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ABSTRACT

“This body of initial

testing of  unique piece of instrumentation. This instrumentation package atempts (o
‘measure & number of parameters elated 10 the field of azimuthing podded propulsion, a

type of marine propulsion for vessels.

During the course of the design process, as many measurement capabiliies as possible
were included in the same setup, in addition 10 providing the ability to casily allow

scometry changes.

The measurement capabilitis include: propeller torgue and. thrust measurcd at the
propeller hub, propeller thrust measured at the pod intrior end of the propeler shafl,
pressure between the opposing faces of the propeller hub and pod shell cnd at five
diffrent radius values, the potential to measure blade angle position, outer pod shape
drag force, and global

The geometry change capabiliis include: propeller and propeller hub taper ange, pod

Jeted,

calibrated and tested for the first time 10 assess its abliy (0 measure the parameters it

was designed o measure.
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CHAPTER 1 — PODDED PROPULSION HISTORY & PROJECT
GOALS

INTRODUCTION
Podded propulsion is the fing of & propeller 0 3 motor that i supported on a siut
outside thehull of  sip. This propellcr and motor arangementcan otte through 360°
of continaous motion o provide boih  trustforce for the i as wellas scering. This
stup simltancously erass the e for  trditional rdder setup and propeler shaft,
and lends el well 1o revoluionary. layouts of new ships for machinery,

accommodations and cargo spaces.

Podded propulsion has anly been around for 4 lile over 20 years, and first gained
popularity in the mid 1990's. The following sections briefly outline some of the history

1.1 History of Podded Propulsion
Podded propulsion developed from the ned for ice breaking vessels (0 be able 1o break.

propulsion system be able to direct thrust i any direction. This dea became a reality

the late 1980's when, as a resul of a research & development project, the Finnish
Maritime Administration owned vessel, Sei, was converted to the world's first podded
propulsion system. The power output of ths fistsystem was 1.5 MW and continues

operate today without faul



Over the next several years Kvacrer Masa-Yards and ABB, both of Finland, sgreed to

Acipod. As atesult of the

partnership, several other ships were converted 1o this type of propulsion. The power

output at this point in time increased to 1.4 MW.

In 1995 C: Lines of The pod propulsion unit for
itstwo ships Elaron and Paradise. These ships were fited with two 14 MW units cach.

“This choice of

Such an example of a modem cruise liner fitted with podded propulsion is the Queen
Mary 2, shown in figure 1.1 [2]. This vessel is equipped with 4 Rolls-Royce Mermaid

units. All four depicted in igure 1.2 3],

the aft units are able 10 rotae, or azimuih, allowing the ship 10 be steered. A close-up
View of this propulsion device i shown in figure 1.3 (4], whie a cutaway view appears in

fgure 1.4 5],

With the rapid advancements and use of podded propulsion sysiems have come several

prob

s, briely outlined in the following section. These problems have caused severe
failures while in service, resuling in the loss of confdence in this ype of propulsion
system in addition o the loss o revenue and customer base for companies owning ships

fited with podded propulsion (6.



Figure 1.1 - The Queen Mary 2, an example of & modem day ship fited
with podded propulsors.

Figure 12~ The Rolls-Royce Mermaid propulsion uits s instaled
on the Queen Mary 2.



e 14 A cut-away view of the pod unit.

1.2 Problems & Advancements with Podded Propulsion

I gencral, problems with podded propulsion can be described 35 those relted to the

reliabilty of the system and those relted 10 the hydrodynamic performance.  The



reliability problems stem from those tha can be categorized as electrical and mechanical
in nature. - Hydrodynamic performance issues are those resulting from hul, stu, pod

bousing and propeller interactons in water flow,

One of the larger electrical problems associated with pod systems i the transmiting of
power across slip rings tha allow azimuthing.  Components in the power transmission

across rotatng joints have 10 be subjected (o rigorous maintenance schedules to ensure

Jble fee operation and maximum cnergy teanser 1o the pod motor [7].  Another
lccrical issue i the energy density of the motor. This governsthe physiel iz of the
pod and thus has a diee efect on s hydrodynamic performance [8], In recent years
here have been ongoing research and development actvitis towards producng high
\emperature super-conducting motors. This will both decrease the pod size and icresse
pover ouput 9,

As pod urits grow in rated capacity, the issue of effiiently and safely controlling the

propulsion energy will dictate advances in motor control technology. Pod motors are

driven d thus e controled vary the output
requency 1o control the specd. In recent years advances i semiconductor technology

have allowed 0 « higher power handling for

podded propulsion applications. An example is the drive technology developed by
ASIRobican, uilzed by the Royal Dutch Navy vessel Johan De Wi, which i fited with

podsdevcloped by Schoriel [10],




Mechanical problems with pods include bearing and seal failurs, as well as vibrations.

Due to the nature of the molor arangement, high gyroscopic forces are generated even
during normal use. This can lead 1o bearing and seal damage. Such damage is
compounded by the fact that debris and water in the lubrication il s circulated after

1 " well

h

a5 the one developed by ABB, which can continuously monitor the lubricaton ol for

signs of watercontamination 11}

Issues related to hydrodynamic performance include propele, st and pod housing
design and use, all of whih to some degree are influcnced by the motor design and size
a5 wel as the manner i which the pod operats. The propelle on a pod unit ofen s
exposed 1o flow angles up 10 90° 1o s axs of rotton, causing vibrations during

maneuvering.  Such susained flows

not usualy the case for conventionsl
arrangerments. Of aditional importance i the disuibution of pressures that leave the
propele and continue on i the wake fiekd nd impinge upon the it These presure
pules can lead to damaging vbrations, especally when the pod s used in rator or
puling e, whercby the propelie s sitstd ahead of the pod i as it propes the
hip. I i important therfore 1o understand isues eltd to geometry hence the resson

This now




1.3 roject Information & Goals
T project is entd “Systematic Investgaion of Arimuthing Podded Propllr
Performance”, and i a Natral Scinces and Engincerin Rescarch Counil (NSERC)
funded projec. The applicant i Dr. Brian Veith, 3 pofssor of Naval Archicctural

Engincering at Memorial University of Newfoundland,

“There are four partners in this project. They ae:

1. Memorial University of Newfoundland (MUN)
y

4. Thordon Bearings Limited

The goulsset
10 include the following:
Developmer

1
2. Developmen of new et of srurenaon esign
3. Integrate industry with research insitations
4
s

Carrying out a systematic study of pod and propelle rlated geometries with the
ewly designed instrumentation

6.

Because instrumentation and cquipment for use in scale medel tests of ships fited with

podded propulsors is sl under development, advances in instrumentation design must




“The author became involved with the project through working with Oceanic Consulting
Corporation, a company that provides marine evaluation services. He was listed as one
of the design engineers for the project. As soon as it became apparent tht th level of

involvement would be quite extensive, the author decided (o make it the topic of this

His previous a
work in the field of corrosion greatly influenced the design tasks carried out for this

thesis

1.4 Scope of Work

The author's scope of work was 10 design the instrumentation, oversee it manufacture,

cheek its measuring
abilty. The scope of work also included the delegation of tasks o several work term and

raduate students throughout the project

The intent of this work was 1o create a facility that could measure both Io

and global
Toads. Local loads are generated in the pod whereas global Toads result from the pod
actng on the ship. Tn model tesing, differences exist hetween these loads because of

factors such as friction. The instrumentation designed in this project measured local

Toads using load cels,pressure transducers and torgue stain gauges, whereas the global

Toads were measured using a dynamometer connected 10 the pod. A dynamometer is a

‘s load sensor that when calibrated can measure Toads at spe

ocations for

comparison 1o loads measured locally.  For example, thrust ocal Toad has two



components: one i the thrst gnerated by the propellr and the othe s the drag load
seneratd by the flow of water around the pod shell. This fcility was designed 1o
messure these loads separcly. 1 wasalo deigoed 0 allow quick changes 0 pod and
propeler geometry 1o see how they inflcnced the local and.glbal loads.  Fgure 1.5

Shows the final instrumentation design and where the loads are referenced.

Figure 1.5

‘Sehemaic of final instrumentation design
1.5 Project Personnel

“This project was very much  team effort. From cach of the partners mentioned in 1.3,

the project

“The discussion now tms to theliteratue review.



GHAPTER 2 - LITERATURE REVIEW
INTRODUCTION

Designing and manufacturing the insirumentation that enables scale model testing of
porkded propulsors and model fitted with podded propulsors is s complicated task. The
level of knowledge and effort required, as wel as the cost (0 develop these deviees is
quite high. Because of the uniqueness of each aspect of the overal problem, most
institutions and companies that undertake this work are reluctant (0 release the details of
Such designs or indeed any resuls that may diminish any advanced ailities over theie

‘compettors. Thus, much of the information remains proprictary.

1.1 Project Information Sources
During the design phase of this project, ncarly allthe criical design goals came about as
4 result of a relatively small number of sources of information. The Propulsion
Committee’s final report and recommendations o the 23 Intemational Towing Tank
Conference (ITTC) [12] is one source tha served as a summary of issues in regards o
testing with model pods. In section 4 of this repor, the issues of bow 10 predict the
performance of ships fitted with azimuthing thrusters and how (o conduct the model
testing required to obtain the data for predicting fll scale performance is outlined. Two
parameters discussed are that of the gap that exists between the siut housing and unit
dynamometer, and the gap between the roating propeller hub and the end of ~pod
housing. The resultof this work s an interim procedure entiled Podded Propulsor Tests

and Extrapolation [13), paricularly in which recommended procedures are outined on



how 1o set up and conduct model experiments with insirumented podded propulsors.
“This procedure is recognized as one that will evolve over time as procedures become.

more defined forthese ypes of experiments.

In aditio to the informaton rom ITTC publications, th author relid vry mich s0.on
personal conversations fo the eview of the stteof-he-at on model poddd propulsion
unis. Converstions with Dr. Bian Veitch [14] and Dr. Neil Bose (15] of Memorial
University of Newfoundiand, 1. John's Newfoundland, made the author awre of many
ofthe currentaras o focus i regards o experimental esing with nsiumented podded
propulions. Conversations with Veitch and Bose i the framework for_the

understanding required (o start the design tasks.

In Apel 2002, the author was very fortunate 0 travel o Furope with Dr. Ve

and converse with two leading world experts i podded propulsion. testing.
Conversations with M. Friedrich Mewis [16] of Hamburgische-Versuchanstal (HSVA),

Hamburg, Germany and Mr. Jan Holuop [17] of the Maritime Rescarch Tnsitte

Netherlands (MARIN), Wageningen, Netherlands were extremely. important o the

author's understanding of test parameters such as propeller thrust and torgque, and the

effect that measurement posiion has on each. Gap pressure and its effect on measured
thrust, in additon 1o unit thust and shell drag were also discussed in deph. These

convensations were key in guiding the author in his design of the insirun

measurement systems,




After the desi W

author atiended a conference, entitled “T-POD, First_ International Conference. on
Technological Advances in Podded Propulsion”, at the University of Newcastle in
Neweastle, UK between April 14-16, 2004. The topics of the conference were widely

ied and “The author

presented a paper on the design of the instrumentation used in this project and was the

The relatively short nature of this ltrature review reflecs the fact that there was lile
available information on podded propulsor instrumentation design a the time the design
phase of this project was carried out. The discussion now shifs o the detaled design

Stages of the instrumentation used in this projec, presented in Chapter 3 following.




CHAPTER 3 - INSTRUMENTATION DESIGN

INTRODUCTION

i have on podded

propulsors. Thus stated, the design tasks became threefold in order 1o accomplish this

overall goal. First was the task of designing a system that allowed such geometry

chunges 1o be accomplished in a short period of time. Very ofen, experimental
procedures e prone 10 time delays caused by changing cerin parameters o the
intoduction of crors while changing paramcters that are mechanically difficlt 1
awempt. Easily changing geometry. allows the colketion of lrge amounis of
experimental data i a relatively short peiod of time. The second task was 1o desgn
instrumentron to messure a mumber of parametes as hey changd (or o) with &

change in geomey. For example, torque and unit thust are ypical

in many commercial model test programs employing podded propulsion.  The
instumentation had 10 register these parameters i u minimum, Thirdly, the techniques

used in the design of the insirun

on syst

were implemented a5 an atlempt at

forthe study of During the

auhor's p p

Can shell drag force be measured?

How difrnt s e messured peoele el depen

fore senso 1 ocatd themechnll

Doss e et of e ronle el 1 e pod v a et on
st andlor the pressure developed in the gap between these

o mors o e b ol

upon where the




“These questions led direetly to the development of the measurement techniques in the

nstrumentation systems for this project

3.1 The Design Process.
The desizn process was completed by jointly considering cach of the three major design
tasks while taking into account the general practcalites of designing, manufaciuring and

assembling an instrumentation package of this complexity.

3.1.1 Project Design Criteria
The design critria for this project were numerous and a challenge o implement in one.

Juckage. Figure 3.1 shows the design criteia requitements tha served as inputs o the.

lesien process.
1ot 10 the design process. Each item listed had 10 be considered and resulied in
weres of design tasks. These are lisied in figures 3.2, 33 and 34, The consiraints on

(e parameters e lsed in igure 3.5,
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GEOMETRY DESIGN TASK OUTPUTS
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Figure 3.2 - Geometry design task outputs generated.



INSTRUMENTATION DESIGN TASK OUTPUTS
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Several aspects of the design were iterative and subject 10 design reviews by the project

group.  After input from each in the project group had been expressed, and afier a

2 Usi

“To speed the design process along and increase the serviceability of the instrumentation,
as many pans as possible were sourced as commercially availsble. ltems such as
bearings, seals, o-ring cord stock, ball lemens, the gear bos, the drive coupling. load

cell, Slip rings and brushes, fasteners, clips and other iems such a hardened and ground

the system. Even so, th tooth profile was of a standard design such that the drive gear
mounted on the output shaft of the gearbox could be ordered as a stock item blank and

Fnish machined to final design specifcations

Material Considerations
A with any excris in mechanicl design,th choice of which maeral (0 use in cach
component ws thought through vry caefuly. For this project, the main consideraions
overning materal slection were

strengh

 case of machining.

~availabiliy



3.4 Manutacturing Considerations

The use of CNC machining tochniques allowed the fesdom to design pas utilizing
complex combintions of ines and ars for thei orm, cither a 2 ¥ D parsor surfaces.
“Thus, the component designs were ot rstricied o the eltivly simple shapes capable
ofbring produced by trmdiiona milling ortring techniques. I some cases however,
the consideraion o using combintions of CNC machining followed by conventionsi

methods were used in design process. In particul

the propellr shaft and drive gear are

two pieces. I thelatter case, one manual step (trming the blank) and one manual step in

NC followed by a rotaion
Wwith an indexing head) were the sieps considered a the fabrication process required o

produce the part. Also, the facttha it i practically very difficult (0 machine an inside

vight angled comer caused the design of the drive gear 10 be an assembly that required

material 10 be machined away in one step, and then put back with the added assembly of
a secondary part. The correct end geometry was thus designed as @ union of two
boundaries, both practical and simple to manufacture. This is how the drive gear guide

vings for the drive bell were produced.

Some components required the use of a fiture design, especially the dynamometer ive

p plates. This,

er
Tower plates, the maerial chosen was % inch (12.7 mm) plate. This sheet stock usually

has a natural deviaton in terms of flatness that is dictated by such factors as ambient

0




temperature, past handling characterstcs and method of separation from the 4'x8"

standard sheet size. For these components the method of support that would b required

phases. The

of cach system is now discussed.

32 Propeller Hub Thrust Measurement
“There are severa key functional highlighs o the hub meshanical and lecrcal design.
First i the abilty to convert propele thrust force into  stabe elecrical signal. There
e two opions o conside when designing this aspec of the pod subassembly. The

first option des

ool
a factory ready force sensor. ~ Given the complexity anticipated by the suthor coupled
with the high probbilty of a large thrust ange expected with numerous fest seups, it

was decided 1o use 3 commercially available stock load cell as the force sensor.

pi several propeller thrust ranges 0

be tested, given that many force sensors

available with several ranges for the same

‘scomeic package. This could potentialy avoid the situation of measuring  smal foad

"

The second option as  choice of sensor also gave the advantage of allowing for pre-

amplificaton of the signal, given that load cells are available s high Inthis

case, a manufacturer was sourced that produces a high output foad cell with several load




tanges availible i the same geometic package. The ouput is 200 mV (with 15 VDC
excitaion) at  ul scle osding f 890 N (200 1) see Appendix A for specficatons).
As 3 comparison, using  properly designed load clement gauged with a s gauge
Having a typical gauge facor of 2.1, the cutput would ol be 20:30 mY with  ull sesle
loading. One can immedisely sce a gain fcto advaniage of nealy 10, This pre-
amplifcation edces the signl o noise rto s the thrust signal is conducted through
the slip rings ofthe rotating subassembly. 1 also reduces the gain seting requird at the
nput 0 the data scquisiion ysiem card for this channel Thus it was decided carly in

Once a scheme for convertng thrust o an clectrical signal had been chosen, the second
aspect of the design could commence. The following points deseribe the mechanical

requirements of the design

« Lowest possible fiction loss in the thrus diection

Maximum torque transmission through the joint

Limited water leakage snd maximum mitigation of th effects of  lesk.

A design that was achicvable in terms of both case of component
ien por

machining and fnal assembly

The design had 1o occupy the smalest posible volume 1o faciltate the
mounting of different propellers  without  disturbing the thrust

instrumentation

Each of these in tum dictated specifc componen selections and material choice.



To lower friction it was decided 10 use  roling assembly that consisted of hardened

sainless steel ball bearing elements and shafing between the moving and fixed parts of

the hub. I essence this creates  linear bearing type assembly.

Figure ‘

“The layout in Figure 3.6 shows the rod and ball arangement i a sectioned view of the
fnal propeler hub design. The moving or live portion of the hub (A) i the component

hat connects dirccly 1 the propeler, The first set of rods (B) ae inseried nto holes in

the live end of i view
of inner components) and contact the balls (C) which in tum contact a second set of rods
(D) which e inserted into holes in the reference part of the hub (). With this

armangement,the input orgue 10 the joint causes a force t0 be passed through the blls to



allow propeller rotation, This setup has a k

e balls from

roling friction, but necessitaed the use of hard material 10 prever

imbedding a he other comp

ould be machined from type 303 sainless stcel, which is relatively soft. Specifcations

for type 303 stainless steel can be found in Appendix B. Note that ther are five such

sets of hree drive balls and rods arranged in three paralel planes. This reduces the load

force per ball due (0 torgue, and stabilizesthe oint.

ia for the rods and ball lements was chosen 10 be type 440C. These off-the-

facture 10 4 range of Rockwell €S8

shelfcomponents are heat treated afer thir may

€65 hardness. To ensure that the hardness of the purchased components was as

specified, the author had several samples mounted and tested, s shown i figure 3.7,

Figure 3.7 - Hardness check of 40C s P rods.




“The test value was CS8 hardness, which was within specificaton, although at the lower

Because of le of P7 dril rod was also

tested. A hardness test yielded a value of C46.5. ‘This sample was ested as a potential
substitte. material if the type 440C stsinless sicel rod was not as hard as specified.

‘Specifications of 440C sainless st s lsied in Appendix B.

“The final posi of
an iterative process that involved the propeller hub design. - Although intcriwined, the

propeller hub design is covered separately in the next section.  Figure 3.8 outlines the

final rod and ball pl Based rque of 34

ball and ro positions, cach ball supports a normal force loading of 134,12 N (30.15 1),

13012 W (30,15 1)

Figare 3. - Ball and rod layout geometry with maximum ball oading.



Nole that for cach direction of propellr roation, th line of force on each ball element
pases through two points of contact, The other two rods arc used during the opposite

otation.

Once the Tayout of the mechanism allowing a maximum torgue value (o be transmited

while allowing freedom 1o translate i the axial direction had been finalized, the next

aspect of that registers
the thrust force of the propelle was mounted directly into the end of the propeler shaft

eht vibrate

Toose during operation. The live end of the load cell was located such that it connected

mechanical link between the propeller and the propeller shafl in terms of thrust
ansmission, while allowing the de-coupled torque transmitting. componens 0 be
amranged around the load cell and propeller shaft end. Figure 3.9 ilusrats the location

of the load cel.
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Figure 3.9 Load cell position between propeller mount and shaf.

Note that there are jam nuts on only one stud of the load cell. This prevens torsional
loading of the load cell body due (o minute relative movements during loading of the

propeller

The next step in the design process of the hub instrumentation consisted of creating

water tight scal that protects the load cell while the pod unitis deployed in water. To

ble leak, it
Very often, the mistake is made of assuming that a leak in this type of instrumentation
will not Tikely occur. The author chose (o assume that it would leak at some point in

time, mostly likely due to improper assembly,or damage during operation. In the case of



aleak, the damage would be: load cell,

ransmission components. In the event of a leak, a new load cell can be purchased and

installd.

There were several issues to deal with in terms of minimizing water leaks. The first was

the seal between the propeller hub and the hub instrumentation. 1t was decided (0 use -

ings seals at the rela prop
Gaskets were ruled out because athough superior (in the author's view), they are not

casily changed ones must o in the case of

requent disassembly. 1t was thus decided (0

ke the inner bores of the propeller hub

part of the water-tight container tht proteets the propeller hub thrust load cell. By not

for the propel was

eliminated (an outer canister) and the torgue capacity increased because of an increase in
potental radial space for the ball and rod amangement. A disadvantage that was
considered i the fact tha the unit cannot be deployed in water without either  propeller

orad

y hub,

‘The o-ing seals fo the propeller hub were designed with an approximate squeeze value
of 28%. The o-ring diameter was chosen t0 be 178 mm (0070°) o keep the cavities

olding the o-ring to a minimum. The final cross sectional dimensions for each o-

ing

groove was 2,54 mm (0.100°) in widdh and 127 mm (0.050°) decp. Figure 3.10 shows

the finalo-ing seal configuration for the propellr hub.



Figure 3,10 Seal configuration for hub instrumentation.

The next terms of keeping was.
the fact that under load, there would b & reative movement between the live end (and its

atached propeller) and the reference end at the propeler shaft. Making the assumption

that al other

only part

mm (0.003" ) specified deflection of the load cell under maximum load. Thus, he seals
had 1 seal the moving end 10 the ixed end and allow relative movement without adding

asignificant amount of siffness (o the system.

by the author. A set

of o-ings would be used in 4 non-conventional way 10 allow the relative movement



“This

with a grealy exaggerated lateal clearance value.  As wel, the squeeze value was
reduced to  final value of just 105, This would llow the o paralel surfaces 0 move
reltive (0 each other with the o-ring rofling between them. Two seals i one joint were
uilized 1o compensate for the relaxed ft. ‘The final squecze value was determined
experimentally by machining a est picce and assembling a dummy hub o the scal
adaptor, The test assembly was then held under water and the two moving componcnis

{unted s it would b i operation. Two minor adjustments were made 1o the iniial
cometry s designed. One was o move the position ofthe ateral learance 10 posiion

1 would allow the relative sliding o occur during assembly without pinching the seal

W the sccond was an adjustment of the gap between the seal containment
faces. The orginal distance was 1,525 mm (0.060°). This value had a tendency 1o

1ind the joint under extreme lateral movements. The value was finalized to be 1,600 mm

) and this value proved 10 be efective at allowing free movement and no water

eakage. Figure 311 shows the final sl arrangement for the moving seal. Figure 3.12
45 the seal test piece used in the experimental development of the seal. The final

scometry i inthe rightof the photo.

0



311 - Movi

al arrangemen.

Figure 3.12 - Moving seal test piec.

The final design ssue with the hub thrust measorement was the setup clearance values

that would need 1o be implemented during assembly.  Also of importance were



consideratons s

of pressures in the space e propel

face ofthe pod end.

“The inital desgn thinking i terms of soltin the effcts of ga pressur influcncing the
propellr thrust measurement was to consider the propeler hub cross section as @
{rapezoidal shape (omit the propellr nose cone). The laege face of the hub at the gap
crface would ned 10 b staronary and rigdly ixcd (o the propeler shafl. The oer
e faces would therfore need 0 be mobile relativ 10 the first face. ‘The complexites
he design hinged on the detais of how the inteface between these wo sets of faces
would be amanged o minimize the intoduction of unknowns, and some simpliying
Sumptions and recogniton of some erors that would have (0 be included due 10 the
Jinitations of the machinng processes and a desie o produce parts that made assembly

attvely simple. Tndeed, the enire instrumentation package would uliimately have (o be

T author setled on a geomelrical compromise for the issue of gap pressue isolation

1 sides of the propeler hub ended with an intersection (0 lin paralle 10 the end of

o shel, perpendicular (0 the axis of rotation. ~Aftr this face there s a ring of
carance that is just 0254 mm (0.010°). This value was decided upon because it s

than the maxi

im specified deflection of the load cell, and assuming 10 other

Jponent flexes, there would be ample clearance at full load (0 ensure that mechanical



inerference does notlimit the load measurement capacity of the load cell Afer this gap
i a ring whose outer surface i tangent (0 the hub taper angle of the propeller. This ring

i fixd to the propeller shaft via a connection with the propeller reference base. A hub

must The

length of this adaptor along the direction of the propellr axis was kept as short as

possible. n i propeler shaft
hrustfoad cel, but ot by propeler b thrust load cll ‘This will nfroduce an eor due
o the differing suface arcas of th b, depending on which foad cell s regisering it
“The crror due to this geomelry must be assumed to be small An alemative that was
considerd was o have the hub surface end with an intersetion with  conical suface
subtended by the outr surfce. The end esal would have been a sharp edge t the end
of the propeller hub. There would have 1o be an axia clearance of about 0254 mm
(0:010°) and another adsptorthat would have the same taper angl s the inner conical
{aper angle. The author chose not 1o o this route for several reasons. The i s the
consideraton that for such an arangermen, s the propeller moves though water there
wnight be a tendency to scoop water up, depending on the direction of pod travel Als,

the end of the hub would be in the same general area as the gap, thereby opening the

i the propellr hub
would have becn very fragile and, while not mpossible o machine, it would have been
undesirabl. An adaptor with this eatur could have been designed, but his would add
yet anothcr machining task 1o the already time consuming endeavor of machining (he

propeller. Thus, it was decided (0 g0 the route of a thin rng having the same taper angle



s the propelle hub and accepiing any errorthis may inroduce. It is lef (0 the reader ©

o his choice. Figure 3.1

the two considered geometrics.

Figure 3.1




3.3 Propeller Hub Design
Aside from the outer geomery of the propeller hub there were several design issues as
follows:

final geometry as a function of propeller diameter

method of attachment of propeler o hub instrumenation

method of attachment of propeler nose cap to hul
integration with propeller blade geometry

To accommodate the mounting of a large electic motor i the body of a podded
propulsion unit he hub of a proellr usd on 4 podded dive i typcaly largr than a
wraditiona shat drven propele. Inth case of this project it was desird 1o have a bl
iameter to propeller diametr ato of 02611 The base geometry ws calelaed for a
15° hub taper ange. Using propller diametr of 270 mm (106307),  eylindrieal hub
would herfore b 70.2 mm (2764°) i diameter. By rtating the cylindrical profk at
he midpoin,tis yieded the final leading and teaiin edge diameters of the propeler
hub. For 3 20° hub tper angle, the hub profile lne was rotated about the smller
endpoint of the profl instad of the midpoint. This cnsurd that the mountin desgn

foue,

Autaching the propeller o the hub instrumentation presented several design challenges.
The frst was that the method had (0 be simpl, and the second was that the process of
installng the propelle had (o be one such that no excessive forces would be applied 0

the hub instrumentation during nstallaion or removal.



“The fna atchment method was by the use of § #10-32 machine screws amnged in 4
et of two hoes spced at 90 itevals. The plan ofthe mountin holes ws near the
small nd of the propelc, at the opening, o allow casy access. Having § fisteners
allows for redundancy sine only 4 are actually reired to evenly hold the popelee in
place at fll lond. Thi way p o 4 fstener loations can haveth threadssipped (e
o improper fastencr mouning or wear) in the siiless scel propeler mouning
componcnt of the hub insimumentation without disblng the pod unit, Using § srews

propellr to
seal. A 15° bore entrance taper at the hub of the propeller allows this. The torque
required (o complete this assembly sequence is thus far below the rated capacity of the

torque instrumentation, even if the serews are tighicned without holding the propeler,

A propelle emonl method was o a desgn fsture of the propeie hub. There are 4
cking hols, cach it a # 8.32 thread. These are locatd n the spaces etwcen the
mounting holes. These allow the intalltion of t east two machine screws, locaied
opposic cach othe, 1o pullthe propelce o the b with  minimam amount of applicd

force fromtools. Figure 3.14 detailsthe mounting features of th propeller hub.



Figure 3.14 — Propeller hub mounting details.

e propeller nose cap design feaures 3 crew-on method of atachment and 3 o-ring
scal. The threads fo the nos cap are machined on the propeller hub instrumentaton.
“The thread it is 28 treads pr inch (approximaely 0.9 mm pith) o ensur that the
nose cap ca be installed by hand without the use of any toos. Installng the pose cap

. Tnimkiion,  design o s

nature has no discontinuities or other blemishes in the surface such as those made by
counter-bored mounting holes.  Figure 3.15 shows the nose cap threaded connection

deuals.

Once all of the hub features had been designed, the geometry was

egraed with the

propeller blades. The propeler blade foil sections were designed by Dr. Pengfei

iuof

the Insitte of Ocean Technology (10T) in St.John's Newfoundiand Canada. Once the



blade section data had been defined by Dr. Pengfei,the surfacing was carried out by M.
Tony Randell also of 10T, Using the hub geometry, the blade root illes were also
completed by M. Randell. The complete propeller CAD model was then ready for

manufacuring,

Figure 315 - Nose cap mounting detais

3.4 Propeller Shaft Thrust Measurement & Gap Adjustment
Mechanism Design

The thrust of the propelleis measured itenaly t the end of the propele dive shaft

The system has  dual funtion in that it has 0 llow movementof the propele plane

teltve o the pod end and measur thrustfor all posiions. As withthe propellr hu

hrust,the torque had to be de-coupled from the load cll body and 4 mechanism had to



e desigoed 1 allow the transmision of trgue while allowing the free movement of the
propele shaftsysem i th thrust dicetion. The ree movemen i the thrust direcion
allows the thrust force o be egistered by the load cellas wel s a axial movement of
{he propelle st reltiv 10 the cntire assembly during adjusument o the gap distanee.
“The design process for this aspect of the pod insrumentaton sarted with the trgoe
wansmission oint. - An approsch simila 10 the propeler hub insirumentation torgue
(ransission ot was used. T hiscas, four et of 4 blls and 4 ods were used for
ot of 16 bals wheresthe hub jint has 15 balls. The radial arrangement of the torque
(ransmission ot for the shaf thrust was calculted to match the capaciy of the hub
This e 10 lightly more compact arrangement and less machinng fo the same torque
capacity (4 sets of parts versus 5. Figure 3.16 shows the armangement of the torque

ransmission driv joint.

Figure 316 - Drive gear torque transmission font drive component arran




via the “The frst set of

ods (B) are insertd into hoes in the propellr shaft bas (aote view is sectoned at
arow) and contac the alls (C) whichin turm contact  second et of ods (D) which ar:
insered into holesin the drive gear (E). As with the propeler hub instrumentation, the
input torgue 0 the joint causes a force 10 be: pased through the blls o allow propelicr

shaft otation, without any restraint inthe thrus diection

“The next sep n the design process ws to design a mechanical connceton between the
propellr shaft and the load cel that would ot teansmit sny torgue. | This was
accomplished by the inclusion of  thust bearing in the end of the propeler shaft hat is
connected 1 anothr shaft(termed th thrust shat) that carie the thrust oad 10 the foad
cell. The theust bering slong with  cedle rollr bearing are aranged in  caviy in the
propele shaft end tht is located i the torque transmission joint. In essence, the

propeller shaft otates around the thrust shaft and transmits thrus only to the load cell,

“The thrustand o i e with s own sesl o that
in the cvent of a lak in the hub insiumentation, waer will o likey get into the main
pod instrumentation cavity through the hollow section of the propelle shaft. Figure 3.17
Shows the arrangement of the thrst and needle bearings, and the thrust shaft. Not that
the thrust shaft s held in place by the use of a common mechanical retainer termed &

“eeper'. This type of retention relies on the mechanical amrangement of parts and an



T s 15 o

Figure 3.17 - Thrust and needlc bearings, and thrust shaf arangement.
Next, the foad cell mount was designed in such a manner tha is relative axial position
could casily be changed to adjust the gap distance at the propeller end of the pod
instrumenation. The mechanism designed to carry out this task is a stand alone
subassembly that can be removed from the pod assembly with a minimum amount of

effon the case of

" cell signal cable

the design. T this case the design process was less involved in that the wiring was not



part of a rotaing assembly. The cable from the load cell simply includes a strain relef
Toop and then proceeds through the housing for the slip rings and meets up with a

erminal block.

“The gap change mechanism i designed such that o change th ap stin, ll one has 0
o i Toosen a lock nut and then rotae another shaf (ermed positon setng shf)
clckeise or counerlockwise o move the propele in the axial dirction.  The
ncchanism was aso designed to prevent any torgue from reaching the load cell body

rom the fixed end of the load cell. Figure 3.18 shows the arngement of the gap

adjustment " was

Figure 3. Toad cell .




accomplished with a dual o-ring amangement a al points of potential leaks. The

components that make up the various housings are sealed with gaskets and bolid joints

that evenly distribute the lamping force on the sk

The range of gap adjustment was set afer consdering the 2002 ITTC intg
on pod testing [13], which states that the propeller gap should be set ai 1% of the
propeler diameter. In his case the project propellr is 270 mm (10.630°). This means

0106

hat the gap adjustment mechanism had to accommodte 4 gap seting of 2.7

plus be adjusted to lower and higher values. Afier some consideration, the minimurm gap

0254 mm (0.010°) and & maximum of sbout 7.250 mm (0.285°). This

seting was se

range can be increased with some minor modifications 10 the adjustment mechanism, as

the actual travel of the propeler shaft sysiem is nearly 10 mm. To do so would require
and replacement of the thrust link with o longer

the removal of position shaft hous

e of moement that

version. The two photos in figure 310 show the unrestained

Figure 3,19 - Untesrained gap disance range i approximately
025410 mm (0.010.0.394°),




tesuls when the load cel is o connected Before ending th discusion on the thrust
measurement aspect of tis section’ desgn, it shoukl be moted that mechanical fiction
from & number of sourcs will nfluence the thrust measurement, n addiion o th effct
of the gap disiance. The effcts of the two sets of sals as well as the thee ses of
bearings willbe minimized by way of the intrumentaton's calbrton procedure. The

propeler orgue measurement design i discussed next.

