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Abstract

This thesis is conducted at Chalmers University of Technology, Gothenburg within de-
partment of Industrial and Materials science.

The project aims to develop a multi-purpose methodology for analysing and testing the
developed prototype using a wind tunnel. Biking phase is considered in this thesis, since
biking has the longest distance when compared to other phases. So, any small performance
improvement in the biking phase will result in overall improvement. By performing an
exploratory research and investigating the causes for performance improvement, methods
such as rapid prototyping and reverse engineering are used.

The project resulted in analysing the impact of mounted accessories at two different

positions. Results obtained from the testing phase are presented in terms of coefficient of
drag and power required by the rider to overcome a certain range of velocity.
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Terminology

ITU - International Triathlon Union
CAD - Computer Aided Design

CMM - Cordinate Measuring Machines
DOF - Degrees of freedom

CCD - Charged Coupled Device

AM - Additive Manufacturing

FDM - Fused Deposition Modelling
SLA - Stereolithography

SLS - Selective Laser Sintering

STL - Standard Tessellation Language
STEP - Standard for The Exchange of Product data
PLA - Polylactic Acid

ABS - Acrylonitrile Butadiene Styrene

ASTM - American Society for Testing and Materials
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1

Introduction

This report represent the work and results that has been carried out, to find a solution for
the improvement in the performance of a triathlon bike. The project is based on the wind
tunnel testing of the chosen model. The chosen model is scaled down and 3D printed, to
use as a test object in the wind tunnel.

1.1 Triathlon

Triathlon is a multi-sport athletic competition, where the athlete participates in different
sport to complete the competition. It consists of three different sports conducted sequen-
tially i.e. swimming, cycling and running. Time taken by the athlete to complete all
three sport is considered as the total race time. Distance of each sport vary according to
the race. Generally swimming has the shortest distance and cycling has the longest dis-
tance. In an ironman triathlon race the total distance to complete the race is 140.6miles,
which is separated in to 2.4 miles(3.8 km) of swimming, 112 miles(180 km) of cycling
and 26.2 miles(42.2 km) of running. Triathlon bikes are used in cycling event which are
specially designed for this kind of race and are restricted to the international triathlon
union (ITU). This bike has an additional handle known as aero handle. Since cycling has
the longest distance to travel it is important to have a better performing bike to obtain
better results.[1][2]

1.2 Project aim

The project aims to improve the performance of a triathlon bike by evaluating the mounted
accessories on the triathlon bike.

1.3 Scope and deliverables

Lot of scientic research and time have been invested on aero-foil structure of triathlon
bike since now athletes demand more efficient bikes to ride. Major of the triathlon bike
manufacturers evaluate both user and the modified bike in the wind tunnel, but some man-
ufacturers prefer a mannequin in the place of the user. Adjustable prototypes have been
in use to instantly analyze the transition of flows. Till today importance is given to the
bicycle frame and wheels for better performance, but not on the mounted accessories|3].
So, through this thesis importance will be given to the mounted accessories.

Thesis should conclude in terms of:
1. A scaled physical prototype
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2. Digital models obtained from scanning
3. Results and analysis on performance of the triathlon bike with different configura-
tions.

1.4 Constraints

The chosen solution should meet the standard requirements, which might hinder the pos-
sibility to assign major changes to the bike. Considered constraints are mentioned below,

e Specific model of a triathlon bike will be considered for testing.

o The bicycle frame and wheels are considered to be constant.

e The overall dimensions and design of the bike should be according to competitive
rules by International triathlon union(ITU).

The developed solution should be considered as a research suggestion and guideline for
carrying out the reverse engineering and wind tunnel testing of the developed prototype.
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Background Information

This chapter contains all the literature research and additional information that serves as
a base to understand and interpret the results throughout the project duration.

Theoretical background

2.1 Reverse Engineering

Engineering is process of designing, developing and maintaining the product. This is
known as conventional or forward engineering. Reverse engineering is a process of ex-
tracting the knowledge of the existing product. Reverse engineering serves as a great
tool, when there is no information available other than the physical product. If a product
needs to be duplicated or to be developed further but the data or drawing is missing,
in such cases reverse engineering helps to extract the details of the product. In reverse
engineering the details are obtained as 3D points of the product by scanning using a 3D
scanner. Obtained 3D points are then converted into solid or surface model using CAD
software. The obtained solid or surface model is used to develop the product further.[4]

2.2 3D Scanning Data and meta data collection

There are several methods available for scanning a 3D object, which in turn can be
stored as data to be used in different applications including rapid prototyping and 3D
reconstruction. In this project data refers to the information obtained from the scans
performed using a scanner and meta-data refers to number of cloud points and their
coordinates w.r.t global coordinate system.[5] [6]

2.3 Methods of 3D data acquisition

There are several methods available for scanning a 3D object or a geometric item, some of
the methods are presented below. Further, scanning can be broadly classified into contact
technique and non contact technique.
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3D data acquistion
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Figure 2.1: Classification of 3D scanning methods [5]

Contact methods

2.3.1 3D scanners and point clouds

¢ 3D scanners

All the devices that are capable of obtaining the 3D coordinates of a geometric
item and storing it in a structured feasible manner are considered as a 3D scanning
device. A 3D scanner can be defined as "any device that collects three dimensional
coordinates of a of a given region of an object, in a systematic pattern at a high
rate achieving the results in real time". 3D scanners involve various techniques that
needs to be employed depending on the size, shape and the surface area that needs
to be scanned. Even the distance at which the scans has to be done should be
predetermined. 3D scanners are used in various fields and have different technical
purpose. Most common of them are used in quality control of production lines,
reverse engineering, airborne topological scans and rapid prototyping.[7]

e Point clouds

Point cloud is the result of probing a three dimensional object, typically they are
cluster of data points present in the space w.r.t the 3D coordinate systems. Point
cloud are mainly used for 3D reconstruction using CAD. Some of the other appli-
cations include visualization and quality inspection.[§]

Figure 2.2: Point cloud obtained from scanning
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2.3.2 Tactile contact method

In this method, the scanner is in direct contact with the 3D object. The scanner contains
an arm which can be controlled either manually or automatically. The object to be
scanned is placed on a secured firm platform and a mechanical arm is fitted with a probe
at the free end. The arm needs to be calibrated for every new 3D object placed on the
platform. When the probe is in contact with the 3D object obtained data is stored as
points and geometric features, which in turn can be converted into 3D mesh. One of
the best example of tactile contact measuring device is coordinate measuring machines
(CMM’s), CMM’s are frequently used in manufacturing industry to measure the error in
the different batches produced. This method is not used most commonly due to the fact
it has slow scan rates and it might tend to move the object fixed on the platform which
might hinder the result obtained. Since the scans are obtained in the form of X,Y.,Z
coordinates of the object any disturbance or minute movement will result in irregular
surfaces. Main industrial applications includes dimensional measurement and digitizing
the physical object.[6] [9]

2.3.3 Non contact method

3D scanners of this type does not make any kind of physical contact with the object. This
method relies on moving the scanner around the 3d object in all the possible directions
to get a digitized model or point clouds. This method is dependent on either non contact
active technique or non contact passive technique to scan a 3D object. The object to
be scanned is placed on firmly on a fixed platform. Whereas, the scanner can be moved
around freely in six dof’s. Point clouds obtained from scanning is used in various applica-
tions such as reverse engineering, engineering analysis and rapid prototyping for testing
applications. Two techniques involved in scanning is briefly explained below.|[7]

2.3.4 Non contact active method

Non contact active method scanners use light or some sort of radiation to probe an object
and an active sensors to detect reflection. Types of commonly used radiations for non
contact active probing include light, ultrasound, and x-ray. Non contact active scanners
that use radiations are grouped into three major categories namely time of flight, phase
shift and laser triangulation. In most cases scanning techniques are used individually
for scanning but is some cases more than one technique is used in conjunction with the

other.[7]
o Time of flight scanners

This technique is based on the time consumed for transmitting and reflecting the
signal from the object. Working principle of this technique relies on sending back
and forth a certain type of radiation(for example laser pulse) between a transmitter
and reflecting surface, then the total time taken for the signal transmission and re-
ception is calculated. Scanners of this type are capable of scanning points that are
present in its field of view one at a time so the scanner can have the whole field of
its view by manipulating receptors field of view. Time of flight scanners are capable
of scanning approximately 10,000 to 100,000 points per second. Since the operating
distance between the object and scanner is short, accuracy during the whole scan
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duration remains the same. Low resolutions scans are easily achievable with less
time whereas high resolution scans take more time because of increase in number of
sample points.[7] [9]

