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Abstract

In Computational Fluid Dynamics (CFD) simulations, limited number of full-scale
studies with ship propellers have been conducted due to the limitation of computational
resources and computation time. There are two methods for efficient full-scale
numerical analysis; (1) a method of using large non-dimensional wall-normal
distances (y +) and (2) a method of applying a virtual fluid at a model scale. However,
there are lack of study on the validity of using large y+ in full-scale propeller
simulations and applying virtual fluids. Thus, the aim of this study is to investigate the
effect of different wall y+ values in a real fluid and the virtual fluid concept to predict
full-scale propeller performance using CFD. For these investigations, the commercial
CFD tool, STAR-CCM+, was used to predict the propeller open water (POW)
performance of the KRISO benchmark propeller (KP505) in model and full-scale. The
results presented include the pressures, friction, streamlines, and tip vortex formation
characteristics. The findings of this research study support the use of a small value of
wall y+ (i.e., y+<1) for the model scale simulations, but the effect of the wall y+ is
negligible in full-scale. This study also demonstrates that the similarity requirements
for the advance coefficient and Reynolds number could be satisfied simultaneously in
full-scale by using the virtual fluid properties without any need to conduct more

computationally demanding full-scale simulations with real fluid.



1. Introduction

1.1. Introduction

This chapter introduces the general perspectives of the subjects covered in this MPhil
thesis, presents the motivations of the study, defines the aim and objectives of the study,

and finally outlines the structure of the thesis.

1.2. General perspectives

The full-scale performance of a ship usually can be estimated based on model scale
predictions, which largely rely on empirical relationships that require accumulated
knowledge, experience, and many correction factors, and expensive physical model
tests. Thus, a recent and attractive alternative approach for this purpose is to simulate
the ship performance in full-scale by using Computational Fluid Dynamics (CFD)
methods. However, full-scale simulation of ships has not been adequately studied

because of the requirements for large computational resources and time.

Some studies have been conducted on the effect of the Reynolds number in various
full-scale performance predictions using viscous solvers. For example, Yang et al.
(2010) compared the wake of a model ship and a full-scale ship using CFD. Jasak et
al. (2019) studied the sensitivity of the grid size selection for a full-scale ship in a self-
propulsion state. Castro et al. (2011) used a discretized propeller to perform a full-
scale self-propulsion analysis. Kim et al. (2020) compared two extrapolation methods
using the result of a full-scale simulation for predicting the resistance of an air

lubrication system.

In CFD applications, the flow near the wall is affected by the values of the non-
dimensional wall-normal distance (y+), so the selection of accurate y+ values is critical

(ITTC, 2011). High wall y+ values (>30) have been used in the full-scale simulations
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to avoid an increased grid size since smaller values of wall y+ require high computing
performance. Recently, however, improved computing performance may allow lower
values for wall y+ in full-scale. Nevertheless, studies using low values of wall y+ in
full-scale have been limited, so it is beneficial to study CFD simulations for ship

performance by using low wall y+ values in full-scale simulations.

The propulsion performance of a ship depends on the performance of its propeller to
overcome the total hull resistance. Many experiments and numerical analyses have
been carried out to estimate the propeller performance and understand the physical
phenomena involved in propeller flow. Felli et al. (2011) conducted experiments to
study how the propeller wake develops in transition and far-field regions. Paik (2003)
studied the hydrodynamic characteristics of a propeller operating beneath a free
surface. It was shown that the hydrodynamic characteristics of a propeller operating
near the free surface could be changed depending on the submergence depth, advance

coefficient, and size of the model propeller.

Kawamura et al. (2012) conducted a numerical simulation of a propeller boss cap fin
with a different scale. Silvestre et al. (2015) measured the propeller performance at a
low Reynolds number. The propeller performance was mainly affected as the Reynolds
number increased. Song et al. (2019) conducted simulations to predict the effect of

biofouling on a full-scale propeller and the hull.

For ship model tests involving propellers, the advance coefficient similarity is essential
to extrapolate the model test data to the full-scale. In order to achieve this similarity
law, the advance velocity and/or rotational speed terms to match the full-scale torque
or thrust. However, it is impossible to match the advance coefficient and Reynolds

number for the model and full-scale propeller at the same time.

If the scale is determined to conduct the model test, one of the easiest variables to
change is advance velocity. However, in CFD, a virtual environment can be generated.
For example, a virtual fluid with virtual properties can be created numerically. If there

is virtual fluid in the model scale, both similarities can be matched at the same time.



Theoretically, when the Reynolds similarity requirement is satisfied, the viscosity
phenomena should be the same. However, limited study on this approach has been
reported. Sezen et al. (2019) introduced a virtual fluid and performed numerical
analysis on the DTMB 5512 ship at the model and full scales. Zhao et al. (2015) studied
numerical analysis using virtual fluids for the bulk carrier ships with ESD, and it was
confirmed that similar results were produced regardless of the scale. However, a study
on a complex application of scale for the effect of varying y+ and that of virtual fluid
on a propeller’s flow action has not been conducted. An advantage of using virtual
fluid is that full-scale simulation should not be needed. Just simulations at the model
scale will suffice using the virtual fluid property. This process will save a considerable
amount of computational time and resources. For all these reasons, the effect of virtual

fluid should be studied.

