arm-based
scanning systems as presented in Table 5.

Table 5: Selected 3D scanning systems for surface roughness measurements.
Manufacturer Technology Type
Artec structured light handheld
HP structured light stationary
Hexagon laser arm-based
Nikon Metrology laser arm-based
FARO laser arm-based

At the beginning of each test, it was tested if the 3D scanners can achieve the values stated in the data
sheet. Therefore, a gauge block with known length was scanned and compared to the results of the
respective scan. In addition, the achieved point distance was checked.

All scanners could achieve the stated values, however, for some of the devices several trials were
necessary. This can be contributed to the different software programs, as each scanner uses its own
brands scan-software, has a different user-interface, different settings, and options to choose from.
Those settings must be chosen at the beginning of the scan process and it was not always clear, which
resolution setting leads to the best result. Due to the novelty of the field of application for the
described systems, there is no recommendation for the best settings from the manufactures for the
individual scanning system components.

After scanning the gauge block, the focus was on the surface roughness measurement capabilities. As
outlined, the procedures which are used to determine the device accuracies and the values stated in
the data sheets do not include surface roughness as parameter. Hence, the data sheet values can only
be interpreted as indicators for the surface roughness measurement capabilities. To test those, three
different specimens were manufactured and scanned with each device.

5.1 Specimens

To test the surface roughness measurement capabilities of the 3D scanners, specimens were
manufactured, and a series of measurements was performed. The specimens consisted of one set of
flat acrylic glass plates, one NACA 0012 with clean leading edge and one NACA 0012 with a simulated
horn ice shape at the leading edge. The wing profiles were manufactured using CNC hotwire foam
cutting. On each of the specimens a set of ten different grades of sandpaper, ranging from coarse to
fine, was applied, as shown in Figure 3. The selected sandpapers had a granulation of 40, 80, 100, 180,
240, 320, 400, 600, 800, and 1200 in order to cover a large spectrum of roughness. The designation of
the sandpapers is related to the grain size and the unit of measurement mesh. A high granulation, e.g.
1200, stands for a small unit of measurement mesh and many small grains. In contrast, a low
granulation, e.g. 40, implies a large unit of measurement mesh with less grains, but a larger overall
grain size. Hence, the surface roughness should decrease with increasing granulation. The reasons for
choosing sandpaper for this investigation were that it is available in different grades, inexpensive and
has a good homogeneity. Furthermore, sandpaper with a granulation of 40 is used in the Certification
Specifications and Acceptable Means of Compliance for Large Aeroplanes (CS-25) to model ice surface
roughness [16]. It has to be noted, that the characteristics of sandpaper vary among type and supplier.
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The sandpaper grains are reinforced by bonding material, which are intended to be sanded away and
have the purpose of holding the grains in place. The thickness of this bonding has significant impact
on the surface roughness of the sandpaper. Hence, a comparison of roughness parameters, obtained
by different measurement approaches can only be compared for one specific sandpaper and grade for
the same supplier.

(b) (c)

Figure 3: Specimens used for the surface roughness measurements. On each type of specimen ten
grades of sandpaper ranging from coarse to fine were applied. (a) Sandpaper applied to
flat acrylic glass plates. (b) Sandpaper applied to a clean NACA0012. (c) Sandpaper
applied to a NACAO0012 with a simulated horn ice shape on the leading edge.

5.2 Software Evaluation

All specimens were scanned with the selected 3D scanners. The scans were made with the highest
possible resolution setting at room temperature (20 °C) and in equal light conditions. All point filters
in the respective scan software were deactivated and only the generated point cloud data containing
the x-, y-, and z-coordinates of each point were used as input for the software evaluation. In Figure 4
one of the point clouds obtained for sandpaper 40 is displayed.

N SN

Figure 4: Point cloud of the flat specimen with sandpaper 40 generated with an arm-based system.
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In the next step the orientation of the scanned point cloud with regard to the axes of the coordinate
system of the device was checked. The evaluation software requires that the scanned point cloud is
adjusted with the global coordinate system.

(a) (b)

Figure 5:  Repositioning of the scanned point cloud for the evaluation software. In (a) the scanned
point cloud, respectively scanned object, is displayed before adjustments. In (b) it is
aligned to axes of the coordinate system.

For the repositioning and alignment of the scanned point clouds various software solutions exist. In
Figure 5 the repositioning and alignment process was performed with the open-source software
MeshLab [17]. Additionally, cropping of the large point clouds was performed to reduce the size of the
evaluated files and computation time. For the flat specimens on acrylic glass patches of 40 x 40 mm
were used as input for the software evaluation, and for the wing specimens respective sections of the
leading edge.

The computation of the surface roughness was performed with the software evaluation tool, which is
presented in more detail in part two of this report.

5.3 Reference Measurements

To validate the results obtained by the software evaluation tool independent reference
measurements were performed.

The reference measurements consisted of a series of quantitative and qualitative measurements.

The quantitative measurements were performed by optical profilometry with an infinite light
microscope from Alicona. The device utilizes focus variation as method for optical surface roughness
measurement and is certificated according to ISO 4288 [18]. The equipment can detect normal heights
in the range of 0.01 um — 4 mm and surface roughness Sa up to 0.015 pum in the highest resolution
setting [19].

The qualitative reference measurements consisted of high-resolution close-range photography and
scanning electron microscopy. This helped to establish a better understanding of the surface topology
of the different grades of sandpaper.

In Figure 6 a high-resolution close-range photography of sandpaper 40 is shown in the left and the
corresponding measured normal heights in the right. Those are quite different, when compared to the
in Figure 7 displayed results of sandpaper 320. The photographs, as well as the figures of the measured
normal heights, indicate a clear distinction between coarse and fine sandpaper. This finding is
confirmed in Figure 8, in which the scanning electron microscopy results of sandpaper 40 and
sandpaper 320 are presented. The grain size of sandpaper 40 is multiple times the grain size of
sandpaper 320.

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 21



D4.4 PU - Public
07/04/2021

Figure 6:  Close-range photograph of sandpaper specimen 40 (left) and surface profile
measurement of normal heights in um made with optical profilometry (right).
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Figure 7: Close-range photograph of sandpaper specimen 320 (left) and surface profile
measurement of normal heights in um made with optical profilometry (right).

200 um 200 ym

Specimen 40 Specimen 320

Figure 8: Surface detail of gold-plated sandpaper specimen 40 (left) and 320 (right), captured via
scanning electron microscopy.

In addition to the obtained surface roughness values by focus variation, a 3D point cloud data for each
sandpaper was generated by the Alicona infinite light microscope. The point clouds generated with
focus variation were also analyzed with the software evaluation tool for validation purposes and
delivered the same surface roughness values as results.
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5.4 Results of General Assessment

5.4.1 Flat specimens on acrylic glass

The results for the obtained surface roughness values for the flat specimens and the reference
measurement are presented in Figure 9. The reference measurement shows that the arithmetical
mean surface height Sa decreases with increasing granulation. There is a strong decline in surface
roughness from sandpaper 40 to 180, which is levelling out from sandpaper 180 to 320, following a
further decrease till 1200. The results of the scanning systems correlate well from sandpaper 40 up to
240, whereas from 320 to 1200 this is not the case. It has to be noted, that sandpapers 40 until 240
have a different colour than the sandpapers 320 to 1200.

Flat Specimens

A

ih Vi

. Nl
s

0.000

Sa (mm)

40 80 100 180 240 320 400 600 800 1200

—&—Reference  —#—System A —B—SystemB  —4—System C  —O— System D System E

Figure 9: Results of the tested scanning systems for the flat specimens on acrylic glass.

Due to this reason, it was assumed that the distinct colour of the sandpapers 320 to 1200, the acrylic
glass, or a combination of those may affect the result. To validate this assumption, small sections in
size of the evaluated flat specimen sandpapers were extracted of the NACA 0012 specimen point cloud
in the area apart from the leading edge with very low curvature and analysed with the software
evaluation tool. The outcome is illustrated in Figure 10. The results of the extracted sandpaper do not
deviate significantly from sandpaper 320 onward, indicating that there is an influence of the acrylic
glass on the measurement result. Each 3D scanner usually performs a calibration of the camera,
projector, and/or laser prior to the measurement to adjust internal settings for a better measurement.
It seems that the combination of transparent acrylic glass and dark reflective sandpaper influenced
the internal calibration. Although only the sandpaper areas were evaluated with the software and no
acrylic glass, it still led to unfavourable results.

Extracted NACA 0012 Patches
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Figure 10: Arithmetical surface mean height Sa, extracted from sandpaper of the NACA 0012
specimen in areas with minimal curvature.
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5.4.2 NACA 0012

The results of the evaluation for the NACA 0012 specimen are displayed in Figure 11. The obtained Sa
values correlate well with the reference measurement and the second evaluation of the nearby flat
specimens made with the extracted sandpaper sections.

NACA 0012

0.100
0.080

0.060

Sa (mm)

0.040
0.020

0.000
40 80 100 180 240 320 400 600 800 1200

—&—Reference  —8—System A —#—SystemC  —O—System D

Figure 11: Results of the tested scanning systems for the NACA 0012 specimen.

