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Abstract: Marine Propellers of different types have been used in vessel propulsion systems. Surfawp Pierc
Propeller or Semi submerged propellers (SPP) are today used fespgagt crafts. These propellers operate at

the surface of the water for a superior performance, and thus they are subjected to severe hydrodynamic
pressure. SPPs are commonly madetainkss steel materials having the required stiffness and strength to
withstand the applied loads. Designing a novel composite SPP is the basic purpose of our investigation for its
lower friction, no corrosion, and low detestability. The mechanical |laasidered in our work are the
hydrodynamic pressure, the centrifugal force, and the gravity. Through a boundary element analysis of the
unsteady flow characteristics, we obtained the-moiform distribution of the hydrodynamic pressure on the
surface ofthe blades. The fluid dynamic analysis has been performed in arr@lpset investigation, which

only was presented and used its result as the input to the structural analysis of our work. In order to have a basis
for the comparison, we analyzed a stadésl steel propeller in addition to the composite one.
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1. Introduction
The three dimensional finite element models for the metal progedles been constructdyy using
tetrahedral soiled elementvhile we made up the model for the composite propeller of quadiéatrell
elements[1]. Large strain elastoplastic analysis using Ludwig strain hardening for the steel progedller
performedto determine the permanent deformation during each loatidgunloading process. On the other
hand,we carried nonlinear Progressive failure analysis using-T& and maximum stress failure theory put
for carbon/epoxy laminated propeller, in order to consider stiffness degradation process. The results show that

the maximum stresses occur along the leading and the trailing edges of the blade where the failure is observed
As mentioned aboveye have analyzed a SP#esekinds havegenerallyhigh skew angl€2]. Trailing

edge has largthickness, whicltausesesistanceagainstcorrosion, and erosion, but the leading edge is so sharp

in order to dominate the water velocity eaq}. The common range of Rake angle is between 0 and 150

degree. These propellers have usually 4 or 5 blades, babaus®re thenumter of blades, the less will be the

axial vibrations rang@]. Sometimes their numbers may increase up to 8. One sample of these kinds is shown

in below figure

As before saidpne composite propeller modelihgs been applied too, therefarme of its speriority
to the steel onés explained Steel propellers are prone to corrosion, cavitation, destruction, and fraction due to
fatigue [5]. They are not also strong enough to control the noise, which causes vibration in the structure;
therefore,today's imreasing tendency is to use the composite propellers as substitutes of stefd].ones
Composite material has the high strength, and hardness to wagightvhichresult insignificant weight loss in
propellers, and also one of its important factor éltdw maintenance cost during the {ige

2. Methodology
Entering themain partof our project, we studied pasuntil now research of structural strength of
propellers. Blades of propeller are under high hydrodynamic pressure, and in each water cycidfestsie
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blades for twice which causesgnificant twisting and bendingleformation in them. Moreover, while the
propeller rotates in water, blades are also under the centrifugal force, hence these blades must have sufficient
strength bearing these iMydoadings.Stress, strain, and structural design technique determination of propellers
was stable until 1970s which named Cantilever beam metWabie the propellers geometry got complicated,
numerical and finite element methods have been substitutedidh shell and solid elements are used to obtain
stress and strain distribution in all directions. Moreover, by this method many calculations-isbtnopic
composite propellers can be obtained easily.

The propeller hat was chose for structural analsis and determining the stress and stiigirthe
HgSPD5.D

With 5 blades that is shown below

e
R
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R

Initially we designed &-blade shell ircluding the hub in 3D AUTOCAD. Thedid the meshwith
guadrilateral elements in order to analyze the model with finite element model, and it is shown below
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Moreover,we designed the hub in shell element with an appropriate thiclowspared to its real
sample andwe blocked the open areasthe model by triangle elements, which is shown below

After that, we modified the designated model in Ms.c MARC finite element softw@te.reason for
choosing the software is its ability to analyze nonlinearpmste material, theories, and failure criteria related.
To structurallyandyze our submersible propeller and to calculate related stress and steagonsidered only
one blade (with hub) which is under the worst condition, and the others are ighbesthentioned blade is
under the maximum hydrodynamic pressugegvity and centrifugal forces are ithe same direction in the
blade. Consequentlywhile preserving the main loading section's geometry, large amounts of calculation,
elements, and nodes asglucedThe model is shown in below

(NS

to solid elements which have shell model in outside but completely solid in inside. This was somehow a
complicatedprocess in whichve converted every quadrilateral surface element to two triangle surface element.
Then surface elementgere convertedo tetrahedral tetragonal pyramid solid elements in oraléitl tthe whole

blade and hub10 node tetrahedral elemertave been chosen this model to gain the nonlinear stress and

strain distribution which is needed to bending loading and elastoplastic analysis. These sample elements are
shown below

s\

{ - A\
~__\/
A\, ~\,

OurBlade and hulmmesh model with triangle surface elements is shoelow
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A
To modelour composite propellewe used the initial AUTOCAD model of the steel one, and likewise
thatwe chose the blade that is under the maximum hydrodynamic pressure.

