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Abstract: It is of great significance to optimize de-icing methods by studying the adhesion characteristics between

icing and object surfaces, as well as mastering the separation process between them. Although nano-scale numerical

simulations provide some insights into the icing separation process, they fail to fully capture the complexities of real-

world icing phenomena. Hence, there is a need to investigate the macro-scale icing separation process. We have

constructed a test bench capable of assessing icing adhesion in both the normal and tangential directions. By

conducting experiments at different temperatures, we have obtained valuable data on the change in normal and

tangential adhesion between icing icicles and metal surfaces. Moreover, we have introduced a macroscopic icing

adhesion model and incorporated a constitutive model for the cohesion unit layer. This facilitates the numerical

simulation of the separation process between icing and metal surfaces in Abaqus software. By validating simulation

results with experimental data, we gain insights into the characteristics of icing adhesion and achieve a better

understanding of the icing and metal sheet separation process.
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0 Introduction

Formation and accretion of ice can hinder the
operation of critical systems in the national infra-
structure, such as aircraft'’ , power lines'™ , wind
turbines™ , ships'*' and telecommunications equip-
ment. The removal of ice is necessary to prevent
dangerous situations and unwanted icing in our daily
lives. Ice can be dislodged when an external force
exceeds the adhesion between the ice and the sur-
face. Current de-icing methods primarily focus on in-
creasing the external force applied to the ice, such
as by tapping or vibrating the ice. Another an ap-
proach is to reduce the adhesion between the ice and

the object surface, which can be achieved through
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the use of ice-thinning coatings or heating methods.
It is of great importance to optimize de-icing meth-
ods by studying the adhesion characteristics between
ice and object surfaces and understanding the separa-
tion process between them'”®’.

There are two main ways to study the separa-
tion characteristics of icing and objects. One is to
build an icing adhesion characteristics test device to
directly carry out the test'””, which provides an in-
tuitive and accurate reflection of the actual process
of icing and surface separation. However, it is often
limited by experimental conditions. The other ap-
proach is to simulate the icing and object separation

process numerically, which is not constrained by ic-
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ing experimental conditions and allows for simula-
tion under various working conditions. In one
study, atomistic modeling and molecular dynamics
simulations were used to investigate the correlation
between water contact angle and ice adhesion''".
Nano-scale numerical simulations of the ice adhe-
sion are attractive because they eliminate many vari-
ables that affect macro-scale ice failure. Nonethe-
less, determining the true contact area in such simu-
lations is very challenging, and they may not neces-
sarily relate to practical ice removal scenarios.
Therefore, macro-scale ice adhesion measurement
methods will be discussed in the following sections.
In this study, we initially established an icing
adhesion test bench to obtain the macroscopic bond-
ing characteristics between icing and metal surfaces.
By analyzing the tangential and normal bonding
characteristics, we determined the macroscopic
bonding mechanism between icing and metal surfac-
es. Subsequently, we constructed a cohesive consti-
tutive model between ice and the thickness. Finally,
we performed numerical simulations of the icing and
metal surface separation process using Abaqus nu-

merical simulation software.

1 Measurement of Icing Adhesion
on Metal Surface

1.1 Adhesion test system

We have designed an experimental system to
test the normal adhesion and tangential adhesion be-
tween icing and metal surfaces, as illustrated in
Fig.1. A 1 mm thick Q235 cold-rolled steel plate
was selected and treated without modification to ac-
curately represent real icing conditions. The test spec-
imens were selected with dimensions of 30 mm X
30 mm. Prior to each experiment, the surface rough-
ness of the randomly chosen iron sheets was mea-
sured using a roughness measuring instrument (JI-
TA1820) , resulting in a range of 0.15—0.25 pm.
To ensure the cleanliness of the iron sheet, its sur-
face was placed in alcohol, and then cleaned with ul-
trasonic waves for 10 min. The vertical adhesion
test fixture is depicted in Fig.1(a), where the metal

