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Aircraft icing poses a significant safety risk, making the replication of atmospheric icing conditions in a
laboratory environment essential. Current ice generation methods for preliminary testing of ice protection
systems primarily rely on silicon molds for static ice and icing wind tunnels for impact ice. However, due to the
different freezing processes, static and impact ice differ, limiting the relevance of preliminary tests. This paper
introduces a novel ice printer as a simplified method to generate impact ice on a small scale comparable to that
produced in icing wind tunnels. For validation, ice specimens generated with the ice printer are compared to those
from an icing wind tunnel and silicone molds. The comparison is based on optical properties, density, and adhesion
strength measured via centrifuge testing. Results show that the ice printer can reproduce a range of icing conditions
similar to those generated in icing wind tunnels, in terms of density and adhesion strength. The static ice specimens
generated with silicon molds show similar density but slightly higher adhesion strength. Based on these findings, the
ice generated with the printer can be classified as impact ice. Additionally, this novel method offers high
reproducibility and significantly improves cost and time efficiency compared to traditional icing wind tunnels.

I. Introduction

HE formation of ice during flight poses major problems for

aviation. Ice accumulation on aerodynamic surfaces, such as
wings, alters the surface properties, increasing mass, drag, and local
stalling, which significantly increases the risk of accidents and fuel
consumption [1]. Another adverse effect of icing on aircraft struc-
tures is the change in lift behavior, as nonlinearities can occur in the
lift curve at lower angles of attack [2]. Therefore, a reliable deicing
or anti-icing system is essential for flight safety and is mandatory for
aircraft operating in icing conditions [3].

According to the current state of the art, most passenger aircraft
use thermal anti-icing systems, which use bleed air from the power-
train to heat critical structures such as slats [4,5]. However, ongoing
research in aviation is increasingly focused on lightweight construc-
tion due to its potential to increase energy efficiency and reduce
emissions from aircraft [6]. However, the carbon-fiber-reinforced
polymers used for lightweight constructions are characterized by
lower thermal conductivity and are less heat resistant than metallic
materials [7], posing challenges for the use of existing anti-icing
systems. A thermal anti-icing system based on bleed air can reach
temperatures of several hundred degrees Celsius, jeopardizing the
structural integrity of these components and thus increasing the risk
of material damage. Given these technical challenges, it is clear that
innovative ice protection technologies must be developed to ensure
in-flight safety for future aircraft concepts.

Developing new ice-protection systems requires precise planning
and comprehensive test procedures to ensure the effectiveness and
reliability of the systems. For this purpose, fundamental test scenar-
ios have been defined by the European Union Aviation Safety
Agency and the Federal Aviation Administration, which include
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both laboratory and in-flight tests [1,8]. Crucial parameters for ice
generation are stated to recreate the types of ice forming under
atmospheric conditions as closely as possible, thereby obtaining
meaningful results even in the early stages of development.

The main ice types occurring on aircraft under atmospheric con-
ditions are rime ice and glaze ice. During rime ice formation, the
droplet freezes instantly in its spherical form when hitting the sur-
face, creating air-filled cavities in the ice. Because of the entrapped
air, rime ice has a white, rough surface and a smaller density than
glaze ice [9]. Because of the almost instantaneous freezing of the
impinging water droplets, rime ice accumulation closely follows the
original structure’s shape, reducing the aerodynamic performance
drawbacks [10]. Suppose the convective heat flow during phase
transformation is not high enough, the phase transformation of the
droplet is delayed, and the water runs along the surface before
freezing completely. This so-called wer growth results in a smooth,
transparent layer of glaze ice with no entrapped air [11]. Glaze ice
accretions drastically change airfoil shape, resulting in large regions
of flow separation and, therefore, severe drag rise [12]. It has a higher
density than rime ice and is favored by larger droplets and temper-
atures near the freezing point. In some cases, both growing types can
occur on the same structure, forming mixed ice [13].

Temperature-controlled icing wind tunnels produce these differ-
ent ice types in a representative and reproducible way and inves-
tigate the accretion of impact ice on surfaces. The adjustable
parameters depend on the specific icing wind tunnel and its spraying
device. They typically include the droplet size and distribution,
ambient and water temperature, and water and airflow rate. Using
specific nozzle systems, various forms of ice growth, such as glaze,
rime, and mixed ice, can be generated under simulated atmospheric
conditions. Various icing wind tunnels of different sizes and adjust-
ment parameters can be found in the literature [14-17].

Although icing wind tunnels are essential for certifying new
ice-protection systems, their use involves certain disadvantages,
especially in the early stages of development. One disadvantage is
the limited comparability of the produced ice layers with other icing
wind tunnels due to the various adjustable parameters [18]. Icing
wind tunnels are also not available in many laboratories due to high
maintenance and operational costs and the need for expensive periph-
eral equipment. In addition, implementing realistic test scenarios in
an icing wind tunnel requires time-consuming and cost-intensive
preparation. For these reasons, more straightforward methods of ice
production are often used for preliminary tests on subcomponents.