Laser/Receiver/
Time Measurement Unit

Mirror

Figure 2.3: Illustration of triangulation scanning method [9]

¢ Phase shift scanners

Phase shift scanners uses laser pulse as a source to detect the distance travelled
between object surface and the scanner. In this technique a laser pulse is emitted
from the transmitter of the scanner to the object surface, the signal returning from
the surface is then stored and analyzed with the emitted signal to calculate the shift
in phase between the emitted and received signal. Precision of the results depends
on the frequency of the laser pulse i.e. precision increases with higher frequency and
shorter distance. Since it involves complex signal analysis, obtained cloud points
or more accurate. Also, this type of scanner has reduced range due to the fact an
accurate returning signal is needed to compute the difference. Phase shift scanners
are more faster compared to time of flight scanners so it might produce more un-
necessary points in the object space if the range of the scanner is increased.[7] [9]

o Triangulation scanners

This method uses laser light to probe the surface of the object to be scanned. In this
technique the laser light, charged coupled device camera(CCD) and laser emitter
will form a triangle while scanning, hence the technique is named as triangulation.
A CCD camera is a device that is able to convert light signal in to digital data using
the lens. As shown in figure 2.4 the distance between the laser emitter and camera
are known including the distance between emitter and the object. The unknown
distance between the CCD camera and object surface is later calculated depending
on the angle of contact of the laser beam. The light reflected back from the object
surface is then collected through the field of view of the lens as a light signal which
is later converted into 3D digital data. This type of scanner requires both the object
and scanner base to be fixed on sturdy platform to avoid any types of disruptions
and noises caused during the scanning process.[7] [9]
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Laser

Mirror

Figure 2.4: Tllustration of triangulation scanning method [9]

2.3.5 Non contact passive method

Scanners of this type does not use any kind of light pulse for probing the object surface,
they rely on natural light surrounding the object. Techniques involved in this method
are simple when compared to active scanners because they capture the object in digital
format in presence on natural light. Most used non contact passive scanners are video
cameras and digital cameras.|7]

2.4 Model Reconstruction

Obtained point clouds from the scanners can be used to generate either a mesh model or
a CAD model depending on the application. The whole process of developing the point
clouds into a structured feasible model is called model reconstruction. The point clouds
cannot be used directly for reverse engineering or rapid prototyping so point clouds are
generally converted to different modelling formats.[10]

The 3 most feasible models for creating prototypes are presented below:

e Polygon mesh models

Polygon mesh models consists of vertices, edges and faces as an integral part of
the produced 3D shape. The number of vertices and triangles that are present in
the model depends on size and shape of the scanning object. Generated mesh model
of this type are usually large due the fact they contain large number of data sets
representing them. Conversion from point cloud to mesh model is done by join-
ing adjacent point in the point cloud which in turn creates a continuous surface.
Joining of the adjacent point is done by algorithms in the software applications(e.g.
MeshLab, Cloudcompare).[11] [12]

e Surface models

Models of this type consists of NURBS, T splines or wire frames having other forms
curved topology. All the curve topologies are dependent on mathematical expres-
sions to form a surface model collectively. Obtained point clouds can be converted
into surface models with the aid of software applications which can create curves
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between the points and then create an external surface based on the curves. In
most cases the resulted surface from the application software are not smooth and
they may require some patching operations to even out the surfaces. A Majority of
the software application offer both manual and automated patching for the created
surfaces. Compared to polygon mesh models, surface models are lighter because of
the wire frame structure.[10]

Solid models

Solid models represents the data in the form of edges, faces and details regard-
ing the structure of the object on the exterior surface of the model. In addition to
this solid models consists of wire frame as an integral part. Point clouds can be
either converted directly in to a solid model or can be converted to a surface model
after the patching operation. Most industrial application requires a solid model in
the form of CAD geometry since it represents the geometric features of the object
being scanned. This model offers the flexibility to perform boolean operations and
parametrization on the built CAD geometry. Complex shapes are achieved in solid
modelling by combining primitive shapes. Most of the CAD based applications are
able to process the solid models because they are robust and made up of primitive
shapes.[13]

Primitive shapes

Primitive shapes are fundamental solid objects that posses mathematical bound-
ary representations.

Figure 2.5: Examples of primitive shapes obtained form Alias AutoStudio

2.5 3D printing

3D printing also known as Additive manufacturing, is a rapid prototyping process where
the materials are added layer by layer to build the model. The name additive manufactur-
ing is used since, the parts are printed by adding one layer upon the other layer. Complex
designs are built easily because it offers a high degree of freedom for prototyping. Due to
ease of complex design printing, 3D printing avoids the assembling of the part, the tool
and the cost associated to assembly compared to other manufacturing process. There are
different technologies used for 3D printing which are stated below.

1. Fused Deposition Modelling

Fused Deposition Modelling(FDM) is the most common type of 3D printing tech-
nology used. The process of printing the model is by heating the material and
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extruding the material through a nozzle to print it on the print bed. This technol-
ogy is generally used for prototyping purpose. Figure 2.6 shows the technology of
the fused deposition modelling.

2. Stereolithography

Stereolithography(SLA) is another 3D printing technology which uses light source
as laser and vat resin to build the model. The process of printing the model is by
initiating the laser beam on to the surface of the vat resin to start the polymer
chain. This chain reaction helps to have strong bond and form the solid model.
Figure 2.7 shows the technology of the stereolithography.

3. Selective Laser Sintering

Selective Laser Sintering(SLS) is another 3D printing technology which uses laser
and powder to build the model. The process of printing the model is by initiating
the laser beam on to the powder bed of the material. It sinters the powder particle
to each other to form the solid model. Figure 2.8 shows the technology of selective
laser sintering.[14]

deﬂec‘ic\m mirror -
Figure 2.6: FDM[15] Figure 2.7: SLA[16] Figure 2.8: SLS[17]

2.6 Fluids and flow types

2.6.1 Types of fluids
For easier analysis over different varieties of fluids, fluids are divided into 5 major classes[18]
1. Ideal fluid

Fluids of this type are incompressible and have zero viscosity. Ideal fluids does not exist
in nature

2. Real fluid
Any fluids having viscosity greater than zero are called real fluids. All the fluids available
in nature are real fluids.

>0 (2.1)

3. Newtonian fluid
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These are real fluids in which shear stress is directly proportional to the rate of shear
strain (Velocity gradient).

du

d—y) (2.2)

7=

where,
7 = Shear stress
i = Viscosity if the fluid

(fl—z) = Coefficient of viscosity

4. Non-newtonian fluid

Non Newtonian fluid posses viscosity greater than zero, in this type of fluids shear stress
is not directly proportional to the rate of shear strain.

5. Ideal plastic fluid

This type of fluid shear stress is greater than the yield value and shear stress is pro-
portional to the rate of shear strain.

Ideal solid

_—
Shear stress
z
S,

2,
)
5

Ideal fluid

Welocity gradient (du/dy)
_—

Figure 2.9: Types of fluid w.r.t to shear stress and velocity gradient [18]

2.7 Kinematics of flow
2.7.1 Types of flow
In fluid dynamics, fluids are segregated into six major categories namely:[18]

1. Steady and Unsteady Flows

In steady flow, the governing characteristics of the fluid like velocity , pressure(p)
or density(p) does not change with respect to time. It can be represented as follows

o . O0p . op B
(5)330,3/0,20 - O? (E)l‘o,yo,zo - O? (&)Zo,ymzo =0 (23)

10
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In unsteady flow the velocity, pressure or density at any point at a given instant
changes continuously with respect to time.

v op op
(E)wo,yozo 7£ O? (a)wo,yoyzo 7£ 07 (E)$O7y0720 7é 0 (24)
Where,
(20, Yo, 20) is a fixed point in the fluid stream.

