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I

Kurzfassung

Unbemannte Luftfahrzeuge (UAVs) haben sich dank ihrer flexiblen Einsatzmöglichkeiten,
Kosteneffizienz und Sicherheitsvorteilen in den verschiedensten Branchen etabliert. Trotz
ihrer zahlreichen Vorteile stehen UAVs vor wettertechnischen Herausforderungen, u.a. at-
mosphärische Vereisung während des Fluges. Daher werden Experimente zur Eisbildung in
speziellen Vereisungswindkanälen durchgeführt, in denen solche atmosphärischen Bedingun-
gen simuliert werden. Diese Tests ermöglichen es, das potenzielle Risiko einer Vereisung
während des Fluges zu untersuchen und besser zu verstehen. In dieser Studie wurde eine
Methodik zur Digitalisierung der daraus resultierenden Eisformen entwickelt, um das Aus-
maß und die Verteilung der Eisansammlung auf den Oberflächen von UAV-Komponenten zu
quantifizieren. Als Grundlage dazu diente das photogrammetrische Verfahren „Structure-
from-Motion“. Hierbei werden mittels einer speziellen Software digitale 3D-Modelle der Eis-
Geometrien basierend auf sich überlappende 2D-Bilder erstellt. Die vorgestellte Methode
umfasst dabei alle Schritte, von der Erzeugung der Eisansätze im Vereisungswindkanal, über
deren Bildaufnahme und 3D-Rekonstruktion bis hin zur Auswertung zur Bestimmung von
Eis-Dicke, -Volumen und -Dichte. Die digitalisierten Eis-Geometrien wurden mithilfe von
sog. „Global Control Points“ skaliert und referenziert, welche über bekannte Koordinaten
verfügen und so eine Transformation von einem relativen, digitalen Koordinatensystem in ein
reales, physisches Koordinatensystem ermöglichen. Darüber hinaus wurde die Genauigkeit
der Methodik untersucht und Maßnahmen ergriffen, um das Prinzip der Digitalisierung von
Eis-Geometrien mittels Photogrammetrie besser zu verstehen und weiter zu verfeinern.



II

Abstract

Uncrewed aerial vehicles (UAVs) have been established in various industries thanks to their
flexible application options, cost efficiency, and safety advantages. Despite their numerous
benefits, UAVs face challenges in the occurrence of atmospheric icing during flight. Ex-
periments on ice accretion are performed in icing wind tunnels, in which such atmospheric
conditions are simulated. These tests allow to investigate and understand the potential risk
of in-flight icing. In this study, a method was developed to digitize the resulting ice shapes
to quantify the extent and distribution of ice accretion on the surfaces of UAV components.
For this purpose, the photogrammetric technique "Structure-from-Motion" is applied. Using
special software, digital 3D models of the ice geometries are created based on overlapping
2D images. The method presented includes all steps, from creating the ice shapes in the
icing wind tunnel to their image acquisition and 3D reconstruction to the post-processing
to determine, e.g., the ice thickness, volume, and density. The digitized ice geometries were
scaled and referenced using so-called "global control points," which have known coordinates
and thus enable a transformation from a relative, digital coordinate system into a real-world,
physical coordinate system. In addition, the accuracy of the methodology was investigated,
and measures were taken to better understand and further refine the principle of digitizing
ice shapes using photogrammetry.
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4 2 Theoretical Backround
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Figure 2.1: Potential icing frequencies of Norwegian airspace and surrounding areas [3].
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Rime ice forms at very low tem-
peratures, causing the droplets to
freeze instantly when they collide
with a surface. This process cre-
ates an ice shape with a rough sur-
face and a streamlined geometry.
Since the droplets freeze so fast,
small air pockets are trapped be-
tween the freezing droplets, which
gives rime ice its characteristic
white appearance. Rime ice typ-
ically results in moderate aerody-
namic penalties [4].

Glaze ice, also called clear ice,
forms at temperatures near the
freezing point. In this tempera-
ture regime, the incoming droplets
remain in their liquid phase longer
and do not freeze instantly. The
resulting liquid water film steadily
freezes on the surface, forming
transparent ice shapes. Glaze ice
shapes can create complex geome-
tries, leading to severe aerody-
namic penalties [4].

