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Calculation of marine propeller static strength
based on coupled BEM/FEM

YE Liyu, WANG Chao, LI Peng, WANG Xidong
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Abstract: [ Objectives | The reliability of propeller stress has a great influence on the safe navigation of a ship. To
predict propeller stress quickly and accurately, [Methods] a new numerical prediction model is developed by
coupling the Boundary Element Method (BEM) with the Finite Element Method (FEM). The low order BEM is used to
calculate the hydrodynamic load on the blades, and the Prandtl-Schlichting plate friction resistance formula is used to
calculate the viscous load. Next, the calculated hydrodynamic load and viscous correction load are transmitted to the
calculation of the Finite Element as surface loads. Considering the particularity of propeller geometry, a continuous
contact detection algorithm is developed; an automatic method for generating the finite element mesh is developed for
the propeller blade; a code based on the FEM is compiled for predicting blade stress and deformation; the DTRC 4119
propeller model is applied to validate the reliability of the method; and mesh independence is confirmed by comparing
the calculated results with different sizes and types of mesh. [Results] The results show that the calculated blade
stress and displacement distribution are reliable. This method avoids the process of artificial modeling and finite
element mesh generation, and has the advantages of simple program implementation and high calculation efficiency.
[ Conclusions] The code can be embedded into the code of theoretical and optimized propeller designs, thereby
helping to ensure the strength of designed propellers and improve the efficiency of propeller design.
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0 Introduction

As the power source in the navigation process of
ship, propeller has always been an important focus of
ship design. The reliability of propeller structure is
the prerequisite to ensure that the navigational per-
formance of ship meets the requirements, so it is of
great significance to the safety of navigation. Howev-
er, with the development of ship towards large size
and high speed, the application of high—power main
engine leads to the increased surface load of propel-
ler blades, and the wide application of highly skewed
propeller makes the strength problem of propeller

more prominent. When a propeller works, the thrust
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and rotational resistance of the propeller exert bend-
ing and twisting effects on the blades, and the centrif-
ugal force produced by the propeller rotation will
cause the blades to bend and stretch outwards. If the
propeller strength is not enough, the propeller may
be damaged or broken, or the hydrodynamic perfor-
mance of the propeller cannot meet the design re-
quirements due to the large deformation. Therefore,
in order to improve the efficiency of propeller design
and ensure the strength of propeller blades, it is ur-
gent to develop a method that can accurately and rap-
idly predict the strength of propeller blades.

At present, the methods of specification check, nu-

merical prediction and model test can be used for
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the prediction of propeller blade strength. The meth-
ods and requirements of strength check are stipulat-
ed in the specifications in China and abroad, but
they were proposed mainly based on a great deal of
usage experience, and the prediction results are con-
servative. In the aspect of model test, Boswell "' con-
ducted static stress measurement test for the blades
of highly skewed propeller; Zhao ™ carried out static
stress test and dynamic stress test of highly skewed
propeller, which were compared with the theoretical
calculation results; Yang et al. ™ studied the strain
and stress distribution of blades under different oper-
ating conditions by sticking strain gages on the sur-
face of highly skewed propeller model. It can be seen
from the above research and test results that, the cost
of the propeller strength model test is higher, and the
test is difficult and time-consuming, which cannot
be widely used.
The numerical analysis method of propeller
strength mainly adopts the cantilever beam method
and the finite element method (FEM). The cantilever
beam method is a relatively convenient and feasible
method for predicting the blade stress, but this meth-
od simplifies the blades to a twisty cantilever beam
of variable cross section, and this defect makes it im-
possible to predict the strength of propeller accurate-
ly “. For the FEM, the commonly used method is to
predict the stress distribution of blades using the
method that combines CFD calculation with finite el-

>% There are also some

emenl analysis software '
scholars link up the boundary element method
(BEM) and finite element analysis software for the
prediction of blade stress distribution "™, Although
this method can accurately predict the stress distri-
bution of propeller blades, it requires complex model-
ing and meshing process, which is not conducive to
the propeller design, and the problem of inadequate
interface stability also exists in the linkup of BEM
program and finite element software. Some scholars
made their own finite element programs to carry out
calculation of the propeller strength. For example,
Hu et al. ® regarded the propeller blades as thick
shell elements, split the blades into 12 elements, and
programmed the corresponding stress analysis pro-
gram; Wang """ developed finite element program
HPROP of strength calculation specifically for high-
ly skewed propeller, where the pressure value calcu-
lated by the lifting surface method was input into the
finite element program for calculation; Liu et al. ™"
calculated the propeller strength under hydrodynam-
ie, load, by, ¢ombining’ BEM- program cand-finite, ele

ment calculation program HPROP. For the strength
calculation using the finite element programs devel-
oped on their own, the above references did not intro-
duce the specific implementation process in detail.
From the calculation diagrams, they have some limi-
tations in the division of finite element structural ele-
ments of solid propeller, and the number of structur-
al elements is small, which may bring about the prob-
lem of insufficient calculation accuracy.