Ice formation without the use of an icing wind tunnel is com-
monly achieved through spray bottles, freezing molds, or cold
chambers equipped with spray nozzle systems. In the spray bottle
approach, distilled water is manually applied to the specimen within
a cold environment, causing the droplets to freeze upon impact.
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Because freezing is initiated by the collision of supercooled droplets
with the surface, the resulting ice is referred to as impact ice. A more
controlled method involves cold chambers with atomizing nozzles,
which produce a uniform spray of fine droplets that impinge on the
surface and freeze similarly to form impact ice [19]. In contrast, the
freezing process of static ice is triggered by the cooling of water,
which causes the ice layer to form from the edge to the center,
resulting in high air entrapment [20]. For static ice generation, a
freezing mold is placed on the surface, filled with distilled water,
and put in a freezer. This method is straightforward to handle and
non-time-consuming and allows different shapes of static ice to be
generated. However, static ice shows severe differences from impact
ice. Tetteh et al. [21] compare static ice’s adhesion strength with
impact ice produced in an icing wind tunnel and shows a 45% higher
shear adhesion strength for static ice than impact ice when using
metal substrates. Other studies show similar differences in tensile
adhesion strength when comparing impact ice and static ice [22,23].

The previously mentioned reasons highlight some limitations of
current ice-generating methods in recreating impact ice on a small
scale and the resulting reduced significance of preliminary tests for
deicing and anti-ice systems. Hence, this paper introduces a novel
ice printer that generates impact ice while avoiding costly and time-
consuming tests in icing wind tunnels. Combining the mechanics of
a three-dimensional (3D) printer with a two-component jet nozzle,
the variety of adjustable parameters enables the fast generation of
ice similar to that of an icing wind tunnel for preliminary tests of ice
protection systems on a small scale in early development stages of
deicing and anti-icing systems.

The paper is structured as follows. The setup and working prin-
ciple of the novel ice printer are introduced in detail in Sec. II. As the
paper aims to classify the printer as a method for impact ice
production in the early development stages of ice protection sys-
tems, the results must be compared with state-of-the-art ice-
generating methods. Therefore, the ice layers generated with the
ice printer are compared with those generated with an icing wind
tunnel and silicone molds. The parameters used to generate the ice
layers of the different ice types with each method are presented in
Sec. III. The density, adhesion strength, and optical properties of the
produced ice are used to compare the different ice-generating meth-
ods with each other. The results of these measurements are pre-
sented in Sec. IV and discussed in Sec. V. A conclusion and an
outlook on the topic are given in Sec. VI.

II. Novel Ice Printer

The ice printer is designed to produce glaze and rime ice com-
parable to that produced in an icing wind tunnel. However, the ice
printer is much smaller and simpler to use, which allows it to be
operated in a regular household freezer. This ensures precise control
of the ambient temperatures below the freezing point. The system
includes extended printer electronics and pneumatic control loops to
create a controlled water spray through a two-component nozzle,
applied in layers to a substrate. Ice layers can be applied to indi-
vidual geometries due to the relative movement between the nozzle
and the substrate.

Figure 1 shows the freezing process of water and the functional
principle of the ice printer adapted to the freezing process. The water
is precooled in a tank to just above the freezing point. The water is
channeled to the nozzle, while the water temperature is still over
0°C. Behind the nozzle outlet, the water continues to cool down, and
the resulting droplets supercool in the air between the nozzle outlet
and the substrate. The supercooling of the liquid water causes
immediate freezing of the droplets upon impact with the test spec-
imens. To ensure the complete freezing process of each layer,
localized areas are wetted only for a limited time.

Figure 2 shows the main components of the ice printer involved in
the ice printing process. This section provides a detailed explanation
of each component and its function. Additionally, the key parame-
ters influencing the printing process and their corresponding tech-
nical ranges are discussed.
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Fig. 1 Schematic principle of ice production using the ice printer.

A. Setup and Main Components of Ice Printer

The system consists of the kinematic components and the asso-
ciated electronics of a 3D printer, which is extended by heating
components, a two-component nozzle, pneumatic control loops, and
a water tank (see Fig. 2). The central component of the ice printer is
an external-mix two-component nozzle (Schlick model 970 S8),
which can adjust droplet size and volume flow ratio of water to air.
The nozzle generates a cloud of water droplets with a diameter of
10 to 50 ym. It is mounted on the carriage of the computerized
numerical control (CNC) kinematics of the 3D printer (Anycubic i3)
with a moving printing bed. The maximum icing area is
200 mm x 200 mm, defined by the size of the printing bed. In this
study, only flat test specimens have been frozen and used for further
experiments, which fit on the printing bed. It is conceivable to ice
more complex geometries, such as airfoil profiles, as long as the
distance between the surface and the nozzle outlet remains large
enough. The triaxial control enables the measurement of elevation
profiles for various sample geometries, using an installed tactile
sensor (Geeetech 3Dtouch V3.2) with an accuracy deviation of
0.005 mm. Measuring the specimen elevation in the original and
iced states before and after ice printing at predetermined points
allows the determination of the ice-layer thickness. Knowledge of
the ice height enables the characterization of the printed ice. The
required water for printing different ice layers is stored in a water
tank, where it is precooled to 2°C before the printing process begins.
An insulated tube connects the nozzle to the tank.

Most electronic and pneumatic components are outsourced from
the freezer in an extra box (see Fig. 3). The entire system is
controlled via the printer’s original mainboard. The printer’s power
supply is the primary power source. Unused pins and connections
are assigned to the additional components that have been installed.
Two heating bands regulated by the adapted proportional-integral-
derivative (PID) heating control of the printer are installed on
the tank and the water tube to prevent the water from freezing in the
individual components. The heating bands are interfaced with the
printer’s existing heating ports, replacing the original heating ele-
ments of the print bed and extruder. The original temperature
sensors have been replaced with temperature sensors with car-
tridges. They are installed in the tank and the tube near the nozzle
to implement two water temperature control loops.

