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ABSTRACT

This project is to design, manufacture and testing the Wells turbine. In order to know the
performance of the Wells turbine, a prototype is developed. Computer Aided Three
Dimensional Interactive Application (CATIA) is used in the 3D solid modelling design
for W;‘llé turbine prototype components. Design is carried out to suit the testing
requiremeﬁts. A scale model is designed based on the actual dimension of Wells turbine.
Study is focus on the variations and manipulations of the testing parameters of Wind
Tunnel on the designed rotor and the effect on the rotation of the rotor as well as on the
workability of the material used to fabricate the rotor. Rapid Prototyping (RP) machine
is used to manufacture the rotor by using the 3D solid modeiling data from CATIA.
Rapid Prototyping process will shorter the manufacturing time before testing. Rapid
Prototyping process has the limitation; therefore, the 3D solid model design must be
suitable with the machining capability. Wind Tunnel is used to test the Wells turbine
prototype with different parameter settings. Testing is carried out on the prototype to
determine the minimum velocity of air that will rotates the rotor and the maximum

rotational speed in revolution per minute (rpm) of the rotor.
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CHAPTER 1

INTRODUCTION

1.1 Background

Wells turbine was invented by Dr. A.A Wells in 1976. 1t is an alternative method in
generating electrical power for useful utilization. It is a pollution-free energy production
method compared with the other power generating devices or methods. Wells turbine
can be used to convert the kinetic energy of wind into mechanical energy. Then, the
mechanical energy can be converted into useful electrical energy. During Wells turbine
production, it has to undergo several engineering processes. These processes consist of
designing, manufacturing and finally assembly. There are several manufacturing
processes involved such as measuring, cutting, machining, rapid prototyping (RP),
casting and finishing. The RP can be used to produce the actual geometry of the turbine
rotor. Then, the RP part can be used to produce die for casting process. Therefore, longer

time was needed to produce Wells turbine.

In this project, the RP rotor was used in the Wells turbine prototype. This prototype was
used to evaluate the performance of the Wells turbine in two different geometrical
configurations. Further development of the turbine can be performed based on the

preliminary evaluations carried out on the RP rotor.

1.2 Problem Statement

The Wells turbine rotates in the same sense regardless of the direction of the air stream.
In order to analyze the rotor performance, the minimum velocity required to start the
rotation, and the maximum revolution per minute (rpm) it can achieved will need to be
determined. Two configurations of this turbine design were required for testing in the

wind tunnel. The Wells turbine prototype involves several manufacturing processes such



as cutting, milling, surfacing and squaring which will consumes a lot of time and money
to develop it. By using the Rapid Prototyping (RP), time and cost can be reduced to
analyze the RP material as a testing specimen by manipulation of the wind tunnel testing

parameters.

1.3 Objectives

The objectives of this project are as follows:

e To design two Wells turbine rotors,
» To use the Rapid Prototyping (RP) to fabricate the rotor of the prototypes,
e To test the prototypes in the wind tunnel by manipulation of the testing

parameters.

1.4 Scope of study

This project is focused on:

o Study the conceptual design by analyse on the static condition as well as on the
mechanical components design of the prototype,

e Design two configurations of rotor and other parts of the prototype,

o Study the Rapid Prototyping (RP) and the type of material used,

e Study the prototype testing in the wind tunnel and the manipulation of the
parameters involved that affect the rotor performance,

¢ Study the results by analyzing the experimental data.



CHAPTER 2

LITERATURE REVIEW

2.1 Wells Turbine Working Principle

The Wells turbine is a low-pressure air turbine developed for use in oscillating-water-
column (OWC) wave power plants to avoid the need to rectify the air stream by delicate

and expensive valve systems.

Figure 1 shows that, it keeps its sense of rotation in spite of the changing direction of the
air stream, which is driven by the rising and falling water surface in a compression
chamber. Its blades feature a symmetrical airfoil with its plane of symmetry in the planc

of rotation and perpendicular to the air stream,

Wells turbine turns In saome direction
irraspective of oirflow directian

frncorming wave Forces
oair ot of OWWIED

Retreating wowve sucis
air back nto OWC

Figure 1: OWC Device



Its efficiency is lower than that of a turbine with constant air stream direction and
asymmetric airfoil. One reason is that symmetric airfoils have a higher drag
coefficient than asymmetric ones, even under optimal conditions. Also, in the Wells
turbine, the symmetric airfoil is used with a high angle of attack (i.e., low blade speed /
air speed ratio), as it occurs during air velocity maxima in volatile flow. Then the air
stream stalls and 1ift collapses. The efficiency of the Wells turbine in oscillating flow

reaches values between 0.4 and 0.7. (Queen’s University Belfast, 1980s).

Wells turbine, invented by A.A Wells, is a self-rectifying airflow turbine. The turbine is
capable of converting pneumatic power available in OWC into mechanical energy. It is
an axial flow turbinc with untwisted rotor blades of symmetrical airfoil section set
radially at 90° angle of stagger. Consequently, the turbine rotates in same direction and
produces power regardless of which way the air is flowing. Figure 2 below shows the
turbine blade is symmetrical with respect to the direction of flow. (NACA, 1915) (M.
Govardhan et al., 2007)

Ll man

Figure 2: Symmetrical turbine blade



The Wells turbine is a self rectifying air turbine which is expected to be widely used in
wave energy devices with the OWC (Ragunathan, 1995). There are many reports which
describe the performance of the Wells turbine both at starting and running
characteristics. According to these resuits, however, the Wells turbine has inherent
disadvantages in comparison with conventional turbines: lower efficiency and poorer

starting characteristics (M. Takao et al., 2006).

2.2 Design of Turbine Blade
2.2.1 Design Software

In the Prototype Wells turbine design, scale model design is made based on the actual
dimension of the Wells turbine. Computer Aided Three Dimensional Interactive
Application (CATIA) is used to design the 3D solid modeling of the turbine components
(Dassault Systemmes, 1981). Various configurations are designed based on the testing
requirements. The manipulations variables in design are the number of turbine blades
and the shape of the aerofoil which will affect the Wells turbine performance in term of

efficiency (Swami Nathan, 1990), (NACA, 1915).

2.2.2 National Advisory Committee for Aeronautics (NACA) 4-Digit Airfoil Design

Although the NACA 4-digit generator function was clearly not created for model blade
use, it works rather well. Constrained to produce the symmetrical airfoils used for

control line stunters, the generator function is reduced to a simple polynomiai equation:
y =40.5(Ax + Bx+Cx* + Dx* + Ex)*
where y is the vertical coordinate

x is the horizontal coordinate



and the coefficients are A=0.2969, B= -0.1260, C=-0.3516, D= (.2843, E= -0.1015

The output y corresponds to a pair of symmetrical vertical coordinates (+y and —y) for a
normalized airfoil, whose chord length in x is exactly 1 unit long. The leading edge of
the airfoil is located at (x,y) of (0,0), and its trailing edge is at (1,0) (Larry Cunningham;
NACA, 1915).

Figure 3 shows the characteristic of the NACA 4-digit airfoil is that its maximum
thickness occurs at 30% of the chord length from the leading edge, at x = 0.3 on the
normalized airfoil. For synimetrica] airfoils; the NACA 4-digit airfoils use the
numbering NACA 00nn, where nn is a 2-digit number representing maximum thickness
as a percentage of chords. The example airfoil which is 2 inches thick and 10 inches
long is a 20% thickness, so its designation would be NACA 0020 (Larry Cunningham;
NACA, 1915).

1 ';7 ___________ T T
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..',» . e ; e e

Figure 3: Characteristic of the NACA 4-digit airfoil

To obtain coordinates for a useful airfoil, the normalized airfoil data must be scaled.
First, we need to consider the chord (horizontal x length) of the desired airfoil (Larry
Cunningham; NACA, 1915).

The blade profile is: NACA 0020 with chord length of I= 90 mm; solidity at mean
radius, 0.67; hub-to-tip ratio, 0.7; aspect ratio, 0.5; casing diameter, 300 mm; tip

clearance, 0.5 mm; mean radius, r= 127.5 mm; width of flow passage h= 45 mm. Note



that the adopted turbine rotor is the most promising one in previous studies {Kaneko et
al., 1986; Setoguchi et al., 1986).

