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a b s t r a c t

The strength assessment is the most important part at the design of ice-class propeller. Based on ice rules
for ice-class propeller in IACS URI3 and FEM, the strength assessment method of ice-class propeller is
established in this paper. To avoid the multifarious meshing process of propeller blade, an automatic
meshing method has been developed by dividing the propeller geometry into a number of 8-node
hexahedron elements along radial, chordwise and thickness directions, then the loaded areas in five
cases can easily be calculated and identified. The static FEM is applied to calculate the stress and
deformation of propeller blade. The fair agreements between the results of the present method and
ANSYS/Workbench demonstrate its robust and the feasibility, and also the method is able to produce
smooth gradient field. The blade stress and deformation distributions for five load cases are studied, and
then the strength of the whole blade is checked.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

When icebreakers navigate in ice-cover waters, the edge and the
tip of propeller blades would inevitably contact with ice pieces.
Since the rotational speed of a propeller is usually very high, the
propeller blades would suffer from extreme ice load during
propeller-ice contact (Vroegrijk and Carlton, 2014), which may
cause the damage of them. Therefore, strength assessment of an
ice-class propeller at the design stage is an effective way to reduce
marine accidents of icebreakers. However, the process of propeller-
ice contact is very complex and determined by the way how the
propeller interacts with the ice, i.e., ice milling, ice crushing or a
combination of both (Brouwer et al., 2013). The ice load is influ-
enced by a lot of factors, such as the size, location and orientation of
the ice blocks, the operative condition and the propeller geometry
(Soininen,1998). Therefore, it is difficult to find a scientific model to
determine the design ice load on propeller blades. Based on the
full-scale trials, the laboratory investigations and the numerical

simulation of propeller-ice interaction, the International Associa-
tion of Classification Society (IACS) has made a detail description of
the design ice load for ice-class propellers (Lee, 2008).

According to the papers published, the researches on the
strength of ice-class propeller are limited and still in the primary
stage. Although some progresses had been made, the ability to
assess the strength of ice-class propeller is still needed to be
improved. The strength of propeller blades can be predicted by the
full-scale trials, the regulations ruled by classification societies, the
cantilever beam method and the numerical method based on FEM.
Regarding the full-scale trials, the period may be very long and the
cost is very expensive, which makes it impossible to be an ideal
method (Liu et al., 2012). The CCS, ABS, DNV, LR or other classifi-
cation societies had made regulations for the thickness of propeller
blades, the edge and the tip of ice-class propeller. However, during
1980s, more and more evidence had shown that these regulations
were inadequate and had become less relevant (Norhamo et al.,
2009). The strength assessment by the cantilever beam method
might be more reasonable than that by the regulations, but it was
found the cantilever beam method cannot predict the strength of
the highly skewed propellers accurately (Lin and Lin, 1996). Nu-
merical method based on FEM is nonetheless an effective way to
the strength assessment of ice-class propeller, but only a few
scholars have done the researches. Lee (2007) carried out strength
assessment of a highly skewed CP propeller in PC7 ice class based
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on the IACS polar ice rule-URI3 and FEM. In the following year, Lee
(2008) evaluated the rationality of the ice loads formulae in URI3
for CPP and explored the influence of different design principles on
CPP scantling, which provided very useful information for ice CPP
design. Norhamo et al. (2009) studied the effect of the diameter, the
rotational speed and the blade number of the propeller on the
design ice load in IACS URI3 and carried out strength assessment of
entire propeller blades on basis of finite element calculations. Det
Norske Veritas (DNV) (2011) described the FE engineering prac-
tice of the propeller strength assessment based on IACS URI3 and
highly recommended solid elements for determining the stress
distribution of the propeller blades. Based on the propeller ice load
ruled in IACS URI3, Hu, 2014 used ANSYS/Workbench to carry out
the static strength analysis of propeller blade. Liu et al. (2015)
assessed the strength the R-class propeller by using a finite
element method established for a tidal turbine rotor and including
the ice loading for all the scenarios. Sun (2016) researched on the
static strength of CPP under different cases of design ice load ruled
by IACS URI3 using ANSYS/Workbench. Based on the Finite Element
Method, Chang et al. (2018) used ANSYS/Workbench to calculate
the stress and strain of ice-class propeller with different trim angles
and different ice load condition and the results were analyzed. But
the strength analysis of propeller blade based on ANSYS/Work-
bench, building model and meshing of a propeller require human
intervention, which is a heavy workload.

