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PREFACE

This report is the result of my Master’s thesis project for the two-year MSc program Ship Design at
Alesund University College (HIA).

The motivation for me to cover this topic is to fully develop the capability of dealing with marine
engineering problems with the state-of-the-art CFD (Computational Fluid Dynamics) tools. In this
report, a number of systematically varied propellers were analyzed numerically and validated
against experimental results, with primary focus on the problem of scale effect.

This MSc thesis is originated from the research project PROPSCALE (Full Scale Performance
Prediction for Energy Efficient Ship Design), 2013-2016. Led by MARINTEK, the project involves
research partners including CSSRC, NTNU, HIA and TUHH, in collaboration with the leading
Norwegian industrial partners like Rolls-Royce Marine AS, etc. Its primary objective is to acquire
theoretical knowledge and develop practical methods for the accurate prediction of vessels
equipped with novel energy efficient propulsion systems in full scale, and to quantify scale effect
on propulsive characteristics of these vessels through the development and application of CFD
methods.

| wish to express my sincere gratitude to my supervisor, Professor Karl Henning Halse, for providing
suggestion and help throughout the project. | am also very grateful to Dr. Vladimir Krasilnikov,
manager of the project PROPSCALE. Maine application of CFD method requires large amount of
best practices, | have greatly benefited from his generous support and valuable comments during
the research.

Alesund, May 25, 2015.

Zicheng Chen
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ABSTRACT

The performance prediction of marine propulsor has long been assessed by means of model test.
Due to the larger difference in Reynolds number between model and full scale, the traditional
extrapolation of measured force to full scale may be questionable, which implies knowledge
investment into the scale effect on propellers. In the report, a number of propellers with blade area
ratio variation were analyzed systematically by a RANSE method, the obtained numerical results
agreed with the towing tank test fairly well. Parts Based Meshing technique is utilized for the highly
automated mesh generation in model and full scale. The concerning scale effects due to blade area
ratio variation are demonstrated and explained by comparing open water characteristics including
thrust, torque, and pressure distribution, etc. The study indicates that trailing edge radial flow
behavior contributes a lot to the propeller scale effect.
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TERMINOLOGY

Symbols

r Circulation

Bi Section hydrodynamic pitch angel [deg]

T Propeller thrust  [N]

Q Propeller torque [N * m]

3 Lift to Drag ratio

z Number of blades

Mo Propeller efficiency

D Propeller diameter  [m]

n Propeller rotational speed [HZz]

A Advance speed [m/s]

p Water density [kg/m3]
Water dynamic viscosity  [Pa-s]
Water kinematic viscosity — [m?-s™!]

Ky Propeller thrust coefficient

Ky Propeller torque coefficient

J Advance Coefficient

Re Reynolds number

div Vector operator

U Velocity vector

¢ General scalar conserved property

fo Maximum section camber

X, Propeller section rake

b, Chord length

e, Max thickness

T Propeller section skew

Cy Pressure Coefficient

Cer $yy G2 Vorticity component in three direction

6 Boundary layer thickness  [m]

Abbreviations

BAR Blade area ratio

DNS Direct Numerical Simulation

LES Large eddy simulation

RANS Reynolds Averaged Navier-Stokes
CPP Controllable pitch propeller

FPP Fixed pitch propeller

TKE Turbulent kinetic energy

CFL Courant number
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1. INTRODUCTION

The global shipping transportation has been increased significantly in the past decades. This raises
significant concerns in the society regarding the environmental impact of sea operations. As a result,
the shipbuilding industry is facing an ever more challenging regulatory leading to drastic reductions of
emissions of pollutants. Therefore, it requires further development of new energy efficient designs of
vessels and propulsion systems. This, in its turn, requires accurate prediction of vessels equipped with
novel energy efficient propulsion systems in full scale.

Nowadays, the performance prediction of propulsion system is still mainly based on the results of towing
tests, open water tests and self-propulsion tests in model scale. Due to the larger difference in Reynolds
number between model and full scale, the traditional extrapolation procedure may be inadequate to
capture the scale effect on characteristics of propellers, which can be extremely complicated by propeller
geometry and the interaction among blades, duct and hull structure in some cases.

In recent years, significant progress has been made in the scale effect on marine propulsor by means
of CFD methods. Krasilnikov et al. [1], has studied the influence of blade skew on scale effect using
FLUENT solver with the SST k-w model. Investigations on the scale effect of ducted propellers was
carried out in Abdel-Maksoud et al. [2] and Krasilnikov et al. [3].

In the present study, numerical simulation with systematically varied propellers are performed in the
commercial code STAR-CCM+, which solves RANS equations in their integral form, by means of Finite
Volumes methods. Highly automatically mesh generation is also realized, due to the Parts Based
Operation functionality in STAR-CCM+. The numerical simulation is performed as implicit unsteady,
velocities and pressures are solved in a segregated flow, and then coupled by means of the SIMPLE
algorithm. SST k-w turbulence model is selected for its better performance compared to other two-
equation models when boundary layer flow is under adverse pressure gradients (e.g. separation), which
is expected under heavy loading condition.

Scale effect on propeller open water characteristics were studied in this project, nevertheless open water
characteristics are not always sufficient for an adequate propeller design which should account for the
interaction between propeller and ship hull, however this is not addressed in this paper. When applying
CFD methods with assumption of fully turbulent flow to predict propeller performance in model scale,
one should be aware that laminar flow zone can exist during model test, this will contribute to the
difference between numerical and experimental results. It requires more advanced transition model to
capture this effect. When applying the numerical results in full scale to practice use, one has to take
consideration of roughness effects. Besides, other effects like propeller cavitation has a considerable
impact on the propeller performance under certain conditions, this requires additional investigation in
future.
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2. BACKGROUND AND THEORETICAL BASIS

The propeller, whose name comes from the Latin “propellare” (to drive forward) is a very old idea.
It was however at the beginning of the 19th century, when a suitable power source-the steam
engine-was developed that an efficient screw propeller was produced, AB Volvo Penta [4]. Most
marine vessels are fitted with propulsor to overcome resistance as it moves forward. Meanwhile,
operations like maneuvering and station-keeping also require this kind of robust driving source.

2.1 Propeller theory

2.1.1 Working Principles

A propeller creates pulling power by moving water and creating a column of water behind it. Hence, the
accelerated water will generate a counterforce on the blade, which forms the so-called blade force. As
shown in Fig.2.1, the propeller’s blade force which is caused by the pressure difference between the
blade’s pressure and suction side, can be split into two parts. Axial component makes up the thrust, and
the other tangential component constitutes the torque. The thrust and torque in their non-dimensional
form are among the most important values describing the propeller’s performance.

Friction

Figure 2.1 Blade force diagram Figure 2.2 Water column in propeller slipstream

Behind the propeller, the increased water cylinder moves both axially (equivalent to the propeller’s thrust)
and in a rotational direction (equivalent to the propeller’s torque). Hence, the water cylinder or column
has a kinetic energy. See Fig.2.2. The kinetic energy in the outgoing column is an important part of the
propeller’s energy diss. Other losses are friction when the blades cut through the water, flow separation
due to vortex and cavitation bubbles at the blade.

There are several terminologies to define the propeller's characteristics such as: diameter, pitch, blade
area ratio, rake, skew etc. All these characteristics are calculated and optimized to design the propeller
accordingly to specific needs of the customer and the ship characteristics. The propeller’s blade area
ratio BAR is a parameter used to relate the size of a blade to its diameter, see Figure 2.3. It is a term
used to denote the ratio of expanded area Az to disc area A4,. If one knows the blade width at 70% of
the propeller radius then the blade area ratio is expressed as:
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Ag Blade width
BAR = — = 0.43 X No.blades X ——

211
A, Diameter ( )

BAR is critical to the control of cavitation and changes of BAR affect propeller’s efficiency a lot. In the
present paper, three types of propellers with systematically varied BAR will be investigated.

Disc Area

Figure 2.3 Blade area and disc area

2.1.2 Blade element theory

Blade element theory is a mathematical process originally designed to determine the behavior of
propellers. It involves breaking a blade down into several small sections then determining the forces on
each of these small blade elements.

The lift force generated on each blade section due to the pressure differential on the suction and
pressure side of propeller, can be derived from the famous Kutta—Joukowski theorem:

dL = pVgliyydr (2.1.2)
where T is the circulation, V; is the flow velocity. At the same time, there will be a drag force with the
direction normal to the lift force and coincident with incoming flow. The Drag component is caused by
viscosity and will be affected greatly by Reynolds number. According to blade element theory, a typical
propeller blade section at the radius r and the corresponding velocity diagram are shown blow.

dl ————dl,

Figure 2.4 Blade element theory

From the plot, one can easily find the lift force d;, and drag force d, with their components in axial
and tangential direction. The resulting thrust and torque can be expressed as:
dT =dL, —dD, = dL cos ; — dD sin f3; (2.1.3)
dF =dL; +dD, = dL sin 5; + dD cos f5; (2.1.4)
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where dL = pViIdr, p; is the section hydrodynamic pitch angel. The related torque for the blade
section dQ = rdF. Finally, the total thrust of the propeller will be the integration of axial lift vectors for

the sections from root to tip.

T=Z-J-RFL ccosB;- (1 —etan ;) - dr (2.1.5)

TH
R
Q=Z-J- Fy-sinB;-(1+ecotB;) r-dr (2.1.6)

TH
where ¢ is the lift to drag ratio, € = Fp/F; and Z is the number of blades.
When propeller is operating at the advance speed of V, with rotational speed of n, the effective power
is T -V,, and the received power from engine is defined as 2nnQ. Therefore propeller efficiency is :
_ TV,
~ 2mnQ

Mo (2.1.7)

2.1.3 General open water characteristics
As we may know, the thrust and torques produced by the propeller are expressed in their most
fundamental form in terms of a series of non-dimensional characteristics. To establish these expressions,
the principle of dimensional similarity can be applied to geometrically similar propellers. One can imagine,
the hydrodynamic performance (thrust and torque) of a propeller is depend upon the following
parameters:
(a) The propeller diameter (D).
(b) The rotational speed (n).
(c) The speed of advance (V,).
(d) The density of the fluid (p).
(e) The dynamic viscosity of the fluid ().
(f) The gravity (g).
Therefore, the thrust (T) can be assumed to be proportional to D, n, V,, p, pand g.

T = kD%nb V¢ p? uc g* (2.1.8)
where k is proportional coefficient, and a, b, c, d, e, f are unknown index.
Since the above equation must be dimensionally correct, and the parameters involved can be replaced
by equating indices for M (mass), L (length) and T (time).

ML 1., L. M_, I? L
— = kL ()P (D) ()4 (00)e (—)f 2.1.9
- @’ @ @ P ) (2.1.9)
From the above
M:1=d d=1
L:1=a+c—3d+2e+fioa=4—c—2e—f (2.1.10)
T: —2=—-b—-c—e—2f b=2—-c—e—-2f
Further
T = kD*-c2e~f p2-c=e=2fy cplye gf = kpn2D4(£)C(L)e( gb ), (2.1.11)
A nD” *nD?” *n?D?
One more universal format of the above equation is
V, nD? n?D?
T = pn?D* - f,(—, —, 2.1.12
D fiGT =) (21.12)
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These non-dimensional groups are known by the following:
Thrust coefficient K;
Kr = L = f1(£‘n_D2‘n2D2
pn?D* nD" v ' gD

) (2.1.13)

Va . nD? n?p?
where g is the advance coefficient J, - and

n

are Reynolds number Re and Froude number

Fr respectively.

From experience, when a marine propeller is working sufficiently far away from the free surface so as
not to cause surface waves, the influence of Froude number on propeller thrust can be ignored. In
conclusion, if the propeller is submerged deeply enough, the open water characteristics are depend only
upon advance coefficient J and Reynolds number Re.

Kr = fi(J,Re) (2.1.14)

2.1.4 Propeller Scale effects

To be able to accurately predict a ship’s the propulsion efficiency, a good understanding of scale effects
is a prerequisite. Traditionally, prediction of open water characteristics of a propeller design has been
assessed by model scale tests. The experimental methodology is based on the similarity theory, which
postulates that two propellers with geometric and dynamic similarity will have the identical hydrodynamic
characteristics. The premise of dynamic similarity requires the equivalence of advance coefficient J, and
Reynolds number Re of the target two propellers.

Assuming Vg, ng, Dy, vs an Vy,,, ny,, Dy, vy, represents the advance speed, rotational speed, diameter
and dynamic viscosity of the fluid of the full-scale and mode-scale propeller respectively. A is the scale
factor and A = Dy/D,,.

To keep J and Re to be identical for model and full scale propeller, two equations must be fulfilled at the
same time.

Vi Vag \

npDn  ngD
men. e, (2.1.15)

Obviously, the requirements above can’t be realized in reality due to the unrealistic rotational speed and
advance speed for the model propeller. Hence, in model test only the advance coefficient J is kept
identical, whilst R,>R,.

The different propeller performance characteristics between model and full scale resulted from different
Reynolds number, is so-called scale effects.

2.1.5 Scaling method

The scale effects affecting performance characteristics are essentially viscous in nature, and as such
are primarily due to boundary layer phenomena dependent on Reynolds number. Due to the methods
of testing model propellers and the consequent changes in Reynolds number between model and full
scale, there can arise a different boundary layer structure to the flow over the blades. Whilst it is
generally recognized that most full-scale propellers will have a primarily turbulent flow over the blade
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surface this need not be the case for the model where characteristics related to laminar flow can prevail
over significant parts of the blade. In order to quantify the effect of scale on the performance
characteristics of a propeller, the 1978 ITTC recommended scaling procedure is presented.
Kz, = Kr,, = AKT} (2.1.16)
Ko, = Ko, — AK,
where the scale corrections AKy and AK, are given by
AR = —03AC P cZ (2.1.17)
r = =0380p(;)(5)

cZ (2.1.18)
AKq = 0.25ACH(3)

The term AC, relates to the change in drag coefficient introduced by the differing flow regimes at model
and full scale, and is formally written as

ACp = Cppy, — Cps (2.1.19)
where
c 5 (1 N Zt) [0.044 5 ] (2.1.20)
o = ) = .
m C Rnxl/é Rnx2/3

-2.5

2t c
Cpe =2 (1 + —) 1.89 + 1.62 logo () 2.1.21)
C K,

In these relationships t/c is the section thickness to chord ratio; P/D is the pitch ratio; c is the section
chord length and R,,, is the local Reynolds number, all relating to the section located 0.75R. The blade
roughness K, is taken as 30x107°m.