3.5 Propeller Torque Measurement Design

hinking it was decided torque as close o the
propellr us possible. This decision simplified a number of issues including the testing
and calibration process, given that if the torque measurement oceurs at the propeller

location, then the effects of seal or bearing friction need not be considered. It also

prop that by locating

a e, the shear siain could

be maximized without making the component overly delicate, thereby maximizing

electrical outpat from the torgue sensor

“The sensor in this case s a carefully designed segment of the propeler shaf that is
instrumented with torsional strzin gauges. o compensate for temperature, axial and
bending siains, the gauges were configured as a ful bridge type sensor circuit. A full

bridge sensor ciruit s one that employs 4 configuration known as a Wheatstone Bridge

ciruit,in which all resistors are actie strain gauge clements. Having a full bridge sensor



also maximizes the electrical output for a given torsional strsin due 10 the propeller

torque. Figure 3.20 shows a typical wheatstone bridge circuit, Referring to the figure,
the excitation voltage i this case s 10 VDC (Veu) and the output voltage sensed by the.
data acquisiton system is Vou. Both the excitation and signal currenis were conducted

an

(10 wo)

Figure 3.20 - Wheatsone Bridge circuit with four acive gauge elements.
“The gauges chosen were manufactured by Micromeasurements Group Incorporated and

have & gauge factor of spproimatcly 206, Appendix C has the specifcations for the

sclected gauges, including any tolerances.  Without justification, the equation relating
Strain (), gauge factor (GF), input (Veo) and output (Vow) for  bridge containg 4 active

clemens i

Vour
Ver

- Equation 3.1



o maximize the longeity of the scnsor, the shafl sction tht registrs the orque s
desiged o have an induced sirin vlbe of 1200 microsirin (uvn, i, i) for an
applicd torgue of 34 N (30301 i), Thesheae modulus and modulus of clasicty for
5 303 stainesssee are 77.2 GPa (11200 ki) and 193 GPa (28000 ki) espectivel:
Appendix B has the specifications fo type 303 stainless stee. Equations 3.2 and 3.3
isplay the reltonship between torsional st (1) and srss (1), and stres,torgue (T)

and polar momentof nertia (1) respectively as ollows:

- Equation 3.2

- Equarion 3.3

The hatt 34a

- Bquation 3.4

haft gauge area outer radius

= shafl gauge area inner radivs

Eaquation 3.4 is used because the shafl must have a central hol o carry the wiring from
the srin gauges as wel as the propellr hub thrust load cell. For practial decp drllng.

purposes, a hole diameter of 6.35 mm (0.250°) was chosen for the passageway through



the s, thus s set 10.6.35 + 2 = 3,125 mn (0250 + 2 = 0.125"). To arive at a value:
for c,, equation 3.4 is substitated into equation 3.3 and then combined with equation 3.2
Setting this esult equal 0 the value for maximum torsional sran leads (0 the following

expression (using imperial unit):

30101

#1200 —ouasty

1200x10* - Equation 3.5

erating this expression allows a final value for ¢, 10 be selected, s shown in table 3.1
Note that the upper and lower imits of the feraton were selected based on the maximum

shaft diameter and an arbirary value larger than the central hoe.

) i G, o)
0350 G006
oers | oam 000054
osso | oms 0000810
o&s | o3 000875
00 0000083
o575 | oam 000047
o oars 000880
o825 | oo 000007
o: 0350 acorier oo
0475 | 02w Goorams
0225 0001660
oas | oz 0002026
0400 oou2s24
o o8 o025
o0 | o 0004316
o@s | o 00616

Herated valus conserging on final value for ¢,



From table 3.1, the calculated strain value for ¢

35 mm (0.250°) s 1168 e, which is
just under the maximum value of 1200 pe. The resuling diameter of 12.7mm (0.500")

allows ample room for mounting the gauges and teminal irip.

I the case of measuring torque, th srsin i determined by using gauges that have the
i patten at 2 45" angle. The total st in the bridg i therefore equal 0 twice the
urain measured in one gauge a 45°. 1F one substitutes tis value, he gavge fctor and
citaion voltage into cquation 3.1 the resut is 0.0241 V. This yieds a sensiivity of

41 mVIV at ful scale torque loading.

The final configuraion for the gauge arca o the shaft is shown in figure 3.21.
o

Figure 321 - Final gauge area for propeller shaft



Once the issue of designing the shall 1o register the expected torque load had been
‘completed, the method of transmiting the torque from the propeller shaft 10 the propeller
b instrumeniation was deal with. There are several methods typically employed for

such  sitation. One is by the us of a shaft keyway. Normally this method would have

been adequate, but jointat the propel

interface

e possible. A splincd connection was also considered, however the tooling required and
machining procedures would have been beyond the time capabiltes of the project,

especially since the internal spline ofthe hub would need o be bind.

“To sccomplish this aspect of the project,a unique geometry was mployed by the authr.
An octagonal shaped drve ntrface was designed. The § sids of the drive connection
e fillted with a 15875 min (1/16°) to cnsur tht this eature could he machined on
ot pars. A diametral clearane of 0.0254 mm (0001 was sed between the maing
pats. o provide a watcr-tight scl, ne o-sing seal was included between the shaft and
the propeler b reference base. Figure 322 shows th detls of the otagonal drve

scgment of the shalt while figure 3.23 shows a cut-away of the o-ring seal detail. The

design of






Designing insrumentation for the measurement of the gap pressue proved o be quite
challenging. There were several min ssues that had t0 be thought through durig the
desig phise ofthis speet o he pod insrumentatio. These inlude:

he riention f th aifces measuing the gap pressre

. the number of orifices measuring gap pressure.
« the sensor type 10 use (0 measure this parameter

During th initial thinking on this part of the instrumentation, it was decided 0 set-up the
Sensors i a horizontal plane, and employ % in total, cach at a different radial position.
reative o the propeller shaft axis of rotation. This choice of orentation was made with

the desire of perhaps measuring any potential pressure disributions across the face of the.

pod end. Figure 3

Figure 3.24 — Radiallocation of the five pressure transducers.



“The sensor type chosen is a high output device with a differential measuring range of +5
Psi (34.5 kPa). Appendix D lists the specifications. At the maximu pressure level the
output is approximately 245-250 mV, depending on the individual transducer. This type

of device has the specific requirements of having a vent on the opposite side of the

3 dit most b contact with
water. perating i silicone oil to- L they
probability

of entrapment of air bubbles, which hinders both response time and aceuracy of their

readings.

“To accommodate the atmospheric venting parameter, the design necessitated a common

chamber (0 which all vent twbes could exit at atmospher

pressure.  This isue was

relatively simple (0 solve, however & considerations has 10 be made 10 allow
ool choices. The layout of the chamber includes a wate tght passageway though the

center for the propeller shaft (which s surrounded by water) 10 pass through, an exit

spigot for bt the 12 and PVC wbin i w0

be ve . and gasket sealed joints. Figure 3.25

of the chanibe,
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Figure 3.25 - Atmospheric presure chamber.

v .n
a5 an itermediste medium between the presure measuring orifce and the sensor. To
amive at his deciion, th author drew upon th expercnces of 10T test programs for the
messurement of propeler wake pressure measurements. I pariculr the autbor is
el fo he adice given o him by Mr, Howard (Bud) Mesh of 10T, His explanaton
ofthe experimenal setup and use of such scasor n & watr environment was extrrely

nsightful as well as siding i the selection of the sensor tselffor this application.

“The armangement of the sensor in the pressure measurement face of the gap pressure
measuring instrumentation s shown in figure 3,26, The placement was designed in the

following manncr. The sensor mounting bole s 4 standard # 10-24 threaded hole, wi

threads fush 10 the flat surface.  This allows the o-ring of the sensor (0 contact the

mounting component and cffectively scal the passageway that holds the body of the



sensor. At the end of the mounting hole is a cylindrical passageway that houses the tube

of the sensor

1L F1LLING pozT

PRESSURE SENSING PLATE

/m&_-ss oRs TRANSDICER
//s:xs::n Ve o
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ShiscEnRY
o-RING SEAL

sesoR 12

Figure 3.26 - Pressure transducer mounting arrangement

leads o the orif A vertical passageway

then ntersects the main passageway that leads from the sensor o the orifice. This
vertical passageway is termed the oil filling port, and its function s 10 allow the
introduction of slicone o into all passageways connected {0 the pressure transducer, as

well as allowing ai to be purged from the system. The bottom portion of the il iling

nent is essentialy a

portis threaded to allow a bleeder screw 1o be nstalled. This c

Valve that is operated with a hex ey wrench and allows air bubbles 0 escape from the

system.



the i as follows. Once

the sensor s installed, the passageway is flled with silicone oil through th ol filling

port. Once serew

10 tise out of the system. This process s repeated for all five transducers and carried
out while the face of the pressure measurement plat is angled slightly upwards. During

e oxi

carried y A i that

the oil will be lost through the orifce cither du o gravity or displacement and loss due

e as bl

10 ensure tht the oil volume was maximized.

The last design detai that had 10 be addressed was the issue of ensuring that no water
flows existed between the propeller gap and the propeler shaft support bearing. The

bearing is a water lubricated bearing, supplid by Thordon Bearings Lid., one of the four

Being a

e water flow between the inner bearing surface and the propeller shaft outer surface.

flow present for cooling and lubrication, the fact

that pressure measurements would be taking place during operation necessitated that no

flows exist in this region other than those due 10 the propellr, pod and gap seting
rcomeries as water flowed around the propeller and pod assembly. Thus, there had (0 be
sl present that would stop any flow of water through the bearing, but allow the axial




adjosments. This by piston cup
vingremoved. This allows foraseal tha has a minimal impact by way of adding ancther
frction companent o the hrust measurcment nsirmentaton. The sse of supplying
ample cooling and lubication water was determined o be a non-ssue by design
engincersat Thordon Berings L. 201, given that there would b rlaiely cold water
prescnt inthe space between the po nsiumentation and th aute shell. Operating such

 bearing with essentially no flow was deemed 10 be non-detrimental 10 the application in

ase. The correct operating tolerances were determined by the Thordon Bearings.

cering department and then manufactured and suppled to the project. “The author

hen included the correet space for the bearing and incorporated the ant-flow seal
mounting area in the pressure measurement plate. - Allowances for bearing installation
using & shrink-fit with liquid niteogen was incorporated into the design. Figure 327

shows the seal and bearing mounting detsils.
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Figure 3.27 - Seal and water lubricated bearing mounting detais,




“The discussion now tms to the issue of designing instrumentation (o measure the drag.

force on the outer pod body.

3.7 Shell Drag Measurement and Pod Shell Design
“The issue of possible measurement of the drag force on the pod shell moving through
water was presented o the author carly in the design phase. Without justification, the

as0

Toud estimate was given (0 be less than about 220 N (50 Ibs). 1 was decided to u

1b (222.68N) load cell o give a suitable range and sensitivity, and one was sourced as a

High output i, Appendis A has the specifications for this load cell

“There arose several difficultes in attempting (0 measure such a quantity. The first was,

50 a5 ot 10 case undue vibrations orlack of geometricalinteity. The second was the
problem of preventing an inflow or indecd a flow throwugh of water between the shell and

inner insi

jon package while allowing shell drag force messurement o occur.
The shird was that the design had to have the capability of allowing the outer shell
peometry to be casily changed for studies relating to pod shelstrutpropeler geometry.

interactions. - Lastly, a fourth diffculty th

had 10 be overcome was compensating for

change in surface tangency alignment that would oceur between the propeller hub taper
surface and the end of the pod at the propeller gap interface as the gap distance was

adjusted [14],



he any sell geometry
would have 1o be atached 10 the pod it by spliting it long a vercal plan of
symmetry. Also, afer an intal conceptual design had been atemped, consising of 4 6
component shell drag dynamometer,th force resoluion was insicad limitd (0 a uni-
axal loading case oy, parallel 10 the lne of roation o th propele. This soluion
would ke up the et amount of spce, iven that the dimensions of the smllet pod
Shape desied 10 be tesid had becn cstablished, bowever only loads with an azimuth
angl of 0 woukd be mesured. Forcblique anges, oly the component parale 10 the

shaftline would be measured.

“The design thus began with thoughts on @ method of

aching the pod shell o the
instrumentation package inside it. The pod shell material was selected 10 be Renshape®

460, a prototyping material with desirable machining characterstics and a low water

The

bsorption coeffcient. The properties of this materal are given in Appendix K.
author setled on an armangement of 4 attachment point, located symmetrically at the

the propeler shaf ancy. there are 2 fastener locations at

w i

time The less seel

~ocket head cap screws. Thi

lows cach serew in tum 10 be mounted on a tee-handle

e, wrench and then inserted into the appropriate mounting location n the pod shell

component. Given that th

operation would be

aking place while one is physically

ed st carriage, having the p s



insert the fastener into a threaded mounting position using the installation tool makes for

asimplr insallation process

‘With a layout of the mounts compleed, the design focus was on how (o minimize any
frction and what method 10 use (o allow a free movement in the pod drag direction. It

was decided (0 use miniature instrument grade stainless seel linear bearings and guide

mouns. Shell mount sl ws then selected
o be 316 stainless stce. Using these components and the materal seection made it
possble o ot have o considr water-profing the mounting poiat components. T
final design of the shel mount was then completed. There were two.shell mounts
designed, one served s the mountfor the sl only,the aer servd s the mount for the
pod drng fore load cll i end mount in addition tothe shll mount. This was done or

several reasons. The fist s that due (0

ted space, it was easir 10 locate the load cell

off the central axis of the pod unit. This choice opened up the possibility of using just

one load cell, o 1w f desird. The author recommends only one however, because the

shell and its mounting method are su

fently St 10 not be deflected due o the.

asymmetrical reaction force on it due 1o the shell drag load cell, as well as the fac th

unless both are set up exatly, one could preload the other when they ae both connccied
10 the sl A second eason to mount theload cll i one of the shel mounts i that the
instrumentation could be st up and calibrated onc to design specifcations and then a5
long s cach shell was manufsctoed in the same way, it would be guaranied o it

correetly. 1 the load cell was mounted in any other positon, it would hase meant that



‘another mount would have 10 be made 10 accommodat the live end-to-shel connection,
and his would lead 10 & rather complex issue of having 1o restain the live end mount so

hat the o ed the load cell . Figures

3,28 and 329 show the two shell mounts s designed.

2 119-2¢ “wmmaon
folhiie I

TooATTIG Face.

Figure 328 - Propelle end shell moun.
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bt
Figure 329 - Load cll end shell mount.

e last detail on the shell mounts to be discussed s the it of the bearings in the shell

ount binding of the

n " This




ensured that & slding it would exist between the components as well as a minimun
amount of friction that would ocur during the drag loading of the shell Retaining the
bearings was accomplished with  retaining compound. The retaining compound

F

specification are found in Appendis

“The design of the pod shell mounting sysiem was completed with the design of the
mounting positions of the bearing race rods. The positions were located in the

i housing faces i such

away as to be convenient for machining and o allow for easy assembly of the respective
components. - Figure 3.30 shows a side & top view of the final shell mounting system

design. Figure 3,31 shows an alernate view angle.

«f] l E am| |l
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re 330 - Side & (0p views of shell mounting system.




Figure 3.31 - Allemate view of shell mounting system.

There were two issues lefl (o consider befor the shell drag force measurement system

L Both of flow effects

ressure measurement system discussed i the previous section

V1 Jirst of the two to be cotemplad was the isse of Keeping & continuous line of
{angenicy bevween the. propeler hub and the pad shell end as the gap distnce was
e, “This s i imporant for several essons. and i solution slves two sub-
s, The it subiss of importance i that s with the proeler hub (s, it was

o the pod

el 0 i .
ot geometry related 1o the shell drag force. This meant that the end face of the pod
el 0 be separae from the outer surfuce of the shel. The author's soluton was 1o

e a very thin ring whose outer surface would be a small length of the oute shell.




The sccond subissue is that o allow the gap geomely change (0 be achicved, a
mechanis or adaptor had 1o be designed o allow his 1 happen. Having a removable
ing woulkd seve s a adaptor tha coukd b changed s the propele gap changed. For
cach seting ofth gap,  new pod end surfoce was created s that s vt sufsce had

‘comimon line of angency across the gap. This solution introduces two small errors that

“The first error s that » 3
the projected area for propeller end of the pod increases, which one would assume o

Have some finite influence on the drag force reading. The second error is that the small

v e i partof the shell would

the drag force reading. 1t s left 10 the reader 0 inerpret the importance of these eors,

The secomd Tlow issue 1o be deat with was in preventing a flow of wter through the
ineror space of the pod unit during esing. Having  flow through the intrior space of
he ot would almot crtiny ifluence the dr force measurements. The solution o
{his issue was (0 provide  roling o-1ng seal similar o the one as developed for the
propelcehub hrust measurement sl rangement, Given that ters would b waer on
ot sides ofthe sal (e pd sheliteio space flosand s ot intended 0 b water

gty it was decided 1o use the same 10% squeeze value and laeral clearance values, but

» bl only one seal was used.
was the same 1778 mm (0.070°) diametr as the seals used in the propeller hub thrust

asembly. The arrangement of the seal components i shown n figure 3.32.

@



e

Figure 3.32 - Shell drag o-ring seal detsl.

To ensure that 0

component duced Also,

101the pod,  ing adaptor was designed that s held in plac by  groove n the innershell
sufuce geometry. Each haf of the gap fille i then atached 10 this shell ring adaptor
it three stainess el countersunk srews, The end of the pod, which forms he ice
opposit of the propelier hub end, is formed by an addional stsnles siel adaptor,
named the pressure scnsing plte adaptor, sso shown in igure 332, This adaplor
complete the sl and o designed a a two picc ing. These two parts comect to

Figore 3,

At this point in time materils were considered to minimize corrosion effects as well

the machi Ty the material

for the pressure sensing plae adsptor and shell ring adaptor. Aluminum was chosen for



the gap fler adaptor. The author chose aluminum i this case because it would make the
machining time shorter than f tainless stcel had been uscd, given that the part was of

relatively large diameter with most of the interir removed.  Although the gap filler

case of

Figure 3.33 - Gap fillr and pod adapior desgn layou.



To complement e gap d ing adapt

in the pod sell geomety. This slows te ing adapor 0 be clamped tighty in place
henthe sel i ssembld. The end ofthe pod was effectively cut o the pont of the
Jocstion of the adaptor and using a threaded connection, an aluminum pod end was
desined that simply treadd onto this adaptor. This llowed the gap adjusmen lock
ot and position shaft tobe changed duing gap distane adjustments without taing the

el off, Figure 3. layout.

Figore 334 - Gap adjustment access shell adapior



I summary,th gap fillr and adaptr assembly serve 1o solte the effects of the gap
presure on the end of the pod shell, compensate fo the posiion change of the line of
angency besween the propellr hub and pod shell nd, and prevent a flo of water
between the inner pod shell srface and the instrmentation package within, This

complets the discussion on the design of the shell drag measurement instrumentation.

thod e

3.8 Design of the Outer Pod Shell Generation & Production Process
“The author includes this work, s it was necessary (o allow the design of the pod used in
the tests conducted by the author as well as other experimental work. Once the process

was finished, it became easy (0 generate any pod shape required, and tst it on screen in a

(CAD system of choice (0 ensure that it could be manufactured.

This design was @ complete merhod that allows each shell shape 1o be generated in
minutes, ready for final machining. The first step was (o model a volume that

encompassed the entire volume of the instrumentation package, plus a clearance value

arance between any extrenity of the pod instrumentation and the inner surfoce of

a shell was set at 2 ed the volume of water between the inner

(©078°). This miim

shell boundaries and the outer surface of the pod instrumentation. Figure 3.35 shows the



complete pod unit (including the strut), while figure 3.36 shows a rendered view of the

completed innes volume shape, including the 2 mim clearance allowance.

Figure 3.35 - The complete pod unit, including stru.



To test the fit o the generated shape, a

picce was machined from high density
insulation foam.  This material was uilized because of its desirable. machining

for this material was very

charactrisics and dimensional stbility. Tum around

quick,allowing machining and testing of the pod unitfor fit 10 occur i less than 2 hours.

Figure 3.37 shows the foam test picce clearance volum.

Figure 3.37 - Foa test piece cearance volume,

Once the

it was deemed to be satsfactory, the pod shell was modeled by rotai
approprise profile around the propeler shaft axs, adding i the extruded profile of the

Strut in the correet location rlative to the propeler plane and the

creating a union of the
two separate solids 10 form one city. The shell outer form was then compleied by
Filleting the intersection. The inner volume was then subiracted from the pod shape

volume. The alignment between the inner volume and the pod shelis the absolute end of

®



the pod profie line,at the central axis of otaton. When the iner volume is insertd into

form file and subtracted from the out it sutomaticaly trims

pod shell sh

the shel

the shell o include space fo the ing adaptor and clearance value. Note that included in

allows the PVC venting hose carrying the

the subtraction volume is & clearance space th

cables from the pressure transducers as well and the main harness carryng the torgue and

is taped to

w0 thrust signals from the pod. Note also tha the cable from the shell

er strut and clearance has been allowed for this cable route. Figure 3.38 shows a

rendered view of the completed pod shel form.

Figure 3.38 - Rendering of completed pod shel form,

To complee the shel generation for the tests carried out by the author, the final shel had

two additional rimiming operations caried out 10 allow mounting of the gap filers and
‘adaptor,as well as the gap distance adjustment lock nut and position shaft access adaptor

I addition, the atachment fasiener locations for the shel mounts were added 1o the CAD

d shell

solid model as well as the fustener locations that keep the port and starb



components together. ‘The port and starboard pieces are mirror images of cach other.

Note that one shell portion has blind threaded holes and the other has through holes
‘complete with countersinks of the correct depth o allow fasteners to b used without any
modifcations such as being cut o length. The final shell rendering is shown in figure

339, The drive system design is discussed next

Figure 3.39 - Final shel rendering, including allowances for
gop fillr and gap distance adjustment access,



L e

3.9 Drive System Design
Severalaspects of the drive system had to be considered. These included:

‘motor power, curret type (AC versus DC) and frame configuration
controller type

speed atio between output shaft of motor and propeller shaft
torque transmission system

ok e £ s sl s

“The motor power requirement was given (0 be approximately 3.7 kW (Shp). Given the

sie of this power level, ©

1t was decided that due to limited space on the ive end of the instrumentation package:
1 thrust dynamometer, the motor would have (o be mounted such that its output shaft
was perpendicular 1o the propeller shafl nd the components completng the torgue path

Jld have to b selected andJor designed 1o accommodate this.

resull of this decision, the motor chosen had a face mounting flange and main

e bearings that could support his orientation.

T motor current supply was selected as AC curent as it was the authors experience

A 1o work time for componenis is

cconable. In addiion, past experience with AC drive systems revealed no negative

i i Using an AC




“The motor speed can be successfully controlled with an AC controler tha is properly

configured.

“The final motor slection was a Baldor™ 5 hp (3.7 kW) AC motor. Appendix G has the

specifications forthis motor. Photos o the installed motor can be viewed in chapter 5.

“The maximum propeller

“The speed ratio was also considered inthe drive system desig
speed needed is approximately 900 rpm (15 ps). Given tha the drve motor had a speed

rating of 1875 rpm, a drive ratio was determined to be 21. Because the motoris mounted

i a vertcal manner and that the speed ratio was now setat 2:1, 3 right angle

o was sclected. Figure 341 shows the gearbox. The selected

having this specd
gearbor also had the added feature of a separately lubricated input shaft bearing, given

1 gear lubricant. The grease nipple is

that it is clevated above the level of the interna

2 housing in figure 340, This design feature had 10 be

shown on the upper bea

specified when ordered. Appendix H has the gearbox specific

Figure 3.40 - Gearbos feauring vertical input shat and separate bearing lubrication.



There were two drive systems considered o deliver the driving torque from the gearbox

o the propeller. The first choice was 3 ransmission system consistng of gears and.

shafting. This the power
from the motor, but sourcing the gears with the necessary mechanical features proved
difficult. Given that gear manufacturing is quite comples, it was decided not to design

and build custom gearsof the type having inermeshing teeth

11 sccond choice for a transmission sysiem consisied of & timing belt and gear dive.
T choice was atractive because the tooth profle for tming bel gears could easily be
hosen o take up very litle radial space, and once selcted would be casy 10
manufacture. In addiion, the mateial choice for timing belt gears i much broader than
onventional geas. Thus, carly in the design phase the choice of aluminum fo the
ining.gear was made. Also, given that the torque ransmission join for the thrust
Jcosurement and gap adjoser mechanism had 1o occupy the same region in the
sstrumentation package,the choice of using an aluminum timing gear made i casy 10

porae the gear tecth in the drive system components.

1l belt selection was. next compleied. A high sirength polyurethane belt that is
fored withsteel tensile cords was selected. “This bet has a typical strength raing of

15 N/mm (54 Ibs per 1/8")of belt width, For  timing pulley having a diameter of 75.5

i (2.972°) diameter, and a torque capacity requirement of 34 Nan, the maximum

finuous pull srength required is 900.7 N (202.53 Ibs). For a 25mm belt width



(0984"), the tensile strength of the belt is 2950 N (661.25 Ibs). Thus,the safety factor

with regards to torque transmission i approximately 3.28:1

“The gear tooth prfile selection followed the bel type selection. A tooth profile was
chosen that ws capabe of heing machined by & 3.175mm (15" diametr latcnd il
“This I 10 sclection of a Smm pitch and a T profie. The geometry of a TS timing
Sese profi is shown in Appendix L. This proile is usedinhigh trength, high accuracy

applications. I this case, the belt and gear tooth profile combination gave good

operational charactrisics such as high strength, low streich, low profle (last radisl

spocs roquired), oas of machi ‘ radius value. This

parameter was important because it allowed the inner sirt member tube (0 be at

minimum width, given that the belt wrap angle for the drive gear in the pod unit was
maximized by the use of two idler pulleys, the diameter of which was slightly larger than

the minimum belt bending radivs.

The drve system design was finished with thoughts on the final belt engih, drive gear
Support bearing sclections, bel ensioning system, upper drve gear pulley design and
method 1o Keep the opposing teeth of the drive belt from locking during operation

According 10 TTTC recommendations, the minimu recommended propeller depth is 1.5

times the propeler diameter. This value, in addition 10 the posiions of the mr,

earbox and coupling beltlength, A

was required and o company was sourced through KINECORE (in St. John's



Newfoundland), that could manufacture a belt with 400 tecth, a TS profile and a width of

25 mm,

Because the drive gear does not support any thrust loads, radial load and instalation
space only was considered for the bearing sclection. Very thin radial bal bearings were
sourced for this application, which also kept the maximum pod housing diammeter 10 &

minimum. The specificaions for the drive gear bearings are in Appendix J. The

and removal relatively casy. The bearing bores cach have an entrance relif on the

diameter 1o allow the bearing to be casily installed. To make the removal easier upon

disassembly, there are 4 jacking holes in the drive gear housing at the lip ring end of the
pod. Because the fit on the drive gear s tighter than the opposite drive gear housing, the
bearing will most likely be removed with the drive gear when it is extracted from the

housing. T the event that it stays in the housing, there s ample rlief under the inner

race 10 allow the use of an inside jaw pulle.

s, the belt has 1o be tensioned correctly upon

mum driving characte
installtion and afteran initial period of operation. A tensioning system was designed (o
llow the il belt tension 1o be set as well s periodic adjustment during operation.

“The tensioning system consists of two sets ofidlr pulleys. The first set i located i the

ot unit, and keeps the belt wrapped around the circumference of the drive gear beyond

180°. These idler pulleys are not adjustable. These pulleys are also designed 10 be



‘machined from one piece of material and run on necdle roller bearings in the mounting

specd ca

and thei speciications aso appear in Appendix J. The integrally machined flnges
allow the belt to keep the pulleys rcking in 3 central location within the pod dive
system. The second set of pulleys i located on a set of pivoting arm assemblis,
positoned at the top of the inner stut assembly. A set screw and lock nut assembly
pushes cach am out in such a way as o push on the bl and increase is tension. The
pulley el s simply 3 large diameter ball bearing that i supported in posiion by a
spigotin s nner rce. The outer ace acts s  flat puley, over whih the flatsde of the

belt rides.

“The upper drive gear pulley design utlizes timing gear blank siock that could be simply

purchased with the ST To complete the

fibe gearbox was designed,
and belt guide rings.  As with the pod unit dive gear, the bell guide rings were simply

the gear, Forcase of machining brass was selected as the guide ring materia.

An important detail o the drive sysiem 10 be determined at this po

method 10 keep the opposing sides of the drive belt loop from contacting each other

dor

' operation. As with any beltsetup that has & reltively long distance between the.

two timing gears, and a high rate of speed of operaton, there exists the potental for



Vit

on of cach length of the bt 1 the amplitade i ignifican, and the clearance
between the bel lengths smll cnoug, the ecth could potenialy contct causing ncise
andlor tooth damage. To keep the two sides of the bels from contacing. a separior
made from 3175 mm (1") Teflon™ sheeting was locaied between them. This belt
eparstor was designed to it cxctly into Filling lts i the bottom porion of he it
{ube pod mount block and the upper gcabor plte support mount. (0 b pre-machined
before welding into the st assembly). The belt separtor has a retaier tha was
e iened t0 keep it in place once nstalled. Figure 341 shows te drve sysiem scup,

Figure 3.42 shows a lose-up of the d luding t

ket used o mount the terminal block printed circuit boards that allow clecrical

‘connections between the drive gear and propeler shaft



voroR/GEARSOX CORPLING

ovreor saxer oRIvE GeMR

GEARGOX (261 DRIVE RATIO)

Teision AUSTERS

BT SEARATOR
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| Figure 342 il drive gear confguration.

1 e igned was a method of roational specd

nd Wlade position feedback 1o the data scquisition system. There were actually two

sutems proposed and planned for, however because of time I

tions only one was
fully implemented. The st was a combination speed and blade angle position sensor
i This essenially was an indexing wheel with 36 positons indicaed for one fll
cvoltion,  Althugh this provides  relatively low resoluion for blade ange, i does
1+¢ o marker poiat every 10°to which al dta can be efeenced . Thoughtul post
cossing oftst dat couldyied good ntrpoltions. A mierdeccto senor was
Jcted it an adequse response e for this pplcaion in conjunction with  high
pecd counter madule orthe daa acquisiion sysem. The parts wre deigned such that

\‘ mounted on




the hottom access cover (0 the slp ring housing. This setup fit in the space available, as
o commercial sensor of this type could be sourced to fit i the required space. A layout

figure 3.4

Figure 3.43 - Blade positionfpropeller shaf speed sensor Setup.

“The second system to be proposed for propeller shaft speed was more of a raditional

A mount "

o the second gearbox ouput shafl with a im

' bell.This method provides for good

as time did notallow for the setup of the blade position sensor. A photo of the installed
tachometer generator can be found in Figure 7.9. Appendix K has the specifications for

the tachometer generator selected for speed manitoring.




3.10 Global Load Measurement Design
A global force dynamometer is required (0 resolve the forces and torgues applicd 10 the

est cariage as @ result of both twming the propeller with its drive motor and its

is also the

movement through the water in the test tank. In this case, the dynamon
mounting platform that serves as an inteface from the pod instrumentaion o the test

carriage. The drive molor s also mounied on the dynamometer frame.

The design of the global unit dynamometer tarted with determining a safty factor for

the system. It was decided 10 use 2 as the safety factor and thus the straight abead

(azimuth angle of 0°) design thrust value was 17788 N (400 Ibs). The task of designing

These were:

 the instrumentation had o be portable ing mounted
A VU s sk o e o ko i ek

o1

+ the MUN towing tank had the most restictive mounting geometry of the

relative positioning of the motor and live end was
crtcal, as was the necessity of having an clevation sysiem for the
and pod un

dymamom

Detsiled measurements of the

ounting position on the test carage at MUN were

carrid out 1o allow the design process (o begin. Assistng with this ask was Mr. Rocky

Taylor, then a fast

ack Masies student i the project. Once the detaled measurements

were complete the suthor then met with Mr. Taylor for several months, once a week (0 g0




M. Taylor i term 8 of his undergraduate engincering degre, as a design project, of
which the.global dynamomeer was the subject of the course. Under the author's
supervision Mr. Taylor complted the calculatons fo the preiminary posions of the
1000 1h (4447 N) load cells as wellas the design of the refrence and adapior fames of
the dynamometer. The adsplor frame is the component that allows the global
dymamometer 1o be mounted 1 the MUN test cariage as wel s cither et camiage at
10T, During this time period he aso completed the design of the it clevator, an
cssntal clement in making fist geometric changes of the instumentaton’s pod unit
siven that unike 10T, the test tank at MUN doss't have a et frame elevaor. A brief

description of this work i given insection 3,11

With the adaplor and_ dynamometer reference frame designs comple, the author

of the live end of the global well as

the flex links and their mounts. There were several factors tht needed to be considered

the design of o ce and manufict
point of view. These were

by testing

« Siffness of the main dynamometer frames




. ex lnk material choice had 10 be made 10 allow a high siffncss in
b dreeton o g bt ch owe 50 11 i f osng

“The material o choice for most of the components in the dynamometer was mild steel

plate and thin walled square tubing. This was necessary 1o allow each component to be

Thus sated,

il components as light as possible, in additon o using aluminum componeats with
lighening holes and cutouts. Utilizing structural sections of standard dimensions also
1 fabrication times down and simplified the manufocturing. The overall design

philosophy of the while

inimizing the total mass. This ensured thatthe load capacity of he 3 verteal load cels
11 the assembly s not diminished oo much by the weight of the overall asembly.
10, 10 ontrbute 0 the cas of the fabrication of th dynamoneter componens, i was
Jecided 10 s bolted conncetions exclusively. This way cach component could be

ated separately and then added 10 the assembly by the use of screws.  Using this

neihod r

i is needed during analysis of testing results. It can avoid distorions caused by

v elaxation, which ofien happens with welded structures consisting of multipl parts.

