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Abstract

Open water behaviour of a propeller is an importadication of the propeller performance.
This Master’s Thesis report describes the procetiureomputing open water characteristics
using four different methods, how to measure v&ydeelds and how to predict cavitation for
a propeller in uniform inflow. The four methods weZomputational Fluid Dynamics (CFD),
boundary element method, lifting line method andgéfangen Series. Further the report
describes how the methods were automated in mdamsrgputing open water characteristics
and how they compare to model test results. Thectibg with the project was to gain
knowledge about when the methods are preferrede¢pwhat limitations they have and how
to minimize the work effort by means of automatiohthe tools. The benefit of setup
automation is not solely the time savings, but #t&security in standardized setup methods.
This reduces the risk of setup errors in the resé@litomatic post processing was developed
to some extent for the tools as well.

For the project, three different propeller geonestiivere used; one designed to generate a tip
vortex, one designed to reduce pressure pulsesram@ith a more conventional design. The
propeller designed to generate a tip vortex was qgfathe SMP’11 Workshop on Cavitation
and Propeller Performance. The SMP’11 Workshop im&snded to give research groups the
possibility to validate their computational toolgainst both model tests and other software,
set up by different users. The workshop provideddehotest results of open water
characteristics, velocity field measurements andtaon patterns. These test results were
predicted in this project and will also be includadhe workshop. The other two propellers
were used to automate the four methods and validate against model test results.

The CFD analyses were performed with the open soGfeD toolbox OpenFOAM. Steady
Reynolds-Averaged Navier-Stokes (RANS) simulatianth k — w SST turbulence model
and wall functions in combination with Multiple Reénce Frames (MRF) were used for the
CFD simulations. The grids and automatic CFD peessing were performed with the
commercial meshing software ANSA. The boundary eleimethod predictions and grid
generation were performed in the CRS developed RROCAL. The lifting line method
predictions were performed in an Excel workbookhwmacros. The Wageningen Series
predictions came directly from the Wageningen polyials. The three latter methods were
automated using visual basic and Excel.

One important conclusion is that CFD gives the nagsurate predictions, but requires many
CPU-hours. When results are needed quickly, thadeny element method is useful and
accurate enough. The lifting line method generigtes accurate results than the other
methods. The Wageningen Series is useful to givadication of the predicted results
validity. The automated codes save hours of wotkrasults in consequent setups.

Keywords:Open water characteristics; CFD; Boundary elemesthnd; Lifting line method,;
Wageningen Series; SMP’11 Workshop; Validationy@etutomation; Automatic post
processing
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Nomenclature

Glossary
Bollard pull = Low speed condition where the ship is towing
Dead top centre = The twelve O’ clock position of the propeller disc
Design workbook =  Excel workbook at Berg Propulsion containing the blade design
Angle that blades slant forward/aftward compared to a line perpendicular to
Rake = the shaft line
Size box = Box drawn in ANSA, used to locally refine the mesh
Skew =  Angle describing the asymmetry of the blade face

Thickness distribution
Thrust identity

The thickness of the blade at different radial sections

Load condition in model test stating equal Kt rather than velocity

Abbreviations
BEM = Boundary Element Method
CFD = Computational Fluid Dynamics
CP = Controllable Pitch
CPP1 = Berg propeller for a single screw vessel
CPP2 = Berg propeller for a twin screw vessel
EAR = Blade area ratio
ITTC = International Towing Tank Conferrence
LDV = Laser Doppler Velocimetry
LE = Leading Edge; foremost part of the blade
LEs = Leading Edge spacing
LLM = Lifting Line Method
MRF = Multiple Reference Frames
ow = Open Water
P/D = Non-dimensional Pitch
PO.7/D = Non-dimensional pitch at R0.7
PHIW = Wake panel distribution
PID = Property Identification
r'R = non-dimensional propeller radius
RO.7 = Propeller radial section at 0.7*propeller radius
RANS = Reynolds-Averaged Navier-Stokes
RPM = Revolutions Per Minute
RS = Root spacing
SMP’11 = workshop for propellers, held in Potsdam
SW = Solid Works



TC
TE

TEs
VBA
WS

Tip chord fraction

Trailing Edge; aftmost part of the blade
Trailing Edge spacing

Visual Basic

Wageningen Series

Roman letters

C
Co.7¢
Co

CL
D

Chord length
Chord length at R0.75
Drag coefficient

Lift coefficient
Propeller diameter

Radial axial force
Turbulence intensity
Advance ratio

Advance ratio at maximum efficiency
turbulent kinetic energy

Full scale propeller surface roughness
Dimensionless torque

Dimensionless thrust
Revolutions per second
Pressure

Torque

Radial coordinate
Propeller radius

Local Reynolds humber based on chord length
Thrust

blade thickness

Instantaneous velocity

Averaged velocity

Fluctuating velocity

Effective wake fraction

Advance velocity
Reference velocity
Distance

Dimensionless wall distance
Number of blades



Contents

11
1.2
1.3
1.4

2.1

2.2
2.3

2.4
2.5
2.6
2.7
2.8

3.1

3.2
3.3
3.4

I ntroduction ~~---=-~===mm=mm=mmmem oo 9
Background -~-------~-r=-m=mm=mmmemmem oo 9
Objective with the Investigation -------=-=-====mmmm oo 9
LimitatioNS -======n=n=nmememe e e e e e e 9
Outline and Overall Methodology -----=-=========mm=mmmmmm oo 10

ThEOrY ~~=--~=rr=mmmm e e 11
CFD Methods ----r=m=—mmmmmmmmmem e 11

2.1.1 RANS equations --=-==========s=emmmmomem e e oo 11

2.1.2 Discretization SChemMES ---==========mmmm e 11

2.1.3 Pressure Velocity Coupling----=-==========mmmmmmmm oo 12

2.1.4 Multiple Reference Frames ---------=-==-=mmmm——mmmm oo 13

2.1.5 Turbulence Models-------=-===mmmmmmm oo 13

2.1.6 Wall FUNCHIONS ==========mmmmmm e e e e e e oo 14
Boundary Element Method-------==-=======mmm e 14
Mesh TYpeS-~--~-r—m=m=mmmemm e e 15

2.3.1 CFD Method =-=-=-=-=s=s=mmmemmme oo e e e e oo 15

2.3.2 Boundary Element Method ------=-========mmmmmm e 16
Lifting-line Theory -—-----~--~=-r——r~=memmeeme e 19
The Wageningen B-Seri@s---------==-=nmmmmmm oo 20
The Open Water TeSt —---mm-mmmmm oo 20
Viscous Scale EffeCts ------mnmmnmmmmmm oo e 21
Pitch Setting -~~-----~=-r=mm=—m==mmmem e 22

Propeller Geometries, Test Setups and Resour Ces---------==-==-=======mnmmmmommemmmm- 25
The SMP’11 Propeller and Test Setups --------———-=--===-====-mmmmemmoemeeee 25

3.1.1 Case 2.1: Open Water TeSt --------m-mmmmmmmm oo 25

3.1.2 Case 2.2: Velocity Field Measurements --------=-===-==-=mmmmmememmmmmoeee 26

3.1.3 Case 2.3: Cavitation TeStS -------==mmmmmmm oo 28
The Propeller for the Single Screw Vessel (CPR3}—----------------me-mmeememm 29
The Propeller for the Twin Screw Vessel (CPP2}——-----------=-=mmmmmmmmmeem 29
Computer RESOUICES =-=-=======mmmmmmm e e oo 30




4.1
4.2
4.3
4.4

4.5
4.6

5.1
5.2
5.3

7.1
7.2
7.3
7.4

8.1

8.2
8.3
8.4

Proceedings Of CFD--~-~=-m===m=nmmmem e 31

Open Water Test of the SMP’11 Propeller ------———=-msmmmmmmm oo 31
Velocity Field Measurement of the SMP’11 Propellef----------------==-=-=--m-—- 35
Post Processing of the SMP’11 Propeller -----———-------------memoem oo 36
Automation of the Pre-processing----------====mmmmmm e 37
4.4.1 Geometrical Cleanup and Domain Definition ----——--------=-=-momo--- 37
4.4.2 The meshing template --------==mmmm oo 39
4.4.3 Surface Mesh -=--==-=mmmmmm o 41
4.4.4 Layers and Volume MeSh --------mmmm e 41
Open Water Test Of CPP L --------mmmm oo e oo e e e 42
Open Water Test Of CPP2 —-------mmmm oo oo e e e 43
Proceedings of the Boundary Element M ethod -----------=======mrmmmmmmmm e 45
Open Water Tests of the Analysed Propellers --------------------m-mcmomcmee - 45
Cavitation Measurement of the SMP’11 Propellep——------------mrmmmmmeeeeee 46
Automation of the Pre-and Post-processing ---———-----===-===-mmmmmmmmmommmeee 46
5.3.1 The Pre-proCesSing -----=-=n=n=mmmmmmm oo e 46
5.3.2 The POSt-proCesSing------====n=nmnmmmmm oo oo o e 47
Proceedings of the Lifting Line Method------=--======mmmmm e 49
Proceedings of the Wageningen Series —------=--==mmmm oo 51
Open Water Prediction of the SMP’11 Propeller ---——------=--==-mmmrmmemmmmemoo 51
Viscous Scale Effects Correction =------=======m=mmmom e 51
Automation of the Pre-and Post-processing ---———------==-===-mmmmmmmmmmmmmmeee 51
Automation of Extrapolation to Full Scale -----——----=-=--msmmrmmmm - 52
RESUIE S === m e 53
Results from the SMP’11 Propeller ------======= == mmmm oo 53
8.1.1 Case 2.1: The Open Water Test ---------==mmmmmmmmm oo 53
8.1.2 Case 2.2: Velocity Field Measurement ---------———-=mmmmmmmmmmmmmmmeeeem 59
8.1.3 Case 2.2: Cavitation TeStS ------=====mmmmmmm e 66
Open Water Results from CPP L ------nmmmmm e e 69
Open Water Results from CPP2 ------nmmmm e e 73
The four Methods in Comparison =----========= - s 78




8.5 The Final Performance of the CFD Automation ------=--==-==-======nnmmmmmmmmeeo-
8.6  The Final Performance of the Boundary Element Auatoom ------------------------ 83
8.7  The Final Performance of the Lift Line Automatigf—-------------------=--mz------ 84
8.8 The Final Performance of the Wageningen Automatief—------------------------ 84
9 Conclusions and FUtur@ Work ---=-=======m-smommeoo oo 87
10 e s 1o o e —— 89



1 Introduction

1.1 Background

In propeller design there are a variety of toolbeaused for early predictions of the
performance. At Berg Propulsion AB (Berg) there saeeral alternatives among these tools,
and it might be difficult to know when to use whiol. Some of the tools also have
extensive setup times. The limitations of the t@wksto some extent investigated, but no
comparison between the tools has been performBdrgt A better understanding of which
open water calculation tool that has to be usea fgiven situation is therefore useful.

The accuracy of numerical tools such as the boyrelament method and Reynolds-
Averaged Navier-Stokes (RANS) methods are not galependent on the tools capabilities
itself, but also on how they are set up by the.uBeere are an abundance of tools that
performs the same calculations with only slightedgnces in layout and user friendliness.
The SMP’11 Workshop was intended to give researcbs the possibility to validate their
computational tools against both model tests ahdratoftware, setup by different users. This
is a very valuable reference when studying the rmoguof the computational tools.

The setup time for different tools might be vergdoOne example is CFD, which might have
several days, and even weeks, as setup time. Shk imm a computational tool might also,
as stated, depend on the user. A procedure thainhpteduces the setup time significantly,
but also standardizes the methods and rules au setors is for this reason desirable.

1.2 Objective with the Investigation

The objective of the thesis is to investigate aalibhate the computational tools for open
water propeller predictions at hand at Berg andarealiser environment that speed up pre-
and post-processing for the tools.

1.3 Limitations

The tools to automate and compare are only the Wiagen Propeller Series Program [1], the
boundary element method PROCAL [2], the liftingelimethod LiftLine [3] and the open
source Computational Fluid Dynamics (CFD) toolbge®FOAM [4]. The tools will be
compared to each other considering solely openrwagracteristics of propellers.

PROCAL’s ability to predict open water cavitatiomdaOpenFOAM'’s ability to predict
velocity fields forward the propeller disc will lsempared to model test results.

The automation regards pre-processing and posegsowy for open water characteristics
predictions. By post-processing, the generatioopeih water diagrams is regarded.
Automatic pre-processing is intended as a waydmfeither a few user questions or by
taking data directly from the blade design locatiget a complete open water setup.

For the CFD, the analysis will be of steady, noriguéc RANS-type without resolving the
wall. The choice of non-periodic boundary conditdepended on that the periodic boundary
condition was not applicable for ANSA [12] intetiag with OpenFoam when the project
was performed.

The model test results are seen as the realityisrptoject. It is known that this might be
untrue, but it is the best data to use as reference



1.4 Outline and Overall Methodology
To complete the objective, the methodology of thesis project could be summarized in
seven steps;
1. Explore the functionality of the four open wateegiction tools
2. Find a standardized method that generate religsigts for each tool
3. Compare the results from each tool between the tbloés and to model tests to see if
the methodologies are correct
4. Automate each tool for open water characteristiesgliptions
5. Validate the automation
6. Compare all the open water results gained fronptldictions to model tests for a
complete benchmark of the tools
7. Develop recommendations based on the results ftepcs

To understand how to use the tools and how to partbe setups, a literature study had to be
performed. This study was partly from program tlgeaanuals and partly from relevant
theory literature.

Three propeller geometries were provided; one plapier the SMP’11 Workshop

(SMP’11), one propeller for a single screw ves€#&R1) and one propeller for a twin screw
vessel (CPP2). The SMP’11 propeller was used tgbetenstep 1-3 above. This was since
SMP’11 provided test cases for predictions of opater characteristics, open water velocity
field measurements and open water cavitation measents. These test cases were enough to
cover the exploration of the program functional@®PP1 was used to develop the open water
characteristics automation scripts, constantlyyapglthe methods that were found reliable
when analyzing the SMP’11 test cases. CPP2 wastasadidate the scripts.

The outline of this thesis is based on the workirdger described above. It is started with a
theory section (section 2) to describe the theethird the computational tools and the setup
methodologies. After this a summary of the usegelter geometries is presented in the
geometries and setup section (section 0). Thisliswwed by one proceedings section for each
of the methods (section 4-7) to avoid nomenclatela@ted confusions. After this a combined
result and discussion section (section 8) followmet tompares all the results to find the final
recommendations that are presented in the conalsisiection (section 9). The subsections of
section 8 are divided into results of each test tasttain comprehensive comparisons.
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2 Theory

To clarify the nomenclature and level of approximabof the compared methods, a theory
review is introduced in this chapter.

2.1 CFD Methods

CFD is the analysis of systems with fluid flow, h#zansfer and similar phenomena using
simulation by computer. The theory behind stead\WBAwith a low Reynolds number
turbulence model, wall functions and multiple refeze frames to model rotation will be
reviewed in this section.

2.1.1 RANSequations

The propeller is a hydrodynamic construction. Waem incompressible and a Newtonian
fluid, hence the incompressible Navier-Stokes d@qoatapply, see eq. 2.1. The continuity
equation applies as well, see eq. 2.2.