2.3 Fabrication

2.3.1 Rapid Prototyping

Rapid prototyping (RP) takes virtual designs from computer aided design (CAD)
or animation modelling software, transforms them into thin, virtual, horizontal cross-
sections and then creates each cross-section in physical space, one after the next until the
model is finished. With additive fabrication, the machine reads in data from a CAD
drawing and lays down successive layers of liquid, powder, or sheet material, and in this
way builds up the model from a series of cross sections. These layers, which correspond
to the virtual cross section from the CAD model, are joined together or fused
automatically to create the final shape. The primary advantage to additive fabrication is
its ability to create almost any shape or geometric feature. Figure 4 shows the rapid
prototyping slicing (Grenda E., 2006; Wright, Paul K., 2001; Wohlers, T., 2007).

Voxel cross-seciionsl anes

Figure 4: Rapid Prototyping (RP) slicing



The standard data interface between CAD sofiware and the machines is the STL file
format. An STL file approximates the shape of a part or assembly using triangular
facets. Smaller facets produce a higher quality surface. Some solid freeform
fabrication techniques use two materials in the course of constructing parts. The first
material is the part material and the second is the support material (to support
overhanging features during construction). The support material is later removed by heat
or dissolved away with a solvent or water (Grenda, E., 2006; Wright, Paul K., 2001;
Wohlers, T., 2007).

The parts produced by rapid prototyping systems are used for several purposes in
engineering, including testing of form, fit and function. Form testing allows a designer
to verify the CAD design, evaluate manufacturability, and to get reactions from potential
users and customers. Fit testing verifies that the designed part mates accurately with
adjoining portions of the final assembly. Form and fit testing are also frequently and

collectively referred to as "concept modeling". (Castle Island Co.)

Functional testing places the rapid prototyping part in an operating assembly to see if it
works. The limited range of rapid prototyping materials has restricted functional testing,
but this is improving as higher temperature and more durable materials are introduced
for many of the technologies. Objects made by rapid prototyping can also be transferred

by means of secondary processes into final materials for testing. (Castle Island Co.)

2.4 Laboratory Tests

Experiments on the RP rotor will be performed using the wind tunnel in Universiti
Teknologi PETRONAS (UTP). The prototype is attached to the wind tunnel for
performance testing. The overall performance is evaluated by the turbine output torque

T,, the flow rate Q, the total pressure drop across the turbine Ap and the turbine angular
velocity, @ (Takao et al., 2007). The flow rate through the turbine Q, whether it is



inhalation (i.e., flow from atmosphere into the settling chamber) or exhalation (i.e., flow

from settling chamber to atmosphere) (Kaneko et al., 1986; Setoguchi et al., 1986).

The turbine performance under steady flow conditions is evaluated by turbine efficiency

n, torque coefficient Cr and input coefficient Ca against flow coefficient ¢. The

definitions of these parameters areas follow:

T

Cr = o + U izr 12} ®
R e o +A§5 T
=1 -4

where p, v, Uand zdenote the density of air, axial flow velocity, circumferential

velocity at r and number of rotor blades, respectively (Kaneko et al., 1986; Setoguchi et
al., 1986).

Besides, the numbers of turbine blade also give a significant in the self-starting

mechanism.

Tests were performed with the flow rates up to 0.320 m*/s and the turbine angular
velocities up to 471 rad/s. The Reynolds number based on the blade chord was
approximately equal to 2.5 x 10°. The uncertainty of efficiency is about +1%. This
uncertainty is obtained by taking into account the dispersions in the measurement of the

physical parameters from which efficiency is obtained (M. Takao et al., 2006).

The performance test of the turbine was carried out by use of newly devised wind tunnel
in which it is possible to produce oscillating air flow by controlling the motion of a 1.4

m diameter piston in the cylinder as instructed by a micro-computer (Inoue et al., 1986b;



Setoguchi et al., 1990). In the test of turbine characteristics, the variations of turbine
performance with relative inlet angle were examined by changing the rotational speed of
rotor so as to cover the effective operating range of the turbine. During the test, the
turbine output torque, the air-flow rate and the total pressure drop across the rotor were

also measured. The uncertainty of mean efficiency is about +2.

A duct in which the effects of airflow past object can be determined. The steady-state
forces on a body held still in moving air are the same as those when the body moves
through still air, given the same body shape, speed, and air properties. Scaling laws
permit the use of models rather than full-scale objects, such as aircraft or automobiles.
Models are less costly and may be modified more easily, and conditions may be

simulated in the wind tunnel that would be impossible or dangerous in full scale.

Most data are secured from wind tunnels through measurement of forces and moments,
surface pressures, changes produced in the airstream by the model, local temperatures,

and motions of dynamically scaled models, and by visual studies.

A balance system separates and measures the six components of the total force. The
three forces taken parallel and perpendicular to a flight path are lift, drag, and side force.
The three moments about these axes are yawing moment, rolling moment, and pitching

moment, respectively.

Surface pressures are measured by connecting orifices flush with the model surface to
pressure-measuring devices. Local air load, total surface load, moment about a control
surface hinge line, boundary-layer characteristics, and local Mach number may be

obtained from pressure data (Cengel, Y.A et al., 2006).

10



CHAPTER 3

METHODOLOGY

Methods and procedure were established to achieve the objectives of the project. This
methods and procedure were relevant and acceptable in completing the project within

the given timeframe. The overall flow of the project is shown schematically in Figure 5.

Selection of Project Title
|

Literature Review of the Project |

L

~Design |

OK

NOTOK |

oK

Analysis of the result

Discussion’
anclusion

Figure 5: Flow Process of the project
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3.1 Literature Review

Literature review were carried out to understand the Wells turbine working principle to
complete design of the configuration, fabrication of the parts, testing and evaluation on

the results. The literature review was based on the related books, internet and journal

paper.

3.2 Prototype Wells Turbine Design

Design process involved conceptual design and 3D solid modelling of parts by using
AutoCAD and CATIA sofiware, respectively. Parts were designed to meet the project

objectives.

3.2.1 Conceptual Design of 3D Solid Modelling of Wells Turbine Prototype

Figure 6 showed the conceptual design had chosen for the Wells turbine prototype.
Design consists of support, hub, blade, shaft and bearing. Conceptual design was
developed based on the actual feature of the Wells turbine in the industry. The rear
portion of the design was opened for the drawback movement of air through the rotor.
Bearing was attached to the casing for the shaft rotation mechanism. Besides, parts were
casy to assemble for the needs of testing. Some mechanical engineering designs were
carried out to analyze the conceptual design before the 3D solid modelling design by
CATIA. Mechanical engineering design involved the bearing selection, turbine blade

and rotor design, and mounting of bearing.

12



Shaft

Rear Casing Front Casing

Hub

Blade

Figure 6: 3D Conceptual design

3.2.2 Conceptual Design Analysis of Wells Turbine Prototype

Figure 7 shows the 2D structure of the prototype. It consists of support and the rofor-
shaft parts. Static analysis was carried out to determine the forces acting in the system.
In addition, analysis to determine the reaction forces in order to maintain the system in
equilibrium. As a result, the analysis data were used as a reference for the 3D solid

design in CATIA.

Figure 7: Prototype 2D Structure

13



Initially, the analysis was focused on the rotor-shaft siructure as shown in Figure 8. In
the 2D analysis, the centroid was a point defined the geometric centre of an object. This
point coincided with the centre of mass or the centre of gravity only if the material
composing the body is uniform or homogeneous. The centroid point was the point where

the weight of the part acting due to the gravitational attraction forces.

|

=1 F= ==

N’ = g

Figure 8: Rotor-shaft 2D Structure

Parts. The part was divided into two segments as shown in the Figure 9. Here the areas
were all positives since the 1 and 2 were added together.