The in-house air supply, equipped with two downstream pressure
regulators, is used for regulating both water and air pressure. The air
pressure regulators are connected to the 1°C pins via digital-to-
analog converters (DACs) in between. An additional 12 V supply
is installed for the pneumatic components. The first regulator
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directly adjusts the air pressure at the nozzle, whereas the second
pressurizes the water tank, generating a water volume flow to the
nozzle. Additionally, two pressure sensors are installed for precise
monitoring. Figure 4 shows the ice printer’s different circuits,
including the heat, the air, the water, and the information flow.

All components are controlled by custom Marlin firmware, which
was modified to meet new requirements and support additional
functionality. In the first step, the existing firmware was adapted
to the new environment; for example, the parameters of the PID
control were tuned to accommodate the new heating elements. In the
second step, new G-code commands were implemented to enable
control of additional components such as the pressure regulators.

All G-code commands are transmitted to the printer via G-code files.
These files define the printing process parameters, including the
geometry and positioning of the test specimen, as well as the ice
type and thickness. By optimizing the spacing between parallel
printed ice lines within a single layer and varying the orientation
of stacked layers, a homogeneously distributed ice layer can be
applied to the test specimen. The files also specify the coordinates of
the ice-layer height measuring points used to characterize the
test specimens. The printing process is started and monitored via
Pronterface.

B. Parameter Range and Adjustments

Conditions similar to those in an icing wind tunnel can be
simulated by adjusting the air and water pressure at the two-
component nozzle, the ambient conditions, and printing parameters,
enabling the generation of different ice types. The adjustable param-
eters are summarized in Table 1. The possible ranges of the median
volume diameter (MVD) and mass flow rate, which depend on the
nozzle model, are also listed. The settings used for the desired spray
patterns were extracted from the nozzle data sheet. No measure-
ments were taken to determine the nozzle-specific parameters.
Further information can be taken directly from the data sheet.!

The freezing process is strongly influenced by water and ambient
temperatures, which are key parameters that govern droplet super-
cooling. The water in the tank must be precooled to just over 0°C.
Low ambient temperatures allow droplets to supercool before hit-
ting the specimen surface. Figure 5 visualizes the supercooling of
droplets a few centimeters behind the nozzle outlet. In general,
lower temperatures are more beneficial for the accretion of rime
ice, while higher temperatures near 0°C slow the freezing process
and promote the growth of glaze ice.

The pressure regulators apply air pressure to the nozzle and the
water tank, mainly controlling the water mass flow and the MVD.

YInformation available online at https://cdn.sanity.io/files/630789br/
production/627e43176aec1cldb74942ca0f20c4f9da3df06e.pdf [retrieved 7
May 2025].
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Fig. 4 Pneumatic and electronic circuits of the ice printer.

Table1 Parameter range for the printing of different ice types

Parameter Possible range Used range
Ambient temperature T, °C —-20to 0 —15to =5
Water temperature 75, °C 0 to 20 Oto2
Air pressure p, bar 0.3 t0 6.0 0.31t0 0.6
Water pressure p,, bar 0.3 to 6.0 0.6 to 0.8
Water regulation needle setting 1to7 4
Nozzle height 7, mm 0 to 200 30 to 70
Nozzle speed v, mm/ min 0 to 10,000 2000 to 6000
Water mass flow 71, g/s 0.01 to 23.75 0.05 t0 0.17
MVD, um 10 to 50 20 to 40

30 mm

-21.0°C

Fig.5 Thermal image of supercooling droplets behind the nozzle outlet.

The flow rate determines the local amount of water on the test
specimen, which is primarily regulated by the tank pressure. In
contrast, the injector effect due to higher air pressure at the nozzle
has a minimal impact on it. An increase in air pressure results in
stronger water suction due to the resultant negative pressure at the
nozzle outlet. Although this effect has minimal impact on the mass
flow, the air pressure at the nozzle can control the MVD distribution

and the velocity of the outflowing water droplets. Because of the
external mixing principle of the two-component nozzle used, the
decay of the water jet in single droplets occurs behind the nozzle
outlet and is influenced by the airflow within the nozzle. To sum-
marize, a higher water volume flow rate benefits the generation of
glaze ice, whereas lower flow rates favor rime ice. Higher air
pressure at the nozzle results in a lower MVD, which is beneficial
for rime ice. However, the maximum air pressure is limited to 1 bar
because pretests have shown a high reflection of droplets from the
surface for higher pressures. The minimum water pressure is limited
to 0.3 bar to ensure a sufficient water flow rate to prevent freezing of
the nozzle.

The nozzle allows fine-tuning of the water flow rate via an
integrated water regulation needle. The needle allows adjustment
of the water-to-air flow ratio without changing the air and water
pressures. Pretests have shown that both ice types can be produced
with the regulation needle set in position 4. To automate the printing
process, the nozzle is used with this setting permanently, while the
other parameter can be automatically adapted to the needs of the
ice type.