] (W,U,) = 10p 02U;
ax;~ Y pox; Va@a%
Wiy 2.2

(2.1)

This set of equations requires extreme computeleptovsolve. Since the flow is turbulent, it
is preferable to decompose the pressure and vielo@ito a mean and a fluctuating part, i.e.
as in eg. 2.3. This is known as Reynolds decompasit

Ui = Ui+ (2.3)

P=P+p
By inserting eq. 2.3 into eq. 2.1 and 2.2, the Ré&srAveraged Navier-Stokes and continuity
equation are obtained, see eq. 2.4 and 2.5. Ardgsoblem appears; there are four equations
and ten unknown variables. [5]

- 1P  9%U; Owuy

ey 37 PO S 2.4

6@( iUj) p?f{+vaaﬂxf 0x; (2:4)
aU;
oY _ (2.5)
ax]'

2.1.2 Discretization Schemes

When an equation is discretized, a continuous rdifféal equation is calculated into an
algebraic discrete equation. In CFD, the domainkbmdivided into finite volume elements,
each with known node, face and neighbour locatises,Fig. 2.1.

Fig. 2.1: A finite volume, where capital letters representes small letters represents faces,
e stands for east, w stands for west and p stamdkd current cell [6]
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If one finite volume is studied, the continuous &pn is integrated from face to face in each
direction. This gives discretized equations tellimayv the current node is related to the cell
faces using the studied differential equation. Sithe studied quantity was integrated from
face to face, the quantities are known at the faces

The next step is to relate the nodes to the fadss.is done using a discretization scheme.
One example is to assume that the faces are cauhlegta straight line and linear
interpolation can be used to determine the quaatitthe node lying between the faces. This
is known as the central differencing scheme. Ifdiseretized equation is Taylor expanded
and compared to the continuous differential equaitocan be shown that terms of oraér

will remain. This is known as second order accur&ayce X is the cell length, this means
that the error will be reduced by a factor 4 if dedl length is halved.

There are some problems with the central differgnscheme; it is neither bounded, nor
transportive. If a scheme is conservative, it immehat the flux leaving the cell should be the
same as the flux entering the neighbouring celis fulfilled by the central differencing
scheme. A bounded scheme fulfils the requiremattttie value at a face cannot be larger or
smaller than the cell values used to compute tbe ¥alue. With a transportive scheme it is
meant that the information is transported in theem way. Velocity, e.g., is transported from
upstream to downstream. This means that the curetinrthould depend more on the cells
upstream than the cells downstream to be transporti

The first order upwind scheme takes the value filmenode closest to west if the velocity in
direction west to east is larger than zero. Ifuécity is in the other direction, it takes the
value from its eastern node. This scheme fulfilshed criterions; it is conservative, bounded
and transportive. The drawback is that it is inaatidue to the fact that it is only first order
accurate. Since it is bounded, it is a very stableme.

To solve the problem with the inaccuracy of thetforder upwind scheme, a second order
upwind scheme could be used. It uses two nodesea@pstand assumes that the gradient
between them is the same as the gradient betweearuthent face and the upstream
neighbouring node. The scheme is transportive andervative, but it is not bounded,
making it less stable than the first order upwiokesne. On the other hand it is second order
accurate. [6]

2.1.3 Pressure Velocity Coupling

If the pressure gradient in the Navier-Stokes eqnatis discretized over a control volume,
the discretized equation will be computed with@spect to the pressure in the current node.
This results in a so called checker-board predseice It means that the equation is solved,
but the result is a highly oscillating pressurddfid his can be solved using Rhie-Chow
interpolation and a correction algorithm such adM™LE.

The procedure of the SIMPLE algorithm is to:

(1) Guess the pressure

(2) Solve the Navier-Stokes equations using thepaddsure

(3) Solve the pressure correction equation

(4) Correct the velocities and the pressures basdtle computed pressure correction
(5) Repeat point (2)-(4) until convergence is reatch

12



The pressure correction equation comes from digargtthe continuity equation and
rewriting it so it contains one old velocity termdaone correction term for each velocity
direction and a term representing the continuitgrerAfter this it is combined with the
discretized Navier-Stokes equation so that a dnedation between a velocity correction and
a pressure correction is achieved. When the cahtietror in the continuity equation
vanishes, the pressure correction is convergeldTHére are other ways to couple pressure
and velocity, such as PISO. PISO is similar to SIIEPbut has one further corrector step. [7]

2.1.4 Multiple Reference Frames

Multiple reference frames can be used to modetimgdoundaries in a flow, such as a
propeller. To derive the equations used for solwitp multiple frames of reference in
OpenFOAM, the steady Navier Stokes equations frimpressible flow are used. First the
acceleration term of the rotating franf® {s studied. It is related to the position vector,

Note that cylindrical coordinates are used. Aftes the incompressible Navier-Stokes
equations of the inertial frame is introduced. Bt ttpe relative velocity, the acceleration term
is taken into account for the incompressible NaSitakes equations. The equation for
absolute velocity in the rotating frame comes frayapling the rotating frame with the

inertial frame so that the convected velocity ie thtating frame is the velocity in the inertial
frame. For the full derivation, see [8]

The incompressible Navier Stokes equations withtiplalframes of reference can be written
as eq. 2.6-2.8. The inertial frame of referencbsotute velocity is described by eq. 2.6. The
relative and absolute velocities of the rotatiragrie of reference are described by eq. 2.7 and
2.8 respectively. Since the indexes might be confussing tensor notation, the equations are
written on vector notation.

p

v-(U;xU)) = -V (E) +vv - V(U)) (2.6)
V.U, =0

—_— = — N p —
V- (UgxUg)+20xUg +Qx0Q =—V(—)+ V-V(U
{ ( RX R) X URr XLXTr 0 \Y ( R) (27)

VGR=O

- — p —
{v (UrxUp) + Qx Uy = -V (p) +wV-V(U)) 2.8)
V-U;=0
Where notation I=Inertial; notation R=rotating ard is the velocity vector in Cartesian
coordinates. [8]

2.15 Turbulence Models

With the RANS equations there is still a closurelgem. This is solved using a turbulence
model. Turbulence is irregular, diffusive, threendnsional and dissipative. The better the
turbulence model can represent these statements t@ibulence, the more accurate it is. A
common way to make a turbulence model is to ditt@eturbulence into one turbulent kinetic
energy (k) and one dissipative part. If eq. 2.4 is subtracted from eq. 2.1 dredresult is
multiplied byu; and time averaged, the exact k-equation is atlaiie exact equation far

can also be derived from the Navier-Stokes equstion

The number of unknown terms in both the exact keaantbdel are large. Therefore the
equations are modelled using physical reasoning.résult from this is the so calleckk-

13



model. [5] This model is unsatisfactory when préadignear wall behaviour, but good when
predicting the free stream. To improve the neat bethaviour, the ke model could be
applied instead. The specific dissipatiar) (s an equation derived from thesquation. It
behaves more similar to the exact dissipation teear the wall. The ks SST-model is a
hybrid between the k-and the kw model. It is using blending functions to be albleise the
k-w model near the wall and theckin the free stream and to get a smooth transii&iween
them. The energy and dissipation equation af 8T can be seen in eq. 2.9 and 2.10. [7]

AL S I PPN, -
ox; p o 0x; VT OkVe 0x; (2:9)
uiw y Jw
j 2
= p—Bw?+—|(v+ —
0x; ,utpp g 0x; [(V 0 axj] (2.10)

Where u=the velocity ang = the turbulent viscosity3*, 8, o and o), are constants.

2.1.6 Wall Functions

The wall was modelled with wall functions to reddlee need for high mesh resolution near
the wall. To apply wall functions means that thenwflnear the wall is assumed to behave as a
fully developed turbulent boundary layer. The fostls are computed using the wall
functions and are then inserted as boundary camgdiinto the cells computed by the RANS
equations. The last cell of the wall functions dbdaypically be in the interva30 < y+<

100 to get reliable results. The dissipation and potida term are much larger than the other
terms in the log-law region. Using analytical amapé&ical equations from the log law, an
equation for the turbulent viscosity can be writteee eq. 2.11.[5]

u,nK

T n(EnD
u.n
==
Wheren = the normal distance to the waltk, =the friction velocity; E=constant ang=the
turbulent wave number.

(2.11)

2.2 Boundary Element Method

The panel method, or boundary element method,imng ke exact formulation of the
potential flow problem on propellers. The direatnfilation is used in PROCAL and will be
described in this section. The direct formulatiotves directly for the potential and then
determines the velocities.

The Morino formulation, which is a direct formulati, is used in PROCAL. Assuming
irrotational and incompressible flow, the veloagn be expressed as a potential, see eq. 2.12.

V=Vo (2.12)

The potential can be written as the sum of them@tieof the undisturbed flowy(,) and the
disturbance potential to be solveg)(By applying Green’s second theorem, the 3D

14



computational domain will be reduced to the unknewanhthe boundaries only. The potential
at the boundaries can be written as in eq. 2.13.

1 9 [ 1 dp, 1
<p=2—f [¢q -—4__ds  (2.13)
Jg anq Ry, anq Ry q

Where n=the normal to the surface; R= the vectarrarxting a point on the surface and the
point p and p=the collocation point

Here, the potential interior of the surface S Im@svialue zero. On the surface, the zero
penetration boundary condition gives the sourangths, see eq. 2.14.

_ 99
- ong
Wheres=the monopole strength arig,=the undisturbed velocity

Oq = —Veng (2.14)

Blades, hub and part of the wake for each bladeegmesented by dipole panels. The Kutta
condition makes the pressure difference betweefatteeand the back go to zero. This
condition couples the wake to the propeller. Theditton is non-linear and therefore requires
an iterative solution. A Jacobian disturbance vaduesed as a relaxation factor for the Kutta
iterations. [9]

The boundary is divided into structured, quadrit@tpanels. The sources and potentials are
assumed to be constant over each panel. The Béraquation is used to compute the
pressure over each panel as in eq. 2.15. [10] [11]

= +0.50(|Us + @ X x|? = |V]?) — 6_(p
P =P DP([Uep T X X Pat (2.15)

+ pgh

2.3 Mesh Types
The boundary element method and the CFD method todael meshed in proper ways to get
reliable and converged results. Some grid generatieory is described below.

2.3.1 CFD Method

CFD is a very grid dependent technique. The largests occur where the largest gradients
are. For this reason, the resolution should besaszd in such regions. Only a restricted
amount of cells can be used due to restrictiom®mputational power. Therefore it is
beneficial to have a denser grid where e.g. theature of the surface is high and having
larger cells closer to the middle of the surfaneANSA there is a surface mesh type called
CFD. This mesh becomes dense at high curvaturéamudaries and coarser close to the
middle of the surface. The mesh is consistingiafl, making the geometrical description
good, but leads inevitable to triads and pyramefeie the volume mesh can be hexahedral.

To mesh a complex geometry, such as a propeliruatured grid is hard to apply. A
structured grid has better numerical properties #raunstructured grid. An unstructured grid
generally requires less time to apply than a stmect grid. Unstructured grids are built from
polyhedrons in the volume and commonly triads @ndilrface. Close to the wall, very large
gradients occur. In this case, the optimal wouldddeave cells 80° angles to the wall with
equal edge lengths.[13] A mesh type that fulfiis triterion is the prism layer. A prism layer
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has a face almost identical to the surface mesiwbahd grows almost solely in the
orthogonal direction to the wall. [14]

The structured mesh consists of hexahedrons imdluene and quadrilaterals on the surface.
As said, these have imperious numerical propectespared to the unstructured elements
and should therefore be used when possible. In ANi®£e is a volume mesh type called
hexa-interior. It uses as few tetrahedrons andmpia as possible to quickly evolve into a
fully hexahedral mesh. This gives a good combimatibnumerical stability and geometrical
representation. [14]

To fit the geometry, the elements need to be sepeeerdifferent ways. This might affect the
results. High skewness of the cells might leadchstabilities and lower accuracy. In Fig. 2.2
the fluent definition of skew is shown

Skewness =0
for isotria

(4,-4)
A,

Skewness =

FLUENT Equifrea Skewness

Fig. 2.2: The definition of skewness used for quality chagKil4]

The numerical error will increase and convergenitibe harder to achieve if adjacent cells
are very different in size or if the ratio betweasshl height and cell area is high. This is known
as aspect ratio. [13] There are an abundance difygaaterions for the mesh, but these two
mentioned problems are the ones that have beeideoed extra carefully in this thesis work.

2.3.2 Boundary Element Method

For the boundary element method, a structured daseal mesh is needed. The parameters
for the user to change are usually on the surfazghrof the blade in PROCAL. The hub
mesh may be changed as well, but this has smelitedh the results.

The panels leading edge to trailing edge deterimave many panels that should be placed in

chord wise direction on each of the suction andsuree side of the blade. The panels root to
tip determines the same, but in radial directistiead, see Fig. 2.3
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The leading edge spacing determine: element length of the first panel at leading eaic
chord wise direction. The trailing edge spacinthessame, but for the first panel at trail
edge, see Fig. 2.4

Fig. 2.4: The trailing edge spacing to the left and the legdidge spacing to the rig
exaggerated to visualize the eff

The tip spacing determines the first element legtihe tip in radial directi¢, see Fig. 2.5.
The root spacing is the same, but for the firsigbahthe root, seFig. 26.

g \ SN \\ AN

“"‘-V \\\\\ ! i 4 “'\‘1 L NN
Fig. 2.5: PROCAL tip spacing, exaggerated to visualize effec

Fig. 2.6: PROCAL roo spacing, exaggerated to visualize the e

The two additional options to get good convergeartd smooth reliable pressure distributi
are the tip chord fraction ande hub smoothening. The tip chord fraction usedabethat
the tip length at the last radial section is finikais allows the user to increase the ct
fraction as a percentage of the length of the tagietion before the tip section. The effec
changing the tip chord fraction is to reduce thevakess of the last element at trailing ec
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see Fig. 2.7The hub smoothening should be performed to aveatlapping panels ne
leading and trailing edges. iBhis performed preferably using Thomas Middleawiitrol
functions.[15]

Fig. 2.7: Last trailing edge element, placed in the top rigther
These are the parameters thie changed by the user. Some have more influentes

results and the convergence than the otlGridding guidelines found by the developers
PROCAL and Lloyd’s Registry of Shipping are presenbelow

The number of panels should be set in accoie with the skew angle dlhe bladeTable 2.1
shows how the panel distribution should

Table 2.1: The panelling depending on skew as recommendeddyy’s Regisry of
Shipping. [28]

Panels LE to TE*root to
Skew tip
0| 20x20
15| 25x25
30 | 30x30
45 | 35x35
50 | 40x40

The leading edge spacing (L!is also determined based on the skew angle ofl#ue bif
the skew is larger tha3b°, LEs should be 0.001. LEs should be 0.004 if kesis smalle
than25°. Otherwise, the LEs should be 0.(

Trailing edge spacing (TEs determined based the skewangle in degreeand leading
edge spacing, see eq. 2.16.

TEs = Skew * LEs x 0.15 (2.16

The root spacing (R3jas uppr and lower values, yielding anterval. The interval i:
determined based on TEs and LEs, s¢. 2.17. The value should preferably be as close tc

minimum value as possible.

TEs + LEs
—— < RSLTEs 2.17

The tip spacing (TSy determind from LEs, propeller diameter JDub ratio %) panels root
to tip and tip chord fractionrC). Again an interval is prescribed, see 2d.¢.

dp D *%*TC
LES*DF*TC <TS< (2.18
j*panels LE toTE
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Lloyds Registry recommends tip spacing in the wdk0.1 < TS < 0.2, but this interva
might be too narrow. The goal when meshing is tdfgemesh as orthogonal as possi
Following these recommendations givesood starting estimation of an orthogonal me
[16]

2.4 Lifting-line T heory

The liftingine methods are common in propeller design assadesign step. They are th
used to find an optimum geometric radial distribonof the propellekvith respect tc
efficiency. Liftingdine methods are based on lift-line theory, which will be explaine
below.

