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ABSTRACT

As the process temperature of a fan system increases, the amount of heat that gets transmitted
to the bearings and/or motor increases. If this is not accounted for, it can lead to catastrophic
failure. The main heat conduction path is through the shadt,certain mechanisms must be
considered when looking for new solutions. These include; how heat is transmitted through the
shaft or increasing the thermal resistance of the shaft, and dissipating heat as it is conducted
through the shaft. These aspectgsimalways be considered in addition to the impact of the
manufacturing complexity. In the present study, an existing heat dissipation arrangement is
reviewed and replaced bynew hubwhich reduces the time taken to machine the part, and
ultimately the oerall cost of the product. Techniques are employed to determine in detail the
manufacturability of the existing design and determining what should be done to reduce the
overall cost to manufacturésinite Element Analysis (FEA) based techniques have been
adopted to simulate the stressesriwlel experiences under the operating lo@dsnputation

Fluid Dynamics (CFD) based techniques have been used to numerically simulate the designs
under operating conditions, and the resulting heat transfer throughatieesmpared with
respect to the heat dissipation properéies analysedCurrently a speciahubis utilised for

high temperature applications such as within industrial ovens and furnaxesr to dissipate

heat. Thenub connects the impeller to teotor shaft, the impeller would be subjected to the
KLIJK WHPSHUDWXUHY ZKLOVW WKH PRWRU ZRXOG UHPDLQ E
transfer will take place through the shafhe material the shaft is manufactured from and its
geometric propeiesboth affect the shafts overall temperati8bould the temperaturedmme

too high at the point along the shaft where the motor bearings sit, permeant damage will occur
and result in bearing failure. The currénib utilised isdesigred to reduce theeat within the

shaft through the use of fins. Thecurrenthub design is quite labour imsive to produce
leading to potentially unnecessary costs. Subsequendyaubhas been created that can be
easily machined, thus reducing the overmadinufactuing time leading to cost saving3he

results demonstrate that although tieev hubis less effective at dissipating heat, it provides a
substantial cost reduction compared to the existing design, while substantially reducing the
impact of the design oravious aspects of production.
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Nomenclature

fo Acceleration(m/s-2)
A Cross Sectional Area (m?)
E Energy(J)
Force(N)
h Enthalpy (kJ/kg)
k Thermal Conductivity of Material (W/m K)
*.dq Effective Conductivity
p Pressure (Static) (Pa)
Heat Transfer (W)

o)

r Radius(m)
Temperature (°K)
Volume (m3)
Density(kg/m3)
Angular Velocity(rad/s)

T x o < -

StresgN/m?)
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INTRODUCTION

CHAPTER 1 INTRODUCTION

Fans are used as integral parts of systemaildl@ range of industries. This chapter provides
an introductory discussion into the tgpef fans used within industry. Certain measures must
be taken to prevent damage to the fan equipment when operating in harsh envirohinients.
chapter alsodiscusse the techniques applied to reduce the heat transfer in a system.
Furthermore, thighapterdooks atthe design for manufactureethodsthat can be utilised to
simplify a product with respect to its fabrication and assembly.
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INTRODUCTION

1.1. Introduction to fans

Mechanical fans are usedrtwve air through a systerthis is achieved through the useaof
rotatingassembly made up of blades. These blades usually sit within a housing that directs the
airflow to improve performance. The rotation of the blades is ysgaterated by an electric
motor, however different power sources can be used, such as internal combustion engines and
hydraulic motors amongst others. Faeducehigh volume air flow and low pressure, in
comparison to a compresdbat producebigh pressure and reasonably low volumes of fluid.

The first knowruse of a fan to provide a cooling effect to an area, in a similar way to a modern
air conditioning unit, was during thé"'8FHQW XU\ ,W ZDV'Q@§nituryXiaL e WKH
principles such as vaam and airflow were established, that led to the potential for what a fan
could achieve. One of the first successful reedrdses of a fan system was to draw air out
from within coalmines. The adtipn of steam as a power soupmvered the early fan sgshs

Once electric motors become widely availdaibley took over as the preferred method of power.

The global market for industrial fans is expected to grothe coming years. The two main
trends within the current marketplace are, technological draret€nvironmental drivers. The
technological driverinclude the implementation of netechnologyto minimise production

costs. The requirement for an increase in high specification fans putting an emphasis on high
guality and specialist products. In Epeothe requirement for quieter fans governed by EU
directives and the trend towards EC motors over traditional AC motors. The Environmental
drivers governed by the Ecodesign directive, requires products to operate with greater
efficiencies [1].

1.2. Typesof fans used within industry

Fans are used imariousapplicationssuch as, aeration, dryers, dust control, fume control,
incineration, material conveying, odour control, oven exhaust, process cooling, process heat
and vacuum systems are a few examplég. dpplications are requirésroughout he world,

in industries such aghemical, Pharmaceutical, Petroleum, Oil and Gas, Power Generation
and Nuclear. Fan companies have to manufacture a product that produces a high efficiency to
compete within the maeitplace The two main types of fans used within industry are axial and
centrifugal fans.

1.2.1 Axial Fans

Axial fans create highuantities dairflow however, the airflow created is of low pressure and
require adw power input for operation. A simpégample of axial fans are used as table fans.
Ceiling fans, mounted in the centre of a roama axial fans that run at low speedsrovjde a
cooling effect Within automobilesixial fans are used twol the engine as part of the radiator
system to prevermverheating Axial fanscan beused forcooling in small confined spaces
such as inside a computerd other electrical appliancefere the components need to be kept
cool to prevent overheating. Axial fans are used withircamnditioning units in largepaces
throughout the world.

Figure 1-1 shows how the air flows through an axial {&). The air moves over the motor

from the inlet with no change of direction before passing out of the outlet. In order to move air
through the fan in this manngreremust be a pressure differenddne impeller design must

be suitable to achieve the required flow rate and efficiency. To understand this pressure
difference an understanding of how the blades work must be established.
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INTRODUCTION

Figurel-1, Example of an axidan [2]

To understand the parameters of axial fans blade element theory is (@B]idihde element

theory divides an impeller into separate sections along its length. These sections look at the
thrust and torque produced from the balance of liftédnad forces along the length. The axial

and angular momentum is balanced out during these calculations. The overall re$titant
forcesfrom these calculations can be used to predict the overall impeller performance. Whilst
the theory does not accouior 3D velocity of flow caused by the tip and the vortices. The
thrust predictions from thieory reult in a typical increase gfficiency of between 5 to 10%.
However, the theory is still a reliable method for optimising the pitch of the impellersblade
and forcalculatingthe predictions of thrust and torque for a range of operating conditions.