piece and the fixing block are securely fastened us-

ing bolts. A silicone block is attached to the metal
sheet, and a moving block is then connected to the
silicone block. The entire setup is filled with pure
water through the water injection port and placed in
a refrigerator. Once the pure water freezes and
forms an ice block, it becomes bonded to the metal
sheet. By pulling the moving block to separate the
ice block from the metal sheet, we can obtain the
vertical bonding force F, between the ice block and
the metal piece. The shear adhesion test fixture is
shown in Fig.1(b) , where the metal sheet and the
fixing block are also fastened together using bolts. A
silicone block 1s attached to the metal sheet. Similar
to the vertical adhesion test, pure water is filled
through the water injection port and the setup is
placed in a refrigerator to freeze the water into an ice
block. By pulling the ice block, we can determine
the shear bonding force F, between the ice block and
the metal piece.

During the testing process, the force measur-
ing device is operated in a low-temperature test envi-

ronment. The entire device is placed inside a low-

Metal piece Ice block

Silicone block Water injection port

Moving block

(a) Vertical adhesion test fixture

Water injection port
Ice block

Silicone block

Metal piece
Push rod

Fixing block Force transducer

(b) Shear adhesion test fixture

Fig.1 Adhesion test fixture
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temperature test box, as illustrated in Fig.2. To en-
sure accurate temperature measurements, the de-
vice is cooled within the low-temperature experi-
ment box for a minimum of 1 h. This allows the ice
and metal sheet to reach the desired temperature be-
fore initiating the testing procedure. Once the de-
sired temperature is achieved, the drive motor is ac-

tivated to commence the testing process.

Fig.2 Low-temperature test device

1.2 Adhesion test results

The adhesion tests were conducted under the
conditions outlined in Table 1. Each working condi-
tion was repeated four times, and the average of the

multiple test results was calculated for subsequent

analysis.
Table 1 Test conditions
Working Ice column Ambient tem- Force measure-
condition diameter d/mm perature T/°C  ment method
Case 1 10 —12 Vertical
Case 2 10 —10 Vertical
Case 3 10 —38 Vertical
Case 4 10 —6 Vertical
Case 5 10 —4 Vertical
Case 6 10 —3 Vertical
Case 7 10 —2 Vertical
Case 8 10 —12 Shear
Case 9 10 —10 Shear
Case 10 10 —38 Shear
Case 11 10 —6 Shear
Case 12 10 —4 Shear
Case 13 10 —3 Shear
Case 14 10 —2 Shear

Fig.3 presents the test results for the adhesion
forces (F) and adhesion stress (s) under different

working conditions. Fig.3 demonstrates that as the

temperature decreases, both the vertical adhesion
and shear adhesion forces exhibit an increasing
trend. Between temperatures ranging from —4 C to
—8 °C, the vertical and shear adhesion forces re-
main relatively steady. However, beyond —4 C,
both forces decrease rapidly, while they increase
rapidly when the temperature exceeds —8 °C. It can
be observed that under identical working condi-
tions, the values of the vertical adhesion force and

shear adhesion force are similar.
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Fig.3 Adhesion test results
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2 Adhesion Mechanism Between
Icing and Metal Piece

2.1 Ice separation mechanism

Currently, there is no universally accepted the-
ory that explains the mechanism of freezing adhe-
sion between icing and a solid wall. It is generally
acknowledged that the adhesion force is a combina-
tion of chemical bond forces, intermolecular forces,
and mechanical forces. The main factors influencing
adhesion are the material properties of the solid
wall, such as material type, roughness, and hydro-
phobic properties, as well as the composition of the
frozen water, freezing method, and ambient temper-
ature.