Assume that a foil has a line of vortices, Fig. 2.8.

B Lift

s
i
e

Horseshos

wortex Foil

Fig. 2.8: A foil with a line of vortices from an inflov [9]

These vortices create atiiifg force perpendicular tthe inflow velocity. Adapting
Helmholtz’s first and second law, i.

(1) The strength od vortex line is constant along its ler
(2) A Vortex line must be closed; it cannot endha fluic

leads to the bending of the vortex line at the @nithe foil. The vortex lines are closed ag
far downstream, in this context at infinity, re¢ng in an infinitely long horseshoe vortex lii
In Fig. 2.9 one can see the vortex line following the fodlled “bound vortex. Together
with this bound vortex there are vortex lines knaagrtrailing vortice, which shapes tr
imaginary infinite horse sho

Bound
vorticity

Fig. 2.9: The bound and trailing vorticity for a fc [9]
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Since the lift isn’t constant over the whole foile constant lift is divided into discrete
piecewise constant vortex segments. Summing th@sexvsegments will form a lifting-line
of varying vorticity. These vortex segments willnbe referred to as elements (to keep the
analogy in accordance with the panel and CFD metfhod

The vortex strengths of the elements are determahachumber of collocation points,
through which there is no flow. There will be or@dl@cation point for each element so that
the result is a linear system of equations thatosagsolved numerically. When the vortex
strengths are determined, the velocities and pressan be evaluated everywhere.

For a propeller, the blades are represented byifting line for each blade. The lifting line
extends from the hub to the tip and ends with trsdshoe shape by trailing vortices. One
major concern for the lifting-line methods is titas unclear how the blade should end at the
hub. It is usual to use the “hub less propelleuagsion”, which means that the hub is
neglected and that the vortices goes to zero dtghesually the lifting-line methods result in
unrealistic results near the surface of the hubthadblades. This is often corrected after the
computations in the programs.

The benefit of the lifting line method is thatstwell known and thereby validated to a large
extent. Its limitations are well known and it takegative losses into account. The largest
drawbacks are that it doesn't yield the completppler geometry and has problems with
high skew. [9]

2.5 The Wageningen B-Series

The Wageningen B-Series is a large series of ntedetd propellers with varying blade area
ratio, pitch, number of blades and advance rati@ fropellers are based on designs that have
been found effective. The series consists of ab80tpropellers. All tests have been

performed with a local Reynolds number at 0.75R ofillion. Regression polynomials for

Kr andK, has been derived for the four and five bladed @lters in the series. The

regression polynomials, usually referred to aswwageningen polynomials, are functions of
advance ratio, pitch, blade area ratio and numbbklades.

The B-Series is intended to use for predictiongpEn water characteristics. Rake, blade
contour and thickness distribution has small eftecthe performance characteristics. It
mostly affects the cavitational behaviour. Therefthre tests are made as functions of blade
area ratio, pitch and number of blades, which maggr importance on the performance
characteristics. The skew affects the radial logdiistribution and thereby the efficiency. For
this reason the B-Series has a small amount of.skewonclude it could be said that the
geometries in the Wageningen B-Series have reakooattation performance, but far from
optimized in this respect. On the other hand, tiopgllers of the series have very good open
water performance. All the propellers have a haitorof 18%. [17]

2.6 The Open Water Test

The open water test is performed with the moddesaapeller working in a uniform inflow.
This could be done in a towing tank or in a caietatunnel. The test is usually performed
altering the advance velocity,) for a fix number of revolutions per second (MeT
propeller thrust (T) and the propeller torque (Qineasured during the test.

The fix RPM is altered to get the open water #&estifferent Reynolds Numbers. The RPM
must be sufficiently high to overcome the viscofisats when scaling. To get the same
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conditions in full scale as in model scale, thatiehship betweeii, and the velocity in
tangential direction, yielding an indication of taegle of attack for the blade profiles, must
be the same. This relationship is known as theramveatio (J) and is defined as in eq. 2.19

v,
J=-—=

= (2.19)

Where D=the propeller diameter

The non-dimensional quantiti&s, K, andn,are defined as in eq. 2.20-2.22

T
Kr = DS (2.20)
Q@
Ko = on2ps 2.21)
JKr
Mo = (2.22)
°  2mK,

WhereK; = dimensionless thrusk, = dimensionless torques = the fluid density ang, =
the open water efficiency

Kr, Ky andn, are the values usually measured in the open wegeand are known as open
water characteristics. Plotting them against Jgjthie open water chart. These characteristics
are of interest, since they ideally are the sammaadel as full scale. The difference is the
viscous scale effects, which are dealt with inlliEC recommendations in the Hague 1978,
see section 2.7. [18]

2.7 Viscous Scale Effects

The values oKy, K, andn, obtained at the model test or from the Wagenirsggies are in
model scale. These values would be identical insttdle if the lift and drag coefficient

(Cp andC}) would be the same at model scale. This is appratély true forC,, but not for
Cp. Cp is decreasing with increasing Reynolds numbers Tésults in highek, lowerK,
and, studying eq. 2.22, thereby highgr According to the ITTC-78 recommendations, the
scale effects should be taken into account as itbescbelow.

First the local Reynolds number at model scaleefsdd as in eq. 2.23.

RTLCO

_ Vacors (2.23)
v
Wherec, ,s=the model scale chord length at 0.75R anid the viscosity at the model test.

Cp in model and full scale are defined as in eq. 2124 2.25 respectively. [18]

t\[0.044 5
CDM = 2(1+ZE) 1 - (224)
Rr6lco cho
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t
Cps =2 (1 + 22) <1.89

o \\ 25
+ 1.62logqg <k_>)
p

Where t=the full scale thickness at R0.75; c=thedcale chord length at R0.75 akg=the
full scale propeller surface roughness (standartiga30 * 107°m) [17]

(2.25)

The difference in profile resistance between thel@hand ship propellejC,, is computed
using eq. 2.26.
ACp = Cpy — Cps (2.26)

Finally, the coefficients in full scal&;s andK,s can be calculated using eq. 2.27 and 2.28.

P cZ
= 3—%x— 2.27
Krs = Kry +ACp * 0.3 5+ — (2.27)
cZ

Where D=the propeller diameter at full scale; P=etfull scale pitch at R0.75 and Z=the
number of blades. [18]

2.8 Pitch Setting

In the CFD setups for Controllable Pitch (CP) pitgws it is commonly necessary to adjust
the pitch. This might be to match e.g. a modeldes$d change from free running to bollard
pull. The pitch is usually changed with the pit¢HR@.7 as reference. The pitch is defined as
the axial distance every blade section screwd ilseing one rotation, see Fig. 2.10.

Generator line

Cylinder cut at radius r

Fig. 2.10: The definition of pitch for a propellefl8]

Since the blade section at R0.7 is of interesyliadrical cut must be performed. The reason
for this is to present the radial coordinates (Daatesian plane. The radius of such a cut can
be described by eq. 2.29.

D
Tour = 0.7 * 7 (2.29)
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The distance between the intersection of the @ufilane and the leading and trailing edge
respectively describes a distance in the late)adifgd axial (x) direction. The pitch angkg)(
see Fig. 2.10, can then be described by theaakdttip in eq. 2.30

¢ = arctan (;) (2.30)

From Fig. 2.10 it is evident that the pitch (P ¢e described by eq. 2.31 [18]

tan¢ (x) = P = {at R0.7}

2R (_r)
R
P0.7 P0.7
Y-/ -7 2.31
D D D ( )

271*0.7*% m 0.7
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3 Propeller Geometries, Test Setups and Resources

Three different propellers and five different setuyere used for the validation and
automation of the computational tools. The firsig@ller and three first setups were from the
SMP’11 case 2, which provided a CP propeller wiffecent hub caps for push and pull
configuration. Further a CP-propeller for a singteew vessel (CPP1) and a CP-propeller for
a twin screw vessel (CPP2) were provided from Brgpulsion. In order to protect the
commercial value of the two last mentioned props|lthe exact data of them cannot be
provided in this report.

3.1 The SMP’11 Propeller and Test Setups

The SMP’11 case 2 contained three setups; onewatar characteristics measurement, one
velocity field measurement and one cavitation $estip. These setups where performed at
different test points and for different inflow catidns.

The propeller was a five bladed CP-propeller. Oint® design criterions for the propeller
was to generate a tip vortex. The propeller desigs provided with different hub caps for
push and pull arrangement. [19]

Some propeller characteristics can be seen in TabléA picture of the propeller can be seen
in Fig. 3.1. The propeller drawing and detailedga&iler characteristics can be seen in
Appendix A.

Table 3.1: Some propeller characteristics of the SMP’11 priepel

D [m] 0.25
RPM [rev/min] 900
P07/D [-] 1.635
Z [-] 5
EAR [-] 0.77896

Fi.: The SMP’11 propeller geometry in 3D representation.

3.1.1 Case2.1: Open Water Test

The open water test was carried out in a pull guméition. The hub was designed to avoid a
pressure build up, see Fig. 3.2.
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Fig. open water hub with a design that avoids sspire build-up

The test was performed in the SVA towing tank. Tdrk had a breadth of 9 m, the depth was

4.5 meters and the shaft was submerged with 0.37Bhepropeller was placed in the lateral
centre of the tank. A slide test was performedriAgipal sketch of the slide with propeller,
shaft, blades and hub is show in Fig. 3.3.

]

]

417

117

40
!
3
2250
I

10

Fig. 3.3: The sled with propeller, shaft blades and hub
Before the open water test, the pressure probes eadibrated using only the rotating hub
and the nose cap. Hence the results are consittelbedsolely generated by the propeller
blades. Table 3.2 shows the operating conditionbebpen water test.

Table 3.2: The operating conditions for the SMP’11 open wgst

Water density (for T = 17.5°C) p [kg/m?] 998.67
Kinematic viscosity of water (for T = 17.5°C) v [m?/s] 1.07E-06
Rate of revolutions n [1/s] 15
Advance Velocity V. [m/s] 2.25-5.25

The results for comparison wekg andk, at J=0.6-1.4 with an interval of 0.2. [20]

3.1.2 Case2.2: Veocity Field Measurements

The velocity field measurement was performed inSN& Potsdam cavitation tunnel K15A.
The tunnel had a cross section of 600*600 mm dedgth of 2600 mm. The propeller was
positioned in the vertical and lateral centre @ tihinnel. The longitudinal position was 570
mm from the beginning of the test section, see Big. The test setup was a push
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configuration. Another type of hub was used fortdst to match the push configuration
better, see Fig. 3.5.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 3.4: The lateral and longitudinal propeller positiom éavitation tests and velocity field
measurement

Fig. 3.5 in the cavitation tests and the itglbeld measurement

The velocity field was measured using Laser Dopykdocimetry (LDV). The inflow was
homogenous and the LDV measurements were perfoimtée planes 0.1D and 0.2 D in
front of the propeller disc, see Fig. 3.6.

-0.20 -0.0840 .. 0.2D

Fig. 3.6: The measuring planes for the velocity field measwent [21]

The measurements were angular based with the egree position defined as the 12 ¢’
clock position. The velocities in all directionsn@emeasured at evefy25° step. The
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measurements were performed along a constanttlexegalar positionb = 225° and then
related to the zero degree position. The bladeipasivas recorded at every time step,
making the velocity field relating to the zero degposition possible.

The test was performed with a non-cavitating prigpel he operating condition is presented

in Table 3.3.
Table 3.3: The operating conditions for the SMP’11 velocigld measurement
Water density (for tw=24.7°C) [kg/m3] 997.1
Kinematic viscosity of water(for tw=24.7°C) [m?2/s] 9.03E-07
Number of revolutions [1/s] 23
Velocity [m/s] 7.204
Advance coefficient [-] 1.253
Thrust coefficient [-] 0.250
Torque coefficient [-] 0.725

The velocities were positive in the following ditienis: Axial velocities in the flow direction,
radial velocities for increasing radii and tangeahtielocities in the direction of rotation.

The data provided was firstly axial, tangential aadial velocities for the angular interval
=50° < & < 22° at 0.25° step size for the two planes in front of the ptigpealisc at radial
positions R0.7, R0.97 and R1.0

The tip vortex at x/D=0.1 was also given as velesitn the Cartesian directionsdtin the
interval —40° < ® < 0° and r/R in the interval 04 r/R < 1.1 [21]

3.1.3 Case2.3: Cavitation Tests

The cavitation tests were performed in the sameduand at the same position as in the
velocity field measurement, see section 3.1.2.t€eewas performed at three different
conditions. The first and third cases (case 2.8dl2a3.3) were off-design conditions. Case
two (case 2.3.2) was the design condition. Forelesditions the cavitation patterns were
analyzed using high speed camera observationshanzhvitating thrust was measured. The
operating conditions for case 2.3.1-2.3.3 are miteskin Table 3.4 [22]

Table 3.4: The operating conditions for the SMP’11 cavitatiest

Case: [#] 2.3.1 2.3.2 2.3.3

Advanced coefficient J [-] 1.019 1.269 1.408
Cavitation number based on n On [-] 2.024 1.424 2.000
Thrust coefficient (non-cavitating!) Kt [-] 0.387 0.245 0.167
Number of revolutions n [1/s] 24.987 24.986 25.014
Water density p [kg/m3] 997.44 997.44 997.37
Kinematic viscosity of water [m?/s] 9.34E-07 | 9.34E-07 | 9.34E-07
Vapour pressure pv [Pa] 2818 2818 2869
Air content o/ais [%] 53.5 53.5 58.5
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3.2 The Propeller for the Single Screw Vessel (CPP1 )

CPP1 is a large, low RPM propeller with moderatehpilt is a four bladed CP propeller. The
design is very smooth and it is reasonably unloaddke tip. Some propeller characteristics
can be seen in Table 3.5.

Table 3.5: Some propeller characteristics of CPP1

D [m] 5.16
RPM [rev/min] 136
P07/D [-] 0.774
Z [-] 4
EAR [-] 0.523

Open water tests at two different pitch settingg52 and 0.788, for J=0.1 to J=0.8 were
available. A picture of the propeller can be seehig. 3.7 .

Fig. 3.7: The propeller geometry of CPP1

3.3 The Propeller for the Twin Screw Vessel (CPP2)

CPP2 is a medium sized, medium RPM propeller witlienate pitch. It is a four bladed CP
propeller. The design is heavily unloaded and hgis $kew to reduce pressure pulses. Some
propeller characteristics can be seen in Table 3.6.

Table 3.6: Some propeller characteristics of CPP2

D [m] 2
RPM [rev/min] 350
P07/D [-] 1.088
Z [-] 4
EAR [-] 0.6904

An open water test with the pitch setting 1.088=20.0726 to J=1.0201 were available. A
picture of the propeller can be seen in Fig. 3.8.
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Fig. 3.8: The propeller geometry of CPP2

3.4 Computer Resources

The CFD simulations were performed on eight coriéls avclock frequency of 3.4 GHz each.
The RAM was 24 GB. The boundary element method Isitimns were performed on two
cores with a clock frequency of 2.13 GHz each. RA& was 4 GB.
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4 Proceedings of CFD

This section describes how the CFD-setups were nise the results were post processed
and how the pre processing automation was perfarinesection 4.1-4.3 the proceedings of
SMP’11 are described, since these were used tdagethe automation method. In section

4.4 the proceedings of the automation using CPE&ssribed. Finally in section 4.5-4.6 the
proceedings of the actual open water tests of GRPEICPP2 are described, since more steps
than performed by the automated script were neexlathtch the model test descriptions for
these propellers.