Figurel-2, Enclosed disk in Streamtube

The theory is applied in conjunction with the slipstream theory, also known as momentum
theory, which studies aanclosed turbine disk figurg-2. The tube enclosure is assumed
infinitely long in the upstream and downstream directions and all the fluid through the system
passes through the turbine disk. The thesgpts someimplifications however is useful
when atermining the momentumithin the system. &rther research cdme carried outo

study the rotation in the slipstream.

1.2.2 Centrifugal Fans

Figure 1-3 depicts how the air pases through the centrifugal fan. The passes through the

inlet into impeler then changes 90° within the fan casiefpre passing thoughe outletThis

is the defining characteristic of a centrifugal fan and through modification to its geometry such
as to the impeller width, differeptessure are able to be achievdd.gereral,centrifugal fans
require higher power, steadier flow and higher flow thén axial fansTypical applications
include highpressure environments suab drying and aiconditioning.The enclosed casing
section makes thempaieferredchoice for pollition and filtration system€entrifugalfanscan
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INTRODUCTION

be used withina range ofndustries.Modifying the materials used for manufacture enables
operation in high temperature or highly corrosive environments. An example of this is
Mineral/Aggregatendusty. Fans need to be manufacturfesim wear resistant steels to cope
with the abrasive dust thptesenin such an industry. Centrifugal fans can be used within the
nuclear industry For successful operation the fans are required to be gas tight to extract
hazardous nuclear material. The materidtacted is corrosive and toxithese aspects are
considered at the design stage apdcialspecificationdor the welding andnternal surface
finish are required.

Figure1-4 depictstwo types of centrifugal fan arrangemenhe design principkremain the

same However, there are many variations with options suclbels drives, variable speed

drives, types of bearings and the different blade profilesvalg the fan type be used for
various applicationsThe preference fordit driven centrifugal fansnstead ofconventional

direct drive fas, where the impeller is mourdelirectly onto the motor shatft. Is due to thigh

stresses from the impeller thaiuld damage the bearings in a motor. Belt drives can be used

to change the impeller speed however modern technologies have enabled the variable speed
drives to become much more commonplace and a simpler solution.

Figurel-3, Example of a centrifugdan[2]
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Figure 4, Two types of centrifugal fan, belt driven and direct drive

The variations in blade profiles enable different characteristics to be ach&watarly to
axial fansblade element theory is the baseline for understanding how blades effeaitithe

flow rate Forexampleforward curved blades are used for low levels of noisd@amgolume

flow rate with a high static pressure. In cparison backward curved bladase used for
applications that require a lower pressure but hifjberrate Different configuréions of both
axial and centrifugal fans can be designeh¢orporatean external bearing urtibv reduce the
stresses on the motor sh&fowever if the medium passing through the fan were at an elevated
temperature the shaft connected to the impeligtransmit some of the heat. The application
of fans in high temperature environments requires the control of thisrlesfier through its
componentsln particular,through the shaft as this connects the impeller to threepmover
which moves the higtenperature gas through the system. This can cause heat transfer through
the shaft and heat the motor bearinfjthe phenomenoaf heat transfeis not understood and
equipment is designed incorrectly the outcomes can be less than desirable.

1.3. Stresses on rotating equipment

Thestresses that a rotating piece of equipment such as an impeller are subjected tmm
centrifugal force$4]. Presents howhe particles on thin rotating diseadius rwith a constant
angular velocityXare subjected to centriggtaccelerationfyin the form of:

fo L F "X (1.1)

The negativas due to theacceleration in the radial direction towards the centrte disc.
These accelerations create stresses in the disc through creationiafforees and taking
Qas density

L FOX~ (1.2)

The axisymmetric forces on the disc and the stresses due to the acceleration caessecdxpr
in the following equation using the axisymmetric equation of equilibrium in a plane which
accounts for the strain displacement relation and the stress strain laws:
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ae 5. .
sy ETiRpF P LT (1.3)

Replacing for the acceleration termdivethe following equabn of motion

a

a

Chhp=5. . )
0 E—p.PppF P-~-:LFOX~ (1.9

1.4. Methods of reducing heat transfer in rotating machinery used
at high temperatures

Both types of fans can be used in a number of the different industries, however when the fans
are usedtshigh temperatures, for successful and safe operation additional considerations must
be taken into account during the design stages. As the process temperature of a fan system
increases, the amount of heat transmitted to the bearings and/or motor sdfethse heat

transfer is not accounted fitircan lead tahe bearing temperature increasing and potentially
leading to atastrophic failure. The main heat conduction path is through the shaft, and certain
mechanisms must be considered when lookingnéay solutions. These include; how heat is
transmitted through the shaft or increasing the thermal resistance of the shaft, and dissipating
heat as it is conducted through the shaft. These aspects must always be considered in addition
to the impact of the amufacturing complexity.

Figurel-5 illustrates a method of using an additional impeller within the system to reduce the
temperaturen abearing unit. As the drive shaft rotates to move the impeller as required, the
cooling impeller will also rotate andraw heat away from the shaft. Figuré& shows two
examples of designs used to reduce the shaft temperature in systems where heat from within
the fan can travel along the shaft. One uses enclosures around the bearings that allow for
ambient air to provid a cooling effect on the bearings. The other illustrates a system in which
water is used to exchange heat from the shaft to reduce the bearing temperature. All three
systems in figured-5 and 1-6 use Fouriers law of heat transfer to understand how using
external air or water can reduce the heat in the shatft.

3
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Figure 15, Example of a cooling impeller used to reduce the temperature in a rotating system

[5]
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Figurel-6, Devices used to reduce heat in shaft bealfibgs

1.5. Hub baseline design

Thehub design currently utilised to dissipate heat away from the shaft of fans used in industries
such as those already mentioned is depicted in figiitd the hub body, hub outer and fins are
manufactured from mild steélhe main features of the haloe the welded fin sections that
connect the hub outer to the hub body. The design of the fins are to transfer heat away from the
shaft, to reduce the heat transfer effect. The other features include, the flange section used to
connect the hub tthe impeler and the aluminiuncooling disc. The aaling disc uses fins to

allow furtherheat dissipation away from the shaft. This design will be referred to as the baseline
model for the remainder of this study.

Figure ubbaseline design
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1.5. Heat Transfer Theory

The phenomenon of heat transfer through the shaft of the fan occurs due to conduction
JRYHUQHG E\ )RXULHU J\yn@abela. BY the \Weat\ivanster Falistdepehdent

on the variablesemperature difference¢(), shaftlength (¢9, crosssectional area (A) and

the thermal conductivity of the materiad) ( The relationship is defined as;

X

“wLFe = (1.5)
v
As ¢Sapproaches zero,
X b X
- \ e (1.6)
The relationship becomes:
“ ° ix
vLFe 2.7

7KLV LV WKH JHQHUDO RQH GLPH®@efavD Sgrl R Used B hp& X U L H L
flows in the positive x direction when temperature decreases in the direction also.