¥

o.0z2

9,.30012

DT
0.065006 0735006

¢

a4 0.0475

o.az 0.0495

Figure 9: Rotor-shaft Centroid Analysis

Moment Arms. The centroid of each segment was located as indicated in the figure. Note

that the ¥ coordinate of 2 was negative.
Summation. Taken the data from the Figure 9, the calculations were tabulated as follows:

14



Table 1: Centroid calculation of first configuration of rotor-shaft part

Segment A (m%) Tm| ¥ (m XA @) ¥ A (m)
1 0.095 x 0.02 = 0.0019 0.0475 | 0.075006 | 9.025x 10° | 1.425114x 107
2 0.02 x 0.150012 = 0.00300024 | -0.01 | 0.075006 | -3.00024 x 10> | 2.25036x 10~
D A =0.00490024 > XA- D JA=
6.02476 x 10° | 3.675474 x 10™

D XA 6.02476x10°

= =0.012295m
> A 0.00490024

»
I

D IA  3.675474x10"

= =0.0750056 m
DA 0.00490024

y
The centroid of the rotor-shaft system was:

x=0.012295m , ¥ =0.0750056 m

Figure 10 showed the centroid point of the rotor-shaft part. Centroid point was the point

where the weight acting.

b

—) K—0.012295

0.0754006 R1 Ro

Figure 10: Centroid of rotor-shaft part
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Assume Material Used: Polymer-wax
Polymer-wax properties:

Volume = 2.552 x 10" m’

Area = 0.044 m’

Mass = 0.306 kg

Density = 1200 kgm™

By referring on Figure 11, Ry and R, were calculated,

Cgo

v R1 Rz

L.

Figure 11: Coplanar Force System of Rotor-shaft Structure

T+>°F =0,
-3.00186 +R; + Ry, =0 —(5)

Weqg=3.00186N

Counter clockwise + Z M., =0,
R, (0.027705)+ R, (0.062705)=0
__ R, (0.027705)

2

0.062705
R, =-0.44183R, ~~(6)
Substitute (2) into (1)

-3.00186+R, +R, =0

-3.00186+R, -0.44183R, =0

0.55817R, =3.00186
_3.00186

' 0.55817
R, = 5.37804 N o)

16



Substitute (7) into (6)

R, =-0.44183R,
=-0.44183 (5.37804)
=-2.37618 N

R; should be in opposite direction.

Figure 12 showed the exact magnitudes and direction of forces acting on the rotor-shaft
structure. Initially, the R, was assumed acting in the upward direction. After the force
equilibrium analysis of forces in y-direction, it showed that the R, acting in the

downward direction of y-axis.

R2=2.27618N
Ca

v R1=2.37804N

LX Weq=3.00186N

Figure 12: Coplanar Force Magnitude and Direction on Rotor-shaft Structure

3.2.3 Bearing Selection

Figure 13 showed the Deep Groove Ball Bearing. There were parameters involved in the
consideration of Deep Groove ball bearing selection process. Ball bearings were selected
to accept the thrust. The life goal was 10kh, with reliability to equal 0.99. The

application factor was to be 1.2.

17



Figure 13: Deep Groove Ball Bearing

Deep Groove Ball Bearing Selection

F, = /(364.30° +303.85%)
= 474.3TN

AF =12
F,=351.33N
R =059

L _ 80Lom, _ GO10000K56 _ 341 6 \Multiple of rating life
Ly 60Ln, 10

Xp =

Table 2 (refer Appendix II) : At first approximation, take the middle entry from table.
X,=0.056 , ¥,=1.63

F; - Xz + )3 i

VF, VF.,

Fe 05641632033 197
. (1X474.37)

F, =1.77VF. =1.77(1474.37)= 0.8396kN

18



3
Cp =1 .2(0.8396)[ 3936 : } =12.25kN

0.02 + 4.439(1 — 0.99)izs3

From Table 3 (refer Appendix II), Deep Groove Ball Bearing 02 - 20 mm has C',, =12.7kN,
C, =6.20kN.

F, 35133x107

C, 6.20

=0.057

which makes e from Table 2 (refer Appendix II) approximately 0.26,

F .
Now 2 351.33 = (.74, which is greater than 0.24

VE, (1474.337)

Find ¥, by interpolation,

F1C, T,
0056 171 0.057 -0.056 _ ¥, —1.71
0.070 — 0.056 1.63—1.71
0057 ¥, Y, =1.70
0070 1.63
Lo _gs5641.70.2133 4819
F. (1¥474.37)

F, = 1.819VF. =1.819(1)}474.37) = 0.8629kN

The prior calculation for C, changes only in F,, so
_ 0.8629
7 0.8396

(12.25) = 12.60kN

From Table 3 (refer Appendix I} a Deep Groove Ball Bearing 02 - 20 mm has
C,, =12.7kN,C, = 6.20kN

From the Table 3 (refer Appendix I) a Deep Groove Ball Bearing 02 - 20 mm was still sclected,

so the iteration was complete.

19



Therefore, a Deep Groove ball bearing 02-20 mm was a suitable type of bearing that can

withstand the thrust and radial load applied on the system.

3.2.4 Turbine Blade and Rotor Design

Turbine blade was based on lift, the emphasis of blade that was specifically designed to
generate lift while keeping the drag at a minimum. For devices that were intended to
generate lift such as tutbine blade, the contribution of viscous effect to lift was usually
negligible since the bodies were streamlined, and wall shear was paraileled to the
surfaces of such devices and thus nearly normal to the direction of tift. The formula

shown was a NACA 4-Digit generator.
y=(1/0.2)*(0.2969* (x)(0.5)-0.126*(x)-0.3516*(x)"(2)+0.2843*(x)(3)-0.1015*(x)"\(4))
Table 4, Table 5 and Figure 14 showed the profile of the desired design that was

fabricated by using Rapid Prototyping (RP). The turbine rotor adopted in the design was

shown in Figure 2. The geomeitry details of turbine rotor shown in Table 5.

NACA 0020

s et
| iesd

Figure 14: NACA 0020 Profile
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Table 4: Profile of the NACA 0020

b y(positive) y(negative)

0 0 0
0.05 2.666014262 -2.666014262
0.1 3.512077818 -3.512077818
0.15 4.008870165 -4.008870165
0.2 4.303157243 -4.303157243
0.25 4.455931641 -4.455931641
0.3 4.50129498 -4.50129498
0.35 4.46146366 -4.46146366
0.4 4352258136 -4.352258136
0.45 4.185552505 -4.185552505
0.5 3.9705189 -3.9705189
0.55 3.714320754 -3.714320754
0.6 3.422526799 -3.422526799
0.65 3.099372105 -3.099372105
0.7 2.747930035 -2.747930035
0.75 2.370229673 -2.370229673
0.8 1.967338485 -1.967338485
0.85 - 1.539422013 -1.539422013
0.9 1.085787954 -1.085787954
0.95 0.60491935 -0.60491935

1 0.0945 -0.0945

Table 5: Geometric details of rotor

Tip Diameter, D, 150 mm

Hub Diameter, Dy, 97.5 mm
Hub/Tip Ratio 97.5/150~0.65
Span,b 30 mm

Chord, ¢ 37.5 mm
Number of Blades 6

Solidity (chord/blade space) | 0.67

Aspect Ratio, AR (b/c) 0.7

Mean Radius, ry, 123.75 mm

3.2.5 3D Solid Modelling Wells Turbine Prototype
The 3D drawing as shown in Figure 15 was drawn by using CATIA software. The

drawing showed the detailed of the components in the prototype. Components involved

were the support, rotor-shaft and bearing. The drawing was guidance in the assembly
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process. Appendix IT showed the detailed Fabrication Drawing of each part. Dimensions
and sizes were all detailed specified in the drawing to guide in the machining process

further.

Figure 15: Assembly Drawing of Prototype Parts

3.3 Prototype Wells Turbine Prototyping and Fabrication
3.3.1 Multi Jet Modeling (MJM) Machine Working Principle

Figure 16 showed the Multi Jet Modeling (MIM), also known as Thermojet (TJ). It was
a quick rapid prototyping process used for concept modeling. The system generated
wax-like plastics models which were less accurate than stereolithography. The machine
used a wide area head with multiple spray nozzles. These jetting heads sprayed tiny
droplets of melted liquid material which cooled and hardened on impact to form the
solid object. The process was commonly used for creating casting patterns for jewelry
industry and other precision casting. applications. The standard data interfaced between

CAD software and the machines was the STL file format. A STL file approximated the
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shape of a part or assembly using triangular facets. Smaller facets produced a higher

quality surface.

' Tigure 16: Multi Jet Modelling (MIM)

The basic methodology for all current rapid prototyping techniques can be summarized

as follows:

1. A CAD model was constructed, and then converted to STL format. The resolution

can be set to minimize stair stepping.
2. The RP machine processed the .STL file by creating sliced layers of the model.

3. The first layer of the physical model was created. The model was then lowered by
the thickness of the next layer, and the process was repeated until completion of the

model.