5.4.3 NACA 0012 with horn ice shape

The in Figure 12 shown results for the analysis of the horn ice scans deviate from the reference
measurement. This can be explained by the way they were scanned. The systems were moved to
capture all surfaces from different angles producing interfering surfaces and ambiguities, which
resulted in higher roughness values.

NACA 0012 with Horn Ice Shape
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Figure 12: Obtained results for NACA 0012 specimen with horn ice shape.

It has to be noted, that certain system results are not displayed for the respective specimens. The
main reason therefore was the limited availability of the devices for the study. Each 3D scanning
system was only available for a defined timeframe and all scans had to be made within this timeframe.
Additionally, the best scan settings for surface roughness measurements for each device were
unknown at the beginning of the investigation and had to be figured out.
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6 Detailed Analysis of Surface Roughness Measurement
Capabilities

6.1 Test Set-up with RS5 Laser Scanner

The preliminary tests with the 3D scanners provided a good overview of the actual capabilities of 3D
scanners for measuring objects in general and their surface roughness measurement capabilities.
Based on the preliminary tests, one device was selected to perform an in-depth analysis. The objective
of this detailed investigation was to examine the measurement process, surface roughness influencing
factors and the general repeatability of results.

The goal was to find, amongst others, answers to the following questions:
e How good is the repeatability of measurement results?
e Does the scan resolution and point distance influence the results?
e s line scanning leading to different results than grid scanning?
e What is the impact of scanning two different sandpapers with different surface roughness
values at the same time on the results?
e s the surface colour influencing the results?
e Are surface coatings altering the obtained results?

e How large is the measurement uncertainty for the surface roughness of sandpaper 40?

The chosen device was the Hexagon arm-based scanning system, due to the good correlation of results
with the reference measurements and the defined system requirements. The type used was the arm-
based system 8525 with laser scanner RS5, as displayed in Figure 13. It has a measurement length of
2.5 m, an achievable minimal point spacing of 0.011 mm and a system accuracy of 0.048 mm according
to the manufacturer.

Figure 13: Measurement set-up with arm-based 3D laser scanning system.

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 25



D4.4 PU - Public
07/04/2021

For the in-depth analysis new specimens were prepared. The same grades of sandpapers used in the
preliminary testing were applied to balsa wood sheets, as displayed in Table 6.

Table 6: Overview of the utilized specimens for the in-depth surface roughness analysis.

Designation Specimen

i
A3_3D_coating ‘ X |

A3_TiO2_coating

A4 _no_coating

A4_TiO2_coating

Two of the five specimens were sprayed with a thin layer of the custom made TiO; coating, based on
the mixture presented by Lee et al. [4]. One of the specimens was sprayed with a thin layer of a
commercially available spray based on chalk. The remaining two specimen remained uncoated. The
commercial chalk spray was used as a reference on the sandpapers, to check the influence of spray
coating on surface roughness. If it is intended to scan an ice shape for surface roughness, then
commercial sprays are not recommended, as the contained solvent does not evaporate at
temperatures below 0 °C and creates a wet film on the iced surface.

All specimens were scanned multiple times in form of a defined procedure. As part of this procedure
the scan resolution was changed. The RS5 laser scanner offers four different scan resolutions: 25 %,
50 %, 75 %, and 100 %. The selected scan resolution has a big influence on the size of the obtained
point cloud. In Table 7 an approximation based on several scans is presented for a scan area of one
square meter. However, it must be mentioned that the size of the point cloud is also dependent of the
scan speed, which in case of the roughness scans was consciously chosen at a slower pace to capture
all surface details as good as possible.

Table 7: Resolution settings with corresponding average point distances and file sizes for the
Hexagon RS5 laser scanner.

Scan Resolution

Average surface point Approx. OBJ file size

distance
25% 0.060 mm 4.80 GB/m?
50% 0.030 mm 13.00 GB/m?
75 % 0.020 mm 18.20 GB/m?
100 % 0.015 mm 31.00 GB/m?
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Another aspect which was part of the in-depth investigation was to examine whether the surface
roughness values change when the sandpaper is scanned more than once. This is of special interest
for scanning of complex geometries because it is not always possible to capture all surface features at
once. Hence, certain areas must be scanned several times from different angles and views to generate
a representative digital 3D point cloud of the real object. The areas which are scanned more than
once, have usually a very dense point cloud compared to the only once scanned areas. In the study,
the specimen was scanned first with the line scanning method. Then, the scan process was paused in
the scan software, and the 3D point cloud was saved and exported. Afterwards, the scan process was
continued, and the same specimen was scanned one more time with a 90-degree offset leading to a
grid like point cloud. The line and grid scanning method are illustrated in Figure 14 on the example of
a point cloud section of sandpaper 40.

Figure 14: Comparison of 3D point clouds for RS5 of same areas on sandpaper specimen 40 made
with line scanning scan method (left) and grid scanning method (right).

Both sections display the same area on the sandpaper from identical view angle and distance. The grid
scanning method seems at first glance to better represent the surface of the sandpaper. However, this
could also be an optical illusion and does not necessarily mean that the obtained surface roughness
values for the grid scanning method are better than for the line scanning method.

As mentioned previously, multiple scans were made and evaluated. In total 280 scans were made with
the RS5 laser scanner and then properly prepared for the software evaluation. This included semi-
automatic cropping of the point clouds, as each scan contained 10 different grades of sandpaper.
Hence, each scan resulted in 10 separate point clouds, one for each sandpaper grade, and resulted in
2800 files. Those files were evaluated with the software evaluation tool in order to determine the
surface roughness for each of the scanned sandpapers.
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6.2 Test Set-up with RS6 Laser Scanner

After the tests with the RS5 were performed a new laser, the RS6, came to market for the Hexagon
arm-based scan systems. The RS6 laser is interchangeable with the RS5. The underlying arm-based
system remained the same. The system specifications for the arm-based system 8525 with the RS6
scanner are a measurement length of 2.5 m, an achievable minimal point spacing of 0.027 mm and a
system accuracy of 0.047 mm. It was decided to perform a similar series of measurements as with the
RS5 scanner, although in a smaller scope. Of the five specimen used for the in-depth analysis with the
RS5 scanner, only the two most relevant were used. Those were the uncoated sandpaper specimen
and the one sprayed with a thin layer of a custom made TiO; coating as shown in Table 8.

Table 8: Overview of the utilized specimens for the in-depth surface roughness analysis.

Designation Specimen

A3_TiO2_coating m

The scan procedure was repeated with the new laser. Hence, a series of defined scans was performed.
As part of this procedure the scan resolution was changed. However, in contrast to the RS5 scanner,
the RS6 scanner only offers two resolution settings, 50 %, and 100 %. The RS6 also has a three times
higher scan frequency, which enables faster scanning of the surface. The selected scan resolution and
the scan speed influence the size of the resulting point cloud, as displayed in Table 9.

Table 9: Resolution settings with corresponding average point distances and file sizes for the
Hexagon RS6 laser scanner.

Scan Resolution Approx. OB file size

Average surface point

distance
50% 0.072 mm 10.90 GB/m?
100 % 0.037 mm 21.50 GB/m?
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It was also investigated whether the surface roughness values change when the sandpaper is scanned
more than once. Therefore, scans of the sandpaper specimen were performed first with the line
scanning method. Then, the scan process was paused in the scan software, and the 3D point cloud
was saved and exported. Afterwards, the scan process was continued, and the same specimen was
scanned one more time with a 90-degree offset leading to a grid like point cloud. The line and grid
scanning method for the RS6 are illustrated in Figure 15 on the example of a point cloud section of
sandpaper 40.

QR wa Y g e

Figure 15: Comparison of 3D point clouds for RS6 of same areas on sandpaper specimen 40 made
with line scanning scan method (left) and grid scanning method (right).

Both sections display the same area on the sandpaper from identical view angle and distance. It can
be stated that when comparing the point clouds of the RS5 in Figure 14 with the point clouds of the
RS6 in Figure 15 that qualitatively the RS5 seems to capture surface details better. The reason
therefore could possibly be the difference in minimal point spacing between the two scanners.

In total 80 scans were made with the RS6 laser scanner and the surface roughness was evaluated with
the developed software tool. The procedure for the evaluation was the same as for the scans made
with the RS5.
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6.3 Results of Detailed Analysis

6.3.1 Repeatability of measurement results

The results of the in-depth analysis for the scanned and evaluated sandpapers, which were performed
with the RS5 and RS6 laser scanner, are displayed in Figure 16 and Figure 17 in form of boxplots.

6.3.1.1 Hexagon RS5

The boxplot contains the data of all five scanned specimens. Each box represents 280 evaluated
values. For sandpaper 40 to 100 the measured surface roughness with the scanner is about 10 to 20
microns below the reference measurement. For the less rough sandpapers, the difference with
respect to the reference is even lower. However, from sandpaper 180 to 1200 a series of outliers
above the upper boundary whisker is present. In contrast, this is not the case for sandpaper 40 to 100.
No measured value is exceeding the lower boundary whisker.
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Figure 16: Boxplot of obtained results for RS5 compared with reference values; n = 280, 5 different
specimen with 10 different grades of sandpaper each.

