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Abstract: Ice accumulation on airfoils and engines seriously endangers fight safety. The design of
anti-icing/de-icing systems calls for an accurate measurement of the adhesion strength between ice
and substrates. In this research, a test bench for adhesion strength measurement is designed and built.
Its reliability and accuracy are verified by the calibration. The adhesion strength is first measured at
different loading speeds and freezing times, and the most suitable values are determined based on
the results. Then, the variation in adhesion strength with heating temperatures at different initial
substrate temperatures and different heating powers is investigated. Parameter AW is defined to
evaluate the heating power from the point of view of energy consumption and adhesion strength.
As a result, the loading speed and the freezing time are determined to be 0.5 mm/s and 90 min,
respectively. The adhesion strength degrades as the heating temperature increases. As the initial
temperature drops, the adhesion strength decreases more slowly. Furthermore, the temperature of
WAS (Weak Adhesion State) under heating varies with the initial temperature. Heating with a high
power will yield more reduction in adhesion strength for the same temperature increase. The values
of AW illustrate that a medium power heating is more favorable to reduce the adhesion strength with
a low energy consumption.

Keywords: aircraft de-icing; adhesion strength; experimental setup; initial temperature;
heating power

1. Introduction

When an aircraft encounters cold cloud conditions during a flight, icing can occur
on the surface of the skin. Aircraft icing causes overall lift falling and an increase in drag,
which leads to a serious threat to flight safety [1,2]. Therefore, research on effective anti-/de-
icing systems requires considerable attention in aircraft design. Currently, there are several
well-established anti-icing/de-icing systems, including the electrothermal system, electro-
impulse system, and hot-air system [3-5]. Meanwhile, some new technologies, such as
plasma jets, icephobic surfaces, and hybrid systems, have been remarkably developed [6-8].
The most typical hybrid de-icing system is the electrothermal-mechanical de-icing system.
The interface is first partially melted by heating, and the ice is subsequently dislodged by
mechanical force [9,10]. The major advantage of the hybrid de-icing system is that it takes
into account the optimization of de-icing efficiency and energy consumption.

Regardless of the anti-icing/deicing technology used, the critical problem of the anti-
icing and deicing of aircraft lies in the study of the adhesion between ice and skin. Therefore,
ice adhesion has been broadly studied by researchers. In terms of theoretical research, schol-
ars are committed to studying adhesion mechanisms. Petrenko and Whitworth explained
the adhesion mechanism between ice and substrates from the molecular perspective [11].
The mechanisms were roughly divided into three categories: covalent bonds or chemical
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bonds, Van Dehua, and ionic power. Knuth et al. interpreted the adhesion of ice mainly as a
mechanical connection theory. This theory suggested that, when ice entered a structure such
as a groove or a hole on the surface of an object, it formed an “anchor”-like structure that
connected the ice to the substrate. Based on this theory, he proposed a mathematical model
for shear adhesion strength prediction [12]. Derjagin presented the electrostatic adhesion
theory, which believed that there was a mutual attraction between the ice and the substrate
with the main force of electrostatic gravity [13]. Guy Fortin also introduced an adhesion
model based on this theory [14]. Frederic Guerin considered the existence of a liquid-like
layer (LLL) between the ice and the substrate, with properties intermediate to those of ice
and water. He put forward a formula for calculating the adhesion strength, which took
into account the surface structure, surface energy, and medium volume diameter (MVD),
etc. [15].

Although some theoretical studies have been conducted, a theoretical model that
takes all factors into account has not yet been formulated due to the large number of
factors affecting ice adhesion. On the other hand, since some of the parameters in the
theoretical model are also uncertain, it is difficult to calculate ice adhesion parameters
directly from the theoretical model without any experiment [16]. Therefore, experimental
studies become essential for ice adhesion. The shear adhesion force between the substrate
and the ice layer is the main factor affecting the ice-substrate separation [17]. For most
de-icing systems, especially mechanical de-icing systems, including electric impulse de-
icing systems and piezoelectric de-icing systems, etc., ice detachment is caused by the shear
force [18]. Most of the experimental studies by scholars have measured shear adhesion force
or shear adhesion strength. In these experiments, the ice will eventually detach in the shear
direction. The centrifuge adhesion test (CAT) and the direct mechanical test are the two
most commonly used testing methods. The Anti-icing Materials International Laboratory
(AMIL) introduced the centrifuge adhesion test (CAT) to study adhesion force in 2005,
which utilized centrifuge force to remove the ice [19]. Due to the similar working principle,
this method was often used to study the adhesion of rotorcraft surfaces [20]. The adhesion
strength of superhydrophobic surfaces was evaluated by Kulinich using this method [21].
Stefania studied the atmosphere ice shedding properties on helicopter blades with the
centrifuge method [22]. Ice-coating samples were spun in a centrifuge device by Zaid.
This research found that icephobicity was not linked to hydrophobicity [23]. Brouwers
et al. used the instrumented CAT (ICAT) to study the ice adhesion, which involved an
airfoil and impact ice in the test [24]. In this study, centrifugal force was increased by the
continuous accumulation of ice, which is different from the previous approach of increasing
the rotation speed. However, the issues of accurate capture at the moment of ice shedding
and the integrity of the sample cannot be avoided for methods based on centrifuge force.