The thermal conductivity indicates the rate at which energy is transfercefiusyon, it varies

with molecular and atomic structure. Solids are comprised of free electrons argdj@itzed
together in a latticelhermal energy can be transported in two ways; the movement of any free
electrons and vibration waves in the lattice. dure metals, free electron movement is
understood to be the main factor in which energy is transferred, whereas in nonconductive and
semi conductive elements energy is transferred across the lattice vibrations.

1.6. Designing for manufacture

The purpos of designing for manufacture is to reduce the overall cost of a product, whilst at
the same time improving the time taken to make, thus creating a product that can be priced
competitively and operate effectively. Traditionally a sequential method is wked
designing a product stating that the mi@cturing costs are spilt intd,abour (direct and
indirect): 215%, Materials and processes:&0% and Overheads: ¥5%|[7]. Additionally,
research finds that the costs to design a product require 10% obltlget but 80% of the
manufacturing costs are determined by the products design. This would mean that the design
of a product cannot affect the manufacturing costs of a product by more than 20%. This shows
the limitations in the traditional sequentiakdg approachkigure1-8, depictsthe design for
manufacture method as a flow chdrt comparison to the sequential method the design for
manufacture method is more detail€@dmpanies of considerable size and stature have adopted
this way of developingroducts, tailoring the guidelines to suit their particular ne€dsre
areexamples where companies have achieved: reductions in asdey@il9o, 53% reduction

in assembly tasks, reducing defects from assembly by 68% and decreasing time to market by
as nuch as 50%7].
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Figurel-8, Design fomanufacture method flow chdrd].

1.7. Motivation of the work

The baseline model utilisetbr industrial high temperature fan applications to dissipate heat
from the shé. It is known to @erate effectively in high temperature environmeitss is
achieved through its design but also when used in conjunctioraveitioling discHowever,

the design of the huls known to be difficult to manufacture and has a large number of
individual pars. One way to reduce the assembly and fabrication time would be to reduce the
number of parts required for manufactuvoreover,the creation of aew hubwill involve
analysing its stress and thermal properties to establissuitability. To achieve tls an
understanding of high temperature applicatji@tgess analysis and design for manufadture
required Thepresent study will look to createn@w hubthatis easier to manufacture aml
suitable for use in high temperature environments.
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1.8. Resarch aims

The primary aim of the study is to create with respect to the design for manufacture principles,
a new high temperature heat dissipation hub used within a fan systeainTbethestudyis

to look at thethermal efficiency of an existing hub degn using CFD and determine its
effectivity. Moreover a stress analysis is to be carried out to determineetfeet the
operational loadbas on the modeSubsequentlitow long it takes to manufactuttee hubard

the costs associated with this are edmalysediFrom this a novel design will be created t
reduce the manufacturing time and costs but atsess thproducts capabilities with regard

to dissipating heat. The research aims are to;

1. To investigate the structural and thermal characterisaswfh temperature fan hub.
2. Todevelop a novel design of high temperature fan hub based on design of manufacture.

1.9. Organisation of thesis

Chapter 1 provides an overviesf fans, their applications and the problems faced when
operating at high teperatures. From this discussions are led into the motivation for carrying
out this study is given, identifying the areas to cover in chapter 2

Chapter Zonsists of a literature review carried out in the areasrottural design analysis,
thermal desigrmanalysis and mechanical design analysis. This forms the scope of research and
the research objectives.

Chapter 3Ilocuments the experimental and numerical simulations carried out.
Chapter 4discusses the results gained from the simulations and the expiiiuealysis.

Chapter 5 uses design for manufacture methodsrdate a new hub design that is then
compared to the baseline model with respect to the numerical and experimental work carried
out.

Chapter 6 concludes the findings from the study, statirg abhievements made and
recommendations for future work.
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CHAPTER 2 LITERATURE REVIEW

After gathering information on methods of reducing the heat in a rotating assembly and
designing for marfacture in the previous chaptehjs chapte presents a detailed literature
review to highlight the gaps in the current knodge of the existing literature. Exploring
published works on high temperature fans, furnaces and other rotating machinery operating at
high temperatures. Moreover, worksatahg to the method of design for manufacture are
explored. From this literature review the research objectives for this study have been identified.
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2.1. Introduction

The requirement to understaheat transfer through a boycrucial as amnder appreciation

can potentially lead to failu componentsEnvironments that demand such an understanding
are found within a range of industri@e industrieghat use technologies such as furnaces,
boilers, turbinesovens and industries such@®cess utilities that use compressed air, water
cooling and industrial gaseBesign for manufacture and design for manufacturing assembly
are two methods that are adopted when trying to reduce the overall cost of a product. This is
carried outhroughoti theindustry using various methods.

2.2. Structural Design Analysis

Rotating impellers are subject ¢entrifugalforces If these forces are not understood there is

the potential thegan lead to failurespecially if the impeller is at elevated temgiares.

understand this and ppteventativaneasures in pladbe theory must be understood. Sharma

et al. [8] explores the thermoelastic field in a thin circular disc. The forces due to the inertia
IURP WKH GLVFYV URWDWLR @sded) Ghel bagd tHeik Rd3€arc® BrDte D U H
axisymmetric equations and the thermoelastic theory to solve the problem using a finite
element analysisThe study finds that the thermostatic field is significantly affected by the
temperature applied to the mod@loing forwardthis data will be usetb optimise the disc

design to create a circular cutting disc or grinder.

Wong et al. [9] uses the finite elememnalysismethod to improve aaxial impeller blade
geometry with respect to the stresses it is stdjet.Predictions for stress and displacement
are made and successfully achieved u§imgie Element Analysi§EA. The impeller blade

used within the study are complex aake significant time to design. The use of FEA enabled
time and cost savings agredictions for stress and displacements can be achieved
computationally, instead of designers creating physical models for experimental testing. The
author was able to achieve an optimum hollow blade profile with the option to manufacture the
blade froma variety of materials. Some of the different impeller designs created are depicted
in figure 2-1.
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Figure2-1, Different blade structures investigated

Poirier et al. [10] explored how cutting discs are limited by their critical speehichvis
affected by heating the disc. To try reduce this, shape memory alloys are investigated using
FEA to attempt to stiffen the disc as the heating effect oc€ues study finds the composite
memory alloys are better suited than the conventional sseel. he author incorporatetthe

shape remory alloys in the disc design and achieadinner disc can be used whilst operating
with similar fundamentdrequencies.

Rajananckt. al. [11] uses FEA as part of a design methodology to andhesémpeller 6 a
centrifugal pump.The impeller iscurrently manufactured from mild steeAssessing the
impellerat normal operating rotational speessng FEA alternative materials can be selected

to improve fatigue strength and wear resistaite analysis carrid out determing that the
maximum displacement of the mild steel impeller is 0.002839 mm, this is deemed acceptable.
The maximum stress was calculated as 12.043MPa well below the maximum allowable stress
for mild steel. The results found that tlogv levek of stress and displacement mean a change

in the impellers material to stainleggal can be achieved. Thigves the overall impeller a
reduction in weight of 1.28% reducing bearing loads.