The nozzle height and thus its distance from the test specimen
affect the local water deposition on the substrate, the width of the
printed paths, and consequently, the available time for droplet
supercooling. This height can be precisely adjusted using the print-
er’s CNC kinematics. The supercooling of the droplets depends on
the time they interact with the surroundings between the nozzle and
the specimen surface. An increased nozzle height results in lower
droplet temperatures, while simultaneously reducing the local water
amount on the specimen surface. This reduces the heat that needs to
be dissipated and the thickness of each printed layer, which is
advantageous for rapid heat dissipation. Figure 6 shows the develop-
ment of the wetting diameter d depending on the nozzle height .
The theoretical spray angle of ¢ = 40° is valid only up to a nozzle
height of 2 = 70 mm, beyond which the wetting diameter remains
constant at approximately d = 51 mm. To generate homogeneous
ice layers, the height-dependent wetting diameter has to be consid-
ered in the G-code by adjusting the spacing between parallel lines.
In summary, a higher nozzle height is favorable for generating rime
ice due to the associated lower droplet temperatures and a smaller
amount of heat that has to be dissipated.

The nozzle’s movement speed can be varied to regulate the
amount of water deposited per area on the specimen surface. A
faster nozzle movement leads to a smaller water volume and,
consequently, less heat that must be dissipated. However, the nozzle
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Fig. 6 Comparison of theoretical and experimental wetting diameter.

speed is subject to certain limits. A speed above 6000 mm/ min
causes abrupt and sudden nozzle movements, resulting in unstable
spray patterns. Conversely, a lower limit of 2000 mm/ min was
experimentally evaluated and is a good compromise between water
quantity and the time needed to produce a single layer. Therefore,
higher nozzle speeds are advantageous for producing rime ice,
whereas lower speeds are used for glaze ice. With appropriate
parameter settings, the printer is capable of producing both glaze
and rime ice, establishing this compact and cost-efficient method as
a viable alternative for fundamental research on deicing and anti-
icing systems.

III. Methods for Generation and Characterization of
Rime and Glaze Ice

To evaluate the ice generated by the ice printer, it is compared to
reference specimens generated with an icing wind tunnel and via
static freezing in silicon molds. The underlying assumption is that
the ice generated with the ice printer more closely resembles impact
ice from the icing wind tunnel than static ice from the silicon molds.
A comprehensive characterization of atmospheric ice can be based
on a variety of parameters, including optical appearance, density,
adhesion strength [24], compressive strength [25], tensile strength
[25,26], and elastic modulus. These parameters vary significantly
depending on the ice type and environmental conditions and col-
lectively provide a detailed profile of the ice’s mechanical and
physical behavior. In the present study, however, the characteriza-
tion is limited to optical properties, density, and adhesion strength.
These three parameters were selected due to their practical acces-
sibility in the given experimental setup and their proven ability to
provide meaningful insight into the structural and functional char-
acteristics of different ice types. More advanced mechanical param-
eters, such as tensile or compressive strength and Young’s modulus,
while valuable, require significantly more complex setups and are
therefore considered beyond the scope of this initial investigation.

The ice layers are generated on rectangular aluminum specimens
measuring 150 mm X 20 mm with a thickness of 2 mm. The area
for ice accumulation is at the tip of the specimen and measures
20 mm X 20 mm. These dimensions were chosen to ensure that the
contact area between the ice and the specimen exceeds the required
minimum of 10 mm X 10 mm [27,28]. The specimens are precooled
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Fig. 7 Workflow of the ice generation and characterization process
using the ice printer, icing wind tunnel, and silicon molds.

before ice generation for all methods to minimize temperature
gradients between ice and specimen, thereby reducing the risk of
interfacial fracturing caused by thermal strain [11].

Figure 7 provides a graphical overview of the experimental work-
flow. Accurate specimen handling and precise control of process
parameters are essential to ensure reproducible and reliable results,
as previous studies have shown that environmental and procedural
factors can significantly affect ice adhesion strength [27]. Among
these, temperature has been identified as the most critical parameter
influencing adhesion, not only during ice formation [29] but also
throughout the testing process [23,30]. Consequently, temperatures
were carefully monitored during both freezing and testing phases.
To prevent premature melting and refreezing at the interface, which
could alter adhesion characteristics, all frozen specimens were
handled with gloves to minimize heat transfer.

A. Parameters Used for Ice Generation

Depending on parameters such as ambient temperature, liquid
water content (LWC), droplet size, wind speed, and others, the
generation of either rime ice or glaze ice is favored. Politovich
[31] states that on airframe structures rime ice production is favored
by ambient temperatures below —10°C, a LWC of 0.15 g/m? to
50.38 g/m?, and droplets with a small MVD. Conversely, larger
droplets, higher airspeed, and temperatures near the freezing point
favor the formation of glaze ice. Based on these observations,
production parameters are determined to generate rime and glaze
with the ice printer and the icing wind tunnel. For all methods, an ice
mass of 1 g is aimed for during ice generation.

When generating different ice types with the ice printer, param-
eter values comparable to those reported in the literature for other
ice-generation methods are targeted. Because the parameters LWC,
wind speed, and MVD cannot be controlled directly with the ice
printer, process parameters such as water pressure, air pressure,
nozzle speed, and nozzle height are adjusted to influence them
indirectly. To achieve a low LWC, the water pressure is reduced
to limit the water flow rate. The wetting of the specimens is con-
trolled by adjusting the nozzle speed and height. Higher nozzle
height and speed decrease the wetting of the specimen and thus the
LWC. A higher nozzle height and low ambient temperatures pro-
mote droplet supercooling before they hit the test specimen. The
specific parameter sets used for rime ice and glaze ice production
with the ice printer are listed in Table 2.
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Table 2 Parameters used for rime and glaze ice production
with the ice printer