Commonly, composite structures have shell construction unlike the se=ethat are solidlhe reason
is difficulties in construction of composite components. They are made from thermoset resins like polyester and
in the process of polymerizatigreat thermal stress is produced which is very destructive for the composite
product. Hence, choosintiie shell structure for composite must be taken into consider&igide of the blade
must be filled with various special foams in order to avoid buckMig.designed hub elementgth triangle
surface elements, and for filling we used the 10 nodes tetrahedral solid elements like the steéMaimepart
of our modeling was the core of blade. To do thig filled the space between the shell with elements, which
were triangle surface elements in outside and solid tetrahedrargieimside. Crust of blade is composite and
we modeled it by 8 node quadrilateral shell elements. In this element distribution of stress and strain is nonlinear
and Timoshenko Bending Theory is ugedaning that shear force in bending deformation of ghdlich is
ignored in Euler Bending Theory) is formulated along with benttingueeffect. This element is for modeling
the whole isotropic, neisotropic, and composite material

One sample of 8 node shell elements is shown below

The stainless steebff the hubwas choserand it is attached to blade model and fo&ractically to
build a propeller a layer of composite that is attached to blade must be installed to steel hub, but this composite
layer does not have that much effect on structural calonlan the figure belovour model is shown, in which
shell elements of blade and solid elements of hub are shown with different tiodtwsuld be notethat foam
solid elements are inside the blade space, and hence, cannot be seen in the figure.

To analyzeloads onour propeller,the various types of them when the propeller is rotating and mariag
explained
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- Hydrodynamic pressure on active area of bl@dsich is gained through Boundary Element Method)
- Centrifugal force on whole elements obpeller

- Gravity force of propeller on total elements

Many parameters are involved in hydrodynamic pressure on propellers like digmitetetp diameter
ratio, shape of blade, shaft axial slope, immersion height, free surface effect, Froude NumbReyaolds
Number.To analyzeour model,we divided the 3D propeller in quadrilateral surface elements (as shown below)

Thenwe applied Green Integral Equation in every element, and calculated matrix effective coefficients.
After solving the essential egtions,we calculated Potential Function in every element. Then by derivation of
the Potential Functiorwe could determine velocity, pressure, and as a result forces and hydrodyouenf
the propellerWe used this method for calculation @dir propeller, and result of determined Thrust coefficients,
torque and efficiency showed that boundary element method has satisfactory results compared with
experimental one.

To analyzeour propeller structurallywe considered the case that maximbgdrodynamt pressure is
applied to the blade (while it is at the lowest point of its traveling route and is completely immersed). Namely,
in figure below, element locations of 37 to égl_,il to 61, and 65 to 79 are shown

37 to 44
51 to 61
63t0 79

8lto 287 oo

Presaure
300 kpa
o
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Some samples of hydrodynamic pressure distributioomnpropeller's elements in most critical
situation is presented in the table below

% —0.50167 é —0.545 % —0.58853 %: 0.63167

Element Pressure Element Pressure Element Pressure Element Pressure

No. [kPa] M. |kPa] MNo. [kPa] No. |kPa]
o7 1284335 113 1420.958 120 1573.205 145 1725539
98 1126483 114 1265.701 130 1396.514 146 1517.007
99 1012467 15 1144.337 131 126155 147 1352362
100 972.0807 116 109079 132 1191.204 148 1261626
101 9528227 117 1053.531 133 1131878 149 1153788
102 932.0361 TE 1017.357 134 1078.555 150 1122.06
103 9120738 e 023,305 135 1030.241 151 1087151
104 0014478 120 0725155 136 1030.344 152 1079.085
105 851.0005 121 960 862 137 1026.008 153 1073433
106 851.5055 122 0314524 138 1006.063 154 1070534
107 5402867 123 03,2157 139 1000.043 155 1082302
108 8544325 124 049_4606 140 1025439 156 1098377
109 8502198 125 055.8524 141 1040.324 157 1125.000
110 0433163 126 1093.667 142 1224.653 158 13423
111 516.0023 127 #10.8605 143 7015079 150 769.0400