In the present work, a strength assessment method of ice-class
propeller is established. With this method, we just need to input
the geometric parameters of a propeller and the operational con-
ditions, then the blade stress and deformation distributions for five
load cases will be calculated and the strength will be assessed,
automatically. The paper is organized as follows: First, the propeller
design ice loads for five cases given in IACS URI3 are briefly intro-
duced such as the load area and the calculation formulas. Second,
an automatic meshing method of propeller blade is established by
dividing the propeller geometry into a number of 8-node hexahe-
dron elements along radial, chordwise and thickness directions,
and the static FEM is presented for calculating the strength of
propeller blades. Third, the calculation procedure is given, and the
calculation code is programmed by using FORTRAN. Then, mesh
convergence and verification are carried out to test the robust and
feasibility of the method. After that, the stress and deformation
distributions of the PC3 ice-class propeller for five load cases are
calculated, and then its strength is checked.

2. Brief introduction of rules for ice-class propeller

The propeller design ice loads in IACS URI3 rule (IACS, 2007) are
suitable for open- and ducted-type propellers with fixed or
controllable pitch, but only applicable to the propeller installed in
the astern of the ship. The aim of the present work is to develop a
method to assess strength of open-type ice-class propeller. The
rules for this kind of propeller will be introduced below. The
maximum backward force Fb of the blade in the lifetime is calcu-
lated as follows:

8>>>>>>><
>>>>>>>:

Fb ¼ �27SiceðnDÞ0:7
�
EAR
Z

�0:3
D2; D<Dlimit

Fb ¼ �23SiceðnDÞ0:7
�
EAR
Z

�0:3

H1:4
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Dlimit ¼ 0:85,H1:4
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(1)

The maximum forward force Ff of the blade in the lifetime is
calculated as follows:
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where n is the rotational speed of propeller [rps], D is the propeller
diameter [m], d is the propeller hub diameter [m], EAR is the
expanded blade area ratio, Z is the number of blades, Sice is the ice
strength index andHice is the design ice thickness [m]. The values of
Sice and Hice for different PC ice classes are given in Table 1.

There are five load cases according to IACS URI3, as shown in
Table 2, R is the propeller radius [m]; C is the chord length of
propeller [m]. Load cases 1e4 have to be covered in strength
assessment of ice-class propeller blades. For a reverse rotating
propeller, load case 5 also should be considered.

For the strength assessment of ice-class propeller blades, the
stress criterion in URI3 is as follows

sref
s

� 1:5 (3)

where s is the calculated stress for the propeller design loads. If the
stresses are calculated by FEM, von Mises stresses should be used.
sref is the reference stress defined as min{0:7su,0:6sþ 0:4s0:2}; su
is the ultimate tensile strength, s0:2 is the proof strength.

3. FEM for calculating static strength of propeller

The implementationofFEMtocalculate structural strengthcovers
the following steps: Discrete the geometric model into a series of
elements; Establish the overall equation of finite element structure;
Calculate the stress and deformation of the numerical model. Since
the propeller geometry is usually very complex, meshing the pro-
peller into a serial of elements is quite a cumbersome task. An
automaticmeshingmethod of propeller has beendevelopedwithout
manual intervention. Then, the equations for calculating propeller
stress and deformation are introduced in detail.

3.1. Automatic meshing method of propeller blade

In this section, automatic meshing method of propeller is
developed. After inputting the geometric parameters of propeller, a
number of 8-node hexahedron elements with good quality will be
generated by the method. The method is reliable and convenient to
use. It had been found that the 8-node hexahedral element has the
advantage of better convergence and producing smooth gradient
fields which are continuous across element boundaries with less
mesh number (Nguyen et al., 2017).

Considering the characteristics of the propeller, the propeller

Table 1
Ice class coefficients.