In this paper, the propeller strength calculation
method based on coupled BEM/FEM was studied,
and a method for the accurate and fast prediction of
propeller strength was proposed, which provides an
approach for the evaluation of propeller strength at
the design stage. Overall, this method is to transfer
the propeller surface pressure calculated by BEM to
the finite element structure calculation of propeller.
The problem addressed here is how to establish an
automatic division method for finite element structur-
al elements in the case of fixed meshing of the pro-
peller surface, so as to achieve the transfer of hydro-
dynamic load between two methods. To this end, the
relevant theory of propeller strength calculation us-
ing FEM and the specific numerical calculation pro-
cess were detailed in this paper. The program for pro-
peller strength prediction by FEM was compiled us-
ing Fortran language, which was linked up with the
performance prediction program of steady BEM of
propeller. Finally, taking blade strength prediction of
a propeller as an example, the validity of the method

proposed in this paper was verified.
1 Theory of BEM

The BEM of propeller does not make any assump-
tions about the shape of objects. It satisfies the bound-
ary conditions on the real object surfaces and can
predict the hydrodynamic performance of propeller
accurately, so it has been widely used in recent years.

The rectangular coordinate system O-XYZ and cy-
lindrical coordinate system O —XRO fixed on the
blades are shown in Fig. 1. In the figure, R and 6
are the radial coordinate vector and angular coordi-
nate vector respectively. Assuming that the propeller
rotates by an angular velocity @ in the case of the in-
flow velocity of V., using the Green formula, the
Laplasse equation for describing the incompressible,
inviscid and irrotational potential flow problems was
transformed into integral equations on the object
boundary, so that the problem of flow around object
was transformed into the calculation of unknown

nede strength on any.surface [,
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Fig.1 ~ Ccoordinates of propeller
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In the formula: S, is the trailing vortex surface;

¢ is perturbation velocity potential; Ry, and Rpq

are distances from field point P to point Q on the
propeller surface and to point Q, on the trailing vor-
tex surface, respectively; N, and N, are the unit

normal vectors of point Q on the propeller surface
and point Q, on the trailing vortex surface, respec-
tively; A¢ is the velocity potential jump through the
trailing vortex surface S, which can be expressed
in S, as

Ap=¢" —¢ (2)

In the formula, superscripts “+” and “-" repre-
sent the values on the upper and lower surfaces of
the trailing vortex surface, respectively.

For the steady problem of propeller, velocity poten-
tial jump A¢ of trailing vortex surface was a con-
stant at the same radius. The equivalence between
normal dipole distribution and vortex ring distribu-
tion shows that, A¢ is the trailing vortex strength,
which can be determined by meeting the Kutta condi-
tions at the trailing edge of lifting body. There are
many forms of Kutta conditions, and the pressure
Kutta condition was used here, which requires that
the pressure difference (Ap);; of the upper and low-
er surfaces at the trailing edge of lifting body was 0,
namely,

(Ap)TE = p;E —Pre= 0 (3)

In the formula, subscript TE refers to the following
edge of propeller.

Combined with the Kutta conditions, the numeri-
cal solution of the linear equations can be solved iter-
atively, namely, perturbation velocity potential ¢ of

object surfaceI'he velogity-on the,objectsurface ¢an

be determined by the velocity potential on the object
surface by using the method developed by Yanagisa-
wa, and then the pressure on the propeller surface

can be calculated by Bernoulli equation.

2 Calculation of propeller strength
by FEM

2.1 Automatic finite element meshing
method of propeller

FEM divides the complex solution region of contin-
uous medium into a group of elements with finite
number and connected together in a certain way.
Therefore, meshing is one of the key technologies of
finite element analysis, and also the most time—con-
suming work with the largest volume in the process
of preparing the finite element data, so it has been
paid great attention in the development process of fi-
nite element technique. In this section, we focused
on the automatic finite element meshing method of
propeller. After the program compilation, the users
only need to input the offset table of propeller to
achieve the automatic completion of body elements
of propeller finite element structure on the computer.
This method is simple to use, reliable in perfor-
mance and generates the elements of good quality.

