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Executive Summary

The purpose of this study is to develop a power/velocity measurement device for kayak
paddlers.

The report is constructed in two parts. First an analysis of the hydrodynamic resistance

forces acting on the kayak hull. Secondly, a velocity measurement device is designed to t
inside kayak rudders.

Part One - Resistance Forces on Kayaks

In this study, the calm water resistance force is calculated with a Computational Fluid
Dynamic (CFD) model developed in the commercial CFD software ANSYS Fluent. Earlier
CFD studies have mainly focused on the steady state behavior of the kayak. In this study,
the kayak is allowed to have both heave and pitch motion. The CFD models include the
motions by using the six degrees of freedom (6-DOF) solver, coupled with an User De ned
Function (UDF). The validity of the model is tested by a self-developed experiment. The
experiment is conducted in an indoor swimming pool with an available test length o5 m.
This short distance requires the simulations and experiments to be performed on a scaled
kayak. The results are then extrapolated by International Towing Tank Comity (ITTC)
procedures.

Figure 0.1: Experimental test setup
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Part Two - Velocity Measurement Device

A velocity measurement device is designed to tinto a kayak rudder. The working principle
is based on a pitot-static tube as shown in Figure 0.2.

Figure 0.2: Rudder Design

CFD and Analytical methods are used to determine the location of the stagnation and
static pressure holes. This ensures that the pressure holes are placed without interference
from the boundary layer. The CFD model is veri ed with experimental results conducted

in a wind tunnel.

Conclusion

The CFD model is able to predict the total resistance within 5% of the experimental
results for Froude numbers of 0.45.

As the Froude number increases to 0.56, the CFD fails to capture the pressure
resistance caused by wave making.

The results from the CFD simulations and experiments carried out for the rudder
showed consistent results with an error in velocities below 8.5 %.

The added resistance by implementing the velocity device in the rudder was below
0:43 N.
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Nomenclature

Abbreviation Abbreviated

CFD Computational Fluid Dynamic

RANS Reynolds Averaged Navier-Stokes Equations

SST Shear-Stress Transport

UDF User De ned Function

K1 One Person Kayak

VOF Volume of Fluid

6-DOF Six Degrees of Freedom

ITTC International Towing Tank Conference

SDR Speci ¢ Disipation Rate

TKE Turbulent Kinetic Energy

CAD Computer-Aided Design

Subscripts Description

c Characteristic Length

fs Full Scale

S Scaling Factor

t Total Resistance

f Frictional Resistance

p Pressure Resistance

w Wave Resistance

D Drag

v Viscous resistance

Symbol Description Unit

A Area m?

A Ampere Cls

Cs Skin friction -

D Diameter m

f Friction factor -

g Gravity m=s?

h Height m

m Mass kg

P Pressure Pa

Re Reynolds number -

T Temperature C

W Power W

y Wall distance m
Distance m

VII



Chapter

Symbol Description Unit
s Scaling factor -

Density  kg=m?®

% Velocity m/s

L Length m

Lx Length from chord front edge m

Re Reynolds number -

Fr Froude number -

R Resistance N

C Non dimensional resistance -

S Wetted surface area m?

S Revolution per minute RPM

k Form factor -

Angle
W Wall shear stress Pa

t Time S

\Y Volume m?3

\% Voltage JiC

Dynamic viscosity Pa s

y* Dimensionless rst cell height -

u* Dimensionless velocity -

u Friction velocity m/s
max Maximum angle in cell
min Minimum angle in cell
e Equiangular cell angle
hull Angle of kayak hull relative to water surface

a Friction velocity m?

F Force N

Xref Reference distance m

Kp Gain for controller -

u Control signal -

X Force mean value N
laminar Boundary layer height for laminar ow m
wrbulent  Boundary layer height for turbulent ow m

m Mass ow [ka/s]

Ce Dimensionless Frictional coe cient -
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Preface

This report is written by 4™ semester MSc Energy students in project group TEPE4-903,
at the Department Of Energy Technology, Aalborg University

The project covers two di erent parts. The rst part investigates the calm water resistance
on kayak hull, using of Computational Fluid Dynamics. The second part of this work is
to develop a velocity measurement device integrated into kayak rudders. The parts are
combined by using the resistance and velocity to produce a power curve. Both parts contain
numerical investigation and are veri ed by experimental tests. Through the report, several
discussion/conclusions will be made in individual chapters.

The authors would like to thank their supervisor, Chung Yin, For his help and advice
during the project. Furthermore, the authors will also give a special thanks to Heine
Lametsch for his sponsorship and advice during this project.