\nother benefit s that multiple complex machining sewps can be avoided when

faces. i located on machines

1 smalle envelopes.



The flex link material was selected to be 174 PH stainless sieel. Specifications for this
material can be found in Appendix B. The flex links were the oaly components that
required hea trating to achieve the desired performance characteistics. Esseatialy, in

the direction of be capable of Toad of

the load cell. A factor of 20% was applied during the design calculations 10 allow the

failure strength o be approximately 5439.7 N (1200 Ibs). This was done (0 ultimately

et pod unit
pod instrumentation to be damaged, then the dynamometer stands 3 greater chance of

event survival. In the direction 90° 1o loading, the flex link is reltively fexible. This

allowsthe transvrse mosion o the dynamomete to occur when defection o the load
el and fle lnks occurs. To minimize cross-al.the length ofthe e i was made
s lon s posible Lo flexlinks minimize crosstlk because s the dynamorete is
loaded in one direction, the rlative geometrica changes in th flex links a 90° o the
load i minimized, hence the minimum induction of oading 90° 10 the e load. To
prevent filue by buckling, the flex link was fumished with 3 middle setion of

considerable diameter. To keep the flex ink from being damaged by accidentally applied

torque loads, each end had a hex patter designed so that during installation the portion of

the flx link that is being installed has a reaction torque generator, created by using a

lock Figure link festures.



Pt

Figure 3.4 - Flex ik features.
s point leads t0 several other cosidertions that needed (0 b addresed during the
desgn phise. Such considerations as those following allow for the suecessful assembly
e dynamometer and clibrations required before use
« “The eltive positions of the lve and reference ends of the dynamometer
i 10 be et without havingany fle links nd load cll nsalled

AVl Nlex links and load cell assemblies required the characteristic of being
instaled or removed independently of the others

+ The subavemblies had 0 e designd such st e put togehe, e
final reference dimensions for analysis could be guaranteed.

 The dynamometer had to be relatively simple 0 assemble:
Procedures required to assemble and calibrae the dynamometer had (o be
considered for interference problen, order-of-assembly. problems and
functionalty

e folowing paragraphs discuss briefly some o these isted tems.



During the design phas both the refrence frame and the bottom of the lower lve platc
ad foces provided that would be machined during manufacturing o allow the stup of
the eltve spacing between these component, The faes were produced by machining.
oversized blocks (pad) of material that were aded o the frame during welding in the

case o the frame, and by machining matrial away from the thickness of the plte in the

case of plae. Figure 3.5 and fgure
View of this alignment system respectively. Photos of the setup of this system can be

found in Chapter 5.

oo e 5 \

secrion 1w

Figure 345 - Vertical alignment system comporient location.



To complete the design of this system, stndard ground pins and a machined spacer is

used 10 support the live plae untl the load cells and flex links are installed. When

o e live
end relaiv 1o the eference frame by the process of installsion, the Joad cell mounts,
load cells and flex links were all designed 10 allow independent installtion. Each
component had suffcent insiallaton and djusiment. provisions 1 allow this 10 be

accomplished.

TR o e
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Figure 3.46 - Close-up view of vertcal alignment componens,
The load cell mounts were designed as & thrcaded adaptor machined from siel hex stock.
The adaptor threads over the stud of the load cell and then the asserbly i thrcaded into a

arger threaded hole i the dynamometer reference frame. Because the threaded hole is

nuch larger than the load cellthreads, the adaptor i very robust and ot likely (o ever be




insallation. If for e Toad cellthreads are damaged,

or stripped during instllaion, 3 new adaptor can simply be manufuctured for

replacement. Aftr the load cel is instaled, the flex lik is installd into positon in the

flex link can be inserted at an angle 10 clear the load cell stud. When all three arc

installd, he live plate s ihe X-Y plane 0

the fower ive plate adaptor. Thi adaptor effctvely couples the ower porton of the
e link 10 the live plat, There are six scewsthat keep the adapto in plac and then the
o ok uts on the e Tnk stud can be ighiened. More on this procedur i found n
Section 5.1.24. This design allows the live plat to be accurtly positoned i the X-Y

plane with the correct Z heigh. Figure 347 shows the Zirection flex lnk and load cell

mouns.

In the case of the X and Y flex lnks, 1

mounts were designed in a similar manner. The

threaded holes were furnished with an adap the load

cell and then the flex link is installed. T

live end mount was designed 10 slide into
position,attached to the lower live plate and then be firmiy atached 1 the flex fink stud
‘with two fock nuts. More on this procedure s also found in Appendix N, section 1.1.2.4

Figure 3.48 shows the X and Y diretion flex lnk and load cell mounts,
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Figure 3.47 ~ Z-directon flx link, load cll and their mouns.
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Figure 348 — X and Y direction flex ink,load cell and thi mounts.



To ensure that the distances betwicen the propeller shaft and the load cells were
mainained during assembly, a sysiem of alignment between components was devised.
Essentially, (© maintain alignment in the X-Y direction at the joint between the

dynamometer and the upper strut mount, a small clearance value was used between the

assembly was suppled by
Having the design such that the inner spcer could be modificd 10 accep two large
diameter angalar contat adil bal bearings. These bearings woukd support te rdial
forces s wll s supporin the weight o the insrumentation package. To keep the
besrings in place all one has 1o do is machine 3 snap ring groove on the ID of the
dynamometee centerspacer. This sna rng would then cary the weghtofthe assembly
instead ofthe face-o-ace contact that is present o, the et ha dynanic roary

mtion is desired, the instalation of bearings would allow & comrctly instaled servo.

To keep athis joint, the
components that nstal below the five plate are al referenced 10 the machined refef on
the underside of the lower live plate. Each component hs faces machined 0 keep X.Y

and Z distances correetly ma

ined,independent o the fastner locations. Al the joint

between the inner stut support masts, there arc
machined 10 keep the components correctly aligned. Figure 3.49 shows ths alignment

feature,
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Figore 3.49 — Alignment method between inner siut and support masts.

Each component of the system was light enough ss designed to be manipulated and

then the pod

The suppor that would




as possible. Strength of the stutmast assembly is important, partcularly at oblique

testing angles. The philosophy of a multiple subassembly system reduces the risk of

e Al joints and scenarios were
thought through during the design phase 10 ensure that everything would work a5

planncd. Figure 3.50 shows an overview of the completed dynamometer sub-assembly

desigs.
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3.1 Elevator Lift System Design
As mentiond in the previous scton, this sysem was designed by M. Rocky Taylor
under the uthor’s supervision. Two i desig points worth menionin i tht the
author suggested to M. Taylor that the sysem b supporid i a hanging mode by four
synchroized ead srews. anging avoids having o sccount for ucKlng lads n the
design of the Iead screws, and can b suficinty provided for by generous scton sizes

i the support structure of the elevator. The synchronous motion of the lead screws was

A M. Taylor fully
carried out the detailed design of the various components of th Iift system o a very
Successful result. The author i very grateful for the effort extended on this aspect o the

project by Mr. Taylor

‘Some aspects ofthe electrical sysiem design are now discused.

3.12 Electrical System Design

The

rica syt design consistd of designing all componens such that wiring
could be installed in 3 straight forward mamer. Very ofin the running of cables in
clctro-mechanical sysims and other types of insimentaton sysems is ot wel
planncd or even considered. For this insimeniaion sysiem there are several design
features that were considerd fo the successful instalation of the cables carrying the
ignals 0 the data acquisition sysem. One was the scgmenting of the rouics inlo sub-

wiring hamesses. Each major mechanical component was designed with 4 wirng route



such that the cable occupying that art of the route is essentially a stand alone hamess

scgment. At each end of the segs a provision for
via a terminal block. Each wiring segment was designed (0 be prepared with the
following feaures:

« cable end tinning or terminal block detail

« stain el where necessary

« mechanical shielding where necessary

« clectrical RF shielding.
Another design feature was the machining of the various passageways and bols for the
cabling. For instance, the propelle shaftis hollow 10 allow the thrust nd torque signal

their mounting in the drive gear, propeller hub and pod wiring exit hatch. Figure 3.51

show thepe
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Figure 3.51 - PC board details,



supply a i joints,

one set of slip rings
gear and consisied of an off-the-shelf unit with § individual conducting rings. The

diameter chosen was done 5o (0 reduce the surface velocity of the brusivring intrfoce.

Appendis I s ssue, usng stip

rings bees Kemph and

Remmer (K&R) of Hamburg Germany (now owned by Cussons technology UK). In

hese units, un-amplified a d

s in many types of experimental work. The author expected simila results by using

Sip ings inthis project design.

To prevent RF inerference the cable choice was one with a shield and twisted pair
construction where possible.  Also, where possible cable bundles were routed through
onc of the mast tbes and in all cases the cables were Laid out on thetest cariage as far as

possible from the AC molor contrller. Photos of the various cables can be found in the

assembly sections of chaptcr 5.

“The last design detal (0 b briefly discussed is the wave shroud.



313 Wave Shroud Design
Completd nar the end of the design and fabrication phase of the instrumentation, his
effort was caried out by the suthor, Mr. Taylor and Mr. Mattew Garv, a work term
student ired by the project. The sysim was designed as & two picce it that would
allow the wave shrowd 0 be ot away from the pod unit o allo the clevatr ol

the system out of the tank. The purpose of the shroud is 1o keep the inner stut from

the global force A device such

s that designed is recommended in ITTC procedures.

Installation of the wave shroud was faciliated by two threaded rods per portion of the

asserbly. pos
aftr al other components had been installed into the tank.  Photos of the wave shroud

canbe seen in Chaper 6

“The discussion on manufacturing of the components now strts in Chapter 4.




CHAPTER 4 - INSTRUMENTATION MANUFACTURE, SETUP &
CALIBRATIONS

INTRODUCTION
This chapter outlines the lengthy process that was required 10 take the design from

concepts o a working experimental apparatus. The details of these act

documented scparately in atached appendice.

4.1 INSTRUMENTATION MANUFACTURE
“The authorhas extensive experience in the related fieds of programming and operaing
computer umerically controlled (CNC) machining equipment a well ascomputer ided
design (CAD) engincering. This experence aided the instrumentation manufacur in
that cach componcat was designed with a specifc manufacuring proces in mind

ineNe metal

further advantage of being abe o plan machining set-ups and order of manufacturing
operations for each piece. In addition, the author had the extreme fortune of access to

state-of he.
manufacturing of cach part such that the various assemblies functioned correety. The

cxpertive snd cquipment located ot MUN technical services were pivotal in

al pansof project



4.1.1 Part Manufacturing Processes

types and setups. Both manual and CNC milling machines and lathes were used a5 well

s various dill presses and surface rinding equipment.

4.1.2 Use of CAD & SAT par

ACIS text (SAT) outpu
exported from the design CAD software, CADKey. The SAT fles represened the exact
pant size required. The CNC milling machines used in the fabrication achieved the

dimensions required

ing standard sctups. For exampl, i a part required a fit with a
tolerance of 2inches +0.000/-0.003 inches, then the SAT fle was provided with a sze of

1,997 inches. 1fa tghier fit had been required, then the dimension in the SAT fle would

be 1,999 inches. The machining capabilty of the HAAS milling machines installed at
MUN technical services is +/- 0.0002 inches. As long as the machining setups, tool
lengths and sharpness, feed-rats, spindle speed and mateial properties were accounted

for in the generaton of the machining numerical control (NC) code, then the tolerances

were not difficult 1o keep. The NC code was produced with MasierCAM™, a computer
sided. manufacturing software (CAM) package. Parts produced on the CNC lathe

Joyed the same philosophy, however more checks i

it i often the case that the production of “one-off’s” on a CNC lathe sill require a
diligent application of skills and practices that are typical of those wsed in manual part

wning.




4.1.3 Manual Machining Techniques

A combination of sing CNC machining e

iques with manual indexing as well as
totally manual methods were used for the production of some parts. In some cases, such

s producing the propeller drive gear teeth, the program was witen without the use of

CAM software for a dividing head for

the production of the remaining tcth.

Some components, such as the pressure sensing plate, were produced entirely using
manual milling and turing operation. These machines were used with great skill and

refec

menscly on the capability of the machinists, Al tolerances required were

achieved and made assembly of the nstrumentation as trouble free a possble

4.1.4 Implementation of Tolerances and C Checks

Throughout the manufacturing process,

hecks of each piece were made by both the

author and the ma

st 10 ensure that the dimensions produced would be compatible

with the function of the part, This aspect of the fabrication was ot eft o chance. The
documentation of the manufacturing process is presented in Appendix M. This
document should serve as 4 resource for those involved in the designing of similar

“The instrumentation assembly i discussed next.

100



4.2 EXPERIMENTAL SETUP
“The experimental sctup was carried ou as two activities. One was the appartus setup,

he other was the data acquisition setup.

The apparatus setup consisted of assembling the two main subssscmblics: the pod

instrumentation and the global dynamometer. During this phase the mechanical and

carried out. Later, the newly calibated instrumentation was installed into the tank, which
i covered in chapter 5. The forward thinking during the design phase regarding the

installtion of wiring allowed for & successful assembly.

“he dta cquision stup conssted of seting and ajusting all clectrical parameters for
cach channelofthe istrmentaton systems. The gains weresct and chanls labled in
the data acqusiion software, Al electrical connectors were sokdered and fial cable
outings tha. ierfaced the.insrumention with the data acqisiion sysim were

determined

Because the procedures fo the experimental setup are long, they have been documented

separately in Appendix N. Al assembly procedures for the instrumentation, including

fisted. jumper

Calibraions are discussed next.



4.3 CALIBRATIONS
Before the cquipment could be used in any experimental work it had to be calibrated.

Equipment calibration consists of a process of applying known quanites such as force,

o respond with a series of output voltages. As a result of generating these output
voltages, & mathematical reltionship can be established such that when placed into
service, the unknown loads from the experiments can be computed from the voltages

enerated and collected by the data acquisition systemn.

In most cases, e desired

procedure. H asensor that W

non-lncar characte

s at the extremes of s sensing capabilty. Getin the coreet
elationship. requires. exeme care during calibration procedures and anin-deph
Knowledge of sensor clectronics,  Also, the expected ranges of exposure that the
inseumentation wil exprience during esin can influence the chice of clibration

procedure.

The mech

jeal design of the supporting components and the amount of friction,

deflection, vibrations,

sperature differentials, radio frequency inerference and other

Sources can influence the calibration ouicome or indeed reduce s accuracy, especially if

the calibrations e carried out under one set of conditions and the testing carried out

under another. Bearing this in mind, it is up (0 the experimenter 10 ry and mitigate as
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many of these factors as possible prior to conducting the experiments. In most cases,

dii i Inthe case

of the initial st of tests with the new equipment, there were 4 few assumptions and

order first ook

T frst asumpion i that the tempersture would have & minimal effct on the sysiem
e calibation. This assumpion was made and based o thre fctors. One,n he case
of the force and pressure transducers, was the trust that the temperatre compensiion
clectronic ofthe purchised sensors would unction correctly, even though these devices
would e i colder environment than the compensation emperaure range lisid by the
manfacturer, The second, i the case of the torque tramsdocer, i tht wilzing  full
bridge configuration would negat any emperatur efects. The thid, in th case of the
st acquisiion sysem, i the knowledge that the exposre temperaure would ot
ignificatly change betwen the calibration procedure and test, iven that he sysem
Would always be in the same local atmospheric condions and at the same relaive
clevaton i the test facilty. This asumption on temperature effct had o be made (0
allow the tests 1o commence. The alimative would have been 10 cany out (st (0
detenmine the ffet temperature would have on the sysem seasors and dat acquisiion

s hat lowed.




“The sccond major assumption to be made was that the calibration procedures envisaged
by the author during the design stage would perform as planned. This assumption was
based on the detailed knowledge of the mechanical and electrical systems derived from

the design and the project.

forthe entire instrumentation package consisted of the following:

o ech

pr
o cach measurement system is @ separate subassembly that once calibrated
would then be assembled tothe unit dynamometer to form the fully assembled

instrumentation package
This method was planned as an aliemative 1o carrying out all calibrations for a
compltely assembled instrumentation package in-si. Such an exercise would have

required much more time (o allow the design and manufacture of the necessary frames

and setups 1o allow an in-situ calibration 10 occur. In ad

ion, i there had been a
problem with cither of the pod unit systems, then disassermbly would have been much
more ime consuming. This method paid off in the case of the propeler torque. During

the intial calibrations it was determined that the wiring for the bridge had been

completed Ay, resuling in zero output for “The pod unit

portant fator the

calibration procedures is

i the case of the propellr thrust and torque, designing and

manufactu

2 the equipment to allow a dynamic. calibration of the rota

e hub



instrumentation, cither in-sit or as a separate uninstalled pod unit would have required
much more time and effort to carry out. The assumption was thus made that the fully
assembled pod unit could be statcally calibrated a5 an assembled sub-assembly as

initialy planned.

I the case ofthe lobal dynamometr, the knowledge tha the ntcrfacing geometry of
e apparatus was desgned 1o allow positvealignment betwcen the pod it
subssscnbly and th global unit dynamometer, and that the dynamometer had been
assembled to defined relativegeometric placements allowed the assumpiion tht the

it thrust

The final overall assumption made was that test conditions would follow a patien of a
ransicnt period during acceleration (both of the test cariage and propeller roation) that
ead 10.a staic test stat, followed by another transient as the system decelerated. This

e expected loads "

the instrumentation with cmphasis on generating a linear calibration mapping function

instad of a detaled calibation that included any n

lineariy at very light or heavy

loadings.

A discussion of the calibation procedures for cach measurement system is documcated

in Appendix 0. o 3l
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CHAPTER 5 — INSTRUMENTATION TESTING

INTRODUCTION
“This chapter outlines the first st of tesis carried out with the newly assembled and
ot into the MUN

calibrated instrumenttion. The first step was installtion of the cqui

st tank.

5.1 Installation into the Test Carriage

Installtion of the instrumentation package started with lfing the global dynamometer
into the test tank at MUN. The dynamometer was lfied over the rai of th tank with a

forklift and then secured (0 the overhead crane.  Slings were then used allow connection

of & lfling beam 1o the dynamometer and tank overhead chain hoist. This rigging
arrangement was used 1o prevent the dynamomeler from becoming distored during
nstallation. Afe lfing the dynamomete free ofthe forks of the orkifl, it was moved
o a position slightly offet from the center of the tank. The dynamometee was then
Towered 10 two work platforms that are suspended over the k. The rigging was

moved back be ecomnected

and lifted into position up through the test cariage. Figure 5.1 shows the dynamometer

ure 52 shows the dynamometer

siting on the platforms with lifting bea in place. F

being lifted up through the test carriage (0 s test rais.



~ Liting the dymamemetr romteplatforns o psiion
onthe caringe tes 1

Once the dynamometer was i position, the liftng clevator was installed in a piecerwise

fashion. The synehronous lead screw system was then instlled along with the drive hel.

The belt was then tensioned and the lead serews aligned. The installed components are



shown in figure 5.3 After instalation, the clevator was used to lft the reference frame
and live end of the dynamometer up from its operational position. At this point the pod

it subassermbly could be instaled.

Figure 53 - Synchronous drive sysiem of the elevator lead

The fully assermbled pod unit was carefully secured by a ling and then ifed over the test

carriage guide ril 1o the platforms below. Figure 5.4 shows the pod it connected 10 the

chain hoist. Once securely on the platforms, the carrage was moved into position and

able hoist was uscd to 1t the pod unit into position. The keys of the

srut and th i bolts

Support masts were maiched (0 the pod lled o keep.

the unit from falling. The

motor mount plate was then insalled and l securing bolts

tightened. - Prior 1o these steps, safty rods were insalled on the dynar

These safety rods prevent the assembly from dropping should either of the Z-axis flex

links break

109



Figure 5.4 - Pod unit subassembly being liftd into the test tank.

alled into position along with the drive coupling and securing

o track on

The gearbox was then subjected o a final alignment to allow the bel

Al hols on the

wter when the drive pulley was rotated through muliple rotations.
ox mounting plats were then tghtened and the upper cross bracing installed. The.

\ tensioners were then adjusted.  Figure 5.5 shows a view of the installed pod unit

enerator was installed as

adjusting the belt tension, the shaft speed tachometer

1o



Shown in figure 5.6, The timing belt for this unit was also tensioned before a final

lightening ofits mounting bols. At this point the lower cross-bracing was instlled.

Figure 5.6 - Installed shaf speed tachometer generator.



Xt step was to run the cabling 10 the data acquisiton system signal distribution

bo. 1y,

Figure 5.7 — View of cabling from bottom of dynamometer.

installed in the center of the mast twbes o provide a greaer RF* shicling effect, Figure
57 shows  view ofthe cabling from the botom of the dynamometer. Afer the two main
wiring harmessesfrom the pod unit had been un up the masts, the dt scquisition sysem
was mounted o the carrage. 1t was loated as ar away as possble from the drive motor
Figures 58 and 5.9 show the data acquisition sysem layout and main cable bundie un to
the insrumentation. Figure 5.10 shows the signal distibution box labeling. Figure 5.1
Shows th installd signal disbution box withall channcls plugged in. Noe tha the

armess for the torque and thrust signals was then connected t0 an air dryer, also shown in



figure S.11. The auter PVC hose through which the cables run, secn in fg

re 5.12,
serves as a passageway for ir from this device. Note that open end of tec is plugged with

alant. This dryer was designed to allow dry air o be pumped into the pod unit
1o prevent con

asation from forming inside on surfaces thatare cooled as 4 esult of the

unit being immersed in water that is lower than room temp

Figure 5.8

Figure 5.9 - Main cable bundlc leading 10 instrumenttion.




Figure 5,10 Signal disribution box labeling for all channcls.

“'m’/

Figore 5.1 Installed signal distribution box with all channels installed.
Note air dryerin background



Note

the distribution box and air dryer are both supported by an aluminum c-channel
that is mounted 1o the reference frame of the dynamometer. This s (o prevent any
unintentional mass changes from being registered by the

elobal dynamometer. These
could be cased by shifting componens during ac

leraton of the est carriage

Figure 5.12 - Junction o cabling and dry s supply o pod uni
When al cabling had been insalled and sccured. the data scquisition system was
powered up for the first. time with all systems connccted.  All channels were then
monitored n metee mode of the DagqView data acquisition software. The systems were
then ested for responsiveness by

tested by pushi

on the propeller hub mount, The

e system was
tested by gently twisting the hub and watching the voltage outpu for that channel T

shell drag system was tested by pushing in both diections on the instrumented shell
mount. In each case the response chan

polarity s it should have. The dynamomeer



was tesied by gently pushing in each of the X, ¥ and Z directions. The pressurc

transducers could not be tested unil immersed in water, but the voltage outputs a this

i tme were as expected.

At this point in time the instrumentation package was considered (0 be compleely

installed and ready 10 outfit for a test program. The following sections outlinc the

5.2 Experimental Test Plan
Where posibl, Known procedures were sed for the fis et of tess, n partculr the
T Recommended Procedure for Podded Propusor Tess and the 10T standard for
propeller apen watertests. Giv that the instumentaton designed for tis prject was
of a v and unique desin, thre were some istancs whee he st procedures had 0

devinte

According o the menioned procedures, th revolution rae of a propellr should be
chosen such tha the minimum valo of the loca Reynolds Number (Re) at 07 1R does
ot fall below 3.5 x 10° at the various advance speds (V) used during the experiments.
i casares that the flow of waer ove th blads i not lainar,  onditon needed i
any resuling fstdata will b used 0 predict full cae characteitesof the propeler or
pod it The equaion (5.1) for caleulating the value of Re for these experiments i

taken as:



Equation 5.1

Where:
Vs Speed of Advance (i)
2" Propeler ot evluoashccond)
v Viscosity of water (101 x 10° m%s)
D Propeller Diameter (270mm (10.630 inches)
And:
7 Propeller chord length measured at /R = 0.7
(Shown in Figure 5.13)
/
e e e, e e eon

e R

Figure 513 - Depicts the chord length at /R = 0.7,

The selected ates appear in tble 5.1

explained in more detalin section 54.9.



Table 5.1

Once the rotation rates had been selected, the advance speeds (V) were calculated
comespond 10 a range of advance coefficiens (3) from 0.1 10 1.4 as defined by the

following equation (5.2),solved for V. (5.3):

v,
Equation 5.2 Jate
o .
thas:
Equation 5.3 Va=

bek

3

B
01 {0095 0 180 0243 0324 0379
02 {0189 0978 0466 0648 0.756]
03 [0284 0567 0720 0072 1.134
i~ [oa7m 0756 0972 1.200 1512
05 {0473 0045 1,215 1620 1.690]
06 {0567 1.134 1,458 1944 2260]
07 {0662 1323 1701 2208 2646
08 {0750 1512 1044 2502 3.
09 [0861 1.701 2167 2916 3402
10

-

vance Spesa Ve (e

a:
w1 {1000 2070 2673 3564 4.150

|
|
12 [ 1194 2268 2016 3888 4 530
13 (1220 2.067 3150 4212 a9va

14|10 2046 3402 4 530 5202
“Table 5.2 - Calculated advance speeds for the selected propelle rtation atc.



e resuling advance specds were then substiutd into equation 5.1 and the Reynalds
umber calculted for all cases. ‘The resuling Reynokds numbers for cach the shaft
Speeds over the ange of 1 from 0.1 1 14 ae presented in Table 5.3, 1 can immedialy
e scen that from  standpoint ofadering 0 st sandards the frstshaft sped of 3.5 s
is ot adequate. However,from a standpoint of sarting up & mechanical sysem or the
fist time, the speed selction is jusified a3 an atempt o spproach the startup with
caution i mind. i th intrmentaton been destroped n the fis nstance of sarup,

o data collction would have been possibic

S T T T TN

2026105 4 05E 105 5 2105 6 9 +05.8.10€ 05|

o1
022085205 406406 5 22E 405, 6.96E 405 0,126 .05
03 [zosEvos/aoneos s 25813 700105 0 170

o5 oo+ -5s.ns ssms 7.11E.05|8.306 .0
[z sl e

Feynolos Namber

926 0
15552805/ 70E s . 08 06208 04005
1.4|2.408105 4806405 6 176405 8226105 9 S 05|

Table .

~ Caleulated values of Reynolds number for all shaf speeds and  values.

e last parameter

neded o plan the tests wasthe gap distance setings



Originally, it had been planned to carry out an extensive array of gap distances in an

atempt 10 see if the instrumentation was capable of measuring smal changes in this
variable. However,there was not enough time 10 allow the machining of all the gap fller
components. Thus, nearing the end of the machining stage for all pans of the

what

he instumentaion s capsbl of being adjusid to a5 wel s one reflectng the 15 Dy
tecommended by ITTC siandards. The lrgest gap ille that was complet a the tme of
‘election was 5.25 mm (02067 inches), thus tis wasthelargestgap slected for esting.
A other seected gap fillr components were then machined o completon. Table 5.4
ows the gap filer number and disance. Note that the instrumentation is designed for
Seting of up t0 7.25 mm (0285 inches). As noted i chapte 3, larger gap settings are
possble with addiional hrust shaft components and setwp. Not also that lhough the
smalest design gap stting is 025 mm (0.0098 inches), his value could not be staned
e 10 one threaded hoe not bein tapped decp enough. This was discovered during the
final sctup and tsting of the range of adjusabilty. As noted in sccton 54.1.4, the
et gap setin i 0.83 mm (0033 inches). 1fne desres, the ower design value can

be atained casily by correcting the applicable componens.

&)

o o
Gap Ditance (nches)

Table 5.4 - Gap filler numbers and distances.



Once considerations had been given 10 test standards, propelle shaft speed, and gap

adjustabilty,the test plan could be completed. The following points summarize the test
plan:

i bollard n

2. Camy outa seris of tesis while varying:
. Propeller Advance Speed
b, Propeller Rotational Specd
€. Gap disance seting

A Seriesof runs were planned based on these parameers. Each run conssed ofusries
of tests that ke a constant shaf specd as wel as the gap distane seting. The J value
was aered for cach est and in the case of the fower values of 1, sevral vlues were
caried out n that tst. The runs caried out reflcted the overal ntal performance of
he drive sysiem, which is covered in secton 539, Thus stated, the fest plan evalved

verthe course of three days in the MUN test tank and reflected wht the author thought

bestat @ P “The experiment
st procedure s discussed next and_ explains what was necessary 10 ready the
instrumentaion initaly, now that it was assembled and calibrated, as well as changes

that were necessary during the runs



5.3 Experiment Test Procedure
The following steps outine the procedure required o conduct  series of tests with

podded propulsors

5.3.1 Setting Experimental Parameters.

Five main parameters are discussed i this subscction.

5.3.1.1 Pod Direction

The test carriage a the MUN tank is capable of S ms i the forward d

ion and 2 s
he reverse diecton. o test the pod unitin pll mode, it was installed such that the
propeler would ravel i pull mode in the § s dirction. This ensured tha the cariage
i reach the higher specds n table 52, Note tha this s an important consideration in

Planing any tess as mustbe installed in

1 the test o be carried out.

59.1.2 Propeller Depth
e design depth for the pod unit was 1.5 Dy, as indicated as the minimum in the est

ncards. This distance was selected because it minimized the effective mome

I in the global dynamometer, in paricular with respect 10 the Z-axs load cells. In

ition, the mounting rail of the MUN test tank are ot casily adjustable thus the

olute distance from this clevation was set s non-adjustable and uiilized the position

ot was propellcr opens boat,



sed 10 evaluate propeller operation characeristis). Filling the ank 1o the correct level

s thus essential depth. The depth is e

propeller shaf axis (0 the that the distance is
1.5 times the propeller diameter. If larger diameter propellers are designed 10 be used in

the future, adecper

5.3.1.3 Propeller Speed

“The propeller speed command is a calculated number that was entered into the control

cq . the following

equation was used:

Equation 5.4

Whee:

ey ‘Command Frequency Number

n Desired shaft speed in 1ps

CFNyax 60 (maximum speed command number which corresponds
10 100% motor specd)

GBR Gear box ratio, which is 21



These

numbers were entered into the dialogue box of the control software, Onee s, the start

and stop tabs were clicked to control the motor operatio.

“Table 5.5 - Command Frequency Numbers for the.

s shaf specds.

5.3.1.4 Gap Distance
The

ial gap seting was number 11, or 19 Dy. This distance was set prior 0 intaling

e gap fllers, propeller o pod shel, however the following procedure is explained from

he pointof view of changing his para

et while conducting a srics of est.
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ap @ fecler dded

Figure 5.14 shows gap 11 and the distance
required forthese componens. Figure 5.15 shows the stacked fecler gavges. The

hickness was verified by using  set of digial calipers.

Figore 5.14 - Gap filler umber 11 components and scitng distance.

Net the position shaft lock nut access cone coser was unscreswed from the pod shell

Figure 5.16 shows the cone instlled while figure 5,17 shows the cover removed,

g the ock nut.



Figure 5.17 - View with cone cover removed, exposing lock nut



The thread is right

The lock nut was loosened by using 314 inch (19.05 mm) w

4 COW (counter

hand, thus while looking towards the propeller, the nut was rota
clockwise) to loosen. Next a 4 inch socket driver was used (0 rotate the position seting

d CCW

shaft. Again, looking towsrds the propelle, the positon seting shaft was 1o

cater than the desired g:

1o increase the gap distance such that it was lightly g

usly sacked selection of feclr gauges was then insertd into the propeller

The pre

and the position shaftrotaed clockwise (0 de

eripped but could be moved with a slightly noticeable drag fecling. ~Figure 5.18

es as well a the use of the socket driver 1o

illustrtes the insertion of the fecler g
adjust the gap distance. - Note that while rotating the position shaft for his operation one

Should attempt 1o keep the position seting shaf from roating out of the lock nut. One

Figure 5,18 - Using fecler gauges and a socket driver to adjust the gap distance



an do this by holding the nut with a thumb and index finger while the socket driver is

being roated with the grip provided by the other fingers and palm of the hand. This way
the lock nut and shaft are rotaed in unison. I during this operation some slight relative
motion aceurs between these two components, simply rotate the lock nut 10 pull the

When

een st, thelock nut was tightened fimly, but not 100 tight.

et seting the gap distance, the gap filler needed to be changed, as described in 5.4.3.

Figure 5,19 ilusirates shows & view of the gap before iniiating  change. Figure 5.20

s view of the gap afe the gap fller has been changed. bu befor the matching
o distance change has becn caried out. Note that changing the gap filr componenis
e the gap disance docs ot affct the end resul. Noe also the disconinity
e the b and pod surfoces. Figre 521 shows th gap with te fclr gauges in
[ce e the djustment has been caried out. Figure 522 shows the maximum gap

fitance tested.



ure 5.19 - View of gap before change (Gap distance of 1.50 mm).

Figure 5.20 - The discontinuity after changing the gap fler & before




e 521 - Final checking of gap distance after adjustment (Gap distance of 4.00mm),

Figure 5.22 - Maximum gap distance tested (Gap distance of 5.25 mm).
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As mentioned in section 5.3, the smallest gap seting s 0. inches). This

Note that one 542 forthe

procedure of insallng the gap fllers.