It is well acknowledged that the ITTC-procedure method can provide a reliable and practical solution to
propeller testing. However, the ITTC-procedure is unable to consider the local flow condition. In the
meantime, it do not reflect correctly the effect of Reynolds number on propeller characteristics, in
particular, as far as high skew and balanced skew propeller designs are concerned.

2.2 CFD introduction

Computational fluid dynamics, or CFD, is a computational technology that enables scientists and
engineers to perform numerical experiment in a virtual laboratory. It employs numerical methods and
algorithms to solve the equations that describe fluid flow. CFD method has being widely applied in
marine industry for the prediction of ship performance in waves, design and analysis of propulsion
system, investigation on behaviors of floating structure, as well as for many other applications. For the
study of scale effects on marine propellers, CFD method can provide an insight into detailed flow
patterns that are difficult, expensive or impossible to study using traditional experimental techniques.
Before the investigation, it is necessary to introduce the underlying physical problems and mathematical
principles employed by the CFD method.

10
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2.2.1 Governing equation

The equations that describe the dynamics of fluid represent fundamental laws of physics stating
conservation of mass, momentum end energy. It should be noted that energy equation is normally not
included in the marine CFD as water temperature is assumed to be fixed.

Mass conservation

For any studied elemental fluid volume, the mass conservation law states that the mass of fluid is
conserved, i.e. rate of increase of mass in fluid element equals to the net rate of mass flow into the fluid
element. Based on this law, the continuity equation can be derived as:

dp d(pu) 0d(pv)  d(pw)
5t ot o +—5 =0 (2.2.1)

or in the mathematical definition for div of a vector property:

%, div(pl) = 0 (2.2.2)
at
The incompressible isothermal flow is the model we adopt in the marine CFD simulation for the majority
of applications. Under this definition, the continuity equations becomes:

6_u+6_v+6_w= L (2.2.3)

dx 0y 0z
Momentum conservation
According to the Newton’s second law, the net force applied on the fluid element equals its mass time
the acceleration of the element. For a moving fluid element, the momentum equation in x, y and z-
direction can be written as:

Du ap + 0T,y + 0Ty N 0T,

Pt~ "ax " ox dy 0z ke

Dv Op 0Ty, 0Ty, 0T,

_ - _f 2.2.4
P bt dy  Ox + dy + 0z ol ( )

Dw Op 0Ty, 0Ty, 0Ty
P~ "oz Tox + dy + 0z +rf

For the isotropic Newtonian fluids, the viscous stress in the momentum equation can be related to the
rates of linear deformations of the fluid element, and the latter are expressed through the velocity

components. The viscous stress are given as:

— o =, 2 = 2 = = u (22 +24).
Txx_ #ax’ Tyy_ May' T2z = #aZ1Txy_Tyx_H dx ay'

(2.2.5)
ou , ow ow av)

Txz = Tzx =”(E+E); Tyz = Tzy =.u(£+£
Then substitute the above equations for viscous stress into momentum equation. For the x-, y- and z-
momentum, one can write down:

Du ap d (2 6u) [ (6v 6u>] 4 d [ <8u 8w>] ts
Pt~ Tox Tax\Hax) T ay K dy 0z1"\5z " ox Mx

Dv  dp i a [ (c’)u )] ( 817) [ (au OW)] +s 226
Pt~ dy dxL"\ay ox dy ay az 1M ox My (2.2.6)

D L S )
Pt = oz ax“az ayﬂ az\“* 5z Mz

The above three equations are the x, y and Z components, respectively, of the momentum equation.

11
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They are scalar equations and are called Navier-Stokes Equations in honor of the two men-the
Frenchman M.Navier and the Englishman G.Stokes-who independently obtained the equations in the
first half of the nineteenth century, J.D Anderson [5].

2.2.2 Governing equations in conservative and integral forms
Using the unfolded expressions for the substantive derivative, mathematical definition of div and grad,
the governing transport equations for the mass and momentum can be written as follows:
divl = 0
dp
P + pdw(uU) =5 + udiv(gradu) + Sy

dv P ap . (2.2.7)
P + pdw(vU) = - @ + udiv(gradv) + Sy,

ow o = op .
Po + pdw(wU) =-3, + pdiv(gradw) + Sy,

The equations are in the so-called conservative or divergence form. In view of obvious commonalities
of these equations, one can write a general conserved form for fluid property ¢:

6¢

Poe + pdiv(¢pU) = div(Tygrade) + S, (2.2.8)
The conservation forms the basis of computational procedure in the finite volume method. It clearly
reflects different contributions into the transport of a fluid property. In the left-hand side, the first term
expresses the rate id change of ¢ the fluid element, and the second term expresses the net of flow ¢
due to convection. In the right-hand side, the first term expresses the rate of change of ¢ due to
diffusion with the corresponding diffusion coefficient Ty, and the second term expresses the rate of
increase of ¢ due to sources. The key procedure in development of the finite volume method is the
integration of Eq.2.2.8 over a 3D control volume CV, this can be written as follows:

j dv +p Jdiv(qbff)dV = Jdiv(F¢grad¢)dV+ JSd,dV (2.2.9)

cv cv
The volume mtegrals of the convective and diffusive terms can be transformed into the surface integrals

over the surface A bounding the control volume using the divergence theorem by Gauss-Ostrogradsky
which states
f divadV = fr_i(_i dA (2.2.10)
A
Where da is an arbitrary vector property and # is the normal to the surface element dA. In worlds, the

divergence theorem states that the outward flux of a vector field through a closed surface is equal to the
volume integral of the divergence of this vector field on the volume boundary by the surface. After the
application of the divergence theorem and changing the order of integration and differentiation in the
rate of the change term, the integral form of the transport equations can be derived:

] R "
P53 f¢dv +pfn-(¢u)dA = fn-(r¢grad¢)d,4 +Cf SpdV (2.2.11)
14

cv A A

The integral form of the transport equations represents the statement of conservation of a fluid property
for a finite size control volume. This is the principle difference of the integral form from the conservative
from which expresses the same conservation principle for an infinitely small fluid element.

12
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2.2.3 Discretization and Solution

Discretization method

To solve the transport equations in the computer, one has to transfer them into discretized form. This
process is so-called discretization. The typical discretization methods are finite difference, finite element
and finite volume methods. Due to limited space, only finite volume method is discussed here, because
of its widely application in the CFD commercial solver.

In finite volume method, discretization schemes are used for the approximation of surface and volume
integrals that represent different terms of the equations governing transport of solution variables. Such
an approximation allows one to convert a general scalar transport equation to an algebraic equation that
can be solved numerically. For a general scalar conserved property ¢, the integral form of the transport
equation has been written in Eq.2.2.9. After the computational mesh is built and each control volume
(CV) is defined, this governing equation can be integrated about each CV, resulting in discrete equations
that conserve property ¢ on a control-volume base. The integral transport equation applies to each CV,
as well as to the whole solution domain. Therefore, if one sums the discrete equations for all CVs, one
obtains the global transport equations, because the surface integrals over inner CV faces cancel out.

Equation Solution method

Pressure-based segregated algorithm

The pressure-based solver uses a solution algorithm where the governing equations are solved
sequentially (i.e., segregated from one another). Because the governing equations are non-linear and
coupled, the solution loop must be carried out iteratively in order to obtain a converged numerical
solution. In the segregated algorithm, the individual governing equations for the solution variables (e.qg.
u, v, w, p, k, e etc.) are solved one after another. Each governing equation, while being solved, is
"decoupled" or "segregated" from other equations, hence its name. The segregated algorithm is
memory-efficient, since the discretized equations need only be stored in the memory one at a time.
However, the solution convergence is relatively slow, inasmuch as the equations are solved in a
decoupled manner.

Pressure-based coupled algorithm

In a coupled algorithm, the momentum and continuity equations are solved in a closely coupled manner.
Hence, the rate of solution convergence significantly improves when compared to the segregated
algorithm. However, the memory requirement increases by 1.5 - 2 times that of the segregated algorithm
since the discrete system of all momentum and pressure-based continuity equations needs to be stored
in the memory when solving for the velocity and pressure fields.

2.2.4 Computation mesh and boundary

The discretization scheme of finite volume method implies that the control volume (CV) is the
prerequisite for the numerical computation. These control volume or subdomains of the computation
domain are often called elements or cells, and the collection of all elements or cells is called a mesh or
grid. Modern mesh generation technique have evolved to the point where very complex computation
domains can be meshed efficiently with a variety of mesh types to ensure high quality
simulation. Based upon the connectivity of the mesh, the mesh can be classified into three types.

13
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Structured Meshes

A structured mesh is characterized by regular connectivity that can be expressed as a two or three
dimensional array. This restricts the element choices to quadrilaterals in 2D or hexahedra in 3D. It is
robust in calculation, however obviously not effective for very complicated geometry.

Hexahedron Tetrahedron Pyramid Prism Polyhedron
Figure 2.5 Cell types used in modern CFD codes

Unstructured Meshes

An unstructured mesh is characterized by irregular connectivity is not readily expressed as a two or

three dimensional array in computer memory. Compared to structured meshes, the storage

requirements for an unstructured mesh can be substantially larger since the neighborhood connectivity

must be explicitly stored.

Hybrid Meshes

A hybrid mesh is a mesh that contains structured portions and unstructured portions. Those parts of the

geometry that are regular can have structured grids and those that are complex can have unstructured

grids. It combines both of merits of structured mesh and unstructured mesh.

Boundary condition
The equations of fluid motion are solved for a certain computation domain. In view of the nature of the
problems solved and equations that describe them, as discussed in Section 2.2.1 and 2.2.2, this domain
has to be restricted by boundaries. On the boundaries one has to specify the boundary condition and
initial conditions under which the equations are solved. These conditions will tell the solver what physical
processes take place and should be accounted for at the boundaries of computation domain. The typical
boundary conditions in CFD are Wall condition, Symmetrical boundary condition, Inlet, outlet boundary
condition and Periodic boundary condition.

e Wall represent the impenetrable surfaces that bound the fluid. The most common type is No-slip
boundary condition in viscous flow simulation which ensure that fluid sticks to the wall and moves
with the same velocity as the wall.

e Theinlet and outlet boundary are the surface through which fluid enters and leaves the computation
domain. The most common inlet condition include velocity inlet, pressure inlet and mass flow inlet.
The condition imposed on the outlet boundaries can be of pressure outlet, pressure far-field and
outflow.

e Symmetry boundaries allow one to take benefit of physical flow symmetry, in order to reduce the
size of computation domain thus save memory and time.

e Periodic boundaries allow for the account of periodically repeating nature of the flow in the

simulation. This boundary condition is often introduced in the case of propeller.
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Figure 2.6 Typical boundaries in the CFD simulation of vessel

2.2.5 Turbulence modelling approach

Turbulent flow is the most likely flow condition that can be met in the simulation of marine tasks. In CFD,
the random nature of turbulent flow complicates their numerical simulation greatly. Extensive theoretical
and experimental research in the mechanisms of turbulence has been made in recent decades. Due to
the complexity of these work and related results, only key features of turbulent flow and its numerical
models are included in this part.

Phenomenon of turbulence

The phenomenon of turbulence was discovered by Osborne Reynolds. In 1883 he performed a very

illustrative experiment with the water flow in a pipe where he injected a painted jet in the middle of the

pipe. The observed views show that there is a laminar-turbulent transition between laminar and turbulent

flow, and this is affected by the Reynolds nhumber. The majority of industrial flows are high-Reynolds-

number flows and are, consequently, turbulent. Turbulent flow has the following features, according to

Krasilnikov [6].

e  Turbulent flow are unsteady, their properties are random function of time.

e Turbulent flows are three dimensional, even if the averaged velocity field has a dominant 2D
direction, the instantaneous field fluctuates in 3D space.

e Turbulent flows are chaotic vertical flows. In which, vortices (eddies) move in a chaotic fashion.

e  Turbulent flows fluctuate on a broad range of length and time scales.

e The large eddies in the turbulent flow carry the main portion of turbulent kinetic energy.

Approaches to turbulence

Direct Numerical Simulation (DNS)

DNS methods solve the Navier-Stokes equations directly for all scales of turbulent motions without any
turbulence modeling. At the initial step of the solution, the solver generates small disturbances which
begin to grow in strength and amplitude as solution proceeds. So, in fact, in the numerical solution, just
like in the experiment, one can obtain transition from laminar to turbulent flow regime. Thus, the chaotic
motion and interaction of turbulent eddies of different scales is simulated by mathematical principles.
However turbulent eddies can vary significantly in scale, and a great part of them, especially in the
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beginning are of microscopic length scale. In order to capture such vortices in the numerical solution,
the grid resolution must be so fine that only supercomputers can handle it. Thus, it can hardly be
expected that DNS will become an engineering tool.

Large eddy simulation (LES)

LES methods provide solution for the largest scale motions of turbulent flow. In other words, the largest
and energetically most important turbulence eddies are computed directly, while the effect of smaller
eddies, which are not resolved is accounted for through additional stresses obtained from the turbulence
theory. The expressions for these stress are much simpler compared to turbulence models in RANS,
and for them it is easier to build a consistent theory, because small-scale turbulence is isotropic. The
large eddies carry the main portion of turbulent kinetic energy, and in LES they are computed directly,
which is a big advantage. Nowadays, LES methods did not find wide use in engineering application,
basically the same reasons as DNS. While only the large-scale eddies are calculated, LES methods still
require great computational resources.