6.3.1.2 Hexagon RS6

The boxplot contains the data of the two scanned specimen. Each box represents 80 evaluated values.
For sandpaper 40 to 100 the correlation with the reference is better than with the RS5 scanner. For
the less rough sandpapers the results are similar to the RS5, however, the boxes in general are larger,
which indicates that the measured values scatter more.

Boxplot of Surface Roughness Values
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Figure 17: Boxplot of obtained results for RS6 compared with reference values; n = 80, 2 different
specimen with 10 different grades of sandpaper each.
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6.3.2 Measurement uncertainty

The measured, respectively evaluated, values were described by a normal distribution and the mean
value p and standard deviation & for every sandpaper was computed. A 95 % confidence interval was
determined for each of the scanned sandpapers.

6.3.2.1 Hexagon RS5

The 26-range in Figure 18 depicts the 95 % confidence interval for each sandpaper. Each interval was
calculated based on 280 values. The measurement uncertainty is for all measured sandpapers below
the system accuracy of the RS5 device of 0.048 mm.

20 Range

0.100

0.080
£ 0.060
£
s
“v

0.040

0.020

0.000

40 80 100 180 240 320 400 600 800 1200
Sandpaper
[___PXs} Measured p  —— Reference p

Figure 18: Range for results obtained by measurement with RS5 scanner. Value of 20 for sandpaper
40 = 0.005 mm, average value for 20 = 0.008 mm and maximum value for 20 = 0.011 mm,
n = 280.

6.3.2.2 Hexagon RS6

For the RS6 scanner each confidence interval was computed based on 80 values. It can be stated that
the individual intervals are larger than for the RS5, which was to some extend predictable with regard
to the larger boxes in the boxplot. Nevertheless, the measurement uncertainty is for all measured
sandpapers below the system accuracy of the RS6 device of 0.047 mm.

20 Range
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Figure 19: Range for results obtained by measurement with RS6 scanner. Value of 2o for sandpaper
40 = 0.011 mm, average value for 20 = 0.012 mm and maximum value for 2o = 0.015 mm,
n = 80.
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7 Climatic Testing of 3D-Scanning System

After testing the 3D scanning systems thoroughly at room temperature, the next step was to
investigate the handling and performance of the devices at temperatures relevant for icing tests.
Therefore, the surface roughness tests were conducted in a climatic chamber used for climatic testing
of vehicles and test rigs.

Table 10: Specifications and achievable conditions of the utilized climatic chamber.

Length 6.40 m

Width 3.00m

Height 3.00m

Temperature range from -50 °C to +50 °C

Humidity from 30 % to 90 % RH

3D scans were conducted at 0 °C, -5 °C, and -10 °C with the Hexagon RS5 and RS6 scanner. The utilized
specimens were the uncoated sandpaper specimen “A3_no_coating” and the with titan dioxide spray
paint coated sandpaper specimen “A3_TiO2_coating” as shown in Table 6 and Table 8 of this
document. The specimens were mounted on a table and heated with a heating pad which was placed
directly on the bottom side of the specimens. By heating the specimens and keeping the temperature
at approximately 20 °C it was attempted to neglect the effect of thermal expansion, respectively
contraction, for the sandpaper specimens. The 3D scanner was not heated externally. However, the
RS5 and the RS6 have both an internally heated laser source. The remaining parts of the 3D scanner
are not heated but have temperature sensors inside the shaft encoders which take thermal effects on
the measurement result into account. Furthermore, the 3D scanner is made to a large extend out of
carbon fiber. This helps to reduce the impact of thermal expansion as carbon fiber has a very small
thermal linear expansion coefficient making it ideal for measurement devices. The tests were
documented with thermal imaging. Pictures of the 3D scanner and the heated specimen were taken

at each of the defined measurement points and are shown in Figure 20 and Figure 21.
125°C o C

13,25C
1o C
i

Figure 20: Thermal imaging of sandpaper specimens during testing in climatic chamber with
ambient air temperature of 0 °C (a), -5 °C (b), and -10 °C (c).

a) b) S

Figure 21: Thermal imaging of RS5 laser scanner during testing in climatic chamber with ambient
air temperature of 0 °C (a), -5 °C (b), and -10 °C (c).
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One issue during the measurement was, that the sandpaper specimens could not be kept at the
defined 20 °C. This can be attributed to the limited power of the heating pad and the air blower
mounted inside the climate chamber which could not be turned off completely during the
measurement. Another issue occurred with the RS6 scanner. A software-based error message was
received at 0 °C and impeded the scanning process. This error message was displayed every time the
RS6 scanner reached 0 °C or less. It is assumed that the error message is somehow correlated to a
temperature sensor inside the laser unit. AllS is currently working with the manufacturer on a solution.
The RS5 scanner had no such problem and scanning could be conducted without any problem. Even
at -10 °C the scanner performed well. Due the mentioned reasons, measurement results for the
surface roughness are only available for the RS5.

RS5 | uncoated Specimen
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Figure 22: Obtained mean values from surface roughness analysis for climatic testing with uncoated
specimen displayed with mean value of previously performed measurements at 20 °C; n
=10at0°C,-5°C, and -10 °C.

RS5 | TiO2 coated Specimen
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Figure 23: Obtained mean values from surface roughness analysis for climatic testing with TiO2
coated specimen displayed with mean value of previously performed measurements at
20°C;n=10at0 °C, -5 °C, and -10°C.

The results of the surface roughness analysis at 0 °C, -5 °C, and -10°C are comparable to the results
obtained at 20 °C. The climatic testing showed that the RS5 scanner performs well at temperatures
relevant for icing wind tunnel testing and is the selected 3D scanner for documentation in the ICE
GENESIS project by AlIS.

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 33



D4.4

PU - Public
07/04/2021

Part 2: Software Analysis of 3D Ice Shape Data and
Development of Associated Evaluation Tool

The objective of the second part of the conducted work was to develop capabilities for 2D and 3D
surface roughness analysis based on scanned point clouds and the determination of ice density

combined with a weighing device.

Figure 24 provides an overview of the evaluation capabilities for 3D scanned point clouds.

OlceLab

;CE oy
GENESIS {’j

Software capabilities developed and improved by AllIS as part of ICE GENESIS

-
Icing test comparison 20/3D analysis 2D surface roughness
analysis
.
e
Ice thickness s D 3D surface ro_ughness
analysis
N s
. . i lce density combined w ith
Cross-sectional view s Reporting e

Figure 24: Overview of software capabilities developed and improved by AllIS as

GENESIS project.
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8 Software Analysis with IceLab

Analysis and evaluation of 3D data of ice objects is done with the AllS-in house software solution
IceLab. It is a MATLAB-based application which offers a wide variety of tools for analyzing an ice shape
versus a clean surface. Within the scope of ICE GENESIS, the capabilities of the tool have been
improved vastly. An overview of these developments is shown in this chapter.

The following methods for ice shape evaluation are implemented in the current release of the
software tool:

e (Calculation of local ice thickness based on k-nearest neighbor classification
e (Calculation of local ice thickness based on sampled clean reference geometry
e Evaluations in cross sectional view and based on unfolded reference geometry (hence
measurement versus unfolded surface distance) in defined region of the geometry:
o mean ice shape
o maximum ice shape
o minimum ice shape
o maximum combined cross section (MCCS)
o Gaussian inclusion limits for ice shape geometry
e (Calculation of cumulated ice thickness.
e Creation of a mesh geometry of the ice, unfolded on basis of the clean reference geometry
e Calculation of ice roughness in 2D and 3D, based on Self-Organizing Maps (SOM),
see chapter 10.
e (Calculation of 2D cuts through the ice and reference geometry.
e Unfolding 2D cuts through the ice, based on the clean reference geometry

In Figure 25, the graphical user interface (GUI) of the tool is shown. It features a classical button design
interface with simple graphical containers and options. The figure already shows an exemplarily added
glaze ice shape, from actual wind tunnel testing and subsequent documentation of the ice structure
by means of 3D scanning. The left tree-box in the GUI shows an overview over the loaded shapes in
the application.

The following Figures, Figure 26 to Figure 31, give an overview on the results of the previously listed
capabilities. The analyzed ice shape was generated at the FH JOANNEUM Graz icing wind tunnel.
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Figure 25: GUI of the software tool IceLab, used for ice shape analysis based on a 3D mesh of ice
structures.
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Figure 26: Cut view of the exemplary ice shape in the software tool IceLab.
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Figure 27: Exemplary evaluation of the ice thickness over 0.5 mm of a glaze ice shape.
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Figure 28: Exemplary evaluation of the ice thickness over 0.5 mm of a glaze ice shape, unfolded on
basis of the clean reference ice shape.