Because the geometry of the propeller is complex,
in order to generate the node coordinates of the struc-
tural elements, it is necessary to make the geometric
expression of the coordinates of the blade surface

first. In the cylindrical coordinate system in Fig. 2, s,

is the chord-wise distance between a point on the
blade section and the leading edge, C; is the dis-
tance between the leading edge on the blade section

and the generatrix, X  is the pitching of the blade

r
section, 0, is skew angle of the section, f is the
geometric pitch angle of the propeller, y, and Y,
are distances from the points on the blade back and
the blade surface to chord, respectively, and sub-
scripts b and f represent the blade back and surface
of the propeller. In the cylindrical coordinate system
O-XR0, the coordinates of the points on the blade
section at radius R of the propeller can be expressed as

X=X, +(=C, +8s))sinf— [zb)

f
R=R (4)

_i . Yo .
0= R{( c1+sl)cosﬁ(y jsm,b’}+05

f

The~correspondings goordinates yin ,thecoordinate
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Fig.2 Expression of blade section

system O-XYZ are

X=X, +(-C, +5s,)sinf— (ybjcosﬂ

Vi (5)
y=Rcos @
z=Rsin#

In the BEM calculation, the propeller surface was
divided into a series of small elements, and each ele-
ment was replaced by a hyperboloid element, as
shown in Fig. 3. Here, cosine division was used in
the chord-wise and span-wise directions, and the

span—wise node I; is represented as
1 1
r= E(Ro +1,) - E(Ro —r,)cos
j=1,2,, N, +1 (6)
The chord-wise node S; is expressed as

si:%(l—ﬁci)bj;izl,z,---, N, +1 (7)

In the formulas: R, and r, are propeller radius

and hub radius respectively; b. is chord length of

J

blade section at r;; N, and N_ are the span-wise

and chord-wise mesh numbers respectively; S, and

B, are the span—wise node angle and chord-wise

node angle, respectively, which are expressed as fol-

lows:
0 ; j=1
Bi=42i-1 . (8)
N, w1 J=2e Nl
_i-1 _
i TTE; i=1,2, ",NC+1 (9)

Considering the particularity of the propeller struc-
ture, the solid structure of the propeller was meshed
along the span—wise direction, chord—wise direction
and thickness direction, forming the 8-node hexahe-
dron elements as shown in Fig. 3. In order to better
link up the prediction program of BEM, so that the
hydrodynamic load can be transferred to the calcula-
tion of finite element structure, the span-wise and

chord—wise meshing.of the bladés was-the,same with

that of BEM. Thus, the node coordinates of the finite
element solid structure of propeller on the outer lay-
er coincided with those of the surface mesh nodes of
BEM. Cosine division was used here for chord—wise
and span—wise directions, and the main purpose is to
refine the leading edge/following edge and blade root
/ blade tip to reflect the geometric features of these
regions. Average division was used for the thickness

direction of the blades.

Span-wise meshing
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Fig.3 FE mesh model of propeller blade

Compared with tetrahedron, hexahedral element
has better convergence, and the number of hexahe-
dral elements and nodes needed for the same precision
is much smaller than that of tetrahedral element!”,
Not only the analysis results of solid meshed by tetra-
hedral element are better than those by tetrahedral
element, but also the discrete number of elements is
also much smaller than that of tetrahedral element"",
In addition, hexahedral element has the advantage of
being easier to be identified from the geometric
shape. Therefore, the researchers are willing to use
hexahedral element to complete the finite element
analysis of three—dimensional solid. Through the
meshing in span—wise, chord—wise and thickness di-
rections of the propeller solid structure, except the
leading edge and the following edge, other parts were
meshed into 8-node hexahedron, and the leading
edge and following edge were meshed into pentahe-
dral elements. The lines on the leading edge of the
pentahedral elements were taken as the case that spa-
tial quadrangle degenerated into a straight line seg-
ment, which still can be regarded as 8—node hexahe-

dron in FEM calculation, as shown in Fig. 4.

2.2 Global stiffness matrix and equilibri-
um equation of force
From the above section we can see that, consider-

ing the particularity of propeller structure in this pa-

pers the| 8—nede hexahedral, element, was used- to
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Element
Leading edge or
following edge

Fig.4 Generation of the hexahedral element

mesh the solid structure of propeller. Here, the
8—node hexahedral element was taken as an example
to introduce the related theory of FEM.