Vortices modeled
~a ﬂ by all methods
U % ;‘? "‘ ¥ A:.‘;’!" - (DNS, LES, RANS)
- N ""Q“ .:9‘. A : -.Q ~ Vortices modeled only
L p by DNS and LES
¥ nn "'\"\ﬂ 2':' 9 ~ «A % a P Vortices modeled
only by DNS

Figure 2.7 lllustration of turbulence scales resolved by DNS, LES and RANS method

Reynolds Averaged Navier-Stokes (RANS)
RANS methods are the most commonly used at present for practical calculations of viscous turbulent
flows in marine CFD. The RANS approach is based on time averaging of general transport equations
and representation of total flow characteristics (velocity and pressure) as a sum of averaged and
fluctuating values. The turbulent stresses are modeled by turbulence model, either empirical or semi-
empirical using experimental and statistical data. The RANS method resolves only the vortices of largest
scale comparable with the size of flow domain, while the rest of turbulence is accounted for through a
turbulence model. The RANS method provides the main tool for the engineering simulation of turbulent
flows. In Reynolds averaging, the solution variables in the instantaneous Navier-Stokes equations are
decomposed into the mean (ensemble-averaged or time-averaged) and fluctuating components. For the
velocity components:

u; =u; +uy (2.2.12)
where #; and u;" are the mean and fluctuating velocity components(i = 1,2,3)
Likewise, for pressure and other scalar quantities:

dp=¢p+¢ (2.2.13)
where ¢ denotes a scalar such as pressure, energy, or species concentration. Substituting expressions
of this form for the flow variables into the instantaneous continuity and momentum equations and taking
a time average yields the ensemble-averaged momentum equations. They can be written in Cartesian

tensor form as:
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dp . 9(pw;)
- = 2.2.14
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These equations are called Reynolds-averaged Navier-Stokes (RANS) equations. They have the same
general form as the instantaneous Navier-Stokes equations, with the velocities and other solution
variables now representing ensemble-averaged (or time-averaged) values. Additional terms now appear
that represent the effects of turbulence. These turbulent stresses, —pu;"y;” must be modeled in order to
close equation.

Turbulence model for RANS method
The Reynolds-averaged approach to turbulence modeling requires that the turbulent stresses be
appropriately modeled. How to relate the turbulent stress to the dynamic of the flow is one of the central
problems of the RANS method and it constitutes the subject of turbulence model development.
A common method employed by many turbulence models is the Boussinesq hypothesis, which implies
the analogy between the process of turbulent mixing and molecular diffusion, which is the cause of
viscous stresses. According to the hypothesis, a parameter named turbulent or eddy viscosity u; is
introduced by direct analogy with conventional dynamic viscosity u, and the components of turbulent
stress are expressed as a product of u; and rates of linear deformations.
- ou; 0y 2 Juy

— W = (a_xj 4 a_xl) - §(pk o a) 5, (2.2.16)
The Boussinesq hypothesis is used in the Spalart-Allmaras model, the k-¢ turbulence models, and the
k-w models. In the case of the Spalart-Allmaras model, only one additional transport equation
(representing turbulent viscosity) is solved. In the case of k-¢ and k-w models (two-equation model),
two additional transport equations are solved for turbulent kinetic energy k[m?/s2] and its dissipation
rate £ and w [m?/s?]. The first variable, k, determines the energy in the turbulence, whereas the second
variable can be thought of as the variable that determines the scale of the turbulence (length-scale or
time-scale). Advantage of this approach is the relatively low computational cost associated with the
computation of the turbulent viscosity. Disadvantage of this hypothesis is that it assumes an isotropic
scalar quantity, which is not strictly true. When it comes to complex flows, like flows with strong curvature,
or strongly accelerated or decelerated flows the Boussinesq assumption is simply not valid. This give
two equation models inherent problems to predict the flow separation and even attached flow with
adverse pressure gradients.

SST k-w turbulence model

The SST k-w model was introduced in 1994 by F.R. Menter to deal with the strong free stream sensitivity
of the k-w turbulence model and improve the predictions of adverse pressure gradients, Reference [7].
The model combines both of the merits of k-w and k-¢ turbulence model. The use of a k-w formulation
in the inner parts of the boundary layer makes the model directly usable all the way down to the wall
through the viscous sub-layer, hence the SST k-w model can be used as alow-Re turbulence
model without any extra damping functions. The SST formulation switches to a k-¢ behavior in the free-
stream and thereby avoids the common k-w problem that the model is too sensitive to the inlet free-
stream turbulence properties.
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2.2.6 Near-Wall Treatment

Turbulent flows are significantly affected by the presence of walls. Numerous experiments have shown
that the viscous-affected region can be largely made up of three layers with their corresponding wall y+,
namely the:

e  Viscous sublayer (y* < 5)

e  Buffer layer or blending region (5 < y* < 30)

e  Fully turbulent or log-law region (y* > 30 to 60)

The wall y* is the distance to the way, made dimensionless with the friction velocity U, and kinematic
viscosity v, y* is similar to local Reynolds number.

+=3"Ut
v

y (2.2.17)

Very close to the wall, viscous damping reduces the tangential velocity fluctuations, while kinematic
blocking reduces the normal fluctuations. Toward the outer part of the near-wall region, however, the
turbulence is rapidly augmented by the production of turbulence kinetic energy due to the large gradients
in mean velocity. Finally, the interim buffer region between the viscous sublayer and the fully turbulent
layer where the effects of molecular viscosity and turbulence are equally important. Detailed flow
measurements and DNS calculation indicate that the values of y* parameter of the buffer layer lie in
the range 5 < y* < 30.

Traditionally, there are two approaches to modeling the near-wall region. In one approach, the viscosity-
affected inner region (viscous sublayer and buffer layer) is not resolved. Instead, semi-empirical
formulas called "wall functions" are used to bridge this region between the wall and the fully-turbulent
region. In another "near-wall modeling" approach, the turbulence models are modified to enable the
viscosity-affected region to be resolved with a mesh all the way to the wall, including the viscous sublayer.
In most high-Re-number flows, the wall function approach substantially saves computational resources.
In the viscosity-affected near-wall region, in which the solution variables change most rapidly, does not
need to be resolved. The wall function approach is popular because it is economical, robust, and
reasonably accurate. It's a practical option for the near-wall treatments for industrial flow simulations.

2.3 STAR-CCM+

STAR-CCMH+ is one of the largest commercial CFD solver in the world, with its unrivalled ability to tackle
problems involving multi-physics and complex geometries, it provides an entire engineering process for
solving problems involving flow (of fluids or solids), heat transfer and stress. The solver come packaged
with pre- and post-processors which provide everything a user needs to go from the raw CAD geometry
to a final flow analysis and visualization. The result is a code that offers outstanding ease-of-use
delivered through an object-based tree-structured GUI, which guides even the most novice user through
the set-up and analysis of a CFD problem. Utilizing the latest numerical algorithms, physical models and
state-of-the-art software coding, it provides the user with a toolset capable of tackling the most complex
multi-disciplinary engineering problems without compromising ease-of-use over capability or accuracy.
To ensure that users are constantly updated with the very latest advances throughout the product, there
are three major releases of STAR-CCM+ every year, Reference [8].
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3. METHODOLOGY

Commercial code STAR-CCM+ has been used for the investigation in the scale effects on
propellers with systematically varied blade area ratio. Highly automated mesh generation for model
and full scale is realized, due to Parts Based Operation functionality in STAR-CCM+. The CFD
code solves RANS equations in their integral form, by means of Finite Volumes methods. The
spatial discretization of the convective terms is done with a second order upwind based scheme,
whereas the diffusive terms are discretized with second order central scheme. The numerical
simulation is performed as implicit unsteady, velocities and pressures are solved in a segregated
flow, and then coupled by means of the SIMPLE algorithm. The SST k-w turbulence model is
chosen for turbulence closure. The rotation of the propeller is modelled used a moving reference
frame system. The numerical results will be compared to the experimental data.

3.1 Propeller geometry

To be able to carry out the numerical simulations in STAR-CCM+, one has to obtain the systematically
varied propeller geometry first. This section will introduce the basic modeling procedures for parent
propeller P1374 and its variants.

3.1.1 Systematically varied propellers

In the PROPSCALE project, the original parent propeller P1374 in model tests is a controllable pitch
propeller (CPP), with its parameters can be found in Table 3.1. In the systematic CFD analyses,
propellers derived from P1374 are divided into the four series: "CPP Pitch Series", "Blade Area Ratio
Series"," Skew Series", and "Blade Number Series". In all series, except the first one ("CPP Pitch
Series"), propellers are considered as fixed-pitch propellers (FPP). "Blade Area Ratio Series" with varied
blade area ratio including 0.4, 0.6 and 0.8 are investigated in this paper.

Table 3.1 Parameters of parent propeller P1374
Blades Diameter P(0.7)/D BAR Skew Hub ratio
4 0.25 [m] 1.1 0.6 23 [deg] 0.24

Preliminary calculations done with the parent propeller P1374 have shown quite heavy loading on the
outer blade sections, resulting in strong tip vortex. This result is thought to be related to the radial
distributions of chord length and pitch at the outer blade sections, which may not be typical for
conventional open propeller designs (it should be remembered that propeller P1374 was conceived as
a compromise design to be used in the tests with both open and ducted propulsors). Obviously, the
aforementioned phenomena may have considerable influence on scale effects. Therefore, it is planned
to include in the investigations one alternative distribution of chord length.
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3.1.2 Geometry modeling

The GAMBIT software is used to produce the initial blade model as a solid (Parasolid format). Then, this

initial model can be re-meshed in STAR-CCM+ by a special Java macro, in order to fix minor surface

flaws and ensure a better quality of subsequent Boolean operations with geometry parts. Table 3.2 lists

all the geometrical elements used to model the parent propeller P1374, using cylindrical section

definition.

When generating the geometry of fixed pitch series propellers the following conditions apply:

e Distributions of max section camber f,/R and rake x,/R are kept unchanged through series;

e  Chord length distribution b,./b(0.7) is kept unchanged through series;

e Distribution of max thickness to chord length ratio e,/b, is kept unchanged through series
(whereas e,//R varies according to given Ag/A, and Z);

e Distributions of pitch B./P(0.7) and skew T,/T;(max) are based on the parent propeller.

Table 3.2 Geometrical elements of parent propeller P1374

r’R b,/R e,/R cs/R P./IR fo/R
0.240 0.2668 0.0761 0.0000 2.1560 0.0024
0.250 0.2827 0.0750 0.0036 2.1579 0.0074
0.300 0.3599 0.0694 0.0217 2.1667 0.0141
0.350 0.4327 0.0640 0.0393 2.1745 0.0175
0.400 0.5008 0.0588 0.0557 2.1813 0.0196
0.500 0.6208 0.0490 0.0814 2.1917 0.0216
0.600 0.7151 0.0400 0.0899 2.1979 0.0214
0.700 0.7758 0.0318 0.0707 2.2000 0.0198
0.800 0.7879 0.0244 0.0115 2.1764 0.0169
0.900 0.7128 0.0178 -0.1014 2.0753 0.0125
0.975 0.4903 0.0134 -0.2302 1.9322 0.0065
0.990 0.3674 0.0125 -0.2612 1.8958 0.0041
1.000 0.1500 0.0120 -0.2829 1.8700 0.0000

r'R b,/b(0.7) e,/b, T, [deq] P,./P(0.7) T /T (max)
0.240 0.3439 0.2852 0.0000 0.9800 0.00000
0.250 0.3644 0.2653 0.4856 0.9809 0.02111
0.300 0.4639 0.1928 2.7202 0.9849 0.11827
0.350 0.5577 0.1479 4.5747 0.9884 0.19890
0.400 0.6455 0.1174 6.0255 0.9915 0.26198
0.500 0.8002 0.0789 7.6501 0.9962 0.33261
0.600 0.9217 0.0559 7.4164 0.9991 0.32245
0.700 1.0000 0.0410 5.1755 1.0000 0.22502
0.800 1.0156 0.0310 0.7558 0.9893 0.03286
0.900 0.9188 0.0250 -6.0601 0.9433 -0.26348
0.975 0.6319 0.0273 -12.9012 0.8783 -0.56092
0.990 0.4736 0.0340 -14.4602 0.8617 -0.62870
1.000 0.1933 0.08000 -15.5355 0.8500 -0.67546
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Fig.3.1-3.4 present the characteristics of the propeller P1374, including maximum camber distribution,
pitch distribution, etc. For propellers having alternative chord length distribution, maximum thickness to
chord length ratio e,/b is modified compared to the parent propeller, in order to ensure a more realistic
blade geometry at the outer blade sections; Fig.3.3 and 3.4 plots the difference. Detailed geometrical
data of this variant propeller can be found in Appendix A.
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Figure 3.1 Max camber distribution Figure 3.2 Pitch distribution
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Figure 3.3 Chord length distribution

Figure 3.4 Max thickness distribution

Propellers with varied BAR are derived by changing the chord length to radius ratio b,/R. Max thickness
is altered, however max thickness to chord length ratio e,/b is same through the series. Apart from
these, all other geometrical elements were kept identical. The obtained geometry of the series propellers
in a general view can be found in Table 3.3.

Table 3.3 General view of propeller with varied blade area ratio

BAR=0.6
D=0.25m; Z=4; Sew 23°; P(0.7)/D=1.1
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Figure 3.5 presents the geometry of parent propeller and its variant with alternative chord length
distribution, one can easily tell the difference between the two propellers.

Figure 3.5 Parent propeller with BAR 0.6 and Propeller with alternative chord length distribution

Blade Tip

As one can find in Fig.3.6, there is a sharp edge in the blade tip area marked by feature curves. This is
because the blade tip used in the simulations is just the cylindrical blade section at the radius 1.0R. For
realistic propellers, the blade tip is normally faired to round off sharp edges. However, since the definition
of such rounding is quite uncertain (and will surely be different for propellers having different blade area
ratio and skew) the initial tip geometry is used in these systematic calculations. The feature curves
describing the sharp edge is critical to control the mesh quality in the blade tip area. It will be discussed
later in Part 3.2.2 meshing->feature curve.

y

4 e

Figure 3.6 Blade tip Figure 3.7 Propeller hub

Propeller Hub

The propeller hub is defined according to the hub ratio with diameter D=0.06m in model scale. In order
to ensure correct intersection between blade and hub, the blade was extended towards inner radii on
purpose. One can find the hub geometry in Figure 3.7.
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3.2 Simulation setup

This section covers the procedure for carrying out simulations of the series propellers. Great thanks to
Vladimir, from MARINTEK, who provided many necessary guidelines and advices in this part.

3.2.1 Domain modeling

When modelling propeller in straight flow in open water conditions, one can take advantage of flow axial
symmetry, and use only one blade passage domain with appropriate periodic boundaries. The most
straightforward setup for one blade passage flow simulation implies the use of a sector, having angular
dimension 360/Z deg. (where Z is the number of propeller blades), which is cut from a cylinder and
includes one whole blade, as shown in Fig.3.8. Such a setup is also simplest for post-processing.
However, if propeller blades are wide, they may not be entirely accommodated in the domain as
described above.