Parameter Rime ice Glaze ice
Ambient temperature 7, °C —15 -10
Water temperature 75, °C 0 0
Air pressure pp, bar 0.6 0.3
Water pressure p,, bar 0.6 0.8
Water regulation needle setting 4 4
Nozzle height 7, mm 70 30
Nozzle speed v, mm/s 6000 2000
Water mass flow 7, g/s 0.09 0.12
MVD, pm 20 to 40 20 to 40

The icing wind tunnel of the Institute of Mechanics and Adap-
tronics at Technische Universitit Braunschweig is used in this study
to generate reference rime and glaze ice specimens. It consists of an
open-return wind tunnel (Eiffel-type) located within a large freezer
chamber, which enables the controlled simulation of atmospheric
icing conditions. The spray bar system of the icing wind tunnel
consists of three bars with five nozzles each. Hydraulic atomizing
nozzles of the type PJ6, manufactured by BETE Fog Nozzle, are
used. Depending on the water pressure, droplets with an MVD of 40
to 90 um are created.= The droplets supercool on their way to the
test section and form an ice layer upon impact on the surface of the
test specimen. A detailed description of the icing wind tunnel,
depicted in Fig. 8, can be found in Ref. [17].

Different parameters can be adjusted to generate the desired ice
type. The MVD inside the icing wind tunnel is determined by the
adjustable water pressure p and can be calculated by

p —0.326
MVD = 85.77 ym(@) (1)

The LWC inside the test section depends on the number of active
nozzles n and the wind speed v used for ice production and can be
calculated by

nm

LWC =
VA

(@)

in which Ay, = 0.45 m X 0.45 m is the cross-section of the wind-
tunnel test section and s is the mass flow of the water. The mass
flow is given as a function of pressure by the manufacturer of the
nozzles and is calculated by

. [p
=0.228 L 3
1 g/s bar (3)

The parameters used to produce rime and glaze ice with the icing
wind tunnel in this study are listed in Table 3.

As a third method for ice generation, static ice is produced by
filling silicone molds with distilled water. Each mold is filled with
1 mL of distilled water to form approximately 2.5 mm thick ice
layers. For freezing, the molds are placed inside a freezer at an
ambient temperature of —10°C for 24 h to ensure the complete
solidification of the ice.

Figure 9 presents the ice layers generated by the three different
methods. From left to right, the figure shows static ice formed in the
freezer, glaze ice generated with the ice printer and the icing wind
tunnel, and rime ice generated with the icing wind tunnel and the ice
printer. The glaze ice specimens exhibit smooth, mostly transparent
surfaces. Similarly, the static ice also appears smooth but is more

**Information available online at https://bete.com/wp-content/uploads/
2022/01/BETE_PJ-metric.pdf [retrieved 7 May 2025].

opaque due to air entrapment during the freezing process. Glaze ice
samples created with both the printer and wind tunnel show slight
overhangs along the sides and top of the specimens. As these
overhangs are not connected to the specimen edges, they are dis-
regarded in the calculation of the adhesion strength. The rime ice
specimens show a rough, white surface, resulting from the imme-
diate freezing of supercooled droplets upon impact and a high air
content within the ice structure. The rime ice generated with the ice
printer appears rougher than that produced in the icing wind tunnel,
with more prominent accumulations of individual ice crystals. This
difference may be attributed to the difference in droplet size between
the two methods. The specimens were evaluated solely based on
surface characteristics; no cross-sectional analysis was conducted to
assess the homogeneity of the ice layer.

B. Methods for Ice Characterization

Density and adhesion strength measurements are conducted to
identify and compare the ice layers generated using different meth-
ods. Density values are used to distinguish between rime ice and
glaze ice. Because of the amount of entrapped air, rime ice shows
lower density values than glaze ice. The literature reports density
values from 0.28 to 0.89 g/cm? for rime ice, depending on impact
velocity and ambient temperature [32,33]. Glaze ice typically exhib-
its slightly higher density values, with the literature reporting values
ranging from 0.86 to 0.90 g/cm? [33]. Similar values are reported
for static ice [24].

The ice density p is calculated using Eq. (4), as the ratio of the ice
mass m to the volume V of the ice layer. The volume is obtained by
multiplying the contact area between the ice and the test specimen
by the layer’s thickness. The ice thickness is measured using the
tactile sensor integrated into the ice printer, with the average value
derived from 36 measurement points. The ice mass is determined
using the precision scale “KERN 572-30” by KERN and SOHN,
GmbH,E which is designed for ambient temperatures down to
—10°C,

p= @)

m
Vv

Adhesion strength measurements are conducted because adhe-
sion strength is a crucial parameter in evaluating deicing systems. To
validate the ice printer as a viable method for generating impact ice
without using an icing wind tunnel, the adhesion strength of the
printed ice should closely match that of ice produced in the wind
tunnel. Achieving comparable values enhances the reliability of the
ice printer as a novel method for producing representative ice layers,
thereby increasing the significance of test results during the early
development stages.

Standard methods for quantifying ice adhesion include centrifuge
testing and direct mechanical testing. According to Bleszynski and
Clark [34], mechanical testing can be further subdivided into hori-
zontal shear, vertical shear, and tensile tests, depending on the
direction and mode of applied load. Because of the fixed test setups
in mechanical testing machines, posttest inspection of the ice-
substrate interface is typically feasible, enabling detailed failure
analysis. In centrifuge testing, the specimen is mounted on a rotating
arm within a cold room and subjected to increasing angular velocity
until the resulting centrifugal force overcomes the adhesive bond.
This method is characterized by high efficiency, consistency, and
repeatability [30]. For an in-depth discussion of various adhesion
test methodologies and their applicability, the reader is referred to
the reviews by Makkonen [11], Kasaai and Farzaneh [35], and
Rgnneberg et al. [27]. In the present study, centrifugal adhesion
testing is employed to evaluate the adhesion strength of the ice
samples.