2.3. Thermal Design Analysis

Researchers have analysed how ckartg the shaft speed, fin arrangement and fin thickness
affects the heat transfer through a system and &waya shaft. Zainulliret al. [12] carried

out experimental investigations on a furnace fan to determine how changing fan speed and
enclosing theshaft from its surroundings affects the heat transfer from the shaft. This type of
problem is faced by industries utilising fans within furnaces. In which the cooling effect must

be great enough to prevent damage to the fan components, in particulagatimegd
Furthermore, the measures used to achieve the desired cooling effect must not result in a
process that produces a product of lower quality. The results indicate a heat transfer coefficient
of 40-60% higher for a shaft that was open and rotatingpared to an enclosed stationary

shaft. Furthermore as the shaft speed increases from 100 to 600rpm, the bearing temperatures
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fall considerably. Figure2-2 shows the arrangement of the test apparatus used for the
experimentation. The layout of the appasais very useful in understanding how the
experimentation was carried out and aspects of it can be used for this studies experimental
work. Table2-1 details the apparatus used. There are a number of aspects to the apparatus that
this study could use to gethe baseline model experimentally. One aspect that would be
improved upon is the number of temperature readings taken. Zaieuliih only takes two
readings on the shaft, whilst this might be adequate for their work it would useful to know the
tempeature on other areas of the apparatus also.

5\ [/ ;'f

g I
/ / / J
TN R

Figure2-2, Apparatus used 2]

Table 21 Breakdown of the congments usetébr experimentatiofl?2]

Label Number Component
Heatinsulated housing
Heat insulating wall (Plug Section)
Heatal Body

Body Support
Charging gate

Heater

Fan Impeller

Shaft

Bearings

Electric Motor
Pedestal

RPRPRIO|ONO AR WNIEF

= O

Using finned sections mounted to a shdiz et al. [13] investigated solutions for rotating

radial fins to determine the thermal fm@mance of the fins by losing heat by convection to its
surroundings. The study theoreticalipalysed using homotopy ttetermine the effect fin
thickness has on the results. Fig@s8 depicts the effect the conventional fin parameter, C1

has on the teperature distribution of a rectangular fin design. The increase in C1 reflects an
increase in the heat transfer coefficient. The paper goes on to determine that as the rotational
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speed increases the temperature distribution in the fins also increasesvéviaae the rotation
increases the heat transfer coefficient increases and the temperature in the fins decreases.

1=40
1=60
1 =B0

nonio

Figure2-3, Temperature distributionsifa rectangular fin in rotation L.

Watelet al.[14] analyses the effect of fin obng experimentally using infrared thermography.

The study explores how the rotational speed and fin spacing affect the heat exchanged in a
finned tube. The experimental testing on the finned tube is carried out at rotational speeds
between 50 to 3200rprifthe results from the experimental testing found that a reduction in the

fin spacing resulted in@ecrease in the Nusselt numlukre to the boundary layers interacting

and the resulting reduction in velocity between the fins. Confidence in the resydtisiesl

from their similarity to other studies, giving the results validation.

Xie et al. [15] experimentally studied a rotating and a stationary heat pipe in a condenser to
investigate how the temperature in the pipe changes due to the rotation. 8yringedhe
temperature at five points along the shaft using infrared thermocouples, it was possible to
determine that when using the rotating shaft the temperature difference between the condenser
and the shaft was reduced to almost zero, opposed taatienaty shaft whose temperature

was much higher. The analysis was carried out experimentally only, in order to refine and
improve their design the use @omputational Fluid Dynamic€FD would be very
advantageous to provide reswdtsa faster rate. Moet. al. [16] presents a CFD analysis of heat
transfer on rotating blades. The boundary conditions represented real world characteristics that
the geometry would be experience in practice. The results were verified experimentally using
infrared thermographto study the temperature distribution. The method developed from the
work can be used in other rotating machinery examples where accessing the object to gain
readings is problematic.

Gai et al. [17] explores a method of cooling a shaft of a tractiastan by flowing water
through a hole in the centre of the shaft. The heat transfer coefficient is estimated from CFD
analysis and the results from two turbulence models compared. They draw on the conclusion
that the rotational speed of the shaft can sicguitly increase the heat transfer through the
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shdt. In a study by Maheshkt al. [18] analysis is carried out on the flow and heat transfer
analysis of variable diameter circular pillar disc brake rotor using CFD and experimental
testing. Taking differeindiameters and configurations of car disc brakes the report looks at how
effective the different designs are at dissipating heat.

One area of study for consideration when carrying out analysis of a design at elevated
temperatures, are how the mechanjaperties of that material are affected from being
subjected tothose temperatures. Heidarpoet al. [19] looked at how the mechanical
properties of very high strength steel compared at elevated temperatures. The yield strength,
ultimate and 0.5, 1.8nd 2.0% strain compared with known values from literature. This was
carried out experimentally with the results obtained not matching predictions made by the
Australian and American standards used for comparison. Reasoning is given for this as the
process sed in the manufacture of the test pieces but equations are proposed for high strength
steels that can be used to predict future outcomes successfully.

Sultan[20] develoged a model for predicting one dimensional heat transfer through non
insulated unloaed steektud gypsum board wall for the National Fire Laboratory. The paper
assesses the predictions made compared to the measurements taken at various locations on the
wall assembly. The model developedonly able topredict conservative measurements in
comparison to the experimenw@éta.In a similar studyBelhocineet al. [21] analysed the
thermomechanical behavioaf brake disc pads during the braking phase of operasomy

Ansys 11 The purpose of the analysis is to determine an optimal methkdeping the
temperature as low as possible when in operation. The finned section of brake disc used to
provide ventilationywas shown to provide good resistance to temperaliws.was compared

to a none ventilated disc. Moreover, three types of castwere simulated to assess their
thermal behaviouiT he results found the temperature and stress fields increased together during
the braking phasd.he results determined the most suitable cast iron to manufacture the discs
from, this was FG 15. Crackat occurred when the pads are in operation leading fractures,
the results for stress back agree with this and other results from previous lit@ragustudy

did not validate the results experimentally, which would be required to take the research
further.

Meghereluet al. [22] carried out a numerical study of the cooling in the shaft of a gas turbine.
The study explored the effects of conduction and convection on the turbine blades and how the
heat is transferred to the shaft. To provide a coolingcefin the shaft to prevent damage to

the turbines components, a secondary air flow path is introduced. A number of geometrical
configurations and materials were analysed to study the secondary air path, to try and prevent
too great heat transfer. The ritsdiound that a reduction in the thermal conductivity coefficient

and increasing the inlet pressure had a significant effect on the peak temperatures. Changing
the rotational speed of the turbine had a greater effect on the overall temperature distributio
From the study a most efficient configuration of the factors mentioned was found. Furthermore,
additional research could be carried out to optimise the materials used for the manufacture of
the turbine. To further improve the heat transfer.