The nomenclature with all the used symbols and subscripts can be found in the
nomenclature on page VII. The units related to the constants or variables are also listed
here. The abbreviations are written in full the rst time, afterwards the abbreviation will
be used. The abbreviations can be found on page VII.

The chapters are numbered with Arabic numbers, and section and subsection numbers
follow after one or two full stops respectively. Each gure, table or equation are numbered
in the same way, rst chapter number and then the number of each type afterwards, sub-
gures have the additional Latin letter. A list of gures and tables can be found in the
appendices on page xxiv and xxvii respectively.

Citations are given in square brackets with name(s) (including company name(s)) and
year, e.g. [Charlton, 2012]. The bibliography is given at the end of the appendices starting
on page Xxviii.
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Chapter

1 Introduction

This study investigates the principle of integrating a pitot-static tube into kayak rudders.

The study involves one speci ¢ case, where it is wished to determine the relationship be-
tween velocity and the required amount of power to move the kayak hull through the
water. In the world of sports, there is an increased tendency to monitor the athletes'
performance, this involves, heart rate, speed, distance and time. A specic example is
road cycling, where the e ect in watts is measured directly in the pedals. Monitoring the

e ect of the athletes' gives the possibility to determine the current tness level. This can

be used as a reference to measure an increasing or decreasing in training progress over a
period. Furthermore, the instantaneous monitoring can give the opportunity to increase
the e ciency of one speci ¢ technique of the athlete in di erent sports.

1.1 Existing Measurement Methods

There are mainly two di erent types of velocity monitors in the sport of kayaking. A general
velocity measurement device is the Global Positioning System (GPS) watches e.g. Garmin
910XT shown in Figure 1.1a, which tracks the position over time. The disadvantage of
using GPS watches is that it does not take water current into account. The water current
in rivers and fjords can be substantial and GPS watches do not give the relative velocity
to the water. Due to the current, this will mislead the actual traveled distance or velocity
measured by the GPS watch.

Another measurement device for kayaks is from the company SpeedCoach which is shown
in Figure 1.1b. This device measures the relative velocity of the water by using an impeller.
The impeller is located at the bottom of the kayak surface. The disadvantages using this
device is added drag because of the extra component in the water.
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(a) GPS based watch, here the model Garmin (b) Relative velocity device, here the model
910XT [Garmin, 2017] Speedcoach Gold [NKsports, 2017]

Figure 1.1: Velocity measurement

1.2 Flat Water Kayaking

The kayak type investigated throughout this work is the at-water kayak Nelo Vanquish

Quattro Medium-Large (ML). This ML model weights 12 kgand is intended carry paddlers
with weight between 70 to 80kg. The length of the kayak is 5:20 m, the beam length is
0:4m and the height is 0:35m as shown in Figure 1.2 [Nelo, 2017].

Figure 1.2: Nelo Vanquish Quattro ML Dimensions [Nelo, 2017]

In Figure 1.2 the rudder on the kayak is located near the stern to the right side. The
rudder is used to correct moving direction and is controlled with the paddlers’ feet. In
Figure 1.3 two typical rudders is illustrated, the rst rudder Speed L is for sprint kayaks,
which is typical chosen for competition distance at200, 500 and 1000 m It has a high
angle and can more easily catch leaves located in the water. The second rudder is the
Marathon K1 which is used for long distance, the angle is lower and leaves is thereby not
catching as easily.

2
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Figure 1.3: Rudder types [VajdaGroup, 2018]

1.3 Pitot-Static Tube Working Principle

The pitot-static tube is illustrated in Figure 1.4. The working principle of the pitot-
static tube is based on the Bernoulli equation (1.1), which states that the total pressure
along a streamline is constant. In Figure 1.4,P1 represents the static pressure and®,

is the stagnation pressure, where the velocity is zero. Rearranging the equation makes it
possible to solve for the velocity as shown in equation (1.3) [Cengel and Turner, 2012].

2 2
VT _ Vo
+ L=op,+ 2 :
P1 5 P2 > (1.1)
2
P+ \% = P2 (1.2)
s
2(P2 Py)

(1.3)

Figure 1.4: Principle of a pitot-static tube
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1.4 Drag Force and Power Meter

The power unit is a popular parameter in analyzing sports performance. It is of interest to
know the power required to move the kayak hull through the water to study the e ectiveness
of the paddler. The paddler e ectiveness can be calculated based on measuring the power
of the kayak and the power the paddler transfer to the paddle thus the e ectiveness is
in equation (1.4). The power in the paddle can be measured with a power meter from
e.g. one giant leap, which is a company located in New Zealand [One giant leap, 2018].
Combining the power meter together with the power the kayak require can signi cantly
improve the quality of the analyzing technique of a paddlers technique.

