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ABSTRACT

This paper present the Finite Element Analysis (FEA) Multiphysics technique,
applied to study the strength of ice adhesion between the surface of
polyurethane and ice. The theoretical study of this work is based on the
Euler-Bernoulli beam theory that is used to solve a four-point bending
problem to give the correlation of displacements with load and longitudinal
stresses. The physical samples were prepared by freezing ice over the
polyurethane surface and were tested experimentally in a four-point flexural
setup. In the experiment, masses were added on the four-point bench until
the ice separates from the surface. The results revealed that the ice
adhesion on the surface of polyurethane is in the same range as with other
polymers. The displacement at the time of separation was recorded, and
the same conditions were used to perform numerical simulations in ANSYS®
Workbench. The meshed ice-polyurethane Finite Element Method (FEM)
model was tested for sensitivity. A good agreement was found between
theoretical, experimental and numerical simulation results.

1. INTRODUCTION

The icing phenomenon is referred to when water droplets are cooled below the freezing
temperature (0°C) and freeze upon impact with a structure [1]. Ice exists in several different
crystal structures, as well as two amorphous states [2]. The ordinary ice we find in our freezer
is a hexagonal crystal structure called ice — 1h, where the numbers refer to individual water
molecules [3]. The physical properties and the appearance of accreted ice vary widely [4-6].
It is known from published work that Young's modulus of ice varies between 4 GPa to 9 GPa
[7-9]. In addition, it has also been reported that the value of Young's modulus for ice is related
to temperature, grain size, density, and sample volume. Icing causes many serious problems;
for example, icing causes aircraft and road accidents [10-14], the icing on ship hulls creates
navigational difficulties [9], and the icing on wind turbines has many negative consequences
[15,16]. These challenges are associated with the ice adhesive behavior [16]. There is no direct
correlation to calculate the ice adhesion force [17]. However, researchers have given a number
of theories [18,19]. The theories divide the force of Adhesion into four categories: electrostatic
Adhesion [20,21], diffusive Adhesion [22,23], mechanical Adhesion, and chemical adhesion
[24].
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The most common reason for ice adhesion is mechanical. The ice adheres when water seeps
into the microscopic pores of the material substrate and freezes, thereby forming an
interlocking mechanism [25]. Therefore, surface roughness has a significant effect on ice
adhesion. For example, in general, ice adhesion on the surface of unpolished stainless steel is
up to 1.65 MPa, while the ice adhesion on polished stainless steel is only 0.07 MPa [17]. In
the given study, ice is frozen over a polyurethane surface. Polyurethane is a polymer-based
structure, and its mechanical properties may vary based on the curing process [26]. In addition,
additives can be added to obtain a range of mechanical properties [27].

2. MATERIAL

This study uses the polyurethane tested and developed by the China Institute of Water
Resources & Hydropower Research Beijing IWHR-KHL Co. Ltd [28]. The product name is
SK One Component Polyurethane. However, the polyurethane name will be used in the
following sections of this paper. The company provided two distinct types of polyurethane for
testing, namely anti-seepage polyurethane, and anti-abrasion polyurethane. Anti-seepage
polyurethane is suggested as a sealant in either chemical tanks, as it has good resistance to
chemical corrosion [29], or in dams to prevent water leaks through the concrete. Anti-abrasion
polyurethane can be used in locations where high corrosion is expected. Locations of such can
be water ducts from dams, on ships, due to the force of water while the ship is in transit, and
so forth. Both variants of polyurethane are used in this study.

3. EXPERIMENTAL SETUP

The aim of this experiment is to generate observations of ice separation on a laboratory scale
since bending induces longitudinal and shear stresses. Samples were prepared by freezing ice
from tap water over the polyurethane surfaces, as explained in section 4. To obtain the
necessary data to estimate the ice adhesion, a four-point bench was used. A four-point bench
has two loading points and two support points. A CAD model image of the bench that was
used to obtain the results in this paper is shown in Fig. 1. In Fig. 1, (a) is the side view, and
(b) is the top-view. The parameters of the four-point test bench are shown in Table. 1 below.

Table 1: Parameters of the four-point test bench and the polyurethane specimen
Description Variable = Value (unit)

Length of specimen, [ = 260mm

Width of specimen, b = 60mm

Thickness of specimen, t, = 90mm

Thickness of ice, t; =0.9 — 1.0mm

Distance between the loads points L,= 160mm

Distance between support points L= 200mm
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Ice sample (exaggerated size). Ice thickness t; |
|

(a) Side View

(b) Top View
Figure 1: Four-point test bench. The polyurethane specimen is placed in the
middle. Modelled in Autodesk Inventor Professional 2017.
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4. PREPARATION OF SAMPLES

The polyurethane samples were cut in appropriate sizes (260mm x 60mm). Both the sample
and the four-point bench were put in the freezer (—25°C) overnight to ensure an even
temperature in the entire specimen. In the design of the test bench, there were two support
rods. These were added to the system to ensure that the load joints only moved downwards
when the load was applied, and hence, ensure more accurate results.