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 36



D4.4

1 00n%umulative mean thickness of reference sectioning 3 of shape Glazelce, on overall surface
T T T T — T
90% [~ 1
80% 1
70% i
60% +
50% 1
40% i
30% g
20% |- 1
10% |- i
0% 1 1 1 1 1 1
0 1 2 3 4 5 6

Ice thickness (mm)
Cumulative mean thickness of reference sectioning 3 of shape Glazelce, on top surface
T T T T T

100%
90% - 1
80% - 1
70% 1
60% 1
50% 1
40% |- 1
30% | 1
20% 1
10% |- 1
0% 1 L 1 1 1 1
0 1 2 3 4 5 6

lce thickness (mm)

100g/;umulatima mean thickness of reference sectioning 3 of shape Glazelce, on bottom surface
© T T T | ——— T
90%

80%
70%
60%
50%
40%
30%
20%
10% |
0% 1 1 1 1 1 1
0 1 2 3 4 5 6

| b i R

Ice thickness (mm)

PU - Public
07/04/2021

Figure 29: Cumulative ice thickness on overall surface, upper wing part and lower wing part of the
exemplary glaze ice shape.
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Figure 30: Mean shape of the ice based on sample shapes calculated on basis of the clean reference
geometry.
ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 37



D4.4

PU - Public
07/04/2021

7+ . Hice
Leading edge
bottom top :]”ioet”n(dice)
single ice cuts
Eelk
£ 6
)
Q
2
» 5
©
o
c
o
(9]
B4
L
)
2
S3f
[
124
173
@
£
g2r
£
©
°
1 -
0 - A( P e 4 '} J
-40 -30 -20 -10 0 10 20 30

surface distance with respect to leading edge (mm)

40

Figure 31: Mean shape of the ice based on sample shapes calculated on basis of the clean reference
geometry, unfolded on basis of the clean reference geometry.
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9 Density with Weighing Device

Within the scope of ICE GENESIS, a procedure was developed for ice density evaluation. Validation of
numerical tools for icing simulation benefits from this additional knowledge, as ice density depends
on the meteorological conditions, the aerodynamic conditions and is therefore linked to the actual
geometry of the ice itself.

In general, ice density depends on the temperature and the surrounding pressure. Ice density of clear
ice with no air inclusion is 916.8 kg/m> at 101300 Pa [20]. However, ice in terms of ice shape
characterization does not only refer to the mass and volume of ice, but also includes the included air.
This air inclusions decrease the ice density. Due to the fact that the amount of included air depends
on the icing and aerodynamic conditions, the resulting density of the ice shapes can no longer be
found in a lookup table or mathematical correlation.

This leads to the development of a technique for ice density evaluation. Density, in general, can be
calculated according to mass divided by volume. This leads to the requirements of mass and volume
measurement of the ice. Ice mass measurement is done by application of a highly accurate scale. For
this, either an ice fragment of the whole ice shape can be removed for measurement or the total ice
shape is measured. It should be noted that the ice density might vary from stagnation point to the ice
limits. Therefore, measuring only parts of the ice shape might be well intended. After the mass
measurement of the ice object, the volume hast to be found. This is achieved via two different and
separate approaches:

9.1 Volume measurement via liquid displacement

This principle follows the idea of the displacement of a known liquid, such as oil in a defined
environment. It can be compared to the principle of a laboratory pycnometer, in which the specimen
is inserted into a flask and the surplus of displaced liquid is then weighted. A similar approach is used
for ice shape density evaluation in combination with this first approach of liquid displacement. Figure
32 shows this approach. At first (a), the level of liquid in the measurement flask without the ice is
captured. After the insertion of the ice particle (b), the displaced water raises the level in the flask.
The difference in level height can then be used to calculate the ice volume.

T

(@ (b)

Figure 32: Ice volume measurement based on liquid displacement method.

ice particle

The problem with this solution is that cavities of air in an ice particle or object are flooded by the
surrounding fluid in the measurement flask, whereas fully enclosed cavities remain clear. This leads
to an overestimation of the real ice density. Figure 33 illustrates this behavior schematically.
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Figure 33: Partially open cavities in ice particles, which are flooded by the surrounding fluid in the
liquid displacement volume measurement.

9.2 Volume measurement via nhumerical evaluation of the volume of a 3D
scan of the ice fragment

A solution to the problem with volume measurement via liquid displacement is presented by
introducing a numerical method based on the evaluation of a 3D scan of the ice particle. By that it can
be decided on a case by case basis if holes in the outer surface of the ice object shall be closed or not.
This has significant impact on the ice density. In Figure 34, the process of executing Boolean difference
operation on the iced wing (a) and the clean ice shape (b). The result is the difference, hence the ice
volume (c). The volume of the resulting mesh can then be calculated according to the gaussian
divergence theorem.

In practice, the ice shape is scanned. After that, some of the ice is mechanically removed. The mass of
this fragments is measured. The residual ice on the test article is then scanned again with the 3D
scanner. The difference in the generated 3D data then corresponds to the removed fragments, whose
volume is then calculated as described before.

Figure 34: Boolean difference of Ice shape and clean reference geometry.
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10 Determination of Surface Roughness based on Self-Organizing
Maps approach

Surface roughness of ice shapes is an important parameter because it has an effect on the air flowing
through the boundary layer and hence on the aerodynamics of a shape, the heat transfer
characteristics and the ice accretion process. Especially the initial stage of icing is, in terms of surface
roughness, of great interest as it impacts the complete ice accretion process and the final ice shape,
as described by McClain et al. [21].

The surface roughness is of specific interest for ice accretion modeling codes, such as LEWICE [22],
developed by NASA, IGLOO2D [23][24], developed by ONERA, ICEAC2D [25], developed by FH
JOANNEUM, CANICE [26], FENSAP-ICE [27] or CIRA MULTI ICE [28]. Moreover, it is of interest for
aircraft design and certification. In most of the ice accretion codes in use, ice roughness is
implemented in terms of parametric values. Fine modeling of ice roughness is still under development.

With state-of-the-art 3D scanning systems, it is possible to document shapes and surface features
quite accurate. However, in order to determine the surface roughness based on a scanned 3D point
cloud, additional measures and steps are required.

1) The utilized 3D scanning system and the selected scan settings are essential to obtain a
qualitative 3D point cloud which can be used as input for the surface roughness evaluation.
Furthermore, the 3D scanning system must be in some form validated for surface roughness
measurements, as the accuracy specifications of 3D scanners do not include surface
roughness as parameter.

2) A validated software tool is required which is capable to evaluate the generated 3D point
cloud data for surface roughness. A proper 3D scan as input is a prerequisite.

AlIS choose to develop its software tool for the determination of surface roughness parameters based
on a neural-network technique. The employed neural-network algorithm is based on the self-
organizing maps (SOM) analysis and was introduced by McClain and Kreeger [29].

10.1 Introduction to Self-Organizing Maps

SOM is a clustering method for noisy and multidimensional data. This data is clustered into clumps of
data and the statistical distribution of this data is then evaluated about a lower-dimensional, non-
linear manifold. The definition of this manifold is the core task of the SOM algorithm. The SOM, or also
called Kohonen-Map [30], has its origin in data compression, as for data transmission, only the lower
dimensional information has to be transmitted, giving the possibility to conclude to the higher
dimensional data. In data transmission, this requires less bandwidth than the transmission of the
whole noisy and higher-dimensional data.

Ice roughness calculation follows the basic principle of surface roughness evaluation in terms of Ra
and Rq values, commonly used in mechanical engineering.

Figure 35 shows the definition of the mean arithmetic roughness Ra.
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Figure 35: Mean arithmetic roughness definition in mechanical engineering.

The mean arithmetic roughness Ra and the root mean squared roughness Rq are calculated according
to Equations (1) and (2).

(1)

(2)

n = number of discrete height measurements
y;= local normal height, (um)
y = average normal height, (um)

When considering the case of an arbitrary point cloud of a prismatic shape, such as shown in Figure
36, the mean surface deviation ¥ is generally not known, as it is not only one value but a non-linear
manifold, as represented by the red arc on the right hand side.

Therefore, one core task of the SOM algorithm is to find this mean non-linear manifold, being the
mean representation of the shape.

z (mm)

non-linear

manifold

y (mm) 3 20 40 60
x (mm)

Figure 36: Ice thickness of an iced NACA0012 (c=1m) profile with de-iced leading edge. (Freezing
rain conditions: v =60 m/s, T =-10 °C, MVD = 550 um, LWC = 0.38 g/m3, t = 10 min, AOA
= 1.5 deg, Rail Tec Arsenal Vienna, FFG Aviation Icing Tests IlI).
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InFigure 37, three-dimensional data is shown, positioned about a one-dimensional manifold B. In the
application of SOM, this mean manifold B can also be interpreted as the mean shape. The task of the
SOM method is now the determination of this mean trend B.

Figure 37:  Point cloud projected and scattered about manifold B, adapted from Tino [30].

As described by McClain and Kreeger [29], the SOM method depends on the use of so-called codebook
vectors (CBV), denoted b", to represent the local clumps of data. Throughout the iterations of the SOM
algorithm, the codebook vectors eventually position themselves closer to the barycenter of their local
clump of data and then represent this local clump, as shown in Figure 38.

b? .’

. X >
%\b4 %

Y

Figure 38: Clumps of data in the point cloud represented by codebook-vectors, adapted
from Tino [30].

When the series of codebook vectors are connected, the resulting spline, being the codebook vector
chain, then can be interpreted as the mean manifold B, as shown in Figure 39.

Figure 39: Clumps of data in the point cloud represented by codebook-vectors connected to form a
chain of codebook-vectors, adapted from Tino [31].
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In a first step, the codebook vectors are initially placed in the domain. According to McClain and
Kreeger [29], the codebook vectors are then moved in iterations to the clump of points to which the
codebook vector is closest. Over iterative moves, the codebook vectors spread out and settle into
their local clumps.