Mixed ice typically occurs in the
temperature range between rime
and glaze and combines both ice
forms. Some droplets that hit the
surface freeze immediately, and
some remain liquid. The latent
heat released during the icing or
aerodynamic heating can also sup-
port this process. The geometries
that form during mixed ice vary
considerably in shape and can lead
to severe aerodynamic penalties
[4].

Figure 2.2: From top to bottom: Rime ice, glaze ice, and mixed ice [4].
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damage the engine [3].

Figure 2.3: Propeller performance degradation in moderate icing conditions in an icing wind
tunnel [3].

Degradation of Aerodynamic Performance
Lastly, ice accretion on aerodynamic surfaces affects the aerodynamic performance by gen-
erating less lift and more drag. This can also lead to stalling at smaller angles of attack than
regular operational conditions as shown in Figure 2.4(b) [3, 4]. In general, ice on airfoils
can be separated into four different ice morphologies, shown in Figure 2.4(a) and presented
below.

(a) (b)

Figure 2.4: (a) Typical ice morphologies on an airfoil and (b) qualitative aerodynamic per-
formance degradation due to icing [4].
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5 Results

This chapter presents the results of the abovementioned tests and investigations. The struc-
ture follows that of the previous Chapter 4 so that the results from the IWT test campaign
are presented first, followed by the evaluation of the reconstruction accuracy and, finally,
the investigations for refining and optimizing the developed method.

5.1 Validation

This section briefly examines the qualitative results of the IWT test campaign. The aim
was to digitize the ice shapes of various ice accretion tests to validate the developed method.
Tests were carried out on both airfoils and propeller blades. Figure 5.1 shows some 3D
models that were reconstructed using photogrammetry. The digitized ice shapes show a
high level of detail and good quality. Even small details, such as ice feathers on rime ice,
are clearly visible. Due to ice shedding, the ice shapes on the propeller blades are much
more delicate but could also be captured well.

Figures 5.2 and 5.3 show the referenced cross-sections of the ice-accreted airfoils and propeller
blades from various test runs as contour plots. The black dash-dot line shows the original
CAD geometry. The models of the same geometry obtained the exact coordinates, which
were determined by a single alignment. All models were scaled correctly to their physical
size. Referencing was also possible, though less precisely in some cases. In the airfoil tests
(Figure 5.2), Run 15 shows a slight angle offset around the z-axis. All other contours lie
almost exactly on the clean airfoil. It is possible that the airfoil was not inserted correctly
into its base plate. The contours of the propeller blades (Figure 5.3) could also be referenced
reasonably accurately. Moving outwards along the propeller radius, however, they show
slight offsets to the clean blade. This indicates that the model’s coordinate system has a
slight angular offset around the x-axis to that of the original geometry.
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(a) (b)

(c) (d)

(e)

Figure 5.1: Digitized ice shapes from the IWT test campaing: (a) Rime ice, (b) mixed ice,
and (c) glaze ice on an unswept airfoil, (d) glaze ice on a swept airfoil, and (e)
rime ice on a propeller blade.
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Figure 5.2: Cross-sections of ice-accreted airfoils from various test runs.
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Figure 5.3: Cross-sections of ice-accreted propeller blades from various test runs at 30 %, 60
%, and 90 % of the propeller radius.
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5.2 Accuracy Assessment

This section presents the results of the experiments for the accuracy assessment.

Minimal Resolvable Feature Size

To determine the minimum feature size, a geometry with artificial pyramids with a size of
0.2 - 5 mm was digitized using SfM photogrammetry. The result is shown in Figure 5.4(b).
It can be seen that even fine geometries up to 0.4 mm were reconstructed well. Only the
smallest size of 0.2 mm is no longer recognizable. With smaller feature sizes, the contours
appear to blur. However, this is due to stringing, a typical production problem in the FFF
3D printing process caused by excess filament oozing out of the nozzle during travel moves.
This can also be observed in the original file (Figure 5.4(a)). While elevations were well
reconstructed, the method struggled to capture depressions in the geometry. Thus, the
writing on the geometry’s outer side was hardly captured.