T Information available online at https://www.kern-sohn.com/cosmoshop/
default/pix/a/media/T572-30-A/TD_572-30_de.pdf [retrieved 7 May 2025].
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Fig. 8 Deicing test facility of the Institute of Mechanics and Adaptronics at Technische Universitiit Braunschweig [reprinted from Ref. [17] with
permission from ASCE (copyright 2023, ASCE, American Society of Civil Engineers)].

Table 3 Parameters used for rime and glaze ice
production in the icing wind tunnel

Parameter Rime ice Glaze ice
Ambient temperature 7', °C —-17 -5
Air speed v, m/s 29.7 27.1
Number of nozzles n 2 6
Spray time, s 360 120
Water mass flow 1, g/s 0.46 0.40
MVD, um 55 59
LWC, g/m’ 0.12 0.44

Adhesion tests are carried out with the centrifuge of the Institute
of Mechanics and Adaptronics at Technische Universitit Braun-
schweig [36], shown in Fig. 10. The centrifuge rotor has a radius of
250 mm and is designed for a maximum rotational speed of
9000 1/ min. Three acceleration sensors are placed inside the cen-
trifuge, each covering 120° of the radius and measuring the impact

of shedding ice. Two additional sensors measure the rotational
speed of the rotor. The centrifuge is stationed inside a freezing
chamber to hold a constant ambient temperature of —10°C during
testing, as the literature shows increased adhesion strength for
decreasing temperature during testing, especially when reaching
temperatures below —12°C [23,30].

For testing, the specimens are mounted at the end of the rotor arm,
and the measurement is started. An acceleration of 200 1/ min /s is
used to reach a maximum rotational speed of @ = 4000 1/ min.
The shear stress 7 acting on the ice layer is calculated by dividing
the force F acting on the ice mass by the contact area A between the
ice and the substrate. The force F' can be expressed as a function of
the ice mass m, the radial distance r from the axis of rotation to the
center of the icing area, and the rotational speed w. Figure 10 depicts
the centrifuge setup and relevant parameters. With the used setup,
only the maximum adhesion strength 7,,,, can be measured, which
corresponds to the shear stress at break, calculated using Eq. (5):

F max mr w%nax
Tmax = = ®)

A A

\

70 80 ) 100 m0 120 130 a0 150 160

h

Fig. 9 Ice generated with different methods. Left to right: static ice (freezer), glaze ice (ice printer and icing wind tunnel), rime ice (icing wind tunnel

and ice printer).
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Fig. 10 Centrifuge used for adhesion strength measurements.

IV. Results of Density and Adhesion Strength
Measurements

Density measurements indicate that the values of the generated
ice specimens are similar to those reported in the literature for rime
and glaze ice [32,33]. The static ice generated in the freezer shows a
density of 0.89 g/cm?, the same as the glaze ice generated with the
ice printer. The density of the glaze ice generated in the icing wind
tunnel is slightly higher, with a value of 0.94 g/cm?. Rime ice
specimens have a lower density due to the entrapped air during
the freezing process. For the icing wind tunnel, the generated rime
ice specimens have a density of 0.75 g/cm?, while the rime ice
generated with the ice printer shows a value of 0.74 g/cm?. Table 4
summarizes the results of the density measurements for all ice-
generating methods.

The adhesion strengths measured for the different ice types and
generation methods are presented as box plots in Fig. 11. In the box
plot, the central box represents the range of values from the lower to
the upper quartile. The horizontal line inside the box represents the
mean value of the data points. The whiskers extend to the smallest
and highest data points that are not considered outliers. The outliers
are shown as separate points in the diagram and classified as such if
they lie outside 1.5 times the interquartile range.

The data points for both rime ice measurement series fall within a
comparable range. The lowest adhesion strength is measured for
rime ice produced in the icing wind tunnel, with a mean value of
50 kPa. The whiskers extend from 38 to 63 kPa, and the narrow box
and short whiskers indicate low variability in the measurements.
Rime ice generated by the ice printer shows a slightly higher mean
adhesion strength of 66 kPa, accompanied by a larger box and wider
whiskers, indicating a higher data variability.

The glaze ice specimens also show consistency between the
different generating methods and exhibit slightly higher adhesion
strength values compared to rime ice. The lowest mean value of

Table 4 Density values of the specimens generated with
the ice printer, the icing wind tunnel, and the freezer

Generating method Type of ice Density value in g/cm?
Freezer Static ice 0.89
Ice printer Glaze ice 0.89
Icing wind tunnel Glaze ice 0.94
Icing wind tunnel Rime ice 0.75
Ice printer Rime ice 0.74
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Fig. 11 Comparison of the adhesion strength of different ice types
generated with the icing wind tunnel, the ice printer, and the freezer.

69 kPa is observed for glaze ice produced in the icing wind tunnel.
This data set shows considerable variability, with whiskers extend-
ing from 46 to 97 kPa, and a single outlier measured at 107 kPa.
Comparable results are obtained for glaze ice produced with the ice
printer, showing a mean adhesion strength of 75 kPa, and whiskers
extending from 54 to 106 kPa.