Figure 40 shows the unwound chain of codebook vectors with their local clumps of data. The scattering
of the points about their codebook vector can then be used for the calculation of the statistical
roughness values Ra and Rq.

Figure 40: Unwound chain of codebook-vectors with scattered point about the chain.

In Figure 41 a point cloud of a scanned horn ice shape is displayed. Detail A of the Figure shows, how
a constant surface roughness in a defined region of points is assigned to the nearest codebook vector
in this region.

This region can also be described as the Voronoi-regime, as described by Voronoi [32]. For further
information about Voronoi regions and corresponding Voronoi diagrams, the reader is referred to
Okabe et al. [33].

For the evaluation of the local roughness per codebook vector, all points of the point cloud, which are
closest to the codebook vector bn will be considered for the calculation. Furthermore, the codebook
vectors will eventually position themselves in the barycenter of its Voronoi set of points.

The distance between two neighboring codebook vectors can be interpreted as the depicted cut-off
wavelength A, which differentiates surface roughness from surface waviness in surface profilometry.
However, in the application of the SOM algorithm for surface roughness evaluation, the cut-off
wavelength A only plays a minor role, as the optimum distance between two codebook vectors is
defined by other criteria.

Detail A

L
20 o 20 40 60 80 100 120
x (mm)

Figure 41: Codebook vector chain representing the mean shape of a significant horn ice shape.

For further information about the mathematical and numerical background of the SOM-algorithm, the
reader is referred to [29], [30] and [31].
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10.2 Calculation of Roughness Parameters in 2D

The calculation of the roughness parameters per Voronoi region of the codebook vector chain follows
the approach presented by McClain and Kreeger [29].

Calculation of the surface roughness values for one Voronoi area of the codebook vector chain:

In Figure 42, the metrics of one point ! of the scanned point cloud about the winning codebook vector
b" are shown. Also, the neighboring codebook vectors b™!and b"*are illustrated.

In the evaluation of 2D SOM results the assumption is made that the 2D codebook vector chain is a
one-dimensional manifold and its local slope a is equal to the central finite-difference. The central
finite-difference is calculated using the two closest codebook vectors to the winning codebook
vectors. Via this approach, the assumption is made that all deviations of points being in the Voronoi
region of the winning codebook vector are normal to the manifold, based on the local slope a. This
deviations from the slope are defined as the normal heights dN of the points.

Once all dN for every x of a Voronoi set are calculated, the roughness parameters Ra and Rq can be
calculated according to Equation (1) & (2). It is to be noted that the mean surface height of every
region is per definition of the former described metrics already 0. Therefore, the formulae for Ra and
Rg can be simplified.

n+l

o =

Figure 42: Metrics of a local point about a codebook vector [29] p.5].
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10.3 Mathematical Validation

To validate the results of the software algorithm and the calculated surface roughness values an
independent mathematical validation procedure was performed. This procedure consisted of testing
and evaluating defined point clouds of representative geometries which were generated with the help
of mathematical functions. Since the point clouds were generated with a mathematical approach, the
surface roughness could be determined independent of the SOM analysis.

1. Validation on a flat plate

The first geometry featured a flat plate. For the flat plate, a point cloud was generated with
Equation (3). The created point cloud is displayed in Figure 43.

flx,y) = %sin(nx) sin(my) (3)

f(xy), (mm)

Yy, (mm) 2 X, (mm)

Figure 43:  Atrtificially constructed point cloud for validation of the SOM-approach used for roughness
calculation.

By applying an integral over the surface, the surface roughness can be determined. The surface
roughness parameter Sa applied in this analysis is the surface or areal roughness equivalent of the
mean profile arithmetic roughness Ra.

Sa is defined as:

1
Sq = folz(x,y) — Z| dx dy (4)
A

A = considered surface area (um?)
z(x, ¥)=local normal height, (um)
Z = average normal height, (um)

The analytically calculated surface roughness value is Sa = 202.642 um and matches well with the
result of the SOM method. A small deviation of 0.2 occurred which can be contributed to the
resolution of the artificially created point cloud which was used as input for the software.
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2. Validation on the parabolic function

The multidimensional sine function in Equation (3) was next mapped on a parabolic function. The
objective was to investigate the results of the SOM method when applied to a parabolic shape. The

mean surface roughness value Sa for the shape deviated 0.19 um and matched the computed
roughness value very well.

It has to be noted that that the curvature of the function or shape, on which the roughness point cloud
is mapped, increases the local roughness value. Due to convexity, the point cloud is compressed on
one side and stretched on the other side. Therefore, the mean height of the profile deviates from the
targeted parabolic function, or target shape in general. This deviation increases the roughness of the
point cloud. Further investigation showed that the deviation increases with local curvature of the
targeted function as well as the amplitude of the roughness point cloud. In the considered manually
constructed point clouds, the deviation was insignificantly small. The change in local roughness was
therefore considered negligible.
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Figure 44:  Visualization of the leading edge of the “artificially” constructed point cloud based on a
parabolic function. The cloud is used for a validation of the SOM approach which is utilized
for roughness calculations.

3. Validation on a NACA 0012 Airfoil

After the flat plate and the parabolic function, the sine function in Equation (3) describing the surface
roughness was applied to a NACA 0012 wing section. The surface roughness of the shape was
evaluated with the SOM method. The with the SOM method computed surface roughness deviated
0.1 um from the mathematically determined value.

Normal Height (mm)

z, (mm)

50 < 80
60

40 4/(40
20 — 20
0 o

¥, (mm)

x, (mm)

Figure 45:  Visualization of an “artificially” constructed point cloud based on a NACA0012 airfoil
(c =100 mm). The cloud is used for a validation of the SOM-approach which is utilized for
roughness calculations.
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4. Validation on Horn Ice Shape
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Normal Height (mm)

-10

-16

20
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Figure 46: Visualization of an “artificially” constructed point cloud based on a NACAO0012 airfoil with
horn ice. The cloud is used for a validation of the SOM-approach which is utilized for
roughness calculations

To validate the use of the SOM method further, it was applied to a more complex shape. The surface
roughness pattern described in Equation (3) was imposed on horn ice shape like geometry. The
resulting geometry was the same used for the horn ice sandpaper specimen displayed in Figure 3.

The result of the SOM method, applied to the point cloud shown in Figure 46, was a mean surface

roughness value Sa of 203.158 um. Hence, the obtained value deviated approx. 0.5 um from the true
given mathematical value.

10.4 Experimental Validation

In addition to the mathematical validation of the presented SOM method an experimental validation
procedure was carried out. Therefore, a series of quantitative and qualitative measurements was
carried out which is presented in more detail in 5.3 Reference Measurements.

The infinite light microscope from Alicona, which was used for the quantitative reference
measurement, provided also non-processed 3D point cloud data. This 3D point cloud data was
evaluated with the SOM method. The with the SOM method obtained results were not far off the
results of the quantitative reference measurement and in the range of a few microns.

The results of the reference measurement procedure were also used for the 3D scanning system
selection process, which is covered in more detail in part one of the report.

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 48



D4.4 PU - Public
07/04/2021

10.5 Limitations and Constraints

The mathematical and experimental validation showed that the applied SOM method delivers good
results. Nevertheless, there are some limitations and constraints which need to be considered.

These constraints are linked to the number of codebook vectors. Generally, it is most favourable to
place as much codebook vectors, and therefore Voronoi regions with distinct roughness values, as
possible in a domain. This leads to a high resolution of roughness along the surface of the shape.

Furthermore, increasing the number of codebook-vectors in a curved region of the shape decreases
the curvature induced roughness. Curvature induced roughness can develop in regions of high
curvature and influence the result, respectively lead to wrong results.

The issue of curvature induced roughness is illustrated in Figure 47 and Figure 48. Figure 47 shows a
parabolic shape with an even distribution of code-book vectors along the surface of a parabolic shape.

-0 20 0 20 40 60 80 100 120

Figure 47: Result of a SOM run on a point cloud of an extruded parabolic function with no roughness.

Figure 48 displays the result of the subsequent roughness evaluation. Although the point cloud has no
roughness, the roughness evaluation shows a small surface roughness as result, which can be
attributed to the curvature and the amount of assigned codebook vectors.

5 %103 Roughness Measurement +

—_— Rq per Codebook Vector Position
4 |
|—%—R ., per Codebook Vector Position
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1 1 1 1 1 1 1 ]
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Figure 48: Roughness evaluation on a parabolic point cloud with no roughness. Top graph:
Roughness values Ra and Rq per codebook vector versus the unfolded surface distance
with respect to the leading edge. Bottom graph: Normal heights of all points of the cloud
versus the unfolded surface distance, showing the curvature induced roughness artefacts.

A general solution to mitigate the curvature induced artefacts would be to increase the number of
codebook vectors, especially in regions of high curvature. In the artificially constructed case of the
ideally non-rough parabolic shape, this would be the way to go. Nevertheless, for the general case of

a rough shape or surface this is not possible because a minimum distance between two neighbouring
codebook vectors must be maintained.
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If the number of codebook vectors would be excessively increased until it tends to the total number
of surface points, the codebook vectors would eventually position themselves at the exact positions
of the surface points.