4.1 Open Water Test of the SMP'11 Propeller

The meshing tool used for the open water test@fSWP’11 propeller was ANSA. The
original geometry of the SMP’11 propeller had saite&ciencies from the beginning. Firstly
there was a small play between the blade and thedee Fig. 4.1.

The small play between the blade and the hub.

The intention was to use prism layers. Since theyld/grow into each other in the play, it
was filled by projecting the blade downwards artérigect the blade with the hub fillet, see
Fig. 4.2. This should make negligible differensiece almost no work is performed near the
blade root; see pitch distribution in Appendix A.

Fig. 4.2: The small play between the blade and the hub rethov

The same prism layer related problem would occuttfe play in the intersection between
shaft and hub, see Fig. 4.3.
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Fig. 43 The gap between the shaft and the hub

The geometry was simplified by removing this gage Big. 4.4.

Fig. 4.4: The gap between shaft and hub removed

Lines with no connections was pasted together laadip length at r/R=1.0 was smoothened
by a small cut yielding better geometrical représeon, see Fig. 4.5.

Fig. 4.5: The modiion of the tip, where the sharp lihews the new representation and
the thinner one the old representation.

To make the blade meshing more efficient and aladhv&/mmetrical, only one blade was
meshed and then the completed mesh was copied tertiaining four blades.

The blade, hub and shaft were surface meshed mattst The triads were smaller at high
curvature and larger near mid surface sections iBlsince the large gradients from the flow
occur at the sharp edges. For the coarse messiléest element length on the surface was
1 mm and the largest 10 mm, see Fig. 4.6.
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Fi4.6: The triad surface mesh on one blade.

As turbulence model, the K-omega SST model wasegplo model the boundary layer,
wall functions were needed. Five prism layers With as growth ratio and a starting length of
0.5 mm were applied to get the gradients closbaonall resolved.

The rotation was modeled with MRF. To make use Bffiyla volume surrounding the

rotating parts was needed. This volume was madedridal with a radius 59 mm larger than
the propeller radius. The length of the volume #@s$nm upstream and 2442 mm
downstream. Within this volume, all parts weretsabtate. The propeller inside this volume
is shown in Fig. 4.7. The motive for the distanaes based on experience and assumptions.
A slip stream of approximately ten diameters lengtappropriate. The diameter of the
cylinder was based on experiments; increasingadwameter by a factor 1.5 made no
difference on the results, see section 8.2.

" Fig. 4.7: The propeller inside the MRF-zone

As domain, a larger cylinder was used. This cylindas made with 1261 mm upstream,
3000 mm downstream and 1261 mm diameter. Thesandes were based on experience,;
five propeller diameters as upstream length arbagain diameter and twelve propeller
diameters as downstream length has proven acamdtgiving a reasonable amount of cells
before. [29] The inner volume is, except for beling MRF zone, representing the slipstream.

The settings of the final coarse mesh can be se€able 4.1. It should be noted that the
maximum computational power at hand allowed abauteen million cells. This was the
reason for the cell length choice; the aim wasawehhigh resolution near the propeller, a
maximum growth ratio of 1.2 and not cells of a gtzat completely dissolves the gradients.
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Table 4.1: Themeshing parameters of the coarse mesh for thewatsr test

Perimeter Surface mesh
length [mm)] type Surface mesh size [mm)]
Blades 1| CFD 1to 10
Hub 1| CFD 2to 10
Shaft 5| CFD 3to 10
Interface 10 | CFD 1to 10
Domain 50 | CFD 10to 50

As interpolation schemes, first order accurate s@sewere used for the turbulent quantities
kinetic energy, inverse turbulent time scale argdttinbulent viscosity. The computation was
started with a first order upwind scheme for thivey. When the computation was
stabilized, a second order upwind scheme was apjplstead.

To indicate grid independence for the resultsntiesh was refined at regions with large
gradients. The mesh was made larger around shaftan but refined with a factor of two at
blade corners and blade tip. The maximum volumexefd length in the slip stream was also
reduced by a factor two. The contingent differebetveen the coarse and the fine mesh
should depend on the discretization error. Sinsecand order accurate scheme was used, the
error would reduce in the order of, if x is the cell length and the mesh was strieduin

this case the error would reduce, but not neceégsarihe exact order of2. [7] The mesh
settings of the fine mesh can be seen in Tablelh resulting number of cells for the fine

and the coarse mesh can be seen in Table 4.3.

Table 4.2: The meshing parameters of the fine mesh for the o@der test

Perimeter Surface mesh Surface mesh size
length [mm] type [mm]

Blades 0.6 | CFD 0.6to6

Hub 0.6 | CFD 0.6to6

Shaft 5| CFD 0.6to6

Interface 5| CFD 0.6to6

Domain 60 | CFD 5 to 60

Table 4.3: The resulting number of cells for the coarse ardfitie mesh for the open water

test.
SMP'11 OW coarse | OW fine
Surface mesh elements 100000 150000
Prism layer elements 502920 600000
Total elements 4500000 11000000

As boundary conditions, the no-slip condition wppleed for velocity on the surface. The
outlet was set as pressure outlet with zero graslfen the remaining quantities.

The inlet was set up with uniform velocity inletdathe remaining quantities calculated in
accordance with eq. 4.1-4.4 and set as Dirichletitmns. [5].
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Table 4.4 and Table 4.5 summarizes the boundangitons for the surface and the outer
domain respectively

3
k ZEVAZ * [ (4.1)

Where k = the turbulent kinetic enerdx; = the advance velocity and-=Ithe turbulent
intensity
0.09pk?
€ =
oy
Whereu, = the turbulent viscosityy = the fluid viscosityg = the turbulent dissipation ana
= the density of the fluid

(4.2)

©= % 4.3)
Wherew = the specific dissipation.

He

—=10 4.4

# (4.4)

Table 4.4: The boundary conditions for the surface boundaries

Blades Hub Shaft

Boundary:

Velocity

no-slip

no-slip

no-slip

Turbulent kinetic energy

Wall function

Wall function

Wall function

Specific dissipation

Wall function

Wall function

Wall function

Pressure Homogenous Neumann | Homogenous Neumann | Homogenous Neumann
Table 4.5: The boundary conditions for the outer boundaries

Boundary: Domain Inlet Outlet

Velocity slip Dirichlet Homogenous Neumann

Turbulent kinetic energy | Wall function Dirichlet Wall function

Specific dissipation Wall function Dirichlet Wall function

Pressure

Homogenous Neumann

Homogenous Neumann

Homogenous Dirichlet

For the domain, wall functions were used and tlesgure was of zero gradient type here.

The CFD package used for the simulations was OpAMF@ith the solver
MRFSimpleFoam. The simulation was of steady RAN& 1ty he forces and moments were
computed on the blades only.

4.2 Velocity Field Measurement of the SMP’11 Prope

ller

The velocity field computation of the SMP’11 prdpelwas performed in the same way as for
the open water test and for the same propellemiibta different hubcap, see section 4.1.

The domain and inner volume were rotated and eteddga fit the new arrangement and the
longer shaft. The final fine and coarse mesh gttand number of cells can be seen in Table
4.6 and Table 4.7. The final number of cells fa toarse and fine mesh can be seen in Table
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4.8. A square size box was used due to a bug inAN&king the preferred cylindrical size

box unusable.

Table 4.6: The settings of the coarse mesh for the veloogg fmeasurement

Perimeter Surface mesh Surface mesh size
length [mm] type [mm]

Blades 1 CFD 1to 10

Hub 1 CFD 1to 10

Shaft 5 CFD 1to 10

Interface 10 CFD 1t0 10

Domain 50 CFD 10to 50

Table4.7: The settings of the fine mesh for the velocitydieleasurement

Perimeter Surface mesh Surface mesh size
length [mm] type [mm]
Blades 0.3 CFD 0.3to5
Hub lto5 CFD 1to 10
Shaft 5 CFD 0.3t0 10
Interface 5.25 CFD 0.3to0 5.25
Domain 100 CFD 5.25t0 100

Table 4.8: The final number of cells for the coarse and firesmof the velocity field

measurement

SMP'11

Velocity field coarse

Velocity field fine

Surface mesh elements

290000

200000

Prism layer elements

410000

1000000

Total elements

4600000

13600000

To comply with the thrust identity, the speed hathé lowered somewhat. Two different
speeds were tested and then the linear relatioh&tpeen J and; was used to find the
proper velocity yielding the correct thrust.

4.3 Post Processing of the SMP’11 Propeller

When the CFD-computations had reached final correrg, they were stopped. Final
convergence was considered to be achieved wheasaluals of velocity and turbulent
quantities were below0~> and all residuals of pressure were beldv*.

The open water diagram was made from the integfateds along (T) and moments around
(Q) the x-axis. Eq. 2.20-2.22 were used to comthageopen water characteristics.

The RANS results were post processed in FieldV23y.[The velocity field was extracted
using the sampleDict in OpenFOAM. A cloud of pointsre picked from the input file
demands of SMP’11. The input file requested thgdatial, radial and axial velocity at a
giveng and r/R.¢ is defined as the angle between the dead topecantt the current blade

tip position. It is positive in clockwise directioHence it can be described by the relationship
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in eq. 4.5. The given radial section can be desdrib terms of Cartesian coordinates as in eq.
4.6. This is since the equation will yield a cykmatutting through the given radial section.

tan(e) = 35’ (4.5)

_ (X)z +(2) (4.6)

Where r = the radial coordinate and R = the propeliadius

Rewriting gives the Cartesian coordinates as itefjand 4.8

y =tan(¢) * z 4.7)
z= —m (4.8)

By sampling the requested points, results of vgjanix, y and z direction were attained. To
convert y- and z-direction into radial and tangaintelocities, the relationship described by
eg. 4.9 and 4.10 were used.

V. = cos(P) V, + sin() V,, (4.9)

Vi = cos(p) V, —sin(¢) V, (4.10)
Wherel;,. = the radial velocity;V; = the tangential velocityy, = the velocity in z-direction
andV, is the velocity in y-direction

4.4 Automation of the Pre-processing
CPP1 was used to make the script for automatic @feEprocessing. In short terms it could

be said that the methodology found to be efficiehén analysing the open water
characteristics of the SMP’11 propeller, see sactid, was automated.

The script was made in three parts; one geometieahup and domain defining part, one
surface meshing part and one volume meshing plig.Was since the meshing needs two
natural breakpoints. Firstly the pitch needs tadetrolled and set and secondly the surface
mesh needs to be checked. These two points ngtdettrmines the quality and accuracy of
the calculation. Therefore it is essential withaik@oints to let the user control the setup. The
entire pre-processing code was programmed in alRe+scripting language included in
ANSA. Below an explanation of what the code perfestep by step is described. For a more
detailed description, including records used ardgittual code, see Appendix B.

4.4.1 Geometrical Cleanup and Domain Definition

The first part of the script; cleanBladeUntilPit@ttthg, which makes a geometrical cleanup
and domain definition, starts with cleaning thedelaThe blade is generated by a script linked
with solid works, so all blades need to be cleandtie same way. This script will be referred
to as Solid Works (SW) to avoid confusion. Firsrithare five excessive faces that need to be
removed for the mesh to be generated, see Fig 4.8.
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Fig. 4.8: The uncleaned blade as extracted from SW

If the SW generated blade is studied, it is obvithas the smallest area of all the faces occur
at the blade. The ANSA script (script) searchediersmallest face, makes it and its
neighbours visible and saves it in a temporarydiid loads the file. This makes the five
excessive faces in the middle of the blade to gheap After this, the solution is compressed,
which means that parts, property identificatior@(Pand points that have no use will be
erased.

A finite tip length is applied at the uppermostieh@dection to close the leading and the
trailing edge in SW. This hole needs to be fillBg.searching for holes smaller than the sum
of 10mm and 3% of the propeller diameter andlfiéirh, the script gets rid of this hole. The
resulting cleaned blade can be seen in Fig. 4.9.

Fig. 4.9: The cleaned blade as a result of the cleanupitigar

The best way to get a proper computational domefimition is to use a template. From the
methodology used when analysing the SMP’11 propedee section 4.1, a good setup could
be made. The methodology of how the template wakernan be seen in section 4.4.2. The
template contains among more things a domain, a-letitie, a shaft, a hub, different size
boxes and an empty PID named blades, all made agpfiopeller with a diameter of 2760 mm
and a hub with diameter 690 mm.

In the script this template file is merged to theaoed blade. The blade is put in the PID
blades. Two input dialogs asking for the hub arappler diameter shows up. When the
inputs are typed in, they are recomputed into deat®rs, which are based on the template
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hub and propeller diameter. The two scale factoys, anda,,,, are given by eq. 4.11 and
4.12.

_ inputyrop

%orov = "H760 (4.11)
_ inputyyp

%hub = 690 (4.12)

The shaft and the hub are scaled wifk),, and the rest of the parts except for the blades ar
scaled witha,,,.,,,. The code has now reached its first breakpoietdibmain is defined, the
geometry is clean and all the parts have propesPTDe next step is for the user to set up the
pitch, which can be done in many ways. A recommermtecedure for this is the procedure
presented in section 4.5.

4.4.2 The meshing template

The template mentioned in section 4.4.1 is desdrib¢his section. From the methodology
used when analysing the SMP’11 propeller, see@®dtil, a good setup could be made. The
only difference between the SMP’11 procedure amltédmplate was that the domain was
surface meshed with a uniform surface mesh inghwglate. This was because a size varying
mesh is unnecessary so far from the propeller lamdarge cylinder is not a complex
geometry.

The template was made as a regular ANSA-file. GrikeoBerg Propulsion’s standard hubs
with a diameter of 690 mm was used. Based on tiiss & propeller diameter (D) four times
the hub diameter, i.e. 25% hub ratio and thereb 188 mm, was assumed. Based on this
diameter and the proceedings of the SMP’11 propehe template could be set up with
properties as in Table 4.9 and Table 4.10. Notettlegavolume mesh and surface mesh
parameters in the template will scale in accordavitiethe scale factors mentioned in section
4.4.1.

The standard hub was cleaned and made to an sudate for simple intersection with the
blade foot. A shaft was connected to the hub. Fi§ 4hows the computational domain in the
template.

Fig. 4.10: The domain template, where the shatft is the sstaitture in the middle, the thick
lines are the size boxes and the thinner linesharénterface and the domain.
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To conclude the most accurate open water setuplaesrg study of some different possible
open water setup techniques was performed. Thedfi@sion to make was whether the shaft
should be long or short to yield accurate restillte propeller was set in a push configuration.
The shaft was altered from 1*D to 2*D length and tasults oK andK, was compared to

the model test results. Further, a comparison katwiee results when using a spherical and a
straight end cap was performed. This was testdd avibng shaft. The difference when
increasing the size of the MRF-zone by a factonias tested. This was only performed for
the short shaft with a spherical end cap.

The difference between the setups pointed towaedconclusion; the most accurate ones
generated a high load near the blade root. Therélfar setup was switched into a pull
configuration, which yielded the most accurate ltas@rhis was expected, since the open
water tests usually are carried out in this waye $pherical end cap did not affect the results
at all, but made the convergence faster. As a cuesee a pull configuration using a long
shaft with spherical end cap in a MRF-Zone witgtgliy larger diameter than the propeller
diameter was used for the open water configurdeaomplate.

All parts were named after representation to mahkedpenFOAM setup understandable. The
PID names were set to blades, hub, shaft, domdet, outlet and interface, where interface
is representing the MRF-zone. To simplify the megHunction in the script, a batch mesh
scenario was added to the template. A batch mestago is a tool where one adds a filter
finding a PID with a certain name, e.g. blades, thieth meshes this blades PID automatically
in accordance with the quality criterion, mesh seguirements and geometrical
representation requirements.