. Uniform and Non-uniform Flows

In uniform flow the velocity of the flow does not change with respect to the dis-
tance travelled by the fluid in a given direction.

ov
<~ _Jt=constant — 0 2.5
T (25)
If the velocity of the flow keeps on changing with distance traveled by the fluid in
any given direction, then these type of fluid are non-uniform in nature.

ov

(% )t:constunt 7é 0 (2 6)

Where,
ov = Change in velocity
0s = Distance travelled by fluid in given direction.

. Laminar and Turbulent Flows
In laminar flow, fluid particles travel along a straight line and will remain par-

allel for the whole duration of the flow. Laminar flow is caused due to the fluid
particles traversing smoothly in horizontal direction.

Figure 2.10: Illustration of laminar flow

Turbulent flow consists of disoriented and unorganized fluid particles, which tend
to follow random path during the whole duration of the flow. The energy losses are
high in this type of flow, because of the resistance between adjacent layers.

S\ S

Figure 2.11: Illustration of turbulent flow
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2. Background Information

Type of flow of a fluid can be determined by dimensionless number called Reynolds
number,

Re = — (2.7)

Where,

D = Diameter of the flow space.

v = Velocity of the fluid in the space

v = Kinematic viscosity of fluid.

Depending on the range of the Reynolds number, the flows can be either identified
as laminar or turbulent. For laminar flow Reynolds number(Re) should be less than
2300 and for turbulent flows it should be more than 2900. If the value lies in between
2300 to 2900 then flow may be either laminar or turbulent.

Re < 2300 (Laminar flow) (2.8)
Re > 2900 (Turbulent flow) (2.9)
. Compressible and In-compressible Flows

If the density(p) of a fluid keeps on changing constantly at any given point in the
flow then it is called compressible flow.

p # Constant (2.10)

In in-compressible flow, the density of the fluid remains constant throughout the
duration of the flow.
p = Constant (2.11)

. Rotational and Irrotational Flows

In rotational flow, fluid particles following a certain direction tend to rotate about
their own axis. Similarly, if the fluid particles flowing in a certain direction does not
tend to rotate on their own axis then that flow is irrotational flow.

. One, Two and Three Dimensional Flows

In one-dimensional flow, there exist a single parameter which has a function in
one space coordinate. When considering a steady one-dimensional flow, velocity
of the fluid is dependent on function along the x-coordinate. So one-dimensional

n,,n

flow can be expressed as velocity "u" as the function of "'x" coordinate. Variation in
velocity in two other directions are neglected since they are mutually perpendicular.

u= f(z),r=0and w=0 (2.12)
Where u, v and w are velocity components in x,y and z directions respectively.

In two-dimensional flow, flow is dependent on function along two coordinates in

12



2. Background Information

the fluid space. Variation of velocity in "z" direction is considered to be negligi-

ble. So, flow can be expressed as velocities "u" and "v" as function of "x" and "y"
coordinates respectively.

u= fi(z,y),v = fa(z,y) and w =0 (2.13)

In three-dimensional flow, the velocity is completely dependent on three axes which
are mutually perpendicular to each other. So, steady three-dimensional flow can be

expressed as velocities "u", "v' and "w" as function of three coordinates "x", "y" and
'z" respectively.[18]

U= f1<$,y,2), V= fQ(ZL',y,Z) and w = f3(x7y72> (214)

2.8 Bluff bodies

Bluff bodies are three-dimensional design structures (or objects), when immersed in a
flow stream has substantially separated flow over its frontal area which in turn causes
non-uniformity in the direction of the downstream flow. Bluff bodies can be easily distin-
guished in any flow due to the fact they have lower aerodynamic loads when compared to
other bodies and that are capable of creating disruption in the flow. Three-dimensional
bluff bodies have lower aerodynamics load because there might be a chance of flow in
the other direction which tends to modify the flow structures due to vortex and wake
formation behind the bluff bodies.

Figure 2.12: Example of bluff bodies [19]

Nowadays, most of the objects or shapes that are being tested in the wind tunnel are bluff
bodies. Bluff bodies always give rise to different types of flow configurations and higher
number of variables affecting the flow. This makes it difficult to analyze from the data
that is already available as research. So, it is always inevitable to rely on the experimental
data rather than theoretical data in the case of bluff bodies.[19]
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Figure 2.13: Illustration of flow around 3-dimensional bluff body[19]

2.8.1 Bluff body aerodynamics

When considering a bluff body immersed in a flow stream the boundary layers tends to
isolate from outer edges. Most commonly boundary layer separation takes place at the
surfaces with maximum area. Boundary layer separation takes place due to less reduction
of body width towards downstream flow. This causes huge pressure difference behind the
body, which leads to the creation of wake vortexes.

-5 S

Figure 2.14: Illustration of vortex formation behind a bluff body[19]

Flow

s €-------->

In most cases, when a body is submerged in fluid with a flow velocity(U) the body will
experience both tangential and normal stresses over the exposed surfaces. Resultant of
this stresses can be expressed by means of force and moment coefficients.[19]

Fi M;
Chr,

b IS’ Mi TpuSl (2.15)

Where,

Cr, and C), are dimensionless quantities namely force coefficient and moment coefficient.
F; and M; are the components of the resultant force and moment along the given direction
p = density of the given fluid.

u = flow velocity of the fluid.

S = reference surface.

[ = reference length.

2.9 Wind tunnels

Wind tunnels play an important role generating experimental data for analyzing the
influence of the wind on any scaled object. In this project, experiment is conducted at
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low speed and is not completely dependent on complex fluid parameters. Wind tunnels
are most widely used to analyze the performance of the scaled models. Low-speed wind
tunnel can provide valid data that can be used as basis for improvement in design phase.
Performance of the scaled object can be determined by generated aerodynamic data which
helps to make critical decisions for initiating design change. [20]

2.9.1 Types of wind tunnels

e Open circuit wind tunnel
In open circuit tunnels the wind generally flows in a straight path. It consists of
contracted inlet from where the air flow begins, a diffuser, a fan section and an
outlet for the generated wind. More often this type of tunnels either consist of a
concealed space (Closed jet) for testing the object or without a specific boundary
(Open jet). For open circuit closed wind tunnel refer figure 2.15.[20]
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Figure 2.15: Plan view of an open circuit wind tunnel (Diamler-Benz Aerospace
Airbus, Bremen, Germany).

¢ Closed circuit wind tunnel

Closed circuit wind tunnels (figure 2.16) works on the principle of loop, where air
generated does not leave the tunnel. The air inside keeps on recirculating for the
whole duration of testing with minimal exchange of air with surroundings. The
flow parameters can be regulated easily due to the presence of vanes and screens
for redirecting the flow. Efficiency of the closed circuit wind tunnels is higher when
compared to open circuit tunnel because of the minimal or zero interaction with the
atmospheric air.[20]
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Figure 2.16: A closed circuit wind tunnel, Defense Establishment Research Agency
(DERA), 13 X 9-ft tunnel in Bedford, England.

The wind tunnel used for testing the developed prototype is located at Chalmers, which
is a semi-closed wind tunnel. This wind tunnel is powered by a 180 kw motor, which
generates the wind at atmospheric pressure. Several shapes and sizes of geometries can
be easily tested because of the mounting and traversing systems present in the wind
tunnel.