53,15 Carriage Speed
Seting the cariage specd consiid of adviing the cariag operator of he current st
spec prortostatingthe tst. Inthe e of lowest seeds f advance, several possible
pecds were given 0 the oprator o paper o that f one speed was succesflly caried
out, then another coukd be conducted inthe same test. The number ws dised up on the
camiage specd contolle s was an accepable accleaton rt, detcrmined by the
cariage opertor For higher speeds, the sccleraton rte was increasd (0 allow the
e at specd 1o be as long as possibe,sine the distance lost duing acceeration and
deceleration became significan at igher speeds, The camiage specds given (o the
operato were aken from table 52 The contolle is cpable of acceping he s

e the decimal, butis not capable of delivering

‘command with thee significant igures.

the actual speed to ths aceurcy.




5.3.2 Installing the Gap Fillers

taling the gap fillrs, or more importanly the gap flle ring adaplor was he firstsicp
in oufiting the instrumentation for estng. “This adaptor ws installed first as it cannot
it over the propeller hub taper angle adaptoror propeler i ithe of hese components is
installd. Notetha sction 1.1.1.9in Appendix N gives the procedur for insalling the

gap filles for the purpose of adjusting the shell drag.

instrumentation load cell. The

procedure for instaling the gap filers s thus only briefy described here.

The ring adaptor was fist placed over the hub instrumentation and onto the pod unit
atmospheric pressure chamber, AL this point note that it just sits here unil the other
components align it o the final installd positon. Figure 5.23 shows the ring sittng in

Figure 523 - Ring adaptor in posiion,



Nextthe boltom porton ofthe pressure plate adaptor was nstalld. Noe that i was best
1o insrtthe centr fasener screw into this adaptor and whil keeping the tp of a Philps
Head screwariver in place, then 1f the adapor up into place unil the screw could be
guided to the corrsc hole i the botiom of the pressure sensing plate. The screw was
then fully installd and genly tightened.  Noe that ceranic anti-size compound was
used here to prevent the wo stinless stcl components from sticking together. The
remaining two screws were then installed.

Next the ol seal was installd by slipping it over the hub instrumentation. A

View of this is shown in figure 524, complete with the lower instaled pressure plate

Figure 524 - Lower pressure plte adaptor and rolling o-ring seal installed



Next the upper pressure plate adapter was installed by slipping it under the top portion of

the o-ring. This prevents the seal from being sretched. Not that as described in chapter

3, this o-ring does not necessarily provide a 100% seal, but rathr prevents a large inflow

of water betwe

the outer pod shell and the instrumentation within. A view of the
installed upper pressure plate adaptor is shown in igure 525, A view of this setup with

the pod shella

W propeller installed is shown in fgure 5.26.

Figure 5.25 - Upper pressure plate adapier instaled.
To complete the gap fller installation, cach. half is installed such that the o-ring is
centered in the recess at the inner end closest to the propeler. This is shown in figure

527 in which the first half has been installed. Note that the ring adaptor has been

oriented such that the paring lines of the pressure plate

apte picces and the gap fillr




pieces are 90° apart. The second gap fille half was then installed to complte the

instalation. This ends the discussion on gap fller installation.

Figure 5.26 — Both pressure plate daptor icces installed with o-ing in positon,

Figure 5.27 - O-ring positioning relative o the gap fller component




5.3.3 Propeller Installation
Prior o installing the propeller,the hub taper angle adaptor was instaled. This consisted

the mounting holes with

of sliding it over the hub instrumenation and rotating it to
the threaded holes i the reference base. Next 11 of the 12 mounting screws were

nains in place as the

installed to retain this adaptor, One hole has a broken tap that

author though it was not worth the risk of damaging the part trying to extract t. Figure
5.28 shows the hub instrumentation before the adaptor is installed. Figure 529 shows the

lled companent.

Figore 528 - Bare hub instumentation.






process. 1 half tum on cach fastener was required before progressing 10 the next. Only

one fasener from eact

roup of two was used for this operation, s the others could be
quickly tightened afer the propeller was fuly seated. Figure 5.30 shows the flly seated
propeller. Note that because of the way this mouning is designed, very file thrust or

torque is applied to the insi

tation and also tha the serews need only (0 be gently

tightened s the ine pitch gives more than adequate holding force

Figure 5.30 - Fully installed propeller




After the propeller had been mounted, the nose cap was threaded into position. Agin,

because of the fine th

ad pitch, only hand force s necessary to instal this component.

The machined taper in the propeller bore t the nose cone

ensures tha fitle torque

and no thrust has o be applied to compress the o-ring seal. Figure 531 shows the

propeller with the nose cap instaled.

Figure 531 - Propeller with insalled nose cap,

5.3.4 Installing the Pod Shell

Pod shell installation s

ed with mounting a pod shell half 1o the instrumented shell

mount side frst, This is starbourd side as viewing the pod in pull mode. Starting with

the instnumented shel

mount frs ensured that the presiously insalled gap fllr ring and
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‘ap filers (f installed at tis point in time) were aligned correcly. Note tha the correct

‘ap iller operational clearance was previously setupin sction 1.1.19 of Appendix N.

Installng the shell half conssted of

ing it firs over th ring adaptor of th gap filer
assembly and then moving it in t enclose the instrumentation. While ooking o from
port side, the forwand (un-instrumented) shel mount was jogged o position with a
screwdriver such that when looking through one could see light through the hole,
indicating tht it was aligned. A fastening screw was then insertd ino the top mounting
ol of this posiion and amost fully insalled. Next a fasining screw on the afl
starboard side shell mount (nstrumented) was insercd and the entire shell half moved
forward and at unil the screw it ino the threaded hole. At tis poin both fasteners
were then fully tightened. Al othrs were then insaled and tghtened. Figure 532
Shows a view with the first half installed. Note that the thraded adaptor for the positon
Sat lock nut access cone cover s been nsalled by placin it n the mouning groove

in the first half.




Figure 5.32 - Fist halfof pod shellinstaled.

A this point the assembly clearance was checked to ensure that during experimentation,
o obstructions existed that would hamper the movement of the shell during loading
N the sccond half of the shll was installd. This was accomplished by mounting the
picce into poston on the port side of the unit and insaling al fasteners inio the
respective threaded mounting holes. To complete the pod insalaion,the positon shaf
Tock nut access cone cover was threaded ont its mounting adaptor which is gripped by
the two pod shell componens. Figure 5.33 shows a view of the completed insalaton.
Note tha the stut xtcasion is held onto each porton of the pod shell by 4 long threaded

fods with nuts on the top end. These are visible in figure 5.33 s well



Figure 5.33 - Compleed pod shell insallation



Installing the wave shroud consisted of inserting the two threaded rod mounts for cach

scction into the corresponding holes in the lower

5.3.5 Installing the Wave Shroud

mber of the carisge frame. Once the.

thrcaded rods were insered, one nut on cach threaded rod was installed on top of the
;
\

member. Note that one nut and washer had been previously installed on each rod prior o

inserting them into posiion. The top nuts were then used o jack up the wave shroud 10 &

position that was close o the final clevation required. Figure 5.34 shows the two wave

ready for final adjustment, which s described next,

Figure 534 Installed but notyet adjusted wave shroud.
Using the procedute in section 5.4.6, the pod unit was lowered (o allow final positoning

of the wase shroud. Note that the tank water level had been dropped fo this procedure.

When the pod unit had becn lowered to the

a positon, he starboard side wave shroud




portion was rotted on it mounts unil it was level. A rope ws ted (0 th shroud halfand
secured o the frame 10 alow the fina clevation adjustment 1o take plic. Once it had
been adjused,the pod it was raised and the por side half was adjusted o the first The
o were then clamped together for a inl check on alignment. Figure 535 shows the
adjosted wave sheoud with the pod in th rased postion. ‘They were then opencd, the
pod unit lowered, then closcd and clamped o test for fit and obsiuction of the global

dynamon

er function. Figure 5.36 shows a view of the lowered pod and closed wave

shroud

Figure 5.35 - Closed and adjusted wave shroud with pod unit rased.



Figure 5.36 - Fully installed and sdjusted wave shroud with pod unit lowered.

36 Lows

into Water

eference and car

This task began by first cnsuring that ll cabling was clear of the mating pads of the
e frames.

opened

Next it was ensured that the wave shroud was.fully
nd restained with ropes to prevent aceidental closu

c. Next the power cable for
the clevator 1ift motor was plugged in.

Note that it is essential 10 keep this motor
unplugged when not required for use 1o prevent sccidental damage or injury o test
personnel. The acme thrcads of the 1ift mechanism are non-self-overhauling which

means they will not allow the elevator 1o lower even if the main synchronizing drive belt
breaks oris removed alogether



Once plugged in, the motor conolle was tured on and the diection switch omed (o
the down positon. The stat button was then presed and the speed gradualy increased
iththe specd poteniometr. As the elevator was lowered careul atenion was paid (0
e pod unit components to ensure that they did not get snagged, especially in the

restrsining ropes used to keep the wave shroud open. When the elevator had reached a

evel
where one could comforiably observe al four conact pads in  shrt perod of e
When the pads were in full contct, he motor was stopped and then unplugged.  The
direction switch was then changed s0 that when the motor was started agin, it would

already be traversing i the corrct direction.



5.3.7 Securing the Dynamometer Reference Frame

Once the dynamometer was in the lowered position, a visual check was carried out o

full contact, Then, refering to figure 180 in Appendix N, the bolts were installed and

was conducted. was.




The his section is brief, as the topic of AC
motor contrlles is quite involved and not necessary to understand completely in this
context. Should the reader be inerested in the specifcs of the Allen Bradiey Poweflex

70 AC Drive then one can fnd al information in the user manual

Configuring the motor controller was carried out pror 1o starting the pod system for the
“ time.  Esentally, the configuration consisted of setting the control parameters (o

sive good low speed control to allow for trring of all the channels, and a relatively long

1o timit the toray that would

the propeller. It

his task that the pod unit drive
<tem was tested for the first time. Prior (0 this task th tank water level was adjusted (0

1 depth and the pod unitlowered. The wave shroud was not closed at this time

low a clear view ofthe pod it under water.

0 starting, the speed of the propeller was gradually increased. The (0p target speed
44515 s, Several minutes into the test a loud cracking sound was heard from the pod

i1 The pod unit was immediaely sht down and raised out of the water. Next about

12 hours of

o perfectly aligned, despite having gone through a thorough alignment procedure for
e gearbox. 1t was decided tha (0 miigate the problem, one of the guide rings on the

box output shaft would have to be modified to keep the bl from tracking off (o one
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Side. The belt guide ring was redesigned, manufactured and installed ate the next day.
“The fact that the guide rings were removable facilitated the abilty to cary out tis task.

The ring the bell

the belt tracking correctly.  Note that the misalignment was between the two pulieys of

the drive system and not the pod alignment relaive the dynamometer, nor the relative

posiion. At esing the
pod stut assembly ws remouned in the CNC milling machin and correced. A new
cries of ol for the gearbox. mounting plte was driled in between the existing holes
and the algoment was cometed. - Subscquent test programs affrmed that the helt

alignment had indeed been fixed.

Figure 537 shows the original guide ring setup on the gearbox output pulley. Note that
the guide ring on the problematic side has been removed. Figure 5.38 shows the newly
designed and manufactured guide ring being it using the same jig as used in producing

all otber guide rings.
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Figure 5.37 - Original bt guide ring sctup with one removed.

Figure 5.38 - Newly designed guide ring being cut in half with a slting s

Figare 5.39 shows one half o the new guide ring installed on the drive pulley. Figure

5240 shows the ully instaled guide ing. Figure 5.41 shows the degree to which the belt

was damaged during the intal startup. There was concern tha the decreased effective
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Width of the belt would cause i to fail at higher shaft speeds and lower speeds of

Figure 5.39 - One halfof the new guide ing installe.

Figure 5.40 - Compleely installed



Figure 5.41 - Belt dar

This damage severely hampered the inital testing and was the main reason for selecting
Tower test speeds. All ests were subject 0 the constraint of avoiding bet falure and with

much caution the commissionis

Once the guide ring had been replaced, a starup was attempled again. A top speed of 14

s was the

it determined 10 be safe. Most esting was conducted at lower speeds
however because although the belt did not break, there was a tendency for the fractured

edge toride up on the face ofthe newly instaled guide ring. Thus the new guide ing did

extend the possible ange oftststhat could b carried out with a damaged bl

After fixing the problerm with the bt a second major problem was encountered during
startup. The problem was the tendency for the motor controller o cut outafer seemingly

fandom lengths of time of operation. The controller had been configured o allow good



low speed charactersics, bowener after a short period of time it would tip out.  After

nearly two days of conversing with experts on AC drives, the author arived at his own
Solution of changing the carrier frequency for the control signals 10 its maximum. This

Stopped to problem and finally allowed testing (0 begin.

I terms of the goal of assessing the functionaliy of the drive system, the author was

satsfied with it operation despit the problems encountered.



The basis for for the i dutais tables 5.1 and 5.4,
These made up the beginning and end of the file name respectively. The advance speed

that was tesied was recorded on paper and assigned a lttr value for that particulr test,

tartng with " for the first est in the run and then carrying on with sequential leters.
The leter could stand for anly one advance speed, or several if they could be carried out.

This structur allowed for flexibiliy during testing. An example follows.

The i firsttest of a 35 ps and

ap disance of 2.7 mm would be assigned the following file name:
nl_a_gfll

I this case, it was recorded that th test had 4 advance speeds tested. Even without the

ecord of the advance speeds, deermining the advance speeds s carried out as part of the
alysis because the target J value differs slighty from the actal value. This structure

was used successfully for the entire test program

53,11 Tost Run Procedure
e test run commenced by entering the flenaime for the est (as per 5.4.10) into the data

meters of that test and any other info on paper.

sition software and logging the p

et speed that comesponded 10 the test




‘advance coefficient dialed up on the carriage speed controller. The shaft speed controller

frequency number was then entered on the controller PC.

Next the data acquisition system was set into data collection mode with manual trigger.

The trigger was actuated with the enter key and the system began collecting data. The

main drive motor 3
the carriage was started. The propeller was not allowed to develop full bollard thrust

of The entire

system was then closely monitored while accelerating and traveling at the set speed.

When the 1 e and at thi

stopped. Again, this
developed by the gearbox torque. When the cariage and dive motor had stopped the
data acquisition process was ceased and all data was then awtomaticaly saved 10 the

destination file.

Fach tst in the un seres was conducted in  similar manner untl al deired advance
specds had been tested, or as was ofen the ease, t was et that reducing the advance
pecd fora pariclarshaft speed ws going o caus the drive belt 0 break. Inally he
Lests were conducted with an increasing J vale, b near the middie of esing it was
decided 10 test he igher speeds st and work down 0 te lowest sped posibe. Atthe
end of a run the pod unit ws lifcd ou o the wter and the gap distance and gap Gl

‘components changed. This procedure continued uniil the author was at the end of the




tank time allotied. The insirumentation was then removed from the test tank by

essentially following a reverse of the procedure used (0 nstall it. Once removed, a post

had affected it abilty o be calibrated. Note that during the removal from the tank and

commissioning tests

Figures 542 to 545 present several of the more interesing photos obtained during

esting.










Figure 545 - A view of the pod running underwater



CHAPTER 6 - EXPERIMENTAL RESULTS

INTRODUCTION

systems. The reader is cautioned that these resuls are from a newly designed, calibrated

and tested instrumentation package. Thus, it would be unwise (0 place emphasis on the

the instrumentation

asaresult oflooking at the data.

6.1 Discussion
“Table 6.1 outlines the final tests that were carred out. The missing lower J values in the
Tater runs reflect th increasing drive belt degradation and the subsequent torque limiting

that had 10 follow. The sound of the insirumentation was a guiding factor in deciding

il the high  values frst

o TG Ditance Sating v Tt Tlrsgs 1]
T I G114
2 aF1 01-12
3 aFn 01-12
4 aros 02-12
5 GFos 090Ny
6 " 03-12
7 aror 07-09
8 GFi6 04-12
9 16 07-09
0 a2t 05-11
It a2 07.09




6.2 Data analysis procedure
As stated in previous chaptes the intent was o automate the data analysis process as
much as possibl, but spreadsheets were used in the end. A spreadsheet template was

developed and used for each experiment analyzed. The final value for each channel in a

fun was then inseried parti

setof parameters.

6.2 Determining Stable Data Ranges.
Determining sable data ranges involved locating a segment of data from the entire

sample where as many transicats as possible had setted out. This siep determined an

e
interest for each test run.  For this set of experiments, the stable daia ranges were
determined by first plottng the propeller shaft specd, cariage specd. the two thrusts,

torque and the $ pressure ransducers in combination or separaely 10 view the extent of

the transient periods. I paricula, the propeller shaft specd and carriage speeds were

used 10 determine a possible useable range of data for the two thrust signals. When

i The
range defined in this manner then became the sample region for the experiment from
which the average voltage could be calculated for all channels. Torque was the most

rouble free parameter 0 look at and was stable if the other signals were stable. A value

for the tare

the sigaal bl al ignals along



with the propeller shaf and carriage speads were ploted (0 determine the best region to

obiain a tare value.

During the nital phase of testing, each test was conducted by stating the propeller shaft:
motor from rest, but afer some ime it was suggested that the motor be kept running at

the slowest possibl speed.  As a rsult, for the frst few experimental runs a tae value

very slow speed can be.
ke, The change in torgue, the two thrust, shell drag and dynamometer channcls

cxhibited no great change in the averaged value between these (wo stats. The pressurc

ducers did value e I the
Same cach time the shaft was started. This caused a great deal of trouble when rying (o
obiain  good tare value for the pressure transducers. Sometimes the tare region of data

was reasonably stable before the shaf stared, and other imes it was beter (0 get the tare

data from the baft rotation was stared. The propel
enerator signal was not tared s this would ive 4 speed lower than the actual speed

value. The tare value for propeller speed s thus set 10 7¢ro in the spreadsheets. The

had 4 55 mV
Sovit was tared out. In general, it seems the pressure transducers exhibited the most

drif and
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Once average values had been obtained for the tarring and stable secions of the tes,the

voltages units. This was.

from the stable region average value then multplying the result by the calibation

53 Sample plots
In the following sctions, sample plots are prsenicd tha are & eprscniaive of the
ypial reslts encountered during th il tests withthe insrumeriaton. One must
not that the. sampl times for some siable regions are much les than the ITTC

recommended time, and reflcts the author's concern that loading for an extended time

period and likelibood of Note also
that the plots are presenicd in volts, only the values from the test were tabulated in

engineering units.



sa1ca " with T
Figures 61 through to 64 show some ypical sl for cariage and prpele shaft
o, i "
s s the utput votage of th transducers. Nok ha one ca get snseofte timing

of events for cach un from these plots.

Figures 6.1, 6.2, 63 and 6.4, show the entire advance speed range for propeller specd 1,

1% Dy). Thi

entire range was covered in just these few ests.

Figure 6.1

1201,02,03,04,05 and 06.



1207, 08 and 09.

Figore 63 - C

cd,
Oand 1.




Vg Ot ) S S Torqn & Crre S 651135 0 for 12

L propelle st spect &

In general, the torque signal i low for a shaft speed of 3.5 rps, which makes sense.
‘When  plot of a higher shaft speed is completed, the volage signal s easer 0 visuaize
s shown in figure 6.5 This result i taken from RUN 7 where the shaft speed is 12 rps

and 1=0.7. One can s the effect of the propeller speed and carriage speed acceleration

o torque. Note the timing of startng the propeller and carriage. Torque

s successfully
Himited below maximum for the stable region for alltime during the test. Tn al of these.
plots one can see that the propeller shaft speed and carrage specd are well behaved

signals.




"
3207 and propeler speed of 12 ps.

The discussion now changes o hub and pod propeller thrusts.

RUNT,



6.3.2 Hub & Pod Propeller Thrusts

Plots of the two thrust signals were essential in determining the stabl data ranges. Upon

Sudying the responss ofthe thrust sgnal, i was obsered tht the hub thrust response:
i sometimes sighl lgs the pod thrust. I many instanes, i reduced the range of
Stable values that could be used for anlysi, even though boththe carriage and propellr
St speeds had stabilized. Thas, cach range had o be careflly looked t (0 determine
he fnal uscable data range.  Figure 6.6 shows the responses of the two thrust signas,

along with the carriage and propelle shaf speed for the first four advance ratios from

RUN3, » p Note
that the shaft speed acccleration is uniform. Figure 6.7 shows the same plot with the
Shaft speed removed for clarit. Note that for J=0.1, the hub thrust signal only stabilizes

atthe very end of the ange.

Figure 6.8 shows the thrust signals for J=1.0. Here the thrust signal ar stable and well

timed with the

iage speed. Figure 6.9 shows thrusts for J=1.2. The range of stable

data o al channelsis between the verticallines. Note thatfigue 6.1 10/69 have a shaft

speed oF 0 rps at the star of dta collection

Figure 6.10 shows the thrust signals from RUN 7, with J values of 0.7, The propeller

speedis 12 ps. Here the propeler is moving slowly at the beginning of the test.



T Sar )

Figure 6.6 - Pod and Hub Thrust voltage outputs from RUN3, J=0.1 thiough 10 04

T Sar o)

Figore 6. RUN3, (with Propeller Shaft

Thrust vol
‘Specd Removed), J=0.1 through'o 04




e s )
~ Pod and Hub Thrust voltage outputs from RUN3, J=1.2.




Figure 6,10 - Pod and Hub Thrust volage outputs from RUNT, J=0.7.

e discussion now shifts o the shell drag sysiem.



6.3.3 Shell Drag |
Figures 6.11 through to 6.13 show some typical resulis from the shell drag measuring

system. The idea for shell drag measurement was 1o compare s value (0 the global

thrust
response; a disinct change in shel drag value for changing advance speed is secn. In

‘additon, when looking at individual plots, one can scc how the shells drag responds to

different events during each partculartest

In Figure 6,11, the propeller wake s registered almost immediately upon starting, and as

age

S, oo SRS Vot ot g G, e r 11

Figure 611 - Shelldrag voltage oviput race from RUNS, 0= s, J=1.1

m



As with the thr shaftspeed signal

for all runs. Figure 6.12 is the same plo as 6.11, but with oaly the shell drag signal
displayed.

g ettt S (618 e 1.1

i Satn )

Figure 6.12 - Shelldrag voltage output only, rom RUN 8, n=9 rps,J=1.1.

Figure 6.13 is from RUN 1. Here the shaf speed s 12 rps and advance speed is 0.7.




S, g S S Vot ot S G2, ) o 7

Figure 6.13 - Shelldrag voliage output trce from RUNI 1, =12 rps, J=0.7.

“The discussion now tums (0 the unit dynamornete.

7



£.3.4 Unit Dynamometer (X-axis only)

As indicated in chapier 4, the focus for the unit dynamometer was the x-axis load cell

reading only.

thrust from the pod thrusts. Thes 1 possibiliies for

this. The most ikely reason i the haste with which the suthor complted the installation

Asaresult
mechanically grounded against the wave shroud.  Another possibility is an accidental

change in excitation voltage andlor gain seting on the data acquisition cards, or indecd a

mistake n the calibration process or & combination of all factors mentioned. One plot is

provided for viewing in figure 6.14. The dynamometer does respond in a way that is

for such type of



Figure 6,14 - Unit dynamometer X ais only voltage trace, from RUN 10, =9 s, 1=0.7.

It is worth mentioning that this insirumentation was successfully used in work that

s left

The discussion now switches (0 pressure transducers.




£.35 Pressure Transducers

1
was obvious while viewing the voltage outputs that these transducers are subject (0

T one hanical and electical h

elesing the carrisge brakes and staring the cariage and propellr motors, which
Someimes gty shifed th volagesfo all fiv scnsosat diffrent and unprdicable
Aimes. This caused great dificulty i detcrmining a sutble reion of stble daa for tare:
and stcady state egions of cach test. Another inflence was doc 10 the possibily of
entrapped ai bubbls tht delayed the regisiration o release of pressres cither at the

s, atest Thi

and setup of the pressure insirumentation. Finall, at ne point there was a small water

leak the aumospheric pres " through vents

entered. This was notced caly however, and the cause determined (0 be @ hose clamp
hat didn quit seal the clesr tbing o the sigot through which sl wiring exited o the
. The water was cvacusted and th seal fixed.  Allhough the chamber did not il
compltely with wter, i i diffiul to asess whether or not this leak affected the
ensors. There aretmes t whic i scemsth volage seems © have gone (0 an exreme,
as can be sce in the daa, bt volage may have changed doe 10 other undetermined

Figure 6.15 shows a plot of the cariage and propeller shaf speeds, from RUN 6 with

(GF=01, J=0.9. This plot s to be used with figure 6.16, appearing on the page following.

m



Itis a series of all § pressure transducer voltage outputs. One can sce how the pressure.

responses align with the changes i the two speed parameters.

g  Sht Spend Voo o Sl G107 e ) fr 03

6.

Figores 6.15 - Shaft and Carriage Speed voliage signals, from RUN 6, for J=0.9.
“This plotis used g

Figure 6,16 - Pressure transducer voltages,from RUN 6 with GF=01, 1=0.9.
(Appear on next page.)
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Lool

i 8t the ouput for pressure transducer 41, it appears that watr, a clectrical
problem,or i bubble, has caus the volag 10 sty perfctly constan. This was a
{ypical Kind of signal tyle. Pressure transducers #2 and 4 and 5 0 some degree have a
tesponse syl similar o the oher channels. Presur transducer #5 has cxia oise in the
ignal, which could be from the prevously mentioned causes. Pressure ransducer #3

exhibits another style that was typical in these experiments, and highlights how the

Figure 6.17 on the next page s a series of pressure transducer responses from RUN §,
with GF=16, J=0.8. Here the voliage shift s universal across all § seasors, indicating

something electrical s the cause. A problem with this type of response is that it is

Figure 6,17 - Pressure transducer voltages, rom RUN 8 with GF=16, =0,
(

ppear on next page.







“The sample plots n figure 618 on the following page are from RUN 5, GF=06 and J=0..
“This s of plots indicate a more typical behavior of the transducers as installed in these

cxperimens.

Figore 6.18 - Pressure transducer voltages, from RUN 5 with GF=06, J=0.
(Appear on next page.)
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‘The sample plot in figure 6.19 through (0 6.23 are from RUN 4, GF=06 and J=0.7.

These plots ed apuue the magitude of the

“The large spike is due o release of the carriage brakes.

P T 1 Votag oS G, e 8

Figure 6.19 - Pressure ransducer #1 voltage outpat from RUN 4, GF=06, 1=0.7.

e T £ Voge Ot G (G568 ) o 7

Figure 6.20 - Pressure transducer #2 voltage output for RUNA, GF=06, J=0.7.



Figure 6.21 - Pressure transducer #3 voltage output for RUN 4, GF=06, J=0.7.

v Tk 4 Ve ot Crve (5 e o 7

Figure 6.22 - Pressure transducer #4 voltage outpat for RUN 4, GF=06, 1=0.7.



Figure 6.23 - Pressure transducer #5 voltage output for RUN 4, GF=06, J=0.7.

“The discussion now turms to summary plots



6.4 Summary Test Data

format that i casy to

understand.

presented, along withtheircorresponding plots.
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6.4.1 Tables & Plots from Summary Data

Tables 6.13 10/6.17 are from the summary data tables in the previous section. The values

from the runs with the highest shaft speed

2 ) were used as this decreases the

percentage mage Only the. runs were

used. these tables represent rpeats, par

that changes is the gap setting.  Any cffect of changing the gap is not likely (© be

Table 6,13 compares the torque coefficient (10Kq) for 4 gap settings. Table 6.14

compares. the thrust_ coefficient (Kr) fro

the thnust as measured in the pod
instrumentaion, Table 6.15 comparcs Ky from the thrust as measured in the hub

instrumentation,

Comparieon of KTpo for Shafl Sposd = 72 5

[RON T GF_[RTooo (419-07) [RTcg (13-08) [KTrog (01 J-00)
02001 16077] oozl
wa wa

Table 6.14 - Comparison of KTy for shaftspeed = 12 rps and J=0.7, 0.8 and 0.9,

199



Comparson of Ko fo Shall Speed = 12 s

I P (P

“Table 6.15 - Comparison of KTrso for shaft speed

2 ps and 107, 0.8 and 09.

Tables 6.16 and 6.1 pod

it and propeller hub respectiely.

aron o oo o1

-a:

“Table 6.16 - Comparison of o for shaft speed = 12 s and J=0.7, 0.8 and 09

CompuTEO O e 10 ST Spoed = 12 v

O] GF [ @19=07) [rnor (13081 Tor (1097
T BT 5| 05017g

“Table 6.17 - Comparison of pxor for shaf specd = 12 ps and 1207, 08 and 0.
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Table 6. i LAp

presented in Figure 624 below.

Table 6.18 - Performance cocfficients for RUN 1, GF=11, n=3.5 .

Torque, Proplle & Pod Thrust and fficioncy
‘Coefficients vs. Advance Ratio

Figure 6.24 - Performance coefficients vs.  for RUN 1, G

00



Table 6

presented n Figure 6.25 below.

‘Table 6.19 - Performance coefficients for RUN 2, GF=11, n=7 rps

Torque, Propeller & Pod Thrust and Efficiency
Coefficients vs. Advance Ratio

Figure 6.25 - Performance coeficients vs. J for RUN 2, GF=11, 17 ps.

0




presenied in Figure 6.26 below.

Table 6.20 - Performance cocfficiens for RUN 3, GF=11,n=9 ps.

Torque, Propeller & Pod Thrust and Efficiency
Coefficients vs. Advance Ratio

Figure 6.26 - Performance coefficients vs.J for RUN 3, GF=11, =9 tps.
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Table 621 disp for RUN 4.

presented in Figure 627 below.

Table 6.21 - Performance coefficients for RUN 4, GF=06, 1=9 ps.

Toraue, Propeler & Pod Thrust and Effclency
Coefficients vs. Advance Rati

Figure 6.27 - Performance coefficients vs.J for RUN 4, GF=06, n=0 tps.



Table 6 Aplotof he datais

presented in Figure 6.2 below.

“Table 6.22 - Performance coeflicients for RUN 6, GF=01, n=9 rps.

Torgn, ropeller & Pod Theust 2nd Etfclncy
oefficients vs. Advance R

Figure 6.28 - Performance coefficients vs. J for RUN 6, GF=01, =0 s.




A plotof the data s

presened n Figure 6.29 below.

‘Table 6.23 - Performance coefficients for RUN 8, GF=16, 1=9 ps.

‘Torque, Propeller & Pod Thrust and Efficiency
Coefficients vs. Advance Ratio

Figure 6.29 - Performance coefficients vs.  for RUN 8, GF=16, 09 .




10. A plotof the data

is presented in Figure 6.30 below.

11y

osaraze
o o

Table 622 - Performance coefficients for RUN 10, GF=21, 1=9 ps.

Toraue, Propsler & Pod Thrustand d Effcincy
ients vs. Advance R:

s vs. for RUN 10, GF=21, 1=9 rps.

Figure 6.30 — Performance coefli
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Conel future wo

sated in the next chapter.
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GHAPTER 7 - CONCLUSIONS & RECOMMENDATIONS FOR
FUTURE WORK

INTRODUCTION
7.1 Conclusions & quipn
Overall, the equipment did produce resuls that were in keeping with similar type tests.

Propele apens testing s routiely cared out 10 produce characteisti curves sch as
those displayed in chapier . The propele torque and pod thrust yelded esuls typical
ofsuch ests. The more novel nsirumentation etups such s gap presure, el dag and
propeli hub thrut yiekded rsuls tht indicte more inestgaton and development are
vequined o fine tune any measurements. The ap disance seing mechanisim and abily

1o change the outer shell geometry worked s infended.

“The wave shroud assermbly was most likely not working s intended, and seems 1o have

meter. 1t was reco

interfered with the functioning of the unit dynar ed by the

author afer the commissioning tess (hat a new wave shroud design be implemented.

The belt drive system was successful, despie some limitations during the nitial testing.

After the iniial tess, the author carred out a survey of the alignment surfuces of the

peatbox mounts and determined that these caused the bell problems. 1t was fixed and

2w



alignment issues with the beltsolved. Some time afer, for another st oftests,the drive:

case was redesigned to lower the bending stress of the bel as it passed over the lower

pinch rollers. The entrance and exit angles were reduced and the roller diameter was

increased. These changes increased the bel e

Other general conclusions are listed below:

“The pressure transducers should be moved out of the pressure sensing platc and
farther up the strut, connected by stainless steel refigeration system grade tubing
with silver soldered joints. Allenatively, the pressure sensor setup may benefit
from the selection ofa type that doesn’t require an atmospheric vent at al

“The use of an off-he-shelfload cell may not have been the best choice for the hub
nstrumentation. It was good for the thrust measurement i the pod assenbly, but
caused much gief during the design phase. Had a sisin gauged clement been
used, water proofing would have been s rlatively simple as with th torque. In
o
applying torgue 1o the assembly, with the aditional problem of supplying power

I, the task of fiting a sensor and solating the required forces, while

and obiaining a voltage signal was very difficult o accomplish, Keeping water
ot of this assembly added another level of complexity.  Designing the hub
assembly

futue,

Although given a great deal of atintion during the design phase, wiing
considerations in future designs must be given even more attention. 1t might be
posible 10 use EDM processes to minimize impact on the design if he tooling.

required (o produce a part s ot such a consideration, especialy in the propeller

shaf




7.2 Conclusions & Recommendations on Calibrations.

include the following:

Some conclusions on thes fest

1. I the foure,
been calibrated. This will involve the design and fabrication of extra jigs and
frames o provide the correet loading (o the et apparatus

2. Dynamic calibations might lso be considered

3 Afulland pod
and torque 1o e cross checked. in adition to allowing an understanding of the

shell drag response and functionality.

I Conclusions & Recommendations on Data Collection & Processing

n. main conclusion the author makes on data collection and processing is that it is

st o derive an automated method of processing collected dat from experiments,

s will make it sgnostic plots of the fest Just conducted as &
way of gauging whether or not there are any problems. A specific example of this is in
I response time of the hub thrustsignals. A possibe and probable reason forthis is the

1<t that the space between the end of the propeller hub and the hub taper angle adapter

ing assembly the author proceeded on the side of

was filled with excess grease. Dy




cation and decided not 10 remove the excess grease from this space. The effectof this

" I

LabView™ ora

of this complexity and number of data chanels.