It must be mentiored the problems encountered in finite element analysis when the pressure was
applied to the elements. Pressure hydrodynamics which were gained by boundary element method were for
quadrilateral surface elements, butvassaid before, elements of steel propeller are pyramid volume ones, and
this caus the difference between numberdaposition of elements. To solve the problem, in finite element
andysis, we applied the pressure vertically on two triangle elements (which is corresponded to one quadrilateral
element), and it is shown below

SR

But in our composite propeller, elements firfite element and boundary element are similal &he
corresponded presee is applied on each element (which is shown below)

e

Hydrodynamic specification obur propeller like efficiency(ETA), thrust coefficient(Kt), torque
coefficient(Kq) in differentadvance coefficient (Bre given in the table and figure shown below
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J KT 1K) ETA J KT 1K ETA
026923 006278 0.16813 0220802 1.19231 0.16147 059541 066564
030769 007075 0.19118 023558 1.23077 0.16059 Q609 067161
034615 007343 0.21394 026257 126923 0.15925 041863 0676
038462 0.02504 0.23636 028899 130760 0.15743 062759 06787
042308 0.09205 0.25845 01481 1.34615 0.15513 R 067959
046154 0.09976 0.28016 0 Z4003 1.32462 0.15333 064313 0678506
0.5 0.10626 0.2015 026462 1.42302 0.14204 0G40 67 067546
053846 0.11245 0.32243 0 Zegss 146154 0.14524 065536 067014
057692 0.11831 0.34204 041182 1.5 0.14092 002 06624 5
041538 0.12384 0.363 043439 1.53846 0.13608 0664 16 06522
045385 0.12204 0.38261 0435624 1.576a2 0.13071 066723 043018
069231 0.1338% 0.40174 047734 161538 0.12481 066938 042316
073077 0.13836 0.42037 043766 1.65385 0.11835 047061 040301
076923 0.14242 0.43849 051716 1.60231 0.11135 047089 0.58112
080769 0.14623 0.45607 053582 1.73077 0.10378 06702 0.5545
084615 0.1405 04731 05536 1.76023 0.09564 0.668 54 052367
038462 0.15252 0.42055 057044 1.20760 0.02602 066588 04824
002302 0.15516 0.50542 052632 1.24615 0.07763 OG22l 044775
0.0 154 0.15724 0.5206% 040118 1.22462 0.06773 065752 0.40169
1 0.15211 0.53531 061496 1.02308 0.05724 065177 034045
103846 0.16045 0.54229 042741 1.06154 0.04615 0644 98 029034
1oTaad 0.16137 0.56261 043308 ] 0.03452 043753 022407
111538 0.16185 0.57525 064329 2035846 0.0222 062364 0.14804
1.15385 0.16182 0.58719 055817 207602 0.00227 041871 0064306
0g KT
ik = KO0
06 =ETA
E 05
g 04
E 03
0z
01
n .
! 18 Adva1nced Coeﬁ'i(;igl‘lt, J ! *

As the steel propeller is modeled based on elastoplastic behavior, total pressures applied gradually on
elements till arriving the intended pressure and even multiple, in rd@in the elastic and plastic deformation
response of structurélowever, inour composite propeller which is analyzed on elastic and progressive failure
behavior hydrodynamic pressure is applied gradually till the equivafentif the failure occursiione point of
the propeller layer, failure index will be 1 at that point and layer.

To apply the pressure changes in steel propellenominated a pressure coefficient called "a" which
increases from 0 to 2 and decreases {shdwn below) By multiplying this coefficient to the hydrodynamic
guantity in each elementie gained thentended pressure change.

alk

0 2 3 5 Loading time

Submersible propellers have relatively a high rotational velocity, and rotating propeller in this
condition can cause significant stress. On theewothand, centrifugal force distribution of the blade is not
uniform and by increasing distance from the cenfeblade, this force diminishe®ur propeller working
velocity is equivalent to 2400 rpm, amek modeled a filled shell itMs.c MARC in order @ calculate the
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centrifugal forceOur shell dimension was 0.18 x 0.2% and 0.008 m thicknesind of this shell elements is
analyzable like the steel propeller. Material of the shell is a stainless steel with 78 dml the rotational
velocityisy = 4 0 ouemodebis shomwmbelow