Chaiet al. [23] investigates the temperature fieldadfigh power motor using CFD. A method

is presented for creatingn @ccurate model to calculate the thermal conductivity in the model,
with the results verified experimentallijhhe main method of cooling is air gap, the optimum

length of this gap wastudied and determine®uring the analysis of the air gap, if the gap
length became too great the effect on motor cooling showed a significant reduction. The results
provide a good reference for design of thep.
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2.4. Mechanical Design Analysis

Engineering design forms a key part of the product development process. It is where the
products characteristics are defined enabling it to carry out its required task successfully. Pahl
et al. [24] divide engineeringlesign into four categories, Planning and clarification of the task,
Conceptual design, Design embodiment and Detail deSigm.initial stage of Planning and
clarificationis carried out to determine all the known informatiéthe task at hand to estesh

the problem to solve and any constraints to achieveThies.Conceptual design stage is used

to create ideas that can be used to solve the problems that arose during the Planning and
clarification stageThe most promising ideas are progressed thrdlig remaining engineering
design process. Design embodiment looks at developing the initial ideas created, into solutions
that can be applied into working design. This keagko Detail design which takes the design
created and prepares it for manufaetur

Design for manufacture (DFM) and Design for manufacture and assembly (DFMA) are
processes and methods that develop a product to reduce the overall cost or improve reliability,
without compromising functionality.These processes and methods would bésedi
throughout the engineering design procedtm@. successful implementation a collaboration
between the design and manufacturing teamust be reached. Venkatachalamal. [25]

carried out a knowledge based approach to design for manufacturdtilgyleveloped a rle

based system that has the ability to be used for; process selection decisions based upon
parameters set by design and production to achieve-affestive manufacture and to estimate

costs of manufacturing from the processes idiextifThe processes they considered are casting
and forging techniques for the primary and the secondary processes such as milling and drilling.
From these processes they are able to estimate costs in addition to the manual assembly tasks,
to give an overakost. Figure2-4 details the DFM approach used in the study, the chart shows
how the types of manufacturing processes lead to manufacturing the proposed design in a cost
effective manner.
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Figure2-4. Design for Manufacturapproach25]
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In a separate study fronVenkatachalamet al. [26] titled Automating design for
manufacturability through expert systems approachegs design phase of developing a
product accounts for an estimated8@%b of the product cost, with the reimag 20-30%
decided during the actual production. It is therefore crucial that the issues with product design
are addressed within the design phase to maximise profitability.

The design for manufacture principles can be applied to a wide range oftgrithtaequire

the process to be undertaken. A study by Wetisa. [27] used DFMA principles to redesign

a product used for shredding fruit. They incorporated customer feedback into their design,
allowing for potential oversights to be captured andesked before final manufacture. This

user feedback enabled higher user satisfaction and resulted in a product with: a reduced number
of parts, easier to maintain and build. The result of the DFMA carried out led to a reduction of
42% in the cost of the pduct.

A study by Kerbratet al. [28] explored a number of machined products from within the
automotive industry. To test their methodology of evaluating the machined products current
manufacturability and comparing to using an additive manufacturinggspsuch as selective

laser sintering or laser deposition. Initially the analysis carried out determines the difficulties
that arise when manufacturing each part, an example in fiyardepicts how the different
geometry can vary in difficulty to manwufre. The hybrid modular design methodology
presented focuses on the difficult areas to manufacture allowing the designers to decide on a
one piece or modular hybrid design.

I0.00 Easiest to
1.90 manufacture
0.20
0.21
0.22
0.23
0.26
0.27
0.28
0.29
0.31
0.34  J

036 Hardest to
0.41 manufacture

Figure2-5. Complex areas of a part to manufact{2@]

Onget al. [29] uses the DFM principles and applies them to the machining of rotational parts
to develop a fuzzy set AHPased tool. The algorithm formulated gives designers a greater
understanding of the machining required for the features within their design. The
Manuacturability Indices (MIs) developed can be utilised for the three main components when
machining a part: the support index, the clamping index and the feature index. The introduction
of an analytic hierarchy process (AHP) enables the assigning of fadgtbreelation to their
importance within the function they are providing. The use of fuzzy set representation and
reasoning is utilised to select the support method and type of operation to generate Mis. This
use of Mls instead of measuring cost or timgiioves the efficiency of the system by removing
factors affected by economics.
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G.Boothroyd 30] discusses two examples of how design for assembly can achieve cost savings
by improving the products design. One example is a small sheet metal assemlidy that
manufactured in large numbers, the assembly costs form a large percentage of the total build
cost. The design for assembly analysis showed that large cost savings can be made as a result
of the new hubcreated. Another example discussed is larger asgeméde up of solid
machined parts manufactured in small quantities. The main point for discussion regards the
relatively few number of parts that used for the assembly, making the overall assembly cost
not appear noteworthy. The point is made howeverttitatigh product simplification from

the resulting DFA methods and ideas applied that significant savings can be~igace2-6

depicts thesavings made with regard to the overall cost of the product, through the use of DFA
methods.

Cost{%)
140 °
amibl
—— Assembly
120 — Machining (Ran-produd tive)
] =
0o ~—— Machining
BO = )
— Material
60 b= - Machining
40 =
— Casting
20 r |
0
Cniginal One-piece
design casting

Figure2-6. Changing a complex part to a Qpece casting can reduce the overall cost of a
product, by reducing the manufacturing proce$36js

Ashley [31] explored ways in which Douglas Commercial Aircraft reduce costs by using
DFMA principles and technique3hey discovered that the costs for, assembly, fabrication,
guality assurance, inventory levels, tracking and purchasing are all governed by the number of
parts in company productshe adoption of DFMA techniques highlighteddesigners how
WKH FR$&iBHQJ parts can be simplified. One study carried out simplified the aircraft
door assembly, a product known to be difficult and time consuming to manufacture and install.
This was achieved by reducing the number of parts in the assembly by 36%g teaali®4%
reduction in the number of assembly procedures. The team at Douglas Commercial Aircraft
applied the DFMA principles to a number of other company products, including the waste pipe
and harness assembly shown in figgt@ By utilising the DFMA pinciples the number of
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parts was reduced from 15 to 3 and the resulting assembly operations cut from 210eto 8. Th
original assembly took 46 minutes to fully assemble,rée hubreduced this figure to 3
minutes. The original product design cost the camyp$64.01 the resulting cost of thew

hub, $4.74.