4, The model and any supports were removed. The surface of the model was then

finished and cleaned.
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3.3.2 Material Use in Multi Jet Modeling (MJM)

TJ88 and TJ2000 were TJ materials. TJ88 was harder but more brittle. Both materials
come in 3 colors - neutral (cream), grey or black. UTP laboratory used the TJ88
Thermojet material. Known as a wax co-polymer, it was a modified wax with a melting
point around 70°C. High cleanliness was required to ensure the fine jets were not

blocked. One substantial disadvantage of the Thermojet was the high cost of wax.

3.3.3 Rotor-shaft by Rapid Prototyping (RP) Process

The 3D solid modelling of the rotor-shaft which was in the CATpart format was
converted into STL format. This STL format was the format understands by the
Thermojet (TJ) machine. Initially, the orientation of 3D solid modelling was set up for
the purpose of reducing wasting of the material. The best orientation was selected as
shown in the Figure 17 was the hub of the rotor facing the plate. The process was started
by developing the support material was at the lower portion attached with the plate and
the part. The process took about 12 hours to produce the part. After the fabrication
process, the part went into post processing to remove the support material. The post

processing methods used were freezing method and spraying method.

Figure 17: After Rapid Prototyping (RP) Process
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3.3.4 Manufacturing Processes of Support Structure

The completed fabrication drawing was used as a reference for manufacturing processes
of parts. Initially, this process started with the material preparation by referring on the
fabrication drawing. All the required materials were supplied by UTP Manufacturing

Laboratory.

In support structure manufacturing process, there were some machining processes
involved. There were measuring, cutting, squaring, drilling, boring and milling.
Different machining processes involved for each part. Initially, the aluminium plates
were measured based on the required dimension as stated in the fabrication drawing.
Steel rule and marker were used to measured and marked the dimension and length

needed. Figure 18 showed the material preparation.

Aluminium
Plate

Marker

Steel Ruler

Figure 18: Material preparation’

After completed measuring process, the material was cut into small pieces by using
particular cutting machine. Figure 19 showed the Linear Hack Saw Machine that was

used in material cutting process.
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Linear Hack

Workpiece

Saw Machine

Figure 19: Linear Hack Saw Machine

Standard Operation Procedure of Linear Hack Saw Machine.

Before operation:

1.
2.

Make sure the machine is in good condition.

Ensure safety and wear appropriated PPE prior to operate the machine.

How to operate:

L.
2.

Turn ON main power supply.

Turmn ON machine power at control panel. Adjust the blade release timer
according to workpiece length.

Press stop button to lift the hack saw blade at the highest peak. Place the
workpiece inside the rise and clamp the workpiece firmly and adjust the length of
the workpiece to the desired length.

Open coolant valve and press start button to start the cutting process.

Machine will automatically stop after cutting blade reaches the lower limit.

Press down stop button to lift up back the cutting blade. Unclamp the rise to

remove the workpiece.

After operation:

L.

Switch off machine by turn off the stop button at control panel and main power

supply located beside the machine.
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2. Housekeeping

In addition, squaring process was needed to square the material plate. The purposed was
to remove the burr at the material edge, to reduce the surface roughness and to get the
desired dimension of the plate. The reference surface of the dimension was given one
diamond symbol; meaning the accuracy was required. The referenced surface was used
for hole drill, boring and cutting process. The Conventional Milling Machine used in

squaring process was face milling.

Figure 20 showed the cutter was mounted on a spindle having an axis of rotation
perpendicular to the workpiece surface and removed material. The cutter rotated at a
rotational speed N, and the workpiece moved along a straight path at a linear speed v.
When the cutter rotated, the operation was climb milling; when it was in the opposite
direction, the operation was conventional milling. The cuiting teeth, such as carbide

inserts, were mounted on the cutter body.

Face Milling Workpiece

Figure 20: Squaring process using Conventional Milling Machine

CNC Milling machine tools were versatile and capable of milling, drilling, boring, and
tapping with repetitive accuracy. Also available were profile milling machines, which
have fives axes of movement; note the three linear and two angular movements of the

machine components.

27



Figure 21 showed that the CNC Milling was used for boring the bearing mounting's part.
Programming language of G-code and M-code were required to command the machine
to produce the desired product. In addition, this machine can read the 3D solid
modelling that has been drawn. Therefore, from the 3D solid modelling displayed in the
computer, the computer numerical antomatically generate the codes. Hence, the machine

started the machining process.

Figure 21: Boring of Bearing Mounting by CNC Milling

3.3.5 Parts Assembly Process

Assembly process was one process ahead after the manufacturing and fabrication
processes. This process was merging and combining each single part to become a
completed product that can be used for other applications afterwards. Assembly process
also one biggest process that required machine or special tools as well as specialist to
assemble the parts involved.

In this project, Wells turbine prototype parts were assembled to become a complete
build unit of the prototype. The prototype was used for tésting of the Rapid Prototyping
(RP) rotor-shaft in the wind tunnel.
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In the assembly process, Figure 22 below was a very important guide. The drawing
would be the reference to ensure that each part was assembled accordingly based on the
sequence without interfering to each other. In addition, the drawing was also used to
check the accuracy of the part met the design requirement. All the problems occurred
were highlighted and was corrected in order to maintain the accuracy of the Wells
turbine prototype. Figure 23 showed the completed build unit of the Wells turbine
prototype.

Figure 22: 2-Dimensional Assembly Drawing
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Figure 23: Wells Turbine Prototype

Procedure of the part assembly process:
1. Assembled the bearing mounting houses with the stands by using the M6 bolt.
2. Placed the bearings inside the bearing mounting houses.
3. Assembled the stands with the base by using L-bracket and M6 boit.
4

. Placed the rotor-shaft inside the bearing inner diameter.

3.4 Prototype Wells Turbine Testing

Wind tunnel was used to test the prototype. Wind tunnel testing parameters were

manipulated in order to achieve the objectives of the projeci.

In the testing process, the prototype was tested in the wind tunnel. The testing was to test
the Rapid Prototyping (RP) part which was the rotor-shaft. Two (2) configurations were
tested. The varied wind tunnel parameter was the air velocity. Therefore, it was used to
identify initial wind velocity required to make the rotor rotate. The air velocity kept

increasing until the rotor reached the steady state where the increasing of air velocity did
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not affect the revolution per minute (rpm) of the rotor. It means that, the rotor had

reached the maximum rpm of the rotation.

3.5 Analysis on the Results and Findings

This was to analyze the result obtained from the testing. Base on the results, therefore,

discussion, recommendation and conclusion were made.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Testing Failure for First Configuration

During the testing in the wind tunnel, the first configuration failed and the rotor did not
rotate. This problem might be due to cither design or fabrication error. Based on the
study, the rotor which was produced by the RP process did not rotate due to the blade
design problem. It was observed that the blade was not following the NACA 0020 airfoil
design specification. Therefore, corrective was done to solve the problem. Figure 24

below showed the blade design problem.

] ] i ; H
Fl 3 1

Figure 24: Blade of first configuration

Design change and modification were carried out to produce new rotor-shaft
configuration which follows the NACA 0020 airfoil design specification. The new rotor-
shaft configuration was produced and follows procedures from the conceptual design

until the fabrication process.

32



4.2 Design of Second Configuration

The study was focused on the new rotor-shaft part as shown in Figure 25. In the 2D
analysis, the centroid was a point which defines the geometric midpoint of an entity.
This point coincides with the centre of mass or the centre of gravity only if the material
composing the body is uniform or homogeneous. The centroid point was the point where

the weight of the part acting due to the gravitational attraction forces.

wWe g

Figure 25: Rotor-shaft 2D part

Parts. The part was divided into two segments as shown in the Figure 26. Here the areas

were all positives since the 1 and 2 were added together.