Figure 3.8 One-blade-passage domain Figure 3.9 Two-blades-split domain

The simplest way to solve the problem is to use an alternative one blade passage setup that includes
the same cylindrical sector, but instead splits two neighbouring blades, as shown in Fig.3.9. Such a
setup will ensure that complete blade geometry will be accommodated in the one blade passage domain,
and flow periodicity will be observed. The present work utilized One-blade-passage domain to simulate
all the cases. At the same time, for comparison, propeller with BAR 0.6 in model scale will be simulated
once again in the Two-blades-split domain.

A gap between propeller hub and shaft was created to replicate the physical setup of the open water
model test. Practice shows that only by including the gap between the rotating propeller hub and
stationary shaft housing one can achieve adequate prediction of the axial force acting on the hub. In the
present simulations, propeller thrust includes blade thrust and hub thrust, exactly as measured in the
tests. Blade thrust is less dependent on whether one includes the gap in the simulation or not. However,
hub force may not be predicted correctly in the setup without gap (blades on shaft, part of which is
separated to form the hub surface) because of the uncertainty in the definition of gauge pressure on
open surface.
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3.2.2 Meshing

A mesh is the discretized representation of the computational domain. STAR-CCM+ provides meshers
and tools that can be used to generate a quality mesh for various geometries and applications,
Reference [9]. In the present simulation, the Surface Remesher, Polyhedral Mesher, Prism Layer
Mesher and Extruder are applied to generate the volume mesh. Base size in model scale is set to 0.25m
equals to propeller diameter. While in full scale, it has to be augmented by the scale factor 20.

The idea behind the base size is that one can set other meshing values like surface minimum / target
size, Prism layer thickness e.g. proportionally to the base value. All the mesh values which are defined
by the ratio to the base size will be changed automatically in full scale.

Surface Remesher

In order to improve the overall quality of an existing surface and optimize it for the volume mesh models,
the surface remesher was used to re-triangulate the surface. Parameters including relative target size
and relative minimum size are used to control the surface mesh size in particular region.

Table 3.4 Parameters of surface remesher (% to base size)

Relative target size Relative minimum size
Blade surface 0.5% 0.125%
Tip 0.125% 0.125%
Trailing edge 0.125% 0.125%
Hub and Shaft 3% 1%

Polyhedral Mesher
It generates a volume mesh that is composed of polyhedral-shaped cells. The polyhedral meshing model
utilizes an arbitrary polyhedral cell shape in order to build the core mesh. The polyhedral core mesh
density can be increased or decreased by using the volume mesh blending factor, which is set to be 0.5
at the present case.

Prism Layer Mesher

The prism layer mesh model is used with a core volume mesh to generate orthogonal prismatic cells
next to wall surfaces or boundaries. Prism layers are mainly used to resolve flow boundary layers and
they are critical to improve the accuracy of the flow solution.

Table 3.5 Parameters of Prism layer mesh

Base size Prism layer stretching

0.25m

Prism layer thickness
0.25% base size 10 14

Number of prism layers

The near wall y* is very sensitive to the prism layer mesh setting. The automatic mesh setup used in
the simulations should allow for adequate near-wall (boundary layer) flow treatment in both the model
scale and full scale conditions without modification of Prism Layer Mesher setting. In model scale, it will
result in wall y*<5, while in full scale, it will result in wall 30<y*300. For this reason, the present mesh
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is called High-Re mesh, referring to wall y* values provided in full scale. One can find the resulted y*
plots of model and full scale in Figure 4.3 and 4.4, Chapter 4. As far as near-wall treatment is considered,
it will be discussed further in the Part 3.2.5 Physics.

Extruder

Regarding the simulation domain it should be noted that the initial domain created in the simulation is a
short one. When generating volume mesh, the Inlet and Outlet boundaries of this initial domain shall be
extruded using the Extruder meshing tool, in order to place the final Inlet and Outlet boundaries at a
sufficient distance from propeller. The use of Extruder helps to reduce the total cell count without
compromising mesh quality by using the prismatic mesh in the extrusion domains. The parameters of
extruder mesh in model scale can be found in Table 3.6. While in full scale, the magnitude shall be
changed according to the scale factor.

Table 3.6 Parameters of Extruder mesh

Inlet Outlet

Magnitude 1.25m 3.75m
Numbers of layers 15 30
Stretching 20 40

Feature curve

The Two-blades-split domain setup introduced earlier may have its own pitfalls. One issue is related to
the intersection of blade surface with periodicity boundaries, minor surface flaws may occur at the
intersection of the blade with periodic boundaries. The surface remesher tries to repair these flaws, often
resulting in unnecessary locally increased mesh density and higher overall cell count, if special treatment
is not applied to the blade surface mesh.

Fluid Fluid Blade Slade Patch Permeter

aB\Patch Perimeter 2

Figure 3.10 Introduction of blade patch perimeter feature curves

One remedy is to make use of feature curves. The setup with the first variant of one blade passage
domain allows in principal only one (combined) feature curve for all geometry parts. Surface remeshing
on the blade is then entirely guided by the values of target size and minimum surface size set up for
blade, tip and TE (Trailing Edge) boundaries. Such meshing model may result in the aforementioned
issues when using the alternative setup with two blades split. To remedy this one can, at the stage of
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preparation of geometry parts, produce a separate set of feature curves describing blade patch
perimeters and following the blade edges, as shown in Fig.3.10. The blade edges and tip region are the
areas where finer mesh is needed. Then one can set up both the target size and minimum size for the
blade surface to the same desired value and instruct Surface remesher to do mesh refinement only
along the Blade Patch Perimeter feature curves, on the blade tip and blade TE. The rest of the blade
surface and regions on the periodic boundaries where they intersect with the blade will be unaffected,
resulting in uniform, good quality mesh.

Volumetric control
The volumetric control is used to specify the mesh density in a specific zone. The settings given in Table

3.7 are the best practices from MARINTEK for propeller open water test.

Table 3.7 Dimensions and positions of cylindrical control

VvC Upstream Downstream | Radius | Mesh size
VC_Cylinder-1 0.8D 0.5D 1.12R 0.01D
VC_Cylinder-2 0.5D 1.0D 1.28R 0.02D

VC_Cylinder-3 | Through the whole domain 1.8R 0.04D
VC_Cylinder-4 | Through the whole domain 2.4R 0.08D
VC_Cylinder-5 | Through the whole domain 3.2R 0.12D
VC_Cylinder-6 | Through the whole domain 4.2R 0.18D
VC_Cylinder-7 | Through the whole domain 8.0R 0.25D

The cylindrical volumetric control serve the purposes of mesh refinement around propeller and smooth
transition in cell size from the areas with finer mesh to the areas with coarser mesh. Cylinder-1 in the
domain is shown in Fig.3.11. The gap between shaft and hub is also need to be refined, one can see
the result of this region after volumetric control in Fig.3.12.

Figure 3.11 Volumetric control cylinder-1 Figure 3.12 Refined mesh in gap area

The general view of generated volume mesh after the all these procedures is shown in Figure 3.13.
Total cell number is around 1.2-1.4 million.
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Figure 3.13 General view of volume mesh

3.2.3 Boundary condition

In order to close up the equations of system, one has to provide the boundary of the domain with
necessary information, which is called boundary condition. The definition of boundary condition including
boundary type and physical model employed is largely guided by physical arguments and success of
simulations in earlier cases. The boundary type in the present simulation can be seen in Fig.3.14.

The velocity inlet and pressure outlet boundary are placed in the upstream and downstream respectively,
with its position defined in Part 3.2.2 Mesh->Extruder. Periodical boundary is set to take advantage of
flow axial symmetry. Finally, Wall condition applies to the surface of imported propeller and hub geometry.

£ @ Physics 1

@@ Models
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ﬁ Gradients
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ﬁ K-Omega Turbulence
@& Liquid
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ﬁ Three Dimensional
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Periodical Boundary

Figure 3.14 Boundary condition Figure 3.15 Physics model

3.2.4 Initial condition

For the equations to be solved, each cell has to be initialized by setting up preliminary solution data to
the primary variables associated with the model at the time step zero. Normally, the simulation domain
is initialized by supplying the values of gauge pressure, temperature, velocity components and
turbulence characteristics. In the beginning of simulation, the solution should be initialized for the entire
computation domain.
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Turbulence characteristics
Table 3.8 Turbulence characteristics

Turbulence intensity Turbulent velocity scale Turbulent viscosity ratio

0.1 1m/s 10

Velocity component
The RPS in full scale is derived from Froude number identity

(3.1)

T['TlM'DM T['ns'DS DM TlM

= - nS = nM . _——

V39 Dy V3 Ds bs VM

In which, subscript of "M" and "S" denotes a quantity in model and full scale respectively. Scale factor
M=20. According to the formation for Advance Coefficient, the inlet velocity V7, in model and full scale

are tabulated as:
Table 3.9 Velocity component in [m/s]

J 0.1 0.3 0.5 0.7 0.9 1.1
Model scale V, 0.375 1.125 1.875 2.625 3.375 4.125
Full scale V, 1.67705 5.03115 8.38525 11.73936 15.09346 18.44756

The above J values are customized for the calculations with the propeller at the pitch setting
P(0.7)/D=1.1. For different pitch settings, the J values corresponding to free sailing operation conditions
may be adjusted, so that one point is located below the point of maximum efficiency, one point is close
to the point of maximum efficiency, and one point is behind the point of maximum efficiency.

3.2.5 Physics

In Fig.3.15, one can find the selected physics model, which represents materials in the CFD domain.
Water flow is assumed to be fully turbulent and unsteady. All y* Wall Treatment is utilized to tackle the
near wall region. The water properties are the same in model scale and full scale calculations.

Wall Treatment

A “Wall Treatment”in STAR-CCM+ is the set of assumptions for modeling near-wall turbulence
quantities such as wall shear stress, turbulent production and turbulent dissipation, Reference
[9]. Traditionally, the three basic types of wall treatment are:

High y* Wall Treatment: equivalent to the traditional wall function approach, in which the near-wall
cell centroid should be placed in the log-law region (30 <y* < 100). The wall functions used in the
modern CFD solvers are the enhanced wall functions, which are different from the standard wall log-law
equations and they are designed to cope with adverse pressure gradients such as occur in separated
flows. The accuracy of such wall functions is of course still lower than that of the low-Re method applied
on a good quality mesh, but they are quite capable of reproducing correctly the integral forces (such as
for instance propeller Ky and Kj).

Low y* Wall Treatment: suitable only for low-Re turbulence models in which the mesh is sulfficient to
resolve the viscous sublayer (y* ~1) and 10-20 cells within the boundary layer.

All y* Wall Treatment is a hybrid approach that seeks to represent the behaviors of the previous two
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wall treatments in the limit of very fine or very coarse meshes. It is a design goal that this wall treatment
should give results similar to the Low y* treatment as y* — 1 and to the High y* treatment for y*>
30. It will also give reasonable results for intermediate meshes where the cell centroid falls in the buffer
layer. The All y* wall treatment is the most general, and should be used whenever available. Figure
3.16 shows the distribution of appropriate range of y* for different wall treatment.

10

Il il 1 il -

107 P 10" i 10°

rous subleyer | bufferlayer | Ide-law region
inner layer | _outer layer

.
-

Low-y+ treatment ¢msm wes) High-y+ treatment

Figure 3.16 Subdivisions of turbulent near-wall region

The All y* method blends turbulence quantities (TQ) such as dissipation, production, stress tensor, etc.
calculated by the High y*approach or by the Low y* approach using an exponential weighing function.
The final value for the turbulence quantity is calculated as:

TQ =g TQiow + (1 — 9)TQhign (3.2)
where g is given by the following function:

g = exp(— %) (3.3)
where Re, = VKy/v, y is the normal distance from the wall to the wall-cell centroid, K is the turbulent
kinetic energy, and v is the kinematic viscosity. It is designed when the wall y* is small the contribution
of the wall function is negligible.

To check the quality of prism layer mesh, it is beneficial to introduce the term Turbulent Viscosity Ratio.
From first principle, it would be fair to say that while any laminar flow would have shear stress owing to
its viscosity and velocity gradients, the reason of "turbulence" is the additional shear stresses (Reynolds
stresses) that arise due to random fluctuating velocity components, which are realized through the
definition of turbulent viscosity. Essentially, the ratio of turbulent viscosity to molecular viscosity gives an
indication about how strong the Reynolds stresses are, as compared to molecular stresses. So it sounds
reasonable to use this ratio as a measure of turbulence.
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Turbulent Viscosity Ratio
Turbulent Viscosity Ratio 0.00000 1.0000 8.0000 12.000 16.000 20.000
0.00000 4.0000 8.0000 12.000 16.000 20.000 =

Figure 3.17 Turbulent Viscosity Ratio distribution in prism layer mesh at the section of 0.7R in
model and full scale

Figure 3.17 presents the resulted prism layer mesh with scalar field of Turbulent Viscosity Ratio at the
section of 0.7R in model and full scale simulation. The diagram on the left hand indicates a good mesh
for a low-Re turbulence model. One can observe that the transition in size from the first prism layer to
the free stream core elements has been regulated well. Since the first cell locates in the laminar sublayer
which exhibits laminar flow characteristics thereby resulting in no turbulent viscosity. As it gradually
moves through the buffer region and into the log region a large rise in the turbulent viscosity ratio can
be found before it dissipates into the free stream. This maximum turbulent ratio will generally occur near
the middle of the boundary layer, which also gives an indication of the physical boundary layer thickness
(twice the location of the maximum turbulent viscosity ratio gives the boundary layer edge). In the case
of full scale (right-handed) the y* we have prescribed at the first cell indicates they are in the logarithmic
region of the turbulent boundary region, which is the region largely dominated by inertial forces and thus
high levels of turbulent viscosity ratio is expected. The turbulence gradually dissipates as we approach
free stream conditions.

The general recommendations that being followed in the simulations is to aim at y*<5 in model scale
simulations, and 30<y*<300 in full scale simulations. Using the All y* treatment method relaxes the
above limits. This means that, if some surface areas fall in the "buffer" range (5<y*30), it is possible to
go on with the simulation and expect reasonable results. Since the special wall functions are used in the
All y* Treatment method, it is still better to ensure that the zones where y* appears in the buffer layer
are relatively small (or less significant) compared to the zone where y* is in main "good" range.