Consequently, a Voronoi set of a codebook vector would only contain one surface point. The normal
height of this point would be 0 mm and therefore, also the roughness values Ra and Rg would be 0
mm. Furthermore, this leads to a Peano curve, which is a space-filling curve depicting a zigzag pattern
of the manifold representation by the codebook vector chain. This illustrates that there must be a
minimum distance between two codebook vectors. According to McClain and Kreeger [29], this
minimum arc length between two codebook vectors should not be less than twice the local standard
deviation of the data points from the manifold in order to adequately represent the original manifold.

For more details about curvature induced roughness and its correction the reader is referred to
chapter 11 Curvature Correction. For more information about codebook vector spacing, the reader is
referred to chapter 12 Automatic Codebook Vector Spacing.

10.6 Extension of Self-Organizing Maps to 3D

After the development work conducted on the SOM algorithm in 2D, the next objective was to extend
its capabilities to 3D. The most important change in the 3D SOM algorithm was the replacement of
the codebook vector chain with a codebook vector grid. This grid represents the mean shape of the
evaluated point cloud.

Initial Placement of Codebook Vectors

The initial placement of the codebook vectors now must include the initialization of a connectivity list,
defining which codebook vectors form a surface element. In this study, triangles are used, as the
calculation of the surface curvature is more convenient with this approach. Nevertheless, other grid
topologies, such as quadrilaterals might also be feasible.

Calculation of the Neighbourhood Distance

The discrete calculation of the neighbourhood distance was solved by creating a lookup-table, similar
to a hash-table, giving all Euclidean distances between all codebook vectors in a normalized version
of the initial grid. This way a recalculation of the grid topology is avoided and the computational effort
for the 3D SOM method is kept within acceptable limits.

Calculation of Roughness Parameters in 3D

For the calculation of the surface roughness parameters in 3D a hash-list of all surface elements
attached to one code book vector is generated.

After that, the normal vectors of all these triangles are calculated. The normal vector of one code book
vector is then calculated as the mean surface area weighted normal vector of all contributing surface
triangles. In other words, the normal vector of the code book vector is the area weighted mean of the
triangle face normal vectors for those triangles sharing the same the code book vector.

With the known normal vector of one codebook vector, also the tangent plane of each code book
vector is known. By that, the surface point normal heights can be calculated for each Voronoi set of
points of a code book vector. This simplifies the calculation to a point-plane distance problem. With
known normal height dN of each surface point, the roughness parameters Ra and Rq are then
calculated in the same way as for the 2D case.
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Figure 49 shows an artificial point cloud based on parabola without surface roughness, which was
analysed with the extended 3D SOM algorithm. The result of the SOM computation in form of the
codebook vector grid is displayed in Figure 50.

The extended 3D SOM algorithm delivered good results in testing on different shapes. However, the
issue of curvature induced roughness, especially in regions of high curvature, was still present as
with the algorithm in 2D. A method for curvature correction in 2D and 3D is presented in the next

section.

Figure 49:
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Artificial point cloud with no roughness based on a parabola.
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11 Curvature Correction

Curvature correction is applied to mitigate the effects of curvature induced roughness in the SOM
analysis in 2D and 3D.

11.1 Curvature Correction in 2D

The curvature correction can be explained as a change of the of the calculated normal height for every
point in the point cloud. The change in normal height for each point depends on the magnitude of
curvature in the specific point.

The correction procedure is based on a number of metrics, which have to be known before correcting
the normal height. Some of them are valid for every surface point in the Voronoi set of one codebook
vector and some of them have to be calculated individually for every surface point.

Figure 52 shows three neighbouring codebook vectors on the codebook vector chain. The point cloud,
which was used for this illustrative example is depicted as dotted line. The points from the point cloud,
which belong to the Voronoi set of the codebook vector b™ are illustrated as bold grey arc, with length
B. It is to be noted that due to better visibility of the dimensions, the figure is distorted and stretched
on purpose, as the dimension Ar would be very small otherwise.

center of circle of curvature

Figure 52: Principle of curvature correction in 2D

The curvature correction is based on the fact that the codebook vectors position themselves in the
barycenter of their Voronoi set of points. Therefore, if the manifold to be found has a certain
curvature, there is a certain offset Ar between the real manifold, and the approximated manifold,
represented by the codebook vector chain and its local slope k. For the calculation of the offset Ar,
the local codebook vector chain is approximated by a circle with radius r. For this approximation, a
circle is determined through codebook vector b?~1, b™ and b™*1. By that, also the position of the
center is known, as well as the local approximated curvature k of the codebook vector chain. The
curvature of this circle is defined according to Equation (5).

K== (5)
r

A further important aspect of the curvature correction method is based on the following assumption.
Figure 53 shows the arc of points from the point cloud and the barycenter cg?, which is identical to
the position of the codebook vector for this arc. Now, a second arc is created, with radius r?, going
through point cg!. The barycenter cg? of this second arc now has a distance of Ar? to cg!, which has
a distance of Ar! to arc one. For small angles a, the two distances Ar! and Ar? can be assumed to be
equal. In Figure 54, the relative error between Ar?! and Ar? as a function of angle ais illustrated. Angle
a is usually very small in the application of the SOM method and lies between 0° and 15°. With an
angle of a = 25°, the error is still less than 1 %.
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Figure 53:  Assumptions made for the positions of the barycenter of arcs with the same angle.
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Figure 54: Error of Ar™ to Ar™*1 versus angle Figure 55:  Curvature correction diagram for
a. different radii and angles.

The functional relationship between local radius, its curvature and the angle of the arc segment is the
basis of the mathematical implementation of the curvature correction. This functional relationship is
furthermore illustrated by a curvature correction diagram, illustrated in Figure 55.

With reference to the previously described assumption, the barycenter of the arc of the circle of
curvature is determined. The distance between the arc and the barycenter is then also taken as an
assumption for the distance Ar in Figure 52. For this, at first the angles 1,32 and a have to be
determined. With all angles known, the length B of the Voronoi arc can be calculated. The calculation
of the radius r¢g to the barycenter of this arc is determined by Equation (6). It is to be noted that
according to the previously made assumption, in Figure 52, the radius r, can also be interpreted as
the radius r itself.

Teg =2-r2-sin(%)-% (6)

By that, the distance Ar between the codebook vector b™ and the arc of the point cloud can be
determined. Furthermore, the approximation of the Radius R of the Voronoi arc can then be calculated
according to Equation (7).

R =2r—r, (7)

To this point, all geometries are calculated, which apply to all surface points in one Voronoi set in the
same way. Now, Figure 56 shall illustrate, how one single surface height dN of one point X! is
corrected. Figure 56 shows a detailed view of the Voronoi point cloud arc of one codebook vector b™.
For calculation of the correction length dN, s, the distance s has to be known.
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This distance is the position of point x/ on the local slope approximation ki, based on the central
finite-difference of the neighboring codebook vectors b®~1 and b™*1. The correction length ANoffset
is then obtained according to Equation (8).

dNosrser =R |1 - (8)

Voronoi point cloud arc

dNcor

circle of approximated curvature

codebook vector chain segment

Figure 56:  Principle of curvature corrected normal height in 2D.

Finally, the new corrected normal height dN.,,recteq fOr One surface point x) can be calculated
according to Equation (9):

chorrected = dNuncorrected + dNoffset —Ar (9)

For validation purposes, this previously described method was applied to the SOM result of the
artificially constructed point cloud, shown in Figure 46 and Figure 47. With the 2D curvature correction
applied, the curvature induced roughness artefacts decrease significantly, as the point normal heights
are corrected to their target. The curvature corrected evaluation is presented in Figure 57.
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Figure 57: Curvature corrected roughness evaluation on a parabolic point cloud with no roughness.
Top graph: Roughness values Ra and Rq per codebook vector versus the unfolded surface
distance with respect to the leading edge. Bottom graph: Normal heights of all points of
the cloud versus the unfolded surface distance, showing the curvature induced roughness
artefacts.
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11.2 Curvature Correction in 3D

The curvature correction in 3D is mainly based on the principle of the curvature correction in 2D.
However, there are significant differences, as the 3D curvature correction must account for the
different definition of curvature in three dimensions.

Two principal curvatures, k; and K, can be used to describe the curvature of the shape of a surface.
Furthermore, the two principal curvatures go along with the two principal directions X; and X,,
defining the planes of the principal curvatures. Per definition, the planes of principal curvatures are
orthogonal to each other and define the orientation of the minimum and maximum curvature of the
underlying shape.

Once the principal curvatures and principal directions are known, the curvature correction is applied
in the same way as it was implemented in the 2D case. Every point of the point cloud is therefore
corrected by a corrective length from curvature k; in directions X; and curvature x; in direction X,.

11.2.1 Calculation of Tangent Planes

For the chosen approach for principal curvature correction of unstructured 3D meshes, the normal
vectors of each vertex or codebook vector must be known. The normal vector then automatically also
defines the tangent plane. The calculation of tangent planes follows the approach described in section
10.6 Extension of Self-Organizing Maps to 3D. At first a hash-list of all surface elements attached to
one vertex is generated. After that, the normal vectors of all these triangles are calculated. The normal
vector of one vertex is then found as the mean surface area weighted normal vector of all contributing
surface triangles. In other words, the vertex normal vector is the area weighted mean of the triangle
face normal vectors, for those triangles sharing the vertex in the unstructured mesh. This procedure
is further described by Eberly [34] p.9].