— I:’kayak (1.4)
I:)paddle

Equation (1.5) calculate the drag force and depends on the area, velocity, and dynamic

pressure. The acting forces on the surface are divided into 2 components, pressure and

viscous drag. The Drag force can be utilized to calculate the work to move the kayak hull

through the water. In equation (1.6) the power is calculated and depends on the force and

velocity [Cengel and Turner, 2012].

2

Co A V? (1.5)

E oy (1.6)

Fp

P

1.5 Collaboration with Nelo

This project uses a kayak produced by the company Nelo located in Portugal. Nelo is the
world leader in the production of at water kayaks. Nelo has collaborated with detailed
Computer-Aided Design (CAD) drawings of the kayak Vanquish quattro in the size Medium
Larges (ML). The kayak is used for the analysis of drag force and power requiem to move
the kayak through the water.

1.6 Achievement of the Introduction

The introduction has presented a basic understanding of the sports monitoring and
presented an idea to improve the analysis of a kayak athlete. Through measuring the
relative velocity by an integrated pitot-static tube into a rudder. Combining the velocity
with the drag force to calculate the required power to move the kayak through the water.
Then the e ectiveness of the paddler can be calculated by equation (1.4). Thus the
investigation to be studied is:

" Power required to move the kayak through the water
" Desing a rudder to measure the relative velocity to the water
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5 Problem Statement

There are mainly two di erent approaches that are used to determine the velocity of a
kayak. One of the approaches is to use a GPS watch, which is able to track position
over time and thereby calculate the velocity. This has its limitations, since most training
sessions are done in water where current is present, and the watch does not take this into
account. The other approach is to use a relative velocity measurement device, which is
attached to the kayak hull surface, this leads to an external drag on the boat and thereby
misleads the actual e ect of the paddler. Furthermore, the available measurement device
does not give any information about the power needed to drag the boat through the water
and this leads to the problem statement of this work.

"Can a new measurement instrument be designed, which will give the actual

velocity of the kayak with water current present, without su cient increase in

drag. Furthermore, can it be designed to estimate power required to move the

kayak through the water, at the apparent speed”

2.1 Solution Strategy

The report structure is two-fold, the rst part investigates the hydrodynamic forces acting
on the kayak hull.

The second part investigates the possibility of integrating a pitot-static tube into a kayak
rudder for velocity measurement.

The drag force is crucial in order to determine the power required to drag the kayak hull
through the water at di erent velocities. To determine the drag force, both numerical and

experimental approaches will be made through this work. In the end, a prototype of the
rudder velocity measurement device will be designed through 3-D printing.

The Kayak investigated throughout this thesis is a Vanquish 4 ML size. The CAD drawings
have been received after direct contact with the manufacture NELO. NELO has one of
the worlds biggest production of at water racing kayaks. The full scale lengthL;s of
this kayak type is 5:20m, the beam length L is 0:4m and the kayak weight is 12 kg.
The paddlers weight for this boat is recommended to be betwee@Okg to 80kg The
surrounding temperature for both water and air are approximately at 25 C
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2.1.1 Numerical Investigation of Kayak Hull

One approach to determine the drag of the kayak is by a numerical approach. In this
thesis, the commercial software ANSYS Fluent is used to investigate the ow phenomena
related to the kayak as it penetrates the water surface at di erent speeds. CFD is able to

capture the velocity and pressure elds surrounding the kayak, and will thereby be able

to describe both viscous and pressure forces around the kayak hull. The CFD simulations
will be transient simulations, as the interaction between the water and the kayak leads to

rotational and transnational movements. The available numerical studies on kayak hulls

are few, and most of them do not incorporate any motion during the simulation and are

simulated as steady state. In this thesis, it is chosen to use transient simulation and to
have rigid body motions involved.

2.1.2 Experimental Test on The Kayak Hull

The second approach used in this work to determine the drag is by an experiment. Even
though CFD is a popular and strong tool within the study of hydrodynamics and other
elds, it is of most importance to validate the results by real life experiments. The
experimental setup in this thesis is self developed and the tests are conducted in an indoor
swimming pool with a length of 25m. In order to compare and validate the CFD results,
the kayak should be allowed to have same movements in both procedures. And this is
taken into account during the design of the experimental setup.