For the propeller under the hydrodynamic loads in
the rotating coordinate system, the overall dynamic
equation of finite element structure can be expressed
as

Mu+Cu+Ku=F_+F_+F, (10)

In the formula: M, C and K are the overall addi-
tional inertia force matrix, additional damping force
matrix and stiffness matrix, respectively; G , U , U
are respectively the acceleration, velocity and dis-

placement of nodes; F F. and F, are the cen-

ce? co
trifugal force, Coriolis force and hydrodynamic load
respectively.

For a propeller in uniform flow, when it rotates at
a fixed speed, the hydrodynamic load on it is steady
load. The acceleration U, velocity U and Coriolis

force F_, of the nodes were 0. Then, Formula (10)

co
can be simplified to
Ku=F_+F, (11)
Because FEM meshes the solid structure into ele-
ments, stiffness of all elements can be integrated and
superimposed to obtain the global stiffness matrix K.
The total nodal force matrix F=F_ +F  was ob-
tained by the integration and superposition of equiva-
lent nodal force of all elements. Formula (11) can be
discretized into a large linear system of equations,
and the unknown nodal displacement and nodal
force can be obtained by combining the known dis-
placement boundary conditions and force boundary
conditions.
The calculated nodal force can be transformed to

the equivalent stress & (Von-Mises stress) by For-

mula(12):

o=

1 2 2 2 2 2 2
E\/(ax - ay) + (oy —0,) +(0,—0) + 6(rXy +T, + T,

(12)
In the formula: o, , o, , 0, are the normal stress

xy 18 shear

in the X,y,z directions, respectively; t
stress in the X direction on the normal surface and
parallel to the y axis; 7, is shear stress in the Y
direction on the normal surface and parallel to the z

axis; 7, 1is shear stress in the z direction on the

normal surface and parallel to the X axis.

2.3 Basic equation and stiffness matrix
of element

The basic equations of element in the spatial prob-
lems can be deduced by the principle of virtual dis-
placement and the virtual work equation .

Kfu=F° (13)
In the formula, K°® is the stiffness matrix of spa-
tial element, and the superscript e represents ele-
ment; U° is the displacement array of element node;
and F° is the equivalent nodal force array of ele-
ment. The calculation method will be introduced in
section 2.4.
The stiffness matrix K° of spatial element can be

expressed as

K® = jvjj B°" D°B°dxdydz (14)

In the formula, D°® is the elastic matrix of ele-

ment; B°® is the strain matrix of element, and the

form of block matrix is written as follows

Be:BleBSB4BsBGB7BS (15)
where,
[ON. N. N.T
Ny o N5 0N
O0X oy 0z
oN. ON. ON.
B={0 — 0 — — 0
' oy ox oz
ON. N. N.
0 0 —i 0 ON;  oN;
L 0z oy  OX |
i=1,--,8 (16)

In the formula, N,

. 1is the interpolation function;

ON,/ox , ON,/oy , ON./0z are respectively expressed

as follows:

oN,_ ¢ i
a—x—g(l‘l‘?’]li’])(l"t‘gc), |—1,2,"',8
aNi_ 7 L
W_g(ug)(ugﬁg), i=1,2,---,8 (17)

oN;, ¢

a—x=%(l+fi§)(1+ﬂin); i=1,2,"',8

where| @ s the side length of element:- ¢, 4 .and
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¢ are local coordinate systems of isoparametric ele-
ment.

The elastic matrix D° of element is a constant ma-
trix determined by the elastic modulus E and Pois-

son's ratio 4 , which is obtained by Formula (18).

DP-__E
(2+p)(1=2u)

1-u u u 0 0 0
o l-u u 0 0 0
u u  l-u 0 0 0

1-2
0 0 0 £ 0 0
0 0 0 0 % 0
0 0 0 0 0 %

(18)

Formula (18) was deduced in the condition of regu-
lar element structure. For the 8—node hexahedral ele-
ment, Formula (18) was only suitable for the calcula-
tion of regular hexahedral element. Due to the com-
plicated structure of the propeller, the hexahedron
obtained by meshing the solid structure of the propel-
ler was irregular, and it is necessary to introduce iso-
parametric elements for coordinate transformation.
After the coordinate transformation of isoparametric
element, the general expression of element stiffness
matrix in the local coordinate system (f, n, C) was

obtained.
K= [[[BD*B|J |dednds (19
\

In the formula, |J| is Jacobian determinant. The

Jacobian matrix J of the 8-node hexahedral ele-

ment can be expressed as

8 oN. 8 ON. 8 ON.
_Ixi _Iyi _IZi
2aEN XaEh Xag
8 ON. 8 ON. 8 ON.
J=1) —X —V, —1z (20)
;6'7 ‘= on i ~on '
8 oN, 8 ON, 8 oN,
Zac% Zac) Zacd