Figure2-7. Comparison between the number of parts used in the original waste pipe and
harness and the design created using DFMA princjfigs

Gerhardt etal. [32] reviews succgesful DFMA in the portable compressor divisetringersoH
Rand.One of the company productglected to be redesigned was a control and instrument
panelassemblyThe original design comprised of 36 parts and 24 fasteners. This required 45
assembly opetens and an assembly time of 8.5 minutes. Taeresents these values and
the gains made from the DFMA proce3$ie reductions in the number of parts, fasteners,
assembly operations and overall assembly time, is achieved through the simplificatien of
product. Figure-8 depicts how the previous design of the instrument and control panels were
separate entities. Theew hub also shown in figur@-8 combines the two panels together,
creating significant savings with respect to the number of pagts us

DEVELOPMENT OF A NOVEL HIGH TEMPERATURE FAN HUB DESIGN
BY JAMES SWINTON, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD.

21



LITERATURE REVIEW

Table 22 Comparison of the control and instrument panel assembly at IngResudl
following DFMA.

Original Design DFMA Revision Percentage Gain
Number of Parts 36 24 33%
Number of Fastener| 24 15 38%
Assembly 45 30 33%
Operations
Assembly Tme| 8.5 6.1 28%
(Minutes)

INSTRUMENT PANEL

COMBINED CONTROL AND INSTRUMENT PANEL

Figure2-8. Reduction in the number of parts used by combining the instrument and control

panelqd33].

2.5. Summary of Literature Review

Based on the literature revidar the structural, thermal and mechanical design analysamn
be summarised that there isubstantiaknowledge within these aredie areas afising FEA
to determine the stresses and displacement on rotating apgaoatided resourceproved to
provide a number afesourcesThis research can be usedaastarting point to carry out the
required FEA on the baseline hub modlbstantiaknowledgeis availablewithin the field
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of using apparatus to dissipate heat away from rotating shafts. The majority of examples found
use fins in various arrangementsdehave calculations that are able to support their findings.
Potential areas lacking in knowledge are the direct application of heat dissipation pfoduct

use in fan environments. Studies into using design for manufacture and design of manufacture
assenbly, are plentiful enough to again provide a starting point for the reseiitih.the
methods from the research being able to be applied directly to the presenidktithee areas
provide an excellent starting point that will allow the developméatrmvel hub design.

2.6. Scope of Research

A large body of research has been carried out experimentally, making certain aspects within
models difficult to monitor. Moreover, experimentationr@w huls such as those created
using techniques like DFM dnDFMA, have to be manufactured before testMfth the
availability of modern computational methods and tools, it is possible to study the heat transfer
of prototypedrotating components in greater detail.

Based on the review of published literature, amant areas of research have been found
regarding the heat transfer in rotating systeit®e first two main areas of this study will
explore the stresses and thermpadperties of the basak high temperature hub desigie

third key area of researchrfthis study is the effect operating speed has on the high temperature
fan hub. This will consider the stresses generated and the heat transfer characherisgcs
these speed3he fourthand fifth key area of research for this study is to carry oudesign

for manufacture study of the high temperature fan hub. This is to devalg Aubthat will
beeasier and more cost effective to manufacture.

2.7. Research Objectives

1. To carry out stress analysis of a baseline high temperature fan hub desig
2. To carry out thermal analysis of a baseline high temperature hub design

3. To investigate the effects of the operating speed of a high temperature fan hub on its
structural and thermal characteristics

4. To carry out a design for manufacture sttatyhigh temperature fan hubs and develop an
innovative hub design

5. To establish the design superiority of the new hub design compared to the baseline design

To complete the research objectives stated, this study will utilise computational analgsis too
to explore the stress, displacement, natural frequencies and the thermal properties of the
baseline model. The next chapter presents the techniques used for this numerical modelling.
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CHAPTER 3 EXPERIMENTAL AND NUMERICAL
MODELLING OF HIGH TEMPERATURE FAN HUB

The research objectives identified in the previous chapter of this study require the use of CFD
FEA and expamental tehniques to determinghe heat transfethrough the hub modeTo
achieve this the correct boundary conditiond anlver settings are detailed and discussed
within this chapterThe use of these techniques allows for the development of a model that
meets the design and maaciuring requirements.
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3.1. Experimental Modelling

The diagram showtbie main corponents of the rig.ocated within the main housing is a heater

that heats the air inside the housing to the required temperature, up to 400°C. In addition to the
heater located inside the casing, sits a small impeller. The design of the impeller iasiery b

and used solely to circulate air internally within the casing, to maintain and evenly distribute
heated air. The impeller is connected to a drive shaft that provides the rotational movement
using the hub. A section of the hub remains within the cédmsihg section, along with the shaft

is external to the casing. To prevent hot air escaping a seal is used. The hub is connected to a
cooling disc, which as already discussed draws heat away from the shaft through its use of fins,
the shaft then passesdligh a dummy bearing unit.

—

1!

g e —— g e—— ——————!

Figure3-1. Test rig used to validate CFD resulispicting locations of components usetdi
the locations of the temperature readings tgkére arrows) and locations of temperature
readings (red arrows).
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Figure 32 Test rig used for experimental analysis

To prevent damage to timeotora dummy bearing unit allows for the temperature of the shaft

to be taken at the pointwhetee PRWRUfV EHDULQJYV ZRXOG VLW IRU D GL
the temperature of the shaft at this pdim use of a temperature proberégjuired. This

provided a dilemma, using a standard probe for this measuremenathe/shld have to be

stationary. This createtie possibilityin theredudion in the accuracyf the results from the

shaft being able to cool down whilst the shaft stopped rotating. This was also apparent from

the literature revievas thestudies conducted Bainullin et. al. [2], Watel et al. [#] and Xie

et. al. [B] all took measurements whithe shaft was rotating. To solve this a IR thermometer

was used to record the resulifie components selected for the experimentatiorcamebe

seen below.

Temperature Measurs the

Meter(1) temperature insid
casing using aK
type thermocouple
The readings are
takento 1 decimal
place to an
accuracy of +/-
(0.05% + 0.3°C).
The measuremer
range is-200°C to
+1372°C.
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IR Measurs shaft
Thermometer temperatureat the
(2) location where the
motor bearing
would Sit.

Readinggakento 1
decimal place. to
an accuracy of +/
1.5%. The
measurement rang
IS -30°C to
+500°C.

Motor (5) 22kW Motor used
to provide the
rotation to the
system. The spee
can be adjuste
using a Vvariable
speed drive fc

achieve the
required rotationa
speeds.

Coupling(4) Comects the moto
shaft to the
impeller shaft.

Bearings(3) Two bearing
housings are use
for the
experimentation.
The housing on thi
right is a standarc
plummer block
housing. The
bearing housing ol
the left was
machined
especially for the
experimental
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analysis as it
allows temperature
readings to be
taken where ¢

motor bearing
would sit.
Heater and The heater used t
Control heat the inside o
Panel(1) the casing is se
using this control
unit. The

temperature is se
to the nearest 1°C.