Y

0.025

003625 o0.04875

8/

4.00p 0.0L7s

Dgls an03s5

Figure 26: Rotor-shaft Centroid Analysis

Moment Arms. The centroid of each segment was located as indicated in the figure. Note

that the X coordinate of 2 was negative.
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Summation. Taken the data from the Figure 26, the calculations were tabulated as

follows:
Table 6: Centroid calculation of new rotor-shaft part
Segment A (m%) Xm| ¥ m X A () ¥ A md)
1 0.035 x 0.025 = 0.000875 | 0.0175 [ 0.04875 | 1.53125x 107 | 4.265625 x 10

2 0.018 x 0.0975 = 0.001755 | -0.009 | 0.04875 | -1.5795x 107 | 8.555625 x 107

D A=0.00263 D XA= > yA=

-4.825x 107 | 1.282125x 10

A - 7
X= LA _-4.825x107 ~0.00018346 m
DA 000263

_ >JA  1.282125x10*

v = = =0.04875m
> A 0.00263

The centroid of the rotor-shaft system was:

X =-0.00018346m , y =0.04875m

Figure 27 showed the centroid point of the rotor-shaft part. Centroid point was the point

where the weight acting.

Y

=3

—3 K—0.00018346

0.0487S
R

wWeq

Figure 27: Centroid of Rotor-shaft Part
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Assume Material Used: Polymer-wax
Polymer-wax properties:

Volume = 1.636 x 10" m’
Area=0.041 m*

Mass = 0.13906 kg

Density = 850 kgm™

By referring Figure 28, R was calculated,

e

Y

L.

Figure 28: Coplanar Force System of Rotor-shaft Part

Weq=1.3641786N

T+>'F, =0,
-0.13906(9.81) + R =0
R=1.3641786 N

Figure 29 showed the exact magnitudes and direction of forces acting on the rotor-shaft

part. After the force equilibrium study of forces in y-direction, it showed that the R

acting in the upward direction of y-axis.
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Lg

v R=1.3641786N

Lo

Weq=1.3641786N

Figure 29: Coplanar Force Magnitude and Direction on Rotor-shaft Part

4.3 3D Solid Modelling Design by CATIA

Figure 30 below showed the new configuration of the prototype where the design was
simplified. The drawing showed the completed of the components in the prototype.
Components involved were the rotor-shafi, bearing and rod. The drawing was used as
guided in the assembly process. Appendix II showed the detailed Fabrication Drawing of
each part. Dimensions and sizes were all completely specified in the drawing to help in

the machining process.
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3
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Figure 30: Assembly Drawing of Prototype Parts
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4.4 Blade Design Modification

Figure 31 showed the new blade design which follows the NACA 0020 specification.
Table 7 stated the coordinate of the new blade design.

Figure 31: Blade of new configuration

Table 7: Profile of the NACA 0020 for new configuration

0.000 0 0
1.875 2.3230 -2.3230
3.750 2.9809 -2.9809
5.625 3.3672 -3.3672
7.500 3.5960 -3.5960
9.375 3.7147 -3.7147
11.250 3.75 -3.75
13.125 3.7191 -3.7191
15.000 3.6342 -3.6342
6.875 3.5045 -3.5045
18.750 3.3373 -3.3373
20.625 3.1381 -3.1381
22.500 29112 29112
24.375 2.6600 -2.6600
26.250 2.3867 -2.3867
28.125 2.0930 -2.0930
30.000 1.7797 -1.7797
31.875 1.4470 -1.4470
33.750 1.0943 -1.0943
35.625 0.7204 -(.7204
37.500 0.3235 -0.3235
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4.5 Result Analysis

Commercial software, FLUENT 6, was used for the numerical analysis. The steady
state, three-dimensional Reynolds-averaged Navier Stokes equations were discretized by
the finite volume method. The rotating frame of references fixed to turbine rotor was

adopted.

The structured, hexahedral grid was used and the total number of grids was
approximately 250,000. Nonslip boundary conditions were used for the hub surface, the
pressure and suction side of rotor surfaces. Periodic boundary conditions were used for
the surface of circumferential sides. Inlet velocities were given on the upstream

boundary, while the static pressures were given on the downstream boundary.

Figure 32 showed that the relationship between the lift and drag coefficient of NACA
0020 with the angle of attack, & at Reynold number of 10°. Based on the Wells turbine
principle, the blade has been originally set up normal to the direction of the air flow
which was at 90° angle of attack. Refer to the graph above, at 90° angle of attack, the Cy,
was 0.06 and the Cp was 1.42. It means that the blade had no twist therefore the flow-
angle of the air was equal to the angle of aftack, ¢ . It was observed that the turbine has

too large angles meaning that the blade was operating mostly in the stalled region.

NACA 0020; C, and C vs alpha

o

wJ

-]

&
— L auad # W

(]
-

a 20 a0 &0 80 100

angle of attack, @

Figure 32: NACA 0020, Lift Coefficient,CL and Drag Coefficient,Cd vs alpha
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As the angle of attack, & increased, lift increased until stall (a situation during which an
angle of attack becomes so large that the air flow no can longer flow smoothly, or
laminar, across the profile) of NACA 0020 occurred at angle of attack 15°. It showed
that after this angle, the Cy started decreased while Cp increased. Therefore, drag
coefficient was greater than the lift coefficient during the operation of the Wells turbine.
It proved that, the turbine required some initial force to start the rotation of the rotor.
The Wells turbine consumed some amount of energy before it started to generate useful

energy.

Figure 33 showed the relationship between the lift and drag force of the NACA 0020 at
90° angle of attack by varying the air velocity in the wind tunnel. It showed that, at the
beginning of the operation, both forces were zero since there was zero velocity of the air.
The air velocity was increased with 5 m/s increment. Curves showed that the slope of
the drag force was greater that the slope of the lift force. It means that the drag force was
a dominant force acting on the turbine during the operation. The turbine operated in a
condition of high drag force which made the turbine less efficient to extract the kinetic

encrgy of the air into mechanical energy of the rotation of the rotor.

Lift Force, F, and Drag Force, F,, vs Air Velocity

2.5
2
I..I..Q 1.5
oo
0.5 eelll— FD
¢] e & iy L
] 10 20 30 40 50
Air velocity (m/s)

Figure 33: NACA 0020, Lift Force,Fy. and Drag Force,I'p vs Air Velocity
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Based on the wind tunnel air velocity parameter setting, the allowable maximum air
velocity was 60 m/s. It showed that at 40 m/s, the drag force reached at 1.94 N and the
lift force was 0.082 N. The lifting was much less than the drag forces. Therefore, it was

difficult for lift force to lift the rotor and produce a rotation.

Figure 34 showed that the relationship of the revolution per minute (rpm) of rotor with
the varying of the air velocity in the wind tunnel. It showed that, at zero air velocity, the
rotor did not rotate since the forces acting on the rotor was zero. This was because the

air velocity was the main component that affects the forces based on the equation below.

F=C ';_PVZA

F,=C, % VA

Fp= Drag force, N

Fr= Lift force, N

Ci= Lift Coefficient

Cp= Drag coefficient

£ = Air density= 1.2 kg/m®
V= Air Velocity, m/s

A= Planform area, m’
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Air Velocity vs rpm
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Figure 34: Revolution per minute (rpm) vs Air Velocity

It was observed that, the rotor started to rotate at 6 rpm when the air velocity is equal to
5 m/s. Therefore, based on the objective of the study, the start up air velocity is 5 m/s.
As the air velocity was kept increasing with the increment of 5 m/s, the rpm also
increased. Besides that, the rotational speed at air velocity of 10 until 15 m/s was 7 rpm.
It means that, the rpm was constant while the speed of the air increased from 10 to 15
m/s. The rotational speed of the turbine also exhibited discrete increments when air
velocity was increased. For instance at a wind speed between 10 to 15 m/s, the rotor
speed is 7 rpm. At an air speed of 20 to 30 m/s, the rotor rotated at 8 rpm while at a wind

speed between 35 to 45 m/s, the rotor speed reaches a maximum of 10 rpm.
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CHAPTER S

CONCLUSION AND RECOMMENDATION

Conceptual design of the Wells turbine prototype, static analysis of the support structure
and mechanical components designs were carried out. These data were used in the
CATIA 3D solid models. Two different rotor configurations were designed and
fabricated by using Rapid Prototyping (RP). Each rotor took about 12 hours to be
fabricated and the material used was polymer-wax. These two rotors were tested in the
.Wind tunnel. Air velocity was the main variable parameter to analyze the rotor
performance. The first rotor configuration failed due to blade design error while the
second rotor succeeded and provided significant data. The data were interpreted in a plot

of rotational speed (rpm) vs air velocity.