The adhesion strength measured for static ice produced with
silicon molds in the freezer is slightly higher than that of glaze
ice. The measured mean value is 82 kPa, with the whiskers extend-
ing from 77 to 89 kPa. An additional outlier is recorded at 94 kPa.

V. Discussion

The optical properties of the ice specimens shown in Fig. 9 and
the density values listed in Table 4 indicate that the desired ice types
were successfully generated with each method. Glaze ice specimens
show a measured density of 0.89 to 0.94 g/cm?, depending on the
generating method. Similar values are measured for static ice gen-
erated in silicon molds. Rime ice specimens show lower densities
than glaze and static ice and range from 0.74 to 0.75 g/cm’,
depending on the generating method. For all ice types, the measured
densities are consistent with values found in the literature [32,33].
Notably, the measured adhesion strength values presented follow a
trend that aligns closely with the density distribution, suggesting
that density may play a more significant role in characterizing ice
behavior than a purely visual classification. This observation is
supported by recent studies, which propose a density-based frame-
work for distinguishing between ice types and correlating their
mechanical properties [37]. Palanque et al. [38] proposed a con-
tinuous description of ice based on density, demonstrating that
parameters such as Young’s modulus and fracture toughness cor-
relate more strongly with density than with visual classification.
Their findings support the hypothesis that density serves as a key
parameter in interlaboratory comparisons and material characteri-
zation. In light of this, the present study emphasizes density as a
central parameter for comparing ice types and interpreting adhe-
sion strength measurements. The observed discrepancies in adhe-
sion strength (particularly between rime ice samples of similar
density) further suggest that the underlying structure and forma-
tion history may play a larger role than previously assumed and
that the density-based approach provides a more robust framework
for ice classification.

Comparing the adhesion strength measurements of glaze ice
generated with the ice printer and icing wind tunnel supports the
assumption that both methods generate similar ice structures. Both
show mean adhesion strength values around 70 kPa, along with
comparable density values and optical properties, indicating that
the ice printer successfully produces impact ice. Furthermore, the
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adhesion strength of glaze ice from both the ice printer and the icing
wind tunnel is lower than that of static ice generated in the freezer.
This aligns with literature findings [22,39] and further supports the
classification of printer ice as impact ice. Tetteh et al. [21] attribute
the higher adhesion strength of static ice to the uniformity of its
freezing process, leading to a more consistent crystalline bond,
whereas impact ice forms through the accumulation of multiple
freezing events. Another explanation is given by Work and Lian
[30], who compared the test results of 26 publications that measured
the adhesion strength of impact and static ice, showing that adhesion
strength decreases with increasing impact velocity. In the study of
Work et al., the velocity for static ice was taken as 0 m/s. Because of
the slower heat transfer during freezing in low-velocity impacts or
static ice formation, the resulting ice exhibits lower stress concen-
trations on the interface. Although the observed difference in adhe-
sion strength between static and impact ice in this study is slight, it
follows the expected trend, backing the assumption that glaze ice
generated by the ice printer resembles impact ice generated in the
icing wind tunnel rather than static ice.

Adhesion strength measurements for rime ice generated with the
ice printer and the icing wind tunnel show minor discrepancies, with
slightly lower values observed for the wind-tunnel specimens. How-
ever, the ice printer values fall within the interquartile range and
whiskers of the icing wind-tunnel data. It is important to note that
the rime ice specimens from the icing wind tunnel had a lower mass
of 0.75 g, compared to the 1 g of the other specimens. This mass
difference is due to technical limitations that prevent longer spray
durations in the icing wind tunnel at such a low temperature of
—17°C. Although the reduced ice mass is not expected to affect
adhesion strength, differences in the crystalline structure of the ice
may explain the slight deviation in adhesion strength between the
printer and wind-tunnel rime ice. A visual comparison between
close-up images (see Fig. 12) of rime ice from the ice printer (right)
and the icing wind tunnel (left) reveals differences in their crystal-
line structure. The crystalline structure’s influence on ice adhesion
strength has also been demonstrated by Orndorf et al. [40], who
found that a bigger grain size corresponds to a lower adhesion
strength. However, no definitive conclusions can be drawn about
crystal size in this study. Although the slightly higher adhesion
strength measured for the printer-generated rime ice could suggest
the presence of glaze ice rather than rime ice, this interpretation
appears unlikely. One conceivable explanation is the formation of a
thin glaze ice layer during the initial moments of the printing
process, potentially accounting for the similar adhesion strength
observed for rime and glaze ice on printed samples. However,
several factors argue against this scenario. Because of the lower
thermal conductivity of ice compared to aluminum, heat released
during freezing is dissipated most effectively at the beginning of the
process, when droplets first contact the cold aluminum substrate,
rather than during later deposition on an existing ice layer. Addi-
tionally, the directed airflow from the nozzle enhances convective

Fig. 12 Rime ice generated with the icing wind tunnel (left) and the ice
printer (right).

cooling and promotes the removal of latent heat. Under such con-
ditions, if glaze ice formation were already limited at the onset, it
would be even less likely to occur in subsequent layers. This aligns
with further observations: the printed ice exhibits optical and density
characteristics consistent with rime ice, and the printing conditions
(low ambient temperature, small droplet size, and low LWC)
strongly favor rime ice formation. Nevertheless, the possibility of
a thin glaze ice layer cannot be entirely ruled out and should be
examined in future work.