Thus, as tackled in the present study, it will be most appropriate to investigate the
effect of different wall y+ values and the use of the virtual fluid concept on propeller
flow modelling. This would preferably be done to predict the propeller open water
(POW) performance by using commercial CFD code and validated with available
experimental data. This will help to make further progress in obtaining more accurate,

efficient, and cost-effective ways of predicting a ship's performance in full-scale.

Therefore, the aim of this study was set to investigate the effect of different wall y+
values in a real fluid and the virtual fluid concept to predict full-scale propeller
performance using CFD. For these investigations, the commercial CFD tool, STAR-
CCM+, was used to predict the propeller open water (POW) performance of the
KRISO benchmark propeller (KP505) in a model and full-scale.



1.3. Motivations

Before detailing the specific objectives of this study, an overview of the general

motivations is presented in this section.

There have been several studies using CFD to investigate various values of
wall y+ at full-scale. However, it is necessary to study the very small wall y+
values. It is possible to analyse the influence of the flow characteristics and
performance characteristics around the propeller according to the varying wall
y+. This could be helpful to predict full-scale performance of the marine

propeller.

There are only a few studies on the use of virtual fluids in CFD simulations.
The use of virtual fluids could help predict full-scale performance. However,
as far as the author is concerned, there are no studies on marine propellers using

virtual fluids. This gap can be filled by performing a CFD simulation.

There have been many studies on the perturbation of flow around the propeller
according to the advanced coefficient. However, as a study for further
understanding, the relationship between the advanced ratio and wall y+ can be
investigated. This study can be useful in predicting propeller performance and

flow characteristics.

1.4. Research aim and objectives

Based on the motivations given in the previous section the main aim of this thesis is to

develop computational techniques to investigate the effect of wall y+ and the validity

of using virtual fluid on the model scale and full-scale marine propeller.

In order to achieve the above aim, the following objectives are specified:



e Objective 1: To conduct a literature survey for the background knowledge and
theory in the effect of wall y+ and virtual fluid on marine propellers (Chapter
2), helping the author effectively use and apply the CFD method to achieve the

aim and objectives of this thesis.

e Objective 2: To develop a CFD model to conduct an analysis of the effect of
wall y+ and virtual fluid on the model and full-scale propeller (Chapter 3).

e Objective 3: To validate using a CFD model to predict the effect of the wall y+
and virtual fluid on the propeller by comparing the CFD results with the
experimental result obtained from POW test (Chapter 4).

e Objective 4: To perform CFD simulations of different fluid types in different
scales and advanced coefficients to investigate the effect of wall y+ and virtual

fluid on the flow action of marine propellers (Chapter 5).

1.5. Structure of the thesis

The above objectives are achieved in the six chapters of the thesis structured as defined

below following this introductory Chapter 1:

Chapter 2 provides a comprehensive review of the literature on related topics,
including a high-level understanding and theory of marine propellers, theoretical

information on the CFD scheme used in this paper.

Chapter 3 describes the general methodology used in this paper.

Chapter 4 presents the verification of CFD simulations for the validation of CFD

results. POW tests were performed in a towing tank for various advance coefficients.



The experimental results were compared with the CFD results for the selected

propeller.

Chapter 5 provides the results of the CFD simulations. The characteristics of fluid
types, pressure distributions, friction distributions, and flow characteristics around the

blade surface were compared for various y+ values, scales, and advance coefficients.

Finally, Chapter 6 presents a comprehensive summary of this dissertation, including

research goals, achievements, main conclusions, and future recommendations.

1.6. Chapter summary

The general background, the motivations of this study, the aim and objectives, and the

structure of the thesis have been introduced in this chapter.



2. Literature review

2.1. Introduction

An extensive literature and theory survey were conducted in the relevant field to justify

the aim of this study.

In section 2.2, a brief review of the marine propeller is presented, including the
similarity law and the method of propeller experiments. Section 2.3 reviews the
theoretical characteristics of the flow near the wall. Finally, numerical analysis

techniques and equations used in the thesis are described in section 2.8.

2.2, Marine propeller

2.2.1. Marine propeller

A propeller is one of the most common propulsion system for ships. Typically, it has
3 to 5 blades, and the number of blades is determined by the vibration frequency of the
hull and propulsion shaft. The boss-to-diameter ratio is usually 0.18 to 0.30, and the
blade area ratio is determined to meet the cavitation requirements condition.
Significant size skews can be applied to reduce propeller excitation force and slightly
increase diameter and efficiency. Modifications including tip rake (Andersen, 1999;
Dang, 2004) and end plate (Dyne, 2005) can improve the performance of the basic
wing. Special application examples of general propellers include super-cavity
propellers and surface-piercing propellers for high-speed ships used in situations
where cavitation is inevitable. Other types of propellers include Controllable Pitch

Propellers, Ducted Propellers, Contra-Rotating Propellers, and Tandem Propellers.

All propulsion mechanisms operate on the principle of imparting momentum to the

'working fluid' according to Newton's law of motion described as follows:
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(a) The external acting force is the same as the rate of change of momentum.

(b) Action and reaction are of the same magnitude and opposite directions.

That is, the force required to change the momentum of the working fluid appears as a
reaction to the propulsion mechanism, and this becomes the thrust generated by the
mechanism. Assuming that the velocity of the fluid passing through the thruster is
accelerated from V; to V, by the action of the propulsion mechanism and the mass

passing through the device per unit time is m, the generated thrust (T') is as follows.