The size boxes were set behind the propeller disate a good resolution in the slip stream.
This was both for the computational accuracy amdHe visualization; it is beneficial to have
high resolution when e.g. rendering including aoedy field is performed. The size boxes
were set with a maximum volume element length @& in and 200 mm for the box closest
to and the one more downstream respectively.

Table4.9: The dimensions of the template file

Domain diameter 5D MRF-zone length 7D
Domain length upstream 5D Size boxes length, each 5D
Domain length downstream | 10D Size boxes diameter, each | D+0.25D
MRF-zone diameter D+0.25D | Propeller diameter, D 2760 mm

Table 4.10: The mesh settings from the batch mesh scenatiwitemplate file

Perimeter length [mm] | Surface mesh type | Surface mesh size [mm]
Blades 5to 50 CFD 5to 50
Hub 5to 50 CFD 5to 50
Shaft 50to 200 CFD 50 to 200
Interface | 100 CFD 5to 100
Domain | 1000 ADV. FR. 1000
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4.4.3 SurfaceMesh

This section describes the second part of thetsongkeSurfaceMesh, which performs a
surface mesh on blades hub and shaft. When thg scstarted, the blade, hub and shaft are
copy linked360° to form a full propeller. The link option was cleosto guarantee

symmetrical and faster meshing. Linking means ¢waty change made on the original blade
is automatically done on the link blades, so ifittesh should be manually improved, this

only needs to be done at one blade. After thisuaonaatic topology to get rid of single cons
followed by an automatic geometry cleanup, fixingoks, overlaps, needle faces, collapsed
cons and unchecked faces is performed. This i€ giratean geometry is demanded to make a
complete surface mesh.

The script sets the perimeter length with autom@i® spacing that should be used prior to
CFD-meshing. This is done making each of the @stiiub, shaft and blades visible one at a
time. A call for the batch mesh scenario predefimetthe template, resulting in a triad surface
CFD mesh follows after this.

The last breakpoint of the code is now reacheds givies the user the opportunity to inspect
and fix parts of the surface mesh that is foundatisiactory. Usually ANSA has problems
with meshing the leading edge. A recommended proeeir this is presented in Appendix
C.

444 Layersand Volume Mesh

This section describes the third and last parhefscript; layersAndVolumeMesh, which
makes prism layers on the surface and meshes thmeoThe script starts by reading a
preset quality criterion with fluent skewness @& Gnd maximum volume element skewness
of 0.85 from a predefined file. These criterionsdngaroven accurate before and allow ANSA
to make a good geometrical description. Everytisngade visible and the surface meshes
for all macros are frozen. The setup is merged aitbther template that is preset with a
layers batch mesh scenario. The settings of tieisas® can be seen in Appendix B. Since the
mesh was frozen, only layers will be generated wherbatch mesh scenario is started.

For the open water setup, three volume definitemesneeded. The first one is the inner
volume, which is the volume occupied between tipectp fluid layers (top cap) and the
interface. The top cap is a surface mesh lyingoprof the prism layers. The second volume
to define is the outer volume, which is the volumeeupying the space between the domain
and the interface. These volumes are defined is¢hpt by first making the top cap and the
interface being visible and make an auto detecaifdhe volumes. The same thing is
performed for the outer volume, but with only domand interface visible instead.

Since all the size boxes and element lengths osutfaces are set, the only thing needed is to
apply a volume mesh with a maximum element lerathd enough to give stable volume
meshing. A maximum size of twice the domain elenhemgth has proven sufficiently large to
give a stable meshing session. The defined volareeset up with the hexa interior mesh set
to a maximum fluent skewness of 0.85 and a grouatib of 1.2. The defined volumes are
meshed with these settings.
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The file is merged with a template only containihg PID names innerVolume and
outerVolume. The fluid layers and the inner voluane put in PID innerVolume and the outer
volume is put in outerVolume. The solution is copgsed to remove excessive parts and
PIDs. Finally the mesh quality is improved by aliogza node movement of maximum 0.2
times the local element length.

4.5 Open Water Test of CPP1
As stated, CPP1 was used to make the CFD ANSAtssgp section 4.4. The resulting mesh
after using the script can be seenin Table 4.11.

Table 4.11: The number of cells for the open water test of CPP1

Element type: # Cells
Surface mesh elements 270000
Prism layer elements 1350000
Total elements 8125000

The propeller was analysed in a pull-configurafimnthe points J=0.1 to J=0.8 with the
standard configuration presented in section 4.iwh viscosity and density matching the
ITTC-78 defaults in PROCAL, see Table 5.1.

The pitch was adjusted to yield accordance witmtloeel test. A cylinder with radius 1806
mm, computed using eq. 2.29, was made. The disfameetrailing to leading edge on the
cutting plane was measured, yielding a lateralamnexial distance between the two points. In
eq. 2.30 the axial coordinate (x) should be measur€artesian coordinates, but the lateral
distance (y) should be measured in cylindrical dowates, i.e. the y-distance is the arc length
described on the cutting cylinder. The problem s@sed by moving the aft most point of the
blade section forward the axial distance measurad.angle ¢) between the shatft line

centre, the axially moved aft most point and therwost point of the blade section was
measured, see Fig. 4.11.

Fig. 4.11: The angleg, is measured between the two white nes, Ieftnetgoes from the
axially moved aft most section point to shaft cerand the rightmost white line goes from the
shaft centre to the fore most point.

This angle was used to compute the arc length.) as in eq. 4.13.
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Lore = @1 (4.13)
Where¢p= the measured angle in radians and r is the raditithe cutting cylinder

Sincey = L, in eq. 2.30, eq. 2.30 and 2.31 gave the curréch pThe pitch before
adjustment was 0.774 and the required pitch fontbdel test was 0.788. Eq. 2.31 gave the
required pitch anglep,., = 19.7139°. The current angle was computed using eq. 2.38 fro
the measurement. It resulted in the current pitdiea¢, = 20.83°. The blade hence had to
be rotatedl.1161° around the y-axis.

4.6 Open Water Test of CPP2

CPP2 was used to validate the script and standenfibaration presented in section 4.4. The
script worked very well. First the clean blade baottvas pushed. The blade was intersected
with the blade foot using the procedure describpefigpendix D. The pitch was changed in
the same way as for CPP1. The blade foot was ettd to the hub in accordance with
Appendix D. After this, the makeSurfaceMesh-butt@s pushed. Everything except the
surface mesh at leading edge was meshed. Thisxeakif accordance with the procedure
described in Appendix C. Finally the layersAndVokiiesh-button was pushed, resulting in
a complete volume mesh with the proper PID-names.

One problem was that since the propeller was smialden the propeller used to write the
script and the surface mesh resolution was statcnumber of cells was fewer for this
propeller. This rises, as stated, no significargast on the results. Therefore the propeller
was tested with the smaller mesh size to save €&ftehours. The pitch was checked in
accordance with the method in section 4.5 and ithea the model test pitch setting. The
propeller was tested at J=0.0726 to J=0.9461 wittejp size of 0.1452. The resulting mesh
can be seen in Table 4.12.

Table 4.12: The number of cells for the open water test of CPP2

Element type: # Cells
Surface mesh elements 117000
Prism layer elements 584000
Total elements 4849000
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5 Proceedings of the Boundary Element Method

This section describes the proceedings of the emyrelement method. Section 5.1 starts
with describing how the open water test was peréatiior all propellers together, since this is
the first step that has to be done for all analygdsthe boundary element method. Section
5.2 continues with a description of how the caiotatest for the SMP’11 was performed,
which was a part of exploring the functionalitytbé boundary element method. A
description of how the open water test was autothedasidering both pre- and post-
processing is described in section 5.3.

5.1 Open Water Tests of the Analysed Propellers

The open water test for all the propellers usirgglibundary element method PROCAL was
performed in the same way, but of course with diffe parameters. First the geometry-file
was extracted using a pre-calculated Excel shahtallithe parameters given from the blade
design workbook. A new control file was made in REXQD.

The operation conditions were set to full scaleadi$ in accordance with ITTC-78 for CPP1
and CPP2, see Table 5.1. The SMP’11 propeller @tagp $n accordance with the operating
conditions in Table 3.2.

Table5.1: Default full scale operating conditions in PROCAL

Water density [kg/m3] 1025
Kinematic viscosity of water [m?/s] 1.14E-06
Atmospheric pressure [Pa] 102500
Vapour pressure [Pa] 1700
Surface roughness [um] 0.00003

The propellers were meshed in accordance with Lsogdd PROCAL developer’'s
recommendations, see section 2.3.2. The tip spacasgset to 0.3 and the TE-spacing to 0.06
times the recommended value. This was since expperiand previous validation studies have
shown to give good results with these settings.

The velocity was set to match the reasonably fogh0.5 = J, . A steady analysis was
performed and the wake panel and axial force ratisatibution were studied. If the curves
showed reasonably smooth distributions and theakednhdition was converged, the solution
was considered trustworthy. The Kutta condition seisto 0.001 and the jacobian
disturbance value was set to 0.0001 for all caffebe solution wasn't trustworthy, the
trailing edge spacing, tip spacing and tip choadtion were altered. Great care was laid on
getting the last trailing edge element skew angleet sufficient. This angle should be in the
interval 5° < B < 30° and preferably as close 30° as possible. This angle is mostly
affected by changing the tip chord fraction.

When the mesh was good enough the open waterowgst loe performed by simply inserting
the proper speeds matching the model test/j.e- JnD. If the solution was trustworthy for
all advance velocities, the solution was considemu/erged.

Table 52 shows the final open water mesh setups for the’$Mgropeller, CPP1 and CPP2.
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Table5.2: The open water mesh setups in PROCAL for the SMpBrbpeller, CPP1 and

CPP2.
Propeller SMP'11 CPP1 CPP2
Panels LE to TE 30 30 30
Panels Root to Tip 30 30 30
Spacing at LE 0.003 0.003 0.003
Spacing at TE 0.00126 0.00305 0.00400
Spacing at Root 0.00780 0.00302 0.00299
Spacing at Tip 0.003 0.003 0.005
Tip Chord Fraction 0.6 0.4 0.57

5.2 Cavitation Measurement of the SMP’11 Propeller

For the cavitation analysis of the SMP’11 propelRRROCAL was used. The cavitation
prediction had to be preceded by an unsteady neitatiag prediction to determine the non-
cavitatingK;, which was governing for the design point in ademice with Table 3.4. The
mesh setup for the cavitation free analysis wasémee as presented in

Table 52. The analyzed number of revolutions was six aedilmber of steps between
blades was twelve.

The speeds had to be altered to match the threistiigh. This was done in the same way as
for the velocity field measurement, i.e. the lineglationship between J aikg was used.

The atmospheric pressure was computed from théatiawvi number using eq. 5.1. [18]

Pa = 0.5p(nD)?ay, + p, — pgH (5.1)
Wherep, = the atmospheric pressurp;= the fluid density; == number of revolutions per
second; D = the propeller diametes; = the cavitation numben, = the vapor pressure; g =
9.81m/s? and H = the propeller submergence

Finally, a cavitation mesh was set up. When cawitashould be solved in a boundary
element method, the solution is very leading edgsisive. [11] For this reason, the number
of panels leading edge to trailing edge was ine@#s 70 panels and the leading edge
spacing was reduced to 0.001. The number of paoelgo tip was decreased to 20 to save
some computation time.

5.3 Automation of the Pre-and Post-processing

This section describes how the pre- and post-pstog®f PROCAL was automated. All
scripting were programmed in Visual Basic [26] (VBA&or a more detailed description,
example of a PROCAL control file and the VBA codee Appendix E.

5.3.1 ThePre-processing

PROCAL needs a control file and a geometry filpeéoform an analysis. By having those two
files preset with the open water proceedings fanrgkction 5.1 and exported to a location
where the analysis should be performed, the pregssing could be considered automated. A
grid dependence study needs to be performed beferapen water characteristics can be
analyzed. Therefore one regular control file witte speed and one control file with many
ship speeds were programmed separately.
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The geometry file was already pre-set in the degigrkbook when the automation work
started. Only the lines containing operating caadg and meshing parameters needs to be
changed in the control file. In PROCAL, both fils® read in the free format, i.e. spaces are
ignored. For this reason, the generation of therobfile was decided to take place in Excel.
By simply copying a control file from PROCAL, putin an Excel sheet and letting commas
be separators for new cells, the lines in the cbfite could be manipulated. The
recommendations in section 2.3.2 were appliedifemieshing parameters. The operating
conditions in the regular control file were seb®in accordance with the operating
conditions specified in the blade design shEgtRPM and reference velocity,( ;) were set

in accordance with eq. 5.2-5.4

RPM
= 5.3
"= 760 (-3)
Vieg =n*D (5.4)

WhereVs=the ship speed and w=the effective wake fraction

A new sheet for combined pre- and post processagymade in the design workbook; the
openWaterResults-sheet. This sheet was given the thput cells Jmin, Jmax and Jstep. The
names are quite self explanatory; the minimum aagimum value of the advance ratio and
the step size to be analyzed between these pbiotddsbe given. From this the number of
advance ratio steps is calculated by eq. 5.5.

. ]Max _]Min
—Hax Mg
]Step * (5-5)

A code developed to generate the open water cdileobads these four inputs, calculates
the ship speeds and puts them in order in the @ldiier in accordance with the demanded
PROCAL format.

To continue the analysis with the defined geomatry control file, some kind of export from
Excel to text files was needed. A script was m&de teads the cells in the Excel sheets and
saves them in a text file in a specified locatiathva format supported by PROCAL.

Three sub routines; one for exporting the geomeing, for exporting the regular control file
and one for exporting the open water control flas made. These subroutines were linked to
one button each in the geometry file sheet in #ggh workbook, see Fig. 8.59. The pre-
processing could now be considered automated, smgeopening PROCAL, hit the “mesh”
and the “perform analysis” button needs to be e $s get a completed analysis. This is
either for the design speed or for the completenapater diagram.

5.3.2 The Post-processing

With the pre-processing automated, it was time axerautomatic post-processing. The
PROCAL result files always have the same file nanie location of the files is known,
since the control and geometry file are put thewsenfthe automatic pre-processing.

A script for reading the results was made. Firspiens the results file. It loads it into Excel
and cleans it to get the values free from textrauntber separators. It searches for the cell in
the beginning and the end of the open water resatiBon in the file and gets the cell’s
addresses. An interval between these addressgsdtsied. Every line of open water data, i.e.
Kr, Ky andn,, ends with a right curly bracket in the resuk filf-cases determine whether
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the cell in the interval is a value or not. Ifsta value, the value is outputted in the PROCAL
results table in the openWaterResults-sheet. Whigghtacurly bracket is found, it switches
column and continues to print values. When threthage signs are found, the code stops.
Every if-case has a row counter that defines atlwhow the new value should be put. The
rows were set to run from 1 to nj.

By recording a macro that plots the results, s&srg Propulsion diagram template and puts
the plot in the openWaterResults-sheet in Excploting sub-routine was made. The sub
routine was declared as public and can thereblbedcfor the other result tables, i.e.
Wageningen Series, lifting line method and CFDc8ithe open water results predicted by
PROCAL are read, put in a table and plotted indiagign sheet at a button-click, the post
processing can be considered automated.
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6 Proceedings of the Lifting Line Method

This section describes how the lifting line metheas used. It was automated directly, so the
same procedure was used for all propellers. Thexefo sub sections are needed in this
section.

There were not many parameters to change in thienkf code. The developers strongly
recommended that the parameters shouldn’t be cbdarsget was decided to let the defaults
be trustworthy. [24] Only geometrical aspects néddebe changed to predict the open water
behavior of a propeller.