T other general ecommendions arc

1. Consider using one data channel 10 sample the excitation voltages. Monitoring
the excitation voltage will help in determining whether voltage drif is due to
changing excitation voltages or other reason.

2. One might also consider running pressure ransducers, o indeed the entre set of

instrumentation on bateres o minimize clectrical noise

CLOSING REMARKS.

1« desgn of
it the help of a great number of kil persons 1 accomplish. The suthor was
e 0 have been involved in suh a prject and to have worked with a talenicd
100D of people capabe of camying it out. The projects gosls s st forth insection 1.3
were ity met over the course oftisthsis work and the tesing tha was carid ot

o others using the instrumentation in subsequen fesearch. ‘
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Appendix A - Factory Load Cell Specifications

The firs st o the prop and pod
(#2199 and #2198)

Propeller hub thrust load cellspecifcations.




Pod thrust oad cellspecifications.




]

This data sheet i forthe 50 1 shel drag load cell.




Factory load cell calibration data for Global Dynamometer load cel 1




Factory load cellcalibration dsta for Global Dynamemeter load cell2




for Global 3




Factory oad cellcalbration data for Global Dynamometer load cell 4




Factory load cellcalibration data for Global Dynamometer load cell S




Factory load cell calibration data or Global Dynamometer load cell 6
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Appendix B ~ Material Properties.

203 Stainloss Sl

Physica Poperies Motic Engheh Comments
Density 8.0 gce 0.2 i

. Proprtios Metrc Engish Commerts

cngaton a Break 50,0% 50.0% in 80 mm
s iy 163 GPa 26000 ksi tension
Poissons Rtio 0,250 050 Caculated

Shoar Modukus 77.2 GPa 11200 ksi
ElacticalPropeios Mot Englsh Comments

ElocticalFosisity 00000720 hmy i 00000720 ohm
Magnetc Parmaitty 1,008 1,008 a AT

s



#0C Stainloss Seal

hysica Propari Mot Engish Comments
Densiy 7,00 gcc 0282 i’

‘Fockwel C 580580
Tonsilo Srength, Utimate 1750 MPa 254000 psi
Tensile Srength, Yied 1260 MPa 186000 ps
Elongaton at Break 400% 400 %

Modus of Elastiiy 200 GPa 29000 ks
Chapy Impact 1904140 1.

Mectanica Properties Mt Englsh Comments
Harass,

Tharmal Properies Wetric English Comments
CTE, inoar 20°C 10.2 mim C 5 67 i om 0:100°C (32:212°)

“Tomporature, Al
815 °C 1500 F btomitant Sonice




17400

s Prpris ot Ergh ammen
Densit 7.80 giec 0282 in®

Mocharical Properes Metric Engish Comments
Hardoss, Fockwell G 46.0.45.0

7.00% 7.00% i 2 nches.

Elecrical Poparies et Engfish Comments
Elactical Resstty 0.0000770 chn-cm 0.0000770 o

Thrmal Propetes Metric Englsh Comments

TE,Inear 20°C 10 nim-"C 6,00 ininF 21 10 90°C
117 i C 650 uninF f0 427°C

SpctcHou apacty 0460.fg-C 010 BT P

Thomal Conduc

Tonpuar 3G 14 BT

©Tomputrs 30

[ ——
@Temporature 900°F




Appendix C - Strain Gauge Specifications.

The g o his et iy despred o mewe i de oo
e Each gaug clement s wo separ guges, hus woaeusd fo ol b
configuraion. Specificatons are iven below.







Appendix D - Factory Pressure Transducer Specifications.

P 123,485
respectively).

Pressur transducer #1 (R=15.575 mim (0.625")).
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Pressure transducer #2 (R=20,6325mm (08125")




Pressur transducer #3 (R=25.4mm (1.000"))



Pressue transducer #4 (R=30.1625 (1.1875")




Pressure transducer #5 (R=47.625 (1.375")



Appendix E - Renshape 460 Properties

REN SHAPEe 460

MODELING BOARD

thermal oxpansion

materias. Ren

of materials s

? Suporior reproducton of intica dotall

prtotypes and

Tolng
3 and tures

ACCESSORIES Hatched Adhesive Repair Paste
olde 100
or P 6465 UnraFast
TOT 177-119 R
or Fen Patche 440
TYPICAL PROPERTIES" ASTM Method Cure Value
Color VisualLght brown
Gy, b g Drs2 48 0.77)
Hardness, Shore D D-2240 64
UtiateFoxualSvargh, g 07903700
Flecural Modls, ps
G Tensto Sranat, bt .63
ooy OMA E- e 210 (168
Gonprsse Srangh, 02% ol g 0605 2200
Gompressive Modt
ool Tremmal Exnlnsmn ety
221086, i 29.9%

5013 30, minC 530 x 106
 Tested @ 77°F (26°C) unless thervis noted.

. o ot i 1 Pt g Osgra.

oo 1 g bl 0 mn P Sl s Cabalt
Fovoing- 515 b End 21t G

Eaing 1 decp leming 0 ooz s ot

P8 e i




oty Bty

Ve b gt

Modeling & Styling Boards
distributed by Freeman Mig & Supply Co. 800-321-8511




Appendix F - Retai

ing compound specifications







Appendix G 5 hp Baldor Motor Specifications

Product Overview: M3615T

Cotsog mbers 436157
Dnscrptions | SHB17SORPML IO GONE 8T ST




AcHotors |

General Purpose |
Specifications: M3615T

[Catalog Number: Wa615T
Number: 366784T846H1
B
208-230/450
: 50
Phase: B
Full Load Amps 15.4-14.2/7.1
Usable at 208 Volts:
: 1750
1847
r1s
40C AmB-CoNT
X
0
Insulation Class: F
Full Load Efficiency 1 7.5
Powar Factor: 75
Enclosure: rerc
\a.lam rw-- 3633M
: 206
[opE lnmm 5205
| tectrical Specication Number: 36WGTB46
‘iachanical Humber: 507!
|Base: RG
Hounting: Fr

* For certified inform:

ion, contact your local Baldor office.



Appendix H - Gearbox & Lubrication Specifications.
‘The gearbox chosen s a Hub City Gearbox. The part number is 0221-05041.

This gearbos had to be ordered with a vertica input shaf, and thus this shaft s its own.
setofsesledad rictedberings. Maienancof the et inludes pplicationof
rease via the grease nippl, as wel s topping up the main gearbox lubrication reservoie
S gear o of the ype apeciied bl The dive rato s 31

AL 00N LIRS




APPENDIX | - Drive Belt Specifications

Thediv bl sl i of type T, polyrtane st cordeinorst, The el rtered
A0 o s widscvmerm vl o ock Drive Products




APPENDIX J - Bearing Specifications

Main drive gear bearings e part number JA-030-CPO, from Kaydon Bearings.




APPENDIX K - Tachometer Generator Specifications

The tachometer selected is TYPE SB-T40A-7. Sce catalogue page below




APPENDIX L - Slip Ring Specifications

‘An' conductor slip ring and one piece brush block was selected. Part umber 1908,
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APPENDIX M

INSTRUMENTATION MANUFACTURE

1 Global &

1.1 Inner
1

1:
1.4 Mast Base P
1

1.6 Flex Li

2.1 Propell
2.2 Propeller Hub Thrust Instrumentation Manufacture -

3 Pod Shell

4Prope
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INSTRUMENTATION MANUFACTURE
INTRODUCTION

“This document presents the fabrication of many of the parts of the insirumentation

package pictorially. I reprsents an enormous effot in scheduling and adherence o
seometic tolerances i a reatively short time period (0 produce the vast number of
inticate parts requird. The onder depicted docsn't represet the chronologial orde of
parts manufacture but rther a oder a relaed to ach subassembly, starting with hose
ofthe global dynamometer and ending with some of the more interesting pats of the pod

instrumentation.

1 Global Dynamometer & Associated Parts Fabrication
“The main structures of the global dynamometer were made from commonly available
imild steel plate, solid ound bar and box tubing. Mild scel is easy (o weld and machine

and exhibits high strength and good corrosion resistance when properly prepared before

puinting. Lightening holes were included 10 offse ts elatively high densiy. Aluminum
plate and various solid sections were sed 10 fbricate some componenis where strength

was of less concen.

1.1 Inner Pod Strut Manufacture

Figures 110 25 show the various stages of manufacturing the fnner pod suut.  This

component connects the pod unit insrumentation o the dynamometer lve end masts and

w



s composed of separate steel pieces welded together and then machined as an asscrbly.
Some pre-machining was carred out before welding o complete several of the part

features.  After macl

. the sinut was sandblasted and coated with an industrial

corosion inhibiting puint, given that this component will be immersed in water for

extended periods oftime.




Figure 1 - Steel blocks for dler pulley

Figure 2 - Gearbox mounting plae,
squared and ready 1o have
other features machined.

Figure 3 - Main features nearly finished.

Figure 4 - Test fit-up o inner stut tube.
(Note drive beltand gearbox

side mounting plte st fit)

9



Figure § — Completed main pod mount
‘and pulley ensioner blocks.
(Note installd id

Figure 6 Test ftup of main sirt
componens.

Figure 7 ~ Tack welding of idir pulley
pivot poinis and main plaic

Figure § ~ Tack welding of main pod
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Figure 9 — Main srut tube siffener plates.

Figure 10 - Main strut gusset fi-p.

Figure 11 - Completed main pod mount
weld

Figore 12 - Ready to finish welding on
assembly



Figure 13 - Welding of wbes o
gearbox plates complete.

Figure 14 - Completed pod srutsssembly.

Figure 15 - First machining step,checking
of machining
it stock availabe.

mes welding will warp
mbly, s was the case

Figure 16— A 30 ton press was used to
coect the misalignment
efore fnal machining.




Figare 17~ Dialing i the reference

point for inal machining.

Figure 18

e marks machined

Referen:
w0 allow coordinates to

pldked op it bt
setups

Figus 19~ lgamen e o ouing
plted. These il

ensure that all
ke s et
mometer load cels are cxact

and thus load calculations can
be

Figure 20 - Partrotted, picking up refer
e marks for the next machining

opention. Noe ht hemounting
holes and

Thes ols o srfocs wer ined
alater dat.

3



Figore 21 — Finish machining of the belt
ensioner pivot points. Note
hat mostof the material had
been removed prior o welding.
o strut assembly.

A close-up of his operation.

3 Final machining set-up to
complete mounting holes, faces
and pivor shaft holes

Center drilling mounting hoes.
oreground to

ote support i
prevent vibrations during
machining,



Completd Picce

AS noted in figure 20 the mountng holes and surfuces for the gearbox mounting plates

were mistakenly machined prior o welding. This caused a slight misalignment between

pox output shat and the propeler shat Upon sarting the drive
system forthe firsttime this slight misaligament allowed the eeth of the drve belt 10 ride

up on the teeth of the ge

box output shaf gear, Because the bell i & high srength steel

d reinforced polyurethane construction, the momentary effective increase in pulley

 distance caused several of the strands 10 break, thus limiting the torque

hat could be applied during the initial esting.



Figure 26 - After machining, the pivot
shafts were est it i their
bores

Figre 27 The et ks
pulley were test it next

Figure 28 - The gearbox and bel

Figure 29 - Unlike the gearbos. bot
ulleysae signed comecty
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re 30~ Finally the drive
beltare test fit

« pulley

Figore 31 - Compleed inner pod srut.

Figures 26 10 30 show the finished piece being test it with various components of the

drive bt system. Figure 31 depicts the part after sandblasting. 1t was painted shortly




1.2 Strut Support Masts.

The next components (o be discussed are the two masts allowing the inner pod srut 10 be

connected o the live end of the global dynamometer as well as the motor mount plate and

bracing. The mast subassemblics are consructed of siel because they must cary the
bending loads induced on the dynamometer as the pod unit moves hrough the water in

the test tank. The many lightening holes are drilled to reduce the mass that must be

carried by vertical (7

directon) load cells in the dynamometer. The small x brace frames

that form the rgid structure surrounding the motor increase the moment ofinertia of the

main masts without adding asignificant amout of weight 0 the system.

Figures 32 t0 43 show the mast abrication details while figure 44 shows a test fit of the

mai mast and strut. These subassemblis were also welded frst then machined after.

the e for the
A sl king
i forn e main

re 33— The frst st o lightening
Holes milled in top surfce.




Figure 34—

Figure 35

Figure 36

Figure 37

Plenty of coolant ensures an

Al pats for
machining

Fitup of parts prior to
welding.

Welding nearly complete.



Figure 38 - Welding at the base. This

plat increases the bending
srength of the inner pod srut

Figure 39— Completly welded support
mast,

re 40— Setup ofthe main mast
Tor millng.

Figore 41 - Facing the moun
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Figure 42—

Figure 43

Figure 44 — Test fiting the main mast 0

261

Firs side of main mast iished

can release siresses causing
bending of th siructure.

“The final machining of the
main mast complted.

cr pod st



1.3 Motor Mount Plate

The two masts act as supports for the motor base plat. This plate s made of aluminum

and contributes (0 the weight savings of the structure.

Figure 45

45 and 46 show the machining of the plte

Figure 46

Figure 47 shows the motor test i, figurc 48 shows the plte supported by the masts.
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Figare 47— Moo test fit.

Figure 48 - Test ft of motor plate 0 masts.
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1.4 Mast Base Plate & Supports
Completing the connection of the pod support siuetures 1o the live end of the
dynamometet i the mast base plate and supperts, cenr azimuth spacer and the azimuth

angle setting plate. Figure 49 shows the plate stock for the mast base plate and mast

Figare 49— Stcel plte sock.

Figures 50 t0 53 shonw the various stages of producing the mast mount plates

and 55 show the completed mast bas plate. Al these companents were fce milled with

a insert holding face milling cutier o produce the finish,
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Figore 50

Figure 51

Figure 52

Figure 53

25

Facing the mast mouns.

Drilling mounting hols.

Milling lightening holes

Milling serew head counter-
bores



Figure 55 - Bottom view

Figures 56 and 57 show the stock used (o machine the mast center azimuth spocer and
Jive end center spacer respectvely. Large pieces were used 10 allow adequate bolting of
the joints and extra material in the event of needing 10 modify the sucture 1o

accommodate bearings for dynanic azimuth motion of the pod unit

s 58 10 62 show the wiming of the live end center spacer. Boih

NCla way. Reliefs
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Steel round stock for the mast
azimuth centr spacer

Figure 57 - Steel round stock for the
dynamomcer live end center
pacer.

Figure 58 - Boring the intemal diametcr

Figure 59— Checking the intemal bore
diamer
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Figure 60~ Turning the outer diameter o

- Machining the rlifs,

Figore 62 - Both s ompleted except
Tor treaded mounting holes

Figure 63 shows a tes fiting of the center spacer.  Figures 64 10 66 depict pping the

threaded mounting holes. Figures 67 a Jow st i of the mast mounts 0 the.
base plate. Afler this step, all companents were sandblasted and painted 10 protect them

from corrosion. Figure 69 showsa test assembly of the painted components
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Figure 63 - Test

of spacer o base plae.

Figure 64 Set-up to drill and tap mount
holes

ing

Figure 65 - Bottom tapping holes f
C appi
P

ing with CNC tapy
Hhead attachment. Decy

pping in stcel with o
tapping head runs the risk

of breaking the tap. Finishing.
by hand prevens (reduces) this
ris.

e 66 - Tapping completed on live end
spac

20



Figure 67— Test fit of mast mounts o base plte

i
Figure 68 — A close-up o the fit before mounting holes dilled.
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Figare 69— Test assermbly of masts and base plate

ting



The last componen of the mast support structure 1o be manufactured was the azimuth

angle seting plate, shown in igure 70,

Figure 70 - Machining the azimuth angle
setting plte. This plate lso.
supports the weight of the
entire pod unit assenbly

1.5 Dynamometer Live Plate Components

Next, the global dynamomete live end component fabrication is discussed.  Figure 71

shows the 4" thick steel plat stock that is used for both the upper and lower live platcs.
The hold down slotsin the table of the CNC milling machine were measured during the

design phase 5o that  hold dowen patter could be incorporated into the plae desig, thus

Jso 10 be used in

& i (these holes

making the plate also serve 4 its own machi
the future should a drive system be installed for  dynamic azimuhing sysiem). To
fbricate this par, first the bole pater was machined complee with @ shallow
counerbore. This allowed a cylindrical stand-offspacer 0 be placed on the tabe and
then the plate placed over the set of stand-offs. This prevented any natural deviations in

the platc from inducing any sress during laer assembly, given that the counter-bores

machined with the plate in a reaxed stte. These sieps are imporant n producing

an aceurste dynamometer. Figare 72 shows a side view of the support sand-off.




Figure 71 - Live upperflower plate mounting detils.

Figure 72 - Stand-offs form pat of the machining ji for this part production.




Figure 73 - The live plate a viewed in MasterCAM™ toolpath generation software.

Figure 73 shows a typical display seen while a part machining program is being

generated. Figures 74 and 75 show the machinin

in-progress. Essentially this operation

mill & seies of sufuces to which all other components are atached. Because the plate is

firmly attached 1o the bed of the milling machine, all levations are ¢

mely accurat.
The symmetrical nture of the jig design also ensures that the elevations of the plte are
accurate from one side 1o the other,  task that can at firs seem trvial but in practie is

diffcult o carry out on flexible members or subassemblies. Figure 76 shows the

completed lower live plate. The upper live plate was machined in the same manner.
Figure 77 shows the plate stock. Figures 78 and 79 show the milling of lightening holes
in the upper live plate.  Helical milling was used here by the addition of a Z-feed

command in the NC code program. This drasticaly reduced milling time.




Figure 75 - A closc-up of bove.



Figure 4.77 - Stock for the upper lve plat.
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‘When both pltes were finished, the surfaces were cleaned and then painted. The edges

of all holes were p

cd first, then the top and bottom surfoces.  Figure 80 shows the

edges ' painted, figure 81

Figare 80 - Painting of the edges of the holes.

Figure 81 - Final coat of paint added.

m




s of the lve end

The live pltes are separated by aluminum spacers. These compos
\ Separate the steel plates thereby increasing the moment of incrta of this assembly.  As

with the steel parts, as much material as possible was

ved 1o reduce the weight
carried by the Z direction load cells. Figures 82 and 83 show the stock from which all

iiffeners were manufactured. The material is T6061 14" aluminum plate.

Figure 82 - Aluminum plate stock.

Figure 83 - Aluminum plate sock

m



Figure 84 shows th fist operation in preparing machining blanks for the siffeners. The
dges are being squared up with a fly cutir using power feed on the manual milling
machine. Note the hydraulic vise and airmist cooling of the cuter i, a very effective

and efficient machining method.  All blanks of cach type were machined in one set-up o

save time and ensure tha al picces had the same height, Figore §5 shows a sife

the CNC milling machine. The stiffener designs were kept o four variations o save time

inthe progeams had all 22 pars.

85— CNC stage of siffener
fabrication.

These parts also afforded the oppartunity o tweak the cuting (ool fedrates (o decrease
the time required for cach siffencr

Figure 86 - Finishing threaded holes
an automaic tapping head
atachment. Note the long.
sl sind oo he fof e

reventsthe par from rotating
\huuld it be grabbed by the
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F “The pilot holes were completed in the CNC

re 86 depicts the thread finishi

milling machine. Figure 87 shows the test fiting of nearly llth stiffeners.

Figure 87— Test fitof stiffeners.

The last component to connect the upper and lower plates of the live dynamometer

assembly s the flex link cage. This aluminum component adds stiffness and protects the

Tower end of the flx link from accidental bumping. Figures 88, 89 and 90 show the

production of these 3 pieces. When finished, all of these aluminum parts were painted

with a cear coat 0 proteetthem from the high humidity levels of the test ank.

re 88 - Millng a cut-out 10 allow
aceess 10 the bolts of
Tex link mouns.

Figure 91 shows nearly all aluminum parts i test fit with both steel plates.  Serews
were tried in random hole positions o ensure thl the assembly could proceed when all

parts had been painied.



Figure 89 - Two milled picces and
blank for thin

Figure 90 — Completed with tapped holes

Figure 91 - Test fiting aluminum picces between steel laes.
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1.6 Flex Links.
The discussion now tums (o the production of the fle links and their mounis. These
components ensure exact placement of the axs through which the forces act on the

dynamometer load cells as well as ther loading limit. Dimensionl checks were even

more stringent during the fabrication of these components. Figure 92 shows the 174 PH

ainless steel blanks with the force transdicer mounting threads macl

4. A class H2

fit was employed with these threads o prevent vibrations due (0 excessive clearance

e oad cell mounting stud and the thicads. Extra care was taken 10 ensure that

o debris from the tapping operation remai

ed in the hole. This prevents binding of the

parts due 10 the sicky nature of sainless steel threaded components.  Figure 93

Shows the machining setup that produces the flats allowing a wrench 10 be used in the

adjustment and final ighteni

ofthe lex link. Figure 94 shows the completed hex head

onthe load cell end of the flex s

Figure 92 - Flx Link Blanks

%



Pige=3.-Mllngwrch s g
amanual head.

Figure 94 - Completed hex head on load
cellend of lex link

jgurc 95 - Stud end hex completed

Figure 96 - Setup i the CNC lahe
e st s end o e
flex link.

)



Shown i f

ore 05 s stud hex,

of the flex link allows installation withou stressing this c

mponent or

Toad cell body

in torsion, which is important for longevity and preventi

g incorrect loading that could

Tead o pr

ature or unexpected catasropic filure. This completes the manual aspect

of prepar

g the flex link blank for final machining. Figure 96 highlighis the rlative
placement of the blank in the chuck of the CNC lathe. Stability while machining a flex
link s always a problem, it resuts from the one or two small diameter areas of the

component and minimizing the overha

s of the utmost importance. Figures 97 and 98
indicate the close proximity of the tool holder o the chuck jaws during the threading and

ek down operations. Note alsothe tailstock i figure 97.

Figure 9 - Minimam part vt
sures maximum stability
Goring machin

re 98 - The diameter of the necked
down area of the flex link s
ertica,







Micrometers were used extensively during the manufacture of all flex links as shown in

figure 99. A close-up of a completed neck down arca s shown in figure 100, Note the

exceptionally smooth transitions between the threaded length, radii and necked down

arcas. Figure 101 shows several flex lnks prior to machining the second necked down

area. Note the nut used 10 test the thrcads.  Figures 102 and 103 show the load cell

end of the load cell and the dimensional check of the necked down area. Note

percentage of srap pieces would result from using manual methods 0 produce

2 flex links

such a picce and that no parts were discarded during the machining of the

for this project. Shown in figure 104 s the jig (being removed) used 1o prevent damage
10 the stud end of the lex lnk a the load cell mount end s machined. The delrn disk
was machined to a diameter slighily smallr than the bore n the chuck and then mounied

10 the stud before being inserted into the chuck’s stock receivi

ube. Figure 105 shows

the completed flex lnk being test fitted 0 one of the dyna S six 1000 Ib (44482

) button load cells.

Figure 101 - Flex lnks ready for las machining op

w



Figure 102 - Load cell necked down end

Figure 103 - Checking the critcal diameter



Figure 104~ Flex lnk machining g

Figure 105 - Completed flx link mounted to 1000 I (448.2 N) buton load cel.
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1.7 Heat Treatment of Flex Links.

Figares 106 10 110 show the heat treament process of the flx links, which is the final

Stp in their production. The heat treatment was carried out to H-900 specifications,

which is hating 10.900° Ffor | hour then allowing t0ai cool a room temperature.

e 106 - Flex Links prior to heat
.

Figure 107 - The heat reatment oven
ocated i the materials
ab, Faculy of Engincering
and Applied Science

Figure 108 - The temperature specified for
an H-900 heat treatmen of
174 P
o0

inless st s
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ure 110~ Twwo complete flex lnk sets aftr heat treatment

1



Aftr heat treatment, a hardness st was carred out on two test samples. One sample

was subjected 10 the same heat reatment procedure as the flex links. The test samples
were taken from the same stock as the flex inks. Figure 111 shows the sample and the

indenter used in the Rockwell hardness test. Fig

res 112 and 113 show the sample and
reading of the test on the ‘as-received sample. Figures 114 and 115 show the heat
reated sample and hardness reading. These resuls indicated that the components had

een successfully increased in strength

Figure 111 - Sample and indenter for the Rockuwel hardness test for 17-4 PH SS.

B



Figure 113 - Hardness reading for the “C" scale
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Figure 115 - Hardness reading for the “C” scale
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1.8 Flex Link & Load Cell Mounts

“The fabrica

on of the flex link and load cell mounts will now be discussed. These parts

were manufactured using the CNC lathe. The following photos show the parts at various

Stages beginning with figure 116, which shows the hexagonal bar stock used in the
manufacture of the load cell mounts for the X, ¥ and Z reference frame positions.
‘Where-ever possble the component’s design uilzed available stock material sizes, in

this case it was hexagonal bar stock. This kept manufctuing

Figure 117 shows  close-up ofthe nearly competed load cell mount. Figure 118 depits
il six completed foad cll mounts. Figure 119 displays a y-axis fle lnk with load cell
and its moun. Figure 120 shows thread cheeking using the three wire techniqe. This
method was used o al component treads.

Figure 116 - Hex stcel bar stock

Figure 117 - Z-load cell mount nearly

completed.




Figure 118 - Completed Load Cell Mounts

Figure 119 - Y- Ais load cel, mount and flex link
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This marks the end of the discussion on the fabrication of the global dynamometer. The

discussion now shifts o the pod insirumentation manufactue.



2 Pod Instrumentation Component Manufacture

“The fabrication of some of the major insirumentation package components is now
discussed. These components were machined with rlatve case, but generally required

more set-up time because of ther ntrcacy.

2.1 Propeller Shaft Manufacture

of

pe,especially the

deep drllng of the passagesway through the shaft’s center.

‘Manufacturing began with tarning the shaft blank from the 76.2 mm (3%) dsmeter ound
tock. During the first setup the shat ength, gauge arcs, wiring passgewsy, o-ring seal
mounting grooe and hreads for the atachmen of the propeler hub insirumentation
festures were machined.  After this step the seal area of the shafl was polished with &
super fine wet sanding paper and then a polishing compound. “Thi scp was carid oot
‘whie the part was stil i the e, Figare 121 shows the seal nd of the propeler shaft
blank. The drive surfaces for the transmission of torque were machined next. This
operston was complted on the CNC mill while the part was mounicd in a thre jaw

chuck. Aftr this siep the shaft was re-mounted so that the features in the opposite end

Figure . The chuck had




Figure 121 - Propeller shat blank

allow the torque 1o be transmitied from the drive gear 1o the shafl were drilled and

reamed 1o size. The elearance slots for the halls and ball cage were alo milled in this




Setup. This step was carried out last, and completed with an end mill. Figure 123 shows

drllng of the rod holes. Figure 124 shows the part aftr the ball clearance slots have

been milled. Notethe dot used for timing the last steps ofthe shaft manufacture.

Figure 123 - Drilling of the rod mounting

00



Figure 124 - Completed rod mounting holes & ball c

The next s

of steps to be carried out finished the propeler shaft. The holes that
allowed the wiring 10 pas from one location to another were machined. The 635 mm

(114") hole through the center of the shaft hd been competed during manufacture of the

Blank. To complete this passageway the entrances and exits intersecting this central

passageway had 1o be completed. Figure 125 shows the setup for this operation. The

angles of the inersecting holes were selected 1o be iteger numbers during the design
phase o alloe an easier setup procedure. The angled tble was set up 1o the correct value

and then the shaft center lne diald in. Figure 126 shows this operation. Several points

that the shat was mounted on a plane paralel t the X-axis of the
manual milling machine. When the setup was complete an end mill was uscd 10 produce

& Ml foce that would alow & enter drill 10 b used 10 produce the hole for the propeller
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of steps.







The next operation on the propeler shaft was driling the wiring

passageway. The shaft was removed from angle plate and mounted in an indexing head

that had adjustment in angle from the bed and rotation of the chuck. The dot machined

b was used as the p rotation »
for drlling the holes as before was carred out and is depicted in figure 130 (0 132

Figures 133 and 134 show the completed holes. Figure 135 shows the completed

propeler shaft. The hub instrumentation manufacture i discussed next.

¢ head for milling of the statin .

Figure 130 - Shaft mounted in an angled inde
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Figure 133 - Final wiring entrance holes.

Figure 134 - Final wiring exitholes.



Figure 135 - Completed propeller shaf.

2.2 Propeller Hub Thrust Instrumentation Manufacture
The propeller hub thrust instrumentation assembly consists of 7 major componcnts,lsted
below,

seal adaptor
T taper angle adaptor

reference by

ball cage

propeller mounting adaptor (ive end)
drive rods

had 1o be

Several of these had several challeng

accounted for during the design process o ensure 4

Successful part manufacture.  For
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example, the revolved profile of the sealing section of the reference buse had 1o be

s i lathe's

Jing surf

Key in the development of ths aspectof the design. A similar consideration was made
when designing the drive faces, which ar inema in the case o the reference base. 1
had 10 be ensured that the tooling could b uiized in such a small space and at such
depths 10 et the required ikt radius between faces. The remaining dificulty was in
wilzing mulliple setups.  Care was taken o ensure that orenttion changes during

g were minimized.  As another example, achieving the desired dimensions in

Some matrial is not so trivial, given  certain desired geometry and the method used (o

“This became evident with the ball cage, which has the important function of

allowing installation of the dive blls 0 occur. Without this component there would be
almost no procedure 10 facilitae this action. o allow this function, the holes had t0 be
tight enough to hold the ball, but yet notso tight s t induce fricion i the sysiem. The

author sought to produce a design that allowed th

very lght rip that would allow

holding of the balls to oceur, yet also allow the relative positioning of the balls when

installed so a5 1o comectly disribute the load without introducing excess friction. To

llow this 10 happen, some experimentation had 1o oceur s the delin material used in
his component does not yield the size of hole of the drll bit sed 10 make it T this case,

sing & 6.4 mm (0252°) dril bt was suceessful in producing a hole with the slghtly

smmaller than 6,35 mm (0.250°) diameter required. “The smaller hole s a resul of the

material being deflected slightly during processing. In the end, the desired result was




produced. The bal cage held the ball elements quite wel, bu did not add a considerable

magnitude of friction o the sy:

“The depiction of the part manufacture begins with the seal adaptor. Figure 136 shows the
scal adaptor s it s being parted off from the stock from which it was made. Figure 137

Shows the part being sct up to finish the other side of the blank. Figures 138 and 139

show both sides of the inished piece. Note the smooth finish on the inner bore tha will

become the sealing surface for the inner part of the propeller

Figure 136 - Pating off operation.

Figure 137 - Setup for the back face.
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Figure 138 - Mating face side of the seal adaptor,

Figure 139 - Seal hore side of the seal adaptr.

Next to be discussed is the hub taper angle.  As discussed in the design chaper, this

component s made from bronze and failitates the isolation of any efects the

pressure may have on other readings.  Figure 140 shows the intal stup of the tu

operation of this part’s ms

e, Figure 141 and 142 show the completion of the
blank. Figure 143 and 144 show the setup and nearly completed mounting hole patern.

The countersinks for the #3-40 screws were completed last
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Figure 142 - A side view of the completed blank.






is the refer

base. The utmost care was taken in machining this component as the smoothness of the
thrust decoupling joint depended upon the accuracy of all features in this part. The first

Step consisted of tming the outer diameter of the 303 sainless steel round stock 1o a

Known and true cylindrical surface. This blank was then mounted (0 the bed of the CNC

milling machine in a three jaw chuck. The first operation in this setup consisied of

drillng and reaming the holes for the drive rods. Then clearance slot for the balls and

ball cage assembly were milld. Figure 145 shows the blank in the milling machine setup.

doring the driling cycle. Figure 146 shows th millng of the clearance slts. Afier this
Step, the part was seup in the CNC lthe, The seal hoding grooves, inner bore for the
propele shaft and retaining nut, as well a5 the remaining ovter diameters for the hub
taper gl mountng surfaces were machined in this seup. Figure 147 shows a check of

the retaining nut bore diamets

Figore 145 - Drillng the rod mounting positions inthe reference buse blank.



£ ofthe retaiing nut mounting location.

147 Checking the bore diar

Figur
After this step the reference base was parted off and the back face completed to give a
smooth finish, as this face will form part o the fixed face of the propellr hub facing the

end of the pod. At this point the fit of the stinless steel rods was checked in cach

position, as shown in igure 148, The ft of the hub taper angle adaptor was also tied as

Shown in figure 149.



Figure 148 - Checking the ftofthe drive rod stock.

Figure 149 - Checking the it of the hub taper angle adapior.

At this time the orings were fabricated and test installed. then the scal adaptor was

installed and tested for ease of mtion. Thisis shown in igure 150 and 151



Figure 150 - Test insalation of the o-rings used 10 seal the hub instrumentation

Figure 151 - Testinstalltion of the seal adaptor

At this point the reference base was again mounted into the milling machine in & thrce

jaw chuck and the final drive features machined into the back face, as shown in figure
152. The o-ring installation taper was also machined at this time. This picce was then

weaded

Nipped over and mounted one final time in the 3 jaw chuck. In this stup, the
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mounting holes for the hub taper angle adaptor were machined, as was the clearanc slot

forthethrust load cel wiring, s seen in figure 153, This completed the reference bas.

Figure 153 - Completcd part after milling the wiring clearance slots and dilling the
hreaded mounting holes for the hub taper angle adaptor

A discussion on the bll cage manufacture now follows.

Machining the ball cage commenced by wming and facing a suitably sized picce of

Delrin® material The blank was then mounted in the 3 jaw chuck on the CNC milling



vidual mounting arms o the cage were machined as pockets, then the

component was parted off in 4 manual lathe

(0.252°) diameter dil it to prodce the required ft for holding the drive ball lements,
as discussed earler. This completed the part. Figures 154 through to 158 show the

manfactr

& process.