2.4 Non-node load shifting

After the structure was discretized, each element
was connected by nodes, the displacement of the
structure was approximately represented by the dis-
placement of all nodes, and their external loads
should be shifted equivalently to the element nodes
for the analysis of element characteristics. According
to principle of virtual displacement of elastic me-
chanics, external loads can be shifted onto the ele-
ment nodes.
force

If there was a coneentrated

eT
Pe:{Px, Py, PZ} within element e, according to

the principle of virtual displacement, the equivalent
nodal force matrix after the shifting can be obtained:
Fi=N"P® (21)
In the formula, N is the shape function matrix.
The propeller was not affected by concentrated force,
and this force was set to 0.
force

element volume

eT
Ge:{Gx,Gy,GZ} within element e, the volume

If there was

force Gdxdydz on differential volume dxdydz was tak-
en as the concentrated force, and we can get the

equivalent nodal force matrix after the shifting:

Fe = [[[ NG dxdydz (22)
\%

The propeller would cause centrifugal force due to
the rotation effect, which can be treated as a volume

force, and the calculation formula is

F&= mpNT{_w x(wx X)}dxdydz ~ (24)

In the formula: p is material density of the propel-
ler; w is the rotational angular velocity of the propel-

ler; X is node coordinate vector. If there was sur-
_ _ _ _ T
face force P= {va Py, PZ} distributed on an inter-

face of element e, taking the force P -dA (4 is the el-
ement area) on the differential surface dA as the con-
centrated force, we can get the equivalent nodal

force matrix after the shifting

Fe=[[NTPdA (25)
A

For the propeller, it is mainly the effect of hydro-
dynamic load and viscous resistance on the blades
during propeller rotation. Based on the automatic fi-
nite element meshing method established in this pa-
per, the outer surface element of the finite element
solid structure of the propeller can be coincident
with the surface element of BEM. Therefore, the pres-
sure distribution at the surface element center of pro-
peller calculated by BEM can be used as a surface
force to exert on the finite element structure, and can
be equivalently shifted to the element nodes by For-
mula (26).

Fe=[[NTPedA (26)
A

Thus, the equivalent nodal force matrix F® of ele-
ment in the basic equation of element K°u®=F°
can be obtained.

Fe=F_ +FS (27)

In the formula: F¢

e .
e and F_ are the centrifugal

foree and-the -hydrodynamic load en the element-res



33

spectively.
3 Calculation process

Using the bidirectional fluid-solid coupling meth-
od, that is, the calculation result predicted by BEM
and the structure calculation result predicted by
FEM can be transferred between each other, and the
two methods started a new calculation in the itera-
tion because of the change of boundary conditions.
Information was transferred back and forth in the flu-
id and structural modules until the solution satisfy-
ing the convergence condition was obtained. Fig. 5
shows the flow chart of calculation in this paper, and
the iterative process is as follows:

1) In low—order BEM based on velocity potential,
a perturbation velocity potential ¢ was obtained by
solving Formula (1) for the hyperboloid elements ar-
ranged by each blade, and the pressure distribution
and hydrodynamic performance of the control points
of surface element were obtained by the Bernoulli
equation.

2) The centrifugal force caused by the surface
pressure distribution and structural element rotation
of propeller was applied to the volume element of
finite element. Through the total force balance
equation (11) of the whole structure, the distribution
of stress and displacement of the propeller was

calculated.

Input of geometrical parameters and
calculation conditions of the propeller

|

Element meshing of

Surface element
meshing of propeller

propeller solid structure

l

Formation of the total
stiffness matrix and ~ [€— presure distribution and
equivalent nodal force

Calculation of surface

hydrody namic

l performance of propeller
using surface element

Calculation of
propeller stress and
displacement by FEM

|

Propeller model after
deformation

method

Is the
maximum
displacement
convergent,

Fig:5 w Galeulation process offluid=solid-mteractionyfor propellen

3) The surface node displacement of the propeller
calculated by FEM was added to point coordinates of
BEM. The perturbation velocity potential ¢ was ob-
tained by solving Formula (1), and pressure distribu-
tion and hydrodynamic performance of surface ele-
ment control points were obtained by using the Ber-
noulli equation.

4) Steps 2) and 3) were repeated until the maxi-

mum displacement convergence condition was satis-

fied.