For example, in case of full scale with the scale factor 10, the greatest part of the blade is actually in the
range y*>20, while the most important outer blade sections r/R>0.6 are well in the range of y*>30.
See Figure 3.18.Therefore, it is believed that even with the default prism layer mesh settings, it is
absolutely adequate to do the calculations at the scale factor 10. A few simulations has been done
earlier by MARINETEK when part of the blade was in the "buffer" range of y* and they showed
consistent results. In conclusion, it is just important to control that most of important blade surface
domain is in the intended "good" range of y*.
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Figure 3.18 Wall y* of full scale simulation with scale factor 10

Implicit unsteady

In the Implicit Unsteady approach, each physical time-step involves some number of inner iterations to
converge the solution for that given instant of time. These inner iterations can be accomplished using
implicit spatial integration or explicit spatial integration schemes. One can specify the physical time-step
size that is used in the outer loop. The integration scheme marches inner iterations using optimal
pseudo-time steps that are determined from the Courant number. With the Implicit Unsteady approach,
one has to set the physical time-step and the number of inner iterations at each physical time-step.

Table 3.11 Implicit unsteady solver setting

Time Step No. inner iterations Maximum Physical Time

Propeller turn to 2 degrees 5 30 complete propeller revolutions

Liquid

Density: p=999.1 [kg/m?3]

Dynamic viscosity: p=0.00114 [Pa-s]
Kinematic viscosity: v=1.141x 107% [m?-s™1]

3.2.6 Moving Reference Frames

CFD program solves the equations of fluid flow, by default, in a stationary reference frame. However,
there are many problems where it is advantageous to solve the equations in a moving reference frame.
Such problems typically involve moving parts (such as rotating blades in the present case), and it is the
flow around these moving blades that is of interest. When a moving reference frame is activated, the
equations of motion are modified to incorporate the additional acceleration terms which occur due to the
transformation from the stationary to the moving reference frame, see Reference [10].

31




AALESUND UNIVERSITY COLLEGE

In the case of a propeller operating in a straight uniform flow, the flow around propeller will be unsteady
in the laboratory reference. However, by introducing a rotating reference frame fixed on propeller,
participating together with the propeller, then in such reference frame. The problem will be rendered
steady. There are several immediate benefits of such transformation. Firstly, there is no need to
introduce any mesh motion and to apply time stepping solution. Secondly, time and memory can be
further saved by modeling only one blade passage with periodic boundaries instead of the whole 360-
degrees domain. In this case, the MRF should theoretically give exactly the same results as the
complete time dependent simulation. In practice, difference will occur caused by numerical sources, but
they are negligible small. The MRF therefore is an excellent approach to the prediction of propeller open
water characteristics. Figure 3.19 gives an illustration of MRF involves rational motion.

¥
A maving
stationary coordinate

coordinate system system CFD domain

x axis of
rotation

Figure 3.19 lllustration of a Moving Reference Frame participating in rotational motion

3.2.7 Parts based operation

In the present simulation, all domain geometry manipulations are performed at the Parts level, one can
simply replace the Blade part in the Parts list with a new blade surface. Additional operations (copying,
transforming) will be needed after importing a new blade part in the simulation according to the setup
with blade split, to create the neighbouring blade. When done, one has to simply Update the resulting
Fluid part and proceed with meshing. These steps are made automatically due to the Parts Based
Operation functionality and Assign Parts to Region functionality of STAR-CCM+.

However in the used version of STAR-CCM+, the Extruder option is not supported by the Parts Based
Meshing (PBM), and for that reason one has to modify the extrusion settings for the Inlet and Outlet
boundaries under Boundaries-Inlet(/Outlet)->Mesh Values ->Normal Extrusion Parameters. The
Magnitude of extrusion should be changed according to the scale factor

3.2.8 Reports and Post-processing

The report summaries allow engineering quantities such as drag, lift, torque, or mass flow to be
computed. It is very necessary to create a report for the desired propeller force coefficient, then the
propeller open water characteristics can be allocated for varied loading conditions.
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The default force coefficient definition in STAR-CCM+ is given as:
_ F
- 1/2-p-V2-§

It has no be noted the measured force in the numerical simulation is only a quarter of total force, due to

Cr (3.4)

periodical boundary setting. The form of propeller thrust coefficient is given as:
Kr = _r (3.5)
p- n2D4
Reference velocity V is the value of blade tip velocity (n*D) in [m/s]. By keeping the two equations
identical, thus reference area S can be derived. Based on the same method, the report for propeller
torque coefficient can prepared. When estimating scale effect on propeller characteristics, it is also very
useful to identify the respective Pressure and Friction (Shear) contribution in propeller thrust and torque,

which can be also outputted by the Reports.

The powerful post-processing capability in STAR-CCM+ allows one to obtain a detailed insight into flow
behaviors that are difficult, expensive or impossible to study using traditional experimental techniques.
The present simulation utilized some basic post-processing instructions in STAR-CCM+. In particular, it
contains scenes for visualizing wall Y+ distribution, pressure coefficient in certain section section,
constrained streamlines on propeller blades, boundary layer flow visualization, and Vorticity field around
propeller by Volume Rendering, etc. One can find these results in chapter 4.

3.2.9 Running

So far, all the setup have been clarified and the simulation is ready for the final calculation. During
iteration, one can judge the convergence of solution by checking residuals plot, which are created
automatically within every simulation. While it is true that the residual quantity tends toward a small
number when the solution is converged, it cannot be relied on as the only measure of convergence.

Residuals plot

Continuity -~ X-momentum — Y-momentum  Z-momentum — Tke  Sdr

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000
Iteration

Figure 3.20 Residuals plot of BAR 0.4, J=1.1
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The residual in each cell represents the degree to which the discretized equation is satisfied. It has to
be noted that the present simulations are performed as unsteady, using implicit solver which performs
a number of inner iterations with respect to solution residuals, at each time step. Therefore, at each time
step, the first iteration always results in a higher value of residuals, which reduces as iterations progress.
Therefore, one can judge solution convergence by the values of residuals from the last inner iterations
(lowest values) and overall residual decay pattern. In the plot above, both show very much satisfactory
behavior and levels. In such a condition, the simulation time can be reduced significantly.
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Figure 3.21 Residuals plot of BARO0.4, J=0.1

Figure 3.21 shows the typical residuals plot at J=0.1, when comparing with Figure 3.20 of higher J values,
residuals quantities in heavy loading condition didn’t have an obvious decay, especially with component
‘TKE’ keeps increasing. Based on the experience from MARINTEK, this is primarily caused by the
leading edge vortex separation phenomenon occurring on this propeller at heavy loading condition.
Generation and separation of leading edge vortices is an unsteady phenomenon, associated with
increase and time dependent fluctuations of turbulent kinetic energy (TKE) in the domain. That is why
the effect is most pronounced in the TKE residual. By using a setup with periodicity condition, and by
assigning a fixed (and fairly large) time step we capture unsteadiness only up to a certain time-size
scale, while other, smaller scales appear "lost" or "smeared out" from the solution, which causes rise of
residuals and their heavy oscillations. The separation phenomenon is expected to be reduced at lower
loading condition, hence, residuals part can be found to decrease steadily in Fig.3.20.

The only way to improve the behavior of residuals is to refrain from using periodicity conditions (i.e. use
the model of the whole 360 degrees domain), increase mesh fineness to resolve smaller scale vortices,
and adjust the time step so that Courant number (CFL) matches that of vortex shedding frequency.

However, such a solution would be quite expensive for running systematic calculations.

In the case of heavy loading condition, one can judge the convergence instead by the force prediction,
as shown in Part 4.1.1. In conclusion, if one obtains good convergence of propeller force one may
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consider the simulation successful and use K and K, values with good confidence, as long as one is
not interested in unsteady flow phenomena in detail.

Warning message
There are two kinds of warning messages in the monitor dialogue during iteration at heavy loading for
part of cases.

First, the message "Turbulent viscosity limited on N cells in fluid" is due to the limits set in the solver for
the ratio between the turbulent viscosity and dynamic viscosity. If this ratio is too high, the solution will
become numerically diffusive, and may occasionally diverge. Note that it does not have much to do with
physical effect, but rather a limitation of numerical algorithm, most typical for the class of k-w turbulence
models. The turbulent viscosity ratio tends to increase in high-Re (full scale) flows, at the conditions
where vorticity production and separation are greatest (that is why this warning message shows up at
low J in full scale). When increasing the limit to a reasonable level, one may avoid the warning message,
but it actually affects the results very little. On the cautious side, one is not advised to increase it too
high, as this may lead to large numerical diffusion. Practice shows that it is best to keep the original
default limits set in the solver, as these are the model parameters which the solver has been validated
and tuned with. The limit is found under Solvers->K-Omega Turbulent Viscosity->Maximum Ratio.
Alternative way to "help” the solution is to low down the under relaxation factor in the same property
group from 1.0 to, for example, 0.7-0.8. But again, no obvious effect on the final solution results.

The other message "Reversed flow on N faces on Outlet boundary" is, on the contrary, a reflection of a
physical phenomenon. At low J, where propeller loading is heavy, propeller gives great acceleration to
the flow in its slipstream, whereas outside of slipstream, the flow speed is very low. Naturally, due to
shear forces between the fluid layers, it may results in reversed flow in the "border zone" between the
slipstream and the outer domain. When the reversed flow is detected at the domain Outlet, the solver
returns a default warning message, since such reversed fluxes are against the very concept of the
"pressure outlet" boundary condition. However, one should not worry too much about it, because these
effects are very local, and they are found very far downstream of propeller, so they do not affect flow
solution around propeller. This is one reason why the Outlet boundary is placed so far away from
propeller.
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4. RESULTS

4.1 Plot and Scene

411 Ky & K, plot

The Kr and K, plot presented below represents the typical pattern of the force prediction. As shown,
both of coefficients monotonically converged to a certain value after a physical time, which seems to be
a correct trend. During the iterations, there is a considerable force oscillation at heavy loading condition
(J=0.1, 0.3), while at higher J value the predicted force coefficient shows a very stable convergence.
The flow separation phenomenon at heavy loading condition is responsible for this.

0 002 004 006 008 o1 012 014 016 018 02 022 024 026 028 03 032 034 036 038 04 042 044 046 048 05 052

Physical Time (s)

Figure 4.1 Thrust coefficient Ky of BAR 0.4, J=0.9, model scale
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Figure 4.2 Torque coefficient K, of BAR 0.4, J=0.9, model scale
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4.1.2 Wall y*
Figure 4.3 and 4.4 present the y* distribution in model and full scale respectively. As shown, most
region has the desired y* value, for model scale y* <5, for full scale 5< y* <300. It is often

inevitable that a few cells have a small value of y*, especially near stagnation or separation region,
which is acceptable.

X

Wall Y+
f
'2\7)( 0.00000 ___0.50000 __1.0000 1.5000 2.0000 2.5000 3.0000 3.5000 4.0000 4.5000 5.0000

Figure 4.3 Wall y* distribution in model scale

Y
ol wall Y+
'*“tk 30.000 57.000 84.000 111.00 138.00 165.00 192.00 219.00 246.00 273.00 300.00

Figure 4.4 wall y* distribution in full scale
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4.1.3 Mesh scene in plane XOY

A mesh scene is generated by clipping the plane XOY, it’s clear to see polyhedral mesh is created in the
center fluid region, extruder mesh is extended from the boundary of Fluid region, which generates the
Inlet and Outlet Boundary.

Figure 4.5 Mesh scene in plane XOY
4.1.4 Axial velocity in plane XOY
Figure 4.6 presents the axial velocity filed in plane XOY, at J=0.1. Advance velocity at this condition is -

0.375 m/s (-x direction), due to the axial induced acceleration, it is evident to see axial velocity is
increased behind propeller blade.

Y Axial Velocity (m/s)
7 x -1.5865 0.43584 2.4581

Figure 4.6 Axial velocity distribution in plane XOY, J=0.1, BAR 0.6
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4.1.5 Vorticity field in varied loading condition

The group of three figures below shows the vorticity magnitude field of propeller BAR 0.4 in the plane

XQY, at various loading conditions. Vorticity is composed by the three components {,, ¢, and .
Ge=y'(w)—z'(v)
Gy =2'(W) = x'(w) 4.1)
=x'(w)—y' (W

where u, v and w are velocity components in the X, y and z directions.

1 Vorticity: Magnitude (/s)
X 0.00000 100.00 200.00 ‘T’ 300.00 400.00 500.00

Figure 4.7 Vorticity magnitude of BAR 0.4, J=0.1, model scale

#Y Vorticity: Magnitude (/s)

2% 000000 100.00 200.00 — 300.00 400.00 500.00

Figure 4.8 Vorticity magnitude of BAR 0.4, J=0.7, model scale

i“’ Vorticity: Magnitude (/s)
Z_X0.00000 200.00 300.00

Figure 4.9 Vorticity magnitude of BAR 0.4, J=1.1, model scale
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4.1.6 Tip vortex
The tip vortex flowfield in the vicinity of the tip region is a very complicated three-dimensional viscous
flow phenomenon. It can significantly affect the performance of marine propeller.
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Figure 4.11 Tip vortex of BAR 0.6, J=0.1, model scale
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Figure 4.12 Tip vortex of BAR 0.8, J=0.1, model scale
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4.1.7 Flow separation

Flow separation phenomenon occurs when the boundary layer travels far enough against an adverse
pressure gradient that the speed of the boundary layer relative to the object falls almost to zero. By

comparing the figures below, it can be concluded, in the present case, flow separation mainly happens
at the leading edge at outer blade sections under heavy loading condition (low J value).

\ Pressure Coefficient B

-5.0 -3.2000 -1.40 0.40000 2.2000 iI ir\ol)
e :
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Figure 4.13 J=0.1, blade section 0.7R

Figure 4.14 J=1.1, blade section 0.7R
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Figure 4.15 J=0.1, blade section 0.8R
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Figure 4.17 J=0.1, blade section 0.9R

Figure 4.18 J=1.1, blade section 0.9R
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4.1.8 Pressure distribution
The group of diagrams demonstrate the pressure distribution at 0.7R, at J=0.7, for studied propellers.
The non-dimensional form of pressure coefficient is defined as
_ PPy
1/2 - p(nD)?