The lifting line software was provided as an Exeerkbook with macros. To call the macros,
the sheet had to be open and propeller geometwysriiad to be put at certain cells in the
workbook. The solution was to link the blade designkbook to the lifting line workbook.
Pitch, rake, skew etc. were called as functionsiftbe values presented in the blade design
sheet. With the proper values inserted in thditit workbook and théy .., /min @and
JstepValues from the openWaterResults-sheet insertecelsthe user only has to open the
lift line workbook and press the OW calculation-tout

The results from the lift line workbook are putarResults-sheet. A VBA code was made that
reads the values from the known starting row aridneo and ends at the known end column
and end row of the lift line results sheet. A sexggl for-loop running through first columns
and then rows was used to extract data at a spécdiwv and column in the lift line workbook
and put at a specified row and column in the opeeYResults-sheet. The code for data
extraction can be seen in Appendix F. The resutaeiing code was linked to a button in the
openWaterResults. Consequently only two buttond t@&e pushed to perform an open
water analysis with the lifting line method and tiwele could thereby be considered
automated.
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7 Proceedings of the Wageningen Series

This section describes how the Wageningen Serissuged for open water predictions and
how it was automated. Section 7.1 describes howMtageningen Propeller Series Program
was used on the SMP’11 propeller, since this wadithkt step in the exploration of the
program functionality. Section 7.2 describes howvrésults of the predictions were scaled to
full scale, since this was necessary for the ptiedis of CPP1 and CPP2. The final sections,
section 7.3 and section 7.4, describe how the aatiomof the Wageningen Series and the
full scale extrapolation was performed.

7.1 Open Water Prediction of the SMP’11 Propeller

The Wageningen series program Wageningen Projgsiees Program was used for the
SMP’11 propeller. The propeller has a PO7/D of %.68d a blade area ratio of 0.77896. Four
open water characteristics tables were extraciece sieither the blade area ratio, nor the
PO7/D could be calculated directly in the progrdime contains of the generated tables is
summarized in Table 7.1

Table7.1: A summary of the tables used for the Wageningesrpalations

Table: 1 2 3 4
EAR 0.75 0.9 0.75 0.9
PO7/D 1.55 1.55 1.6 1.6

One table was interpolated between table 1 and ®&blielding results at the proper blade
area ratio, but at too low pitch. Table 3 and 4 walas interpolated to yield another table with
the proper blade area ratio, but at another toodibeh. These two new tables with the too
low pitches were extrapolated into one table whi ¢orrect pitch.

7.2 Viscous Scale Effects Correction

Since the Wageningen results are given in modét sttee results needed to be scaled to full
scale to be compared to the CFD and the lifting firethod results. This was performed using
the equations described in section 2.7, whereuthedale values were taken from the
propeller to be analyzed and the model values tft@ymodel test reports. This had to be
done for CPP1 and CPP2.

7.3 Automation of the Pre-and Post-processing
This section describes how the pre- and post-psiog®f the Wageningen series was
automated. The VBA code that was made is presemt@dpendix G.

The Wageningen method consists, as mentionedlobfoh charts from which results can be
withdrawn as a function of pitch, blade area ratiamber of blades and advance ratio. Since
the Wageningen Propeller Series Program uses thegoials, the easiest way to automate
would be to program the polynomials directly intBA.. The polynomials are divided in two;
one forK; and one foK,. These polynomials were already at hand at Besgusion, so

they were programmed into separate VBA-functions.

The polynomials were programmed so that pitch,ék@a ratio and number of blades were
picked in the design-sheet. The remains w&randkK, as function of advance ratio. These
functions were called getKt and getKq in the coldee advance ratios were computed using
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eq. 5.5. They were programmed to be inserted iarardthe leftmost column of the
Wageningen table.

The VBA script loops through the given number efst of J and in each step it gets the J-
values from the column defined for the Wageningdatet K andK,, are calculated from
getKt and getKg. The open water efficiency is citad from eq. 2.22. Sinagg which is
used in this equation, wasn't declared in VBA, #sshardcoded as in eq. 5.6.

m = 4 x arctan(1) (5.6)

At each step in the loop, the results are insertékde proper columns of a table in the
openWaterResults-sheet in the design workbook. Sdript was linked to a button in the
openWaterResults-sheet. The open water charaatsr@stcording to the Wageningen Series
are hence both calculated and inserted in the nlegigkbook at a button click. Consequently
the pre- and post-processing were automated.

7.4 Automation of Extrapolation to Full Scale

The extrapolation to full scale was automated kst firogramming a public sub routine
containing the equations in section 2.7. Firsivéweables PO75/D, c075 and t075 in full scale
were needed. The values are only given at radaioses R0.7 and R0.8 in the design
workbook. To get the values at R0.75 a linear pution was made, where the sum of the
properties at each of the above mentioned radaiicses were divided by two. The diameter
and number of blades were also picked from thegdestieetk,, was set to 3@m. To get the
chord length at model scale, the c075 was dividethé model scale factor. The open water
efficiency was calculated as in section 7.3.

The function was programmed to get the values tschted, i.eKy andK,, as inputs
together with strings containing the places at Withe table with the scaled values should be
placed.

The subroutine starts by inserting the input J-@slu the leftmost column of a table in the
openWaterResults-sheet. The script then loops gifirtlue declared number of steps of J. The
corrections are made. The correci&d andK,s are inserted in the columns specified when
calling the sub routine.
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8 Results

This section discusses and presents all results tine project. Section 8.1 reviews the results
from the SMP’11 Workshop test cases. Section 828aB reviews the open water
characteristics results of CPP1 and CPP2 respictie overlay discussion of the four
methods can be read in section 8.4. Section 85/tdescribes what happens when the
automation scripts are used.

8.1 Results from the SMP’11 Propeller

This section is divided into three sub sectionshedescribing the results of one of the three
cases of the SMP’11 workshop. It should be notatldh analyses of SMP’11 was performed
as blind tests, i.e. no model test data was availahen the tests were performed.

8.1.1 Case?2.l: The Open Water Test

The first part of this section is describing theulting CFD grid and the results of the grid
dependence study for the SMP’11 open water predichfter this the validity of the CFD
and boundary element method setups are discussed tBey yield more setup sensitive
results than the other methods. Finally the resilGFD, boundary element method, lifting
line method and Wageningen Series predictions r@septed.

The final coarse and fine mesh for the open watgrdf the SMP’11 propeller are visualized
with a centre plane cut in Fig. 8.1 and

Fig. 8.2. As can be seen the most significanedzifice is the cell distribution. The resolution
close to the propeller and in the slip streamgsificantly refined for the fine mesh. The cells
in the domain region are slightly larger for theefimesh as well. The cells close to the
domain walls are slightly smaller than the freeaitn cells for both meshes. This depends on
the transition from the triads on the domain swefaesh to the hexahedrons in the free
stream volume; polyhedrons are usually smaller #tarctured hexahedrons.

Fig. 8.1: The coarse mesh for the open water test
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Fig. 8.2: The fine mesh for the open water test

The grid dependence comparison from J=0.6 to JsjBsented in Table 8.1. The results
are also plotted in Fig. 8.3. The grid dependeseery small; the result is almost unchanged
between the two meshes. The difference should dieperhe discretization error and the
resolution of the gradients in the slip stream. fidgggon around the propeller was also refined
more in the fine mesh. The gradients in this regioould also affect the results to some

extent.

s
=3}

Lo
=

=
¥}

Comparison; Coarse and Fine CFD mesh

—

10Kq

e 1
E \\\ CFD_Course
w
s 08 e e e e CFD)_FiniE
é /f_"
H_‘ 0,6 F=—— ETAo
g ’K

0.4 \

Kt
0.2
0
0.6 0.8 1 1.2

" Advance Ratio, J [-]

Fig. 8.3: A comparison between the coarse and the fine noeshd CFD simulation of the

SMP’11 propeller

Table 8.1: A comparison between the coarse and the fine ntethé open water simulation

of the SMP’11 propeller

Kt coarse Kt fine Kqg coarse Kq fine no. coarse No fine
0.6 0.624 0.623 1.431 1.415 0.416 0.421
0.8 0.504 0.505 1.190 1.189 0.540 0.541
1 0.392 0.397 0.970 0.984 0.643 0.643
1.2 0.287 0.289 0.770 0.778 0.712 0.710
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The y values at the blades for the coarse and the fahris presented in Table 8.2. They
differ more between the fine and the coarse mes ttine forces. The prism layers were of
the same size in orthogonal direction to the walldoth meshes. On the other hand, the
surface mesh resolution on the blades was highehédfine mesh.yis proportional to the
rate of change in normal direction to the walllod velocity parallel to the wall, i.e.

N ou
y dy

[25] With more points to measure the gradienthattall, the difference might be explained.

Table 8.2: The y-values at the blades for the coarse and fine raesbrresponding advance

ratios
J y' coarse y' fine
0.6 34 30
0.8 26 31
1 25 34
1.2 25 34

The axial velocity distribution of the open watesttat J=0.6 is visualized in Fig. 8.6. J=0.6
was the lowest advance ratio tested for the SMPprbpeller. As can be seen, quite an
amount of water is sucked in front of the propelldre velocity field looks reasonable; the
velocity is accelerated in the direction of thdamf velocity. A separation zone is developed
behind the shaft. This could be avoided if theesldFig. 3.3 was modeled. It affects the
velocity field behind the propeller disc and theréie forces on the propeller, which to some
extent might affect the results. The separatioriccba reduced by replacing the flat end of
the shaft with a sphere. On the other hand theefonere computed over the blades only, so
the impact of the separation zone should be oflsimalificance.

The radial wake strength (PHIW) and radial axiatéo(,) distributions of the SMP’11
propeller a0.5/,,, in the PROCAL open water prediction can be sedfign 8.4. As can

be seen they are smooth and the maximum load appetre sections were most work
should be performed, vouching for reliable results.

Fx forJ = 0.600 vs /R Phiw for J = 0.600 vs /R
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Fig. 8.4: F, distribution to the left and PHIW to the right®s/,, for CPP1

The results from the CFD simulations compared ¢ontiodel test results can be seen in Fig.
8.5. As can be seen the prediction is very accunatieJ=1.4. Note again that this prediction
was performed as a blind test.
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Open Water CFD at Model Scale
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Fig. 8.5: The open water chart predicted by CFD comparedaddaitest results for the
SMP’'11 propeller

The pressure distribution on the pressure sideeobtades and hub in the open water test at
J=0.8 and J=1.4 is visualized in Fig. 8.7 and F@ respectively. As can be seen in Fig.
8.8, separation occurs at J=1.4 and not for a spefede/,,, , asin Fig. 8.7. The separation
after/,, . might be over predicted due to the fact that falttions are used and that the
flow is assumed steady. This is not true for tuebhak and especially not in model scale,
where the turbulent flow isn’t fully developed eywhere as the wall functions state. The
over predicted separation results in lower thriustce explaining thg, in the last point.
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Fig. 8.6: The axial velocity distribution for the open watest at J=0.6

Fig. 8.7: Pressure distribution of the pressure side fronotien water test at J=0.8 Note the
overall high pressure distribution.

Fig. 8.8: Pressure distribution of the pressure side fronoffen water test at J=1.4. Note the
low pressure region at leading edge, indicatin@ssjon on the pressure side.

The open water prediction of the SMP’11 propellgPIROCAL compared to the model test
results can be seen in Fig. 8.9. The predicti@uite accuratek, is slightly higher in the

prediction, resulting in a little lower efficiencyhis is reasonable since the hub is present in
the PROCAL computation.
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Open Water BEM at Model Scale
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Fig. 8.9: The open water chart predicted by the boundaryehmethod compared to model

The open water prediction of the SMP’11 propellgthe lifting line method compared to the
model test results can be seen in Fig. 8.10. Toyegtler predicted by the lifting line method
seems to be too heavy. It should be noted thatfteet from the hub is excluded in the model
test force measurement. This should of coursetregshigherK; than if the hub was present,
since the hub would work in the counter directidthe thrust. The lifting line results, on the
other hand, points in the opposite direction. Tkmnasof the propeller is belo@0°, which

test results for the SMP’11 propeller

should benefit the lifting line calculation.

Open Water Lifting Line at Model Scale

Fig. 8.10: The open water chart predicted by the lifting Imethod compared to model test
results for the SMP’11 propeller
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The open water prediction of the SMP’11 propellethe Wageningen series compared to the
model test results can be seen in Fig. 8.11.ignpkediction the propeller is too light, but the
efficiency until the design point is well predictelthe lightness of the propeller is expected,
since the pitch wasn’t corrected for camber inWegeningen prediction. The camber results
in a higher virtual pitch. No blade area correctraas applied either. These corrections could
result in more accurate predictions.

Open Water Wageningen at Model Scale
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Fig. 8.11: The open water chart predicted by the Wageningeesseompared to model test
results for the SMP’11 propeller

8.1.2 Case2.2: Velocity Field Measurement

This section first describes the resulting fine Imfes the velocity field measurement of the
SMP’11 propeller. After this the validity of thetap is discussed. The last part of the section
presents the results of the SMP’11 velocity fieldasurement and compares them to the CFD
predictions.

The fine mesh used in the velocity field measurdnseshown in Fig. 8.12. As can be seen,
the mesh is very refined in the slip stream regidns is for the velocity gradients close to the
propeller disc to be resolved and thereby presgrha tip vortex.

Fig. 8.12: The fine mesh used for the velocity field measureim
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The velocity, correspondink; and corresponding’ yor the fine mesh are tabulated in Table
8.3. Y tend to be higher than compared to the open weseilts, c.f. Table 8.2. This depends
on that the inflow condition was changed to a peaiifiguration with higher RPS and inlet
velocity than for the open water test.

Table 8.3: Velocities and correspondingKy and y for the fine mesh of the velocity field
measurement.

Va ) Kt v
7.204 | 1.25 | 0.2476 | 89
7.1867 | 1.25 | 0.2492 | 89

V, = 7.1867 was chosen as working point, since it was clagette thrust identityk; =
0.250. In Fig. 8.13 an iso-surface with helicity of 1&63 /s? is shown to visualize the
generated tip vortex. Helicity is the tendency @iagticle to perform cork screw motions,
which is exactly what happens to the particles tip aortex. The tip vortex is evident from
this figure. If the cell resolution would be higHarther downstream, the vortex would
probably continue a bit further.
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Fig. 8.13: Tip vortex with helicity of 15an?/s? at the working point

For a better understanding of the results, thd ariacity field is shown in Fig. 8.14, and the
pressure distribution of the propeller suction sgdeisualized in Fig. 8.15. As can be seen,
no odd separation occurs at the blades and theityefeeld looks stable. The boundary layer
on the shaft looks stable too. The low pressure zonthe shaft indicates separation, which
could have been avoided by setting the inlet ab#wnning of the shaft. This small
separation zone should not affect the results,ghpsince it is sufficiently far upstream, as
can be seen on the boundary layer in Fig. 8.14.

Fig. 8.15: Pressure distribution of the suction side at tbeking point for the velocity field
measurement
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The velocity field measurement at radius RO.7 anplx/D=0.1 downstream the propeller
disc is plotted in Fig. 8.16. The calculationmsa®th, which is an effect of the averaged
simulation (RANS). The prediction is quite goodcas be seen. The fluctuations in the
model test depends on that the measured turbuiemeal, and turbulence is fluctuating. The
tendency of the velocity field is definitely caudiyt the calculations.
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Fig. 8.16: The velocity field measurement results at RO.7lam@ x/D=0.1 for the SMP’11
propeller with non-dimensional axial, tangentiatiaadial velocities from the prediction
plotted against the model test. The thick line espnts the calculation and the thin,
fluctuating line represents the model test.