Ice class Hice [m] Sice Sqice

PC1 4.0 1.2 1.15
PC2 3.5 1.1 1.15
PC3 3.0 1.1 1.15
PC4 2.5 1.1 1.15
PC5 2.0 1.1 1.15
PC6 1.75 1 1
PC7 1.5 1 1
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geometry is meshed along the radial, chord-wise and thickness
directions, as shown in Fig. 1. In order to generate the nodal co-
ordinates of the propeller elements, it is necessary to geometrically
express the coordinates of the blade surface, which have been given
by some literature (Liu et al., 2001; Su and Huang, 2003). In the
cylindrical coordinate, the point ðx; r; qÞ on certain blade section can
be defined as follows:

8>>><
>>>:

x ¼ xr þ ð�c1 þ sÞsin b�
 
yb

yf

!
cos b

r ¼ r

q ¼ 1
r

"
ð�c1 þ sÞcos bþ

 
yb

yf

!
sin b

#
þ qs

(4)

In the Cartesian coordinate, the point ðx; y; zÞ on certain blade
section can be defined as follows:
8>><
>>:

x ¼ xr þ ð�c1 þ sÞsin b�
�
yb
yf

�
cos b

y ¼ r cos q
z ¼ r sin q

(5)

where s is the chordwise distance between the point at the section
and the leading edge; c1 is the distance between leading edge and
the generatrix; xr is the rake value; qs is the skew angle, b is geo-
metric pitch angle, yb, yf is the distance from a point on the back
section and the face section to a chord line respectively.

Any nodes on the surface of the blade can be obtained by Eq. (5).
By dividing the blade surface along the chordwise and radial di-
rections, a number of quadrilateral panels are generated. Then, the
nodes in the thickness direction can be got by interpolation of the
nodes on the back and face of blade. After meshing the blade ge-
ometry in radial, chord-wise and thickness directions, most area is
divided into 8-node hexahedron. However, the area near the
leading edge and trailing edge is divided into 6-node pentahedral
elements, as shown in Fig. 2. These pentahedral elements still can
be regarded as 8-node hexahedrons in FEM calculation, which is
taken as the case that the spatial quadrangle are degenerated into a
straight line segments.

3.2. Static FEM for propeller blades

In the blade-fixed coordinate system, the global equation of
dynamic motion for propeller blades can be written as follows

M €uþ C _uþ Ku ¼ Fce þ Fco þ Fr (6)

where M, C and K are the global mass, damping, and stiffness
matrix, respectively; €u, _u and u are the acceleration, velocity and
displacement; Fce, Fco and Fr are the centrifugal force, Coriolis force,

Table 2
Load cases of propeller design ice loads.

Case Force Loaded area

1 Fb Uniform pressure applied on the back (suction side) of the blade to an area from 0.6R to the tip and from the leading edge to 0.2C

2 50%Fb Uniform pressure applied on the back (suction side) and the tip area of the blade outside 0.9R

3 Ff Uniform pressure applied on the face (pressure side) of the blade to an area from 0.6R to the tip and from the leading edge to 0.2C

4 50%Ff Uniform pressure applied on the face (pressure side) of the blade and the tip area of propeller blade outside 0.9R

5 60%MAX {Fb , Ff } Uniform pressure applied on the face (pressure side) of the blade to an area from 0.6R to the tip and from the trailing edge to 0.2C

Fig. 1. The FE mesh model of the propeller blade.
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and external force.
The strength assessment of ice-class propeller in IACS URI3 is a

static analytical method, so the values of the acceleration €u, the
velocity _u and the Coriolis force Fco in Eq. (6) are equal to 0. Then,
Eq. (6) can be simplified as

Ku ¼ Fce þ Fr (7)

In order to implement the FEM, the propeller blade is divided
into a number of elements. Then, Eq. (7) can be discretized into a
large linear system of equations. The global stiffness matrix K is
integrated and superposed by all the element stiffness matrices Ke.
According to the principle of virtual work equation, Ke can be
expressed as

Ke ¼ ∭
V
BeTDeBedxdydz (8)

where the superscript e represents the element, Be is the element
strain matrix, De is the element elastic matrix.

The displacement of propeller blade can be approximately
represented by the displacement of all nodes in the elements.