Pressure distribution at 0.9R can be found in Appendix C.

Cp

Figure 4.19 BAR 0.4, Model Scale Figure 4.20 BAR 0.4, Full Scale

Figure 4.21 BAR 0.6, Model Scale Figure 4.22 BAR 0.6, Fulll Scale

Figure 4.23 BAR 0.8, Model Scale Figure 4.24 BAR 0.8, Full Scale
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4.1.9 Constrained streamlines on blade

The group of figures present the pressure distribution and constrained streamlines on propeller blades
for the three propellers in model and full scale, at the J=0.5. Trailing edge radial flow pattern can be

compared between model and full scale.

Figure 4.25 BAR 0.4, Model Scale

Figure 4.26 BAR 0.4, Full Scale

R y

Ui

P

Figure 4.27 BAR 0.6, Model Scale

Figure 4.28 BAR 0.6, Full Scale

Figure 4.29 BAR 0.8, Model Scale

43

Figure 4.30 BAR 0.8, Full Scale



AALESUND UNIVERSITY COLLEGE

The group of figures shows trailing edge radial flow pattern at different loading condition for BAR 0.6 in
model scale, it can be seen trailing edge radial flow is getting weak as J increases. It can be explained
by the larger Reynolds number at higher J value (though advance velocity is normally neglected when
calculating propeller Re, the actual Re is larger at higher J). At the loading condition J=0.1,and 0.3,
streamline seems absent on the leading edge region, this can be explained by the separated flow.

Figure 4.31 Constrained streamline at J=0.1 Figure 4.32 Constrained streamline at J=0.3

| AdAs

Figure 4.33 Constrained streamline at J=0.5 Figure 4.34 Constrained streamline at J=0.7

. An A

Figure 4.35 Constrained streamline at J=0.9 Figure 4.36 Constrained streamline at J=1.1
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4.1.10 Vorticity magnitude at section 0.7R

The vorticity magnitude in its non-dimensional form (Vorticity/n, where n is the propeller RPS) at certain
foil section give an illustration of the boundary layer thickness in model and full scale. Turbulent
boundary layer shows a much higher level of vorticity compared to the surrounding freestream. By virtue
of this, boundary layer thickness in full scale appears to be showing a reduced thicnkess compared to
model scale, and the reduction is most evident for BAR 0.4.

Vorticity MS: Magnitude

Vorticity FS: Magnituds
0.00000 20.000 10.000 80.000 700.00 CriayisiManiide

0.00000 20.000 10.000 60.000 80.000 100.00

Figure 4.37 BAR 0.4, Model Scale Figure 4.38 BAR 0.4, Full Scale

Vorticity MS: Magnitude
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Figure 4.39 BAR 0.6, Model Scale Figure 4.40 BAR 0.6, Full scale

Vorticity FS: Magnitude
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Vorticity MS: Magnitude 0.00000 20.000
0.00000 20.000 40.000 60.000 80.000 100.00 —

Figure 4.41 BAR 0.8, Model Scale Figure 4.42 BAR 0.8, Fulll Scale
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4.1.11 Trailing vortices

Trailing vortices in propeller wake is a physical phenomenon of great interest to be investigated, it is
recognized to have considerable effect on propeller performance, like lift force. The present group of
figures show the trailing vortices by volume rendering method in STAR-CCM+ for all studied propellers
in both model and full scale. One can find the pitch of trailing vortices is larger in full scale, and it is

believed to be associated with trailing edge radial flow observed on suction side.
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Figure 4.43 BARO.4, Model scale

Figure 4.44 BARO.4, Model scale
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Figure 4.45 BARO.6, Model scale

Figure 4.46 BARO.6, Full scale
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Figure 4.47 BARO0.8, Model scale

Figure 4.48 BARO.8, Full scale
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4.2 Propeller open water characteristics

Table 4.1 and Table 4.2 list the calculated open water characteristics of propeller with BAR 0.4, 0.6 and
0.8, in model scale and full scale. The numerical calculations are performed under the condition of
n=15Hz.
Table 4.1 Open water characteristics in model scale (MS)

BAR 0.4 BAR 0.6 BAR 0.8

J Ky Kq Mo Ky Kq Mo Kr Kq Mo
0.1 0.5208 | 0.0781 | 0.1061 | 0.5843 | 0.0911 | 0.1021 | 0.6130 | 0.0975 | 0.1001
0.3 0.4368 | 0.0681 | 0.3063 | 0.4804 | 0.0770 | 0.2979 | 0.4964 | 0.0806 | 0.2941
0.5 0.3542 | 0.0591 | 0.4767 | 0.3751 | 0.0634 | 0.4708 | 0.3794 | 0.0646 | 0.4677
0.7 0.2713 | 0.0498 | 0.6069 | 0.2723 | 0.0501 | 0.6055 | 0.2651 | 0.0491 | 0.6016
0.9 0.1822 | 0.0385 | 0.6779 | 0.1725 | 0.0365 | 0.6766 | 0.1585 | 0.0341 | 0.6652
1.1 0.0796 | 0.0248 | 0.5619 | 0.0583 | 0.0204 | 0.5003 | 0.0391 | 0.0171 | 0.4008

Table 4.2 Open water characteristics in full scale (FS)
BAR 0.4 BAR 0.6 BAR 0.8
J Ky Kq Mo Ky Kq Mo Kr Kq Mo

0.1 0.5515 | 0.0817 | 0.1074 | 0.5965 | 0.0913 | 0.1040 | 0.6222 | 0.0969 | 0.1022
0.3 0.4679 | 0.0721 | 0.3099 | 0.4937 | 0.0776 | 0.3038 | 0.5041 | 0.0798 | 0.3015
0.5 0.3830 | 0.0628 | 0.4853 | 0.3893 | 0.0642 | 0.4825 | 0.3877 | 0.0639 | 0.4828
0.7 0.2974 | 0.0530 | 0.6251 | 0.2876 | 0.0510 | 0.6283 | 0.2748 | 0.0486 | 0.6297
0.9 0.2079 | 0.0418 | 0.7124 | 0.1868 | 0.0372 | 0.7193 | 0.1689 | 0.0337 | 0.7173
1.1 0.1037 | 0.0278 | 0.6531 | 0.0724 | 0.0210 | 0.6036 | 0.0504 | 0.0167 | 0.5290
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Figure 4.49 Open water characteristics of propellers with varied BAR, Model scale
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Propeller 11 represents the propeller with BAR 0.6. Propeller 12 denotes the propeller 11 with alternative
chord length distribution. Table 4.3 lists the open water characteristics of propeller 12, propeller 11 with
two-blades-split simulation domain and propeller 11 itself.

By comparing the calculated force from one-blade-passage and two-blades-split domain, the two
considered setups bring very close, practically identical results.

Table 4.3 open water characteristics of propeller 11, 12 and 11 with two-blades-split domain
Propeller 12(BAR 0.6) Propeller 11(BAR 0.6) Two-blades-split domain
J Ky Kq No Kr K, No Ky Kq No
0.1 0.5532 | 0.0862 | 0.1021 | 0.5843 | 0.0911 | 0.1021 | 0.5831 | 0.0907 | 0.1023
0.3 0.4617 | 0.0739 | 0.2984 | 0.4804 | 0.0770 | 0.2979 | 0.4795 | 0.0767 | 0.2985
0.5 0.3663 | 0.0616 | 0.4731 | 0.3751 | 0.0634 | 0.4708 | 0.3744 | 0.0632 | 0.4714
0.7 0.2706 | 0.0492 | 0.6127 | 0.2723 | 0.0501 | 0.6055 | 0.2714 | 0.0498 | 0.6072
0.9 0.1732 | 0.0359 | 0.6907 | 0.1724 | 0.0365 | 0.6766 | 0.1714 | 0.0362 | 0.6782
11 0.0628 | 0.0202 | 0.5440 | 0.0583 | 0.0204 | 0.5003 | 0.0579 | 0.0202 | 0.5018
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Figure 4.50 Open water characteristics of propeller 11 and propeller 12
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Relative difference in propeller force

The comparison between model and full scale open water propeller characteristics was made in the

form of relative difference in percent ((KS - KM)/KM) X 100. Considered that absolute value of propeller

force is relative small at J=1.1, and division by a small value will result a significantly large difference in

percent. For this reason, data of J=1.1 is not included in these diagrams. Figure 4.51, 4.52 and 4.53

present relative difference between model and full scale thrust, torque and efficiency respectively, for

propeller with BAR 0.4, 0.6 and 0.8. Figure 4.54, 4.55 and 4.56 present relative difference between

model and full scale thrust, torque and efficiency respectively, for propeller 11 and 12.
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Figure 4.51 relative difference in thrust
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When compare the scale effect on propeller 11 and 12, it is beneficial to demonstrate the trailing edge
radial flow and chordwise pressure distribution. Figure 4.57-4.60 present the difference of flow behaviors
between propeller 11 and 12, in model and full scale, at selected loading condition J=0.5.

Constrained streamline on blade

y

A A I

Figure 4.57 Propeller 11, Model scale Figure 4.58 Propeller 11, Full scale

Figure 4.59 Propeller 12, Model scale Figure 4.60 Propeller 12, Full scale

Figure 4.61-4.63 present the different chordwise pressure distribution in propeller 11 and 12, at blade
section 0.4R, 0.5R and 0.95R, under the loading condition J=0.1. Information at section 0.7R and 0.9R
are included in the Figure 5.10-11, Chapter 5. The pressure coefficient is in its non-dimensional form:
_ pP— Pref
Cp=——t—
1/2 - p(nD)?
where reference pressure P, is zero, n represents propeller RPS, D is propeller diameter.
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Figure 4.61 Pressure distribution along the blade section of propeller 11 and 12, section 0.4R
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Figure 4.62 Pressure distribution along the blade section of propeller 11 and 12, section 0.5R
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Figure 4.63 Pressure distribution along the blade section of propeller 11 and 12, section 0.95R
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4.3 Experimental results VS numerical results
Towing tank test for the propeller P1374 (BAR 0.6) at model scale have been performed at April, 2014,
by MARINTEK. These propellers are simulated under n=5, 9Hz. Table 4.4 lists the information of towing

tank results.

Table 4.4 P1374 open water characteristics in towing tank

n=5 Hz n=9 Hz
Kr K, No Ky Ko No
0 0.606 0.0924 0 0.611 0.0924 0

0.1 0.561 0.0867 0.103 0.568 0.0870 0.104
0.2 0.516 0.0809 0.203 0.523 0.0813 0.205
0.3 0.470 0.0751 0.299 0.475 0.0754 0.301
0.4 0.423 0.0693 0.388 0.426 0.0693 0.391
0.5 0.375 0.0635 0.470 0.376 0.0632 0.474
0.6 0.326 0.0572 0.543 0.326 0.0569 0.547
0.7 0.276 0.0507 0.608 0.277 0.0506 0.610
0.8 0.226 0.0442 0.652 0.228 0.0441 0.658
0.9 0.175 0.0372 0.673 0.178 0.0374 0.684
1.0 0.117 0.0289 0.642 0.126 0.0300 0.670
11 0.049 0.0191 0.450 0.069 0.0217 0.554

To validate the accuracy of numerical method, propeller P1374 at corresponding RPS were simulated.
Table 4.5 lists the information of numerical results.

Table 4.5 P1374 open water characteristics from numerical simulation
n=5 Hz n=9 Hz

J Ky K, 1o Kr Kq 1o
0.1 0.561 0.0867 0.103 0.580 0.0909 0.102
0.3 0.516 0.0809 0.203 0.478 0.0770 0.296
0.5 0.470 0.0751 0.299 0.373 0.0634 0.468
0.7 0.423 0.0693 | 0.388 0.270 0.0500 0.602
0.9 0.375 0.0635 | 0.470 0.169 0.0364 0.665
1.1 0.326 0.0572 0.543 0.055 0.0204 0.472
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4.4 Pressure and friction components

The three tables below list the pressure and friction component in propeller thrust and torque,
respectively for propeller BAR 0.6. Data for propeller 0.4 and 0.8 can be found in Appendix D.

Table 4.6 Pressure and friction components in BAR 0.6, Model scale

J Thrust Pressure Friction Torque Pressure Friction
0.1 0.5843 0.5882 -0.00386 0.0911 0.08820 0.002858
0.3 0.4804 0.4845 -0.00409 0.0770 0.07396 0.003034
0.5 0.3751 0.3795 -0.00442 0.0634 0.06013 0.003251
0.7 0.2723 0.2770 -0.00471 0.0501 0.04669 0.003387
0.9 0.1725 0.1775 -0.00501 0.0365 0.03313 0.003370
11 0.0583 0.0638 -0.00550 0.0204 0.01699 0.003430

Table 4.7 Pressure and friction components in BAR 0.6, Full scale

J Thrust Pressure Friction Torque Pressure Friction
0.1 0.5960 0.5981 -0.00212 0.0913 0.08971 0.001555
0.3 0.4937 0.4960 -0.00230 0.0776 0.07590 0.001669
0.5 0.3893 0.3918 -0.00250 0.0642 0.06239 0.001801
0.7 0.2876 0.2903 -0.00268 0.0510 0.04915 0.001888
0.9 0.1868 0.1897 -0.00286 0.0372 0.03534 0.001883
11 0.0724 0.0755 -0.00312 0.0210 0.01911 0.001903

Table 4.8 Pressure and friction components in propeller 12, Model scale

J Thrust Pressure Friction Torque Pressure Friction
0.1 0.5532 0.5569 -0.00377 0.08620 0.08374 0.002436
0.3 0.4617 0.4657 -0.00399 0.07387 0.07125 0.002616
0.5 0.3663 0.3706 -0.00430 0.06162 0.05879 0.002833
0.7 0.2706 0.2752 -0.00462 0.04920 0.04625 0.002980
0.9 0.1732 0.1782 -0.00496 0.03592 0.03292 0.003005
1.1 0.0628 0.0682 -0.00540 0.02021 0.01716 0.003048

Table 4.9 Pressure and friction components in propeller 12, Full scale
Thrust Pressure Friction Torque Pressure Friction
0.1 0.5631 0.5651 -0.00202 0.08631 0.08500 0.001311
0.3 0.4716 0.4738 -0.00220 0.07403 0.07261 0.001424
0.5 0.3773 0.3797 -0.00239 0.06202 0.06047 0.001552
0.7 0.2820 0.2845 -0.00258 0.04969 0.04804 0.001645
0.9 0.1848 0.1876 -0.00279 0.03636 0.03469 0.001668
11 0.0740 0.0771 -0.00303 0.02051 0.01883 0.001679
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The figure shows the pressure component in thrust, one can find pressure component is larger in full
scale, this is the caused by the larger lift force in full scale. Friction component in thrust is negligible.
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Figure 4.64 Pressure component in thrust, BAR 0.6

The figure shows the friction component in toque, one can find friction component is smaller in full scale,
this is the caused by the smaller drag force in full scale, due to larger Re in full scale.
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Figure 4.65 Friction component in torque, BAR 0.6
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5. DISCUSSION

This Chapter presents the obtained numerical results and related analysis. Firstly, the CFD results
will be compared with experimental data to validate the accuracy, then comes with the largest part
of this chapter-the discussion of scale effects with respect to different factors.