Under identical conditions, the bond strength
between the ice and the solid wall tends to remain
constant, with slight fluctuations due to the inherent
randomness of ice. When the ice is separated from a
flat plate, the adhesion force F generated along the
separation direction can be divided into normal cohe-
sive force F, and tangential cohesive force F,, as de-

picted in Fig.4. The separation adhesion stress r sat-
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isfies Eq.(1) and can be further decomposed into
vertical adhesion stress 7, and shear adhesion stress
7., which are governed by Eqs.(2, 3), respective-
ly. Here, A,. represents the contact area between
the ice and the surface. During the analysis of the
separation process between icing and the surface,
the focus lies in the relationship between icing and
the surface of the object. To capture the adhesive
characteristics of icing, a adhesive unit layer is intro-
duced on the surfaces of both the icing and the solid.
The failure mode of the adhesive unit layer reflects

the adhesion characteristics of icing.

T:F/Aire (1)
'[”:F,,/Aice (2)
TT:FF/Aice (3)
F i
R-----m-----=1 Ice block

Metal piece

Fig.4 Adhesion force model

2.2 Model of adhesion force

The adhesive force model method is a numeri-
cal simulation approach used to analyze the separa-
tion process between two bonded substances "' It is
founded on the principles of damage mechanics and
the description of crack propagation. This method
combines the strengths of both finite element and
discrete element algorithms. By utilizing the adhe-
sive force model, the finite element method facili-
tates the analysis of continuous mechanical prob-
lems, while the discrete element method is benefi-
cial to the analysis of mechanical problems involving
large deformations. This integration allows for a
more comprehensive simulation of the separation
process.

This article employs a bilinear adhesive force
model, and its constitutive relationship is depicted
in Fig.5. The OA line segment in the figure repre-

sents the linear elastic stage of the adhesive unit.

The A point signifies the initiation of adhesive unit
damage, while the AB line segment represents the
progression of adhesive unit damage. The nominal
peak stress is represented by points ¢, ¢, and ¢/,
corresponding to complete deformation perpendicu-
lar to the cohesive unit separation interface or entire-
ly in the first or second shear direction. The corre-
sponding interface separation displacements are de-
noted as &,, &) and J;.Furthermore, the separation
displacements and critical fracture energies of the
failure interface in the three directions are represent-
ed by 6/, 67, 6/ and G, GS, G/, respectively.
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Fig.5 Adhesive force model

The nominal traction stress vector ¢ consists of
three components representing the stress in three di-
rections: ¢,, ¢, and ¢, The corresponding separation
quantities are denoted as ¢&,, ¢, and &,. The variable
T, represents the initial thickness of the adhesive el-

ement. The nominal strain can be expressed as

e,=38,/T, (4)
e.=0/T, (5)
5125/To (6)

The elastic behavior of the adhesive unit is de-
scribed by Eq.(7). To determine if the cohesive ele-
ment has reached the damage initiation point, the
maximum nominal stress criterion shown in Eq.(8)

can be utilized.

Z, E,, €,
t=|1¢ |= E, e.(=FE. (7)
l, E, Jle
() Lot
max{ =, O,;}l (8)
t, I 1

(9)
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The damage evolution law describes the rate at
which the stiffness of the cohesive unit degrades af-
ter reaching the damage initiation point, as shown in

(1-D)z, 1,>0

1, =1 - (10)
z, 1, <0
t,=(1—D)z, (1)
[1:(171))?/ (12)

where 7,, 7, and 7, represent the stress components
of the current undamaged strain predicted by the co-
hesive unit’s traction-separation constitutive model;
D is the stiffness degradation coefficient, D &[0, 1].

G,, G,, and G, are used to represent the work
conducted by the traction force in the normal, the
first, and the second tangential directions, respec-
tively. G, =G, + G, + G,and Gs= G,+ G, are de-
fined to represent the work conducted by two tan-
gential gravitational components. The area under
the traction separation curve is equal to the fracture
energy, and the damage evolution law under mixed
mode adopts the Benzeggagh-Kenane cracking crite-

[12]

riont'*, and is described as

G i
GEH(GE— G:‘){ } =G° (13)
G,
where G = G, G° is the mixed mode fracture en-

ergy; 7 the material parameter.