3.1.1Experimental procedure

The initial step in the procedure is to make silme test area is free from obstructemdany
potential hazards are removed. Power is fed tartbtor from themains and the rotational
speeds setusing theVariableSpeedDrive (VSD). The temperature in the fan caseséd to

300°C using the control panedk takes approximately 15 minutes toeach the required
temperatureMonitoring of the internal case temperature is carried out using the temperature
meter.Once up to temperateyrthe measurements can be taken at the various locations to assess
the temperature throughout the rithe scope of work is to take temperature readings at the
various locations throughout the righe locations of the readintgken are depicted in figar

3-1. Readings are taken &6-minuteintervals until the temperature levels remain constant.
This process is repeated for testing of the other rotational speeds.

3.2. Stress analysis

To calculate the stresses and displacement due to the loading fraxpettational rotating
speeds aihRite ElementAnalysis (FEA) is carried out. FEA uses the geometry presented and
builds a number of smaller interconnected sediions called elemenf83]. From the 1950s
onwards advances have been made to use FEA to subveplex engineering problems
throughout a range of disciplines and industries. There are three main methods used for the
derivation of finite element equatiof34]. The direct method used for structural analysis
problemsyvariationalmethod consisting acdnergy methodand principle of virtual work and

the weighted residual method. The direct metisodimple and subsequently limited to the
calculation of problems using oftmensional elements. The variational method and weighted
residual methods are easto use for two and three dimensional elements for analysis of more
complex geometry. All elements of an FEA are linked thromtgrfaces, nodes, boundaries
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and surfaces. The material designation of the geometry is required to determine the behaviour
of any given node, with respect t3 istress and strain propert[@]. The geometry of the

model was created in inventor and the FEA simulations carried out using the inventor FEA
packageseen in figure 7.

3.2.1 Meshing

For the simulationss mesh isapplied to the mode. This mesh us88 order tetrahedral
elements, with four physical points and ten nodes per eleffembverall number of elements
used was 500,000, this allows the simulations to be accurate witboytromising on
computational time.

Figure3-3 Mesh used for FEA
3.2.2 Solver settings

The material for the model was set to mild steel for the hub. A pin constraint was utilised
constraining the rotation of the model to be axial ofhe rotational speeds are applied to the

hub using a body load. This applies the relevant centrifugal forces to the hub for the different
rotational speeds. The simulation is run and the results are plotted for, von mises stress, first
principle dress and displacement. Furthermoren@dal analgisis carried out to determine

the natural frequencies of the modéhowing thenatural frequencies of the model is important

to understand if there is the possibility of excitation from the frequencies caused by rotation.

3.3. Computational Fluid Dynamics

Computational Fluid Dynamics (CFD$ the analysis of fluid flow and heat transfera

system The applications for the potential simulations are vast, which is the reason why the
method is used throughout a large number of industries. One of thdemafits to using CFD

is its ability to reduce the time in research and development of a product or system, as the
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number of simulations that can be carried out compared to physical experimentation in the
same period can be very different. This can Hakge cost savings and result faster solutions
to problems.

The coding within CFD is structured around solving fluid flow problems, the process for
solving any problem like thikoks atthreeelementsPreprocessor, Execution of the solver
and Posprocessing.The initial Preprocessing is the point at which the geometry is defined
within the region that the simulation will take place. The boundaries of the medd¢fmed
including any domain®©nce a complete model is defined, the mesh is genefidiedoftware
versionused isAnsys 17.2.

3.3.1 Flow Domain

Seal - MRF Zone

Shaft

Bearing
Unit

_—

Domain
Figure3-4. Baseline modealised for simulation

For the numerical solutionthe baseline modejeometryhas been created using the Design
Modellerin Ansys. The baseline adel forms part of a system made uptbg shaft with the

hub attached, a small gap to simulate the seal between the fan casing and the shaft and an area

representing the bearing unit terminating the shastseen in figur8-4. The shaft has a
diameterof 28mm and the point at which it reaches the bearing unit is 15mm from the hub
body. When modelling the hubs tbemponents arkept the same for both models were the
overall length, diameter, materials (the hub body is carbon steel and the cooling disc
aluminium) and the cooling disc position.
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3.3.2 Meshing

For the simulation a hybrid mesh has been u$hs means that two types of mesh have been
used for the simulatiolhe model hasitilised both hexagonal and polyhedral elemeritse
hexagonal eleents have a low skewness and are simple to gen&ateover,they give
accurate results due to a low numerical diffusion. Polyhedral elermentisedon the more
complex elements to the geometry such as the curved sedifomslomain consistof 3.3

million elements in total, with 1.1 million for the solids zone and 2.2 million for the fluid zone.

It has been noticed that the mesh considered in the present study can be effectively used to
capture the complex flow phenomena, and the associated hederiramsh reasonable
accuracy.

Figure3-5. Meshing of the model

3.3.3 Boundary conditions

The temperature at the flange section of the baseline model used in the current study is set to
300°C. This temperature represents the environment the baselieéismoperating within as

part of a fan system. The pressure at the seal is representing the leakage that would be
experienced whin a fan system. The rotatiaf the MRF zone is simated at four rotational
speedshese speeds are the most common fouttfdmfan systems. The ambient temperature

of the domain was set to 26.85°C the average temperature of factory at the time of experimental
testing.

The boundary conditions for the simulation are summarised in table 1
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Table 31 Boundary conditions

Item Boundary Type Value

Flange Temperature 300°C

Seal Pressure (Total) 2000Pa

Cooling Disc MRF Zone égggrprfoo’ 2250 an
ggrr]:(;?nnding of  fluid Temperature 26.85°C

The Moving ReferenceFrame (MRF)is a robust and efficient CFD technique imslate
rotation. For the simulation, it is assumed thatNtRF regionhas a constant rotational speed
and the boundariesf the geometry within the MRF region asarfaces of rotation. A weak
interaction is assumed betwe#me volume of the MRF and theon-rotational volume;
however,it can be useeéffectively for this simulation. The rotational aspect is important for
the simulation to replicatéhe operating conditions of the hub. Tiaation is expected to
provide a key part in the heat dissipationtloé hub thereforesimulating therotation isa
requirenent

Some limitations do exist when using MRF and these shouldrsderedor the application

at handThe interfaces from the adjacent regganust be lined in such a winat the velocity

of the frame normal to the boundary is zero. Velocities both translational and rotational are
assumed constanCare should be taken when assessing the results, furthermore the
experimental validation will help to put confidence in the results.