Figore 155 - The milling of the ball cage holders
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Figure 156 - The nearly completed part

Figure 158 - Test it of completed ball cage o reference base
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The next component o the b instrmentation o be depcted s the propeler mounting
adaptor. This s the live end of the instrumentation sub-assembly to which the propeler
is mounted as wellasthe live end ofthe thrust load cell, Manufacture of this component
ared with tuming a blank of type 303 stainles sicel on the CNC lathe, then finishing

on the CNC milling

sachine.  As with the reference base,

nenis between setups

cal 1o cnsure the successful operation of the thrust decoupling joint and smooth
ransfer of torque 10 the propeller. Figures 159 through to 164 show the manufacture of

Figure 159 - Tuming the blank for the eference base

Figure 160 - Machining the counter-bore face tha holds th load cel jam .



Figure 161 - Part with drive rod, ball clement clearance slot and fastener holes.

Figure 162 - Part withall counter-bores completed.

Figure 163 - Test fitof the sal adaptor o the propeler mount adaptor.



Figore 164 - Completed part with wiring space slos, and a test fit of drive rods.

15 of the hub instrumentation t0 be discussed are the drive rods

The drive rods were simply cut 10 length and then modified by the

addition of a #4-40 thrcaded hole in one end. This allows the rod o be extraced easily

d out, During the p operation, the

by

o was mounted in a lathe equipped with a collet chuck o prevent damage 10 the rod

The retaining nut was machined from bronze by

ilstock 1o keep the

threads

ais. The part ina dividing

ods i the reference hase a5 we

the hex flats. Note that the flange reains the d



Keeping the refercnce base attached to the propeller shafl. The generous fillet under the

flange compensates for its thinness. Figures 165 and 166 show the det

completed retining nut.

Figure 165 - Underside of completed retaining nut

Figure 166 - Hex side of completed rtaning nut

B

s of the



2.3 Drive Gear Manufacture

The next major component to be discussed is the drive gear. This component

viathe drive:

ball elements. and this
component was manufactured in the same manner a the drive ball cage for the propeller

hub instrumentaion.

The drive gear was staried by tuming an alominum blank on a manual lathe. Once

completed, e pply torq

were machined. For this operation the blank was placed in a dividing head on the CNG

milling machine. ed word

p After
the gear was rotated by the correct pitch angle.  After this operation the drive rod holes

and bl element clearance slots were.

Hined while mounted in the 3 jaw chuck of the

CNC millng machine. Completing the part consisted of milling the PC board

ounting,

pockets in the back face of the drive gear.

e 167 showsthepar afer the tecth have
e completed. Figure 168 shows the par efor complting he st i of milling he
C board mounts, Not that ther i a groove machined o cach side of the gear eth.
This i 0 sllow the tooth t0 b completly formed. The bel guide ingsarc mounicd in

these slots 1o complete the geometry required for corree bt tracking, a discussed in the

chap ien. Figure of

2



the belt guide rings, support bearings and blade position sensor, which was not used in

e end due 10 time consirains.

Figure 167 - Drive gear with tecth machined.

Figure 168 - Drive gear mounted for completing operations.



Figure 169 - Completed drive gear

2.4 Drive Case Manufacture

“The next component 0 be discussed i the drive case manufacture. There are two similar

parts and a middle section o this major component. The function o this case is 0 act as

I container o house the drive system assembly and (0 act s a base 10 which

all other subassemblies can mount

Each end plte of the drive case is an aluminum component into which one of the two

drivegear support bearings mount, and two of the four idler palley bearings mount.

Manufacture of the end plate began with an aluminum blank that had been milled 10 an

milling machine.

exaet size to facliate mounting in the hydraulic vise of the CNC

Having al faces milled ss orthogonal before fabricaton allowed part orientation changes

1o take place with a minimal chance for error. Figure 170 shows the drive case segment

1o which the lip ring brushes mount. In this figure the clearance bore for the slip-rings,
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a5 well as the dler pulley bearing bores and bolt pattern that keep the case components

{ogether have been machined.

Figore 170 - Inital machining of drive gear housis

er thi step the final drive gear bearing bore and is relef were machinc

as shown in

figure 171, The part orientation was then changed and the top mounting detils that
‘ allow the pod unit 10 the attached 10 the lower strut assembly completed, as shown in

figure 172, ata fasteners

Figure 171 - Compltcd drive gear bearing bore and installation elif.
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Figure 172 - Machining the pod mounting features

hen finish tapped. The oles were partially tapped in the milling machine, but fiished

by hand to prevent a tap from breaking. This step is shown in figure 173, Next the

1o which the brush block mounts was machined and then finaly the outer profile was

174, The final part i shown in

completed. The part was then checked as shown i

figure 175,

Figure 173 - Finish tapping the holes by hand.



The opposite cover was manufuctured in a similar manner. The middle scction was
fabricatd by first drillng the through holes into the thick aluminum block. The profile
was then machined on the inside of the part and finally the outside. Next the pod shell

manufacture is discussed.

jgure 175 — Completed drive gear housing component




3 Pod Shell Manufacture
“The pod shell assembly consists of the following components:

pod shell body

ring ad:

pressure plate adaptor

‘ap adjustment ring adaptor
ap filler

pod body end cone:

These components were machined exclusively using  combination of the CNC milling

lathe, he

pou shell body was machined from renshape 460. Prior 1o machining the shell, there

material g er 1016 mm

(&) thick. This formed the stock from which one haf of the pod body was machincd.

The i milling out the e which
is discussd in chaptr 3) as shown in figues 176 and 177, Then using  jg plte 0
mount the mteral, the block was fipped over and the owside form machined. The
ccond hlf was produced by mireoring te toolpath and machining a second block. The

process was the same for each block.

“The ring adaptor and gap adjustment ring adapior were machined from 316 sainless sieel
on the CNC lathe. These were simply machined from one solid length of round siock.

Figures 178 through to 150 show the process used for emoving the bulk of the material

i the center of the part. Figure 181 shows the fnished adaptor and figure 152 shows

test it the pod shell



176 - Milled out inerior space.

Figure 177 - Milled out space for th plor



Figure 178 - Startof the material removal process in the pat cenier

Figure 179 — Turning i progress.

Figure 180 - Ring

sptor with center roughing finished.




Figure 181 - The complted ring adapior.

Figure 182 - A test ft of the part i the pod shel

The pressure plate adaptor and gap fillers were machined as two

mbly 10 the instrumentation required that

assermbly. This was necessary because their s

cach half mount on the assembly as @ separat picce. This meant that the jint between

10 essentally have zero thickness, or no gap. To produce such a

feature, two identical pars were produced and then each half had most of one side cut

away with two bandsaw cuts. The edges were then finished on a manual milling

machine. Figure 183 shows a fnished gap iller ring. Figure 184 shows the pod shell,

ving adsptor and one piece of a gap fller nd pressure plte adapior set.



Figure 183 — A completed gap fllr half

Figore 184~ Pod shel,ring adaptor and gap il st halves

in process o finish the edges of the gap fillers and pressure plte daptors was
e same. “The setup is shown in fgure 185. A test fit of the gap filer insalltion on the
o shell, complte with pressure plate adaptor and rollng o-ring seal is shown n figure

186. A similar test ft was carried out on the pressure sensing pltc, as shown in figure

187, The pod end cone and ring adaptor used 1o access the gap adjustment mechanism

was similarly machined and a test it of these components is shown in figure 188, This

ends the discusion on the pod shell manufacture



Figure 187 - A simillr test ft of gap filler componens on pressure sensing plte.



Figure 4,188 - Test it o pod end cone and ring adaptor with shell,

4 Propeller Manufacture
The propeller manufacture consised of first machining a blank that had the interior
features of the hub design and mounting locations, s well a the jacking screw threads

Next the blank was mounted 10 thetrunion of the 4 and S* ais attachment of the HAAS

milling machine. The fist side of the propellr was then machined to completion. This

is shown in fgures 189, 190 and 191, The resuling cavity was then filled with a fst

Figure 189 - Roughin

ion of the propeller.
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Figure 190 - The completed frst side of the propelle.

Figure 191 A close-up view of the surface finish, before completion by hand.

curing polyurcthane filler resin which was machined flat when hard. Note that the

propellr blade surface of the cavity 1o be filled was waxed 1o keep the resin from
adhering 0 the surface permanently. The procedure of using resin reduced any potential

e second side of the propeller was machined. The end resultis shown

in figure 192, The partaly finished propeller was then remounted in the milling machine.
and the second side completed.  After compltion the polyurethane resin was then

removed. The finish of the hub and blade surfaces was

complted by & hand sanding

and polising operation, caried out by technicians at the model making shop a 10T. The



final propellr finish is shown n figure 193, After comple
seal entrance taper was machined. This type of operation

andis shown n figure 194,

ing the blade fn

I, the oring.

is best caried ou on a lthe,

Figure 19:
mounting.

~The resin flled frst side of the propeller has been milled flat for

Figure 193 - Polished blad.



Figure 194 - Tuming the o-ring seal enrance (aper

To complete the propeller manufacture, the nose cap was completed.  As discussed
chapter 3, the nose cap was designed (o hae no interruptions on the outer surface. This
e 195 and figure 196 show

part was completly machined on the CNC lathe. Figy
threaded portion and outer surface finish respectively. “The smooth outer surfuce of the

When

nose cap results from designing and modeling the CAD part with are segments
\ NC code wilizes

encrating entities, the

CNC code on a lthe is produced from

jon function which produces superior surfaces,

the machine tool's circular inerpola

figure 196. A test fit of the finished propeler and nose cap i shown in figure

197,

39



Figure 195 - Threaded section o the nose cap iterior

Figure 196 - Outer suface of the nose cap.

0



ure 197 — Test it o the propeller with nose cap and hub taper angle adaptor

This marks the end of the discussion on the manufacture of the pod unit, Note tht there

ured that are not discussed. At numerous

were a significant nurmber more parts manuf
{imes throughout the manufucturing process for all components and subassemblics,
checks on dimensions were carried out as well as check fes assemblies.  Figure 198

Shows  test it of every major subassembly prior o final assembly

The author wishes 1o acknowledge the fact that every machinist who bad & part in

fabricating the picces of this assembly did 50 with great enthusiasm and skill. Without

their help (and patince, especially when listening 1o advise and instructions, or moy
out of the way for another great shot),this aspect of the project’s endeavor could never

have happened, period
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EXPERIMENTAL SETUP
INTRODUCTION
“This document outlines the sieps taken (0 assemble the experimental apparatus in

preparation for running @ series of tests 1o commission the insirumentation. It is

Scgmented into two main discussions, one on the assembly of the apparatus and the other

on the setup of the data scquisition system. Each main discussion is subdivided as

required.

The following discussion should serve as a reference text for any future work that

requites the use of this insirumentation package.



1 Apparatus Setup.
The apparatus setwp consisted of assembling the two main subassemblics: the pod
instrumentation and the global dynamometcr. During this phase the mechanical and

electrical systems were put together and adjusied 1o give cormeet performance. The.

dlowed f

asuccessful assembly.

1.1 Pod Instrumentation Assembly
The pod instrumentation assembly started with the propeller shaft and. progressed.

outward from tis part

1.1.1 Propeller Shaft Torque Sensing Gauges

“The finished propeler shaft and torsion siain gauges are shown in figure 1. These
components make up the transducer tha allows torque to be measured at the propeller
hub, free of any frictional effects from seals and berings. The transducer s set up in a
full bridge configuration (o maximize outpa, given that the torque signal was not pre-

amplified. Positions indicatin the mounting location of the gauges had been accurately

afteral finished. Figure 2
shows the intersecting scribe lnes on the gauge area of the propeller shaft. The gauges
were installed by an extemal contractor usingbonding agents and. procedures

The reader




D, line items 6 thru § for further information on gauges, installtion procedures and

protective cotings.

Figure 1 - Propeler shaft and torque stran gauges.

Figure 2 - Gauge position marks,
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Prior 10 installation of the gauges, a check was fist caried out (0 ensure that the two

Signal cables for propeller torque and thrust could be installed in the propeller shaf and

shaft,

unit and propeller hub thrust reference bse. Figres 3 through § show the wiring rote
hrough the propeler shat.Figures 6 through § show the wiring rout though the dive
sear. Figures 9 through 11 show the wiring roue through the propeler hub thrust
eference base. Note the sot milled long the threaded portion of the shat in igure 9

lows the propelce thrustsignl cable ol below the 1D ofthe hub refrence base
‘when the propele shaft s inered nt the bore, Once the hub b i in place the wire
is move 10 clearance lo i the 1) ofthe efernce bse and the bronze reaiing nut
hreaded into position. Note that a pre-planned procedure consisting of milling a inal

clearance slot in the retaning nut during the final assembly stages of the propeller thrust

it 4 a prop later.

Section 1.1.6 explains this detil. Figure 12 shows the completed test installaion of the

prop Figure 13 compleia

with soldered signal cable connections.

and

Once instalation of the gauges was complete a sea applied 10 keep wat
other contaminants away from the gauges as well as out of the hollow center section of

the propeler shafl A jig was used 10 allow a silicone based sealy

10 be squeezed imo.

the strain gauge area shaft relief as well as the shalt center. Once cured, the jig was

removed o reveal a smooth surface whose contours matched the shaft outer profl.

7



Figure 14 ilustates the sealant installation process. The jig was made from UHMW.

(polyethylene) o prevent the sealant from sticking o it

Figure 3 - Wiring exit for propeler thrustsignal cable

Figure 4 - Wiring ent

ol cable,

e for propellerthrust sig

Figure $ - Bottom view of cable route. Note that torque cable exits 180° from
hrust cable,

s




\,
\

Figure 6 - Cable est installation into drive gear

Figure 7 - Prop shaft fully in

Jled nto positon,

Figure 8 ~ Torque and thrust cables successfullytest installed i drive gear



Figure 11 - Retaining nut fully installed.






Figure 14 - Scalantinstalltion ig.

112 Drive Assembly.

Completing the drive assembly conssted of final as

Bbly of the propeller shaft
mecharical and clecrical parts and inserting it into the drive gear with the drve ball
cage. The stain gauged propele shat subassembly was completed by first presing in
e radia rollr baring that Keeps the thrust shaf aligned withthe propelle shaft axis of
votation. Figure 15 shows the radial roler bearing insallation operaton.  Note that a
bras installation tool was machined to prevent bearing damage during assembly. Next
e thrust bearing instalation height had 10 be st before insallation. Figure 16 shows

ow the thrust keeper porton of th thrustbearing s ited 0 the thrust shaft. Figure 17
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Figure 16~ Thrust shaf keeper mounied to thrust sha,



shows both thrust Keepers wih the thrust bearing washers and rollr cages installed. The
thrust washers hold the keepers in place around the thrust shaft. The fina height of the

hrust bearings and washers were adjusied (0 the final depth of the bore in the end of the

propeller shaf using

the thickness of one washer. The final thickness was measured (0 give 0.0005" (0.0127

mim) clearance in the thrust dirction. The dimensions of the pocket for these bearings

had been designed wi

this operation in mind to ensure that material could be removed

he thrust washers to achieve the correet running tolerances. Figure 18 shows the
final thickness of the thrust bearing assernbly while figure 19 shows al parts in a tes fit

on the thrust shaf prior o installatio

o the propeller shafl

Figure 17— Thrust shaft keepers, washers and ollr

bearing cages.



Figure 18 — Final thrust bearing assembly thickness.

Figare 19~ Final prior




As & final preparation for the torque and thrust signal cables, the ends were tinned with

Solder and solid wire leads soldered in place as well. This aided in keeping the cable

conductor srands together while installing into the terminal blocks of the dive gear and.
propeler thrust uit. 1 also allowed the minute manipulations with needle nose pliers

required 10 align the lead with the miniature terminal block connector lug. The outer

insulation and shielding layers were removed at the drive gear end of the cable as an
additiona preparaion. This allowed for the strain relief loops 10 be formed upon

nsertion into the drive gear insulation tubes. These loops were necessary 10 prevent

een the propeller shaf and drive gear during

eap distance seting and normal pod unit thrust movemen. Figures 20 and 21 show the

Figure 20 - Drive gear end cable ermination detals.



Figure 21 - Prop hub thrust end cable termination detils.

Completi

¢ the drive gear subassembly 1o allow integration with the propeller shaft

required installing and seting up the sl rings and brush block that allow the thrust and
torque signals 10 be transmitied across the rotaing connection.  Fist the printed circuit

boards that serve as insulated mounts for the terminal blocks were soldered 10 the slip

ring assembly. Figures 22 and 23 show two views of this completed stp.

Next the sip rings were pressed installed over the spigot of the drive gear and the thin

oler bearings and brass belt guide rings instale

The assembly was then pressed into

the aft gear housing and the brush block was installed. The sliding ft at this joint
allowed the ring set to be casily adjusied o locate the brushes on the center of the ring

widih. Figure 24 shows the drive gear, slp rings and brush block ready for final

st




Figore 22 - Slip rings with minfature terminal block PC boards i place.

ninal block ‘




25 - Adnesive applied to perimeter o sip ing-to-spigot intrface.

Figure 26 - Adhesive i wire exit end of slip rings.



Shown in fig

res 25 and 26 are the aft and forward views of the slp rings sealed with

silicone adhesive. This adh

e sccures the position of the slip rings and allows casy.

removal for replacement or readjustment in the future,

Once the setup steps had been carried out on the thrust bearing assembly thickness and

the sl ring position, the inal assembly sequence could he carred out. Figure 27 shows

the nearly inserted nylon drive gear insulation tubes. ‘These were inserted such that their

lengths aligned withthe depth of the cable passageway bores inthe drive gear. The thrust
Shaft and cover were then installed complete with seal and gasket on the fully prepped

er shaft. The cor installed thrust

i its sal are shown in figure 28, The fu

Shaftis depicted in figure 29,

Figure 27 - Instalaton of drve gear insulation tbes

Next, 10 allow the propeller shaft to be inserid into the drive gear, the delrn ball oy

was assembled by snapping in each bl clement into it positioning hole and then costing

the assembly with lubricant. The cage was then slipped into position on the complted
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propeller shaft subassembly.  Figure 30 shows the bl cage with ball clemens installed.

Figure 31 shows the lubricated ball cage assembly mounted on the propeller shafl

‘Shown in figure 32 i the propelle shaft partialy insalled into the drve gear.

Figure 2 - Propelle shaft end cover and seal

Figre 20 - Fully installed thust shaft

Figare 30 - Drive assermbly ball cage with clements instaled.




Figure 35 - Top view Figare 36— Fully inserd.



Figure 37 — Cable ends installed nto terminal blocks.

Figares 33 and 34 depictthe formation of the stain relif loop. Figure 35 s a top view of

the assermbly whill 36 shows th fully insered propeller shaft At this point the shaf was

o allow the ball cage end to positively contact the

firmy pressed entiely ino the s

bottom of the drive gear bore. “The dimensions of the cage have been designed such that

n s manner the ball positions will be comeetly located for

when assembled
positions of the propeler shafl as adjustment of the gap seting is carried out during

ads. installed into the terminal block. This

testing. © 37 shows the cable

completed the drive gear assembly
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1.1.3 Drive Gear Housing

Assembly of the

ve g stared with et required 10 sal

the intefaces betw

n the forward and aft drive gear housing plates with the center

section. All gaskets ated by p 121 scale profile of the outline and ths

carefully cuting the gasket out from 132" (0.794

) rubber impregnated gasket paper

sheet sock.

Figure 38 - Gasket making form, gasket nd part
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Following gasket manfacture was instalation of the radial roller bearings. These were

nstalled usin

anual press and the brass installation ool used to install the bearing in

the propeler shaft. Note tha the bearings only have  scal on one side. The seal side
was installed towards. the interior of the drive housing. This keeps grease from

contaminating the drive bell and other interior surf

es as well as keeping

permanently lubrcated. The b

ings o lubricated at the factory and none was added.

Figure 39 shows the bearing and one drive housing before insalltion.  Note that the

sc procedure was carried out on both plaies composing the drive gear housing. Figure
40 shows the besring and instalation too aligned, ready (0 press the bearing in. Figure

41 shows the bearing pantally installed. Figure 42 shows both bearings fully installed

gs were pressed in untilthey flly contacted the bottom of th be:

ng bores in
the plates as the depth was designed to locate the rolers in the correct location when

installed inthis manner.

Figure 39 - Radial bearing Figure 40 - Bearing ready to install



Figure 41 - Bearing partially installe Figure 42 - Both bearings installed.

Following bearing instalations, the propeler shaft scals i the drive gear plate facing the

propeller were installed. Two seals were incorporated in the design for redundanecy.

These were pressed in by hand until they made positive contact with the seal bore bottom,

retaining clip groove, shown in figure 43, Installation of the reaining clip was completed

using the proper installation pliers, shown n figur 44,

Figure 43 - Seals installed, Figure 44 Installing retaining clip.

A this point the t0p ofthe outrmost seal was just below the internal type sailess siel
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Installtion of bearings and seals, as well as fabricatng the gaskets, completed the pre-
assembly work required (0 put together the drive gear housing. The main components,

shown prior to the final assembly sequence, appea

in Figure 45, To start the final
assembly sequence, the propelle shaftseals were lightly lubricated with general purpose
grease, and the drive assembly insered into the propeller shafl side drive gear housing.

plate. This s llustrated in figures 46 though

Figure 45  Main components of the drive

housing, shown with drive assembly.
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Figure 50 - Bearing flly instaled. Figure 51— View from sea side.
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During the insetion of the beaing ino its bore (fgures 49 and 50) & machined reliel.
made the task casy unil the finl 0.250° (635 mm). A minimal effort was required 0
insrt the bearing ll the way nt the bore due 10 the relaxd bearing it This was done
10 make disasembly i th fuure much casir, The fit between the bearing outer rce

and the cover bearing bore tightens when then unit is immersed in water due to the

difering rates of contraction between the aluminum housing and the sicel bearing race.

“Thisallows

Nt the asket, bel and the two ider pulleys were placed ove the drie gear a5 shown
in fgur 2. The cenersction ws then placd over th drive assembly uni he gasket
was flly Tt s i fgurs 53, 54 and 55 Nove tha the nds of the ceter setion were
pread apart sighly 10 allow it 0 lde over the out bearing races. Several of the #632
diamete cover screws were then nsrtd it th counter-bored oles unil they passd

through the center section as shown in figures 56 and 7. These acted 10 “hold” the

second gasket when insalled over the protruding screw ends as shown in figure 58, The
second cover was then positioned over the bearing of the drive assembly. This is shown
i figure 59, Note at this time the 2 magnesium based scrificial anodes on the stem of

the cover. There are two of these on each cover near the intersection with the steel strut

tube o hinder the ate of corosion of the aluminum pars,




Figure 56— Instal several “holding” screws.

370



Figure 58 - Place gasket over screws. Figure 59 - Install second bousing.

r was gently threaded into the

Using the previously installed ‘holding” screws each fast
sccond cover and pulled over the second bearing unil the gasket was flat and all three

components had made positive contact, The screws were tightened using an altemating

63 a5 guide, the pttem (approximately) 1 -2 -2

pattem, Firs using f 2was

repeated untl the gasket was flat. Then using 63 for the complete sequence, the patiem

was 1 thru to 27 until each screw was tght enough (o cause the long handle allen wrench

0 wistslightly without

fstener roation. The coreet orgue value for 4 #6-32 sainless

St fastener i approximately 10in-bs. This completes the assembly

Figure 60 - Draw covers tight with screws.  Figure 61 — Insallremaining screws.



jgurc 62 - Drive gear housing fully assembled.
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Figure 63
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114 Strut Tube & Drive Gear Housing Assembly
“To allow ease in the cnsuing assembly step,th drive gar housing and st tube were
connected 1o slow the unit 0 be mounid on the calibration frame.  This acied s &
itable “plaforn” 10 allow the remining. components and subassemblis 10 be

connected 1o the main pod instrumentation unit.

o start the assembling proces, the four 5/16 diametr socket head cap screws were
positioned into their espective filling slots and inseried into the hrough holes, a5
illsrated in igure 64, This allowed the gasket 10 be installed such tha i was held by
e threads as shown n fgure 65. Nex the drve bell was insried a shown in 66, The

drive e " Once the bl

i becn inserted neaty all the way, th drive gear housing was lfed and posiioned
Such that is could be used to pushthe bel ino the strut b allthe way, as shown in
figure 67, When the belt was in and the top of the drve gear housing was near the
mounting end ofthe Stuttbe, each of the S/16” bols were engaged with he threaded

oles in the top of the drive gear housing. This was done using 4 ball-head tee-handle

allen wrench. Each of the bolts was threaded in until th gasket was sightly compacted

between the two machined faces of the join, s shown in 68, Figure 69 gives an overall

View to this step. Note tha the center (0 center distance for the 1wo sets of hole

different s0 that the d

e gear can only be mounted on the it wbe one way. For future
assembly attempts ensure that the relative positioning of the strt tube and drive gear are

a5 shown i figure 70.
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both sides of the gasket. The installtion tube supplicd with the silicone gasket material
ube was cut with a uilty knife 10 allow a 1/16 (1.5 mm) diameter bead (0 be deposited

i the joint area. This step ensures that any voids not filled by gasket material will be:

positvely scaled. Generaly,this s not normal practice. Note also that the gasket in this

caseis cut from 17167 (1.5 mm) thick gasket sheetstock. Figure 71 illustrates application

of gasket sealant Gasket sealan s  sensor safe RTV type silicone sealant. After sealant

application

the screws were tighiened in succession unil the excess gasket sealant
Squeezed out of the joint, as shown in figure 72. At this point all extemal joints were

couted with gash

scalant a depicted n figures 73 and 74, This was done as a sealing

redundancy o ensure that no leaks occurred.



Figure 71 - Applying sealnt 0 joint. Figure 72 - Tightened joint




1.1.5 Propeller Gap Pressure Sensing Plate

The pressure sensing plate assembly started with the installaion of the water lubricated

propellr shaft bearing. This bearing was manufactured 10 be installed using liguid
nitrogen. Using liquid nitrogen caused the bearing to shrink 5o that its outer diameter

was smaller than the bore diameter in the pressure sensing head.  Installation was &

simple. mattr of dropping the bearing into the bore using a stainless steel shaft as an

instalation tool. The pressure sensing plate was designed such that the bore had o

smaller diamet

the botiom 10 stop the bearing

the cormeet location during

instalation. Once the bearing heated up it was fxed permanenly into position. Fy

75 depicts the pressur transdicer sensing.

atmospheric pressure chamber, water

lubricated bearing and water anti-flow seal. Figure 76 shows the bearing immersed in

liquid nitrogen.  Installation temp

ure was realized when boiling off of itrogen

ceased, The completed bearing installation s shown in fgure 77.

75 Pressure sensing plate, tmospheric charmber, seal and bearing.



Figure 76 - C:

Afterinsalling the bearing, the pressure ransducers wer This was done prior

o the calibration procedure as described in Appendix 0. First the transducer was
carefully removed from its package and the protective cap removed, as shown i figures

78and 79, Nextthe transducer body was

asped and the adjoining cable gently wound

i the opposite dircction of the threading installation direction to prevent the cable from

becoming tangled when the transducer was 1

aded into it respective hole. Aftr the

nsducer’s o-ring scal had contactd the machined surfuce of the pressure snsing plte,

14 (635 mm) wrench was used 1o gently tighten the transducer. This is shown in

figures 80 and 81.

Each transducer was instaled in the o

ove manner unti all five were in place. The sera

number of each transducer focation was then recorded such that the data scquisition

system could be configured corectly 82 shows all transducers as installed. Note

that the instal

jon procedure was carried out while the pressure sensing plate was




Figure 81 - Tightening transducer body.  Figure 82 - Allransducers installed.
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To complete the instalation of the pressure transducers, it was necessary 1o fill the

orifice with silicone based oil. The transducers were ordered from the supplier without
screens in anticipation of using them with oil. This allows a reduced chance of air

cntrspment hindering the operation of the transducer. Ol is necessary 10 prevent the

- which would destroy
the transducer. To allow this operation (0 take place, a method of purging air from the

passageway

A filerport was fited shown n the

cutaway of figure 83 The s purging screw allows oil © be added 1o the passageways

il all




Al s purging screws were loosely installed with an allen wrench and then oil added
using a serile glass syringe. The s purging screws were then tightened and the excess
oil wiped away from the face of the pressure sensing plate. The orifices were then

observed for a period of time to ensure that there were o slow leaks that would allow the

ol 1o lesk out (or water leak in during operation). These stcps are shown in figures 84

and 85. Once the author was satisied the instalation had been successfully carried ou,

Note tha the p portata time.

Figure 84— Adding silicone oil Figure 85 - Tightening air purging screw.

stmospheric pressure chamber was the next part o be assembled 10 the pressure

scnsing head. This container allows the gauges (o vent the oppositc side of the

iphraga to atmospheric pressure for corret operation.  First the required gasket was

st of /32" thick gasket shectstock and placed into position. Next the cabls leading

from the pressure transducers were inserted ino the correet opening of the atmospheric

o be positioned in contact with the pressure sensing plat.

pressure chamber allowing

ese steps are shown in fgures 86 and §7. Figure 88 shows a view into the chamber,




Figure 86 - Gasket installed,inserting cables hrough charber.

Figure 88 - View into back end of chamber.
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onc can see the aligned screw holes at the bottom. Al serews were then coated with a

ceramic antieize compound and insalld t0 connect the pressre sensing e 0 the
chamber.  Aniscize was used in this jont because both the thrcaded holes in the
pressure sensing plate component s well as the fsiners were manufactred from
inlss el which opens the possbilty of creaing stck o broken faseners in the

threaded hole during assembly or removal. The corresponding gasket for the chamber

Spigot. The screws for his joint were then coated in ant-scize, installed and tightcncd.

Figure 89 shows the screw tightening guide for both joints,  Figure 90 shows the

The hose acts 10
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continue the chamber space up o and above the water surface, allowing the pressure

the diaphragm. I



s made from clear PVC. Once all abls had been pulled through the hose, the 10 pin
connecters were sokdered in place and stain reief kit insalled. The sirsin relief kits

pre

ent the cable from being accidentally pulled from the connector body, thereby

preventing a short or open circuit o the data acquisition system. Once the assembly of

the pressure sensing system companents was complte, it was installed on the main pod

ssscbly.

Figare 90 - Pressure sensing systcm componens fully assemble

. y assembled,
ropelie and el i oalaton rogts i thowe i ot

Assermbly of the pressure sensing system onto the main pod instrumentation unit strted
with a pre-assembly of the propeler end shll mount flout. These components allow the

shell components 1o be ftted 1o the pod unit and form part of the shell drag

the assembly of which is described in 1,17, Assembly of each

shell mount floa sarted by inserting each stainless s

Hinear bearing into the bore of

he shell mount and fixing it position by the insallation of the external retainin

clipson




cach end of the bearing. Next a picce of stinless steel hardened and ground rod was
mserted into the bearing center until an equal length protruded from each side of the
assembly. This is illutrated in figure 91, The two free-floating propeller cnd shell

mounts were assembled in the above manner and then inserted into the corresponding

previously in figure
90). The enire assembly was then carcfully placed over the propellr shaft on the main
o unit, ensuring tha the cable for the propeller thrust made it all the way through the

or lubricated bearing. The four spigots of the chamber cover were located on the

a spective filing slots and tighicned

~

Figure 91 - Shell mount float assembly ilusraion.



Figure 92 shows the completed instalaton of the pressure sensing system onto the pod

To complee the assembly thus far, a seal was installed where the propeller shaft

exits the pressure sensing face. The purpose of this seal i not 10 seal the inner space

between the instrun

or, but 10 stop the flow of

ation’s exterior and pod shell’s in
water in or out of the propeller gap arca around the propelle shaft, This prevents

contamination of the gap pressure measurements caused by flows other than those at the

perip The seal piston

seal because ofits soft material. The seal was mdified before installation by removing

the central o-ring porion that normally keeps the seal edges in contact with a hydraulic
piston. This reduces the friction at the shaf interface and ensures that the seal will stay in

place due 1o the frction of it installtion ito the pressure plate bore. Figure 93 shows

the shat ext through th pressure sensing face prior (o seal nstalation. Figure 94 shows

the sl prior o madification. Figure 95 shows the seal with the o-ing center removed.

5 96 though 10 98 show the seal installation in stages.

Figure 92 - C. foats




Figure 94— Shaft water ani-flow seal,

faton start

Figure 97 - Seal before pressing in bore Figare 98  Final sealinstalation
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1.1.6 Propeller Hub Thrust
The next sep in the instrumentation assembly process was.the propellr hub thrust

measurement assembly and setup. Fist the main hub o-ring seal was fabricated and

insaled in posi prope T
fubricteal o-ings n the projct,a sutble fength of o-sing chord sock was ot from
voll (in this case 0.070" (178 mm) diamete) and glcd sing eyancscrylate, which is
commonty known ss “super-luc”. Next the propele refercnce base was prepared for

tallation over the propeller shafl. First, the o-ring s taper was lightly sanded with
2000 grt sandpaper 10 remove the last traces of any burrs that could damage the scal

g installstion. The taper fngth was carcully calclted dring the desig phase 0
allow ful engagement of the seal before being compresed into the groove on the
propele sha. Figure 100 shows the taper on the back side of the propeler reerence
s Next,the drive s were installed ot hee respeciv posions s shown i figure
101, Noe the thrcaded holes i the rod ends. This allowsth s (0 be extrcied and
eplaced i the event of damage. Grese was then installed over the oing on the
propllr shaft as shown i fgure 102, This i not normal prctice, usuly only o sall
amountof o-ing ubricant i used dring the assembly ofsuch desgned jons, however
he design of the eference base bore taper allows the grease 1o il all of the groove

Volume and acts to hydraulically compress the seal very tightly as the propellr shaft is

imsrted into the reference.  As the reference base was insalled, it was ensurcd that the

position



Figure 99 - O-ing seal installed. Figure 100 - Bore taper i reference base.