Apart from the CAT, the direct push/pull method has also been adopted by many
scholars to measure adhesion strength. In this approach, the interface between the ice
and the substrate is separated by force applied directly to the ice sample. A push test
was used to investigate the relationship between water wettability and ice adhesion by
Adam ] [25]. Ge pushed the ice using a needle to evaluate the anti-icing property of the
superhydrophobic surface [26]. Kevin evaluated the forces that dislodge ice of different
scales using the push method. The results showed that there was a critical bonded length
at which a transition between the strength-controlled and toughness-controlled failure
mode occurred [27]. Recently, Wang designed a new setup to measure the adhesive shear
strength of impact ice on different substrates in icing wind [28]. Compared to the centrifugal
method, the direct mechanical test proves to be more cost-effective, time-efficient, and valid.
Although centrifugal tests usually yield more consistent results, many researchers prefer to
use direct push/pull methods due to their advantages. In addition to the centrifugal and
direct push/pull methods, there are some niche methods used by other scholars. Sarkar
and Javan-Mashmool investigated ice adhesion with beam tests [29,30]. In their tests, beam
substrates were deformed to stress the ice—substrate interface. Archer and Gupta only
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published the laser spallation technique in one paper. In their experiment, they used a laser
to heat the back side of an iced substrate [31].

Building on the above studies, many scholars have conducted experimental analyses
and theoretical studies on icing adhesion. However, none of the above studies addressed
ice adhesion under heating conditions. Due to the wide application and good prospect of
electrothermal anti-/de-icing systems, it is imperative to study ice adhesion properties in
the case of substrate heating. Especially for electro-thermal-mechanical de-icing systems,
the nature of ice adhesion after heating will determine the working load and duration
of the mechanical de-icing system. A thorough understanding of ice adhesion under
heating conditions can improve the de-icing effect and reduce the energy consumption of
composite de-icing systems. To tackle this problem, Zhang conducted preliminary research
for composite materials, in which ice adhesion forces were measured under various heating
temperatures, heating voltages, and heating times. The aluminum substrate was not
included in his study [32]. It was found that more energy consumption leads to more
adhesion strength reduction. However, from the point of view of energy saving, we need
to find a balance between energy consumption and adhesion strength degradation. This
issue is currently unexplored.

In this article, we design and establish an experimental device to measure the shear
force between ice and an aluminum substrate. The accuracy of experiments is ensured by
some scientific approaches. A series of experiments are carried out to test the shear adhesion
strength under different heating parameters. A dimensionless parameter is defined to find
a trade-off between energy cost and adhesion strength decrease.

2. Experimental Setup
2.1. Experimental Design

The direct-force test typified by the push method is one of the most reliable approaches
to determining the adhesive strength between ice and substrate. We devised an experimen-
tal setup on the basis of this principle. The panorama is shown in Figure 1.

/Substratc surface
Heating layer

Insulation layer

Substrate

Frozen mold

Probe
Force transducer

Sliding table Heating components
Mator ~ N A T 0 0T T T T e e e e =

Figure 1. The panorama of the experimental setup.

Ice is frozen in a mold on the aluminum plate first. Then, the sliding table is driven by
the motor to move toward the ice. Naturally, the force transducer and the probe also move
to push the mold and ice to slide. At the moment of ice detachment from the substrate,
the sensor indication is the adhesion shear force. The shear strength can be calculated by
dividing the adhesion force by the contact area between the ice and aluminum plate:

F
T= Zr (1)
where 7 is the adhesion shear strength, F is the adhesion shear force, and A is the contact
area between the ice and aluminum plate.
As shown in Figure 1, the heating components are composed of a substrate surface,
heating layer, and insulation layer. The insulation layer is to stop the heat from traveling in
other directions. The heating layer is embedded in the middle of the substrate surface and
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insulation layer. The heating temperature can be changed by the controller. All substrate
surfaces were sanded with 1000 grit sandpaper to ensure a similar surface roughness.