T =m(V, — Vy) 2.1)

The general characteristics of any propeller are basically shown in Figure 2.1. The
thrust formula (Equation 2.1) shows that T converges to zero when V; approaches V,.
That is, when the ratio V; /V, of the forward velocity V; to the ejection velocity V,

increases, the thrust decreases. Two extreme cases can be considered:

(a) In the case of V; = V,, the thrust is zero. Therefore, the output is also 0. In this
condition, since a little input power is required due to viscous loss, the n = 0.
(b) Inthe case of V; = 0, although the thruster generates the maximum thrust, n =

0 since the output TV; = 0.

At any value of V;/V, between these two extreme cases, 17 becomes maximum.
Therefore, it is desirable to design the propulsion mechanism to operate close to this

condition for maximum efficiency.
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Figure 2.1 The Propeller Open Water (POW) curve, adapted from Paik (2017)

2.2.2. Similarity law

Several combinations of dimensionless coefficients are used in propeller design work.

The quantity and dimension related to these coefficients are as follows.

Table 2.1 Physical quantity and dimension for propeller coefficient

Thrust T ML
T2
Torque Q MIL?
T2
Revolutions Per Second (RPS) n l
T
Advance speed /4 L
T
Diameter D L
Density p M
13

According to the dimensional analysis method, the relationship between physical

quantities is expressed as follows.

Thrust: f(T,D,v,n, p) (2.2)
Torque: f(Q,D,V,n,p) (2.3)



here, Advance coefficient and thrust, advance coefficient, and torque can each be

expressed in two ways.

Al
f2 _(pn2D5
[ T
f3 :(pVSDZ
fa _(pVZD3

The following expressions are commonly used.

T

Kr :pn2D4'KQ
T

Cr =szD4’ Q

Q

pn2D>’
Q

pV2D3’

2.2.3. Expression of propeller data

_V
]_nD
_V
]_nD

(2.4)
(2.5)
(2.6)

2.7)

(2.8)

(2.9)

For most purposes, the preferred method is K7, K, and J (Equation 2.8). Cr, Cy, and |

methods have the disadvantage that Cr and C, become infinite when V—> 0, so Cr

and C, are useless in a low-speed example towing tank test and become meaningless

under the condition of V = 0 bollard pull.

Since the size of 10K, is roughly similar to K7, Kr and 10K, are shown together.

Propeller efficiency is determined as follows.

No =

This basic formula can be written for dimensionless coefficients as follow.

TVq
2mnQ

10

(2.10)



_ pn®D*KrV, _ JKr
 2mnpn2DSK, 2nK,

Mo (2.11)

2.2.4. Propeller Open Water (POW) characteristics

The performance characteristics of a propeller is described as Propeller Open Water
characteristic, and it is measured using Propeller Open Water equipment installed in a
towing tank or a cavitation tunnel as shown in Figure 2.2. The test usually measures
the propeller thrust, torque, rotational speed, and water speed together. These results
are corrected for water temperature, and in the case of a cavitation tunnel test, the
tunnel wall effect is also corrected. Finally, the measurement results are non-
dimensionalised using Kr, Ky, and 7, and plotted against / as shown in the Figure 2.1.
The open water test procedures recommended by the International Towing Tank

Conference (ITTC) can be found in ITTC (2014).

Figure 2.2 The equipment for POW test, adapted from Lim et al. (2014)
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2.3. Near-wall flow

2.3.1. Boundary layer

When a viscous fluid passes over an object, the shear stress has a large value only in
the thin layer near the object called the boundary layer, and the viscous backflow
region is formed by the fluid flowing to the back of the object through the boundary
layer. The boundary layer continues to thicken along the length of the object. The flow
inside the boundary layer is unstable. It flows smoothly and steadily up to the front
part but decomposes into a very unsteady flow at the back of the object.

(a) Laminar flow region: In this region, the boundary layer flow is smooth,
orderly, and steady.

(b) Transition region: Here, the smooth flow breaks down.

(c) Turbulent zone: In this region, the flow becomes irregular with random

motion, and the boundary layer thickens.

Flow within a turbulent region is described as a superposition of a turbulent velocity
component with an average of zero over an average velocity that is constant over time.
The random turbulence velocity component is usually on the order of +20% of the
velocity. The turbulent boundary layer also contains a thin viscous sub layer near the
surface of the object. Outside the turbulent boundary layer, there is still a smooth,
temporally constant external flow, and the turbulent boundary layer is not created
because the object is not streamlined. Figure 2.3 shows typical laminar and turbulent

flow velocities.

12
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Figure 2.3 Velocity profile of laminar and turbulent flow, adapted from Schlichting (2017)

The initiation of the laminar-turbulent transition process is determined by the velocity
of the fluid (v), the distance (1) travelled along the body and the dynamic viscosity (v)
of the fluid. It is characterised by the Reynolds number of the flow defined as follows.