Figure 101 - Drive rods insalled. Figure 102 - Grease installed on o-ing,

retining

ot bore. “This is shown in figurcs 103 and 104, Next the propellr reference

base reaining nut was instaled.  During instal

jon care was taken 0 ensure that the
torque exeried by the wreneh in completing the final tightening did not pass through the

drive balls and rods in the drive

sembly. o do so could cause potential d The

reference base was grasped by 4 gloved hand to provide the reaction torgue required 1o
Highten the nut. The fine pitch of the propellr shaft theads made his sicp easy. Figures

105 and 106 show the tight

out installation. The position of the nut

thrust signal cable was then marked with a pencil. It was then removed

0



ance slot milled in the rod retaining rim portion. 1t was then re-insalled thus

‘completing the installation, as shown in figure 107.

The next component (0 be installed was the propel

er shaft seal adaptor. This has several

important functions rlating 1o sealing the hub thrust system. It creates a sal between the

er hub thrust intrior space and the exterior while allowing the relaive movement

propel

the propeller expericnces during thrust loading. 1 also seas the inner bore of the

Figure 103 - Reference base in position.

Figure 104 - Cable position detals.

Figure 105 - Not threaded onto shaft Figure 106 - Nut fully

9



Figure 107 - Nut final installtion with cable clearance sl

propeler hub to form an integral part of the overall saling system. Both sealed joints

use o-rings. In the later

ase the o-rng instalation and operation is typical of most o

ind thus extra care was

ving applications. “The former case is not of sandard pr

taken during his assembly case.

The installation of the seal adaptor stared with fabricating the o-ings using the same

proceds

a5 before owever extra care was taken {0 ensure that the length of the chord
Stock for the two inner scal o-rings was exact and that the face of the cut o each end was

flat and free of surface defects. A brand new knife blade was u

ed for this operation.
When ghing the ends together, only a very small drop of glue was used so that excess

abou

was minimal and it was ensured that th ring ends were not twiste s central axis

wh nds had bonded,

n the faces were pressed together. Aftr the ring

picce of cl

lint free cloth was used to absorb the small traes of glue that had squeezed out of the

01



Joint. This procedure was carred out on all three o-ings for this component. The extra

care was important because the amount of squecze that each o-ring is subjected o is

significantly
well a5 a seal. The amount of squeeze s 10% (versus 30%) and was detemined
experimenally, a5 mentoned in secton 3.2, Figure 108 shows a cut away view of the
eal insallation configuration. Figure 109 shows th fabricaed seals insaled into the
Sallow grooves on the propelrrference base. A double sal provides rdundancy 1o
compensate for the reduced insialation squeeze and both o-ings act o dampen any
‘moton of the proeller sbout an axis noral 0 s axis of rotation duc 0 the eltvely
ot fength ofthe dive od and bl arangerment. The sels were insalled by careully
olling them over the outer diameter of thelr nsalltion locaions s0 2 ot 0 stich

them.

2

e

Figure 108 - O-ring scal arrangement for hub thrust reference base.

392



109 - O-ings installed on re

To install the propeller scal adaptor it was placed over the reference base such that the

first scal was resting in the chamifer of the enirance 0 th inner bore diameter of the seal
adaptor. Then, using a twisting and pushing mton together the adaptor was moved info
position. The moton was the same a if threading the parts together in th bsence of
hreads. This allowed the o-ings to sete into place without being wedged into the
iy pushed

smaller space between the two seal grooves, When the adaptor had becr

over the reference base s fa as it woukd g0 and then allowed 1o be pulled offsightly the

Now the adaptor could be easily moved in the thrust direction

the o-ings rolled between the two faces. Figy

ingle adaptor is also present in this photo. This adsptor

Note tha the propelle hub

only 4 of the installation screws 10 allow final setup of the thrust

was instaled usi
g instrumentation o be set up,

instrumentation. 1t was then removed to allow the shelldr
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“The next step in the hub assembly was instaling the drive ball and cage subasscribly.
“The balls were snapped into position and then grease applied. The cage was then placed
over the drive rods of the reference base. Aftr this step, the 200 Ib (889.6 N) load cell

was threaded o the end of the propeller shaf. Ceramic ant-

e was spplicd to the
{hreads. The load cell was tresded all he way o s mountin bole and then backed
out unil the wiring <xit on the load cell body was 180° from the cabe exting the
refrence b, Not that the refrence cnd of th load cell must b nsalled ino the

propeler shaft. Figure 111 shows the installed drive ball and cage subassembly as well

a the load cll. Not that i this pintthe sprin st relcf for the cable xiting the
o ell wascareflly cut off o aow ighte bndin radius of th cable. Thi llowed
he cable to b insaled n the propeler refercnce mount. The spring was ct using
High specd cut-offtool with a minature cutting disk atchmen. Core was (aken o 10
cu the individusl wire onductors insid the sheahed cabl of the load cell.  Afer
installing the Jod cel, ajam nt was treaded over the stud on the live end ofthe food

cell, and the hub

taper angle aduptor, Ceramic anti-seize was used here are well. The instaled jam nut is
Shown i figure 112, Next the propellr reference mount was instaled over the load cell

and drive bals. Prior to s installation, the dive rods were installed by pressing them



Figure 112 - Load cell jam nut installed.
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into ther respective bores. The location of the jam nut will determine how far the

propeller mount can be installed over the reference base.  Also, the two cables were

pulled through the exi holes in the end of the propelle reference mount while installing.

The installed propeller mount is depicted in fgure 113, Care was taken not o wind the.

w0 cables around each other as the mount was installed. Aftr the inital iting into
position, the relative position of the assembly had to be set up. This was done by first

rotting the instlled jam nut by insering a smal flat tipped screwdiver into the round

access hole i the load cell mounting porion of the propeller mount 1o lower it untl it
contacted the seal adsptor. Then the scal adsptor was pulled out slighly 10 allow its

Spigot 1o fit into the relef n the end of the propeller mount. The assembly was then

Towered sgain by rotatng the nut with a screwdriver through the access port, The five
installation screws were then installed and tightened to hold the seal adaptor o the

propeller mount. At this point a feclr gauge was insered between the end of the seal

Figure 113 — Insalled propeller mount.
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adaptor and the top of the hub taper angle adaptor, temporarily insalled carlicr. The

lowering process continued unilthe thickness of the space was 0.010” (0.25 mm), This

i shown in figure 114,

Figure 114 - Checking installed gap with feeler gauge.

When the fina gap thickness had been achic

the second jam nut was installed on the

outside of the load cell threaded stud. 1 was tightened gently while hlding the prop

mount with the other hand.  Afte tighiening, the threads at the end of the load cell were

scaled with silicone adhesive 10 prevent the outer nut from vibra

loose during
operation. Figure 115 shows whe

he scalant was applid, in additon 10 the location of
the

cess hole for adjustng the inner am nut posic

When the scalant had been

plicd, the prinied cin

it board was installed

ods connected 10 the terminal blocks. Figure 116 shows the connetion and wire
colour designations. The conductor path i straight across from the input terminal block

0



o the output terminal block. 1t doesn't mater which block acts as input or output. The

wite colour designations are typical of all transducers used in this instrumentation

package. oo

Figure 115 - Seal bow

P i,
L -

Figure 116 - C




1.1.7 Slip Ring Case

Assembling the slip ring case 10 the main pod instrumentation unit consisted of first

fabric

ing the thrce gaskets. Next the wiring was installed that carries the propeller

torque and thrust signals out of the brush block assembly. The individual rings on the

assembly b eviously a the brushes was colour

coded 1o have the same typical designation as al the transducers in the instrumentation

package. One can refer again to figure 116 for the colour coding designation.

Figure 117 shows the completed brush block wiring. Once the wiring was complete the

Figure 117 - Brush block wiring completed.

{9 ing case was positioned with the gasket in place between it and the drive ge

Housing. Care must be taken (o ensure that the slip ring case is positioned with the brush

block clearance cutout in the comeet o

aton,  Atiempting 10 instal it with the

0




makes it

the fasteners. Figure 118 shows the corret orientation used.

Figure 118 - Orientation of lp ring case to drive unit.

To atach the slip ring case, 8 stanless sicel socket head cap screws were used on the
sides of the case, whill the t0p and bottom fasteners were 2 stainless steel countersunk

philips head screws. These fasteners were used (0 provide a flush mounting surface for

Figure
119 shows the completed lip ring case installtion. Note that there are 4 unused holes i
the Slip ring cover. These are the result of 4 mounting hole pattern change ©

accommodate clearance for the brush block wire mounting solder tabs. These holes are

will




Fi

re 119 - Slip ring case nstalled.

1

Pod Thrust Block & Gap Adjuster
This subassembly serves 1o allow the axial positioning of the propeler that determines
the width of the propeler gap as well as decoupling the torsion forces from the load cell

s the propeller i loaded in the thrust diection. o start the assembly the thrust block

has s min s steel Hinear hearings insalled. These are nstalled by applyi

 small amount of etaining compound (specifications found in Appendix “G") 10 the

Hinear be et perimeter and then inserting the bearings nto the bores of the thrst

8 o

block. This method of bearing insalltion was chosen during the design phase because it

absolutely does not apply any forces that will alter the operation of the bearing. The

holes had been reamed during assembly t a slding fit and the

w01



ills the space between the two components, curing 10 positvely lock the bearing into
position. Next the thrust shaft retaners were installd nto the thrust block by inserting

hreads

the retsiners over the protruding ends of the screws. - Figure 120 shows the installation
details for the bearings and retainers. Nextthe linear races were insalled nto the thrust
block linear race mount, as shown in figure 121, Following this step the load cell was

installed by first threading a stainless stcel jam nut over the reference end stud of the

the threaded mounting ole of the thrust block. 1t was threaded in all the way and then

backed out o allow the wire exit point o the transducer body 10 align with the block as

22,

Figure 120 - Linear bearing and thrust shat reainer detils.
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Figure 121 - Linear aces mounted in thrust block lincar race mount

Figure 122 - Load cell i

talled in thrust lock — Note wire alignment.

Afer installing the load cell and ligning the wire,a strain relief loop was formed before

proceeding to the next step. This is also shown in figure 522, The jam nut was then

gently tightened. Next the live end of the load cell was coated with anii-seize and the

hrust Tink was installd by threading over the stud. 1t was threaded all the way on until it

Stopped and then backed off so that it appears as shown in figure 123, Then the thrust
block, along with the linear race mount and load cell was carefully put into position on
the Toad cell housing and the 6 screws installed 1o keep the subassembly together.

Figures 124 and 125 show this step. Figure 126 shows a screw tightening guide



Figure 123

Thrust link instaled.

Figore

25

View from opposite side,

cws installd.

Screw tightening guide.

104



R -

Next the subassembly was connected (0 the

sin pod unit,Prior (o this sep it was.

ensured that the thrust shaft re

1y were in the open positon. Figure 127 shows the
retaners as closed. Figure 128 depicts the retainers opened. The gaskel was then
fabricaed and placd into positon and the thrust lock was then mouricd over the thust
. The retainers were then moved to the closed positon by rtaing them usng a
uitable tool (in the author’s case it was a tec-handle allen wrench). The parally
installed subasembly is shown in fgure 129, The screws were then installed and

ened using the guide shown n figure 130. AL this point it should also be noted that

Figure 127 - Retainers closed Figure 128 - Retainers opencd.

Figure 129 - Subassembly mounted in positon on main pod unit

05



Figure 130 - Serew tightening guide.

it was necessary that the subassembly be installed in the corret orientaton 10 the drive

unit. Figure 131 shows the corrct orientation

il
v
| \

1 Y S
\ S

3%

i

1

=

N\ A el
& =

Figure 131 - Instalaton orientation of pod thrust components.



plete the instalation of the subasscrnbly 1o the pod unitthe thrust shaft had to be.
positively locked into position with the thrust block. This was accomplished by holding

onc of the

uainers inthe closed position (th other will stay closed automatically) while

the retainer screws were tightened with a ball end tec-hs

e allen wrench. This step is

shown in figure 132,

Figure 132 ~ Locking the thrust shaft t the thrust block

After this step the position shaft o-rings were fabricated and installed in the shaft

grooves. The threads of the thrust link were then lubric

cd with grease and the position

Shaft threaded onto it Grease was used instead of anti-seize because these components

would be subjected to frequent motion during testing. 1t i the rotation of this

Shaft that determines the gap distance seting. Figure 133 shows the position shaft

installed. Nearing the completion of the pod unit and gap distance mechanism assembly

a0



is the insallation of the adjusir housing. Note that only tWo of the 6 screws were

e at tis poin parofthe
messurennent sysem. The gasket was fabricaed and the adjostr housing was slipped
over th posiion shaf taking care ot o damage the previously insalled o-ing sals.
Figure 134 shows the insalied adjuste housing. To bring the asembly to completion

was the installation of the gap position lock nut. The las o-ring seal was fabricated and

Figure 133 - Position shaft intaled.



Figure 134 - Adjuster housing install

&

Figure 135 - Position shaft lock nut installed.

LS
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allow it to function properly. The first was the completion of the installation of the
remaining two of four shell mouns, one of which was instrumented to measure the drag
losd. The fist two shell mounts were installed when the gap pressure sensing

instrumentation components were installed on the main pod it see section 1.1.5. The

s sysen's
ol in sting up the shel dra load cll. Note tha sthough the instramentation was
designed with symmerial installton lcations fo the shell drag load cel only one is
necesaryformost ypes of aicipatd messurnents and only ne was instaled for the

st set of tests.

“To complete the installation of the two remaining shel floats, first the foad cell was

hcaded into its mounting position. Care was taken during the threading in process to

ensure that the wires exiting the load cell caniste did not become pinched between the

o cell canister and the load cel housing wall as noted in figure 136, Also, 0 preve

he o el from water damage,the lser wekded constucion of the sensor was taken
advantage of by pplying a smal amount of slcon scalant around the wiring exi. This
rested a eskepoof device, The emperature conpensaton medule was sk scled with
Siicone scalan, Nt the dra lnk was threaded onto the live end ofthe foad cell a3

depicted in figure 137, 1t was theaded al the way onto the stud, but not tightly as it

Wwould be backed o

410




mount flosts were pre-assembled prir (o insallation.  Assembly consisted of installing
the stsiness stcel linear bearings into the shell mount. Installtion of these bearings
wilized a liquid retaining compound instead of retaining clips, which was the case with

the shell i 115 A small

was placed on the surface of the bearing before installation. Insialltion was carried out

with a slight twisting motion as it was inserted int the bore. Figure 138 shows the
instrumented shell mount float bearing installtion detals. Once the bearings were
installed, the linear race rods were insered into the inear bearing bores and these

subassemblies were then positioned on the mai

pod unit such that the race rods were
inserted into the two mounting pockes of the load cell housing. At this point the reader
Should note that although the two mounts are identical, o is connected 1o the load cell

and o is free 1o move on it linear race rods. Figure 139 shows the installation step in

progress for float,

Figure 136 - Lowd cell position noting installation caution.

an



Figore 137 — Installation position of drag link.
drag link until the pan head screw was instaled, but not tightened compltely. Figure

140 depicts the installed screw. Note the wiring positon.

“The wiring was routed out behind the lower race rod and across the face of the sl ring

housing.

Figure 138 - Shell mount float assembly detail






vinyl water proof tape.

(6.35mm) diameter PVC hose which acts as  mechanical shield during shellinstalltion.

“To allow completion of the shell mount floats it was next necessary 1o install the gap

filler components. These parts allow the gap between the back face of the propeller hub

and the flat fce of
in such a manner that the pod'’s outr surfoce i angent 10 the propeller hub aper anle
across the gap for specific disance senings.  These pans also allow the relatve
movement of the shell as it s loaded i the dircton of s flow in water 2 wel as
creating a baricr 1o prevent any flow rat of waterinor out of the vlume between the

exterior of the main pod unit and the interior o the shell. Instalation of these parts was

1o give proper operating clearances.

Figure 141 shows the 4 components that make up the gap fllr sysem. To start the
asscrby proces the ing adapior was placed over the main pod urit s shown in igore
142, Note that the propeler hub taper adapsor, emporaiy nsalledinsetion 116, was
fit removed. The pressure plae adaplo was next insalled. This component is
composed of two halves which are held onto the pressare sensing plae by 6 siiness
Seel serews, 3 in cach half, These were installed by first plcing the o-fng seal over the

pressure sensing plte and then placing each half into positon on the pressure sensing



picces. The screws.

installed using ceramic anti-seize, given that both the screws and pressure seasing plate

Figure 141 - Gap filler sysiem componens.

e seal are shown in igure 143, One outer shell alf was then placed over th ring
Japtor o rough in s reltive poston with the rest of the pod unit. One of the two
inles siel socket head cap screws was installed into the instrumented shel mount
i both serews for the propeler end shell mount loat were insaled to keep the

el i position. Figure 134 shows the pod unit with one shell half installed. Note that

e load cell s now keeping the shell in position i the axial directon. Figure 145 shows.




Figure 143 - Installtion positions of o-ing and pressure plate adapior.
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Nexta was installed. This part

into position on the ring adap steel srews. Ca

Figure 144 - Pod unit with shell half insalled on instrumented shell mount float

Close-up of gap filler o-ing sea, ring adaptor and pressure plate adapior.



Figure 146 - Gap filler instaled, note position ofis o-ring sl

n the center of gap filler scal ecess, as s shown i

that the o-ring seal was positiones

figure 146, Note that propeler hub taper angle adaptor is now again in place. The

process o se

£ up the proper operating clearances was then caried out next.

To set the proper operating clearances it was necessary 10 adjost the position of the
instrumented shell float 10 achieve a gap of 0.010" (0254 mm) between the opposing

e 147 shows the

faces of the end of the gap filler and the pressure plae adaptor. Figu

position of the correet clearance. To adjust he position of the insirumented shell float the

sloted retaning screw was loosened and the thrust link moved in the axial dircction by

rotating with a small standard screwdriver insercd in the space between the load cell

Housing and the shell mount float, Orice  new posiion was reached,the slotied etaning

screw was retightened and the clearance gap checked. This process (0ok several

iterations uniil the correct gap was achieved. Note thatal citcal clearances are 0.010°



©

4 mm). This makes future setup work simpler with only one value 10 use. Figure

148 shonws all gap fillercomponentsinstalled and set a the corrct spacing.

Figure 147 - Gap fllr clearance position and value

Figure 148 - Completed clearance setup of gap flle components.
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p . the shell half used in
was removed and the instrumented shell mount float inear race rod fing mount was

four #1024 x 0.75"

Figure 149 shows.

110-24 x 578" wounING
Schews (2°PLackS,
TREENLLLD PREVTOUsLn

2 AT

INSTROMENTED SHELL
Eoittes ity

Figure 149 nstalled inca roce rod mounting ring.
ting. Nextthe positon shaftand gap il lock nut access cone cover and i hreaded
adapier wre positoncd o the msin o unit and the shel hlf rensalled. General
lesrance was checked for between th exterio of the main pod it and the iteior of
he shel. Minimum desgn clerance was 078" (2.00 mim) ll around.  Figures 150

through to 152 show allinternal clearance areas.



Figure 150 - Overall view of learances between exteror of pod unit and inrior

Figure 151 - View of clearances at instrumented shell mount float end.



Figure 152 - View of clearances at propelle shell mount flot end.

1110 Final Wiring Instal

lon & Pod Enclosure

To complee the nclosure of the main pod unit and creae & water ght vessel,the wiring
and access hathes were installed. This siep also acted 10 complete the electical
connection between the o unit and the main wiring hamess that allowed he signals 0

be carried t0 the data acquisition system.  Figure 153 shows a view of the internal pod

wiring terminations. The gasket has lready been insalled at this point. Note the tianed
tips that ided the inserton nto the terminal blocks on the printed circuit board of the

witing access hach, shown i figure 154,






Before final conncction of the ignal cables, cach channel was tested for both continuity,
clecrieal isolation from chassis ground and correct sensor resistance.  Figure 155 shows

the resistance tet for part of the torque bridge circuit

r 15 — Testing the torgue bridge circui (and all others).

Afte cach channel had been tesied, the cable ends were inserted into the corresponding

{crminal block and tightened. Figure 156 shows the finished connections. Note that the

bl exiting the hatch have been instaled ino a clear PCV hose, which acts as a water-

werior. ‘This

tight mochanical shield s well as  passageway (0 carry dry 3 10 the pod
aspect s discussed n sction 7.2. Figure 157 depicts the hatch aftr being fully instaled
Wil the staless steel socket head cap screws tightened. Note that again the use of
ceramic anti-size was required o prevent breakage or sripping ofth fasiners as they

areinstalled or emoved at & laer date from the alu

Slip ing housing.
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Figure 156 - Cables fully connected.

When the wiring hatch intallation was complte, the hose carrying th cables were aped
10 the pod stut with water-proof viny tape. This was done o ensure tha o pat o the
main wiring hamess interfered with the operation of the shell drag movement,  Figure
158 shows a view of the taped hoses passing through the clearance passageways
machined into the pod outer shell and extension, “The hose carrying: th cables for the

pressure transducers was also secured with tape n the same manner on the opposite side



Figure 158 - Secured cable hoses and cl

The fnal step in assembly of the main pod instrumentation urit is now discussed before

moving on o the global dynamometer assembly.
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1001 Idler Tensioner Box

prop system was completed by the insalltion of the »
and the right angled gear box. The belt separator prevents th teeth of opposing sides of
the drive belt from inerlocking at high propeller speeds. It was insrted into the strut

be by firs g

atly twist

2 the top loop of the drive belt where

exits the srut twbe to
alow the belt separstor o be inserted. There were slots machined into the t0p of the
bottom strut mount block prior to welding it 0 the strut ube (0 allow the belt separator

i position during operation.  There were

o features machined into the belt
parator 1o allow it to fit exactly into the top of the strut twbe and gearbox mounting

i

159 shows the belt separato flly inserted into the strut ube.

Figure 159 - Inserted

separatr.
e belt separator retaining bracket was next installed (0 keep this component stationary.

i is shown in fgure 160, Next the gearbor was mounted afier having been flled with

proper quanity and type of lubricant. See Appendix °I for lu

stion specification.

o



Figure 160 - Belt separator retaning bracket.

To mount the gearbo, frst the gearbox mounting plates were instlled and then the

carbox I into position between the plates. Two screws were threaded into posiion on

end opposit the drive palley (insalled prior o lifing the gearbox into position).
Tis allowed the gearbox to b tltd into posiion and achieve an initial ensioning of the

eve belt. This step is depicted i figure 161. Note that the screws were ot tightened at

i time.  Next the belt tensioner idler pulley blocks were installed in thei pivot

positions and the drive belt placed over the drive pulley. The gearbox was then lified to

 an initial tension 1o be set-up. This is shown in figure 162, The two remaining
Screws were installed a tis time and ightened sightly unil the enire unit was installed

» the test carriage.
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Figore 162 - Gearbox mounted
(Notethe dler pll

minary position prior 0 carriage mounting
ld in their pivor poini).
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1.2 Global Dynamometer Assembly

The global dynamometer assembly started with the live end assembly and progressed

outward from this subasscmbly.

1.2.1 Upper & Lower Live Plate Assembly
“The live end of the lobal dymamometer was designed to be accuraely produced and
when put togeher, dimensionally stable under il loading conditons.  Assrsbly
consisted of boling althe components of the live plte together and then proceeding t0

atach the load poins.

The first step consisted of laying the lower live plate assembly on the carrage frame.

“The plte 1 were o be used
setup of the fle link and load cell assemblics. This assembly locaton was uilized
because of its flatness and thus would allow the structure 10 be boled together i a flat
condiion, Afer positioning the lower ive plte, each of the siffenes as well s the
centerspacer ws placed ino ts machined groove in the lower live plate. One o more

serews were instaled loosely (0 Keep the stiffeners

place. Figures 163 and 164 show
ihis progression. When all parts were in position the upper lve plate was positioned on

top of the assembly. This i shown in figure 165,

Next all screws were instaled to connect the components together. The insallation
tightening sequence is shown in figure 16, For each position i the sequence, a serew

et




Figure 163 - Lower lve plae sting on carriage frame machined points

Figure 164 - Al siffeners in place



gure 165 - Upper live plate positioned over assembly

assembly progressed. All the

radiate outwards from the center o the strcture as the

This choice

fasteners used in this step were % UNC low head socket head cap screws
allowed for a compact fastening method. In the case of the screws connecting the center
spacer, the heads were modified by making the thickness of the heads shorter. This

e plate section at this location while st allowing for

counterbore. Figure 167 and 168 show this detail

astened together, the load adaplers were

d be

Once the live plate components
nstalled. First the X dircetion load adaper was connected then the two ¥ direcion load

jon Toad adapers were insalled when the fle links were installd,

adapters. The Zdi
s thei design differed from the X and Y. Figure 169 shows the positioned X load

sdapter while 170 shows one ofthe positioned Y load adpters.

m
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Figure 168 - Testfit of modified fastener head into plate counterbore



Figare 170 - Positioned Y load adapter

ass



As mentioned i the section of the thesis on the design of the dynamometer, one of the

key features of an accurate dynamometer s ensuring that the live end is positioned

of the six load cll and

flex link subassemblies could independently be installed or removed without intrfering

with the others or the overall dynamometer assembly process. This section outlines

After assembly of the live plat, it was removed and  series of safety studs installed nto.
the tapped holes on the machined pads of the carriage frame. These studs serve two

purposes. The first purpose is o prevent the dynamometer live plte from rollng out of

uncontrlled movements in the event of  complete flex ink filure during use. By using
the safety studs, i one or more flex lnks should fil, the suds willresteain the movement

of the live plte preventing further cquipment damage or injury 10 test cariage personal

Figure 171 s forseting the

“The next sep consisted of posiioning wo %4 (6.35 mm) diameter steel dowel pins onto.

the machined pad as depicted in figure 172. These actas rolles. Next, a machined shim



was installed onto the rolers at cach of the four machined pad locations, as shown in

figure 173, Nexta

(635 mm) diameter roller was placed on top ofthe shim as shown

in figures 174 and 175. Note the placement of the shin's slot inthe igures

Figure 171 - Safety sud.

alled nto position,




Figure 173 - Insalled spacer shim.

Figure 174 - Top roler

This allowed the shim 10 be palld out when all flex link and load cell assemblics had

e added t the asse




e 175 - Side view ofal rolles and shim
Al four safety suds, shims and rollers are shown as insialed in figre 176, The
ascnmbled live plte was then placed over the safey studs such that the (op oler in each
Jocation conactedthe corresponding machined surfce on th underside of the lower live
plte. Figure 177 shows th positoned lve plat assembly siting in place. Figure 178
Shows a close-up of the rolle and shim amrangement between the two dynamoneter

iponents. The positoning of the reference frame i discussed inthe nextsection

e



Figure 176 - Al fourset of positioning components installed.

177 - Live plate asembly insalled with corret height st

440



Figure 178 - Close-up of shim and rollr assembly between dynamometer componens.

12.3 Reference Frame and Carriage Frame Assembly

The reference frame serves two major functions in the overall dynamometer ssembly.

Firs it is the object with which all forces react against during instrumentation use. It

second function i 10 serve as a platform that can be raised when adjustmens, changes,

talltion or emovalof the pou unit must be carried out I was necessary (s presented

i the section on it design) therefore 10 make the rigid attachment and removal of this

component 0 the carrage frame relatvely casy. The assembly of these two components
consisted of placing the reference frame into position on the carriage frame and aligning

e four attachment bolt holes. The four reaining bols were then nstalled and tightened.

No other alig

ment was necessary o continue onto the next siep of installing the load

cells and flex links. Figure 179 shows the reference frame positioned over the carr

frame. Figure 150 shows the attachment boltlocations



e 179 - Reference frame positioned.

viEw

Figure 180 ~ Atachment bolt locations.



1.2.4 Flex Link & Load Cell Assembly & Installation

The global dynamometer is designed o allow each of the flex link and load cell

assemblies to be installed independently of the others. Thus, to start the asserbly, each
of the load cells was screwed into position on the reference frame using the appropriate
adaptor. Figure 181 shows the oad cell adaptor for the X, Y and Z directions. Note that

the adaptors 1o allow load cell install there was limited

space available in this location of the dynamometer. The X.direction load cell and its

p P

reference frame.

- SN

Figure 181 - Load cell adaptors.

Tnstaling the load cells with the adaptors minimizes risk of damaging the load cel due to
cross threading or applying too much torque 10 the body of the load cell. Also, in the
event of a catastrophic failure due to colision in the test tank or other scenario, the

‘adaptor can always be unscrewed even f the load cel threads in the adaptor are damaged
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s the strength of the adaptor makes it unlikely to be damaged. Figure 182 depicts one of

the Y-diection load cell adaptor insalled on the reference frame (note that photo was
taken during QA of the adaptor and before dynamometer assembly),the Z sctup is similar

and s shown n figure 183, Once allload cells had been installed the flex links were

Figure 182 - Y-Dir load cell adapior. Figare 183 - Z Dir load cell & adaptor

then added by threading them over th live end stud of the foad cell. The insallation of

the Z directon flex links are discussed first

The design of the Z-direction setup was such that it was simple o Gl the flex link into
position and thread it over th load cell stud. This i due 1o the over-sized hole in the

rection flex link

lower live plate. Figure 184 is a photo showing a test it of 4 Z-

instalation (note the stwd end of the flex lnk in the over-sized hole). Next the Z

alled. To

dircction load adaptor was placed ino posiion after the flex link was

‘complte this sep first one 4" UNF nut was threaded over the flex link stud. Nexta flat

washer was installd, then the Zdiection load adaptor was pushed on over the stud and

up through the hole in the lower ive plte. A second flat washer then 4 second nut was



installed. The position of the Zdirection load adaptor was adjusted using the two nuts
unil it just contacted the plate. Six %" UNC low head socket cap screws were then

intalled but no flly tightened. Next ach of the two fine thread nuts previously

© 184~ A test installation photo of a Z-dirccton fle link. Note the oversized
hole inthe lower live plae o facilitat casy fle link installaion.

installed on the flex link stud was loosened 1o give sbout |

(©0407) clearance

between it and the adjacent face of the Z-direction load adaptor, Then the 6 screws

securing the “The two flex link stud nuts were then
tightened only until contact with the adaplor was made. This procedure was followed to

avoid lifting the

plate away from the top roller nstalled on the positioning shim.
Figure 185 shows a view looking up at the bottom of the lower live plate and installed

load

tapor for the Z-di

don flex link. Figure 186 shows a view of the entire

tallation of a Z-direction load cell flex link and load adaptor. Final tighteis

discussed in section 125



Figure 135 - Installed but notyet tightencd load adsptor for a Z-Dircction flex lnk.

Figure 186 - Complee load cell and flex lnk installtion for Zircction.
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To install the X and Y direction flex links,frst one -UNF nut needed t0 be threaded all
the way onto the stud end of the flx link and  flat washer pushed on over the stud after
nut installaion. This allowed the stud to be linked to the live plte load adaptor and

adjusted as described in section 1.25. Each of the X and Y dircction flex lnks was then

maneuvered into posiion and the stud cnd dropped into the sl of the live plae load
adapter, making sure the previously installed nut was ot conactng the adjacent face
The Y-UNF threaded hole of the flex lnk was then thrcaded over the five end of the
preiously instlled load cell. Once insalld,  second washer and the second nut were

threaded onto the flex lnk studs of the X and both ¥ flex links, but again not fully

tightened. Figure 185 shows one of the two installed Y-direction load cels with the flex
link installed while figure 156 shows the lve plate load adapter with the flex Tk stud

installed i the slot and both nuts and washers contacting the faces

Figore 187- Insalled Y-diection load cel and lex ink.




ure 138 - Live plate load adapter with flex link, washers and nuts insalled

1.2.5 Adjusting the Flex Links
Note that to complete tis step the data acquisition system was partally set-up 10 allow
the voltage outputs from the load cells to be monitored. The complete procedure for

Seting up the data acquisition system is outined insection 2.

Adjustment of the flex links scrved two purposes.  The first was (0 ensure that the
assembly was aligned corectly in the X-Y plane and the second was 1o ensure that the

asembly did not contain an excessive

imount of tension or compression preload in the

force measurement system. Ideally 4 dynamometer should only regiser

e mass of the

live.porton of the assembly (unless counter-we

), the magnitude of which is

factored into the load capacity of the individua load cells. 1 a dynamon

 is poorly
adjusted then a large portion of the load capacity can be wasted in system preload. This

eads 10 situation where one or more channels can be sat

4 when the dynamometer



i placed into service and a slight load is encountered on a channel that has a high degree

of preoading.

The data acquisiton sysiem had been partially assembled at this point n time, and was

functional for this procedure. Al six load cell cables were

comnected 1o two data

acqisition signal conditoning cards. The signal gain for cach channel was set 0 allow

n the screen in me

ing 1o be se ring mode, which is 4 continuous voltage

monitoring mode of operation. Figure 189 shows a typical screen display of the data

acquisition sysiem in metering mod

Figure 189 - Metering mode display of al six losd cell in the dynamometer



To start the dynamometer adjustment process,the X-Y alignment was carried out first.
Figure 190 shows  locating diagram used to measure the relative dimensions between

the machined faces of the Iy

‘end load point adaptors and the corresponding reference.

frame load cell mounting positions. A set of digita calipers was used to measure both

target distance value used in the adjustment process. The adjustment was made by

ly

he

These ad the computed

target value was met for both Y-direction loading positions.

TOP VIEW

Figure 190 - Location for measuring reltive distances between live & reference faces

‘When the X-Y alignment was complete, a final tightcning of the flex links was caried

out. This was accomplished by first noting the voltage output of cach of the X and Y-

direction sightly



The zeo o vlage
i for when tghtning the two s The nuts were progresively tightened by frst
tightening one, then ightening the oppositc nut an cqual amount while viewing the
volage utput.For ach pir of tightning trs,the voltage was maitsined o the o
Josd voltage. This procedure was i out al thre Ml lnk i the X-Y plane were

fully tightened.  Note that to accomplish the tightening, (w0 open end wrenches were

his oeration). A %"
1 while 8 V8" (9525 mim) wrench was used o hold the st stationary.  The 38"
9525 mm) hex at the botom of the e lnk st i 0 prevent the ecked down region
1 the e lnk from being loaded in torsion by acing as  point o apply  reaction
{onque. Figure 191 laststesth two wrenches in . When flly tighicned, the trget

verified, the Z-direction le

fitance value
ik tighicning commenced. Not that for reference purposes, the design value for the

XY disance is 9255 inches (235.07 mm).

divection, the procedure was slightly different. As in the case of the X and Y.

e, they were fist observed, but then cach bottom flex link nut was tumed in o

increase the flex link it 3
nter-clockwise (COW) if viewed from the p) until it was just supporting its portion
1 the live assembly mass. This point was realized when the voliage change stopped.