2.9.2 Force and moment measurement

Fundamental aspect of a wind tunnel testing is to measure and estimate the amount
of steady and unsteady forces acting on a body placed in the flow. To determine the
amount of steady forces acting on a body strain gauge balances are commonly used.
Similarly, piezo sensors are used for unsteady measurement of forces. Due to high rigid
property of piezo materials they induce or have zero interference with independent force
components. Materials with high rigidity have high natural frequencies, which eliminates
the interference caused due to unsteady flows in aerodynamics. The major measurement
device in any wind tunnel is a multi component force and moment measuring system,
which consist of transducers, strain gauges and piezo electric sensors. Usually strain
sensor in strain gauges with resistance foil and piezo balances consists of semiconductor
gauges.[21]

2.9.2.1 Balance types

Balance types can be broadly classified into two major categories, depending on the
position balances are placed. If the balance is placed internally in the model during
testing then it is referred to as internal balance (figure 2.17), where as if the balance is
located outside the model they are called external balances (figure 2.18). Both specified
types of balances are able to measure multiple force and moments concurrently.[21]
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Bending section

Model end

Sting end

Axial force section

Figure 2.17: Typical internal bal-
ance [21]

Figure 2.18: External balance and
support [21]
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Methodology

For analyzing the chosen triathlon bike and its performance there is a need for both a 3d
printed prototype and a solid cad model for 3d printing. The model serves as a basis for
testing in the wind tunnel. Instead of a real user and bike a prototype of the original bike
and the user is used. So to obtain the prototype 3D scanning is used to create the digital
replica of the bike and the user. The other way to create a prototype is to manually create
a CAD model using the scanned data as a reference in the CATTA V5.

Scanning the "
object

Is the object
completely scanned

Processing of peint
cloud

!

Computing
normal for the
paint cloud

!

Surface
reconstruction

omplete surface
of the model is
obtained

Converting the
model into solid

l

3D printing the
solid model

Figure 3.1: Methodology used for reverse engineering
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3.1 Scanning the object

3.1.1 Laser scanning

To obtain the point clouds one of the method employed is 3D Laser scanning, by using
a laser probe. Measurement software used is PC-DMIS, developed by Hexagon manufac-
turing intelligence. The romer arm has six degrees of freedom, the frontal part of the arm
accommodates for various tools that can be used for measuring coordinates and scans. For
the purpose of 3D scanning a laser probe is used, which contains a laser emitter, camera
and led lamp. Depending on the surface color of the object being scanned, intensity of
the laser needs to be changed accordingly. For example if the object has darker surface
intensity of laser probe needs to be higher, where as for the lighter surface intensity should
be lowered significantly.

t

%HEXAGON : | g
l. _)‘
)
(a) Image of laser probe [22] (b) Image of romer arm with six
DOF [22]

The bike was placed in such way that it is accessible in all the ways for scanning using
romer arm. The bike is mounted on two supporting structures one in the front and one
at rear wheel. For the whole process of the scanning the bike remained stationary since
any small movement would affect the scanning in terms of cloud point accuracy. Also,
any change in position of the scanning object will result in inappropriate surfaces. If the
scan has multiple different individual point clouds they can be combined by copying the
text files from one file to another.
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Figure 3.2: Triathlon bike mounted on supports during scanning

3.1.2 Hand-held scanning

In addition to laser scanning, a hand held scanning session was conducted to support the
prototyping process. This method involves keeping the subject/object stationary in the
centre and revolving around the object with the hand held scanner for the whole duration
of scan. Depending on the structural complexity of the object and environment lighting
condition scanner should be adjusted accordingly. Common practice is to do multiple
scans around the object to obtain most accurate results. Obtained point cloud points
from scanning was filtered and converted into water tight mesh model for importing and
carrying out operation in CATIA V5.

(a) Point cloud of the scanned (b) Water tight mesh model of the
object obtained point clouds
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3.2 Processing of point cloud

Once scanning has been done, obtained point clouds needs to processed for model con-
struction and surface Reconstruction. There are several pre-processing software available
in the market but software programs used in this project are MeshLab and cloud com-
pare. For surface reconstruction the software programs used are Catia V5 and Autodesk
Meshmixer.

3.2.1 Filtering and operations

The scanned results are obtained in the form of point cloud, point cloud can be either
edited as surface models or as text files which represent the x-y-z coordinates. Filtering
is the process of removing unwanted data from the obtained data for performing further
experimental analysis. In this case the data obtained is in the form of point clouds which
contains a scanned 3D cluster of points which represent the scanned object.

3.2.2 Cloud compare

Cloud compare is a 3D point cloud processing software which is capable of handling
triangular meshes and performing Boolean logic operations on the given point clouds.
There are several methods to combine the obtained clouds one of the major used method
is to combine point clouds based on alignment from one cloud to the other. Here, Cloud
compare is mainly used to filter the unwanted point from the cloud and generate mesh
for post processing. The obtained point cloud is opened with suitable file format in cloud
compare to perform operations. The first step is to remove the points which have been
generated outside the object space. So as to remove irregularities while meshing. This
can be done using the operation present in cloud compare.

3.2.2.1 Boolean logic operations

In cloud compare the obtained point clouds, were loaded in the form of .txt file format.
After loading the points, the points were tab delimited and was converted to ASCII
file format. Once ASCII file format is obtained simplification operations such as sub-
sampling of the point clouds is performed. Sub-sampling helps to reduce the number
of points present at a surface through computing normals, which in turn decreases the
amount of points that are unnecessary at clusters if there have been multiple scans of
the same surface. Reduced point clouds are lighter and simplification operations can be
performed at greater speed.

If an object is scanned in two sets and point clouds of both sets needs to combined, the
reduced point clouds can be combined with other point clouds to obtain a complete point
cloud set. Given the condition object has remained stationary and stable throughout the
performed scanning sets.

3.3 Computing the point cloud
As the point clouds are filtered and cleaned, these point clouds needs to be meshed in or-

der to reconstruct the model. To mesh the point clouds, the file is imported to a meshing
software called MeshLab. MeshLab is an open source software system used for processing
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and editing of the 3D meshes. In MeshLab, the point clouds file is imported as PLY for-
mat. PLY format is known as the polygon file format which stores the three-dimensional
data obtained by the 3D scanner. As the file is imported, the point cloud need to be com-
puted for surface normal. Surface normal is a vector which is perpendicular to a series of
point within the point cloud. In this, set of neighbouring points are used to estimate the
normal. It is possible to set the number of neighbouring points required to compute the
normal. Figure 3.3 shows compute of the normal using the neighbouring sum of 10.[23] [24]

Figure 3.3: Computing normal to the point cloud

3.4 Surface reconstruction

After computing, the normals are used for surface reconstruction. Surface reconstruc-
tion is carried out by Poisson surface reconstruction. Poisson surface reconstruction is
an approach used to generate the surfaces from the points and the normals generated.
Generated surfaces are in the form of high-density triangulated mesh. The density of
the mesh or the surface reconstruction can be controlled by reconstruction depth. Re-
construction depth is used to extract the final surface, higher the value of reconstruction
depth high resolution surface is obtained. During the surface reconstruction unwanted
meshes are generated, which needs to be deleted for further processing. Figure 3.4 shows
the mesh using Poisson surface reconstruction having a reconstruction depth of 10 and
the unwanted meshes generated are deleted.[24]
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Figure 3.4: Surface reconstruction from normal and points

3.5 Converting the model into soild

The mesh file obtained is exported to Meshmixer in STL file format. Meshmixer is an
open source software system used for editing the model. The mesh file is imported into
meshmixer where the model is converted into a solid. Figure 3.5 shows the solid model of
the bike that is converted from the mesh imported. This solid model is exported for 3D
printing in STL format.[25]

Figure 3.5: Solid model converted from the mesh

3.6 Challenges in surface reconstruction
The method approached for converting the model from point clouds to solid 3D model was

successful. Still, the model could not be printed as it had many gaps in the model which
could not be solved in the MeshLab or Meshmixer. From the figure 3.5 it can be seen
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that there are many parts that are not completely converted into a solid. In this model
the aero handle, seat are missing and there are few gaps found in the frame structure.
The reason for the gaps obtained in the model is due to the inappropriate 3D scanning of
the bike. As the bike was at stationary, it was difficult for the arm to scan it thoroughly.
This lack of complete scanning of the bike caused the gaps in the model which was not
suited for 3D printing. To continue with the project a similar bike CAD model is taken
from the GrabCAD and used for prototype purpose.
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Engineering Design and Prototyping

The model for 3d printing is obtained from GrabCAD and changes on the model is made
depending on the requirements generated. Most of the geometrical features and surfaces
are added through the iterative process in CATTA. The full scale of the model is difficult
to 3D print and test in the wind tunnel due to which model is reduced to 60% i.e. the
model that is printed and tested is 40% of the original model. Since the build volume
of the printer is limited, the total size of the reduced model exceeds the printer dimen-
sions. So, the model is divided into several smaller parts by splitting so that the parts can
be printed without exceeding the printer dimensions. While dividing the model, critical
joints are considered in order to obtain a strong bond between the parts. Figure 4.1 show
the different views of the complete model.