A general comparison of the adhesion strength measurements
with literature values shows that the results obtained in this study are
considerably lower for all ice types. Table 5 shows the mean values
and standard deviation (SD) of different adhesion strength measure-
ments reported in the literature compared to those from this study.
The table also includes the corresponding ice generation methods
and ice types used in the other studies. Only studies employing a
centrifuge for adhesion testing and conducting tests at an ambient
temperature of —10°C are included for comparability. Reported
values in the literature range from 242 to 529 kPa for glaze ice,
from 348 to 780 kPa for rime ice, and from 284 to 290 kPa for static
ice, all significantly higher than the values found in this study.
However, the wide range of values and large SD found in the
literature observed across these studies highlight the difficulty of
comparing adhesion strength data, as numerous parameters influ-
ence the results. The reason for the relatively low adhesion strength
observed in this study remains unclear. It is considered unlikely that
the printer itself is responsible, as specimens generated using both
silicone molds and the icing wind tunnel exhibited similarly reduced
adhesion values compared to those reported in the literature. The
discrepancy is therefore presumed to originate from either the
aluminum substrate material or the specifics of the centrifuge setup.
Further investigations are required to identify the underlying cause.

Surface roughness [46] and ambient temperature during testing
[23,30] have been identified in the literature as major parameters
influencing ice adhesion strength. All adhesion tests in this study
were performed at a constant ambient temperature of —10°C using
identical substrate specimens, minimizing the influence of temper-
ature and surface roughness and enabling consistent comparison
across ice types within this study. Differences in icing conditions,
particularly the MVD and LWC during ice generation, may still
have influenced the results. Soltis et al. [46] report a decrease in
adhesion strength with increasing MVD and LWC due to a higher
heat transfer and, therefore, surface temperatures slightly above the
freezing point during the freezing process. Because the LWC during
rime ice generation is notably lower in both the icing wind tunnel
and the ice printer, due to higher air pressure, increased nozzle

Table 5 Comparison of adhesion strength measurements of this
study with the literature

Ice generation Adhesion strength

Researcher method Ice type (mean + SD)
This study Ice printer Glaze ice 75 £ 18 kPa
This study Icing wind tunnel ~ Glaze ice 69 £ 15 kPa
Ronneberg et al. [24] Icing wind tunnel Glaze ice 529 £ 119 kPa
Laforte and Icing wind tunnel ~ Glaze ice 350 + 63 kPa
Beisswenger [41]

Menini and Icing wind tunnel ~ Glaze ice 505 £ 65 kPa
Farzaneh [42]

Kulinich and Icing wind tunnel  Glaze ice 360 kPa
Farzaneh [43]

Arianpour et al. [44]  Icing wind tunnel  Glaze ice 242 + 26 kPa
This study Ice printer Rime ice 66 + 13 kPa
This study Icing wind tunnel Rime ice 50 £+ 7 kPa

780 £ 102 kPa
348 £ 200 kPa

Rgnneberg et al. [24] Icing wind tunnel ~ Rime ice
Blackburn et al. [45] Icing wind tunnel ~Rime ice

This study Silicon molds Static ice 82 + 3 kPa
Rgnneberg et al. [24] Silicon molds Static ice 284 + 83 kPa
Janjua [29] Silicon molds Static ice 290 =+ 30 kPa
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height, and faster printing speed, higher adhesion strength compared
to glaze ice would be expected in both the icing wind tunnel and the
ice printer. However, this anticipated trend has not been observed.
The reason for the glaze ice’s higher adhesion strength remains
unclear and requires further investigation.

The challenges associated with interstudy comparisons and the
factors influencing ice adhesion strength are comprehensively dis-
cussed by Rgnneberg et al. [24], Work and Lian [30], and Bleszyn-
ski and Clark [34]. These studies emphasize that measurements of
ice adhesion strength can vary by more than an order of magnitude
across different laboratories and testing facilities, primarily due to
the lack of standardized procedures for ice generation, test condi-
tions, and data evaluation. Consequently, the comparability of
results from different studies is severely limited. For this reason,
the primary objective of this study was to compare the obtained
values with one another and establish the ice printer as a valuable
method to produce impact ice.

VI. Conclusions

This paper introduces the ice printer as a novel method for
generating impact ice. The working principle of the ice printer is
presented, along with an investigation into how adjustable process
parameters influence ice formation. The ice layers produced with
the ice printer were compared to those generated with an icing wind
tunnel and to static ice formed in silicon molds. The results dem-
onstrate that the ice printer produces ice with comparable density,
adhesion strength, and optical properties to those generated with an
icing wind tunnel. Although static ice specimens show similar
density values, they exhibit higher adhesion strength due to
differences in the freezing process. This observation aligns with
findings reported in the literature. Based on the results of this study,
the ice produced with the ice printer can be classified as impact ice,
validating the printer as a cost- and time-efficient alternative for
generating impact ice in a laboratory environment.

The homogeneity and comparable reproducibility to that of an
icing wind tunnel, combined with the high adjustability of the
printing parameters, make the ice printer a valuable addition in
the early development stages of deicing and anti-icing systems.
The ability to apply controlled individual ice layers simplifies
investigations into the influence of ice thickness on such systems.
Furthermore, using a regular household freezer instead of a complex
freezing chamber to operate the printer facilitates the production of
impact ice. Together with its time and cost efficiency, these features
make the ice printer a practical and accessible solution for impact ice
generation in almost any laboratory setting. As a next step toward
broader acceptance of the ice printer as a reliable method for
generating impact ice, a round-robin study is planned to compare
the ice layers generated with the ice printer to those from various
icing wind tunnels.
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