All forces, such as centrifugal force and ice force, should be
shifted equivalently to the nodes. Due to the rotation of propeller,
centrifugal force will effect on the propeller blade, which can be
treated as a volume force (Young, 2008). After shifting, the equiv-
alent nodal force can be written as

Fece ¼ ∭
V
rNTf �u� ðu� xÞgdxdydz (9)

where N is the shape functional matrix, u is the angular rotational
speed of propeller, x is the vector of nodes.

The propeller design ice loads effecting on the local surface of
propeller blade can be treated as a surface force. After shifting, the
equivalent nodal force can be written as

Fer ¼ ∬
A
NTpedA (10)

where pe is the pressure of ice load effecting on the surface of the
propeller blade.

The deformation of the blade root is very small, which can be
neglected. For the sake of simplicity, the nodes on the blade root are
set to the rigid constraint. Combining the boundary conditions, the

unknown displacement and stress of nodes can be calculated by Eq.
(7). Then, the calculated nodal stress can be transformed to the
equivalent stress (Von-Mises stress) through the following equa-
tion (Benasciutti, 2014):

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
sx � sy

�2 þ �sy � sz
�2 þ ðsz � sxÞ2 þ 6

�
t2xy þ t2yz þ t2zx

�
2

vuut

(11)

4. Calculation procedures

Base on the rules for ice-class propeller and FEM for calculating
static strength of propeller mentioned, numerical method to
implement strength assessment of ice-class propeller is estab-
lished. The calculation procedures mainly involve the following
three steps:

Step a: Using automatic meshing method of propeller blade, the
geometry of propeller blade is divided along the radial direction,
chordwise direction and thickness direction. Meanwhile, it is
necessary to force to arrange the mesh lines at the positions of 0.6R
and 0.9R in the radial direction and 0.2C and 0.8C in the chord
direction. It can be seen in Fig. 3 that the propeller meshes can be
divided quite densely.

Step b: Identify the loaded areas for the five cases, and calculate
them. According to URI3, the propeller design ice loads for five
cases can be calculated. After dividing the propeller design ice loads
by the value of the corresponding loaded area, the uniform ice
loaded pressures are obtained.

Step c: The uniform ice load pressures calculated in step b are
applied as a surface force on the elements of propeller blade. The
stress distribution and deformation distribution of the blade are
calculated based on the theory mentioned in Section 2.

This method has the functions to mesh the propeller blade into
elements, to calculate the propeller design ice load in the five cases
according to PC ice class, to identify the loaded area for the five
cases, and to calculate the deformation and stress distribution of
propeller blade by FEM, automatically. In this way, the problems,
such as the complexity of propeller model establishing and mesh-
ing for FEM calculation, the difficulty in recognizing the five ice
loaded areas and the instability of calculation results, can be avoid.

For the static FE analysis of propeller blade, the developed in-
house FORTRAN code is used. Since the calculation of design ice
load for ice-class propeller blade and automatic mesh method are
also written by FORTRAN, using the developed in-house FORTRAN
code can help to improve the efficiency and accuracy of data
transmission and avoid manual manipulation. We just need to
input the geometric parameters of the propeller and operational
condition, and then the strength assessment of ice-class propeller
can be carried out by a computer, which can be embedded into the
design code of ice-class propeller and improve design efficiency.

5. Mesh convergence analysis and verification of the method

Meshing process is very important in finite element structural
calculation and analysis. A group of meshes with high quality can
achieve better convergence, higher computational efficiency and
calculation accuracy. The number of meshes and the way of
meshing should be properly chosen. The mesh should be refined
near the edge and surface to approach its actual shape and to
ensure the quality. As described in section 3.1, the geometry of the
propeller is meshed into elements along the radial direction,
chordwise direction, and thickness direction. In order to ensure a

Fig. 2. The elements near the leading or trailing edges.
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high quality of geometric fitting for the outer radius of the blade, a
half-cosine dividing method is adopted along the radial direction,
and in this way the radial meshes can become denser and denser
from the root to the tip of the blade. The semi cosine function for
radial intervals can be expressed as follows

8><
>:

rj ¼ Rh þ ðR0 � RhÞcosbrj; j ¼ 1;2;/;Nr þ 1

brj ¼
p

2
,

�
1� i� 1

Nr

� (12)

where R0 is the propeller radius, Rh is the hub radius, Nr is the blade
surface mesh number in the radial direction.