The entire apparatus and both anti-abrasion and anti-seepage polyurethane samples were
put inside the cold room overnight. When the objects were properly cold, masses were added
on the four-point bench while still inside the cold room. When the preparation for ice adhesion,
liquid water was poured on the surface of the polyurethane. This was done while the
polyurethane specimens were inside the freezer to minimize errors due to moving the
specimen to the freezer from the ambient room. Consequently, a decent slab of ice was
obtained on top of the polyurethane samples. After approximately 6 hours, the liquid water
had turned to solid ice. See Fig. 2 of the ice on the specimen on polyurethane. This specimen
has been placed on the four-point test bench.

Figure 2: ice on polyurethane

5. DATA GATHERING
The load and deflection data were gathered while both the apparatus and the specimen were
still inside the cold room. The initial load from the loading frame was 1.25kg. The added mass
came from iron weights, and the added mass had an increment of 1.25kg each time. The initial
displacement was recorded before the first 1.25kg iron weight was added in the middle of the
upper frame. At each time more weight was added, the new displacement was recorded, as
shown in Fig. 3.

When the ice had separated from the surface, the experiment was concluded. At each time
more weight was added, the ice was gently poked on the side to check if for ice adhesion.
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A - B S, ’
Figure 3: Recording displacement using a Vernier caliper. At this instant, the only
load is from the upper frame alone. The middle of the frame is marked with a circle.

5.1. Conditions of Experimental Location

The experiments were performed inside the cold room (—30°C) in order to avoid building any
cracks in the sample due to thermal shock. Thermal shock may introduce cracks in the ice
samples and hence lead to errors in results [26].

Figure 4: Ice has broken down due to shear stress, and there are no forces
restraining the ice to the polyurethane.
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The displacement when the ice adhesion seized to exist was measured, the experiment was
concluded. The identical experiment was done multiple times to ensure that substantial
amounts of data were gathered. For each time water was poured, the ice had different areas,
which was expected. However, all areas were recorded prior to starting the experiment. When
the masses were added on the four-point bench, the deflection at point L, was recorded using
a vernier caliper. This was done after each time when the added load was increased on the
bench. Additionally, after each time when the load had increased, the ice was gently poked on
the side to see if ice adhesion was still present. Fig. 4 shows when the ice has broken due to
shear stresses, and there are no forces restraining the ice to the polyurethane.

6. ANALYTICAL STUDY IN MATLAB®

The Euler-Bernoulli beam theory [30-32] was used to calculate the maximum deflection in
the center of the four-point bending specimen in MATLAB® software [33]. Maximum
deflection 6&,,,, is given in Equation (1):

PL4

6max = 5center = (3L2_ 4‘L12) (1)

48EIl¢

where 8 .nter- 1S the deflection in the centre, L is the total length, L, is the distance between
the support point to the loading point, E is Young's modulus, and I is the total moment of
Inertia about the neutral axis.

This specimen contains ice and polyurethane, two kinds of different materials, and
therefore the rule of mixtures is introduced to find the material properties of the sample. It is
valid to assume that under tensile loading, the Young's moduli of the sample can be described
as given in Equation (2):

— f Aice 4p
E=E~Le E, -] (2)
where E, Ej.. and E,, are Young's moduli of the sample, ice, and polyurethane, respectively.
A, Aic. and A, are cross-sectional areas of the sample, ice, and polyurethane, respectively.

Stress calculations in beams are performed with respect to the neutral axis. The neutral axis
of a beam goes through the centroid of its cross-section. Since there are two materials that
have different Young's moduli E;.. and E,,, it is safe to assume that E;., > Ep, the expansion
factor, also known as balance coefficient (n), is given in Equation (3):

n=-" 3)

Eice

In order to have a similar inertial effect of both materials, the balance coefficient is
multiplied by the width of polyurethane to create a hypothetical area. The neutral axis of the
sample shifts because of the difference in the Young's moduli of ice and polyurethane;
similarly, the values of the moment of area and the moment of Inertia also change. These
values are required to be calculated with respect to the new neutral axis (Equation (3)). The
total moment of area Q; and Inertia I, are given in Equations (4) and (5):
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Qr = Qice + Qp (4)
It = Iice + Ip (5)

where Q. is the area moment of ice, @, is the area moment of polyurethane, I, is the
moment of Inertia of ice and I,,is the moment of Inertia of polyurethane. Q;c., @y, Iice and I,
are given in Equations (6) to (9):