2.2. Calibration of the Experimental Setup

In order to verify the accuracy of this test platform and experimental method, the
friction force, which is also the interface shear force, was measured in this paper. The
friction coefficient between the interfaces was inversely calculated by the friction force, and
the measured results were compared with those obtained from the standard friction test
method by ramp.

Two aluminum plates with different roughness were selected as the substrate for the
calibration test, and two samples with different weights and materials were also adopted. A
digital optical microscope was used to observe the real surface morphology and measure the
roughness. The microscope can take thousands of photographs continuously in the height
direction, thus obtaining height information about the surface topography. The surface
roughness can then be calculated. It was assessed in this research by the means of the
arithmetic mean deviation of the profile, abbreviated as R, The range of each measurement
was 0.5 mm x 0.5 mm. For each sample, 5 test regions were selected for testing and the
results were averaged. The data of the substrate and sample pieces are shown in Tables 1
and 2. Four sets of experiments were conducted, each on the experimental platform of this
paper and the standard friction test bench, respectively.

Table 1. The data of substrates for calibration.

Series Number Material Roughness (Ra)/um
1 Aluminum 2.8
2 Aluminum 1.2

Table 2. The data of samples for calibration.

Series Number Material Mass (m)/Kg
1 Lead 1.14
2 Iron 0.978

For the standard friction test method by ramp, the critical angle of inclination was
measured. The sliding friction coefficient between the sample and the substrate was
calculated by Equation (2). For the setup in this research, the probe was driven by the motor
to push the sample to slide on the substrate. The sensor signal was collected during stable
sliding, which is the sliding friction between the sample and the substrate. The sliding
friction coefficient was calculated by Equation (3).

1= tan(@), (2)

where y; is the sliding friction coefficient with the ramp method and 6 is the critical
inclination angle while sliding.
T

]/12 = mig/ (3)

where yi; is the sliding friction coefficient with the setup in this research, T is the push force
while sliding stably, and g is the gravitational acceleration.

3. Results and Discussion
3.1. Calibration Results
Table 3 shows the results of the standard friction test. The critical inclination angle

is the average of multiple measurements. In the test serial number “1-2”, 1 refers to the
substrate serial number in Table 1, the data of substrates for calibration, and 2 refers to the
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sample serial number in Table 2. The results measured with the adhesion measurement
platform developed in this paper are listed in Table 4.

Table 3. The results of the standard friction test.

Series Number Critical Inclination (6)/° Friction Coefficient (z1)
1-1 30.94 0.6
1-2 25.05 0.47
2-1 20.21 0.37
2-2 14.53 0.26

Table 4. The results of adhesion test developed in this paper.

Series Number Push Force (T)/N Friction Coefficient (u5)
1-1 6.1 0.55
1-2 4.65 0.49
2-1 3.95 0.35
2-2 2.55 0.27

Figure 2 illustrates the comparison of the friction coefficients measured by the above
two methods. It can be seen that the difference between them is small, with an overall
error of about 5%. This proves that the measurement rig established in this project is highly
accurate and reliable in measuring interface forces such as friction and shear adhesion force.

0.7 4

0.6 4

0.5 1

0.4 4

0.3 4

0.2 4

Coefficient of friction

0.1 4

0.0

0.6

Standard friction test by ramp
0.55 Adhesion test developed in this paper
I Relative error

1-1 1-2
Series number

Figure 2. Comparison of the friction coefficients.

3.2. Determination of Loading Speed

2-1 2-2

The loading speed is achieved by changing the excitation frequency of the motor. In
this set of experiments, the substrate surface roughness is about 0.124 um and the substrate
temperature is —10 °C. Each loading speed was tested at least three times.

Figure 3 demonstrates the adhesion strength at different loading speeds. The loading
speed has a small effect on the absolute magnitude of the adhesion strength, which almost



Aerospace 2024, 11, 152

6 of 12

remains between 0.2 MPa and 0.25 MPa. However, it is obvious that the data dispersion is
larger at a high loading speed. This means that the ice ductility does not change significantly
in this loading speed range, but the data acquisition frequency is limited. When the loading
speed is too large, the acquired signal does not exactly correspond to the moment of ice
shedding, thus resulting in a large scatter of data. On the other hand, due to the limitation
of the experimental equipment, the motor will work unstably when the loading speed is
less than 0.1 mm/s. Therefore, in order to improve the accuracy of the experiment, the
loading speed of subsequent experiments is determined to be 0.5 mm/s.