3 Numerical Simulation of Icing

Separation Process

This paper aims to validate and compare the ex-
perimental results with the simulation results. The
good agreement between them will confirm the fea-
sibility of using Abaqus to simulate the ice and met-
al plane separation process. For the modeling pro-
cess, a adhesive model was adopted, involving two
components: The metal flat plate and the ice block.
The metal flat plate was modeled using eight-node
solid elements of type C3D8R, with dimensions of
30 mm X 30 mm X1 mm. Similarly, the ice block
was modeled using eightnode solid elements of
type C3D8R, with dimensions of 10 mm X 20 mm.
In the mesh generation, careful consideration was
given to the balance between the density of the

mesh with the impact on calculation results, compu-

tational workload, and time. The metal flat plate
component was assigned a mesh size of 0.5 mm.
The icing component’ s a mesh size was 0.5 mm,
and the cohesive unit’ s mesh size 0.5 mm. The re-

sulting mesh division is illustrated in Fig.6.

Ice cylinder

Metal plate Adhesive force unit

Fig.6  Mesh division

The adhesive force model ensures the generali-
ty of crack initiation and propagation during the sep-
aration process of metal plates and ice by incorporat-
ing adhesive force elements at the shared interface
between the metal plates and ice blocks. By obtain-
ing the finite element node information of the inter-
face, a cohesive element is introduced in the interac-
tion module to create the interface effectively and ef-
ficiently.

The model utilizes specific material parameters
for each component, as presented in Table 2. For
the separation process, brittle materials are em-
ployed for the ice blocks, while rigid materials are
used for the metal plates. The interface between
them adopts a cohesive force model, where the
bonding strength o,,, is defined based on the values
obtained from Fig.3 under different temperature con-
ditions. Similarly, the corresponding normal phase
and tangential first fracture energy values are set ac-
cording to the conditions depicted in Fig.3. The
loading method employed in the simulation is dis-
placement loading, and the loading step involves
static analysis. The metal flat component is fixed in
its position, while the ice block component is sub-
jected to movement along the normal and tangential
directions at a velocity of 0.001 m/s until separation
occurs between the frozen component and the metal
component. Throughout this process, the adhesive
force between the frozen component and the metal

flat component is continuously monitored.
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Table 2 Material parameters 24 ~—F obta.ined by exper_iment

Parameter Ice cylinder Metal plate :irgsgi;;?bgynm):r?glem

Density/(kg'm®) 920 7 850 16}  simulation ]
. . —— F obtained by numerical

Elastic modulus/MPa 800 2E11 g simulation
Poisson’s ratio 0.28 0.3 B sl
Reproduce the process of icing and metal sepa-
0 A . : :

ration through numerical simulation. The maximum
adhesion force generated during this separation pro-
cess 1s selected and analyzed as the actual adhesion
force. By considering the working conditions out-
lined in Table 1, the simulation results are com-
pared with corresponding test results, as shown in
Fig.7. Observations from this comparison show
there is a close match between the calculated limit
value of linear separation and the adhesion force ob-
tained in the test. This successful agreement high-
lights the capability of Abaqus in effectively simu-
lating and numerically analyzing the separation pro-
cesses between icing and metal plates.

Fig.8 displays the stress variation cloud dia-
gram during the separation process between the
ice column and the iron sheet under case 1 and
case 8 conditions, where Fig.8(a) shows the vari-
ation of stress cloud map with time under case 1
and Fig.8(b) shows the variation of stress cloud

map with tiome under case 8. It reveals that with the

S, Mises S, Mises S, Mises

-8 -10 -12 -14
T/°C

Fig.7 Result comparison

displacement of the ice column, the stress increases
gradually until the ice column and the iron sheet
fracture. Subsequently, the stress gradually decreas-
es and eventually dissipates. Additionally, it can be
observed that the stress distribution varies depend-
ing on the direction of the ice column movement.
total remains consistent

However, the stress

throughout the process.