¢ [ \@
MY

Front View Side view

Figure 4.1: Different views of the complete model
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4.1 Development of Prototype

Dividing of the
paris

b

Scaling of the
paris

b4

Preparing the
model for 3D
printing

I

3D printing the
model

!

Asgsembling the
model

Figure 4.2: Development process of the prototype

4.1.1 Dividing

The model is divided into several smaller parts by splitting and trimming of the reduced
model. While dividing the model, supports structure obtained to build the parts are taken
into consideration. The frame is the biggest part which must be divided into smaller once.
Initially, a rectangle of the suitable dimension for printing is drawn and used to pocket
the remaining parts such that only the required smaller part is remained. These smaller
parts are then divided in two half using split operation as it would be useful to print the
parts. After splitting, the parts are trimmed in order to eliminate the unwanted surface
obtained during splitting. Extra detailing as holes is drilled in the model to hold the spilt
part and be in line. All the operations of splitting and trimming are done in generative
shape design workbench. The part in the figure 4.3 shows the process of splitting where
the part is split into two parts. The complete centre part of the frame is shown in (a), a
line is drawn and extruded it to the complete part shown in (b). Using split option the
complete part is split into two parts with respect to the extruded line. Unwanted surface
are removed by trim and holes are drilled to hold the model each other inline as shown
in (c). In similar way different parts are divided and made into smaller parts. Another
difficult part to print is the user where a mannequin is used. The mannequin is divided
into smaller part by splitting at different joints. The upper body is split into two halves.
The hands are divided at the shoulder joint, elbow joint and wrist joint. The legs are
divided into knee joint and ankle joint.
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(a) Complete part (b) Split line (c) Split part

Figure 4.3: Splitting of the part

4.1.2 Scaling of the model

As the part is divided, it has to be scaled down to the required dimension. For scaling
the part, it has to be converted into a solid using closed surface. After converting it into
solid, the model is scaled using the scale option. These operations are carried out in part
design workbench(CATIA).

4.1.3 Preparation for 3D printing

To prepare the model for 3D print it is important to convert the model into smaller tri-
angles. Since, additive manufacturing process require triangles as the input for printing
tessellation is carried out. Tessellation is a process of converting surface model into a
surface of meshed triangles. These triangles can be adjusted by two parameters known as
sag and step. Sag is known as the maximum distance between the triangle and step is the
maximum length of the triangle. The sag value varies from 0 to 1 which determines how
accurate the model is to be printed. The lower the value fine mesh is obtained, higher the
value cores mesh is obtained. Once the model is tessellated it must be exported into dif-
ferent file format in order to read it by the printer. Generally, these models are exported
into STL or STEP files. STL- Stereo Lithography or Standard Tessellation Language is
a format used for 3D printing. In this format no special licence are required to import
into 3D printing software. STL files can be directly imported and can be printed easily.
STEP- Standard for The Exchange of Product data (ISO 10303) is also used for 3D print-
ing. STEP files require additional support to convert the exported geometrical data into
3D printing. STL flies are used in plastic printing whereas STEP files are used in metal
printing. STEP flies are used where high degree of accuracy, tolerance and dimension
required over STL files.

As the model is scaled down to required dimension now, these parts need to be prepared
for printing. To prepare, A copy of the solid part is extracted using extract tool. This
extract is opened in a new file and is pasted as paste special in a geometrical set in order
to obtain all the resulting operation of the part. Later the extracted file is tessellated for
meshing purpose in STL rapid prototyping workbench. Figure 4.4 shows the tessellation
of the part, where it is shown how the part is meshed into smaller triangle. This file is
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exported as STL format for printing.[26]

Figure 4.4: Triangle representation of the tessellated part

4.1.4 3D printing of the model

Complex designs are built easily through 3D printing. To build complex geometries, sup-
port structures are used. Support structure holds the model to the print bed. Support
structures plays an important role when there is overhang, holes or complex parts in the
model. The use of support structure in build is to prevent the model from falling and to
transfers the heat from the model which eliminates the residual stress. The disadvantages
of having support structure is post processing of the model for smoother finish, material
cost and build time. To avoid support structure design optimization, optimize the part
orientation or to split the model into smaller parts.

The STL file obtained from CATIA is imported into a 3D printing software called simplify
3D. In simplify 3D the exported tessellated file is placed and the orientation of the part
is decided. The orientation of the part is selected in such a way that there is no support
structure or minimum support structure is obtained. Along with that the amount of fill-
ing to the part, the flow rate and the speed of the printer is adjusted. The amount of fill
chosen for the complete model is around 5-10%. Figure 4.5 shows the 3D printing of the
bike handle with support structure.[27]
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Figure 4.5: 3D printing of the bike handle with support structure

4.1.5 Assembling the model

As the model is divided into smaller parts, these smaller parts are assembled back as one
complete part. Most of the parts are attached with hot glue in order to stick to each other.
For the alignment of the parts that are split into half, threaded rod is used. Threaded
rods are inserted through the holes for alignment and also helps to hold divided parts.
Figure 4.6 shows the assembled 3D printed parts.

Figure 4.6: Assembled 3D printed parts
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4.2 3D Printer

The printer used for 3D printing is “Makerbot Replicator 2”. Makerbot replicator 2 is
a single extruder printer which uses fused filament fabrication technology to print the
model. Build volume of the printer is 28.5*%15.3%15.5cm. It has the layer resolution up to
100-microns making the surface smooth which reduces the post-processing work. While
printing the model, temperature of the extruder is set to 230°C and the print bed is set
to 70°C. Figure 4.7 shows the Makerbot replicator 2 and the specification of the printer
is shown in the table 4.1.[28]

Figure 4.7: Makerbot Repliator 2 printer[29]

Printer technology | Fused Filament Fabrication
Build volume 28.5%15.3*%15.5¢m

Layer resolution 100,270,340microns
Filament diameter | 1.75mm

Nozzle diameter 0.4mm

Table 4.1: Specification of Maker-bot Replicator 2[28]

4.3 Material selection

The most common material used for fused filament fabrication printing are, Polylactic
acid commonly known as PLA. PLA is one of the most commonly used material for 3D
printing. PLA is a biodegradable thermoplastic produced from the renewable resources
like sugar and corn starch. PLA is environmental friendly and does not produce any toxic
gases while melting. It has a glass transition temperature of 60-65°C which gives the ex-
truded material more time to settle. PLA material does not require either the print bed or
any special adhesive for 3D printing. PLA has minimal wrapping, and the reduced stress
helps the material to retain its original form(structure) even after the cooling shrinkage.
PLA has high strength and low printing temperature.

Acrylonitrile Butadiene Styrene Commonly known as ABS is another commonly used
material for 3D printing. ABS is obtained in different grades of plastic. ABS has a glass
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transition temperature of 105°C and require a print bed. Due to high transition temper-
ature ABS causes thermal shrinkage stress during the early stages of the print and wraps
out of the print bed. It has high strength and high durability.

PLA material is selected over ABS as it has the higher advantage. The material property
of the PLA material is shown in the table 4.2. The values obtained are based on testing
method ASTM D638.[30]

Properties Value
Tensile strength 53 MPa
Yield strength 60 MPa
Extruder temperature | 190-230°C
Bed temperature 60-70°C
printing speed 50-90mm /s

Table 4.2: Material property of PLA[31]
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Testing

5.1 Experimental setup

The model consists of several smaller components, when combined together forms a func-
tional prototype. Additional support is added to enhance the stability of the model in
the wind tunnel at higher velocities. To reduce self induced vibrations of the model,
carbon-frame support and an additional flex-link aluminum beam is used. In the wind
tunnel prototype is mounted on force and moment sensors using a contact plate. Contact
plate acts as a link between the prototype and the sensors below the wind-tunnel. The
whole prototype is being supported by a flex link aluminum beam as shown in figure 5.1.
Various 3D printed PLA parts are glued together to form a compact structure, and in
some critical areas where there is instability steel rods of 3mm diameter are used.