0~ 35 i} } H T H T H T H T
0.30 - =
L * A
L 4
¢ S
_ 0.20 * =
© I
S
~ 0.15 A
=
0.10 -
0.05 =
0. 00 L 1 L 1 L 1 L | " 1 L
0 1 2 3 4 3] 6
Loading speed (mm/s)

Figure 3. Adhesion strength at different loading speeds.

3.3. Determination of Freezing Time

Freezing time is defined as the length of time from water injection to mold to ice
shedding. The cooling time of the substrate is not included. In this group of experiments,
the substrate surface roughness is about 0.14 pm and the substrate temperature is —10 °C.
Similarly, each loading speed was tested at least three times to reduce error.

As Figure 4 shows, the adhesion strength grows as the freezing time increases, but the
growth rate gradually slows down. When the freezing time increases from 40 min to 90 min,
the growth rate is 0.8 KPa/min; when it increases from 180 min to 720 min, the growth rate
decreases to 0.1 KPa/min. As the freezing time rises, the residual stress between the ice and
the substrate gradually diminishes. The connection between them becomes more stable.
When the time is long enough, the residual stress tends to zero and the adhesion strength
will also stabilize. Taking into account the above results and experimental efficiency, we set
the freezing time for the subsequent experiments at 90 min.

3.4. Effect of Initial Temperature on Adhesion Strength under Heating Conditions

For different substrate temperatures, the adhesion strength is first measured before
heating. As Figure 5 shows, box plots were used to achieve a high data quality. The
1.5 x IQR rule was selected (interquartile range IQR multiplied by 1.5 and added to the
third quartile or subtracted from the first quartile) as an established statistical tool. It
was found that the means of adhesion strength decreases as the substrate temperature
falls without heating. At lower temperatures, water freezes rapidly upon contact with
the substrate, while at higher temperatures, water partially penetrates into the surface
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microstructure before freezing, which enhances the anchoring effect between the ice and
substrate. It is similar to the transition from Cassie-state to Wenzel-state. In addition,
Figure 6 depicts the topography of the bottom surface after ice was removed. At —10 °C,
the surface was smooth and intact. Interestingly, a few circles of stripes appeared on the
surface at —20 °C, which means that the water was gradually frozen in the order of contact
with the surface. The surface discontinuity caused by these strips would also contribute to
a decline in adhesion strength.
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Figure 4. Adhesion strength at different freezing times.
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Figure 5. Adhesion strength at different substrate temperatures before heating.
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Figure 6. The topography of the bottom surface after ice removed.

The substrate was then heated to different temperatures. Since the substrate was in a
cold environment, it was difficult to keep the substrate at a fixed heating temperature. The
final heating temperature is based on the sensor indication at the moment of ice shedding.
Figure 7 illustrates the adhesion strengths at different heating temperatures for various
initial substrate temperatures (—10 °C, —15 °C, and —20 °C). Obviously, regardless of the
initial temperature, the adhesion strength degraded as the heating temperature increased.
On the one hand, as the temperature was raised, the chemical bonds formed by the
molecules between the substrate and the ice layer were gradually broken. On the other hand,
heat caused the partial melting of the ice layer embedded in the substrate microstructure,
which weakened the mechanical interlocking effect between the ice and substrate.
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Figure 7. Adhesion strengths at different heating temperatures for various initial substrate temperatures.

Three fitted curves revealed that, the lower the initial temperature, the slower the
rate of adhesion strength reduction. The slopes were —0.028 MPa/°C, —0.019 MPa/°C,
and —0.012 MPa/°C for —10 °C, —15 °C, and —20 °C, respectively. As discussed above,
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there was less ice or even no ice in the substrate surface microstructure at the lower initial
temperature compared to the higher initial temperature. Thus, at a high initial temperature,
more of the heat energy would be used to melt the ice; at a low initial temperature, less of
the ice would be melted and more heat energy would be dissipated, as shown in Figure 8.
Moreover, at a low initial temperature, the substrate had a slower temperature rise under
heating. For the same temperature increase, this means that consuming more energy did
not have a significant effect on the reduction in adhesion strength.

Figure 8. Utilization of the heat energy.