4 Calculation model and parame-
ter setting

In this paper, the DTRC 4119 model propeller
was taken as the research object, the influence of
mesh number and meshing on the calculation results
was investigated, and the feasibility of the proposed
method was evaluated. The propeller diameter was
0.305 m, the hub diameter ratio was 0.2, there was
no pitch or skew, and the section profile was NA-
CA-66mod. The nickel-aluminum bronze with a
density of 7 600 kg/m* was selected as material of
the propeller, the elastic modulus of it was E=113
GPa, and Poisson's ratio was u =0.34. In view of the
rigid connection between the propeller blades and
the propeller hub, rigid constraint of six degrees of
freedom on the nodes of blade root was carried out in
the model for the convenience of calculation. The cal-
culation conditions were set as follows: the design ad-
vance coefficient was 0.833, and the rotational speed

was 600 r/min.

5 Mesh number and convergence
analysis

According to the previous practice and research in
finite element, it is found that the mesh size of solid
structure will directly affect the accuracy of the cal-
culation results. In this section, with reference to the
correlation research method, influence of the propeller
with different mesh numbers on the calculation results
was predicted, and the calculation data were fully ex-
plored, so as to grasp the correlation between the cal-
culation results and variables, which was used to
guide the selection of the proper propeller mesh num-
ber to make the calculation results more accurate

and not affect the calculation speed in the meantime.

5.1 Span-wise and chord-wise mesh
numbers

Based| anthe,above method, 10 kinds of meshing
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methods were adopted, namely, the chord—wise and

span—wise mesh numbers of 10 x 10, 12 x 12, 14 x
14,16 x 16, 18 x 18, 20 x 20, 22 x 22, 24 x 24, 26
x 26 and 28 x 28. The mesh number of the thickness

direction was fixed at 6, and then the results were an-

Equivalent stress/MPa

alyzed.
Figs. 6 and 7 are respectively the distribution of
blade stress and displacement obtained by importing , & 7
the prediction results of blade stress into the Tecplot R 8 ’
software, that is, in the calculation conditions, the .
stress and displacement distribution of blade surface (c) Mesh number of 20x20
when the chord-wise and span—wise mesh numbers Fig.6  Equivalent stress distributions of blade with different
were 12 x 12, 16 x 16 and 20 x 20, respectively. In chord-ise and span-wise mesh numbers

the prediction, the same contour value range was set

up for comparison. It can be seen from Fig. 6 that Total deformation/m

with the increase of mesh number, the blade stress 7.0e-06

. . . 6.5e-06

continued to increase and the blade stress distribu- 6.0e-06

. . 5.5e-06

tion became more uniform; when the mesh number 5.00-06

4.5¢-06

was too small, the blade stress peak tended to be con- 400-06

. . . 3.5e-06

centrated at a certain point. It can be seen from Fig. 30006

. . . 2.5e-06

7 that the trend of blade displacement distribution _ 200 06
. . ! A I ; / y — |

was basically the same under different mesh num- | / }:gi_gg

: L Tz 5.0e-07

bers, but the difference of displacement was larger.

In order to better analyze the effect of chord-wise
and span—wise mesh numbers on the convergence of
the calculation results, Fig. 8 shows the maximum
equivalent stress and the maximum displacement cor-
responding to different chord-wise and span-wise
mesh numbers in calculation conditions. We can see

from Fig. 8, with the increase of mesh number, the

a Equivalent stress/MPa

(¢) Mesh number of 20x20

Fig.7 Displacement distributions of blade with different

chord-wise and span—wise mesh numbers

maximum equivalent stress and the maximum dis-

placement increased continuously, but the amplitude

downldﬁ”ﬂeﬂ“ﬁ‘om www.strip=résearcti.com
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reached 24, the maximum equivalent stress and the
maximum displacement still showed a growth trend,
but the amplitude of increase was very small. There-
fore, when the chord—wise and span—wise mesh num-
bers were 24 x 24, the results can be considered con-

vergent basically.
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Fig.8 Convergence process with different chord—wise and

span—wise mesh numbers
5.2 Mesh number in thickness direction

Based on the above method, the calculation re-
sults were analyzed when the mesh numbers in thick-
ness direction were 2, 3, 4, 5, 6, 7, 8, respectively,
and the chord-wise and span—wise mesh numbers
were fixed to 24 x 24. The mesh number in thickness
direction has influence only on finite element mesh-
ing, but not affects meshing of BEM. Therefore, be-
fore the fluid—solid coupling iteration, the calcula-
tion results of the hydrodynamic performance of
mesh number in different thickness directions were
the same.