Re = — (2.12)

When Re exceeds about 5 X 105, the flow becomes turbulent even for a smooth shape.
At the same time, the laminar-turbulent transition can be promoted depending on the
surface conditions, such as surface roughness. The laminar-turbulent transition also
depends on the turbulence component already included in the flow approaching the
body. Because of ocean waves, tide, shallow water effects, and other local disturbances,
ships operate primarily at high levels of turbulent flow. Therefore, the boundary layer

around the hull and propeller is turbulent.
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2.3.2. Flow Separation

In a fluid flowing along a flat surface, the pressure is constant, and the boundary layer
grows thick with distance and does not come off the surface. The case where the
pressure decreases in the flow direction is called “the favourable pressure gradient”,
but the flow does not separate. On the other hand, the case where the pressure increases
in the flow direction is called “an adverse pressure gradient”, and at this time, the flow
velocity relatively decreases inside the boundary layer. This causes the velocity of the
inner layer of the boundary layer to zero at some point along the length of the object.
At that point, the average properties of the boundary layer change dramatically, and
the boundary layer thickness begins to get much thicker. The flow at the surface of the
body is counter-current, and the main boundary layer is separated from the body,
forming a large vortex after the separation point. The separation flow is usually

unsteady, with the eddy current periodically falling off into the wake.

Boundary layer separation can occur both laminar and turbulent boundary layers, and
it should be noted that it is likely to occur in laminar boundary layers. Looking at the
velocity distribution in Figure 2.3, the momentum near the surface of the laminar flow
boundary layer is smaller than that of the turbulent boundary layer, which means that
the laminar flow boundary layer is more prone to separate. That is, the turbulent
boundary layer is more resistant to flow separation than the laminar flow boundary
layer. This leads to an increase in drag due to separation in laminar flow rather than
turbulence. This fact explains why the dimple-shaped golf ball promotes turbulent flow
and thus reduces drag, so it flies farther than the original smooth golf ball.

24. CFD

2.4.1. Governing equations

14



As the governing equations for Newtonian fluid without viscoelasticity, the continuity
equation and the Navier-Stokes equation can be expressed. The continuity equation is
shown in Equation 2.13 and the Navier-Stokes equation in Equation (2.14). To

interpret this numerically, a numerical solution is obtained using CFD.

d
S HV- (V) =0 (2.13)
ou; ou; 10p u 0%y

Bt Y Yiox, T pox | poxax @19

A representative numerical technique for simplifying the Navier-Stokes equation is the
RANS equation (Reynolds Averaged Navier-Stokes equations). The Navier-Stokes
equation can be simplified as Equation 2.15 and Equation 2.16, assuming that the
fluctuating velocity and pressure components are divided into the time-averaged value,

and the fluctuating part and this process is called the Reynolds average process.

ou; _ o0 1op 10%( 0wy,
o,
a—xj= 0 (216)

—pu,u; is the Reynolds stress term

A numerical model is used to solve the RANS equation containing the Reynolds stress
term, and representative turbulence models include the k — € model and the k — w

model.

2.4.2. Turbulent model

The turbulent viscosity coefficient u; is known to be a value determined by the
characteristic length and characteristic velocity of the turbulent motion, not by the

physical property value from considerations and systematic experiments on turbulence.

15



The k — € model is a two-equation model, and the two-equation model is a model that
uses the velocity scale and length scale that govern turbulent motion as transport
equations. The turbulent kinetic energy (k), which can be obtained directly from the
RANS equation, is used as a velocity scale in the form of (Vk). However, the length
scale uses the transport equation for the variable €, which is a combination of the
velocity scale and the length scale. € is the dissipation rate of turbulent kinetic energy,

expressed as Equation 2.17.

N|w

k

xe 2.17)
!

€E =

That is, the k — € model is a model that calculates the characteristic length by using
the turbulent kinetic energy (k) as the characteristic velocity and the dissipation rate

(€), and the turbulence viscosity coefficient is expressed as Equation 2.18.

C

upk?

Uy = c

where, C, is a coefficient obtained by experiments.

(2.18)

Various k — € models exist depending on how k and € are constructed to obtain the
characteristic length and characteristic velocity. Representative examples include the
RNG k — € model (Yakhot and Orszag, 1986) and Chen's k — € model (Chen and
Kim, 1987). STAR CCM+, a commercial numerical analysis program used in this
thesis, includes Standard k — e Two-layer, Standard k — € Low-Re, AKN k —¢€
Low-Re, Realizable k — €, Realizable Two-Layer k — €, etc.

Wilcox (1988) developed the k — w model, a model that solves the transport equation
of w, which is the specific dissipation rate (dissipation rate per unit turbulent kinetic
energy) instead of € in the k — € model. The advantage of the kK — w model compared
to the k — € model is that the performance of the boundary layer is improved in the
adverse pressure gradient. However, there is a problem in that the boundary layer

calculation is sensitively, changed according to the value of w in the free stream, and

16



thus there is a disadvantage that it acts extremely sensitively to the inlet boundary
condition for the internal flow. In the k — w model, the specific dissipation rate and

the turbulent viscosity coefficient are calculated as Equations 2.19 and 2.20.

Cu€
= 2.19
w kk (2.19)
p
=— 2.20
Ut w ( )

where, C, is constant.

Menter (1994) developed a method of using the k — w model near the wall and the
k — € model in the far-field by introducing the blending function. This method is the
SST (shear stress transport) k — w model, and this method solves the problem of free
stream and inlet conditions, which were disadvantages of the kK — w model. For this

study, the SST k — w model is used as the turbulent model.