In order to ensure a high quality of geometric fitting for the
leading edge and the trailing edge of the blade, a cosine-dividing
method is adopted along the chordwise direction, which could
make that the meshes forming from the leading edge to the trailing
edge are from dense to sparse and then to dense again. The cosine
function for chordwise intervals can be expressed as follows

8>><
>>:

si ¼
1
2
ð1� cosbciÞbj; i ¼ 1;2;/;Nc þ 1

bci ¼
i� 1
Nc

p

(13)

where bj is chord length of blade section in rj,Nc is the blade surface
mesh number in chordwise direction.

The meshes of the boundary area need to be encrypted. The
meshing way in thickness direction is directly related to mesh
density near the blade surface. Therefore, the cosine dividing
method is adopted along the thickness direction, which make that
the meshes forming in the thickness direction are from dense to
sparse and then to dense. The cosine function for thickness in-
tervals can be expressed as follows

8>><
>>:

tk ¼
1
2
ð1� cosbtkÞTiÞ; k ¼ 1;2;/;Nt þ 1

btk ¼
k� 1
Nt

p

(14)

where Ti is thickness in si, Nt is the blade surface mesh number in
thickness direction.

The ice-class propeller blades usually have small aspect ratio to
ensure its strength. Accordingly, the mesh ratio in the radial,
chordwise, and thickness directions is chosen as 4:4:1 in the
analysis of mesh convergence. The effects of the mesh numbers on
the results are numerically investigated. The rotational speed of

propeller is set as 3rps. Four different mesh numbers of 16� 16� 4,
20� 20� 5, 24� 24� 6 and 28� 28� 7 are tested under the pro-
peller design ice loads for case 1 and the PC3 ice class. Then the
results are discussed. Fig. 4 shows the stress distribution of the
blade with different mesh numbers. From Fig. 4, it can be seen that
when the mesh number is small, the stress distribution of the blade
is not uniform. Furthermore, as the mesh number increases, the
stress distribution of the bladewill becomemore andmore uniform
and tend to converge steadily. The stress distributions for twomesh
numbers of 24� 24� 6 and 28� 28� 7 are similar. Therefore, the
mesh number of 24� 24� 6 is acceptable for calculating the stress
distribution.

Fig. 5 shows the deformation distribution of the blade with
different mesh numbers. Unlike the stress distribution, the defor-
mation distributions of the blade with different mesh numbers are
all uniform, and the characteristics are essentially the same,
showing that the deformation of the outer radius near the leading
edge is large and the deformation of the inner radius is small.
However, there is a certain difference in the deformation value. It
can be seen that as the mesh number increases, the deformation
value increases. The deformation distributions of 24� 24� 6 and
28� 28� 7 are similar. Therefore, the mesh number of 24� 24� 6
is acceptable for calculating the deformation distributions.

To further analyze the effect of different mesh numbers on the
convergence of calculation results, the curves of maximum stress
and deformation with different mesh numbers are shown in Fig. 6
and Fig. 7, respectively. Note that, the total mesh number in the
horizontal axis is multiplied by the mesh numbers in the radial,
chordwise, and thickness directions. It can be seen with the in-
crease of mesh numbers, the maximum stress and deformation
both increase, but the growth rate slows down. When the mesh
number reaches 3456 (24� 24� 6), the growth rate is very small.
Therefore, when the mesh number exceeds 3456 (24� 24� 6), the
calculation results can be considered as converged. Considering the
accuracy and computational efficiency, the mesh number of 5488
(28� 28� 7) will be used in the following study.

To verify the reliability of the present method, the results
calculated by the present method are compared with the results
calculated by the commercial software ANSYS/Workbench (Chang
et al., 2018). Chang et al. (2018) use the modeling software of
ICEM and DM to establish the propeller model and partition its
surface. The tetrahedron elements are adopted for meshing. The
rotational speed of propeller is set as 3rps. The stress and defor-
mation under the propeller design ice loads in case 1 and in PC3 ice
class are analyzed.