Figs. 9 and 10 show the blade stress and displace-
ment distributions at the mesh number of 2, 4 and 6
in thickness direction under the calculation condi-
tions. For the convenience of comparison, the same
contour value range was set. It can be seen from Fig.
9 that mesh number in thickness direction has a
great influence on the calculation results of blade
stress. With the increase of mesh number, the range
of red region was larger and larger, which indicates
that the stress of blade shows an overall increasing
trend. It can be seen from Fig. 10 that the distribu-

ent mesh numbers was basically the same, but with
the increase of mesh number, the red region became
larger, indicating that the blade displacement also
shows an overall increasing trend. It can be seen that
the mesh number in thickness direction has a great
influence on the calculation results of propeller
strength.

In order to better analyze the influence of
chord-wise and span—-wise mesh numbers on the
convergence of the calculation results, Fig. 11 shows
the maximum equivalent stress and displacement ob-
tained at different mesh numbers in thickness direc-
tion under the calculation conditions. As shown in

Fig. 11, with the increase of mesh number, the maxi-

Equivalent stress/MPa

(¢) Mesh number of 6

Fig.9 Equivalent stress distributions of blade with different
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Fig.10 Displacement distributions of blade with different mesh

numbers in thickness direction

mum equivalent stress and displacement increased
continuously, but the amplitude of increase de-
creased rapidly. So, when the mesh number in-
creased to more than 6, the calculation results can

be basically considered convergent.

6 Method validation

6— ep .
1ot yerifying

There have been many references
the calculation accuracy of steady hydrodynamic per-
formance of propeller by BEM, which would be no
longer detailed in this paper. In this paper, we fo-

cused on the calculation accuracy of propeller
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Convergence process with different mesh numbers in

thickness direction

posed in this paper, that is, the calculation results of
propeller strength were mainly analyzed and verified.

In order to verify the accuracy of the proposed
method in predicting propeller strength, the stress
prediction results in this paper were compared with
those in Ref. [19]. According to the above mesh num-
ber and convergence analysis, semi—cosine division
was adopted for the chord—wise and span—-wise direc-
tions of the propeller surface, and the chord-wise
and span—wise mesh numbers were 26 x 26 when
BEM was used to calculate the steady hydrodynamic
performance of the propeller. In the calculation con-
ditions, the thrust coefficient and torque coefficient
were 0.143 2 and 0.026 5 obtained by the BEM cal-
culation program in this paper, 0.135 2 and 0.028 1
calculated by Ref. [19] respectively, and 0.141 2 and
0.027 8 measured by model test . Thus, compared
with the thrust and torque coefficients measured by
model test, the calculation results by the proposed
method were close to the measured results; com-
pared with the results of Ref. [19], the thrust coeffi-
cient calculated by the proposed method was larger
than that in Ref. [19], and the torque coefficient was
smaller than that in Ref. [19].

In the static strength analysis of FEM on the pro-
peller, the chord-wise and span—wise directions of
the propeller solid structure were the same as those

of BEM, and the mesh number was 8 in thickness di-
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The stress distribution of the blade back and sur-
face of the DTRC 4119 model propeller obtained by
the proposed prediction method is shown in Fig. 12.
By comparing it with the distribution results calculat-
ed in Ref. [19], it is found that the trend of blade
stress distribution calculated by the proposed meth-
od was basically consistent with that in Ref. [19].
The check of propeller strength mainly focused on
whether the maximum equivalent stress was more
than the allowable stress. The maximum equivalent
stress of blade calculated in this paper was 1.31
MPa, and that predicted by Ref. [19] was 1.18 MPa,
which shows that the prediction results of the pro-
posed method were larger than those of Ref. [19]. Al-
though there was a certain deviation between the
maximum equivalent stress values calculated by the
two methods, they were still reasonable from the mag-
nitude. There are many reasons for the deviation in
the calculated results, including: the pressure distri-
bution of hydrodynamic load of propeller predicted
by BEM and CFD method cannot be the same; the
type and number of finite element meshing by the
two methods were different; and load in the two meth-
ods was applied and transferred in different ways. It
should be also noted that the blade stress calculated
by the proposed method was concentrated in the mid-
dle part of the chord—wise blade root, which is con-

sistent with the conclusion obtained in Ref. [19].