2.1.3 Numerical Investigation of Velocity Measurement Device

The rudder pro le is based on a NACA-0018 symmetric pro le. This pro le is equivalent

to commercial rudders used in kayaking. The measurement device is designed based on
the principle of a pitot-static tube. Both analytical and numerical approaches are used to
determine the location of the pressure holes on the rudder surface.

2.1.4 Experimental Investigation of Velocity Measurement Device

Similar to the veri cation of the drag forces on the kayak. The CFD model of the rudder
is tested with an experimental approach. In the case of the rudder, the simulations are
veri ed by experiments conducted in a wind tunnel.

2.2 Project limitations

~ At rst the authors wished to get access to a towing tank located at Force technol-
ogy in Lyngby. Even though the authors were presented to the towing tank and it's
sophisticated equipment, it was not possible to raise funds. However, the knowledge
from the visit is used in a self designed experiment. One of the major challenges is
the available length of the test setup. The experiments are conducted in an indoor
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swimming pool of 25 m. Therefore it will be impossible to conduct experiments on a
full scale kayak. Instead, a scaled model is created and the experimental results will
be extrapolated to full scale by ITTC standard procedures.

The total number of cells in the CFD is restricted. The available license to ANSYS
FLUENT during the project limits the number of cells to 512000. It has not been
allowed to get access to a license without cell limitations. This will indeed a ect the
possibility to investigate grid sizes and possibly also have an impact on the solution.
Instead di erent investigations will be made. Dierent mesh types will be created
together and also the e ect of symmetry planes will be looked into.

The main limitations of the report are presented above. Other limitations and assumptions
during this work will be stated in their respective chapters.

2.3

Report Structure

This section serves to give the reader an overview of the report structure, as well as the
main contents of each chapter. As visual schematic is shown in Figure 2.1.

A

Chapter 3 introduces the basic principle of kayak hull resistance, together with
dimensional analysis and extrapolation from model to full scale.

Chapter 4 contains the theory, methods and the end con guration of the CFD setup
used for the kayak hull.

Chapter 5 contains information about the creation of the scaled kayak, the
experimental setup, and some raw data analysis.

Chapter 6 present the results obtained from the CFD simulation, which are veri ed
by experimental data. The second part of the chapter uses extrapolation procedures
to predict the resistance of a full scale kayak.

Chapter 7 contains information about the designed rudder with an integrated pitot-
static tube by a numerical approach.

Chapter 8 explains the experimental test procedure regarding the velocity
measurement device.

Chapter 9 veri es the CFD simulations of the rudder and present numerical results.

Chapter 10 combines the two parts by using the drag force investigation from the
CFD and velocity from the to estimate a power curve, which can be implemented
into a rowing computer.

Chapter 11 serves to give closure on the report by the main conclusions on the
results obtained throughout this thesis. Furthermore, it contains information about
future work.
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Figure 2.1: Visual interpretation of the report structure




I Part One - Numerical Model and
Experimental Investigation of
Forces on Kayak Hull
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3 Hull Hydrodynamics

This chapter will introduce and elaborate on the resistance forces apparent on the kayak
hull during movement through the water surface. Scaling laws and decomposition will be
introduced later in the chapter, as one of the goals of this thesis is to predict the total
resistance force, by extrapolating data from model scale in a self-designed experimental
setup. The theory and literature are all related to the design of the ship rather than
a kayak. However, since the working principles are the same, direct analogy is taken
throughout the chapter.

3.1 Motion of Kayak Hull

There are 6 possible instantaneous movements (6 degrees of freedom) of the kayak hull, as
illustrated in the 3 dimensional space in Figure 3.1. The translational motion is parallel
to the (x,y,z) axes and is called surge, yaw, and sway respectively. Whereas the rotational
motion is roll, heave and pitch with respect to the same axes. During a race as the pad-
dler creates forward movement, all rotational motions will be apparent to some degree.
Regarding roll and yaw, these motions are created as a response to the movements from
the paddlers body. When the paddler changes body position between strokes the paddler
also changes the center of gravity and causes minor uctuations in the kayaks velocity, this
will give a rise in the wetted surface area and change the hydrodynamic forces acting on
the kayak hull [Michael et al., 2009]. The article [Michael et al., 2009], is a review of the
available literature regarding at warder kayak and its design parameters. Furthermore,
the article states:

"Interestingly, however, unwanted movement of the kayak, specically yaw, pitch and
roll, and their e ects on mean kayak drag have been overlooked in the literature [Michael
et al., 2009,P 174]

The rolling motion, yaw, and roll are mainly caused by the paddler, these will not be
investigated through this thesis. Both the computational and experimental will be per-
formed without considering the movements and strokes from the paddler. The thesis
narrows down the six degrees of freedom to two or three that is surge, heave and pitch mo-
tion. The CFD simulations restrict the surge motion, however, in the experimental setup
the surge motion is allowed. The consequence of the heave motion is simple as this motion
will directly in uence the drag by an increase/decrease of the wetted surface area. The

10
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pitch motion will change the angle of attack, eventually if great enough, a considerably lift
force which will increase the total resistance on the kayak hull.