The velocity field measurement at radius R0O.7 anplx/D=0.2 is plotted in Fig. 8.17. The
tendency is captured, but it should be noted tiatip vortex in the interval50° < 0 <
—45° is not captured at all.
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Fig. 8.17: The velocity field measurement results at RO.7lam@ x/D=0.2 for the SMP’11
propeller with non-dimensional axial, tangentiatiaadial velocities from the prediction
plotted against the model test. The thick line espnts the calculation and the thin,
fluctuating line represents the model test.

The velocity field measurement at radius R0.97lame x/D=0.1 is plotted in Fig. 8.18. The
tip vortex is well captured. The axial field seeimspe a little under predicted. The fluctuating
behavior of the prediction should depend on thatstiiution wasn’t entirely converged in this
region. To achieve convergence there is hard.
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Fig. 8.18: The velocity field measurement results at R0O.9@lame x/D=0.1 for the SMP’11
propeller with non-dimensional axial, tangentiatiaadial velocities from the prediction
plotted against the model test. The thick line espnts the calculation and the thin,

fluctuating line represents the model test.

The velocity field measurement at radius R0.97lam@ x/D=0.2 is plotted in Fig. 8.19. Here
it is more evident that the tip vortex is dissoha@lane x/D=0.2. The tendency of the
velocities is captured until the vortex. The reakwrthe unresolved tip vortex will be
explained later in this section.
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Fig. 8.19: The velocity field measurement results at R0O.9@lame x/D=0.2 for the SMP’11
propeller with non-dimensional axial, tangentiatiaadial velocities from the prediction
plotted against the model test. The thick line egpnts the calculation and the thin,

fluctuating line represents the model test.

The velocity field measurement at radius R1.0 anplx/D=0.1 is plotted in Fig. 8.20. This
time all velocities seem well predicted. The flutians appear here as well as in Fig. 8.18.
This should also depend on the convergence.
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Fig. 8.20: The velocity field measurement results at R1.0lame x/D=0.1 for the SMP’11
propeller with non-dimensional axial, tangentiatiaadial velocities from the prediction
plotted against the model test. The thick line @spnts the calculation and the thin,
fluctuating line represents the model test.

The velocity field measurement at radius R1.0 anplx/D=0.2 is plotted in Fig. 8.21. As for
the other measurements at x/D=0.2 the tenden@uight, but the tip vortex is dissolved.
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Fig. 8.21: The velocity field measurement results at R1.0lame x/D=0.2 for the SMP’11
propeller with non-dimensional axial, tangentiatiaadial velocities from the prediction
plotted against the model test. The thick line @spnts the calculation and the thin,
fluctuating line represents the model test.

The axial velocity field downstream the propellescdwith the mesh visible is visualized at
x/D=0.1 in Fig. 8.22. As can be seen, the mesblug@en is high near the blades. The
convergence could have been disturbed by the e occurring between the blades. This
issue could have been solved by using a strictengdor the size box. Unfortunately this
problem was not noted when the results were suditt the SMP’11 workshop.
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Fig. 8.22: The velocity field at x/D:1 downstream the SMPgrbpeller disc with the
mesh visible and results &f— Vx/V.

The velocity field downstream the propeller disthathe mesh visible is visualized at
x/D=0.2 in Fig. 8.23. It is evident that the méslaoarser in this region, being the reason for
the dissolved the tip vortex. Again a size box vsitiicter mesh settings should be used to
avoid this.

Fig. 8.23: The velocity field at x/D:O.ownstream the SMPgrbpeller disc with the
mesh visible and results af— Vyx/V.

The velocity field at x/D=0.1 downstream with smued shading can be seen in Fig. 8.24 to
visualize the velocity field with resolved tip ver From this picture it can be seen that the
results from Fig. 8.16, Fig. 8.18 and Fig. 826 reasonable and that the gradients seem to
be dissolved near the large cells in Fig. 8.22.

Fig. 8.24: The velocity field at x/D=0.1 downstream the SMP{rbpeller disc and results of
1—Vg/V.
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8.1.3 Case2.2: Cavitation Tests

This section starts by showing resulting noncavitating and cavitating mesh of the SMP
propeller.lt continues with discussing the validity of théwgeand finally the results a
shown.

The noneavitating mesh used for finding the thrust idgnstshown inFig. 8.25. As can be
seen, the mesh is rather orthogonal everywherehndtioulcyield reliable results. Th
trailing edge spacing is reduced to capture thpelofthe sharknuckleat trailing edge
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Fig. 8.25: The non cavitating mesh for the cavitational ana

The cavitation mesh is shovin Fig. 8.26. Thignesh is the same as the -cavitating mesh,
but with increased number of els trailing edge to leading edge and decreaselhig@dge
spacing.

Fig. 8.26: The cavitation mesh for the cavitational anal

Table 8.4 showthe advance rio needed to fulfill the non-cavitatirtgrust identity for eac
of the three cavitation cases. As can be seenighest load occurs at case 2.3.1. Case .
is past the efficiency top point in the open waliegran, c.f. Fig. 8.5 meanin: that pressure
side cavitation coultbe expectec

Table 8.4: Velocities, corresponding J acorrespondindy to fulfill the thrust identity of
the cavitation free conditic for the three cavitation cax.

Case Va J Kt

2.3.1 6.269 | 1.00 | 0.387
2.3.2 7.986 | 1.28 | 0.245
233 8.987 | 1.44 | 0.167
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E, and PHIW atp = 0 for case 2.3.1 are shown in Fig. 8.27. The sasteilulitions, but for
case 2.3.2 and 2.3.3 are shown in Fig. 8.28 amqd &R9. These distributions vouch for
converged and reliable results. The smooth didiohwof Fy implies that the load is evenly
distributed over the blade radius with a maximablat approximatel9.7 < r/R < 0.85,
which is expected, since the pitch is highest is tbgion. The smooth distribution of PHIW
suggests that the wake panels are correctly disértband well described.
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Fig. 8.27: F, distribution to the left and PHIW to the rightdat= 0 for case 2.3.1
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Fig. 8.28: F, distribution to the left and PHIW to the rightdat= 0 for case 2.3.2
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Fig. 8.29: F, distribution to the left and PHIW to the rightdat= 0 for case 2.3.3

The zero degree position is characteristic foréds of the radial results, which hence would
be inadequate to include. The cavitation patteedligted and a sketch of the model test
results for case 2.3.1 can be seen in Fig. 8.86.chvitation pattern along the leading edge is
over predicted, a tendency that has been capt@feddd30]. The blade root cavitation and
the free stream cavitation were not captured irptieeiction. This could depend on the
detachment mode of the solver. In this calculatietachment was possible from leading edge
until 0.8 times the chord length. Another approaciuld be to start searching on the regions
of minimum pressure. The cavitatig was well predicted.
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Berg-PROCAL KT=0.3760 Case 2 J=1.0193, Kr=0.3735, 10K, = 0.9698, o, = 2.024

Suction side

KT=0.3760 Berg-PROCAL

Fig. 8.30: The cavitation pattern on the suction side predibie PROCAL to the left and
model test result to the right for case 2.3.1

The cavitation pattern predicted and a sketch®htlodel test results for case 2.3.2 can be
seen in Fig. 8.31. This is the design point, whachurs at a rather low load. Again, neither
the blade root cavitation nor the free stream atioih was captured. The cavitatiig was
not well predicted.

Berg-PROCAL p— KT=0.2425 Case 2 4 = 1.2686, Ky = 0.2064, 10K5 = 0.6312, 0, = 1.424

&

Fig. 8.31: The cavitation pattern on the suction side predibge PROCAL to the left and
model test result to the right for case 2.3.2

It should be noted that Fig. 8.30 and Fig. 818dwss only suction side cavitation, since
pressure side cavitation didn’t occur in the predits. Case 2.3.3, on the other hand, has a lot
of pressure side cavitation. PROCAL recognizes wiressure side cavitation occurs, but
cannot calculate it. Therefore case 2.3.3 did amexpected, show any cavitation at all.
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8.2 Open Water Results from CPP1

This section starts by discussing the results @témplate setup comparison mentioned in
section 4.4.2. After this the validity of the CFBdaboundary element method setups are
discussed. Further, the predictions from CFD, bampnélement method, lifting line method
and Wageningen Series are compared to model sdtg@and discussed. Finally results from
PROCAL predicted in model scale compared to magstiresults are shown to validate the
viscous correction script.

The comparison between the different setup metfamdte CFD-script open water setup
template can be seen in Table 8.5. As can be #ezdijfference between a MRF zone that is
1.5 times larger and a regular one gives negligiifference. The difference between the
short shaft and the long shatft is larger. This &hoéicourse depend on that the boundary
layer developed over the long shatft is larger,easing the load at the blade root. This
statement is strengthened by the comparison betthedong shaft with and without
spherical end cap. When the end cap is preseibdleat the root gets lower, since the
boundary layer gets smaller. The long shaft gagadBults closest to the model test,
suggesting that the development of a proper boyrdger is important for the results.
Therefore the pull arrangement, yielding the bestiits, was introduced.

Table 8.5: A comparison of the results when the open waterpseivere changed

J=0.499 Kt Kq y+ (blades)

Spherical end cap: 0.1579 0.0215 121
Spherical end cap, MRF 1.5 times larger 0.1579 0.0215 121
Long shaft: 0.1639 0.0229 121
Long shaft, spherical end cap 0.1569 0.0214 121
Pull arrangement 0.1616 0.2029 121

The averaged’walues at the blades for CPP1 from the open vpagtiction can be seen in
Table 8.6. As can be seen, tHevglues are reasonable and large enough to yikddbie
results with wall functions.

Table 8.6: The averaged‘walues at the blades for CPP1 from the open viestr

J 01 02| 03| 04| 05| 06| 0.7| 0.8
y" OW mesh 133 | 133 | 134 | 135 | 136 | 136 | 137 | 139

The axial velocity field at J=0.4 is visualizedrig. 8.32. As can be seen it looks
symmetrical and the velocity distribution is intué.

69



Fig. 8.32: Axial velocity field for CPP1 at J=0.4

The PHIW and, distributions of CPP1 &5/, in the PROCAL open water prediction

can be seen in Fig. 8.33. As can be seen thébdistm is smooth and the highest loads
occurs at expected radial sections.
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Fig. 8.33: Fy distribution to the left and PHIW to the right@s/,,,, for CPP1

The results from CFD at full scale compared torttoelel test results can be seen in Fig.

8.34.
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Fig. 8.34: The open water chart predicted by CFD in full scalmpared to the model test
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As can be seen, the simulation is very accutgjddiffers a little bit in bollard pull, which is
discussed further in section 8.3. This also happées/,, . , which is discussed further in
section 8.1.1.

The results from the boundary element method coedbtar the model test results scaled to
full scale can be seen in Fig. 8.35. As can ba Hezapproximation is very good. Bath
andK, are slightly over predicted until the design ppresulting in a slightly higher
efficiency. Note that this is for CPP1, which igeay smooth propeller.
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Fig. 8.35: The open water chart predicted by the boundaryamethod compared to
model test results scaled to full scale for CPP1

The results from the lifting line method comparedie model test results scaled to full scale
can be seen in Fig. 8.36. These results are gigntfy better than the results from the
SMP’11 propeller. The prediction tends to over oethe efficiency somewhere around the
design point. This is a result of a under prediéfgdThe skew of CPP1 &4°, which should
result in problems for the lifting line method.
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Fig. 8.36: The open water chart predicted by the lifting Imethod compared to model test
results scaled to full scale for CPP1
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The results from the Wageningen series comparétetmodel test results scaled to full scale
can be seen in Fig. 8.37. The prediction is quited. One large difference is the
measurement in bollard pull. This could depend @ af the model tests. Recall that the
Wageningen Series is based on model tests. Ome ohddel tests could have been
performed in a too small basin, resulting in theaa@small amount of water could be sucked
in the bollard pull condition, c.f. section 8.3should be noted that CPP1 is a very
Wageningen similar design. Note that it is harddourately measure bollard pull
characteristics in a model test.

The small difference for the other points probdldg within the larger hub; hub ratio of
CPP1 is 25.6% and hub ratio of a Wageningen prepesll18%. A larger hub gives lowk.,
but alsoK,,, and in combination results in a slightly lowefi@éncy [26]
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Fig. 8.37: The open water chart predicted by the Wageningeesseompared to model test
results scaled to full scale for CPP1

The results from the boundary element method atetrsxhle compared to the model test
results can be seen in Fig. 8.38. This validdtesatitomated viscous correction method, see
section 7.4. The correction seems to follow thdt liuicorrection from PROCAL if Fig. 8.38
is compared to Fig. 8.35.
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Fig. 8.38: The open water chart predicted by the boundaryatdmethod in model scale

compared to the model test results for CPP1
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8.3 Open Water Results from CPP2

This results section discusses and shows the sesfutPP2. First the validity of the boundary
element method and CFD setups are discussed.tAisethe predictions from CFD, boundary
element method, lifting line method and Wagenin§enes are compared to model test
results and discussed. Finally, results from PRO@#Addicted in model scale compared to
model test results are shown to validate the vis@aurection script.

The averaged'yalues at the blades for CPP1 from the open vpaggtiction can be seen in
Table 8.7. As can be seen, tHevglues are reasonable and large enough to yikddbie
results with wall functions.

Table 8.7: The averaged‘yalues at the blades for CPP2 from the open vpaégtiction.

J 0.0726 | 0.2178 | 0.3636 | 0.5103 | 0.6531 | 0.7988 | 0.9461
y+ OW Mesh 148 146 146 148 150 151 155

The axial velocity field at J=0.5103 is visualized~ig. 8.41. As can be seen it looks
symmetrical and the velocity distribution is intué.

The PHIW and, distributions of CPP2 &5/, inthe PROCAL open water prediction

can be seen in Fig. 8.39. As can be seen, a kmatkle in theF, distribution appears. This
is a result of the high unloading at the uppermagial sections of CPP2. Experience says
that this should have a small impact on the results
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Fig. 8.39: Fy distribution to the left and PHIW to the rightts/,,, _for CPP2

The results from CFD at full scale compared tortfuelel test results can be seen in Fig.
8.40.
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Fig. 8.40: The open water chart predicted by CFD in full e@mpared to the model test
results scaled to full scale for CPP2

The results are very good except for in bollard,@d noted for CPP1, and the last point after
Jnmar: @S Noted for both the SMP’11 propeller and CHAP&. problem in bollard pull
originates in the domain size. When the domainwag the same as for the other measuring
points, i.e. J=0.21278 to J=0.9461, the solutionldwt converge. The final axial velocity
field after several thousand iterations look aBign 8.42
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Fig. 8.41: Axial velocity field for CPP2 at J=0.5103

Fig. 8.42: The axial velocity field of an unconverged bollgnal solution of CPP2. Note the
unsymmetrical shape and the unrealistic velocities.

The velocity field is unsymmetrical and the vel@stindicate a swirling motion in the flow.
The velocity on negative x-coordinates has oppasife to the velocity on positive x-
coordinates. (Note that x is in a lateral directom z is in the axial direction) This is exactly
the problem; to operate in bollard pull, the prégreheeds a large amount of water to suck in.
Since the domain is too small to provide enouglemwapstream the propeller, it tries to suck
water from the rest of the domain, and hence thdiswmotion. The remedy was, as

mentioned, to significantly increase the size efdlomain. This resulted in a more realistic
velocity field, see Fig. 8.43.