Figure 5.1: Prototype mounted inside the wind tunnel with corresponding views
o Flexlink:

To accommodate for mounting(upright) the model in the wind-tunnel, an aluminum
flexlink beam is used. Flexlink beam offers flexibility to accommodate changes in
the mounting setup. In this case flexlink beam is drilled with two holes, where the
drilled holes are used for bolting and attaching the flexlink beam to the contact
plate and the wind tunnel. Flexlink aluminum beams have grooves on each side,
which allows the fasteners to slide along the grooves.

o Carbon fibre frame
At higher velocities in the wind tunnel prototype tend to vibrate vigorously. To
avoid undesired vibrations a carbon fibre frame is used to support to prototype. In

the absence of carbon fibre frame, at higher velocities the wind tunnel measurement
sensors might produce inappropriate data due to frequency interference.
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o Upright mounting

To keep the model upright during the whole testing duration, a threaded rod of
8mm diameter is inserted at centre of the model. The support rod serves as a major
load carrier, during the testing phase in the wind tunnel. Whereas, the front tire
takes only the partial load of the prototype.

5.1.1 Different configurations

Once the model is fully mounted in the wind tunnel, it is ready for testing purpose. Test-
ing is conducted in order to determine the performance of the bike with respect to the
placement of the bottle holder. To determine the performance of the bike with respect to
the placement of the bottle holder four different configurations are selected. In each con-
figuration two different types of bottle holder are placed in two different positions. The
two different bottle holders are named as white bottle holder and black bottle holder.
The two different positions chosen are one at the rear end of the seat post and other at
the down tube of the bike. The four different configurations are,

1. Configuration 1
In configuration 1 the black bottle holder is selected and is placed at the rear end
of the seat post of the bike. The bottle holder is attached to the bike using zip tie.
Figure 5.2a shows the configuration 1.

2. Configuration 2
In configuration 2 the black bottle holder is selected and is placed at the down tube
of the bike. The bottle holder is attached to the bike using zip tie. Figure 5.2b
shows the configuration 2.

3. Configuration 3
In configuration 3 the white bottle holder is selected and is placed at the rear end
of the seat post of the bike. The bottle holder is attached to the bike using zip tie.
Figure 5.2¢ shows the configuration 3.

4. Configuration 4
In configuration 4 the white bottle holder is selected and is placed at the down tube
of the bike. The bottle holder is attached to the bike using zip tie. Figure 5.2d
shows the configuration 4.
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(c) configuration 3 (d) Configuration 4

Figure 5.2: Illustration of different configurations

5.2 Wind tunnel testing

5.2.1 Mounting procedure

The type of wind tunnel used for testing is a semi-closed wind tunnel, where there is no
interaction with the atmospheric air. External balance and support is used for mounting
the prototype for testing. Prototype is fitted firmly to the flexlink aluminum beam using
slidable nuts along grooves on the top side. By using a contact plate flexlink beam along
with the prototype is mounted on the balance. Contact plate consists of threaded holes
in both direction which allows for fixing the threaded bolt. Once the contact plate is
firmly mounted along with the prototype onto the balance, wind tunnel openings has to
be completely closed to avoid any sort of disturbances caused while the body is immersed
in the fluid flow.

5.2.2 Experiment procedure

To conduct the experiment prototype is mounted in the wind tunnel and all the open-
ings are closed. Before starting the experiment, all the measurement sensors in the wind
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5. Testing

tunnel are nullified to avoid errors. After reaching a steady state, the values are analyzed
and further experimentation is continued.

Initially the velocity is set to zero and the corresponding values gained from LabVIEW
are stored as text files. Then velocity is increased to 5m/s and values are stored once a
steady plot is seen in LabVIEW. Experiment is further continued by gradually increasing
the velocities by intervals of 5m/s up to 25m/s, and corresponding values are stored re-
spectively. After completing all required trials the velocity is set back to zero in order to
check the accuracy of the mounted setup. The experiment is conducted in three trials each
in order to have a better and accurate data for analysing. Different sampling frequencies
are chosen for each configuration to measure the force values. Sampling frequency chosen
are 1000 Hz and 3000 Hz. The same experimental procedure is conducted for all the
different configurations and the corresponding values are stored as text files. The perfor-
mance of different configurations is analyzed from the obtained values by considering the
mean values of the three trial data.
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Results and analysis

6.1 Relationship between coefficient of drag and ve-
locity

The equation for coefficient of drag and velocity is given by,

2D
Cy = !

=7 1
pxu?xA (6.1)

Where,

Dy = drag force acting on the body

Cy = coefficient of drag

p = density of the fluid inside the tunnel
A = frontal area of the body in the flow.

Since, density (p) and area (A) are constants w.r.t fluid and body.
From equation 6.1, coefficient of drag is directly proportional to the drag force and in-
versely proportional to the square of the fluid velocity. [32]

Hence, Cyq o< Dy (6.2)
1
Hence, Cy x = (6.3)

6.1.1 Comparison between Coefficient of drag and velocity

Coefficient of drag is used to determine the performance of the bike. The performance
of the bike is said to be better when the coefficient of drag is low and the performance
decreases as the coefficient of drag increases. From the equation 6.3, it is evident that
coefficient of drag is inversely proportional to the square of the velocity and from the
below graph it can be seen that the coefficient of drag decreases with respect to increase
in velocity.

The performance of four configurations at sampling frequency of 1000 Hz is compared and
plotted which is shown in graph 6.1. The performance of different configurations varied
with respect to the change in velocity. At lower velocity the performance of configuration
2 was better than other configurations and also at higher velocity the performance of
configuration 2 was better.
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6. Results and analysis

Coefficient of drag (CdJ vs Velocity(mis)- sampling 1000
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Figure 6.1: Plot of coefficient of drag and velocity, with sampling frequency 1000 Hz

But in ideal case the velocity range for bike rider tend to be around 10m/s to 14m/s. So a
plot of corresponding coefficient of drag with respect to the ideal velocity range is shown
in graph 6.2. In the ideal case the performance of configuration 1 was better than other
configurations

Coefficient of drag (CdJ vs Velocity(m/s)- sampling 1000
074
T T T T T T

Coefficient of drag (Cd)

- L L ! ! ! ! L —
10 10.5 1 15 12 125 13 13.5 14

Velocity (U)

Figure 6.2: Plot of coefficient of drag and velocity, for velocity range 10m/s to 14m/s

The performance of the four configurations at sampling frequency of 3000 Hz is compared
and plotted which is shown in graph 6.3. The performance of different configurations
varied with respect to the change in velocity. At lower velocity the performance of con-
figuration 4 was better. At higher velocities the performance of configuration 3 is better.
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6. Results and analysis

Coefficient of drag (Cd) vs Velocity (m/s)- sampling 3000
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Figure 6.3: Plot of coefficient of drag and velocity, with sampling frequency 3000 Hz

The plot of coefficient of drag with respect to the ideal velocity range is shown in graph
6.4. In ideal case the performance of configuration 1 is better than other configurations

Coefficient of drag (Cd) vs Velocity (m/s)- sampling 3000
0.715
T T T

0.705 [ =~ —

0.7 —

Coefficient of drag (CdJ

0.695 [~ =— —

0.685 — ﬁh-”_r-”ww- |

- ! ! I ! ! ! !
10 105 1 1.5 12 125 13 13.5 14

Velocity (U)

Figure 6.4: Plot of coefficient of drag and velocity, for velocity range 10m/s to 14m/s

When comparing the sampling frequency of 1000 Hz and 3000 Hz, it can be seen the
coefficient of drag of different configurations at low velocity and high velocity performed
differently. Where as comparing the coefficient of drag with different configurations, at
ideal velocity it is seen configuration 1 performed well in both the cases.
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6. Results and analysis

6.2 Relationship between power, force and velocity

Power is the product of two quantities and is directly proportional to force and velocity.