Figure 3.1: Motions of the kayak with six degrees of freedom

3.2 Model Scaling and Extrapolation

One of the main goals of this thesis is to predict and use the total resistance force to
estimate the power required to drag the boat through the water. One could nd the total
resistance of the kayak in industrial towing tanks. However, limitations of funds have
made it impossible for the authors to access a towing tank. Instead, a self-constructed
experimental setup has been developed during the thesis. One of the major issues is that
the available length of the experimental setup is 25 meters in an indoor swimming pool.
This distance makes it impossible to conduct experiments on a full-scale kayak at highest
speed

This leads to the interesting and relevant use of model scale extrapolation, where a scaled
model of the kayak is towed through the water and the results will be extrapolated to full
scale. The model scale will be extrapolated to full scale using ITTC standard procedures
[ITTC, 2011a].

3.2.1 Model scale dimensionless numbers

A scaling factor ¢ is de ned as the relationship between the characteristic length of the
full scaleLts and the characteristic length of the model scald.,.

_ I—fs

S_ﬁ

3.1)

The other main parameters in resistance scaling are the Froude and Reynolds numbers.
They are made non dimensional by Using the speed v, kinematic viscosity of the, the
gravitational acceleration g, characteristic lengthL:

Re= Y Le (3.2)
\"

Fr = 3.3

Pig P (3.3)

11



Chapter 3. Hull Hydrodynamics

The following section will discuss the decomposition of the resistance related to these to
speci ¢ dimensionless numbers.

3.3 Force Components On Kayak hull

The forces acting on any maritime vessel can be decomposed into components. The total
resistanceRt coe cient can be decomposed as the frictional resistancR; and the pressure
resistanceRp. The frictional resistance is the shear force acting tangential to the hull.
Pressure drag is caused by the pressure forces acting normal on the hull. The pressure
forces are caused both by form drag, which relates to the form of the kayak, and waves
that are emitted from the kayak interference with the free surface [Charlton, 2012]. The
relationship can be written as:

Ri=Rf + Rp (3.4)

The friction resistance is dominant when the kayak is moving at lower velocities, whereas
the pressure resistances becomes the dominating at higher velocities. In literature, the
resistance are often refereed to in their non dimensional form, that is

R

C= 05 S v2 (3-5)
Here S is the wetted surface area. This gives an alternative expression for equation (3.4),
Ci=Cr + Gy (3.6)

The resistance coe cients in equation (3.6) is depended on Froude and Reynolds number
[Charlton, 2012].

Ci(Re;Fr) = Ct(Re)+ Cp(Re;Fr) (3.7)

However in naval architecture this expression in equation (3.7) is inconvenient, since it is
not possible to scale both Re and Fr numbers simultaneously [Trupper and Trupper, 2004].

3.3.1 Froude Hypothesis

William Froude proposed a di erent decomposition, where the total resistance coe cient,
was written in terms of a viscous resistance coe cient only a ected by the Reynolds number
and a wave making resistance only depended on the Froude number. This is known as the
Froude hypothesis. The main drawback of this hypothesis is that the form drag is totally
neglected [Trupper and Trupper, 2004].

Ci(Re;Fr)= Cy(Re) + Cy(Fr) (3.8)

Froude then assumed that the viscous resistance coe cient was equal to a rectangular
plate with the same wetted surface as the marine vessel, which could be found in separate
experiments. Froude came up with a relation for the frictional resistance:

Re=f S V' (3.9)
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where index n is a constant value of 1.825, f is a constant that depends on surface roughness
and v is the free stream velocity [Charlton, 2012]. Froude works remain crucial to ship
design even to this day. However, there were several drawbacks which have been modi ed
by other contributors, as discussed in the following sections.

3.3.2 Form factor method

There is one major drawback of Froude's hypothesis. [JU., 1983]

~

The hull form can never be fully compared to a at plate, the e ect of the hull
shape which will lead to more ow separation i.e. form drag and wake generation
is neglected.