Equivalent stress/MPa

Equivalent stress/MPa

(b) Blade surface

dowhnloaded

The displacement distribution of the blade back
and surface of the DTRC 4119 model propeller pre-
dicted by the proposed method is shown in Fig. 13.
As shown in Fig. 13, the displacements of the blade
surface and the blade back were the same. The stress
distribution calculated by the proposed method was
consistent with the results calculated in Ref. [19].
The blade displacement mainly affects the hydrody-
namic performance of the propeller. Because the pro-
peller model is rigid propeller, and the displacement
is small, it will not cause the change of hydrodynam-
ic force. The maximum displacement of blade calcu-
lated in this paper was 7.92 x 10 ° mm, and the max-
imum displacement predicted by Ref. [19] was 7.0 x
10 ~° mm, which shows that the predicted value in

this paper was somewhat larger.

Total deformation/m

(b)Blade surface

Fig.13  Displacement distributions of blade

In view of the fact that the propeller strength is
mostly checked by the cantilever beam method in
China, the check results of the proposed method
were compared with those of the cantilever beam
method to verify the credibility of the proposed meth-
od. In Ref. [4], a prediction method of blade stress
distribution with coupled cantilever beam method
and BEM was proposed. Because of the limitation of

cantilever beam, it is difficult to predict the displace-
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bution of the DTRC 4119 model propeller predicted
by Ref. [4] under the same working conditions with
those in this paper. By comparing Figs. 12 with 14,
the trend of the blade stress distribution calculated
by the proposed method was similar to the results by
the cantilever beam method, and the maximum stress
of blade was concentrated in the center of the blade
root, but the maximum value of blade stress had cer-
Wherein,

stress of blade predicted by the cantilever beam

tain differences. the maximum tensile
method was 1.03 MPa, which was smaller than the re-
sult calculated by the proposed method. The cause of
the deviation was that the cantilever beam method
over simplified the blades; the strength theories of
the two methods differed. The cantilever beam meth-
od uses the maximum tensile stress theory (the first
strength theory), and the proposed method uses the
energy theory of shape change (the fourth strength
theory).
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(b) Blade surface

Fig.14  Stress distributions of DTRC 4119 blade predicted by

the cantilever beam method

In order to verify the applicability of the proposed
method to highly skewed propeller, stress distribu-
tion and displacement distribution of blade with a
skewed angle of 36° were predicted, with the results
shown in Fig. 15. It can be seen from the figure that
the maximum stress of blade occurred at the blade

root close to the following edge, which is consistent

Equivalent stress/MPa

(a) Stress distribution of blade back

Equivalent stress/MPa

(b) Stress distribution of blade surface

> Total deformation/m
e 3.2e-05
: 3.0e-05

4.0e-06
2.0e-06

(¢) Stress distribution of blade surface

Fig.15 Stress and displacement distributions of DTRC 4382
predicted by current method

7 Conclusions

In this paper, related theory of FEM was intro-
duced to solve the static strength of propeller, and a
method of finite element structural element division
of propeller and BEM/FEM coupled prediction of
static strength of propeller was proposed and stud-
ied. The influence of different mesh numbers of
blades in span-wise, chord-wise thickness direc-
tions on the calculation results and convergence was
discussed, and the calculation results of this method
were compared with those of related references,
which verified the feasibility of the proposed method.
The object of calculation was analyzed and the fol-
lowing conclusions were obtained:

1) The analysis of the effect of different mesh num-
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sults shows that: with the increase of mesh number,
the blade stress distribution was more uniform, the
maximum equivalent stress and the maximum dis-
placement showed an increasing trend, but the ampli-
tude of increase decreased rapidly, and the results
can be convergent only when the mesh number of
chord—wise and span—-wise blades reached over 26 x
26.

2) The analysis of the effect of different mesh num-
bers of blade in thickness direction on the results
shows that: with the increase of mesh number, blade
stress and displacement showed an overall increas-
ing trend, but the amplitude of increase decreased
rapidly, and the results can be convergent only when
the mesh number in thickness direction reached
over 6.

3) The stress and displacement distributions of
blade calculated by the proposed method were in
good agreement with the calculation results of rele-
vant references, indicating that the proposed method
is simple and fast, and the calculation accuracy can
be ensured.

It is easy to analyze the static strength of propeller
using the proposed method, and it can quickly calcu-
late the stress and displacement distribution of pro-
peller blade. In the follow—up research, it will be ap-
plied in other types of propellers to further verify the
proposed method, and the program would be embed-
ded into the theoretical design and optimization de-
sign process of propellers, so as to improve the
strength assessment and computational efficiency of

propeller in the design stage.
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