Fig. 8.43: The axial velocity field of a bollard pull solutiawith increased domain size. Note
the large region of water sucked into the propeller

As can be seen, the velocity field looks much motative. The difference i, from the
prediction compared to the model test could demanthat the velocity is very low in bollard
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pull. K, is depending on the viscous forces to a largengxémd at low velocities the viscous
forces are even more pronounced. Since a lot of issumptions are made on the viscous
part, a viscous dominated flow might be incorrepilgdicted.

The results from the boundary element method aséalle compared to the model test results
can be seen in Fig. 8.44. The results are agajnaceurate. It should be noted tigt is

slightly over predicted all the wai(; is slightly under predicted until J=0.4 and theghdly
over predicted. The open water characteristics afte  is well predicted.
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Fig. 8.44: The open water chart predicted by the boundary@amethod compared to
model test results scaled to full scale for CPP2

The results from the lifting line method comparedite model test results scaled to full scale
for CPP2 can be seen in Fig. 8.45. The differemsggnificant. This most probably depends

on the high skew of CPP2; the skewt®, which is twice as much as the lifting line method

should be able to handle.
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Fig. 8.45: The open water chart predicted by the lifting Imethod compared to model test
results scaled to full scale for CPP2
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The results from the Wageningen series comparétetmodel test results scaled to full scale
can be seen in Fig. 8.46. These results suffem thee same problem in bollard pull as for
CPP1. The efficiency is over predicted after thgigie point as an effect of an under predicted
K,. It should be noted that CPP2 is very differeatrfra Wageningen propeller design.
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Fig. 8.46. The open water chart predicted by the Wageningeaescompared to model test
results scaled to full scale for CPP2

The results from the boundary element method atetrsxhle compared to the model test
results can be seen in Fig. 8.47. These resulégdm confirm the validity in the automated
viscous correction method in the same way as f®®XCe.f. Fig. 8.44.
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Fig. 8.47: The open water chart predicted by the boundaryahdmethod in model scale
compared to the model test results for CPP2
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8.4 The four Methods in Comparison
This section compares the four open water predictiethods between them based on the
results presented in section 8.1 to section 8.3.

An overlay plot of all the four methods with theegdiction ofK; plotted against J for all
propellers can be seen in Fig. 8.48. As can be, $&¥€D is closest to the model test results.
The boundary element method (BEM) is quite close@s This is valid for all three
propellers. For the SMP’11 propeller, the liftingd method (LL) is over predicted and the
Wageningen Series (WS) is under predicted. For GREICPP2 both WS and LL are under
predicted. The under prediction of them is mostificant for CPP2.
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Fig. 8.48: An overlay plot ofK for all the four prediction methods

An overlay plot of all the four methods with theediction of10K,, plotted against J for all
propellers can be seen in Fig. 8.49. Again itoted that CFD gives the most accurate results
for all propellers. BEM slightly over predicts fall cases. LL is highly over predicted for
SMP’11, quite good for CPP1 and under predictedCi®P2. WS is really good for CPP1 and
CPP2 and highly under predicted for SMP’11.
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Fig. 8.49: An overlay plot of10K, for all the four prediction methods

An overlay plot of all the four methods with theegrction ofrn, plotted against J for all
propellers can be seen in Fig. 8.50. Here all ouslare quite accurate. It should be noted
that/,,,.. is predicted to appear later in LL for all proeedl, and a higher maximum
efficiency is suggested. This is also true in WSG&P2.
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Fig. 8.50: An overlay plot ofm, for all the four prediction methods

The CFD method applied in OpenFOAM is very accuraggarding the open water
predictions. The only points differing from the nebtest results were in bollard pull and after
Jumae- 1t Should be noted that OpenFOAM can be usednfamy other applications than just
predicting the open water characteristics, as setdre SMP’11 results section. A velocity
field could be measured with accurate results asxample. It is also always possible to see
why the results differ, e.g. the physical explamanf the separation aftgy, in section

8.1.1 and the reason for the dissolved tip vorted[2=0.2 in section 8.1.2. The largest
drawback with CFD is the computational cost. Anropater chart with eight advance ratio
steps takes about a week to analyse and the setegan be quite extensive as well.

The boundary element method tool PROCAL is quitaieate. It is not as accurate as CFD in
predicting open water characteristics, but it teeaclose. One drawback when comparing the
open water characteristics predictions is thatai$ wot possible to in a simple way just
remove the hub from the results as in the CFD cdatioun in section 8.1.1. This is the major
drawback with PROCAL compared to CFD; simulatioost$ide the box” are not possible.
The largest benefit of PROCAL is the low computadilbcost; an open water chart with eight
advance ratio steps takes about two minutes torgetsetup time can be rather extensive
sometimes, but not in the near field of CFD.

The reason for that the CFD and BEM methods uséuisrthesis project was so accurate
depends on that the flow was pressure driven. Xhetgotential flow problem for propellers
modelled in PROCAL accurately predicts the pressonees, since it is derived directly from
the Navier-Stokes equations, only neglecting viggo$he pressure was also well modelled
in the CFD method. The major difference betweemtlkéhods is how viscosity is handled. In
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PROCAL it is analytically corrected. In OpenFOAMtMiulence models were used. The
turbulence models could be seen as a more acausat®is correction.

The lifting line method program used in this proj@@as not very accurate. For two out of
three cases, the differences between the modektadts were significant. There was no way
to logically explain the difference in the resudtther. The setup time for the lifting line
method was very short and the computational costextremely low, on the other hand.

When using the Wageningen method, the computatmosland setup time was extremely
low. The results were rather accurate when thegii@pwas similar to a Wageningen design,
but less accurate otherwise. This deficiency ctwldolved using different corrections for
e.g. camber induced pitch, hub ratio and skew.

8.5 The Final Performance of the CFD Automation

This section describes what the CFD-automatiompsperforms when it is used. For a more
detailed description of the code, see sectionFrdt a script generated blade from solid
works on .IGS-format is provided, see Fig. 8.51.

8.51: The unclean blade as generated from SW.

The cleanBladeUntilPitchSetting is pushed. The dopMRF-zone, shaft, hub and blades are
fixed. The blade is ready for pitch setting, seg F8.52 for the result.

8.52: The blade cleaned until pitch setting

The pitch is adjusted manually, perhaps following procedure in section 4.5. The blade
should be intersected to the blade foot and théeblaot to the hub manually as well. As a
suggestion the procedure in Appendix D should leel dsr this. Fig. 8.53 shows a blade
intersected to blade foot and hub.
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53: The pitch adjusted blade intersected with the hub.

Fig.

The surfaceMesh button is pushed. Everything nmbghdurface meshed. The mesh quality
could become poor or unmeshed in a few regions. &i§4 shows the result.

Fig. Surface mesh with unmeshed leading edge macro.

The obvious meshing problems or unsatisfactory ggnoal descriptions should be fixed
manually. If the problem is at leading edge, theomemended procedure in Appendix C might
be handy. Fig. 8.55 shows a finished surface mesh.

Fig. 8.55: ompleted surface mesh, ready for volume medhagers

The layersAndVolumeMesh-button is pushed. Thedtegis of automatic surface mesh
cleanup, layer generation and volume meshing i®peed. The completed mesh can be seen
in Fig. 8.56
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B Fig. 8.56: The completed volume mesh

The result could be outputted to e.g. the OpenFQéibplate-folder containing the most
common boundary conditions. If no pitch settingegeded and the user is familiar with the
intersect function in ANSA and no big problems aoshen surface meshing is performed,
the estimated working time using the script is S53fiQutes. The whole mesh is completed
within 15-25 minutes.

8.6 The Final Performance of the Boundary Element A utomation

The propeller design is finished in the design shBEee user wants to perform a boundary
element method analysis. In the PROCAL sheet, tiiibs Export Geometry and Export
Control File are clicked. PROCAL should be staded file-new-add existing file should be
chosen. The User goes to the propeller dialog #mddsh now and after that output-export.
After this it is only to click “procal analysis” dnwvait. When the analysis is done, the load
PROCAL results button has to be clicked from then(aterResults.

If a full open water chart is wanted, thg., /uin @and/s..,values should be set. Then the
Export OW Control button should be clicked. Theasame procedure as in the paragraph
above should be repeated after this. The compfeta water table is tabulated below the
“Get PROCAL Results’-button when pressed, see Bi§7.

Get PROCAL Results Elol

PROCAL:

J Ki_Procal 10Kg_Procal ETAo_Procal
0.07 0.5306 0.854 0.07179
0.15 0.498 0.8033 0.1433
0.22 0.4652 0.7519 0.2145
029 04321 0.6997 0.2854
0.36 0.3986 0.6467 0.3561
0.44 0.3647 0.5927 0.4266
0.51 0.3297 0.543 0.4911
0.58 0.2937 0.4969 0.5464
065 0.2562 0.4522 0.5892
073 0.2178 0.4049 0.6216
0.80 0.1789 0.354 0.6423
087 0.1393 0.2992 0.6456
0.94 0.09908 0.2404 0.619
102 0.05809 01775 0.5295

Fig. 8.57: The generated table after pushing the Get PROCé&dufs-button

If the user wants to plot it, the button plot sttbhé hit. An open water chart is generated, see
Fig. 8.58.
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Get PROCAL Results Bl

PROCAL input for CFD
] Ki_Procal 10Kq_Procal ETAo_Procal Tpres (N1 [TviscIN] |Q
007 0.5306 084 0.0717%

015 043 06033 0.1433
022 04652 0.7519 0.2145
029 04321 0.6997 0.2854
036 0.3986 0.6467 0.3561
044 0.3647 0.5927 0.4266
051 0.3297 0543 04911
058 0.2937 0.4969 0.5464
066 0.2662 04622 0.5892 120464 -1612.13]
073 02178 0.4043 0.6216
080 0.1789 0354 0.6423
087 01393 0.2992 0.6456
094 0.09908 0.2404 0613
102 005809 0.1775 0.5295

__ OpenWater PROCAL
> | e
N |

e

2 Nkt Procal

——10Kq_Procal

Kg ™ ==ETAS_Procal

\ ~

0,50
Title

Fig. 8.58: The generated open water chart after pressingltitdoutton

It should be noted that the mesh performed by tive generated control files are just good
guesses. The results still need to be reviewedR@®AL. The radial axial force and wake
panel distributions should be studied as well asdhtta condition.

8.7 The Final Performance of the Lift Line Automati  on

The user has completed the propeller design. loplea\WaterResults sheet, the wanted
minimum, maximum and step of advance ratio, Jnisred. The lift line workbook is opened
and the OW calculation button is pressed. The @et.ine Results button is pressed in the
design workbook and the results are loaded toahle in the same way as for the PROCAL
results. If a plot of the results is wanted, that plutton is pressed and an open water chart
appears on the screen.

8.8 The Final Performance of the Wageningen Automat ion

After insertion of the propeller design in the @@sworkbook /.y, Juin @Nd/seep is inserted

in the openWaterResults sheet. The button Get Wiagem Results is pressed. The model test
as predicted by Wageningen appears in the tabasbtide button. If the results should be
scaled to full scale, the ITTC-78 button is press®dable with the full scale Wageningen
prediction is outputted below the button.

If any of the results should be plotted, the plottein besides the table generating buttons

should be pressed. An open water chart is generéhedfinal interface for Wageningen, Lift
Line, PROCAL, model test and viscous scaling casd®n in Fig. 8.59
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Fig. 8.59: The complete interface for Wageningen, Lift LIRROCAL, model test and
viscous scaling.
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9 Conclusions and Future Work

Firstly the conclusions of this thesis work aréelismethod for method in this section. If the
conclusion only regards the specific method usdderthesis work, this is explicitly
mentioned after the conclusion. Finally recommeiodatregarding future work are
presented.

The main conclusions that can be drawn about tHe-@Ethod are that the CFD-method:

is the most accurate among the compared methodsdieg open water
characteristics predictions, but has the very lsghemputational cost

might have long setup times

can accurately predict the velocity field downstnethie propeller disc if the mesh
resolution is high enough

is good for “out of the box” predictions, such asdgicting the characteristics from an
odd design or removing the hub from the force tssul

gives the possibility to visualize problem areagshsas separation zones

has problems with predicting bollard pull and eéfiecy afterf,  — (assuming that the
model test measurements are correct and thatsheus corrections apply in bollard
pull, which might be an incorrect assumption). Téosclusion only regards the
method applied in this thesis.

could be automated regarding pre-processing fon @@der predictions, leaving only
two manual moments; intersect the blade to theebladt and hub and check the
surface mesh, saving at least five hours of mawoek and guaranteeing consequent
setups. This conclusion only regards the methotleapm this thesis.

The main conclusions that can be drawn from thenbary element method are that the
boundary element method:

is almost as accurate as CFD regarding open waégacteristics predictions and has
significantly lower computational cost

has much shorter setup time than CFD

tends to over predict sheet cavitation at the legdige at a high load. This
conclusion only regards the method applied in tthesis.

is a good tool for early propeller performance jrgons

could be automated both in regard to pre- and pastessing, saving some time and,
more importantly, reducing the risk of setup errditsis conclusion only regards the
method applied in this thesis.

The main conclusions that can be drawn from thiedjfine method applied in this thesis are
that the lifting line method:

was not very reliable regarding open water charaties predictions.

has a very short setup time

has inaccuracies that do not solely depend onrtieat of skew

has no relationship in whether the method will pred too light or too heavy

propeller

tends to predict a latgy, —and a highenyq,

could be automated both in regard to pre- andpastessing, which saves some time

Note that all the above conclusions regardingiftiad line method might only be true for the
method used in this thesis.
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The main conclusions that can be drawn from the&Nexgyen Series are that the Wageningen
Series:
» is accurate for Wageningen similar propeller design
» should be corrected if the propeller designs agsigthilar from Wageningen designs
* has an extremely low setup time
» does not need a complete geometry; only pitch,ebéada ratio, number of blades and
advance ratio are needed to make a prediction
* isvery useful at an early design stage due téotivenumber of inputs
* is useful to get an indication of whether the PRQEZD results are correct
* could be automated both in regard to pre- andpastessing, which saves some
time.

The final recommendations of how the tools and ifipauethods studied in this thesis should
be used are that:
« the Wageningen Series should be used for predgtaoa very early design stage and
to check whether the other predictions are witkespnable values
» the boundary element method should be used wheprdlpeller design is finished
and more reliable open water predictions are needed
e the CFD method should be used when more odd desigmgd be tested or when
exact guarantees of open water performance sheukebved.

There are some aspects that should be performietuas work after this thesis. The volume
mesh close to the propeller disc in the veloc#ydfimeasurement should be improved. This
could solve the convergence issue at x/D=0.1 aswlve the vortex at x/D=0.2. To get better
results in bollard pull and aftgg, , the wall could be entirely resolved. It wouldatse
interesting to perform an analysis with a fully aegdral mesh to improve the results. A
comparison between the MRF results and resultsaviiiding mesh would also give better
understanding in the level of approximation. Thepsshould be rewritten to handle the
periodic boundary condition as soon as the bugNIBA is fixed. This allows as many more
times higher cell resolution as the number of kdaafethe propeller. It is a qualified
approximation as well; the analysis is steady amth the results won't be affected by the
symmetry assumption.

The cavitation analysis should be tested with amum pressure detachment mode in
PROCAL. This could solve the issue with the misskedle root and sheet cavitation on the
trailing edge. It would also be valuable if a twaage modeling of the cavitation computation
was performed in CFD to get a comparison betweemtbthods in that respect.

The lifting line method should be tested with amothoftware and a deeper investigation
should be performed to understand why the restdts@unreliable. The Wageningen Series
should also be tested with corrections appliedHerpropellers to get a better insight in the
capabilities of the tool.
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