11.2.2 Calculation of Principal Curvatures and Principal Directions

There is no standard algorithm for the calculation of principal curvatures and principal directions of
unstructured meshes, which is commonly agreed to be the best method. Nevertheless, calculation of
those metrics is of high importance in many fields of application.

For example, in computer graphics, curvature is one important input for rendering reflections on
objects, as described by Eberly [34]. Therefore, apart from engineering, there is a broad field of
application of the curvature information. This led to a variety of different approaches for the
calculation. For an overview of algorithms with widespread use as well as novel approaches, the
reader is referred to the work of Flynn and Jain [35], Foorginejad and Khalili [36], Zhihong et al. [37],
Nigam and Agrawal [38], Gatzke and Grimm [39], as well as Rusinkiewicz [40]. However, the algorithm
implemented in the presented work is based on a quadratic surface approximation, described by
Goldfeather and Interrante [41] p.49].

The implemented method features the determination of the Weingarten matrix via a quadratic
surface approximation. For this, the Weingarten matrix is calculated for every vertex or codebook
vector of the unstructured triangular mesh. The curvature calculation is therefore already node based.
Hence, a conversion from triangle-based values to node-based values is not necessary. In this regard,
this method significantly differs from other methods and is therefore suitable for the needs of the
presented curvature correction.

The principle of this method is a quadratic surface, which is best fit to the adjacent vertices of a vertex.
For this, at first the adjacent vertices of a vertex have to be found and then transformed into a local
coordinate system, which was defined, based on the tangent plane of the vertex and two additional
orthogonal vectors with arbitrary direction in the tangent plane. In the local coordinate system, the
quadratic surface is defined according to Equation (10):

A C
z=f(x,y) = Ex2+Bxy+§y2 (10)
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According to Goldfeather and Interrante [41] p.49], the Weingarten matrix of such a surface is defined
as:

w=(4 %)

B C (12)

For determination of the coefficients A, B and C of the Weingarten matrix W, the coordinates of the
adjacent vertices of the currently considered node or codebook vector, are fed into a system of
equations. The least-squares solution of this system then gives the coefficients of the Weingarten
matrix. The eigenvectors v and eigenvalues A of the Weingarten matrix are then the principal
directions of curvature X4, X, and the principal curvatures K, k,, respectively:

Wv = Av (12)

The principal directions are still defined in the local coordinate system. Therefore, they have to be
transformed back into the global coordinate system. The principal curvatures are scalar values and
can directly be used for calculation of the osculating circles of curvature with radius r; and 1y,
positioned in the planes of principal direction. The radii are defined as:

B 1 _ 1 (13)
rl_Kl_Al
1 1

= — = — (14)
Ky A

11.2.3Application of Curvature Correction in 3D

The application of the curvature correction in 3D follows the same basic principle as in 2D, but with
the extension of two planes of consideration, being the principal directions of curvature. As an
example, Figure 58 shows an ellipsoid with contributing triangles to one vertex of the unstructured
surface mesh on the top of the ellipsoid. The two principal directions of curvature are therefore the
planes in light blue and light red, denoted by X; and X,.

Figure 59, a detail of Figure 58, is showing the considered vertex or codebook vector in the center of
its contributing triangles and the respective neighbouring vertices. The coordinate system of the
considered vertex b™ is now the coordinate system with x,, and y,,, corresponding to the principal
directions of curvature X; and X3, all lying in the tangent plane of the vertex b™. The vector z,, of the
local coordinate system is still the normal vector of the vertex b™.

For application of the curvature correction, the coordinates of one surface point from the point cloud
must be expressed in the local coordinate system (xp, Yp» zp). The component in direction zj, is already
known from the previous calculation of the normal height of the surface point. The other two
components sy, in direction y, and sy in direction xp, as shown in Figure 60,will be further used for
the calculation of the corrective lengths, mutatis mutandis to the curvature correction in 2D.
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Figure 58: Ellipsoid with contributing triangles to one vertex of the unstructured triangulated surface
mesh.

surface point
from point cloud

Figure 59: Exemplary calculation of principal Figure 60: Calculation of surface point

directions and principal curvature on coordinates in the coordinate
a triangulated surface of an system of principal directions of
ellipsoid. curvature.

The complete process of curvature correction in 3D follows the same principle as the curvature
correction in 2D. Nevertheless, some metrics require closer consideration, as they are significantly
different in 3D than in the 2D case. At this point, the assumption is made that the radii of principal
curvature r; and 15, as well as the directions of principal curvature X; and X, are already known. For
calculation of the angle a of the arc segment, a different approach is used than in the 2D case, as there
are normally no codebook vectors positioned exactly in the principal planes of curvature, which could
be used for determination of the chord length ¢ of the arc. To overcome this issue, a mean chord
length ¢ is used, which is defined as the mean distance between all neighbouring codebook vectors of
b™ to the position of b™ itself. The mean chord length ¢ is calculated according to Equation (15), where

J

J is the number of adjacent vertices of the currently considered node and x{;p,ygp,z are the

coordinates of the adjacent vertices in the local coordinate system, defined by the principal directions
of curvature.

J
1 2 ) o2
A j J j
c—jz\[xbp Y, T2, (15)
i=1
The angles a; and a, of the arcs in the two principal directions are then defined according to Equation
(16).

@; =2 sin! (Ci/zn) i=1.2 (16)
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The arc lengths B, ,, radii to the barycenter of the arc Tegy distances Ar , between the codebook
vector b" and the arc of the point cloud, approximations of the radii R , of the Voronoi arcs and the
correction lengths dNoffseth are calculated the same as in the 2D case, but for both principal
directions, according to Equations (6-8). The new corrected normal height dN.o;recteq fOr one surface
point x! can then be calculated according to Equation (17).

2

chorrected = dNuncorrected + Z (dNoffsetl- - Ari) (17)
i=1

In Figure 61 the mean curvature along the artificial parabolic point cloud presented in Figure 49 is
displayed. As expected, the calculation shows that the curvature in the area of the leading edge is
higher and therefore results in curvature induced roughness.

Mean Curvature H

Figure 61: Mean approximated curvature of the mean shape mesh of the parabolic point cloud.

Figure 62 shows the result of the 3D-SOM run on the artificial parabolic point cloud without curvature
correction. Figure 63 illustrates the result of the 3D-SOM run with curvature correction. The
comparison of the two Figures displays how the curvature correction in 3D corrected the curvature
induced roughness in the area of the leading edge.

Point Cloud Ra x10°

Point Cloud Ra 14

12

0
5 5
x (mm) Y x (mm) M0

Figure 62: Roughness Sa of the parabolic Figure 63: Roughness Sa of the parabolic
shape without curvature correction. shape with curvature correction.
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12 Automatic Codebook Vector Spacing

In section 10.1 Introduction to Self-Organizing Maps the term codebook vector was introduced as part
of the SOM method. Codebook vectors represent local clumps of data and describe the mean shape
of a point cloud by forming a codebook vector chain. This means, the mean shape, which most likely
has a non-constant curvature and non-constant roughness, or standard deviation of input point
normal heights is represented by a number of codebook vectors, aligned on a “daisy-chain”.

The amount of codebook vectors needed to sufficiently describe the mean shape of the input point
cloud is of importance and an input parameter for the SOM algorithm.

The variations of roughness and curvature lead to the requirement that in some regions of the mean
manifold, the manifold shall be more densely occupied by codebook vectors than other regions. The
process of determining those different regions in the shape and determination of their optimal
number of codebook vectors is a time consuming and iterative process, although there is a certain
statistical requirement existent on how sparse or dense the codebook vectors shall be positioned to
ensure validity of the resulting manifold.

For the conducted work, this statistical requirement was used to automate the whole process from
point cloud input to calculation of the roughness parameters for each codebook vector region. This
algorithm was exemplarily applied to an NACA 0012 wing, exposed to appendix C icing conditions.

12.1 Refinement of the Codebook Vector Representation

To increase the quality of the results with the SOM technique in the field of ice roughness evaluation,
it is most favourable to place as much codebook vectors, and therefore Voronoi regions with distinct
roughness values, as possible in the domain. This leads to a high resolution of roughness values along
the surface of the shape. A sparse representation of the mean shape will lead to curvature induced
normal heights and therefore roughness artefacts, which increase with higher curvature of the shape.
In Figure 64 the impact of the number of codebook vectors on normal heights is shown, as presented
by McClain and Kreeger [29] p.11]. In Figure 64 (a), curvature induced arcs of normal height are clearly
visible. Those especially occur in regions of higher curvature, as in the stagnation point of the clean
NACA 0012. This already indicates and suggests the need of a refinement of the codebook vectors in
this region, as it is applied in the results shown in Figure 64 (b). Here, the curvature induced arcs of
point normal heights are mitigated due to the refined representation of the mean surface.