Note that again the stud was prevented from roating by using two wrenches. The nut




Figure 191 - Using two wrenches for final Y-dircction lex ik tigh

The voltage at this point was observed and used as the target voltage for final tightening.

A this point the top nut ws tightened (CW Jooking

lown, CCW looking up) and then

the bottom nut was tightencd by the sam

amount, These steps were carried out in a
progressive pattem until all thrce Z-directon flex links were secured.  As with the Y-
direction flex links, a /8" (9.525 mam) wrench was used 10 prevent the st of the flex

Jink from turning, as illusrated in figore 192, Afier adjusting in this manner, the flex

ks were “just” support

the mass of the dynamometer and the previously installed

ot carrying a significant amount of load




Figure 192 - Using two wrenches for inal Z-dirction flex link tightening.

ast flx link to be adjosted was the one for the X.direction.

the nuts on
stud were backed off and the no-load volta

e noted as the target value.  Both nuts
hen adjusted as

o that

I voliages were monitored during this lust phase 1o ensure that off-axis
s were not significantly changed.

A this point the dynamometer was ready 0
ive s shims and roller removed.

1.2.6 Removal of Spacer Locating Shims and Rollers

When all adjostments on the load cells had been completed the spacer shims and rollers

were removed. To carry out this las stp the shim was simply grasped by two edges and



The rol pullthe shim out.

The dynamometer was now ready for calibraions. This procedure is discussed in

Appendix 0.

2 Data Acquisition Setup
“To allow the newly assembled instrumentation to be calibrated and then used, the data
acquisition system had 10 be electically connected and interfaced correctly. The author

had originally intended o use LabVIEW s the software forthe data acquis

ion process.
“This program can be configured to allow plotting and analysis of dat in engineering

units afer each experimental run. This allows a summary of each experiment 10 be

» dication of whether
ot no the experimen, nsiumentation, or boh are proceeding in a manner that makes
sense, depending on the insight of the experimenter, However, because of @ limited
availabilty of time during tesin, the autbor had o use DogView as the acquisiion

lter, This

i generally not goo practice but had o be accepied given the tank time constraints of

the experimentation,



2.1 Electronics Assembly and Card Channel Selection
The first step in the electrical interfacing of the instrumentation sensors and the data

acquis

ion system was the assembly of the data acquisiion electronics and the card
channel selections. The author is indebted (o the fforts of Mr. Jonathon Fleming for
carrying out this important task, as well s soldering together all connectors and cabling

for the system.

Assembly of the electronics consisted of inserting each sensor system card into the
chassis box that had been ordered for the project, and connecting all of them together

with 4 parallel ribbon cable.  Selecting a channel for cach card consised of pla

ing
jumper switch over the coreet o pin st of the channel (0 be sclected. Figure 193

shows Note the channel Jumper pin sets.

“The channel assignment had no bearing on the data acquisiton operation with the

exception of the DBK-45 cards, which has the requirement of not being set (0 the lowest

channel number,

In addition 10 the card channel, there was a port assignment (sub-channel) for each
particular card.  As a resul, each sensor was identfisble by a card and port channel

umber. The card and port channel mumber was labeled in the data scquisition software




Figure 193 - Typical channe nent jumper switch seting.
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2.2 Gain Selection for Transducers

The gan value for cach sct of instumentation sysiems was set 1o achieve a final
amplificd volage of s close  approximately = 4 vlis as possble without going over.
A range of & 4 volts was chosen (o minimize the possibilty of channel sauration by
having a contingency of = 1 volt. As an exampl, for the dynamomeer load cells, the

output fro

the sensor is approximately 1.94 mV per volt of excitation a the maximum

ated load capacity (1000 Ibs or 4448.2 N). The excitation voltage is 10 VDC, therefore

oading of
19:4 mV..1f ne divides 4000 mV by 19.4 the esult s approximatly 206. The closest
gsin value avaiable from the slector jumper swiches on the DBK-4S. signal
conditoning can s 200, Thas the gain value sed was 200. Most load cels can handle
certan amount of verload (ypically 10%), thus by having a gain of 200 i i unlikely
at the channel would have a voltage input 10 the card that exceeds the maximun & 5
Volsthe card s capable of measuring. The trade-offor thi g value however i a loss
of resolution st lower loading condiions for the dynamometer. Afier some experience
with the instrumentation, it would b possible 1o aller the gain value if ne was sur the

sensor voliage would not exceed = 5 volts a the higher levels of oading. Thus
the next gain value of 500 could be used. ~ Alternatively, one could caleulte the

resistance of  gain resistor that would allow the sensor (0 yield = 5 volts at full load

Raww 11-50Q. Once
calculated, the resistor s soldered dircctly into the correct location on the PC board of the

DBK4S card.



Tosd cels, the output

from the sensor is considered o be high output since at ful scale loading the output is
approximately 200 mV. Thus the gain value was set 10 a value of 10 0 prevent channel

Saturaton. As in the case of the dynamometer load cels, the et gain value of 100 could

e s range, ora

specific gain resistance caleulated and soldered onto the PC board.

T the case of the test cariage speed. the gain was set (0 1, as the output from this

transducer

approximately 1 VDC for every | s velocity.

I the case of the pressure transducers and propellr shaft tachometer generator, the gain

level was 1 by defaul, as these devices were connected 10 the DBKSO data acq

card, which has unity gain.

For the propeller dure st forth in
the 10Tech manual on the DBKIG, which is a 2 channel strain gauge amplifier
Essentally, the procedore was folowed to allow seting 10 VDC as the excitation voltage:

and 4V for the maximum design torque of 34 N'm.



2.3 Labeling of Channels in DAQVIEW

Labeling was carried out 1o reflct the sensor connections (0 the data acqui

2.4 Wiring the Connectors

With the exception of the propellr shaft specd and test cariage specd tachometer
generstons,cach sensor eeded 4 conductors o function. This esulied i a eed fo 64
conductons o camy all excitation volages and ignals between the insumentaion
package and the dta cquiition sysem. To cary this o, the utho soured  shiekled

cable with 25 individual conductors. Each conductor was colour coded with the

bi " A

" the
distribution box 1o be set up with each connector positively identified. The cable was

then cut o 3 lengths (as short as po

) that made up the main wiring bundie for the

clectical system. This provided enough conductors with 11 10 spare. ~ Again, Mr.

Jonathon F tedious task of following ®

& bundie 10 alow

2.5 Selecting the Cable Routes
“The as et i seting up the it acquisition sysem was in the selection of the cable

anmer as 10 maximize is distance

routcs. The data acquisition cable was run in such o

from the drive motor, power and control cables. The cable route was also set out 10



provide the movement necessary as the it clevator raised and lowered the

instrumentation package.

“This ends the discussion on experimental setup.
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CALIBRATIONS

INTRODUCTION

1 Calibration Fixture Setups.
Calibration of the instrumentation staried with planning the loading scheme for each

system. I the case of the global dynamor

cte, thrust and drag portions of the pod
smentation, fixtures were set up 10 allow forces (© be applied 10 the sensors in the

. In a am was

11 sccurate appliation of torgue. The relative twist in the shaft as well s any stetch in
the belt which would occur during torsion loading was accounted for by machining &

Jius on the end of the moment arm used in the application of torque. This radivs

4 that the moment arm remained constant throughout the angle of rotation of the
it For the pressure transducers,  hollow square tube with marked water depths was.
bricated. The entre pressure sensing assembly was installed and al ransducers

{hrated nder the same conditions. In all cases where required, the system was leveled

re that the loading axis was parallel with the movement axis of the

(umentation

2 Propeller and Pod Propeller Thrust Calibrations
+ calibrate the thrust instrumentation of the pod unit, a simpl calibration jig was

ned and fabricated. This jig cons

s of two thin walled square aluminum tubes and



two threaded rods. These components allow the thrust o be calibrated in both pull

threaded " 104 weight hange
weights of known mass are placed during the calibration procedure. The threaded rods
connect the two tubes in such a manner that the pod unit does no obstruct the thrust line

in Figure 1 (system

intension), Note

that the shell can be installed or omitted from the instrumentation during thrust

calibrations.

“To start the calibration procedure, the load cells for the two thrust measuring systems
were tesied in the un-instlled condition. This was 1o establish a linear calibration

constantthat lish

base e slope that could be compared o the installed calibraton constant, This would
be the first indication a5 10 the mechanical funcioning of the thrust measurement
systems. Each load cell was calibrated by first mounting  pull point on cach stud of he
device and then hanging it from a suitable frame that ould carry the 889,64 N (200 1h)
test load fore. The oad cel was then hard-swird to the daa acquisition sysem using
sparc channel with the gain (x10) appropratly set. The excitaton voltag was then set

and ver

fied with an external digital multi-meter. Note that the power supply was

allowed several hours to warm up and stabilize, given that it was an analogue unit. The

463



test of the load cell was conducted by hanging known weights, in an increasing fashion,

Figure 2 Push configuration calibation set-up.
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Atime.

These

stable regions then had an average voltage computed in Excel, @ spreadsheet software
package. Figure 3 shows the time series plot for the propeller hub thrust load cell
(#2199). Table 1 contains the resuling stable region voliage average values, along with

their corresponding loading mass, for loading condition and unloading conditions. The

values in table 1 are in figures 4 and 5. ol

fiting a linear trendline in cach case. The slight variances in slope between loading and

porions of the test may placement
or removal of the weights, howerer the author was careul o select the data regions
outside any notceable transient voltages at the begining or end of a sble region for
cach calibraton weight additonfemoval. The difference n inercept values is due 10

hyserisis.
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Figure 3 - Time seies plot for the calibration of the propeller
hub assembly thrust load cell.
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Avalue of 1000

indicaes a good calibration.

Figure 6 shows the time series plot for the pod unit propeller thrust losd cell (¥2195).

Table 2, long with figures 7 and 8,
coefficient. Note that the slopes and correltion cocfficients have been calculaed using.

all points in the calibrtion process.
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Figure 6 - Times seies plot fo the calibration of the propeller
pod assembly thrst loa cell.
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(Data from table 2).
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At this point the calculated slopes were compared (o the factory slopes specified at the

full scale output of the sensor devices (see appendix A). Table 3 compares the two sets
of slopes. Note that uits are Newions/Volt. The difference between the two might be

‘accounted for by the voltage drops across the signal cables, the exra resistances in the

plugs. e scting.

by a potentiometer.  Without justification the author averaged the loadinglunloading

constan for slope. Note also that
the percent difference between loading/unloading of the hub and pod load cells s

approximately 0.25% and 0.08% respectively. The values of 97.2% and 99.2% indicate

high degree of agreement wi

factory vlue.

Table 3 - Comparison of factory speciied slope 10 experimental calibraion siope.

Following calibration of the load cells n the uninstalld state was the required assermbly

and installation procedure to integrate the load cells into the complete instrumentation

package. The reader i referred o Appendix M for these dtals.

n



both push (pull) mode. At hi 3 in

tractor mode only. The reason was a looming time restrain. There was only time for

testing Ths, having to
make  choice, testing n tractor mode was seleced to conduct the inital series of tests

with an un-obstructed inflow (o the propeller.

“The calibration procedure sarted with mounting the assembled pod uni 10 a frame that

was specifcally designed for

s task. After the frame and pod unit had been leveled.
the calibration jig and weight hook were atached 1o the propeller mouniing face on the
hub instrumentation.  Next the weights were added in succession as the data was

collected.  Note that both thrust load cels were calibra

at the same time during
excrcise, Without jstification,th added calbrtion mass ttaed 60 kg (13228 ), less
han the 90 kg (198.42 1) used on the o el i the uninsalled st The anticipacd
propelcr thrust was such that a 60 ke (132.28 1) calibrtion was deemed adequat, thus
avoiding subjecting the instrumentation o excessive forces. As cach weight was aded,
the drive system was rotaed clockise and counter-lockwise 1o reduce the Tictional
effctthat the seals and bearings would have on the thrust measurement sysem. Frcton

i such  system tends to reduce the efective load reaching the load cells and must be

reduced as fr as o fited with bearings. The
effct of this slight rotation can be seen as  seutling of the output voltage in figure 9 and

figure 10 time seris plots of the calibration procedure for the pod unit in tractor mode.




Of particular intrest s the fact that upon close examination of these two plots, the pod

{hrust senin is more proncunced than th hub thrst (amost noe), with he volage
output incrasing/deceasing by approximatly 25-35% during loadinglunloading (@
isus estimat) st the slight agtaton of the sysiem. This resul s 0 be expecied
because the thrst. instrumentation. mechanical sysem in the pod it is more
complicated, having moreseals and bearin elements than the hub thrust insiumentaton

mechanical system.

d the data




Figure 9 - Times seies plo for the calibration of the intalled propeller
hub assembly thrust load cell (Pull Mode).
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Derived from the time series plots are the average voltages for the stable regions,

i 5 (pod load cell)
data are shown in figures 11 through o 14, along with the computed slopes and

correlation coefTicients.

e
ca 59 & Hook|

Table 4 -
ime series plo
(Propeler hub assermbly thrustload cell, installed pull mode)
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Figure 12 - Calibration plot for unloading condition of Hub Asscribly
(Data from able 3).




1 the case of thehub thrut calbration the corelton ofth da is ood withachange
i slope of .692 NIV (sbout 0.79%) from the lading case o the nloading case. Nextis
the eslt fom the o thrst calibeation. Refering o abe 5, one can immediaely see
hat the amount of etind regisiering voltae is mor pronounced for the nsalled pod

Tosd cell indicati degree of fiction as the ed are reversed

inloading
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I the case of the pod thrust calibration, the correlation of the data is good with a change

in slope of 6.331 NIV (about 1.157%) from the loading case 10 the unloading case. Note



lowest point, the conelation goes up and the change in sope drops 10 4.569 NV a5
indicated in figure 15 and figore 16 (sbout 0.55%). Note also that the overall apparent
Sifess scems 1 drop by omitin the lowest data point. This is an ndicaion that
fiction dominaes the operation of the insrumentation located in the pod a lower

magnitudes of thrustloading.
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if you compare the slopes from the tests of the load cell in the installed

pod

aramenta This result was

the author was interested in the calibration characterstics in this directon. The pod unit

was reoriented and the calibration jg changed to suitthis direction (see figure 2). In this

configuration the load cells were loaded in compression.  Calibration of the uninstalled

ave
fequined that two more louding jigs be designed and manufsctured.  Loading an
unintalled o el in compresson s sy more dificul and tme did no permit his
sk Figure 17 and figure 18 show the time sercs pltsfo the calbrtion operation in

puster made.

s
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Figure 18 ~ Time seris plot forthe calibraton of the installed po it propellr thust
load Mode).



A interestng point visible when one observes these two plot is that the hub assembly

load cell exhibits a more osclltory motion in push confi

vaton. than i pul
configursion. This i not thecase withthe pod asemby fod cll, which i dampened in
both modes of calibrtion Tables 7 and 8 dislay the calibraton data fo the instlled
load clls in push mode. These vales were deivd fromthe average valuesofthe sable

regions of the time series plots. Ploted in figures 19 through (o 22 are the loading and

Note that gain some

data points were omited to arrive at these slopes.

‘When one looks at these plots in comparison to those from pull mode it i observable that

the siff Toad cell i

pullconfiguration. The stiffness increase in push mode for the pod asembly oad cellis
about that same s tht for pull mode. “Thiscould be due 1 the foct that at tis point in
time the instrumentation had not been operated. The author decided that 8 post
clibration would thusbe ofinterest fter the experiments were nished. This eslt also

indicates that  dynamic calibration would be useful 1o carry out as the continued motion

“Table 9 summarizes the calibration constants for both pull and push mode for the loading

and unloading conditions.
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Afer esting, was i

had push

which was not the mode tesied. Because of an insight into the performance of the hub

was carried out

effect on calibration. Ultimately the lack of time and accessibility to hardware (screws

and other the. the. Pt pod unit in
pull mode with the propele nstalld, which was not possible with the stup as it was
Als, thre was the pressure of havin to fix the belt misaligament before the next est

program, the solution of which was thought sbout during the course of the fist set of

mounted in a CNC

experiments by the author,  Afie testing, the strut was removed,
milling machine, measured 1o determine which foces needed corrcting, and then re-

machined 1o fix the problem. Testing following the comections verified that the

Table 9 - Summary of calibration constants for both modes of propulsion.

“The result of the post calibraion for thust i presented in table 10. As one can see there

p as the pod



receives more use, the calibration slopes will assume values much closer (0 the

For the et of experiments carid out by the author, the true calbrtion constant lics
Somewhere between th two st of value in able 6. As an ftrthough, perhaps i ime
had allowed, it might have been a good idea 1o allow insumentaton o run for a
significant length of time before collctng any data.  Also, had the belt not been
damaged, completing a bolland pal t regulr inervals would have given a good insight
a5 10 the wearing i of the mechanical systems and any resuling change in sysiem

sifness

s

Table 10~ Post experimental calibration values

As a resull of these procedores in the calibration of the thrust instrumentation, it was
decided 10 use the installed average slope of 470.306 NIV for the hub thrust and the

nstalled average slope of 39,375 NAV for the pod thrust

“The calibration of torque s discusse



3 Propeller Torque Calibrations.

The calibration procedure for propeler torque was straight forward. Several calibration

weights were obtsined and their masses determined and recorded. Next the newly

manufactured calibration. moment arm was mounted 10 the hub and the

procedure started. This is shown in figure 23 and 24,

Figure 23 — Propeller torque calibraion arm - noe the level

Figure 24 - A view with the weight pan ttached

a1



Each weight was added and the system and then allowed to siabilize for as long as

possie

figure 25. The average voltages for the stable regions of the time series plot s shown in

table 11 e i H

15° hub taper angle pulling propeler, the shaft has to be loaded in a clockwise (CW)

rotation fashion during calibraton in this reference frame of viewing 10 represent the

Inthis case the

Voltage outpu s positive.

TS )

Figure 25 - Ti n ope

A calibraton plot of the loading case for a LH propeller on the pod configured as pull

i

Shown in figure 26, The results were very linear, which is 10 be expected because
there are o sources of mechanical loss present.  Because of the good linear

characteristcs of this transducer, the result for the Joading and unloading cases is




presented in tabular form only,in able 12. Because of the way the propeller was loaded
during testing, the final calibration slope for the pull configuration pod unit with a LH

prop was averaged.

Table 11 -

e loading &
time series plt
Jage output, LI

93



Fige 26— Calbraon o forhe g e for o L propeler
with pod configured as pull uni

[STOPE fosdrg)
[5LOPE (ioadng

Table

LH Prop on a pull configuration pod uni.



‘constant for this mode of operation.

Figure 27 - Rot

Table
R Prop on a pull configuration pod unit.



Note the high degree of agreement between LH and RH (CCW and CW) propeller
rotation. The calibration constant used in the data analysis is thus 13.795 Nn/V.. The

calib

of the propeller speed is discussed next.

4 Propeller Rotation Speed Calibration

Calibratng the propellr rotation speed consisted of using a hand held tachometer unt (0

propel
cach speed. During the speed calibraion process the speed seting was eniered in Steps

using the controller software for the Allen Bradiey AC motor controller. The speed set

intable 14 culspecd was
determined wsing the hand beld tachometr unit. The speed was determined by this
machine by counting he et of shaft revoltion uilzing a rfectd light beam. An
adhesive backed reflectortape was affxed 0 the coupling comecting the motor (@ the
input shaf of the gearbos 1o allow the bea reflction o occur during his proces.

Figure 28 shows the time series plot for the speed calibration. Referring again 0 tble

14, the averaged stable region data forthe speed calibration process is shown. Figure 29

plotalong Asa
esult ofthis process the speed calibration constant wa determined 10 be -6.533 /ol

“The carriage speed calibration is discussed next




—

Figure 28 — Time series plot for speed calibation process.
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“Table 14 - Average voltage values from stable regions of figure 28.
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Figure 29— Shaft rotation speed calibration plot

5 Carriage Speed Calibration

This procedure was caried out by usin the cquipment that normally is mounid at ll
(imes on the cariage. The caiage speed was set usng the speed input dial on the
cariage motor speed conrole shown n figure 30, Aferseceleraing 10 the set speed.
{he readouton the frequency couner, shown n igue 31, wasrecorded to comespond (0
{he scquired voltage from he fequency (o Volsgs converir, shown in figue 32. The

frequency counter is set up to express the number of counts/revolution of the track

encoder shown n fgure 6.33, in decimetersisecond.

Figure 34 shows the time seris plot for the carriage speed calibration procedure. The

resuling stable data regions are shown in table 15, The final carriage speed calibraion



plot s shown in figure 35. The calibration constant from figure 35 is 0.982 m/s/Voll.

The pressure transducer calibration processis discussed next.

Figure 30 - Speed controllr for the MUN tet carriage

Figure 31 - Frequency counter

99



Figure 32 - Frequency to voltage convertr.

Track speed encoder.
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Figure 34 Times seies plox o7 r:m.., speed calibration.

“Table 15 - Average voltage values from stable egions o figure 34
Core S comn Pt

Figure 35 - Cariage speed calibration plot.




6 Pressure Transducer Calibration

T allow the calbraton o the pressure ransducers for this project, calibration deviee
i 10 be designed and manufactred n a short erid of time. This calibraton deviee
consisted of a section of sluminum square wbing that had several holes drild 1
distances coresponding (0 1.5 Dr, 175 Dy and 20 Dy These hles allowed a pressre
e t0 b developed when the ube was flled with water. A bottom was mafactured

from a picce of aluminum plate. The botiom was atached 1o the tower portion by

applying a bead of silicone sealant o the jint arca before comnecting the (wo parts, and

hen allowing t 0 et overnight. o allow the installtion ofthe assembled gap pressure
scnsing plate, & hol was machined o the tube, as shown in fgure 36, along with
several threaded holes Two brackets werethen sbricatd to sllow the pressure sensing
e 1 b clampod into posiion with a o-ing intalled between it and the fae of the

tube. Figure 37 shows the pressure sensing plate insalled with the

2 and clamps.

“The asscmbly was then leveled while in posiion by placing 4 level across (wo serews

nstalld in the plate. This is shown in figure 38

jare 39 shows a close-up of the
leveled plt. Once leveled,th presare transdcers were nsalled and connected t the
At acquisition sysicm. Silicone ol was then added 0 the nernal passageways and the
i purged from ach sensor, For more on this procedure the reader is refered 0
Appendix N sction 115, Once the requird stup hd been completed, the calibration

menced




Figure 36 - Machining the pressure sensing plat installation hole
o ot v,

Figure 37~ Installed pressure sensing platc. Note the rubber
plug at the propelle shaftbearing location
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of adding water p unil it lowed out of

Hole corresponding to the desied depth. Iniially, the water was added carefully from the.

bottom up by holding the filling hose at the very bottom to avoid introducing air bubbles.

and general turbulence. This is shown in figure 40, Paper fowels were taped 1o 0

e side
of the tower just below the hole to keep any drips from falling on the instrumentation

below. When the des

ed depth had been reached, the voltage output coresponding (0

this depth was acquired by the data acquisiton system.
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\ Figures 41 through to 46 show the time series plots for pres

5, for the depths of 0 Dy (Atmospheric pressure, gauge),1.50 Dy, 1.75 Dy and 20 Dy

Figure 41 - Pressure Transducer #1 at P= 0 Dy




Figure 44 — Pressure Transducer #1 at P'= 2.0 D.
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Figure 45 - Pressure Transducer #2 a1 P'= 0 Dy.
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Figure 46 - Pressure Transducer #2 3t P'= 15 Dy.
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Figure 47 - Pressure Transducer #2 ot P= 175 Dy.

e Tt 2ot O S Cen ot 20

ey

Figure 48 - Pressure Transducer #2 ot P = 20 Dy.
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Figure 49 Presure Transduce #3 P =0 Dy.
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Figure 51— Pressure Transducer #3 at P= 175 Dy.
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Figure 52 - Pressure Transducer #3 at P= 20 Dy
i
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Figure 53 - Pressure Transducer #4 3t P'= 0 Dy.

P T 4 ot O S bt 011801

Figure 54 Pressure Transducer #4 a P= LS Dy.




jgure 55 - Pressure Transducer #4 at P=
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Figure 56 - Pressure Transducer #4 at P'= 2.0 Dy.
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Figure 57 - Pressure Transducer #5 at P'= 0 Dy,
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Figure 58 - Pressure Transducer #5 ot P = 1.5 Dy,
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Figure 59 - Pressure Transducer #5 at P = 175 Dy.
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Figure 60 - Pressure Transducer #5 at P'= 20 Dy,



frst gl

e
e end of the sample period scems o be quite noticeable. However, the range as a

percent of the factory put s reasonable,

table 16 along with the average value for the sample time as a means of gauging
varibility and drift. Note however that despite having a channel gain of 1, the

variation across the time sample is higher than for the other transducers in this

instrumentation package, whose variation for the stable calibration regions of the

16 bit. This o iing
1 the transduer, vibeation, noise o other source of nerference. Tnded, he data traces
e 0 drift it nvicesbly i some loading cases t some pressures. For the purpses
evclopng a clibtion constant, the uthor chose 1o s the average volage vl

Jcolated from the data set. The average volages, along with minimum & maxim,

lucs, voltage spread, median voliage and standard deviation are presented in tabl 16
nentioned previously.  Appearing in table 17 are the factory calibation constans. Table

Jrcsents the calibration pressures and average voltages only.

0 terms of performance from a

ibration point of view, pressure transducers #1 and #5

L s dos #4 with
ime: additional operational charactristic present. “This type of result i typical for the

e of pressure transducers used in this pplcation (201
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“Table 16~ Channel summary data for the 5 pressure transducers.
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“Table 17 - Factory caibeation constants.



Prossure Transducor Caibration Data
WatorDepi [ ressure Fead | Pressure Transducer Oupt )
) ey __[7 m
000, EETT T T T
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200, s w200 sew] ss| sram]| arass)
Table 18 - Fina calibation data.
“The plotof the data in table 18 s shown i figure 1.
P st Vot O o,
i

o

Figure 61 - Calibration plot of sl pressure transducers.




the calibration plots and data values, the calibration constants and

The slopes were with al four

points, then lowest point s and

some cases the agreement with the fuctory slope. “This result s preseated in table 19. In
some cases the slope agreement with the factory value worsened after the second
calculation, however because the corelation improved the author decided 1o use this

value as the calibration constant fo the experimens.

Prossure Transducer Calloration Constants
Pressien Tansaucer

[Corsaton Comeot
[zl zoa| 206l zoerl 2z
| e 7oee] 75z 0050|2225 22000 7305002

 Caleuatod using al ponts
| # Galcultod omiting st poit

I
|

“Table 19 - Final pressure trnsducer calibeation constants.




7 Shell Drag Force Calibration
To calibrate the shel drag force instrumentation the pod it was orieted vertically as
Shown i fgure 62. The shell s installed shong with the gap flers and rollng o-ing
scal and a weight pan attached t0 the shell ring adapter with a picce of twine, uilizing
o screws. Weights werethen added 1 th system s the calibration data was scquired.
The time seris plotis shown in igure 63, The average volages from the stable regions

are presented in table 20, The loading case only s considered becanse for all tests, the

shell s oaded such that the load cel i increas nsion.

62~ Calibration of the shel d

ion system.



e

Figure 63 - Time series plotof the shelldrag instrumentation.

“Table 20 - Calibration data for shell drag.

Caleulated from the values in table 20 i the slope and correlation coefficient, presented
in table 21. The factory calibraton constant is expressed in NIV in table 21 a5 well, for

comparison. The calibration plot is shown in figure 64, Note that there is asignificant




[Gorsiaton Costicient
[Factory Casbatin Constant”

"Votage fo 50 b of osdng
“Voltageor 50 s oadng expressed n Newions Vot

Table 21

Figure 64 - Calibraton plot for shell dag foree

| “The load cell had been calibrated before insallation, as

the propelles thrust load
cells, however the results wil not be presented. The final value used for the shell drag

foree calibration i thus 104.66 NIV.

“The calibration of the global dynamometer is discussed next.

B



8 Global Dynamometer Calibrations

The process of calibrating a dynamometer that measures in the X, ¥ and Z axes
simaltancously s time consuming and involves much care. The author chooses 10 reat

the subject quickly however, deciding insicad 10 focus only on resolving the thrust

e and fixed into posiion with large -<lamps. Another frame was then secured (o the
it frame to act s a loading point. Loading was accomplished by using several pulleys

o align the force developed by large calibration weights that hung from  hook. An

i o cell that ws placed direrly a the poin of application of the calibraton force
casured that no friction losses would affct the process.  This oo cell had becn
clibatd prio 1o the dynamometer calbraton process. The time sries of this
alibration appears in figure 65, The sible region volage averages and loading mass

data, along

ththe slope and correlation coeffcient are presented in tble 22. Note that

i daa i o the loading case only.
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Figure 65 — Time series plot of the calibration inline osd cell,

CALIBRATION DATA for IN-LINE LOAD CELL
[Galtiaton Wass () [Loacing Fore (0] Load Goll Ot V|

ot Ot
g 000
0 0404
2 o714
@ 1
© Tan
50 1613
© e
o 2202
® 2671
w 202
o 2012
Calibration Constant (WV) = 316,065
Correlation Cofcient = 1.0000

“Table 22 - Calibration data fo in-line lowd cell



Once the dynamometer had been secured, the components that complete the strut

assembly, as well s the motor and gearbox were added o the apparatus. This was 10

ensure that the -diretion Joad cells were loaded with a5 much s the final mass as
possible. Note tht the pod instrumentation was no flly assembled at the point in time
during which the dynamometer calibrations occurred. “Thus, 4 portion of the drve gear
housing was used as the anchor paint for the cable applying loading force (0 the

apparatus. Figure 66 depicts the overall test fixture set up for & 0° test with the loading

located at the propeler shaft li

and paralle o the axis of otaion.




“The individual calibration of the load cels in the global dynamometer was not practical
given the 4448 N (1000 Ib) range.  Assembling the required mass would be diffcultin
addition to the fact that seting up ths much mass for 4 oad cel pull is dangerous and

requires the use of special equipment and safety procedures. Given these constraints in

For cach of the 3 axes of measurement, a pull was carried out in that direction (©

Toad that well as the

percentage los inthe dircton ofthe calibaton pull. O axis lowds are  result of the
retchin of the e lnks n the axial dircton, caing  slight longaion ofthe flex
ks at 90 0 the dirction of loadin, therby indocing a foad. Pulls were aso caried
outatthe hding point for 0°, 5 and 45°. Only theresuls of the 0 and 5° polls will be
discunsed. Essentally, when anayzing the calibraton dta forthe 0 pullat the loading

it was notced that at higher loads it seemed as if the dynamometer and lowding

u cided n "

forthe -direction. Figy Xeaxis

Toad cell for the 0 degree pull case. Table 23 shows the data fro

s calibration il
o with the slope and conlaton coeficient, The dta nly consiss of the it three
it One can sce the apparcnt snling thatoccurrd during the pull. Thiscffect was
Vikely due o lippage of the frames set up for the calibaion procedure. Figure 68 and
table 24 sho the time sercsplt and calibration data respetively fo the 5° pull. Note

that the data was corrected for the angle. The time series plot for this case showed




expected output values, and an improvement in the corelation coefficicnt. The final

calibration constant fo the x-pull s thus -1 142.404 NIV.

P ——

Figure 67 — Time serie calibration plo for X-axis load cell (0° pul).

“GALIBRATION DATA FOR X DIRECTION LOAD GELL
py
[T Lo Load o
Load paint  Votage

wots) | coll 0| ouput valt)

T T T 00

1 o 23 | 00

2 oan | vzzos | ooe

Calibration Constant (V) = 1006.249
Correlation Gooficiont = 09264

“Table 23 - Calibration data for the X-axis load cell (0° pul).

£



Figure 68 — Time serie calibation plo for X-axis load cell (5° pull)

(5" puLL)
o153 Coreced]
ntie: i | for 5 dogreo | X1 Votage
1099 P coi Votago [ toad cot | put drection
Y wots)
T oowe [ [ 2ror | o
1| oo |15 | 2004 | ooses
2 | o 12672 | t2s2e | 00513
a | omms |zae| 2am | one
4 | tom | mie | wex | o2
5 | ran | ame | 4w
6 |1 stess [ s | oo
7| o130 | ot o768
o | 2200 [ 71008 5611
o | 2sies | aorse 455
w0 | 2esee |oosor| oorsr | ome
Calibraton Constant (W) = -1142.404
tion Cooficient - 0

“Table 24 — Calibration data for the X-axis load cell (5° pull).



9 Calibration Constant Summary

Table 25 These values

allowed the calculation of the parameter values of the various sensor outputs for the

Series of i

ol experiments |

Final Calibration Constants for Experimental Data Analysis
CrAEL SiovE.
[Tnce 70308 (0V)
[fco 0.7 0w )
[rorue, @ 412795 (M)
lshet Drag 104658 V)
[Prossure Transducor 41 120123 Parmy)
[Prssure Transccor #1 174961 Paimy)
Pressurs Tanscucer #1 143578 Pamy)
Preceues Tansckcer #1 12080 (i)
Pressure Tanscvcer 11 173231 Paimv)
Propotr Snat Speed 655 (pa)
|cariage Speed 0982 ()
[tcbat it Dynarmometer xAxis ony) 20Ny ]

Table 2 "

“This ends th discussion on calibations.
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