5.1 Comparison between numerical and experimental results

The systematic simulations with propeller blade area ratio variation are performed by a RANSE method,
which has already been introduced in detail in Chapter 3. The studied propellers in model scale are all
simulated under n=15Hz by default. Open water tests in towing tank of parent propeller P1374 has been
done by MARINTEK earlier with revolution speed n=5Hz and 9Hz, to compare the numerical results and
validate its accuracy, propeller with the above two RPS are also calculated in this project with same
RANSE method. The comparison between the numerical predictions and experimental data are
presented below. For specific data at each J value, one can refer to the Table 4.4 and 4.5 in Chapter 4.

1 1
0.9 Sﬁi ® Experiment — 09 P<2 m Experiment __|
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Figure5.1 Numerical and experimental Figure5.2 Numerical and experimental
results of at n=5Hz results of at n=9Hz

The plots appear to be showing a good agreement between numerical and experimental results in all
calculated loading conditions for both cases. Slightly larger deviation is observed at low J values with
relative difference in forces listed below. Considering that maximum difference at J=0.1 in terms of
torque is only about 5% and much more accurate results at higher loading conditions, the numerical
results can be used with confidence.

Table 5.1 relative difference in force between numerical and experimental results

J=0.1 J=0.3
AKy AK, AKy AK,
n=5Hz 3.03% 5.07% 1.06% 2.93%
n=9Hz 2.11% 4.48% 0.63% 2.12%
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The larger difference at heavy loading conditions is mainly caused by the flow separation phenomenon,
which is more pronounced under heavy loading. Fig. 5.3 and 5.4 present the flow behavior at the blade
section 0.9R for J=0.1 and J=1.1. It is clearly to see at the J=0.1, there is a strong flow separation region
at the propeller leading edge, together with evident pressure drop. However at higher advance speed J,
it is not found. From Fig.4.13-4.18, one can also find the flow separation is more pronounced at the
outer blade section, under heavy loading.

60000  '3.0000 *

Figure 5.3 Flow field at 0.9R, J=0.1 Figure 5.4 Flow field at 0.9R, J=1.1

The observed physical result which gives rise to the considerable force oscillation during iteration is
originated from separated leading edge vortex. It means that the flow case is essentially unsteady, and
setup with periodicity conditions in the present simulation may not be sufficiently accurate (even though
it was solved as unsteady, but we limit it to one blade passage domain with fully developed periodic
interface). One way to improve the accuracy is to refrain from using periodicity conditions and use the
whole 360 degrees domain instead. However this will be quite expensive for running systematic
calculations.

Figure5.5 Flow regime on the suction side of a propeller foil

Another factor that contributes to the difference between numerical and experimental results is laminar
flow zone, which may exist on blades during towing tanks model tests as shown in Fig.5.5, while
simulation with RANSE method assumes fully turbulent flow. The flow regime is determined by local
Reynolds number, which varies greatly due to the complex geometry of propeller blade. As a result, it is
impossible to completely avoid the transient flow regime.

56



AALESUND UNIVERSITY COLLEGE

5.2 General propeller open water characteristics

To investigate the scale effects with regard to blade area ratio, the systematically varied propellers with
BAR 0.4, 0.6 and 0.8 were simulated in model and full scale. The rate of revolution for model-scaled
propeller was 15Hz, while full-scaled propeller’s revolution speed was defined by Froude number identity,
resulting in n=3.3541Hz. Propeller Reynolds number is calculated using the blade width and the

resultant velocity at section 0.7R, ignoring inflow.

2
Re=5.%.;‘_ié (5.1)
Table 5.2 Reynolds number of all simulated propellers
BAR 0.4 BAR 0.6 BAR 0.8
Model scale 411 x 10° 6.16 x 10° 8.22 x 10°
Full Scale 3.67 x 107 5.51 x 10° 7.35 x 10°

Figure 5.6 presents the obtained open water characteristics of model —scaled propellers. It can be seen
at heavy loading condition, propeller with larger BAR has larger thrust and torque, and all the three
propellers have comparable performance in terms of efficiency. However, at lighter loading condition,
more specifically when J>0.7, propeller with BAR 0.4 generates the largest thrust, and torque. Propeller
efficiency peaks at about advance coefficient J=0.9 for all the propellers. Thereafter, it falls evidently,
and it is more pronounced for propeller BAR 0.8. The observed tendencies resemble those of

Wageningen B-series with blade area ratio variation.
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Figure 5.6 Open water characteristics of the propellers with BAR variation

Figure 4.7-4.9, in Chapter 4, presents the vorticity field in the propeller slipstream at various loading
conditions, which illustrates a very logical tendency. With increasing J propeller loading becomes lighter,
and propeller produces less vorticity in the flow. The figures also show that at heavier loading conditions
(higher J) the rate of slipstream contraction and deformation of the vortex sheets are larger than at
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lighter loading conditions. This contraction is due to the acceleration of the fluid by the propeller and,
consequently, is dependent upon the thrust exerted by the propeller. The greater the thrust produced by
the propeller for a given speed of advance, the more the slipstream will contract, according to John
Carlton [8].

The following group of Figures 4.10-4.12 clearly illustrated that the blades of propeller with lower BAR
develop a stronger tip vortex at low J values, than blades of propeller with higher BAR. This is related
to the value of circulation and resulting blade loading, which are higher for propellers with lower BAR,
at the same J value. Mainly this result is caused by a higher blade section thickness (relative
thickness/chord length e,/b, was kept the same through the series). This result is also in line with
experimental data on the well-known Wageningen B-series.

5.3 Scale effects

The comparison between model and full scale open water propeller characteristics was made in the
form of relative difference in percent ((Ks — Ky)/Ky) % 100, and it is presented in Fig.5.7 and Fig.5.8,
for thrust coefficient, torque coefficient respectively. One can find detailed data in Appendix B.
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J=0.1 1=0.3 1=0.5 1=0.7 =09 2%

Figure 5.7 Relative difference in thrust Figure 5.8 Relative difference in torque

Compared the scale effects in propeller force, the following conclusions can be drawn:

Thrust coefficient of all propellers is larger in full scale, and the relative difference between model and
full-scaled results is larger for smaller BAR. Propeller torque experiences the similar tendency, with the
exception that the calculated torque coefficient is little bit smaller in full scale for BAR 0.8. Thus it can
be concluded that the propeller with smallest BAR has the largest scale effects in open water
characteristics. Meanwhile, it is obvious to see propeller torque shows a smaller scale effect than
propeller thrust, and both of the thrust and torque related scale effects are larger at lighter loadings.

To investigate the above mentioned tendency, the contribution from the "pressure” and "friction"
components in thrust and torque were assessed separately. The pressure component is originated from
pressure differential between suction and pressure blade side, which generates the lift force. The friction
component is caused by the viscosity, which forms the so called drag force. Both lift and drag force have
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their contribution in propeller thrust and toque. For more information, one can refer to Part 2.1.2. Data
of propeller BAR 0.6 in model and full scale are presented in Table 4.6-4.7, Chapter4.

5.3.1 Scale effects regarding propeller thrust and torque

Thrust coefficient

By comparing Table 4.6 and 4.7, Chapter 4, it can be noted both pressure and friction component in
thrust have a positive effect on the thrust increase in full scale, this was caused by the increase of lift
force F, and the decrease of drag force F, in full scale. According to the Eq. 2.1.5, the propeller thrust

F
is affected by (1 — F—D - tan f3;), hence the described change of lift and drag force will have a co-acting
L

effect on the thrust, which makes the scale effect more pronounced.

Torqgue coefficient
F
In the case of propeller torque, according to the Eq. 2.1.6, it is affected by (1 + F—D- cot B3;), the
L

increase of lift force F, and the decrease of drag force F, will have a counter-acting effect. This is why
scale effect is smaller for propeller torque. Besides, propeller torque magnitude is about one order less
than thrust, and relative contribution of drag forces (friction component) is much greater in torque than
it is in thrust.

5.3.2 Scale effects regarding loading condition

Thrust coefficient

From Figure 5.7-5.8, it can be seen at lighter loading condition (higher J value), the relative difference
of thrust and torque between model and full scale is, generally, larger. In the case of propeller thrust,
since the contribution of friction component is comparatively small, it is justified to say that the greatest
part of scale effects on thrust is associated with pressure component. Table 5.3 presents the absolute
and relative difference of pressure component in thrust between model and full scale. It was found that
the absolute increase value is comparable through all the loading conditions, however since at higher J
value, we are dealing with relative smaller absolute value of pressure component, and division by a
small value results in larger difference in percent. Therefore, it can be concluded, at higher J, the larger
increase of thrust between model and full scale is attributed to the relative larger contribution of pressure
component.

Table 5.3 Pressure component in thrust, model and full scale, BAR 0.6

J MS FS Absolute increase Relative increase
0.1 0.5882 0.5981 0.0099 1.7%
0.3 0.4845 0.4960 0.0115 2.4%
0.5 0.3795 0.3918 0.0123 3.2%
0.7 0.2770 0.2903 0.0133 4.8%
0.9 0.1775 0.1897 0.0122 6.9%
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Torque coefficient

Compared to the propeller thrust, contribution of friction component is considerable larger in torque, due
to the smaller value of torque. Take propeller with BAR 0.8 for example. From Table 5.4, it can be seen
that at each loading condition the friction component is reduced in full scale. Due to the larger
contribution of friction component, the total torque thus experiences a decrease in full scale, despite
pressure component increased in full scale. At lighter loading condition, where friction contribution in the
total force balance is even larger, the decrease of torque is therefore more evident.

Table 5.4 Pressure and friction component in torque, model and full scale, BAR 0.8

Model scale Full Scale
J Torque Pressure Friction Torque Pressure Friction
0.1 0.09747 0.09391 0.003564 0.09689 0.09494 0.001949
0.3 0.08060 0.07686 0.003714 0.07982 0.07775 0.002076
0.5 0.06456 0.06061 0.003954 0.06390 0.06166 0.002238
0.7 0.04909 0.04493 0.004157 0.04862 0.04624 0.002375
0.9 0.03413 0.02994 0.004190 0.03373 0.03134 0.002392

For propeller with BAR 0.4 and 0.6, the increase of pressure component in full scale is larger than the
decrease of the friction component, hence the resulted toque coefficient is higher in full scale. However,
from Figure 5.8, one can find the increase of torque in full scale becomes less dependent on the loading
condition (compared to propeller thrust), this is the direct result of larger counter-acting effect of friction
component at lighter loading condition (higher J value). The conclusion is easily verified by the following
analysis. As one can find from the Table 5.5, compared to J=0.3, the relative contribution of pressure
component in torque at J=0.7 is augmented by the value of 1.5% (8.8%-7.3%). However, since the
contribution of friction is larger at J=0.7, the scale effect in terms of torque is ultimately only increased
by 0.6% (6.4%-5.8%) between J=0.3 and J=0.7.

Table 5.5 Pressure and friction component in torque of BAR 0.4, at J=0.3, 0.7

J=0.3 J=0.7
MS FS MS FS
Total 0.0681 0.0721 5.8% 0.0498 0.0530 6.4%

Pressure | 0.06583 0.07081 7.3% | 0.04725 | 0.05167 8.8%
Friction | 0.002289 | 0.001236 | -1.5% | 0.00255 | 0.001360 | -2.4%

In conclusion, the main difference in torque between model and full scale with varied loading condition
is again attributed to pressure component. In the meantime the torque-related scale effect shows weak
dependence on loading condition, this is caused by the larger contribution of drag force in torque, which
also gives rise to the reduction of torque at full scale, for propeller with BAR 0.8.
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5.3.3 Scale effects regarding blade area ratio

Thrust coefficient

From Figure 5.7, it is obvious to find the difference of thrust between model and full scale is larger for
propeller BAR 0.4. As mentioned earlier, compared to model scale, thrust is larger in full scale, due to
its larger pressure component, resulted from larger lift force in full scale. Since the thrust-related scale
effect is more pronounced in BAR 0.4, it is logical to say the difference of pressure component in thrust
between model and full scale should be largest for propeller with BAR 0.4. Table 5.6 below demonstrates
the tendency and one can find, with higher blade area ratio, the increase of pressure component in full
scale is larger.

Table 5.6 Pressure component in thrust compared with varied BAR
BAR 0.4 BAR 0.6 BAR 0.8
J MS FS Increase MS FS Increase MS FS Increase

0.1 | 0.5236 | 0.5531 5.6% 0.5882 | 0.5981 1.7% 0.6178 | 0.6246 1.1%
0.3 | 0.4398 | 0.4695 6.8% 0.4845 | 0.4960 2.4% 0.5015 | 0.5069 1.1%
0.5 | 0.3573 | 0.3848 7.7% 0.3795 | 0.3918 3.2% 0.3848 | 0.3907 1.5%
0.7 | 0.2746 | 0.2994 9.0% 0.2770 | 0.2903 4.8% 0.2709 | 0.2781 2.7%
0.9 | 0.1859 | 0.2101 13.0% | 0.1775 | 0.1897 6.9% 0.1646 | 0.1724 4.7%

Regarding the pressure component, the pressure distribution at cylinder section 0.7R in model and full
scale are compared in Figure 4.19-4.24. It can be seen that the pressure distribution in the flow field
around the target blade section undergoes much larger change for the propeller with BARO.4 than for
the propeller with BARO.8. Hence the section lift force F, undergoes larger change in full scale for the
BAR 0.4, which explains the aforementioned tendency of pressure component in thrust. One can also
find in the Appendix C, pressure distribution at cylinder section 0.9R also undergoes the same tendency,
the pressure variation in full scale is largest for BAR 0.4.