(a) (b)

Figure 5.4: (a) Sample geometry and (b) photogrammetric reconstruction.

Accuracy Measurement based on a Known Geometry

To evaluate the method’s accuracy, a 3D-printed ice-accreted profile was digitized, and the
resulting digital copy was compared with the STL file of the reference geometry. Figure 5.5(a)
shows the deviation as calculated Hausdorff distance between the copy and the reference file
as a three-dimensional contour plot and the corresponding histogram. Figure 5.5(b) shows
the approximated graph of the beta PDF and visualizes the calculated expected value, mean
value, and median.
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Figure 5.5: Deviation between reference geometry and its copy is shown as (a) a three-
dimensional contour plot and (b) a histogram with an approximated function of
the beta distribution.

Except for a few outliers, the deviations range to around 1 mm, with an average deviation
of 0.217 mm and a median of 0.173 mm. As these parameters are susceptible to outliers, the
expected value determined by the beta PDF is significantly lower at just 0.046 mm. Also
worth mentioning is the fact that the deviations are smaller in the center of the object on
which the camera was focused than at the edges. Therefore, correct focusing also seems to
have a positive effect on quality.

Repeatability of the Object’s Pose

The repeatability of the referencing was investigated by creating three independent datasets
from a propeller blade and calculating the individual distances to the reference CAD file. The
rotation angles and distances for the reference alignment were determined manually in the
CAD program for Dataset 1, and the transformed coordinates were assigned to the individual
models so that they all had the exact marker coordinates. The calculated Hausdorff distances
to the reference CAD file are shown in Figure 5.6 as a histogram and 3D contour plot.
In addition, the green histogram shows the differences between the calculated deviation
of the individual bins for Datasets 2 and 3 to Dataset 1, which was used for reference
alignment. Dataset 1 shows a similar course of the deviations as in Figure 5.5 for the
previously performed accuracy measurement. This error can, therefore, be attributed to
the accuracy of the photogrammetry or the manual determination of the transformation
parameters. Datasets 2 and 3 show slightly more significant deviations. This difference
can be attributed to an error in the referencing. For Dataset 2, this mean error of the
absolute differences is 0.190 mm; for Dataset 3, it is 0.117 mm. The mean deviations from
the reference file and the means of the absolute differences of the deviations to Dataset 1 are
listed in Table 5.1.
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5.3 Further Method Refinement

This section presents the results of all further tests carried out to gain knowledge for potential
optimization of the method.

Optimization of the Camera Parameters

Several series of images were taken with different settings for aperture, ISO sensitivity,
and shutter speed to find the ideal camera parameters for capturing ice features. Tests
were divided into two parts to examine the parameters independently and carried out on
non-iced airfoils and with accreted airfoils of various types of ice. First, the airfoil was
photographed with varying sizes of aperture and ISO values at equivalent exposure; then,
in the second test, the ISO and aperture were kept constant (ISO 100 and f/13), and the
exposure increased gradually. The result was quantified and compared using the common
features found in the images, known as tie points.

Figure 5.7 shows the number of tie points found in the images for the first test series of a
non-iced airfoil. It can be seen that lower ISO values cause more tie points. The highest
number of tie points gained for all ISO values is at a f-stop setting for the aperture of f/13.
By drifting away from this optimum, the number of tie points reduces.

f/8 f/10 f/11 f/13 f/14 f/16 f/18 f/20 f/22
F-Stop

2000

4000

6000

8000

10000

12000

14000
No. of tie points

ISO 100
ISO 200
ISO 400
ISO 800

Figure 5.7: Number of tie points found depending on the ISO sensitivity and aperture of the
images for a non-iced airfoil.
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6 Discussion

In this chapter, the obtained results will be discussed and placed in the context of the
knowledge gained in this thesis. The sequence of the previous chapters will be followed again,
starting with the overall validation of the developed method, then the accuracy assessment,
and, further method refinements. Finally, the SfM approach will be compared qualitatively
with other techniques for digitizing ice.