We calculate the centrifugal forcen the following proceés:

The centrifugal force on each element is f = m (mass) x r (distance from the rotation cea.i,z, fargular
velocity)

R 2
pw=lb F 2
J‘ af 2 (Rz) o Uz == = (Rz)
F=1/1o = and the stress along thez axis is

propeller dimesion and the rotating velocity F = 22.46 KN & = 15.597 Mpa
Support reaction force at the bottom of shell is shown below

JI“IEn%eZO'ZI.OOUHCIEPO'

and for our

2.853¢-001
-1 5351002
=3.072¢+002
—4.610e+D02Z
-4.147e+002
—-7.685£+002
—0.222e+002
-1.07be+003
12304003
-1.383e 1003

-1.337e+003 X

=

|
Joh1
Reartion Force 7 L

The mentioned stress from the shell root to its head is shown below

o11 (Mpa)

[t} 0.05 0l 0.15 02 0.25 0.2

Disttance of the Root (m)

Like the centrifugaforce, the gravity force must be appliadrnruniformly on all the elements. Thus
when the blade is at its lowest point of moving, andximum hydrodynamic pressure is applied on that
simultaneously, centrifugal and gravity force, both on same directierimrgposed on the blade to put it on its
most crucial loading condition. After the loading pave explain about boundary and support conditidre
considered the support condition of the propeller stadicause of the hub being on theaXs, all the
displacements along the Y and Z for the nodes up and down this axis is to be zero. Consequently, only one node
along the Xaxis has the zero displacement. The related figure is shown below
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As we said,our main purpose obur project was to analyze the staplastic behavior of the submersible
propellerin its function and possibility of failure in loading and unloading procéssstructurally analyze the
propeller after modeling and applying the foroes,used finite element method to solve large stegjoations.

Firstly, we calculated all components of displacement, strain, and stredge forward and back surfaceaafr

propeller in a case that hydraulic pressure is totally applied on that. Isittraion,pressure index is equal to

one. After thawe analyze the propellamder the double hydraulic pressure (pressure index is equal tdnwo).

the second stag®je used these equations to gain displacement, strain and stress components in unloading case
Analyzing the propeller condition after ualding is of high priority, because applying the hydrodynamic
pressure the stress goes beyond the yield stress which causes permanent deformation in the blade. On the other
hand, cause to permanent deformation @eldtion ofelastic deformation in some sems, residual stresses will

form in the bladeWe considered the unloaw case in two situations too like the loading case (pressure index

one and two).

3. Results and Discussions
One of the yield stress criteria in steels is \Wisescriterion that isbased on the root of square
tension's sum in three direatis. In the figure below Von IMdes stress distribution of forward and back of the
blade in case of complete hydraulic pressure (Time:1.0 means hydrodynamic pressure index 1)

I
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As seen in the figuremaximum Von Mses tension is equal to 1074 Mpa, amelhad that on both
blade's edge. Moreover, this stress is more than the steel yield stress (980 Mpa). It is also seen that alongside the
blade spin on back, mid and forward surfesteesss more. Stresdistribution in the radial direction from tip to
root of the blade increase.
Namely,Von Mises stress on Trailing edge on a=1 is shown below.
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Considering the hub and creating the moded provided conditions in which stress and deformation
could be aalyzable. In figurébelow resits we gained through Von Miss stress in the blade root (connection
place to the hub) in back surfaiseshown.As we got closer to the leading edgethe forward blade roattress
got more, but in the back surface of thadd, the maximum stress happens in theseittion of the blade.

350 Root Von 3 ‘te ‘
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Von Mises Stress (Mpa)

o
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0 0.0l 002 0.03 0.04 0.05 005 0.07 0.08 0.03 0.1 0.11 0.12 0.13 0.14 0.15 0.16
Root , Distance from Trailing Edge(m)

Due to the loadingstrain and deformation happen in every blade that has effects in in hydrodynamic
operation of the propeller. To analyze this effest considered the displacement disttion on the blade
geometry which shown in below, and as it is clear maximum displacement happens in the leading edge of the tip
whereas it is 1.272 cm under the hydrodynamic pressure.

After applying the total hydraulic pressure on the bladeanalyed the maximum forcélime:2.0)
and result of Von Mies stress on the forward and the back is shown belogeéms maximum value of Von
Misesstress is 1496 Mpa)
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