2.1. Chapter summary and conclusion
A comprehensive review of the literature on related topics, including a high-level

understanding and theory of marine propellers, theoretical information on the CFD

scheme used in the thesis is presented in this chapter.
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3. Methodology

3.1. Introduction

This chapter presents the general methodology used in this thesis, while each of the

following chapters will introduce the specific details of the general methodology.

3.2. Approach

Figure 3.1 shows a flow chart of the proposed methodology. Step 1 involves
conducting model scale CFD simulations by initially setting the values of wall y+
smaller than 1 and then later greater than 30 on the propeller surface. Step 2 involves
validating the model scale simulations by using experimental performance data for the
KP505 benchmark propeller of KRISO (Korea Research Institute of Ships and Ocean
Engineering). Step 3 involves the simulation of a full-scale propeller initially using
low wall y+ and then higher values. The thrust, torque, and efficiency performance of
the propellers (in terms of K7, 10K, and 7,) were compared with the experimental
data and model scale simulations. Step 4 involves CFD simulations using the virtual
fluid concept. The full-scale Reynolds number was matched in the model size by using
virtual fluid. Finally, the effects of using different values of wall y+ on the propeller
surface were investigated based on the various physical characteristics of the propeller

performance.
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Figure 3.1 The methodology of the whole process

3.3. Mathematical and numerical

3.3.1. Geometry, boundary condition, and grid system

In this thesis, a full-scale and model scale KP505 were used to study the effect of wall
y+. The KP505 propeller was designed for the KRISO container ship (KCS). Table
3.1 and Figure 3.2 show the geometry and details of the KP505. The commercial
software STAR CCM + 13.06 was used for the analyses conducted in the thesis.

Figure 3.2 shows the grid system used on the propeller surface and surrounding domain
of the propeller. At the propeller surface, there is a very fine grid at the propeller tip
for better resolution of the tip vortex. The closer to the propeller hub the surface grid
is, the larger it becomes. For accurate prediction of the propeller flow, the leading edge
and trailing edge were set to have a finer grid. In Figure 3.2, D is the propeller diameter.
For the simulations, the sliding mesh method was used. The blue frame shown in

Figure 3.2 indicates the rotating region.

Figure 3.3 shows the computational domain and boundary conditions imposed on this

domain. The inlet boundary condition is a velocity inlet condition, and the outlet
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boundary condition is a pressure outlet condition. While the walls have slip conditions,

and the propeller surface has a non-slip condition. The fluid flows in the x-direction

from the inlet in simulating the advancement of the propeller. To avoid the reflection

effects, all boundaries were placed with enough distance from the propeller.

Table 3.1 Main particulars of KP505 propeller

Propeller type
Rotation

No. of blades

Section shape
Propeller diameter
Hub ratio

Pitch to diameter ratio

Blade area ratio

D (m)
D,/D
P/D

Ac/A,

FPP

Right Hand

5

NACAG66

7.9 (Full), 0.25(Model)
0.18

0.950

0.800

1 T
)

T T
oo o]

Figure 3.2 Grid system on the propeller surface and volume mesh near the propeller
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Figure 3.3 Computational domain and boundary conditions

Figure 3.4 shows the prism layer mesh and volume mesh at the 0.7R plane of the

propeller. The upper edge is the trailing edge, and the lower edge is the leading edge

of the blade section. For large wall y+, there is a thick prism layer in Figure 3.4 2!

HZE JZE 2 = §I&LLCHDb). All figures have different shapes of the prism

layer for each converging condition.

(a) y+<1, model scale (b) y+>30, model scale
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(c) y+<1, full-scale (d) y+>30, full-scale

Figure 3.4 Prism layer on the propeller blade at 0.7R

3.3.2. Methodology to match small y+ for full-scale simulation

When using CFD, achieving wall y+ less than 1 is one of the biggest challenges in a
full-scale simulation due to numerical instability and computing time. To match a wall
y+ value less than 1, the prism layer's first cell has to be extremely thin. However, this
causes a seriously high aspect ratio, which causes numerical instability. To avoid this
situation, the surface grids of the propeller should be very small. In this case, many
grid elements are needed. This means that the simulation needs much time to obtain
the result. Therefore, researchers must select between numerical stability and

computation time.

There are several methods to improve numerical stability. Widely known methods
include using a small time step and relaxation factor. For simulations including
rotating motion, the numerical instability can be improved by adopting various
rotational speeds. After converging numerical conditions are obtained using a
stationary propeller, an appropriate rotational speed can be achieved by gradually
increasing the rotational speed. But even if these techniques are adopted, these
simulations may not converge due to the large aspect ratio. For these reasons, a new

technique is needed for the simulation to converge.
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When a CFD simulation starts, a constant velocity is used for the initial velocity. This
may induce numerical instability at the prism layer because of the high velocity at the
layer. To solve this problem, a velocity function with a slope at the wall can be used.
This velocity function imitates a boundary layer. It is not needed to express a real
boundary layer, and it is just necessary to indicate the virtual boundary layer at the
prism layer. By using this artificial boundary layer, the numerical stability can be

improved.

An example of how to define the initial velocity condition with an artificial boundary

layer is shown by Equation 3.1:

- (when,d < t)
v=xd 3.1)

L% (when,d > t)

where v is the initial velocity condition, v,, is the inflow velocity, t is the prism layer
thickness, d is the wall distance. The slope also can be a second-order, third-order, or

logarithm function according to the simulation conditions.