The comparison of the stress distributions on the back and face

Fig. 3. Forced mesh line and mesh view.
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of the blade are shown in Fig. 8. As can be seen from the figure, the
stress distributions for both the back and face calculated by the
present method agree well with those calculated by ANSYS/
Workbench. However, the stress distributions calculated by the
present method are smoother. This is mainly because the present
method considers the characteristics of propeller blade and divided
them into 8-node hexahedron elements along the radial, chordwise
and thickness directions, which is difficult for ANSYS/Workbench.

Thus, the ice stress distributions calculated by the present method
are more reasonable than those by ANSYS/Workbench.

The comparison of the deformation distributions is shown in
Fig. 9. From the figure, we can see that the deformation distribu-
tions of the blade predicted by the method and ANSYS/Workbench
are similar, and they are both uniform, which verify the feasibility
of the present method.

6. Numerical results and discussion

6.1. Propeller model and design ice load

This paper takes the Icepropeller1 (Ye et al., 2017) as the
research model, which is a propeller of PC3 ice class. The propeller
has the geometrical parameter with a diameter of 4.12m, a blade
number of 4, a pitch ration of 0.78, a hub ratio of 0.3, an expanded
area ratio of 0.67 and a rake of 10�. The propeller has material pa-
rameters with elastic module of 117 GPa, Poisson ratio of 0.34 and
density of 7600 kg/m3. The rotational speed of the propeller is set to
3rps. Then, according to the rules described in section 2 the values
of propeller design ice load, the loaded area and the loaded pres-
sure for the five cases for PC3 ice class can be calculated, as shown
in Table 3.

6.2. Stress distributions of the blade

The propeller design ice loads for five cases are applied on the
loaded areas respectively, and then the stress distribution of the
blade is predicted by the present method.

The stress distributions on the back and face of the blade for case
3 are shown in Fig. 10, and the stress distributions for case 1 can be
found in Fig. 8 (a) and (c). It can be seen that the stress distributions
on the back and face of the blade for case 1 and case 3 are similar,
and mainly concentrate on the root and the middle of chord, which
can be explained that the load area for the two cases is both on the
leading edge of the blade from 0.6R to the tip. The ice load for the
two cases may cause damage to the mid-chord of the blade root.

Fig. 4. Blade stress distributions with different mesh numbers.

Fig. 5. Blade deformation distributions with different mesh numbers.

Fig. 6. Maximum blade stress curve with different mesh numbers.

Fig. 7. Maximum blade deformation curve with different mesh numbers.
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However, the stress value for case 1 is higher than that for case 3.
This is because the design ice load for case 1 is much higher than

that of case 3. Besides, the stress value on the back of the blade is
higher than that on the face of the blade, which is mainly related to
the shape of the blade section, as shown in Fig. 11. The upper side of
the blade section is convex, while the lower side of the blade sec-
tion is flat.

Fig. 12 shows the stress distributions on the back and face of the
blade for case 2 and case 4. The stress distribution on the back and
face of the blade case 2 and case 4 is mainly concentrated in the
chord-to-middle of the blade outer radius. This is because the
loaded area of the propeller blades is located at the tip of the blade.
It is easy to bend the blade forward or backward. Under the two

Fig. 8. Comparison of the blade stress distributions.

Fig. 9. Comparison of the blade deformation distributions.

Table 3
The calculation results of ice loads for PC3 ice class.

Ice load conditions Ice load/KN Loaded area/m2 Loaded pressure/MPa

Case 1 1630.32 0.2647 6.159
Case 2 815.16 0.1920 4.245
Case 3 682.30 0.2339 2.917
Case 4 341.15 0.1737 1.964
Case 5 978.19 0.2334 4.191
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working conditions, the stress distribution of the blade back and
the blade face are basically the same, but the stress value on the
back is greater than that on the face, and the stress value of the
blade for case 2 is greater than that for case 4.