To compensate for this issue, Huge came up with the so called form factor method. Here
the idea is to include a form factor, in order to compensate for the drag related to the

form of the hull. Huge rewrote the equations such that viscous resistance is substituted
by a friction coe cient Cg and a form factor k.

Ci(Re;Fr)= Cy(Re)+ Cy(Fr) (3.10)
Where
Cv=Cg(1+Kk) (3.11)

This gives and alternative expression for the total drag coe cient
Ci=Cr(Q+ k)+ Cy(Fr) (3.12)

The frictional coe cient can be found from empirical formulas called friction lines.
Furthermore, the total resistance coe cient can be found in an experiment and/or in a
CFD study [Charlton, 2012]. The only unknown parameter will then be the wave resistance
coe cients, which can be found from equation (3.12).

3.3.3 Friction Coe cient

The friction coe cient cannot be measured directly in a towing tank. Therefore, the
friction coe cient is estimated using friction lines. The rst friction line adapted by the
ITTC, was constructed by Hugh which made several experiments on 2D smooth at plate.
Hugh came up with the following relationship between friction resistance and Reynolds
number[Charlton, 2012] .

: 0:66
P~ (logioRe  2:03)2
In order to incorporate some of the 3-dimensional e ects created by the ship hull, ITTC

modi ed the curve by adding 11.94 % to the 2D frictional line proposed by Hugh[ITTC,
2011b].

C

(3.13)

0:075

Cr = (logipRe 2:03)?

(3.14)
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The ITTC 1957 friction line still works as a standard to this day. Other skin friction lines
are available in the literature. The friction lines are still investigated to this day, and
the variety of empirical friction lines could indicate the di culties nding a robust and
adaptable friction line.

3.3.4 Form Factor

Even though the ITTC 1957 friction line includes 3D e ects on the frictional resistance, it
is still recommended by their procedure to include a form factor. The form factor depends
on the hull shape and its purpose is to include the drag related to form of the hull. To
nd the form factor, the model is towed through the water at low velocities i.e low Froude
numbersFr < 0:2 and can be determined with Prohasaka method [ITTC, 2011a]. In the
Prohasaka method it is assumed that the wave making resistance increases with the fourth
power of the Froude number, which makes it possible to modify the expression for the drag
coe cients:

Ci=Cr(1+ k)+ Cy (3.15)
Substitute C,, = Fr# and rearrange gives the following expression in equation (3.16)

Ct FI’4

— =01+ k+ — 3.16

o = o (3.16)
Assuming that k is independent of velocity, then the straight line plot of C;=C¢ against
Fr4=Cr, when Fr*=Cg = 0 will then intersect the y-axis at 1 + k. This is illustrated in

Figure 3.2.

Figure 3.2: Form factor

3.3.5 Wave Resistance

When the hull is moving through the surface interface waves are emitted. When a body
is moving through a free surface of a uid, the pressure variation around the body is
manifested as waves [Trupper and Trupper, 2004]. The wave system created contains
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energy, that is created from the hull. To maintain the wave system, the energy is released
from the propulsive system in the case of a kayak, the paddler. This energy is described
as a resistance that the paddler must oppose to maintain the same speed.
Lord Kelvin was the rst to investigate the wave pattern created by a moving pressure
point. He demonstrated that 2 wave types are created when moving a pressure point,
transverse waves with direction normal to the moving direction of the pressure point and
divergent waves, which radiate at an angle 0fl19:471° see Figure 3.3. The waves are
emitted at the same speed as the ship, and the wavelength can between crest be calculated
as [Charlton, 2012]
2 2

= v
g

However, the pressure eld around a kayak hull can not be represented adequately by

(3.17)

Figure 3.3: Wave system created by moving pressure point

a single moving pressure point. A more reasonable representation, is a moving pressure
point at the bow together with a moving suction point at the stern. This is illustrated in
Figure 3.4.

Figure 3.4: Wave system with pressure and sunction points. [Trupper and Trupper, 2004]

The two dierent wave systems create interference between themselves, that is The
divergent waves system by each individual pressure point does not a ect each other. This
is not the case with the transverse wave system, the waves from the bow can be in phase
with the waves from the stern when this is the case the transverse waves from the stern
increases in magnitude and results in a higher resistance. alternatively, the opposite can
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happen, where the wave systems are out of phase and the resulting wave decreases in
magnitude, this is shown in Figure 3.5 [Charlton, 2012].