6.1 Validation

The developed and optimized method was tested and validated in practice during an IWT
test campaign at the VTT in Helsinki. All ice shapes and types, rime, glaze, and mixed ice,
could be reconstructed with good quality and a high level of detail (Figure 5.1). Even small
details, such as ice feathers on rime ice, are clearly visible. Due to ice shedding, the ice
shapes on the propeller blades are much more delicate but could also be captured in good
quality. Due to technical problems with the propeller test rig, it was not possible to test
glaze and mixed ice on the propeller blades. However, based on the results on the airfoil
and the rime ice case on the propeller blades, it can be assumed that these could have been
reconstructed to a similar quality.

The automated scaling and referencing of the digitized models is a significant improvement
over the previous state of research at the UAV Icing Lab. The scaling was achieved with
high precision and repeatability. Referencing and alignment also worked reasonably well,
particularly for the airfoil (Figure 5.2). A single test run showed a slight angular offset,
leading to a few millimeter deviations. It is possible that the airfoil may not have been
inserted correctly into the base plate. To prevent this, the grooves of the base plate into
which the test specimen is inserted could be made slightly conical. This design measure
would allow the airfoil to self-center and thus enable a more reproducible alignment with
respect to the markers. The two grooves of the same length, which previously had the same
length and width, could also be designed with different dimensions to prevent the airfoil
from being placed "the wrong way round" on the base plate, thus changing the pose to the
markers. Coincidentally, this never happened during the tests. Nevertheless, this measure
would eliminate another potential source of error.

The propellers showed a slight lack of precision, particularly at the blade tip, which indicates
a slight angular misalignment around the x-axis (Figure 5.3). Since the propellers are fixed
by screwing them to the frame, the divergences between the individual runs are probably
not due to a mechanical cause but to the SfM reconstruction process or the inaccurate
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referencing. The manual measurement of the marker coordinates, in particular, leaves
room for improvement. However, this error can hardly be avoided due to the length of the
propeller blade. In the case of the investigated 21" propeller (which has a radius of 266.7
mm), a slight offset angle of 0.2 - 0.4 ° is already sufficient to cause the observed 1 - 2 mm
error at the blade’s tip.

Another possible source of error is the painting of the ice shapes. This was done manually
and is, therefore, not repeatable. Due to the sometimes complex geometric structures,
ensuring that everything was painted evenly is also impossible. Drying the paint in the
freezer could also slightly affect the results. However, due to the low layer density of the
airbrush application, this error is unlikely to affect the ice geometry itself, but it affects
its roughness. Ice roughness was not investigated further in this thesis, but it could be
important in future work.

Further significant improvements compared to the previous state of research are automating
the photogrammetry process in Metashape through scripting and image acquisition with the
camera mount designed for this purpose. Both measures enable significantly faster and more
reproducible results and simplify the process. Based on the results in the IWT, the method
could be validated successfully overall.

6.2 Accuracy Assessment

The second aim of this work was to investigate the method’s accuracy. Various tests were
carried out for this purpose. The investigation of the minimal resolvable feature sizes has
shown that even small features of 0.4 mm are detected and reconstructed (Figure 5.4).
More minor features can no longer be identified in the reconstruction, but the 3D printing
process used to produce the test specimen also reaches its limits here. However, it should
be mentioned that the features to be examined are elevations in the geometry, which seem
to be much easier to digitize than depressions. For example, the engraved writing into the
test object was not captured despite its larger dimensions.

Nevertheless, the accuracy measurement based on a known geometry showed that features
with a shape similar to the ice accretion could be captured very accurately (Figure 5.5).
The mean deviation from the reference object is 0.217 mm, and the median is 0.173 mm.
As both values are sensitive to outliers, the expected value approximated via the beta PDF
is significantly lower at just 0.046 mm. Nevertheless, there appear to be some individual
outliers that exceed 1 mm. It is uncertain where these outliers come from; they may
be due to pixel errors, image grain, or an error in calculating the Hausdorff distance in
MeshLab. Due to their small number, however, the model itself is practically unaffected.
With deviations far below one millimeter, SfM photogrammetry can be rated as reasonably
accurate overall.
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