34. Chapter summary

The general methodology, including how to set CFD simulations used in the thesis,

has been presented in this chapter.
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4. Verification and validation

4.1. Introduction

In this chapter, verification and validation of the CFD simulation results were
performed by comparing the results with the model experimental data. The grid
convergence index (GCI) method was used to verify the grid system of CFD, while for

the validation task, the results of the POW test conducted at KRISO were used.

4.2. Verification

To determine the sufficient grid-spacing for the CFD models, a verification study is
conducted to assess the numerical uncertainties. The grid convergence index (GCI)
method is used to estimate the order of accuracy of results. The GCI method is based

on the extrapolation of Richardson (1911).

Table 4.1 shows the GCI values of K1 and K|, for the full-scale and model scale. Ny,
N,, and N are the numbers of fine, medium, and coarse grids, respectively. The POW
characteristics K and K, at an advance coefficient of ] = 0.5 were used as the key
variables. The difference between the volume mesh base size of the medium-fine grid
and the coarse-medium grid is a multiple of the square root of two. However, due to

the prism layer, the number of total grids is different by about 2 times.

When doing model scale simulations, the GCI value of K7 and K, for the fine mesh
arrangement applied was 0.101% and 0.004%, respectively. When doing full-scale
simulations, the GCI value of K1 and K, for the fine mesh was 0.029% and 0.137%,

respectively. There is only a maximum difference of 0.26% between the fine and
medium mesh grids. By considering the accuracy and calculation time of simulations,

the use of the medium mesh was preferred.
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Table 4.1 Comparison of the propeller performance and discretisation error for spatial
convergence study

Model scale Full-scale

No. of grid K ;(diff., %) 10K, (diff.,, %) No.ofgrid Kr(diff,, %) 10K, (diff., %)
N; (fine) 185 M 0.2724 (-) 0.4354 (-) 39.6 M 0.2866 (-) 0.4251 (-)
N, (medium) 92 M 0.2717 (0.26)  0.4353 (0.02) 18.4M 0.2865 (0.03)  0.4260 (0.21)
N3 (coarse) 51 M 0.2718 (0.22)  0.4371(0.39) 93 M 0.2862 (0.14)  0.4269 (0.42)
GClfine - 0.101% 0.004% - 0.029% 0.137%

4.3. Validation

The CFD results were compared with the experimental data from KRISO. Various
inflow velocities with a constant shaft rotational speed for all advance coefficients
were used for the experiment. The Reynolds number for the propeller can be expressed

with the blade chord length and the relative flow velocity at 0.7R (Vy,z =

V2 + (0.7nnD)?). The Reynolds number for the simulations of the model scale and
the full-scale was 8.49 x 10° and 6.22 x 107at J, = 0.7, respectively.

The comparisons of the predicted POW curves from the CFD with the experimental
data are shown in Figure 4.1. The figure on the left, Figure 4.1 (a), illustrates the effect
of the different y+ values, while the figure on the right, Figure 4.1 (b), displays the
effect of using the different fluid types.

As far as the y+ effect is concerned, the thrust and torque coefficients are in very good
agreement with the experimental data as shown (Figure 4.1 (a)) for the different y+
values. The error of 7, is large when the advance coefficient (J) is high. This is because
the values of Kt and Kq are very small at that J range. There are no differences in Kr,
Kq, 1, for the different y+ values in full-scale; whereas at the model scale, the

differences can only be seen in Kq at the high J range.

On the other hand,as shown in Figure 4.1 (b), the result of the virtual fluid agrees well
with that of the real fluid, indicating that K; and 10K, have similar values at all J

values. Thus, the scale effect has not occurred due to the Reynolds similarity.
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Figure 4.1 Propeller open water curves

4.4. Chapter summary

The CFD methods used in this study were verified and validated using the open water

performance data for the KRISO benchmark model propeller and the GCI method.
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5. Results and discussion

Figure 5.1 and Figure 5.2 show the pressure distributions on the propeller blade
surfaces for a low advance coefficient (/4 = 0.1) and a high one (J, = 0.7),
respectively. For the low advance coefficient case (J, = 0.1), the difference in
physical phenomena can be studied in detail by investigating the pressure patterns in
Figure 5.1. On the suction side, there are different negative pressure regions at the
leading edge. Wall y+ has more effect on the model scale than on the full-scale. For
the results of the model scale, the starting point of the strong negative area is located
lower when wall y+ is small. Also, the endpoint is located lower. The total areas of the
deep blue region are similar to each other. On the other hand, the shape of the negative
region is more complex at the lower wall y+ by the split in two at the tip side of the

propeller.

Unlike in the model scale, for the full-scale, there is no noticeable difference according
to wall y+. The area of the negative pressure region is wider than at the model scale.
The starting point is similar to the one with a lower wall y+, and the ending point is
similar to the one with a higher wall y+ in the model scale. Because the Reynolds
number is the same, the result of the virtual fluid case shows indistinguishable
differences from the full-scale results. Both the area and the location of the negative
pressure region are similar to the full-scale result, and other areas are similar as well.
However, on the pressure side, there are no remarkable differences according to the
changes of scale, wall y+ and fluid types. Unlike the suction side, there is a high
positive pressure area near the propeller’s leading edge, and a relatively uniform

pressure distribution appeared compared with the suction side.