Figure 3.5: Wave system created by moving pressure point

3.4 Conclusion

This chapter has introduced the basic principles of kayak movements. The other topic dealt
with in this chapter is the decomposition of resistance components. The limitation on the
experiment size has introduced dimensionless analysis in order to predict and extrapolate
model data to full scale Resistance.
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Chapter

4 Computational Fluid Dynamics

The This chapter will cover the numerical simulations conducted in this work. First, an
introduction to the governing theory of CFD with Navier Stokes Equations, turbulence
modelling, interface capturing method and the uid structure interaction. Afterward, the
di erent meshes that are used throughout this work will be presented, together with the
simulation settings regarding boundary conditions and dynamic mesh parameters.

4.1 Governing Equations

This section will describe the theory involved using CFD code, where coupled partial
di erential equations are solved in order to resolve the pressure and velocity elds within
the ow domain. This is done using the Naiver Stokes equations (NS-equation), which
are the governing equations regarding uid ow [Malasekera, 2007]. There are a total of 4
equations, the mass conservation, momentum and energy equation. The mass conservation
equation is given by equation (4.1) and the momentum equations for each direction are
described by equation (4.2).

@ 1
Gt 0 (V=0 (4.1)
@, luye o @P
(duy= ax 2%+ 0 (ou
t
@@%’)Jro (VU)= gé+o ( Ov) (4.2)
@t -9 @y '
|
@évt)m(w'uwgz Cg;z’+0(0vv)

Here! U =(u;v;w) represents the uid velocity vector, t represents time, is the density,
P the pressure, and g the gravitational acceleration. In this work, the ow is assumed
in-compressible and thereby it is possible to simplify the NS-equations by dividing out the
density [Gallagher et al., 2009].
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4.2 RANS Equations and Turbulence modelling

In this work, turbulence modelling is used to predict the turbulent behaviour of the ow.

One way to resolve the turbulent uctuations is by using direct numerical simulation
DNS, where the turbulent eddies are fully resolved until they dissipate as thermal energy
on the Kolmogorov scale [Malasekera, 2007]. This approach requires an enormous amount
of computational power since both the spatial and temporal discretization of the uid
domain needs to be very ne. In general DNS simulation is not used in most engineering
applications [Malasekera, 2007], it is simply too expensive and will not be used in this
work either.

Another approach is to use turbulence model, in order to predict the turbulent e ects

on the uid ow. Time averaging the Navier Stokes equations leads to an extra stress
tensor which called Reynolds stresses. The Reynolds stresses describe turbulence on a
time averaging scale and becomes an additional unknown that needs to be solved for in
order to close the system of equations, referred to as the closure problem. Boussineq
proposed a way to relate the Reynolds stresses to the mean rates of deformation, this is
known as Boussinegs hypothesis, and shown in equation (4.3) [Malasekera, 2007].

ev, ey 2

@ @x 3 '
Here ( represent the eddy viscosity, k is the turbulent kinetic energy and is the Kronecker
delta. The purpose is then to determine the eddy viscosity in order to close the system of
equations. This can be done utilizing di erent turbulence models. The turbulence models
are categorized by the extra amount of transport equations used to calculate the eddy
viscosity. In this work, turbulence will be modelled using theSST k ! model. For
ows where both near wall and free stream phenomena are important it is recommended
to use the SST k ! model, which is a blended version of thek model and the
k ! model [Menter, 1994]. Where the standardk ! model is imposed on in the inner
boundary layer and further out it is a reformulated k ! model from the standardk
by replacing with ! k. Studies have shown that theSST k ! replicates the ow
better in stern and bow parts than the simpler models such ak , One equation model
and zero equation models[Lars Larsson, 2014].

(=]

THTHE (4.3)

4.3 Interface capturing

n order to capture the resistance caused by wave making, it is of most importance to
model the free surface between the water and air. In this work, the Volume of uid
method (VOF model) is used to capture the interface between water and air. The volume
of uid method predicts the free surface by tracking the volume fraction of each of the uid
phases throughout the computational domain. The interface tracking between two phases
is accomplished by solving the continuity equation for the volume fraction by equation
(4.4) [Ansys Inc, 2018a].
@ w

it O (V!VU)zo (4.4)
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where , represent the water volume fraction by:

Vair
= —= 4.5
water Vwater + Vair (4-5)

The viscosity and density used in the momentum equations, are the based on the average
values calculated from the volume fraction by equation (4.6).