Based on the completed project, there are some improvements that can be applied for
future study. In the design stage, further analysis can be carried out such as stress
analysis on the critical components such as the rotor which is subjected to cyclic loading
and vibration. The simulation tools or sofiware can be used to analyze the condition of
the rotor before the actual testing in the wind tunnel. In the failure of first rotor
configuration, there were factors that also contributed to the failure such as the usage of
polymer-wax. Polymer-wax is heavy, poor surface finish and brittle. Instead of using
wind tunnel as a source of the moving air, the enclosed chamber with filled with water
can be used to produce the oscillating water column (OWC). The OWC is the main

source of moving air which is drives the rotor of the Wells turbine.

In order to improve the smoothness of the project development, Universiti Teknologi
PETRONAS (UTP) should provide another RP machine and wind tunnel. This is due to
high utilization of these equipments by the students. Therefore, this can help students to

complete their work at the specified time.
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Recommendations for future work are as follows:

e Compare different RP rotor configurations with varying the number of blades,
NACA series, hub-to-tip ratio, chord and span.

e Reduce the weight of RP rotor and install the nose at the hub in order to improve
the aerodynamic features and air flow through the turbine.

e Setup oscillating water column (OWC) device, which consists of enclosed
chamber and container filled with water. OWC will produce the moving air and
drive the rotor. An alternative way in avoiding the difficulty if use the wind

tunnel.
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APPENDIX 1
Gantt chart

Table 2: Equivalent Radial Load Factors for Ball Bearings
Table 3: Dimensions and Load Ratings for Single-Row 02 Series Deep-Groove
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F./VF<e | F,/VF>e
FJ/Co | & OISl X | Yo
00140191000 |0.56]| 230
0.021 (021 |1.00|0 (056|215
0028 1022|100|0 |056]1.99
00421024 11000 056|185
00560261000 |056|1.71
0.6701 0271100610 (0561} 1.63
0084 | 028 1.00|0 |056]1.55
0116 (030|100 |0 (056|145
0170|034 |100 |0 |056|131
028010381000 1056|115
0420{042(100]0 |056]|1.04
0560 (044 (1000 | 056 1.00

Table 2: Equivalent Radial Load Factors for Ball Bearings

Fillet Shoulder Load Rating, kN
Radius, | Diameter, mm | Deep Groove
Bore, mm | OD, mm | Width, mm | mm ds dn C Gy
17 40 12 0.6 19.5 34 9.56 4,50
20 47 14 1.0 25 41 12.7 6.20
25 52 15 1.0 30 47 14.0 6.95
30 62 16 1.0 35 55 19.5 10.0

Table 3: Dimensions and Load Ratings for Single-Row 02 Series Deep-Groove




APPENDIX I1

Drawing for First Prototype Configuration
Drawing for Second Prototype Configuration

46



| 2 | £ v 5

SSVATEH [ (/1) 1L000-LMLdHD awoenze | ¥ FINFOLANDD
3luis SON ON | AYED| 40 ABOIORDBL A1TESANN " P{NGISHEA YLLYD HLIR O3ivaeD|
A0 Tei ||
3dAL0LONd FNIGHAL STI1IM-NOILYHNGTANDD LS| 09 [_gro-ors ]
AeN ON | AYEO 55 O2=0¥2 VI
NS OL-0y0 TS
BNINYHO DNINNYd | gl
NOIL¥D141835W710 90| Ldvd ALANS) ON 3dn /u>. 343 TAL0L| m.&zu.@ﬁ
i _ SENIHINOY y
¥ |ssve sowenaan | PHERENN | ~Ulanal an ] A w05 eaibvauy. v 3?\7?
SIN iz
BAPL ¥ RNININNTY Twabavw | Gy SSun ERCRE W= 2064
80/£0/9} AH._NE Lve3n InZy ug IHZY HO @l - ADgL-
3L¥0 L1WBNS A8 NMYHO A8 O3FHIIHD A8 O3AQMdY HS 1N Ly - X000
R HTY SEV10 | WIEILUA 1 3AWN BOIVIQT D17 | MLTWAS i} roTEZR Vih o iaTESg
Si%ozy | Wi |+ oNTINNOH [+ (1) MotA 3YOTY ROTA LU0 S
028023 | KW 2 BNILNNOW | + |(2)
S/XGELX0EY | 00N agval t [(D)
0FX9LIX04) | WY 180ddnS | + [(¥)]
0SIXSLIX023 | BBrL | 1dvHS ® HOLOM([ L [(S)
F9EIT | MY Gze BNIHVIE| L |{9)
Zpxbil | AV oge entevaa| 1 ()
OLX0LX13 | HTY 13ovHE-"] v [(R)
G2 1X0 LM | 73318 1708 [vE](8)
g
LIl :eTeO§
META OTJIB8W0ST

Lil  ieTe2%
3 META doL
CEDmect S 3>
|Pis el
- @ ﬁ”u%ﬁﬁ Lo e @
& S m " +¢\ ni H%@@
a I

‘0310345 SSIWN AD 3E TWHS ¥3HY ONINION TW '€
NMOHE ISIMHIHLO SSTNT LWL HIMYHD HINH0D dHvHS T2
‘IO WWAS HH NMOHS HT' ) 7ALON




o

b

|

I8 | (2f2) 21000- LG sz |19 TINIATANDD
aL¥LS ON DN MM 40 ABaiouiaL MTSBAION 2 * P]MoiSUER VI 19T FLIA 03LwSea
400 B
FdALOLOMA INISHNL §T7IM-NOILYENDIANGD 1§L 02+~ 01 ]
v ON | AR T2~ T ||
CE-dvd TH
ONIMVEG NOILWI¥avd NO L33 Ok
MOTLVDIISEYTD DA0| 16vd ALAJVE ‘N 2 m.azanW_E
A “ SENIHN0Y y
031419345 SST TN
EELCRENLE R Somyeaor | T\ _D_DD AN A L SEHINGEL 1Y) E%ﬁr;
SIN RN
NNINTHN TelTive | 6% EEL) T3 ™= zoot
80/E0/91 ITZvd 1v9am I2v'ya INZY" 4O ‘|1 ADOI-
ALYa LIWENG A9 NHwd 28 ODIIEHD 18 TRAOHY ) L = AoOL
SMATHIH Sov 19| WIGAIWR]  JHUN HOLHO0Y BIF) ALOTWAS
[FFETERY ki tig iermOg

52%02F | WAV

1 onLiNnon] * {5
2 BRLINngn | « |(Z)

‘031 419345 SSTTN AN I8 TIWHS vy ONINIOC T g
"NAOHS 3SIHHIHI0 SSITT Wt HEAMHD H3NHOD dHwHS TV 2
‘o0 KEAS HY WAOHS HO'LTZON

META ATJIBWOST

y

Lig iayeog
META OTJ}8UDET

A1

/i

Z ONILNNOW ONTYvag (T)

t:)1 ieTE05
#e1A JubTy

Sg°8%

SE 8¢
1= 4]

3oi
e
$9°0¢

il ieTERS
neTA U4

[t :ereas
mota dog

I ONILNNOW OSNIHv3g (1)

Lit ieTuog
math bty

T
)

& o

]

5987

SE- 9%

SE'pg

59702

1L tefess
MBTA U4

JiL 19TBOS
MmeTA dol

0z

T
o B
g S

49




1 ¢ _ ) i v 5§

eI | (£/€) £1000-1MidHa cmenze |9 TINITEANGD
ETOTE ‘o On I AED) 0 MBo1oupa) AISIBAUY g e
4203 vH V
IdALOLGHd INIGHNL $713M-NOILVHNSIANGD 151 3403 OF +0Z-043 |
SHYN ON 1Y %3 [ERCERLT]
g 0f-0v3 Td
ONEAWHT NOLLYOTHSYS oo man|  M0liaEroud
KOI1¥D1 41 SEY T3 OMA| Laived ALBSUS|  CON 3 /;:\ﬁw Wiok mdz(Wn_W_E
- 5 _ SEMEHDOH y
¥ 3om sz | ST SE AU lanalan] A 245 A :?\ﬁy;
WAINIWMY 8 Q0OMATA 81N e
Ty lyauwe ) By S5 IWIE T - zool
E0/E0/8L I7Zyd LvBan IWZY-4g InZv'ua Tt = An0l
3190 L IHENS A8 NAvHD KB U3HI3HI A8 U3ACHY HeINfy| L1 = 001
NN SSVT) | WIHALYH] 3AEN HDLYO0T DIT[ALG[WAS]
LI ieTEag U
SIXBELXOLY | GOOM 36vE | L |(EY WATA OTJ18UCST
GexQLIxDLs | BTy HG4dNS | ¥ |(F) (i oTeos .
T #eTA 1BTH MOTA JUOLS
]
o oY
N
ot
€'08
801
o g1l
>
(X1 "mﬂmum Lii ieTeds
MATA 1YBT!
Lib ieTeog TA JYybTH MBTA MUDS