4 Conclusions

The main conclusions of this paper are as fol-
lows:

(1) A test rig was constructed to measure the
adhesion between icing icicles and metal planes in
both the normal and tangential directions. The study

investigated the variation of the normal adhesion
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(Average: 75%) (Average: 75%) (Average 75%) (Average: 75%) (Average: 75%)
+0.000e+00 +1.021e-0. +2.042¢-03 e +1.996e—03
.000e+00 +5.350e-04 +1.872¢-03 + +1.
0.000e+00 +8.509¢-04 +1.702¢-03 + 03 +1.663¢-03
.000e+00 +7.658e-04 +1.532¢-03 o +1.:
+0.000e+00 +6.807¢—04 +1.351e-03 +2.4 +1.331e-03
+0.000e+00 +5.956e-04 +1.191e-03 +1 —03 +1
+0.000e+00 +5.105¢-04 +1.021e-03 +1.532¢-03 +9.
0.000e+00 +4.254¢-04 +6.509e-04 +1.276e~ +8..
.000e+00 +3.404e-04 +6.807¢ +1.4 +6.1
0.000e+00 +2.553¢-04 +3.105¢-04 +7.4 +4.
.000e+00 +1.702e0: +3.404e04 +5.105e-04 +3..
+0.000e+00 +8.509e0: +1.702¢-04 A +1.4
+0.000e+00 +1.983¢-1 +3.944e-10 b L 434
S, Mises S, Mises. S, Mises S, Mise: S, Mises
(Average: 75%) (Average: 75%) (Average: 75%) (Average: 75%)
+5.121e-04 +1.4 e +1.4
+4.695e-04 + +1.4 +9..
+4.268¢-04 +8.: G b +8..
+3.841e-04 +7. +1. +7.
+3.414¢-04 +6.4 +1.4 +5.4
+2.907¢-04 +53 +8. +5.839e~
+2.561e-04 45 +7.4 -04 +5.4
+2.134e—04 +4. +60.4 04 +4.171e(
+1.707e-04 +3. +5. +3.337e~
+1.280e-04 e 434 +2.
+8.536e0 +1.707¢-04 +2. +1.
+4.268e): +8.. +10 ¢ +8..
+1.983¢-1 +3.944¢-10 A +3.4 0
=0.1s =0.2s =03s =0.4s
S, Mises S, Mises S, Mises S, Mises S, Mises
(Average: 75%) (Average: 75%) (Average: 75%) (Average: 75%) (Average: 75%)
+8.609¢-04 +6.03 +6.036e— +6.034e- +6.033¢-
+7.891e-04 A +5.533¢ +5.532¢~ +5.530e~
+7.174e-04 +5. +5.030e~ +5.029¢- +5.027e~
+6.436e-04 +4.! +4.527¢-! +4.526¢ +4.52
+5.739¢-04 +4. +4.024e~ +4.023¢~ +4.022¢~
+5.022¢-04 e +3.521e— +3.520e— +3.519¢—
+4.304¢-04 +3. +3.018¢! +3.017e- +3.016e—
+3.587e-04 +2.! +2.514e— +2.514e- +2.514e-
+2.870e-04 +2.4 +2.012¢-] +2.011e- +2.011e-
+2.152e-04 Al +1.509¢- +1.509¢- +1.508e~
+1.435¢-04 +1.4 +1.006e~ +1.006e— +1.005¢
+7.174e-05 +5. +5.030¢- +5.029¢- +5.027¢-
+1.662¢-10 +5.4 +5.751e- +5.269¢- +3.204¢-2:
S, Mises S, Mises S, Mises S, Mises S, Mises
(Average: 75%) (Avera; (Average: 75%) (Average: 75%) (Average: 75%
+4. +8. +6.701e +4.565¢~ +2.432¢~
) +8. +6.143e~ +4.185¢ +2.230e-
+3.598¢-04 +7.. +5.584e~! +3.804e- +2.027e~
+3. +6.4 +5.026¢~ +3.424e- +1.824e—
Y +5.4 +4.467¢— +3.044e- +1.622¢~
+2: +3. +3.909¢- +2.663¢~ +1.419e-
% +4.4 +3.35]e~ +3.283e +1.216e-
+17 +3.6! +2.792¢-] +1.902¢- +1.013e—
+1.439¢-04 LA +2.234e- +1.552¢- +8.108e-
+1. g +1.675¢~ +1.141e~ +6.081e
+7. +1. +1.117e: +7.609¢— +4.03
41 +7.365¢ +5.504e— +3.804e +2.027e-
+1. +5.841e-2¢ +5.751e; +5.269¢ +3.2
=0.6s =0.7s =0.8s =09s