P=Fu (6.4)

6.2.1 Comparison of power and velocity

Power is used to determine the work done by the rider in cycling. If the power is high
then the work required by the rider is high and when the power is low the work required
by the rider is low. From equation 6.9 it is evident that power is directly proportional to
the velocity and from the below graph it can be seen that as the velocity is increased the
power increases.

The power required for four configurations at sampling frequency of 1000 Hz is compared
and plotted which is shown in graph 6.5. The power required at lower and higher velocity
for different configurations are same and overlapping to each other.

Power(Watts) vs Velocity(m/s) sampling 1000
350
T T T

Power(P)

4 6 8 10 12 14 16 18 20
Velocity(U)

Figure 6.5: Plot of power and velocity, with sampling frequency 1000 Hz.

The plot of power with respect to the ideal velocity range is shown in graph 6.6. In ideal
velocity range the power required in configuration 1 is less than other configurations.
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Power(Watts) vs Velocity(m/s) sampling 1000
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Figure 6.6: Plot of power and velocity, for velocity range 10m/s to 14m/s.

The power required for four configurations at sampling frequency of 3000 Hz is compared
and plotted which is shown in graph 6.7. The power required at lower and higher velocity
for different configurations are same and overlapping to each other.
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Figure 6.7: Plot of power and velocity, with sampling frequency 3000 Hz.

The plot of power with respect to the ideal velocity range is shown in graph 6.8. In ideal
velocity range the power required in configuration 1 is less than other configurations.
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Power(Watts) vs Velocity (m/s)- sampling 3000
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Figure 6.8: Plot of power and velocity, for velocity range 10m/s to 14m/s

When comparing both the cases of 1000 Hz and 3000 Hz, it can be seen power required
for different configurations at lower velocities and higher velocities are similar. Whereas,
comparing the power required for different configurations at ideal velocity range, it is seen
power required by configuration 1 is less in both the cases.
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Conclusion and Recommendation

This thesis aims to identify the impact of change in position of mounted accessories against
the wind in the long run during triathlon bike phase. To analyze the impact of mounted
accessories and to improve the performance of the triathlon bike a prototype is built and
tested. For building prototype, replica of a triathlon bike is necessary to carry out tests
in the wind tunnel. This is achieved by developing a methodology for reverse engineer-
ing. The method used for reverse engineering is to scan the physical product using a
3D scanner and obtaining the data in terms of point cloud. The obtained point cloud
from scanning is converted to digital model by computing the normal and creating surface
using CAD software.

After analyzing different possible solutions to convert point cloud into surface model, it
was discovered that a perfect reconstructed model is difficult to obtain since most oper-
ations on point cloud is dependent on using multiple software programs and multiple file
formats. When considering the results obtained, there is no major significant difference
in performance of different configurations. However, for instance the amount of power re-
quired to over come a velocity of 10m/s in all the four configuration is approximately the
same. Results presented may vary in real life condition since, the model is tested inside
in the wind tunnel with complete isolation form atmospheric disturbances. The tested
results are successful depending on the mentioned test conditions. Also, the performance
parameters of the bike depends on the riders experience to generate power and balance
the forces while riding long distances.[33] [34]

To conclude, accuracy of the prototype should be increased to resemble the real life
scenarios as much as possible. For future development, much more different positions of
the bottle and bottle holder should be tested. Besides this, additional mounted accessories
and user worn equipment must be considered and tested w.r.t other factors rather than
just wind as a major force component.
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Figure A.1: Parameters obtained form the wind tunnel
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A. Appendix

Name Dp u T Pa rho nu Uhw Tb D
ZeroS3 9.010313 8.113ee7 21.23  1ee77e@ 1.193  1.525946E-5 0.606000 Nal -8.8176235926
Sms 14.286250 4.988586 22.82 108778 1.199  1.533234E-5 0.666000 Nal -1.33346661
18ms 53.114063 9.441826 21.51 1eev7e 1.192 1.528538E-5 ©.000000 Nal -4.84658864
15ms 119.926258 14.177713 21.15  1ee77e@ 1.193  1.525234E-5 0.606000 Nal -168.7059517
28ms 213.875060 18.890084 20.96 18778 1.194 1.522975E-5 0.666000 Nal -18.4027670
25ms 219.850008 18.844194 22.68 l1eesle 1.188 1.538716E-5 ©.000000 Nal -28.5928616
Zerol  ©.815938 8.128710 21.77 1ee77@ 1.191 1.53@927E-5 ©.606000 Nal -8.80842666636
Sms 14.458625 4.927153 21.83 1ee778 1.198  1.531508E-5 0.666000 Nal -1.35781873
18ms 53.248312 9.449859 21.37  1ee774 1.192  1.527214E-5 0.06066000 Nal -4,87204213
15ms 128.546875 14.212398 21.16  1ee788 1.194  1.524598E-5 ©.0606000 Nal -18.6096768
28ms 212.771875 18.872124 20.76 188778 1.195 1.521681E-5 0.600000 Nal -18.4212231
25ms 210.850000 18.844194 22.68 1eesle 1.188 1.538716E-5 0.06066000 Nal -28.5928616
Zero2  9.815937 8.141517 28.83 1eevse 1.195 1.522175E-5 0.008000 Hal 8.000476602682
Sms 14.404862 4.916326 21.49  1@e772 1.192  1.528363E-5 0.0606000 Nal -1.35083630
18ms 53.430625 9.462550 21.16  1ee771 1.193  1.524792E-5 ©.600000 Nal -4.86183308
15ms 120.781875 14.215638 20.85 1ee778 1.195 1.522335E-5 0.008000 Hal -10.6088075
28ms 212.937500 18.876911 28.71 1ee78e 1.195 1.521868E-5 0.606000 Nal -18.4898742
ﬁSms 210.850060 18.844194 22.68 100816 1.188 1.538716E-5 0.666000 Nal -28.5928616
ZeroS1l 0.022500 8.193266 26.84 1eevse 1.195 1.522221E-5 0.606000 Nal -8.81087142606
Sms 14.491667 4.929584 21.31  1ee788 1.193 1.526531E-5 0.666000 Nal -1.360886582
18ms 53.450000 9.467667 21.18 1eevse 1.193 1.525321E-5 ©.000000 Nal -4.90833401
15ms 120.726667 14.217358 208.86 1ee78e 1.195  1.522466E-5 0.06066000 Nal -18.6578634
28ms 211.7560000 18.823184 20.68 1ee788 1.195 1.520775E-5 ©.606000 Nal -18.4117589
25ms 219.850008 18.844194 22.68 l1eesle 1.188 1.538716E-5 ©.000000 Nal -28.6029825
Zerol ©.015000 8.156287 28.92  1ee788 1.194 1.522933E-5 ©.0606000 Nal -8.8136838716
Sms 14.420000 4.916579 21.22 188788 1.193  1.525735E-5 0.666000 Nal -1.35735497
18ms 53.529167 9.470367 21.87 1ee78e 1.194  1.52438@E-5 0.06066000 Nal -4,89087769
15ms 120.795000 14.216333 28.65 108788 1.195 1.520546E-5 ©.0606000 Nal -18.6317228
28ms 214.141667 18.925838 20.59 188784 1.196 1.519871E-5 0.600000 Nal -18.4636595
25ms 219.850000 18.844194 22.68 1eeBle 1.188 1.538716E-5 0.008000 Hal -28.6029825
Zero 8.020000 8.181925 28.77 1ee781 1.195 1.521627E-5 0.0606000 Nal -8.8125288709
Zero2  ©.020000 8.181925 28.77 1ee781 1.195 1.521627E-5 0.008000 Hal -8.8125288709
Sms 14.517568 4.931986 21.11  1ee79e 1.194  1.52455@E-5 0.606000 Nal -1.351973p4
18ms 53.195833 9.438185 20.84 108798 1.194 1.522981E-5 ©.600000 Nal -4.88017402
15ms 120.563333 14.2084042 28.74 1eev9e 1.195 1.521175E-5 0.008000 Hal -108.5857152
28ms 213.160060 18.880446 28.63 1ee79e 1.196 1.520135E-5 0.606000 Nal -18.4026181
25ms 210.850060 18.844194 22.68 100816 1.188 1.538716E-5 0.666000 Nal -28.6029825