The pressure distribution results for the high advance coefficient (J, = 0.7) is shown
in Figure 5.2. The tendency of the pressure contour is dramatically different compared
to the low advance coefficient case. Unlike Figure 5.1, there is no difference according
to the scale, wall y+, and fluid types. On the suction side of the propeller, a uniform
pressure distribution can be seen over the entire surface, and a relatively high pressure

distribution can be observed near the trailing edge and the leading edge of the hub side.
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Likewise, on the pressure side of the propeller, the contour of the overall pressure

distribution is even, and the pressure value is locally high near the leading edge.

The reason for setting a small wall y+ is to set up a thin grid close to the wall for
accurately capturing the velocity gradient. On the other hand, a large y + corresponds
to the relatively large size that the first grid covers up to the buffer layer. Since the first
grid size is large, the overall grid size in the prism layer increases. Eventually, the near-

wall grid-resolution quality becomes poor (Figure 3.4).

In the Fluid Volume Method (FVM), one cell has one physical value, so in the case of
a large wall y+, the velocity value of the first cell touching the wall has a larger value
than when a small y+ is used. Therefore, when the value of wall y+ is large, since the
first cell has greater momentum, the area where the flow is separated and negative
pressure is generated is biased toward the tip of the propeller. In the case of high
Reynolds numbers, however, no tendency appears like at low Reynolds number due to

the thin boundary layer.
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Figure 5.1 Pressure distribution at the propeller surfaces when |, = 0.1
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Figure 5.2 Pressure distribution at the propeller surfaces when |, = 0.7




Figure 5.3 shows the friction coefficient and limiting streamline on the propeller blade
surface for Jo=0.1. The lines on the blade surfaces represent the limiting streamlines,
and the contours represent the friction coefficient distribution. Many differences
depend on the scale, and numerical conditions can be discussed. For the low wall y+
value at the model scale, a complex flow appears near the leading edge of the suction
side, and the overall shape of the limiting streamlines over the blade is directed toward
the propeller tip as the flow progresses. On the other hand, at the high wall y+ value,
the complex flow pattern is not observed near the leading edge, and the overall shape

of the limiting streamlines over the blade has a concentric circle pattern.

The friction coefficient distribution shows a larger tendency at the high wall y+ value
as a whole. Still, a strong friction coefficient appears near the leading edge on the
suction side, so the torque coefficient has similar values (i.e. higher torque), as shown
in Figure 4.1. In full-scale, there is a different trend compared to the trend observed in
the model scale. Because the Reynolds number is much larger, the magnitude of the
friction coefficient distribution is smaller than that of the model scale. In addition,
there is almost no effect of wall y+ on both the limiting streamlines and contours. The
shape of the limiting streamlines is similar to the large wall y+ result of the model

scale.

When the advance coefficient is increased (Ja=0.7), as shown in Figure 5.4, there are
fewer differences compared to the low advance coefficient (Ja =0.1). For the low wall
y+ value at the model scale, the overall shape of the limiting streamlines over the blade
is more directed toward the propeller tip as the flow progress than high wall y+.
However, the tendency is smaller than the low advance coefficient (Figure 5.3, (a) and
(b)). On the other hand, in the Full-scale and virtual fluid results, there is no

appreciable difference between the limiting streamlines.

In terms of friction coefficient distribution, similar to the limiting streamline, there is
little difference in full-scale simulations. In the model scale, low wall y+, the friction
coefficient is higher near the propeller leading edge. The friction resistance is high at
the propeller leading edge but gradually decreased as the flow progressed. On the

other hand, in the high wall y+, the friction resistance is small at first, then increases
3



in the middle of the surface and decreases again. This tendency does not appeal in the

Full-scale and virtual fluid results.

In Figure 5.5, the shape of the limiting streamlines depending on the wall y+ value at
the full-scale is compared. The red line represents the streamline at the lower wall y+
value, and the black line represents at higher wall y+ value. As with the model scale
results, when the wall y+ is small, the limiting streamline tends to rise toward the tip.
However, the difference appears much smaller than the result of the model scale. On
both the suction side and the pressure side, it can be seen that the results of the virtual
fluid agree well with the results of the full-scale. The complex flow around the
propeller tip and the overall limiting streamline agree well, and the friction coefficient

distribution on the propeller surface is similar.
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Figure 5.3 Friction coefficient distribution and limiting streamline on the propeller surfaces at ], = 0.1
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(b) Pressure side, J4 = 0.1

(c) Suction side, J4, = 0.7 (d) Pressure side, J4 = 0.7

Figure 5.5 The shape of the limiting streamlines on the full-scale propeller surface

Figure 5.6 shows the effect of the y+ value and scale on the pressure field, Q-criteria,
friction distribution, and turbulence intensity for the two different advance coefficients.
The pressure field near the leading edge of the propeller and the turbulence intensity
are plotted based on the Q-criteria. The contours on the blade surfaces represent the
friction distribution. Overall, the vortex structure follows the negative pressure region
of the pressure field, and the turbulence intensity increases from a similar point. In
Figure 5.6 (a) and (b), a difference appears in the vortex structure at the point where
the difference appears in pressure distribution (Figure 5.1) and friction distribution
(Figure 5.3) on the blade surfaces. A point where the turbulent intensity becomes

stronger appears later in Figure 5.6 (b).