(a) Vertial separation simulation



48 Transactions of Nanjing University of Aeronautics and Astronautics Vol. 40
S, Mises S, Mises 8, Mises S, Mises S, Mises
(Average: 75%) (Average: 75%) (Average: 75%) (Average: 75%) (Avera;
.000e+00 +1.4 +3.214e-03 +4.821e-03 1
.000e+00 +1. +2.946e-03 +4.419¢-03 F24
+0.000e+00 +1.3; +2.678¢03 +4.017e-03 +2.
.000e+00 LB +2.410e-03 +3.616e-03 42
+0.000e+00 +1. +2.143e03 +3.214e-03 +2.
+0.000e+00 +9. +1.075¢-03 +2.812e-03 bl
+0.000e+00 +8.1 +1.607e-03 +2.410e-03 ]
0.000e+00 +6. +1.339¢-03 +2.009¢-03 +1.,
.000e+00 A5, +1.071e-03 +1.607¢-03 +1.
0.000e+00 +4. +8.035¢-04 +1.205e-03 +7
+0.000e+00 +2.4 +5.357e04 +8.035e-04 +
+0.000e+00 +1 +2.678¢04 +4.017¢-04 +
+0.000e+00 +1. +7.401e—09 +1.548¢-08 +;
S, Mises S, Mises S, Mises S, Mises S, Mises

(Average: 75%)
+H0.

triiiiiitisd

=0s
S, Mises
(Average: 75%)

T T G T
=}
o
£y
"

S, Mises
(Average: 75%)

=0.5s

(Average: 75%)
+1..
2

&
T
¥
T
¥
6
T
+4
T
¥
b
&

.338¢-09

S, Mises
(Average 75%)

481e-08
+6.249¢-15

S, Mises
(Average: 75%)

=0.6s

(Average: 75%)
707¢03
48103

thttd bbbttt
O
2
il
ti

S, Mises
(Average: 75%)

378¢-07
92907
48107
033607

E

EiEttbd bttt
=
9
=
<!

.453e-15

S, Mises
(Average: 75%)

+1. +2.
+1 +2.
+9. +2.
+8 +2.
+7.4 +1.i
+6. +1
+5° +1.:
+4. +1.
+3 +9.
+2. +71
L 4
+9 I +2.
+1.296e-0" +6.249%-15 +9.453e-15

1%

T

=0.2s

(Average: 75%)

=03s

S, Mises
(Average: 75%)
3307

S, Mises
(Average: 75%)

i 1399 i i
SDDOO o =
RRSBRRB £ S S

=0.8 s

(b) Shear separation simulation

Fig.8 Stress variation cloud diagram during the separation process
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and the tangential adhesion at different tempera-
tures. It was observed that as the temperature de-
creased, both the normal adhesion and the tangen-
tial adhesion increased. Additionally, under the
same working conditions, the values of the tangen-
tial adhesion and the normal adhesion were similar,
with the tangential adhesion slightly exceeding the
normal adhesion.

(2) The macroscopic icing adhesion model is
implemented by incorporating the adhesive unit lay-
er constitutive model. This makes it possible to nu-
merically simulate the separation process between
icing and metal walls in a macroscopic form. The ic-
ing bonding characteristic data required for the simu-
lation are obtained by experimental means. The sep-
aration process of icing and metal sheets is then sim-

ulated using Abaqus software.
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