MITA JTJIBUAST

EEER

)

g7 1el
9 ge!
BEL

‘031410305 SSANN AA 38 TWHS ¥adY ONINIOT T E
NROHS 35 IMETL0 SSITINA WU HIWYHD JaMH0D dOe-S TV 2
‘ddD HWAS HY NAOHS HT°




| 2 | £ . v 5 E

{2/F) ¥)000- Li1axg omone | W1 INIOTINOD
[~ 40 ABg1owns) AYTRJBATUR

Sy

ALYLG 2 " PINGISHEA WrIvD HALIN U3LVRA

203 diam | ]
JdALOLOMd INISHNL STIIM-NOILWHNOINGD LS} H T r0E 00 | |
S N D i-tv e | |
DE- QYD 1TN4
ONIMWHO NOLLYOIEEYd HO 1103004
KOIIYD 165070 Gng) stva AL3dws] "0 San A RIHL
o _ SN0 :
I 553N :
aovs spnaam | BRI L vaan]an | a &S n%; ¥

o au 14VHS ? HOLOYH
eI | By 55U WIS o= z801

B0/€0/91 Tizvd Lvoan j{raaia] INZ¥-ua A001-
3LV LIKENS A8 NRYD A8 03XIIHT AB GEA0HEDY HEINTY] UL - xaol
SR SS¢0 T WIBIIWAT  JWGN d01Y301 DTF [AL0HAS
LIl iaTeOg
ki3 TeTEIg META US4

HoTA JUBTY

BB | LdwHS 2 HOLOH

e

S4B
g8

g g

1L tetEds e
HETA DTLIGHOST e

Frb o eTRIg
nepa de) 2

as

SEE

"031dI33<5 583N AL 38 TwHS Y3 SNINIOT T T
NMOHS IS1ARSHLO SS3N W] M3 WyHD HINHOD diHS TIW 2
‘Gel) WAAS HH NMOMS HT71I3LGN




i | 2 | £ v 5

T 1 IN3A13N0D

IvITR | {4/8) S4000-1MsdHO

STNQML3d
4o ABajouuer ATTSH8ATHY =

i ‘ON ORI M| NOISHZA V11¥D HLIN OALY3
ac e |
3dAL0LOYNd INIBHML S7713M-NOILVHNDTINGD LS4 3H0D TE02-0vd [
HEN SN AYHO £6: 20§33 7713
/ s 0w TV

ONIMVHO NOLLWOIHSVS ) y.&mwﬂ% mﬂwﬁﬁ‘w vip toTeds ONG GZH=<NQ |~|—<ﬂ m>°°m6 @

NO1LYI| 155K DAOE Luvd AL3YS, OH 340

g ? HaTA OTJIBUGST
Y {ooe spwema | O PR | o [aanl an | A RS aulNguL LyaH :%.;
SIN B Li2  iareds [T ¢ -ET)
s W ia3tem | 6y S5 IWIS M= z08l 4aTA YATH oA Auotd
80/E0/01 112vd Lvoan HZY" 50 THZY 40 W@ - Aot
AUVT LkeE AR NMwHG AS 03nJ3HI AH C3AOEASE HEIN il = X0l Lez
======== S5V0 | WIRILNA] A BDINI0) BIT [ALOTHAS -
AN
b
3 1l
Iy
S
=1
13318 | oHTdvas Twe| ¢ |(8)
93315 | onIdvaa Twva| L (2
bl I -3

L
11:‘
=

vl

G20 9NIHvI" 17vE 3A00HD @

Lig  IeTEOS
META DTJIEWCSY
L1z iereag
big i9TEOS META U0

#2TA 14fiTH

(-1

+

g1

[3-1"]

'd314103dS SSFNN AL 30 TWHS YRH ONINIOT W€
NMOHG 351MHIMLO SSATNN QA H3WGHD HINH0D dHHS T2
‘I WAAS HY NMOHS HU1I3ION




*

Ty 1 IN3T] ANDD

01025 §S3TWY AA 33 THHS vEHY SNINLCT TTv e
NADHS 3S1HE3HLI0 SSITNT WA MIAWWHO HENEDD divHs T ¢
‘el WWAAS HY NMOHS H13LON

ESLERCE] (2/9) 91000~ LMLAROD SypuLad
e ‘BN SHEAYHD] 40 ABOlOwse) MISBAIN  [oprgam i Wi S
Ad03 T ,N
SdALOLOYd ANIGHNL STTIM-NOILVHNBIANGD LS| ] [ Oesaz-md ]
THYN NI 58 (R
/ ey dE-0wy TN
INIMYHO NOTLWOIHEYS e uﬂmr&uwﬂnﬁn
NOI1u3| 4ISEVTD ond| lywd AL3awE]  CON Jon B %th e WWI_.
) 3% _ SSNaHOnoH
o8 553NN
9 | 3sva zowvuzaen nmI_Bmuzquﬁ: 8_DD_D Fava 'y IsY 4405 NIWINIHE LYK
SIN Wiz
R SSEH 338 WL = 7001
BO/ED/OL 1TZvd L¥93H INZY'Ha INZY 40 THL = xag1-
ALY 1 IkENS A8 N0 A8 0D 18 UBAOHY HSINN]  ILE - Xodt
)b Y SSYD | WIHILEN | JHEN B0LVI07 DIT | #LO[HAS
Liy  faTRCS
NOTA OTJIBUOST
QLX0LX13 [t AFNIvHET
SZ° X0 | TE3LS 110d
a8
LIE  19TEIS
MBTA DTJ}OUOST
2
—
a

1108 (6)

Lir ieTess
META JUCJY
Lip :aTeos
#aTA Jubty
_HE i
@
ep
¥ a1 {
L a7eDg
MBEA JU0JY
(S 21 [F
math JETY oL

i-F4

vt




9 1INIATNANDD

B EREr] (2/L} Z1000-1M1dYT SYNoLS
2L¥ls o 9N hg) 10 ABoLoNRsL MTSIRAN o e v
4d03 Sk | ]
AdAI0I0Hd INIHHML STT3M-NCILVHNDIAKGD S 2803 [ITRTE]
SHYN G Ry s3pdund [ 02-0v3 TN
aurms Q5 -093 "IN
DNIMVHD ATHWISSY e wm_m.._.. uumimﬂ
NO¥D1 JISSYTD M) Luvd A L33vS)| ‘ON 240 3N1L73433 W03 &.{[
pt _ SSNIHONOY
¥ |20 s | P Ran R_DDD AN A 4HnS NIHIYFUL LvEH
HNINIKATY BiN
LIk | B S5 ERr] n - zoo1
eb/e0/al I1Zvd LVO3H Thzv ug INZV'Ha T\~ 4D0-
L0 LTAENS AB NAYS A8 OIIHD A8 03ACHdY HEINN] LT = 0ol
SN 3 SSU | TWIBIIWN ] FHYH HOLHIOT SIC[ALO[WAS
G4%021 | finY L DNILNNOM]| | (1
SL%0E} WNTY Z DNILNNgA| ¢ @
SINRELXOLY | 000M agval L |(B)
02XgL1%013 | KN H0ddns | + ()
. D51%G1}%023 | SOFL | LdvAS % HOLOH] 4 1{5)
Zaxcly | witv g2d pNIbVIE] | [(3)
L¥RPL3 | WY 02 BNIYYIE | | 9
QLXGLXLY | ANV AIR0VHE-1 | b ﬂmu
S2°1XGLN | 13318 1708 [v21{(6)