Surface Height (mm)
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Figure 64: Normal Heights of the Surface Point Clouds of a NACA 0012 without Ice Roughness

versus the unfolded Mean Surface Distance: (a) 40-Point SOM Representation, (b)
Refined 70-Point SOM Representation [29], p.11].
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However, when evaluating a point cloud with roughness, increasing the number of codebook vectors
all along the mean manifold is not possible, as a minimum distance between two neighbouring
codebook vectors must be maintained. This is best explained by the following gedankenexperiment:

If the number of codebook vectors would be excessively increased until it tends to the total number
of surface points, the codebook vectors would eventually position themselves at the exact positions
of the surface points. Consequently, a Voronoi set of a codebook vector would only contain one
surface point.

The normal height of this point would be zero and therefore, also the roughness values Ra and Rq
would be zero. Furthermore, this leads to a Peano curve, which is a space-filling curve depicting a
zigzag pattern of the manifold representation by the codebook vector chain. For further information
on this phenomenon, the reader is referred to Kohonen [30], p.119]. This illustrates that there must
be a minimum distance between two codebook vectors. According to McClain and Kreeger [29], this
minimum arc length between two codebook vectors should not be less than twice the local standard
deviation of the data points from the manifold in order to adequately represent the original manifold.

Therefore, a distance between two codebook vectors with a separation of twice the local standard
deviation can also be interpreted as the optimum distance between two vectors, as the curvature
induced roughness artefact decrease with a higher number of codebook vectors or smaller distance
between them. This suggests automation of the process of finding the optimum number of codebook
vectors in every section of the mean manifold, which is further described in the following section.
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12.2 Automated Iterative Process for Codebook Vector Refinement

The definition of regions in the projected point cloud of an iced airfoil for roughness evaluation was
automated to fulfill the following criteria as good as possible: The distance between two neighbouring
codebook vectors shall be at an optimum of twice the local standard deviation of the codebook vector
with the lower standard deviation. In Figure 65, this process of automated codebook vector
refinement is illustrated. Therefore, an initial SOM run on the point cloud is necessary to obtain an
initial codebook vector chain. The number of codebook vectors N used for this initial run is based on
the size of the input point cloud domain. In other words, the dimension and aspect ratio of the
bounding rectangle over the scanned point cloud are evaluated and an initial guess of an optimum
number of codebook vector is assigned to the first SOM run.

Initial 80M run on point cloud (N is based on the size of the domain)
Output: Initiz] Codebook Vector Chain

For i Tterations

(a) Calculate distances Sh between Codebook Vectors:

(k) Calculate Standard Deviation SD of Normal Heights of each Voronoi Set o
Points attributed to one Codebook o1
| Calculate Marginm = §b - 28D £or every Codebock Vectar |

| Find continuous Regions of m being eitherm =0 orm =0 |

For every Region Ry

‘ Estimate the optimum Number of Codebook Vectors N, based on the mean

Standard Deviation 3D of all Codebook Vectors in the Region
§OM Run over the Region with new number of Codebook Veetars.
Output: Codebook Vector Chain for Region Rj

| Reattach all Codebook Vector Chains to one global Codebeok Vector Chain '—

Output:
Finzl Codebock Vector Chain with Refined

Figure 65: Automated lIterative Process of Codebook Vector Refinement

In the next step, the result of this initial SOM run, being the initial codebook vector chain is evaluated
in terms of the distances Sb between the codebook vectors and the standard deviation SD of normal
heights of each Voronoi set of points attributed to one codebook vector. Now, those two values can
be compared on basis of the formerly mentioned spacing requirement. Therefore, the margin m is
introduced for every codebook vector n, which is defined according to Equation (18).

m, = Sh, — 25D, (18)

When the margin m is negative for one codebook vector, it means that one of the two neighbouring
codebook vectors is to close with respect to the local standard deviation. Therefore, the number of
codebook vectors has to be reduced in that region. To obtain these finite regions, where a new
number of codebook vectors has to be assigned, the whole initial codebook vector chain is
investigated in terms of the previously calculated margin m. For this, the sign-function is applied to
the margin m.

For every one of those regions, a new number of optimal codebook vectors is calculated, based on the
mean standard deviation of all codebook vectors in this region. After that, a SOM run is performed
over this region with the new number of codebook vectors to position them in the barycenter of their
local clumps of data. In the final step shown in Figure 65 the results of the separated SOM runs are
attached to a new global codebook vector chain with an optimal number of codebook vectors in each
region.
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12.3 Test Case

The test case used for the described algorithm was an iced NACA 0012 wing. The conditions for the
icing test are further stated in Table 11. The 3D data of the iced wing was produced during an icing
test campaign in the IWT of Rail Tec Arsenal in Vienna, Austria as part of the nationally funded project
FFG Aviation Icing Tests Ill. As presented by Puffing et al. [42], the iced wing profile was scanned by
the Austrian Institute for Icing Sciences (AllS) with a structured light scanning system, which consisted
of four single structured light 3D scanning units, focused and calibrated to detect the upper and lower
wing section of a 500 mm span segment. The whole scanning system was positioned on a linear unit,
which moved the system along the wing to cover the whole spanwise length of the specimen. The
extracted point cloud for the evaluation was a section of the leading edge of the NACA 0012 wing with
a chord length of 300 mm.

Table 11:  Test conditions for the NACAO0012 test case, performed at the RTA icing wind tunnel

Icing duration

NACAO0012 | 1m 0 deg 60 m/s -10°C 20 um 0.5 g/m3 455 sec

. -
I Scan points

B
E o
>
10 -
20t
- 30
i{mm) = T0/120 40
X (mm)

-2‘0 -1‘0 (‘J 1‘0 2‘0 3‘0 4‘0 5‘0 60 70
X (mm)
Figure 66: Scanned point cloud of an iced Figure 67: Projection of the Scanned Point
NACA0012 wing, used for the Cloud of the Iced NACA 0012 Wing.
evaluation of the SOM algorithm.

In the presented case, the SOM method was applied with the hyperparameter-settings, presented in
Table 12. The columns “initial SOM-run” and “SOM-runs on the refined regions” refer to the
corresponding steps in the algorithm, as illustrated in Figure 65. For more information about the
presented parameters, the reader is referred to McClain and Kreeger [29] and Kohonen [30].

Table 12:  Hyperparameter Settings of the SOM-runs applied.

SOM-run ‘ Initial SOM-run SOM-runs on the refined regions
Number of codebook vectors 25 105 in total, varies by region
Maximum number of iterations 60 000 40 000

Iteration target 10 000 10 000
Neighbourhood distance discrete discrete

Initial neighbourhood distance 2 mm 2 mm

Initial learning rate 0.2 0.2
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Figure 68: Projected Point Cloud with Codebook Vector Chain and Codebook Vector Voronoi-
Regions.

In Figure 68, the resulting chain of codebook vectors is illustrated. The Voronoi-sets of surface points
are shown in coloured patches, attributed to the corresponding codebook vectors, respectively. A
comparison between the Rq values of the projected ice surface versus the mean shape surface
distance for the unrefined and refined case is shown in Figure 69. It is visible that in regions of lower
roughness, the codebook vectors are moved closer together, as also the local standard deviation is
lower and therefore, the spacing requirement (the optimum distance between two vectors is twice
the local standard deviation of the point normal heights) can be fulfilled with smaller distance between
the vectors.

In contrast to this, in regions of high roughness, such as at position -25 mm and +25 mm mean surface
distance, there is less codebook vector refinement. It is to be noted that the actual refinement of
codebook vectors along the mean shape of the surface is very sensible to the hyperparameter settings.
However, the resulting calculated roughness height Rq has shown to be more robust to changes in the
codebook vector spacing. Therefore, abrupt changes of codebook vector distance between two
codebook vectors have only minor effects on the calculated roughness. In the presented case, this
occurred at positions -30 mm and +20 mm mean surface distance for example.

07

—+— without automatic spacing
—=e— with automatic spacing

-100 -80 -60 -40 -20 0 20 40 60 80 100
Mean Shape Surface Distance (mm)

Figure 69: Projections of the Variations in Surface Roughness versus the Mean Shape Surface
Distance. Results are shown for the SOM-run without Automatic Spacing and with
Automatic Codebook Vector Spacing applied.
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13 Dissemination

In context of WP4 / Task 4.5 AlIS published and presented three scientific papers at conferences.

The first paper was presented at the SAE International Conference on Icing of Aircraft, Engines, and
Structures in June 2019:

Neubauer, T., Kozomara, D., Puffing, R., and Hassler, W., “Validation of Ice Roughness Analysis Based
on 3D-Scanning and Self-Organizing Maps,” SAE Technical Paper 2019-01-1992, 2019,
doi:10.4271/2019-01-1992.

The other two papers were presented at the AIAA Aviation Forum in June 2020:

Neubauer, T., Hassler W., and Puffing, R., “Ice Shape Roughness Assessment Based on a Three-
Dimensional Self-Organizing Map Approach,” AIAA Aviation Forum, June 15-19, 2020,
https://doi.org/10.2514/6.2020-2805.

Neubauer, T., and Puffing, R., “Assessment of Ice Shape Roughness via Automatic Spacing of
Codebook Vectors in a Two-Dimensional Self-Organizing Map,” AIAA Aviation Forum, June 15-19,
2020, https://doi.org/10.2514/6.2020-2806.

The content of this report coincides to some extent with the information published in those three
papers.
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