Fig. 13 shows the stress distributions on the back and face of the
blade for case 5. The propeller design ice load for case 5 is caused by
propeller-ice contact when the propeller is reversing. The stress
distribution of the blade mainly concentrates on the middle of the
radius and the trailing edge. There are two main reasons for this
phenomenon: The load area for this case is on the trailing edge of
the blade from 0.6R to the tip; the thickness on the area of trailing
edge is small. For this case, the blade is easily damaged. Therefore,
for the fixed-pitch propellers, the area on the trailing edge must be
strengthened at the design stage and the state of reversing condi-
tion should be avoided or the rotational speed of propeller should
not be too high, which can help to avoid damage of the blades.
However, for the control pitch propeller the case 5 would not
happen.

6.3. Deformation distributions of the blade

The propeller design ice loads for five cases are applied on the
loaded areas accordingly, and then the deformation distributions of
the blade are predicted by the present method. The deformation
distributions of the blade for case 2, case 3, case 4 and case 5 are
shown in Fig. 14 and the deformation distribution for case 1 can be
found in Fig. 9(a). It can be seen that the deformation distributions
of the blade for case 1 and case 3 are very similar in that the large
deformation both occur in the loaded area, i.e. the outer radius of
the blade leading edge. Since the directions of the ice loads for the
two case are opposite, the directions of the blade deformation are
also opposite. From the deformation distribution, the ice loads in
the two cases may cause torsional deformation of the blade. The
deformation distribution for case 2 and case 4 are similar, in which
the deformation area is mainly at the tip. The directions of the blade

deformations are also opposite for the two case. The ice load for
case 2 may cause the blade to bend backward and the ice load of
case 4 may cause the blade to bend forward. The large deformation
is at the outer radius and the trailing edge. From the deformation
distribution, it can be inferred that the ice load for case 5 causes the
torsional deformation of the blade or damages at the trailing edge.

6.4. Strength assessment of the blade

After calculating the maximum stress of the blade for five cases,
the strength of the ice-class propeller can be assessed according to
Eq. (3). The ultimate tensile strength and the proof strength of the
propeller material are chosen as 590.0MPa and 245.0MPa,
respectively. Then the reference stress can be calculated as
383.0MPa. Divided the reference stress by themaximum stress, the
safety factor is calculated, as shown in Table 4. It can be seen that
the safety factors for five cases are all more than 1.5. Therefore,
according to Eq. (3) the propellers are strengthened sufficiently to
sustain the ice loads. From Table 4, it also can be seen that the
maximum value of stress for case 1 is the largest, which should be
paid more attention at the design stage. The maximum value of
stress for case 5 is slightly less than that for case 1, which is also a
dangerous working condition. The maximum value of stress for
case 4 is small and the strength check may not be required.

7. Conclusion

In this paper, a stress assessment method of the ice-class pro-
peller is established based on the ice rule in IACS URI3 and FEM.
Mesh independence analysis and verification of the method are
carried out to make sure the reliability of the method. The blade
stress and deformation distributions under the five load cases are
analyzed. Major conclusions could be summarized as follows:

(1) Mesh convergence study has been carried out. It is found that
the 8-node hexahedron element has good convergence
property. The mesh number of 24� 24� 6 is acceptable for
the calculation of the propeller strength.

(2) The stress and deformation distribution of propeller blade
calculated by the present method agree well with those
calculated by ANSYS/Workbench. Thanks to the method to
mesh the blade geometry along the radial, chordwise and
thickness directions, the distributions calculated by the

Fig. 10. Blade stress distributions for case 1 and case 3.

Fig. 11. The view of the blade section.
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present method are smoother than those calculated by
ANSYS/Workbench.

(3) The stress distributions for case 1 and case 3 are both
concentrated on the root and the middle of chord. The stress
distributions for case 2 and case 4 are mainly concentrated
on the chord-to-middle of the blade outer radius. The stress

distribution is mainly on themiddle of radius and the trailing
edge.

(4) The deformation distributions for case 1 and case 3 are both
concentrated on the outer radius of the blade leading edge.
The deformation distributions for case 2 and case 4 are
mainly at the tip. The large deformation is at the outer radius
and the trailing edge.

Fig. 12. Blade stress distributions for case 2 and case 4.

Fig. 13. Blade stress distributions for case 5.
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The strength assessment method established in this paper could
be used in the design stage of ice-class propeller. In the future, the
strength of more propellers with different ice classes may be
calculated by using the present method.
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