Qice = tice* b * Wice = Y) (6)
Qp=tp-n-b-(yp—Y) @)
b.t3
Iice= T+n.b.tp.(yp—Y) (8)
n.b.tg
110: T+Tl.b.tp.(yp—Y) (9)

where y;., and y, are distances of the neutral axis of ice and polyurethane from the reference
axis respectively.
The longitudinal stresses in the ice and polyurethane are given in Equations (10) and (11):

M(y-Y)
o= _f—t,(tp Sy 2ty +tice) (10)
M(y-Y)
Oy =~ 0y =21, (12)

where a,ice and o, ,, are the longitudinal stresses in ice and polyurethane, respectively. y is
the position based on the reference axis (placed at the bottom of the sample).
Similarly, shear stresses in the ice and polyurethane are given in Equations (12) and (13):

VQice

Tx,ice = Ieb ’ (y = tP) (12)
VQ

Tap = 1,0V = 1,) (13)

where 7, and 7., are the shear stresses at the interface of ice and polyurethane,
respectively.
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7. ICE ADHESION IN ANSYS®
In ANSYS® [34], a setup of the four-point test was modeled, as shown in Fig. 5 below.

a000 ] 0000 )
L A—_______ SSSS—
o2z 0o

Figure 5: Ice adhesion test in ANSYS®. The light-colored blue box on the left side
represents the ice.

This model represents ¥ of the complete system. The reason why only a quarter of the
complete system was modeled is to minimize the computational load when solving the model.
Inside the software, symmetry regions were put on the sides so that the final model was
appropriate, according to Fig. 1 and 2. In Fig. 6 below, symmetry and the mesh have been
added. The light-shaded block between the load points represents the ice. For each run, the
area of the ice was modeled according to table 2 and 3 in section 8.

ag -0 G100

Figure 6: Mesh and symmetry applied.

In Fig.6, the mesh and symmetry have been applied to the system. In the setup, prior to
running the simulation in the ANSYS®-software, the maximum displacement, in the z-
direction, was set according to the displacement at the point ice separated from the
polyurethane surface in the experiments. The recorded longitudinal stress from the simulation
was recorded in the middle of the system. In ANSYS®, displacement in z-direction was
applied, according to the experimental results.
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The ice in the ANSYS® model was not modeled according to the real ice shape of the ice.
The area of the ice was estimated using basic math and trigonometry. Trigonometry was
applied if the frozen ice had triangles at some point on the surface. Based on these results, it
was possible to approximate the area of ice on the surface of polyurethane.

8. RESULTS AND DISCUSSION

The results are given in two sections; experimental, analytical, and numerical simulation
results. Theoretical results are obtained by solving Euler-Bernoulli beam theory for four-point
bending in MATLAB®. Experimental results were achieved via strain gauge in a four-point
bending test. Numerical results were from linear static analysis in ANSYS® Multiphysics
software.

8.1. Experimental Results

The replication of the mechanical behavior of ice under flexural loading and the delamination
of ice from the surface of polyurethane were the two key points to be noted. The experiments
were repeated with both anti-seepage and anti-abrasion polyurethane. The displacements with
loads for each sample are given in Tables 2 and 3.

8.1.1. Anti-seepage polyurethane
The data obtained using Vernier caliper to obtain the displacement and the added mass from
experiments on anti-seepage polyurethane are shown below.

Table 2: Data from experiments with ice adhesion on anti-seepage polyurethane

Experiment: 1 (area A = 52.7 cm?) Experiment: 2 (area A = 51.4 cm?)
Mass (kg) Displacement (mm) Mass (kg) Displacement (mm)
1.25 1.28 1.25 1.13

2.50 1.52 2.50 1.74

3.75 1.95 3.75 2.85

5.00 2.12 5.00 3.21

6.25 2.57 6.25 3.30

7.50 3.07 7.50 3.95
Experiment: 3 (area A = 58.4 cm?) Experiment: 4 (area A = 59.5 cm?)
1.25 1.27 1.25 1.42

2.50 1.45 2.50 2.15

3.75 1.61 3.75 2.52

5.00 2.71 5.00 3.03

6.25 3.12 6.25 3.38

7.50 - 7.50 4.01
Experiment: 6 (area A = 51.8 cm?) Experiment: 7 (area A = 52.9 cm?)
1.25 1.28 1.25 1.17

2.50 1.45 2.50 1.55

3.75 2.32 3.75 2.62

5.00 2.84 5.00 2.93

6.25 341 6.25 -

7.50 3.73 7.50 -
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8.1.2. Anti-abrasion Polyurethane
The data obtained using Vernier caliper to obtain the displacement and the added mass from
experiments on anti-abrasion polyurethane are shown below.