= water water + (1 water ) air (46)

= water water + (1 Water) air

4.4 6-DOF solver

The interaction between the water and the kayak is calculated using the inbuild 6-DOF
solver in Fluent. The movement caused by hydrodynamic, gravitational and buoyancy
forces acting on the kayak hull is important in determining the resistance. The kayak is
allowed to have pitch and heave motions during simulation, the other four motions are
constricted using a User De ned function(UDF). Two di erent UDFs are created, the only
di erence in the code is the implementation of a normal vector. In order for uent to
locate the symmetry plane, it needs a vector normal to that plane, the UDF used is given
in Appendix E. Furthermore, the 6-DOF solver requires additional inputs from regarding
mass and moments of inertia, which are directly imported from the Cad drawing of the
kayak.

4.5 Computational domain

A computational domain is created and later discretized in order to solve the governing
equations. The used domain in this work is a rectangular box, the domain and boundaries
are illustrated with a side view in Figure 4.1 and front view in Figure 4.2. As the
cell count is limited to 0:5m within this work, it will not be possible to do an actual
study of the domain sizes. Instead, the e ect of using a symmetry plane is investigated.
Using a symmetry plane will half the number of cells. This is normally used to half the
computational time, but in this study, it is used to modify the dimensions of the domain,
which can lead to a more precise prediction of the resistance. The other possibility is that
the assumption about symmetric ow is invalid, which can give misleading results.
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Figure 4.1: The compuational domain shown from the side

Figure 4.2: The computational domain shown from the front

The boundaries de ning the computational domain should be placed su ciently far away
from the hull in order to minimize their e ect on the solution. This is especially important
for the downstream and transverse length in order for the waves to propagate out freely,
without interference from the boundaries [ITTC, 2014]. The dimensions used in this work
are based on guidelines from ITTC, which bases the length from the oating body towards
the boundary by length of perpendiculars, which is the total length of the kayak hull. In
general, the minimum of the length interval is chosen in order to keep the mesh count
down to a minimum. The recommended length interval and the chosen length are listed
in table 4.1

A thing to notice is the domain size in the transverse length, which depends on the whether
or not a symmetry plane is imposed. When symmetry is used the transverse length
increases with half of the kayaks length compared to the simulations without symmetry
plane.

20



	English title page
	Introduction
	Existing Measurement Methods
	Flat Water Kayaking
	Pitot-Static Tube Working Principle
	Drag Force and Power Meter
	Collaboration with Nelo
	Achievement of the Introduction

	Problem Statement
	Solution Strategy
	Project limitations
	Report Structure

	Hull Hydrodynamics
	Motion of Kayak Hull
	Model Scaling and Extrapolation
	Force Components On Kayak hull
	Conclusion

	Computational Fluid Dynamics
	Governing Equations
	RANS Equations and Turbulence modelling
	Interface capturing
	6-DOF solver
	Computational domain
	Mesh Topologies
	Dynamic mesh
	Near Wall Treatment
	Boundary Conditions
	FLUENT Setup
	Conclusion

	Experimental Investigation of Hydrodynamic Force on Kayak Hull
	Test of Down-scaled Ship Hulls
	Experimental Setup
	Consideration of Designing Test Setup
	Test Facilities
	Test Rig
	Experimental Components
	Mounting Of Force Transducer
	Test Procedure and Data Processing
	Experimental Results and Discussion

	Verification of CFD Model and Extrapolation of Experimental Results
	Assumptions
	CFD Setup
	Verification Method
	Presentation Method
	CFD Contour Results
	Extrapolation and CFD Verification 
	Extrapolation Procedure
	CFD Method
	Results
	Conclusion

	A Numerical Approach for Designing a Pitot-Static Tube into a Rudder
	Position of Rudder
	Design of Rudder
	Solving Strategy
	Numerical Model Approach and Limitations
	ANSYS ICEM CFD Meshing
	Boundary Condition
	CFD Settings
	CFD Procedure
	Procedure and Location of Stagnation and Static Holes
	Conclusion

	Experimental Investigation of Stagnation and Static Pressure in Rudder
	Final Experimental Setup
	Experimental Consideration and Setup
	Components Used
	Test Procedure
	Experiment Uncertainties
	Conclusion

	Verification of CFD Model and Results
	Comparison of Differential Pressure
	Results Discussion
	CFD Simulation Results
	Drag Comparison
	Pressure Contour of the Rudder
	Turbulence at Pressure Holes
	Conclusion

	Rowing Computer and Rudder
	Power Curve
	Combining of Rudder and Power Curve
	Conclusion

	Closure
	Conclusion
	Future Work

	Rudder Mesh
	Rudder without Pitot Static
	Rudder with Pitot Static

	Raw Data from Experiment
	Experiment at 2.0 m/s
	Experiment at 2.5 m/s

	Motor Code
	Force Transducer Code
	User Define Function
	List of Figures
	List of Tables
	Bibliography