To better describe the relative strength of adhesion, we define the adhesion state with
an adhesion strength of less than 0.1 MPa as a weak adhesion state (WAS). As shown in
Figure 7, the temperature of WAS varied from about —4 °C to —7 °C and then —9 °C when
the initial temperature changed from —10 °C to —15 °C and then —20 °C. It was apparent
that more energy would be consumed at a low initial temperature to reach the WAS,
although the adhesion strength was lower at a low initial temperature without heating.
Meanwhile, the results implied that it was not necessary to heat the substrate to above
zero temperature when using an electric heating system (especially an electric-mechanical
coupling system) for de-icing. Even when the initial temperature was low, it was enough to
heat the surface to —10 °C. The ice could be easily removed by aerodynamic or mechanical
forces when the adhesion was in the WAS.

3.5. Effect of Heating Power on Adhesion Strength

In order to investigate the effect of the heating rate on the adhesion strength, the
substrate was heated by different powers (10 W, 30 W, and 50 W). Figure 9 demonstrates
the results at three different levels of power. Since the different powers were not applied
on the same substrate, there was a slight difference in their initial adhesion strengths when
unheated (T}, = —10 °C), although the pretreatment was the same for each substrate. With
the same temperature rise, the higher the heating power, the more the adhesion strength
decreased, although the heating time was shorter. The slopes were —0.014 MPa/°C,
—0.028 MPa/°C, and —0.032 MPa/°C for 10 W, 30 W, and 50 W, respectively. For the
power of 10 W, the adhesion strength was about 0.2 MPa at —4 °C, which had not yet
reached the WAS. Therefore, a heating power of 10 W was not sufficient to reduce the
adhesion strength.



Aerospace 2024, 11,152

10 of 12

AW

0.30 = el
. o 30W

L \.\ A 50W
0.25 - L] i
A Al

0.15 | | | (R
A
[ ]
0.10 S
I -
0.05 | -
A
" 1 " 1 N " 1 " M 1 f N 1
41 40 -9 -8 -7 -6 -5 —4 -3
T, (C)

Figure 9. Adhesion strength at different heating temperature for various heating powers.

It was known that a higher power would bring more energy consumption. Therefore,
both the energy consumption and adhesion strength reduction should be taken into account
when selecting the heating power. A dimensionless parameter AW considering the above
two factors was defined by Equation (4), which characterized the adhesion weakening per
unit of energy consumption.

Th

T —
AN = —— 4
P (4)

where 1y and T, are the adhesion strength before and after heating, respectively. P is the
heating power. f is the heating time. V is the volume of the ice sample, which could be
easily calculated by the bottom area and height of cylindrical ice.

Figure 10 depicts the results of AW at different heating powers. The values of AW
were 2.94, 3.07, and 2.18 for 10 W, 30 W, and 50 W, respectively. AW at 30 W was the largest,
followed by 10 W and 50 W. A heating power of 50 W could bring about degradation of the
adhesion strength in a short time, but it was not energy saving at all. Therefore, from the
point of view of energy optimization, a medium power (i.e., 30 W) should be selected for
heating to reduce the adhesion strength.
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1.5-_
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10 30 50
Heating power (W)

Figure 10. Adhesion weakening at various heating powers.
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4. Conclusions

In this study, a high-precision adhesion test rig is established and adhesion strength
under heating conditions is investigated. The experimental setup is calibrated by comparing
the measurement results of the friction coefficient with the standard ramp method. The
overall error of about 5% between the two methods reveals that the rig established in
this project is highly accurate and reliable in measuring interface forces such as friction
and shear adhesion force. The variation in adhesion strength with heating temperature
at different initial temperatures and different heating powers is observed. The following
conclusions are drawn:

(1) The loading speed and the freezing time are determined to be 0.5 mm/s and 90 min,
respectively, by measuring the shear strength under different conditions.

(2) The adhesion strength degrades as the heating temperature increases. As the initial
temperature drops, the adhesion strength decreases slower.

(8) The weak adhesion state (WAS) is defined to describe the adhesion. The temperature
of WAS under heating varies with the initial temperature. A higher heating power
reduces the adhesion strength more with the same temperature rise.

(4) The dimensionless parameter AW is introduced to take the energy consumption and
adhesion weakening into account. The values of AW suggest that a medium power
should be selected for heating to reduce the adhesion strength.

Based on the research results of this paper, energy-efficient and reliable electro-
thermal or electro-mechanical hybrid de-icing systems can be developed to cope with
de-icing needs.
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