‘031417345 S5TWT AL I8 TWHS w3y ONINION W g

TNACHS FSIMHTHLO SSITNN WU M3dJWPHD YSNNOD JUWHS T2

IO WWAS HH NAOHS HT'1 U0

ji1L  lETEIS
MSTA JTJIBUOST




|

Tm_ﬁjwm (8/1) 12000~ 1MidHa soamzg | 191 INIALINOD
aws g 91w 40 ABO10a8) ANSIOANN e R gLl
AdBD GuwH |
3dALOIO%E SHISUNL STTIM-NOLLVHNBIANDG aNZ 200 ]
FuyN ON) Py L 0Z-0¥ N4
s Or-0va 1MNd
DNIMYEC BNINNY F—— wﬂoa:umamn_
KOLLYOLISSYT) Ong sBvd As3vS]ON Jan 3 ﬁﬁm w0l Y i
. 5 0% { Nﬂ LiLoieTess -
W SENSHONCH LE o teTeOg
Y [sovm soowszam | PERIEN | olanalaal A s NanbiEel Lz #ITA B3y MaTA U0
T35 9 eerl SLK Ve
T143LvM | Gy S5vH 3w AL - 2001 .
80/70/v2 I1Zv4 LY9IN IHzZy" g TWZY" ba 18t - atol- 1
EIL et =i AE NOYED 48 O2HIFHI A8 QIAQHddY HSIN ALl - xaol
SHHHRY Sy ] WINILA] 3WWM HOLVAOT 07 |REO[WAS,
0TLXBIY 88l H0L10H R0
LUXPLY 13318 ONIdv3IE 1 [()
003%013 13318 aoy L {(E)
69%021 881 LdAvHs L[]
] pi4 iatess
MOTA OTJIAWDST
e}
111 eTeEdg
MBTA dop
Lo
a
"0314103dS ST AN 38 TIoHS w3dY ONINIOT T E
NACHE 35 1ME3HL0 SSITNA WL HA gD H3NE0D s T8 2
AT WWAS HH NROHS H




|

MOTA OTJ1BNOST

O3 19345 553NN AA ST TTIoHE ¥3dw ONINIOS 1w 'E

2an

NHOHS ISIMHZHLO SSIWN Wl HI4WYHD HSNEDD abiuHS T2

© LM AAcie um s o

ISR | {s/z) 72000-Lvldua omomsy | TVTINIALANOD
alvis oM DN AYHG| 40 #o|o L AVSJAT Tp[NOI5E3A ¥EIED NEIA 031w
3dA10L0Hd 3NIBHNL ST13M-HOTLVENOIANGD ONE

AWYN ONIMYHT E&! G2-ay) T2
Gi-0yd Tt
NG| ETSOHA
ONIMYED NOTLYOIHEYS \m?n o I
NO1LWDEdI88Y70 OnQ| d8vd ALAAUE ON Jdi 3ni 443 TiOL
5 0n ﬁ Nﬁ
¥ asen 3oewezsau nu_m,umnmmuzmwumumm o WE Fay G NIWI¥3HL 1Y3H| :iﬂ/._‘rm.;
m'._.z (114
gerL ToluaLy | By 335 M - Zoal
60/ 70/ 42 112¢d 1vEan INZY' 6O THZv 40 - Aedi-
3490 1 1Wans AH NhyHO A8 Q393 A8 03A0HAdY H5IN L~ X0d1
SN SEV I | WIG3LtA]  JA HALYI00 017 | K10 [WAS,
0SEXEl} | 8ert woioE | L 1D
Vg 9re0s

Lig 6TEIS
#OTA JUBTY

Se°§

[-Fan-A)

v




I

[

v | (5/8) E2000-IMLdYd

Ty ] LNIRHINOD

4

SENDELI
2115 “ON DN 10 ABO10ARIL TSI e o
A0 e
3dAL0L0Nd INIBENL §T7IM-NOILYENDIINGD ONZ G Gi 102Dl [
THYN SHI AR Ay OGS LT
NS, DE-O¥T 4
BNIMYER NOILYOIIHEYS ey I T
NOILYD | <S50 DMO| Lavd ALJYS| “ON 22N 3AILT3443 R0 m.ﬁz.(mw_i
) ikl w Senamony
0314+93d5 SEIHN
H5¢8 IMUL3JIH i Fonwezioy | T MDDD AN D Jung (NIHLNZYL LyH :_\r\?w.;
SN imz
138 WL | By SSYH IWRE LI 1]
60/¢01 %8 I7Zvd L¥e3 THZ¥ 50 7Y Ha 8L = a001-
310 LiWens PELLE AR O03%03HY 18 QIADHdY HSIN L= %0l
SAHYHIY SSE | WIHILVR|  3IHUN H0LWI0T DIT [ALUHAS
12318 BNINvas TIva| | [(2)

Lig :BTEOS

MATA OTJIBULOST

‘03110305 S50 AA 3B TTOHS w3de DNINIOC T £
NAOHS 351MY3HL0 SEI T W] H344yHD Y3NH0D oWHS T 2
"0 WWAS M NMOHS #7171 73108

31

020 ONIdvag 17vd

Lt ieTE0S
#ata bty

i e )
E:ll.
i

¥y

T
|
+-

if h‘\\
NS

i

[y
+

3A0089 (2)

L:E iaTels
Buﬂ.w Juoay




4

{ 2 | £ v 5
IIVITE | (S/Y) bE0OC-LNLduC spanze | 18 [ LNIOTANOD ;
21818 ‘N ONEAVSO i L TESEI W13 FLTA GOLESE
4400 08vH{ ¥
3dALOLOYE ANTEHAL STI3M-NOLLVHNDIANGD ONE Ellie] Ok +u2-0va [y ]
Er 58 Tz-gvd 11
e OC-O83 Td | 1
ONIMVHO NOILYOIuEYd paapeeyes IR e
NOILE] | 360710 DHO| A¥Kd ALTSYS “ON 3dn FAILZ2443 L) m.ﬁz%_ L Fm<=m
) 5o SSNFHDNOE
3508 2YHELEY uu_u,uwmwzwmw..__ﬁ JC_DDD O A M5 NIHIYIHL LU3H v
SIN [
3315 ¥ worl WibIlvn | By S5¥H AWIS Tl = 200t
60/¥0/b2 I7Zvd 1VOaN INZy Ba IzZv da T8l = Aot~
FL¥0 LIWaNG 48 Nmeba 28 OENDHI A8 UEAGHdY HSINDY| LI = X0O% iz teredy
SAYW3H SSYT | TWINALkK | 3Wum BOLWO0T DIF[ALO[WAS MBTA STJIBWORY 1:2  tetecs 11z ieTEOg
MoTA 1UBTH META JUOJS
002¥01) REETT) acy BO)]
60X0EY BBrL LAYHS [AO)
——
g
i
62
69 g
31 ierecs
MSTA OTJ1BUOST
| ~~
hl Lig  :aTedg
MOTA U044 2
-
-]
[2Y
a0z -
—
-
q a
‘031213345 553NN AA 38 TWHS wI3HY ININIOT TR
‘NMOHS 3Si/M3H10 SSTNM Wl H3:4WdHD H3NEAD dHvHS TV 2
“dd0 WHAS Hd NMOHS HTC




o

|

ESiERE:]
LI

{5/5) S2600~1M1dua

0ol OGN EAYHG|

BLARNEIGE W]

3dALOLOHd ANIGuNL $772M-NOLLYENSTANGD GNE

el ONTrYED

2 DIMOISEEA V11D HITh O3iv3sD

INIMYHO ATOREESY

BE-Gwd WL

NOJ LI3rQwa

TIOMY THIHL
&

NOILY¥D| 155K DAO| Luve ALIAYE oW 2dn
2 7 SSNTHINOY
533
Y |aove zowena | 002 PR AL | U TPDb AN A 4405 reilNERL LY
T3ILE ¥ EOPL BLN iz
T uELvH | B4 S5HH 37625 i o= 200¢
60/k0/vg | 112Zvd LVBEN THZV' HO IWZV' NG Tl = A00L-
EL ] A8 NAYEO AE O3INIZHD AQ Q2AQMcdY HE [N} U~ X00%
SHHYKIE BSWT0 | WINILYK]  JWYN 40RYI0T OIF ) ALOJKAS]
FE[EETE 6ArL HOJOH NI0]
LpyL3 13315 EIIULER] 1 |(2)
0o2X011 3318 aoy L [(8)
694062 f8rL e L%
El
ol

'0314103dS 53NN AA 38 TIWHS Y3y SNINION T E
'NMOHS BSIMEZHIO SSTHN WUl H3MHD HINHOD &uvHs T2
“del) WAAS HY NAOHS H1TEI3L0N

114 ieTEOS
#aTA DIJl6WOST

\