The turbulence intensity is a physical quantity that indicates the degree of disturbance
of the flow. As mentioned previously, in the case of the large wall y+ value, the
momentum of the flow in the first cell is large. For this reason, the disturbance point
is behind that obtained with the small wall y+ value. With a low advance coefficient,
the results are similar except for Figure 5.6 (b). However, at high Reynolds numbers,
the relative thickness of the boundary layer is thin, so the vortex structure adheres more

to the propeller surface.

At a high advance coefficient, there is no difference in the physical properties
according to calculation conditions. The numerical calculations with the virtual fluid
show the results of the full-scale at both the low and high advance coefficients. Both
the vortex structure and turbulent intensity are similar. Also, the friction distribution
and pressure distribution on the blade surfaces are similar. Therefore, the advance

coefficient similarity and Reynolds similarity are correctly applied.
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6. Conclusions and recommendations

6.1. Main conclusions

This research investigated the effect of varying wall y+ values and the use of virtual fluid

concepts on the prediction of POW performance. During the investigation, the commercial CFD

tool STAR CCM+ was used to predict the KRISO KP505 benchmark propeller's POW

performance in model and full-scale by using model test data based on a 250-mm-diameter

model propeller. Based on the investigations, the following main conclusions were obtained:

The model scale CFD simulations indicated that the predicted torque coefficient with
high wall y+ values overestimated the model test-based torque coefficient at a high
advance coefficient (/4 = 0.7). However, the agreement for this coefficient was found
to be good at a low advance coefficient (J, = 0.1). The thrust coefficient predictions at
the model scale were in good agreement with the model-test thrust coefficient at both
advance coefficients. However, based on the full-scale simulation results, the CFD
predictions overestimated the thrust coefficient in comparison with the predictions from
the model scale simulations due to the Reynolds number effect. On the other hand, the
predicted full-scale torque coefficient was smaller than the prediction based on the

model scale simulations.

The model scale simulations with the different wall y+ values presented different tip
vortex structures and shapes on the blade surfaces. Also, the distributions of the pressure
and frictional coefficients were dissimilar, and the limiting streamlines were
considerably different due to the wall y+ differences. The limiting streamlines with the
low wall y+ value presented the lines directed towards the propeller tip. In contrast, the
results with the high wall y+ value presented the limiting streamlines with concentric

circles along the propeller radii.

In general, the results of the full-scale simulations with the different wall y+ values
indicated significantly more minor differences in the predicted performance results
compared to the results obtained from the model scale simulations. Despite the
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differences in the wall y+ values, the main performance parameters were similar (i.e.,
the thrust and torque coefficients, the pressure and friction coefficient distributions, and
the vortex structures). The only difference noticed was in the limiting streamline
patterns with a slight deviation in the direction. Similar to the observations in the model
scale simulations, the direction of the full-scale limiting streamlines with the low wall
y+ values were directed towards the propeller tip with a small deviation from the results

with the high y+ values.

e For the full-scale simulations with the virtual fluid, the comparative results with the real
fluid for K7, 10K, and 1, were all in good agreement on the full-scale. There were
close similarities in the vortex structures and limiting streamlines near the propeller
leading edge between the results of the virtual fluid and those of the real fluid
simulations. Both the vortex structure and turbulent intensity were also similar as well
as the friction distribution and pressure distribution on the surfaces of the propeller
blades. Overall, the results were very similar to the real fluid results of the full-scale

simulation.

Based on the main findings of this research, we suggest that the use of small wall y+ value is
more important in the model scale simulations than in the full-scale. There was no significant

difference between the results based on the different wall y+ values in the full-scale simulation.

More specifically, there is no need to use small wall y+ values for the full-scale simulation
except for detailed flow information near the propeller blade surfaces, where small values are
important. Even if the detailed surface flow simulations are important, it may be a good
alternative to use a wall y+ value of 30 or more when considering the large computing time
requirements that may be coupled with some numerical instability problems due to the number

of grid elements.

This study also demonstrated that the similarity requirements for the advance coefficient and
the Reynolds number could be satisfied simultaneously in the full-scale based on the use of the
virtual flow concept in the CFD simulations without any need to conduct full-scale simulations

with real fluid.

6.2. Recommendations for future work
2



Because of the nature of the MPhil degree study and hence scope and time, the study conducted
in the thesis is limited. However, during this research study, the author discovered further useful

work could be performed on this topic as recommended in the following areas:

e [t would be very useful if propeller cavitation analysis will be carried out. Since
cavitation analysis must simulate the phase transition of a fluid, a very sophisticated
numerical analysis technique must be applied. However, in this study, the cavitation
study was not conducted because the numerical instability was too large due to the very
small grid size. If propeller cavitation analysis is conducted from the perspective of this
study, it will be possible to understand more about the surface damage, performance,

and noise problems of propellers.

e In order to accurately estimate the propulsion performance of a ship on the Full-scale,
it would be good if the ship's resistance analysis and self-propulsion analysis were
verified. Because the advantages of using virtual fluid in propeller analysis have been
verified due to this study, if usefulness is verified in resistance and self-propulsion
analysis, a new path will be opened for estimating the performance of the ship without

performing the Full-scale simulation.
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