Since propeller lift force is affected by the flow behaviour significantly, it is necessary to look into the
flow patterns around propeller blade. Figure 4.25-30 present constrained streamlines with pressure
distribution on propeller suction blade for the three propellers in model and full scale. It can be seen that
in model scale all propellers have pronounced zone of flow in radial direction along the blade trailing
edge. This zone is largest for propeller with BAR 0.4. In full scale, the zone of trailing edge radial flow is
reduced, and the reduction is again largest for propeller with BAR 0.4. The trailing edge flow pattern
affects directly the pitch of trailing vortices in propeller slipstream, as shown in Part 4.1.11. In full scale,
the reduction of radial flow results in increase of trailing vortex pitch and higher lift force produced by
the blade. Therefore, this is the most likely major factor contributing to the magnitude of scale effect.
Concerning the results described above, it can be concluded that due to less pronounced trailing edge
radial flow region, higher lift force is produced in full scale. The increase of lift in full scale is largest for
propeller with BAR 0.4, which is caused by the largest reduction of trailing edge radial flow zone.
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The observed tendency in trailing edge radial flow is believed to be associated with the corresponding
change of boundary layer thickness in full scale. According to the definition for turbulent boundary layer
thickness over a flat plate, Reference [11], the boundary layer thickness & is given by:
5 ~ 0.382-x
Rex1/5

where x is the distance downstream from the start of the boundary layer, Re, = uyx/v is the local

(5.2)

Reynolds number. Though the definition is designed for flat plate, it does show the correlation between
boundary layer thickness and Reynolds number, which can be also applied in the case of propeller.
More specifically, boundary layer thickness is reduced and has a greater "fullness" of velocity profiles in
full scale due to large Reynolds number, as shown in Figure 5.9. By virtue of these changes, the full
scale boundary layer on propeller blades become more resistant to the action of centrifugal forces, which
tend to drive the flow in the outward, radial direction, as we see in model scale. Figure 4.37-4.42 also
demonstrate the tendency of change in boundary layer thickness. The boundary layer is thicker in model
scale, and reduced in full scale. The reduction of thickness is more pronounced for BAR 0.4.

Model Scale
4 Full Scale
SEp—— 5 S
> 8
— E—
4

Figure 5.9 Boundary layer profile in model and full scale

Torqgue coefficient

14%

H BARO.4 BARO.6 mBARO.8
12%

10%

8%

6%

4%

2%

0%
J=0.1 J=0.3 1=0.5 J=0.7 J=0.9

Figure 5.10 Friction component weightage (%) in propeller torque

Since lift force is larger in full scale and the increase is largest in propeller with BAR 0.4, it is logical to
find the largest scale effects in terms of torque for BAR 0.4, due to the dominant contribution of lift force
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in torque. However, for larger BAR, the lift increase in full scale will be smaller. Meanwhile, the counter-
acting drag force will increase its weightage in torque due to larger blade area, as shown in Figure 5.10.
These two coupling factors thus together make the increase of torque smaller in full scale for larger BAR.
Further evolvement of this tendency in BAR 0.8 results in the decrease of torque in full scale.

5.3.4 Scale effects regarding chord length distribution

Apart from the series of blade area ratio variation, calculation were carried out for another variant
propeller 12 with alternative chord length distribution. Compared to propeller 11(with BAR 0.6) used in
the previous stage, the chord length distribution is altered in the new one and maximum thickness to
chord length ratio e,/b is modified slightly at the outer blade sections, in order to ensure a more realistic
blade geometry. All the other geometrical elements are kept identical in Propeller 11 and Propeller 12.

The calculated open water characteristics of propeller 12 is provided in Table 4.3 and if one compare it
with propeller 11 as shown in Figure.4.50, it can be noted that propeller 12 has lower thrust and torque
all through the loading conditions, with exception of slightly higher thrust at J=1.1. Performance in terms
of efficiency are quite close for these two propeller.
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Figure 5.11 Pressure coefficient distribution along blade section 0.7R and 0.9R, J=0.1

Figure 5.11 presents the chordwise pressure distributions of these two propellers at section 0.7R and
0.9R respectively, for advance coefficient J=0.1. Data of section 0.4R and 0.5R can be found in Figure
4.61-4.63, in Chapter 4. It can be seen that the difference of pressure distribution between propeller 11
and 12 is much more pronounced at section 0.9R and 0.95R at blade tip area, when compared to other
inner sections.

The blade flow pattern of these two propellers are compared in Figure 5.12, it's obvious to see apart
from the pressure distribution, the alternative chord length distribution also has a direct impact on the
trailing edge radial flow zone, which is reduced significantly in propeller 12. In the meantime, one can
find the reduction of trailing edge radial flow zone in full scale is smaller for propeller 12 in Figure 4.57-
4.60, Chapter 4. Analogous to the BAR variation, it results in less augment of lift force in full scale, hence
the scale effect in terms of propeller force should be less pronounced in propeller 12.
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A

A

Figure 5.12 Comparison of flow pattern of propeller 11 and 12, model scale, J=0.5

B

Figure 5.13 demonstrates the relative difference of thrust and torque between model and full scale, for
propeller 11 and 12, and one can find the scale effect is reasonably higher in propeller 11, either for
thrust or torque.
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Figure 5.13 Scale effects in terms of thrust and torque coefficient for propeller 11 and 12
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6. CONCLUSION

To investigate the scale effect on propeller, the present study has analyzed a number of propellers with
systematically varied blade area ratio, utilizing a RANS method with highly automatically generated
mesh, in fully turbulent flow. Compared to experimental results, good agreement is obtained by the
numerical simulation, though slightly larger difference is observed at heavy loading condition due to flow
separation and laminar flow zone.

The calculated open water characteristics for propellers with BAR 0.4, 0.6 and 0.8 show the same
tendencies as found in the well-known Wageningen B-series propellers with corresponding variation of
blade area ratio.

The obtained scale effects is apparently larger for propeller thrust, this result is due to the counter-acting
influence of lift and drag in torque, compared to co-acting influence in thrust. Besides, contribution of
viscous forces in torque in much larger than in thrust, and the tendency becomes more pronounced at
lighter loading conditions, which also makes the scale effect on torque less depend on loading condition,
due to the larger neutralization from viscous force.

It has been shown that propeller with smallest blade area ratio has the largest scale effect, which is
explained by the largest reduction of trailing edge radial flow zone in full scale for propeller BAR 0.4. It
is induced by the large difference of Reynolds number in model and full scale, which implies that the full
scale boundary layer on propeller blades become more resistant to the action of centrifugal forces, which
tend to drive the flow in the outward, radial direction. In the case of propeller torque, the counter-acting
viscous force is much larger in the total force balance, and it is more pronounced for larger blade area,
which explains the even smaller scale effect on propeller torque with larger blade area ratio.

The results of propeller with alternative chord length distribution appears to be showing smaller scale
effect when compared to the original one with BAR 0.6. The reduced trailing edge radial flow zone due
to changed blade geometry is responsible for these results.

The study based on computational results indicates that the influence of blade area ratio on scale effects
are primarily due to the Reynolds-affected trailing edge radial flow phenomenon, and it is highly
dependent on the blade geometry. These make the traditional scaling extrapolation procedure
significantly complicate, thus it requires further exploration into the practical CFD methods for the
accurate prediction of propeller performance.
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7. FUTURE WORK

The present work utilizes periodical boundary setting to represent the whole CFD domain, this setting
will reduce computational cost significantly especially for the systematic calculation. However, it
inevitably brings a relative larger error at heavy loading condition due to flow separation. One of works
that can be done in future is to calculate the cases at low J values with the whole 360 degree domain.
Estimated mesh cells will reach to about 5 million, which requires greater computational resources.

As mentioned earlier, the work was solved under the assumption of fully turbulent flow regime, in both
full and model scale condition, although the latter case can, in principal, involve transient flow regime.
In order to improve the accuracy of prediction in model scale, one can consider the prediction of open
water propulsor characteristics with more advanced transition model, while the artificial means of flow
turbulization are not applied routinely. The two-equation, isotropic SST k-w model selected in the
present project, it already provided us reasonable accuracy. However, as far as the problems described
here is concerned, more advanced turbulence modelling concepts such as anisotropic turbulence
models, Detached Eddy Simulation (DES) and vortex confined method appear to be more appealing. In
comparison with traditional turbulence modelling methods, the latter approaches have been studied far
less completely, further development of these models are deemed to have great contribution to CFD
methods for marine applications.

The general recommendation that being followed in the present work for prism layer mesh setup is to
aim at y*<5 in model scale simulations, and 30<y*<300 in full scale simulations. Using the All y*
Treatment method to relax the above limits. This means that, if some surface areas fall in the "buffer"
range (5<y*<30), it is possible to go on with the simulation and expect reasonable results. Even for
simulation with scale factor 10, this setup bring decent result, as most important outer blade sections
r/R>0.6 are well in the range of y*>30. However, what if, for example, we do a calculation at the scale
factor 5? One can expect that, in such a case, most of the blade will be in the buffer layer. Whatever we
believe about the All y* Treatment method, this is the situation better to be avoided. Hence, it would
be constructive to derive a more general recommendation for setting up the boundary layer mesh valid
for all scales.
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APPENDIX

Appendix A Geometrical characteristics of propeller (BAR 0.6) with alternative chord
length distribution

Table Al Chord length and maximum thickness distribution of propeller (BAR 0.6) with
alternative chord length distribution

Appendix B

MR b,/IR b,/b(0.7) e,/R e,/b,
0.240 0.4171 0.5574 0.0761 0.1824
0.250 0.4311 0.5761 0.0750 0.1739
0.300 0.4972 0.6644 | 0.0694 0.1395
0.350 0.5569 0.7442 0.0640 0.1149
0.400 0.6098 0.8149 0.0588 0.0964
0.500 0.6932 0.9263 0.0490 0.0706
0.600 0.7420 0.9915 0.0400 0.0539
0.700 0.7483 1.0000 0.0312 0.0416
0.800 0.6973 0.9318 0.0228 0.0326
0.900 0.5541 0.7404 | 0.0144 0.0259
0.950 0.4133 0.5523 0.0100 0.0241
0.975 0.2999 0.4008 0.0080 0.0266
0.990 0.1926 0.2573 0.0069 0.0358
0.995 0.1368 0.1829 0.0064 0.0467
1.000 0.0500 0.0668 0.0060 0.1200

Relative difference in thrust and torque

Table D1 Relative difference in thrust and torque between model and full scale

Relative difference in thrust Relative difference in torque
J BAR 0.4 BAR 0.6 BAR 0.8 BAR 0.4 BAR 0.6 BAR 0.8
0.1 5.9% 2.1% 1.5% 4.6% 0.7% -0.56%
0.3 7.1% 2.8% 1.6% 5.9% 1.2% -0.94%
0.5 8.1% 3.8% 2.2% 6.3% 1.6% -1.02%
0.7 9.6% 5.6% 3.7% 6.4% 2.4% -0.96%
0.9 14.1% 8.4% 6.6% 8.6% 2.8% -1.17%
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Appendix C  Pressure distribution at cylinder section 0.9R

Figure B1 BAR 0.4, Model Scale Figure B2 BAR 0.4, Full Scale

Figure B3 BAR 0.6, Model Scale Figure B4 BAR 0.6, Full Scale

Figure B5 BAR 0.8, Model Scale Figure B6 BAR 0.8, Full Scale
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Appendix D  Pressure and friction component in model and full scale, for BAR 0.4 and 0.8

Table C1 Pressure and friction components in BAR 0.4, Model scale

J Thrust Pressure Friction Torque Pressure Friction
0.1 0.5208 0.5236 0.00276 0.0781 0.07598 0.002132
0.3 0.4369 0.4398 0.00294 0.0681 0.06583 0.002289
0.5 0.3542 0.3573 0.00319 0.0591 0.05669 0.002456
0.7 0.2713 0.2746 0.00337 0.0498 0.04725 0.002519
0.9 0.1822 0.1859 0.00370 0.0385 0.03608 0.002463
11 0.0796 0.0837 0.00411 0.0248 0.02239 0.002397

Table C2 Pressure and friction components in BAR 0.4, Full scale

J Thrust Pressure Friction Torque Pressure Friction
0.1 0.5515 0.5531 0.00153 0.0817 0.08055 0.001149
0.3 0.4679 0.4695 0.00165 0.0721 0.07081 0.001236
0.5 0.3830 0.3848 0.00181 0.0628 0.06150 0.001330
0.7 0.2974 0.2994 0.00196 0.0530 0.05167 0.001360
0.9 0.2079 0.2101 0.00216 0.0418 0.04047 0.001341
1.1 0.1037 0.1061 0.00239 0.0278 0.02652 0.001310

Table C3 Pressure and friction components in BAR 0.8, Model scale

J Thrust Pressure Friction Torque Pressure Friction
0.1 0.6130 0.6178 0.00484 0.09747 0.09391 0.003564
0.3 0.4964 0.5015 0.00508 0.08060 0.07686 0.003714
0.5 0.3794 0.3848 0.00544 0.06456 0.06061 0.003954
0.7 0.2651 0.2709 0.00581 0.04909 0.04493 0.004157
0.9 0.1585 0.1646 0.00615 0.03413 0.02994 0.004190
11 0.0391 0.0458 0.00673 0.01708 0.01271 0.004372

Table C4 Pressure and friction components in BAR 0.8, Full scale

J Thrust Pressure Friction Torque Pressure Friction
0.1 0.6220 0.6246 0.00262 0.09689 0.09494 0.001949
0.3 0.5041 0.5069 0.00281 0.07982 0.07775 0.002076
0.5 0.3877 0.3907 0.00308 0.06390 0.06166 0.002238
0.7 0.2748 0.2781 0.00331 0.04862 0.04624 0.002375
0.9 0.1689 0.1724 0.00351 0.03373 0.03134 0.002392
11 0.0504 0.0542 0.00383 0.01668 0.01421 0.002471
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