Table 3: data from experiments with ice adhesion on anti-abrasion polyurethane

Experiment: 1 (area A = 59.7 cm?) Experiment: 2 (area A = 57.4 cm?)
Mass (kg) Displacement (mm) Mass (kg) Displacement (mm)
1.25 1.30 1.25 1.28

2.50 1.46 2.50 1.84

3.75 1.92 3.75 2.43

5.00 2.03 5.00 291

6.25 243 6.25 3.30

7.50 3.01 7.50 3.85
Experiment: 3 (area A = 56.4 cm?) Experiment: 4 (area A = 58.5 cm?)
1.25 1.25 1.25 1.30

2.50 1.35 2.50 2.05

3.75 151 3.75 2.42

5.00 2.31 5.00 2.93

6.25 - 6.25 3.30

7.50 - 7.50 3.83
Experiment: 6 (area A = 59.8 cm?) Experiment: 7 (area A = 58.8 cm?)
1.25 1.30 1.25 1.21

2.50 1.85 2.50 1.45

3.75 2.62 3.75 2.52

5.00 2.93 5.00 2.73

6.25 3.21 6.25 -

7.50 3.73 7.50 -

Experiment: 8 (area A = 59.8 cm?) Experiment: 9 (area A = 58.8 cm?)
1.25 1.59 1.25 1.52

2.50 2.90 2.50 1.60

3.75 3.73 3.75 2.90

5.00 3.60 5.00 3.37

6.25 3.62 6.25 3.63

7.50 - 7.50 -

8.2. Analytical and Numerical Simulation Results

Analytical results were obtained through theoretical analysis of stress profile [35-39] in the
longitudinal direction of the sample beam similar studies were performed by Zahra et al. [40-
44]. Numerical models involved icing have been studied/reviewed by Khawaja et al. and
others [45-50]. In this study, numerical analysis was carried out in ANSYS® Multiphysics
software. Results of normal stresses in samples with load and forces of adhesion were
obtained.

8.2.1. Anti-seepage polyurethane

The results from the analytical study and simulations on anti-seepage polyurethane are
displayed below in Table. 4 and plotted for longitudinal stress and force of adhesion in Fig. 7
and 8.
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Table 4: Normal stress between the ice layer and anti-seepage polyurethane
from simulations in ANSYS® and analytical simulations in MATLAB®.

Run Normal Stress (MPa) Area (cm?)
ANSYS® Analytical
1 1.42 1.55 51.4
2 1.52 1.61 51.8
3 1.65 1.76 52.1
4 1.85 1.97 52.7
5 2.19 2.22 52.9
6 2.25 2.29 58.4
7 2.29 2.32 55.9
8 2.38 2.39 56.1
9 2.48 2.51 56.9
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Simulations
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Figure 7: Longitudinal stress (MPa) between ice and anti-seepage polyurethane.
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Figure 8: Ice adhesion force (N) on anti-seepage polyurethane.

8.2.2. Anti-abrasion Polyurethane

The results from the analytical study and simulations on anti-abrasion polyurethane are
displayed below in Table. 5 and plotted for longitudinal stress and force of adhesion in Fig. 9
and 10.

Table 5: Normal stress between the ice layer and anti-abrasion polyurethane from
simulations in ANSYS® and analytical calculations in MATLAB®.

Run Normal stress (MPa) Area (cm?)
ANSYS® Analytical
1 1.91 1.99 56.4
2 1.99 2.10 56.9
3 2.35 2.15 57.4
4 2.24 2.23 58.0
5 2.35 2.39 58.4
6 2.35 2.47 58.9
7 2.38 2.55 58.9
8 2.38 2.66 59.7
9 2.56 2.63 56.8
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Figure 9: Longitudinal stress (MPa) between ice and anti-abrasion polyurethane.
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Figure 10: Ice adhesion force (N) on anti-abrasion polyurethane.
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9. CONCLUSIONS

In this study, ice adhesion over the material polyurethane has been investigated using
theoretical analysis, experimental and numerical approaches. The theoretical study of this
work is based on the use of the Euler-Bernoulli beam theory to solve a four-point bending
problem to give the correlation of displacements with load, longitudinal stress, and shear
stress, and the rule of mixtures to derive common variables from two materials, such as
Young's modulus, the moment of Inertia, and moment of area. Since adhesive forces can be
categorized as either electrostatic, diffusive, mechanical or chemical as per the literature, there
is no general correlation to work out the adhesive strength of ice over a particular surface
except via experiments. Experiments with the help of theoretical analysis revealed the material
properties of ice, such as longitudinal stresses. The numerical analysis provided detailed
results of longitudinal stresses in the two-material beam. A good agreement among theoretical,
experimental, and numerical results confirms that ice can separate from a surface even when
the shear force is not enough to overcome the adhesive strength. From the results, it can be
concluded that the added mass on the four-point bench, when the ice separated, varied from
5kg to 7.5kg. However, during the test, the shear force is not enough to overcome the adhesive
strength. Nonetheless, as fracture happens, the ice separates from the surface, which is
associated with the crack propagation theory.
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