Figure A.2: Parameters obtained form the wind tunnel
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Figure A.3: Parameters obtained form the wind tunnel
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Name DP U T Pa rho nu Uhw Tb D
zeroS1 @.8@6875 8.889111 21.98 1@@813 1.19¢  1.532232E-5 6.ge0000 Nal -0.88895591841
Sms 14.459687 4.93417 22.19 1@e8286 1.19%  1.534821E-5 @.geoace Nall -1.35797682
18ms 53.187500 9.452068 21.94 18828 1.191  1.531711E-5 @.gegece Nal -4.92152457
15ms 121.359375 14.273944 21.85 108828 1.191  1.53@891E-5 0.oe0000 Nal -11.482318@
28ms 218.554375 18.8085286 21.96  1e@828 1.191  1.5314@9E-5 6.ge0000 Nal -18.3598258
25ms 21@.850000 18.844194 22.68 1@@816 1.188 1.538716E-5 @.geoace Nall -28.7637124
zerol  ©.819375 ©.176844 22.92 18818 1.19¢  1.5326@5E-5 @.000000 Nal -8.0112718798
5ms 14.982188 5.815728 22.13 1eesle 1.19@  1.533641E-5 6.ge0000 Nal -1.61914988
18ms 52.615000 9.483355 22.05 1eesle 1.1%9  1.532919E-5 @.geoace Nall -4.859014081
15ms 122.835000 14.316048 21.96 1@e@sle 1.19¢  1.532113E-5 @.gegece Nal -11.6347832
28ms 211. 160000 18.835941 22.87 1eesle 1.19  1.5331@9E-5 @.000000 Nal -18.3809042
25ms 218.850000 18.844194 22.68 1e@8l1e 1.188 1.538716E-5 6.ge0000 Nal -28.7637124
zero2  @.8@6875 2.889159 22.23 18808 1.189  1.534722E-5 @.gegece Nal -0.08637408435
5ms 14.657500 4.964323 22.34 1@e8e® 1.189 1.535712E-5 @.000000 Nal -1.63219@58
18ms 53.349375 9.472675 22.27 1eesee 1.189  1.535B853E-5 6.ge0000 Nal -4.89585872
15ms 128.0861256 14.209582 22.23 1eesee 1.189 1.534702E-5 @.geoace Nall -18.6253455
28ms 218.856875 18.834038 22.33 1@ese3 1.189 1.535627VE-5 @.gegece Nal -18.1721576
25ms 210.850000 18.844194 22.68 108818 1.188 1.538716E-5 @.000000 Nal -28.7637124
ZeroS3 0.855000 2.303990 22.59 1@esle 1.188 1.537932E-5 @.geoace Nall -8.0134255922
5ms 14.445000 4,93935 22,52 1@e@s1e 1.188 1.537218E-5 2.geceee Nal -1.35159626
18ms 52.830000 9.438103 22.56 1eeses 1.188 1.537163E-5 @.000000 Nal -4.88345308
15ms 119. 4300600 14.177889 22.56 1eesle 1.188 1.537@11E-5 6.ge0000 Nal -18.5504154
28ms 218.536667 18.825383 22.53 1eesle 1.188 1.5373@3E-5 @.geoace Nall -18.3564397
25ms 21@.850000 18.844194 22.68 108818 1.188 1.538716E-5 2.geceee Nal -28.739875@
Zerol  8.8106000 8.129776 22.69 1ee@8l1e 1.188 1.538769E-5 6.ge0000 Nal -0.08139438768
Sms 14.297500 4.,987285 22.76 1eesle 1.187 1.538885E-5 @.geoace Nall -1.34272145
18ms 53.1608000 9.462935 22.74 1@@81@ 1.187 1.539253E-5 2.geceee Nal -4.91201358
15ms 119.435000 14.182762 22.69 18818 1.188 1.538769E-5 @.000000 Nal -18.5936465
28ms 218.720000 18.838171 22.67 1e@81@ 1.188 1.538654E-5 6.ge0000 Nal -18.3364721
25ms 21@.850000 18.844194 22.68 1@@816 1.188 1.538716E-5 @.geoace Nall -28.739075@
zero2  218.850000 18.844194 22.68 108818 1.188 1.538716E-5 @.000000 Nal -0.00280453204
5ms 218.850000 18.844194 22.68 1e@8l1e 1.188 1.538716E-5 6.ge0000 Nal -1.327048607
18ms 21@.850000 18.844194 22.68 1@@816 1.188 1.538716E-5 @.geoace Nall -4.87580115
15ms 21@.850000 18.844194 22.68 108818 1.188 1.538716E-5 2.geceee Nal -18.5999888
28ms 210.850000 18.844194 22.68 108818 1.188 1.538716E-5 @.000000 Nal -18.4494889
25ms 218.850000 18.844194 22.68 1e@8l1e 1.188 1.538716E-5 6.ge0000 Nal -28.73968758

Figure A.4: Parameters obtained form the wind tunnel

A.2 Relationship between drag force and velocity

Factors affecting the relationship between drag force and velocity is given by the equation
as follows,

 CaxpxAxu?
B 2

D; (A1)

It is evident from equation,
Drag force Dy is directly proportional to square of the velocity(U) and Coefficient of drag
(Ca).
Mathematically,
(Cq x u?) x (A x p)

Dy = 5 (A.2)

Since, density (p) and area (A) are constant for the fluid and the model it can eliminated
with a proportionality relationship.[3] & [32]
AXp

X ( 5

) = Constant for the whole testing phase. (A.3)

Hence,D;  (Cy x u?) (A.4)
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A.2.1 Comparison between drag force and velocity

From the above equations, it is evident that drag force is proportional to square of the
velocity and from the plots below the it can be seen that drag force increases exponentially
w.r.t increase in velocity. Out of the four configurations, first configuration tends to
perform well against the drag force whereas fourth configuration has significant increase
in drag force along with increase in velocity.

Drag force (N) vs Velocity(m/s) sampling 1000
2 1 1 1

Drag force(Df)

0 | | | | | | |
4 8 8 10 12 14 16 18 20
Velocity (U)

Figure A.5: Plot of drag force vs velocity, with sampling frequency 1000 Hz

Ideal velocity range for bike riders is tend to be around 10m/s to 14m/s so a plot corre-
sponding to mentioned velocity range is shown below. When considering the amount of
drag force generated from increase in velocity is significant in all the cases. From the plot
it is clear that first configuration performs is better.
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Drag force (Df))

Drag force(Df)

20

Drag force (N) vs Vi 1000

12 T T T

Configuration 1

— — —Configuration 2
Configuration 3
- [ - Configuration 4

12 125
Velocity (U)

Figure A.6: Plot of drag force vs velocity, for velocity

13.5

range 10m/s to 14m/s

Drag force(N) vs Velocity (m/s)- sampling 3000
I T I

[
—— Configuration 1
— — — Configuration 2
Configuration 3
- B - Configuration 4

12
Velocity (U)

Figure A.7: Plot of drag force vs velocity,

20

with sampling frequency 3000Hz
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Drag force(N) vs Velocity (m/s)- sampling 3000
T T T

Drag force (Df))

5 | | | | | | |
10 10.5 11 11.5 12 12.5 13 13.5 14
Velocity (U)

Figure A.8: Plot of drag force vs velocity, for velocity range 10m/s to 14m/s

The above plots A.7 and A.8 depict the same results as the above. The only difference
being in the measuring frequency of 1000 and 3000 Hz, which means the values is being

measured every ﬁth of second in 1000 Hz and every 30100 th of a second.

A.3 Comparison of power and drag force

20

Drag force (N) vs Power{Watts) sampling 1000
T T

Drag fnrce(D’)
s
T

0 50 100 150 200 250 300 350
Power (P)

Figure A.9: Plot of power vs drag force, with sampling frequency 1000 Hz.
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Drag force (Df)

20

Drag force(N) vs Power(Watts)-sampling 3000
T

—— Configuration 1
— — —Configuration 2
Configuration 3
Configuration 4

0 50 100 150
Power (P)

200

250

300

Figure A.10: Plot of power vs drag force, with sampling frequency 3000 Hz.
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