3.4. Solver sdtings

To accurately predict the behaviour of the fluid flow and heat transfer from the model
application based solver settings are requiterdys uses the energy transport equatda;

“LET&&0 E' gl Tavdl F AGinE RRGa%gE | (3.1)
Where E is energy per unit mass defined as;
L SF-EZ (3.2)

A number of turbulence models are available in CFD, they each have advantages and
disadvantages. For this study, thepsilon model is chosen ftre turbulence modelling-he
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reason for choosing this model is the flow in the model is not overly complex and the study is
not interested in separation or streamlines. Tepdilon model is known to be robust and
allows for run times to be reduced whishpreferable as no benefit is gained from switching

to a different model.In this study SIMPLE algorithm is used as it can help to converge the
solution quicker and has good accuracy fortthgic geometrysed [3l]. An approximation of

the velocity fidd is gathered from solving the momentum equation. Gradients are required to
obtain values at the cell faces for qmuting diffusion terms. GregBauss Node based gradient

is used for evaluation. This constructs of a linear function at a node from thisgtireserves

a seconebrder spatial accuracyhe solver uses upwind spatial discretisation, which takes the
face value from the relative cells upwind. This study uses second order upwind methods for
pressure, density, momentum, turbulent kinetic enargy dissipation rate. This is done to
increase overall accuracy of the results.

3.5. ConvergenceCriteria

Achieving a converged result is the desired outconteeohumericakolutions, this gives the
knowledge that the sdion has reached a stagéaeve it is stableThis is why only a solution

that has reached convergence can be used to predict problems with the required §88racy.
The convergence criteriasedby Ansys is 0.001. This means that the changeoimtinuity

values must reach the fialr decimal place for a successful convergence. In practice this default
criteria may not indicate changes in the solution have completely finished. This is hy it
preferred to monitor convergence instead of using the default critetlae present ady the
temperature values monitored throughout the iterative process must reach the steady state as
describedThe solution is considered converged once the temperature values at the monitored
points become stable. A solution with stabilisywhere the @mperature values no longer
experience fluctuations.

The settings and conditions detailed in this chapter are utilised to carry out the numerical
simulationsto analyse the stressand thermal properties of the model. Detailed discussions
on the resultarepresented in the following work, the next chapter explores the results from
these simulations of the baseline model.
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CHAPTER 4 ANALYSIS OF BASELINE MODEL

This chaptepresents and discusses the results from the experimentahaudtgn work. A
detailed qualitative and quantitative analyfithe results gathered is carried out to understand
the baseline models heat dissipation characteristics. The models suitability for operation in
terms of the stresses and displacement \gitl he analysed.
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4.1. Introduction

This chapter deals with how the existing hub baseline model currently performs when in
operation. The hub is tested experimentally at various operating speeds that are most commonly
usedwithin the industy that the hub is used within. The analysis within the chapter looks at

the stresses the hub experiences at the different rotating speeds and high temperature. The
results from the first section of the chapter are compared and analysed against resdalts gain
from CFD analysis.

The current baseline model is used successfully for high temperature applications in a range of
industries. Figurd-1 shows a section view of the hub detailing the fabricated fin arrangement.

Figure4-1. Cross section view of éhbaseline model

The theory of how the fins enable heat to be directed away from the hub is discussed in chapter
2. The use of fins however has created a complexity in the manufacture of the component.
Figure4-2 details the hub broken down into its cong® parts. The flange, the three retaining
plates and fins arall laser cut from mild steelThe existing technology available means that
these can be cut at a relative low c@8&].[All parts are cut at the same location reducing any
travel time betwe® suppliers. Laser cutting enables precision that leaves a minimal amount of
work required to get the part ready for fabrication.

The hub body is machined from a section of staehumber of processes are required to
produce the body ¢t the fins are #nwelded onto. The bar would first be cut to length, then

the bore machined out to the correct diameter whilst considering the required tolerance and
finally the correct keyway added. This part needs to be machineid witblerancas it is this

point & which the hub connects to the shaft. The connection must be secure between the shaft
and the impeller to prevent the possibility of the impeller coming loose and having the potential
to cause catastrophic damage.

The second machined part is the hub odtkis is manufactured differently from the hub body
even though it is cylindrical in shape. To machine the part from a solid steel bar would incur a
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large amount of waste material, to reduce this the part is initially cut from sheet steel and rolled
intothe required profile. The first cut will be to create the shape that can be rolled to the cylinder
as requird. The notches will also be removed at this stage.

Flange +
Laser Cut Novus
Retaining Plate  Hub Outer-
Flange j Machined

Retaining Plate
Shaft Reaining
Plate tLaser Cut

Novus / /

_ ) Hub Body-
Material + Fins tLaser Machined
Bought Out Cut

Figure4-2. Parts that make up the baseline hub

4.2. Experimental Analysis of the Baseline Model

The experimental approach as discussed in chapter 3 has being used in the present study to
analyse the heat dissipation capabilities of the baseline model. The tests were carried out at
four rotating speds of 1000, 1500, 225&nd 30rpm. It is important that the models
capabilities are known at these speeds, as this is what they are most likely to experience when
in use. The internal temperature of the of the rig is set to 300°C and readings are taken at
various points as shown irgfire4-3. These point locations are chosen to understand how the
temperature differs throughout the rig and how the hub is affecting the heat transfer through
the shaft. Point 1 is the thermocouple used to measure the temperature inside the test.rig casing
Readingsaretaken at the other points when this value reachddstabilised at 300°C. Point

2 is located at the edge of the fan casing to measure the temperature just after the seal. Point 3
is the temperature of the hub body outer. Poinidcatedatthe pointwherethe motor bearing

would belocatedin a directly driven fan. Point 5 is just after where the bearing of a motor
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would be to see how the exposed shaft length can affect the temperature from point 4. The
resultsobtainedare presented itable4-1.

1

__

Figure4-3. Locations of where the temperature readings are taken from

Table 41 Experimental results from the baseline model, rotating at 4 speeds.

Point| Temperature (°C| Temperature (°C| Temperature (°C| Temperature (°C
at 1000rpm at 1500rpm at 22%rpm at 3000rpm

1 300 300 300 300

2 220 205 191 190

3 101 89 76 62

4 101 91 62 53

5 101 90 62 51

The results show a decrease in temperature for readings taken after paimit 2. is located

at the outside of the casing jusfter the seal so can give andication of the temperature
difference from within the casing and the point where the hub exits the casing. This temperature
is lower than the inside of the casing however, the shaft rotational speed also has an effect. Th
higherthe shaft rotation the lower the temperature at this pbms trend is similar for all the

other points also. The reasoning for this could be due to the effect the cooling disc has on the
components. As the rotational speed increases the amioaintdisplaced by the cooling disc
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increases creating an increased cooling effect on the surrounding components. The results show
a similar trend to those found by Wagglal. [14], with respect to a reduction in heat at higher
rotational speeds. Thmoints 4 and 5 are where the motor beavimglld sit on a direct drive

fan. The readings at these points are important as if the measured temperature is too high the
bearings can potentially fail.

4.3. Finite Element Analysis of the Baseline Model

The lkaseline model is proven to operate successfwithhin industrial applicationsTo
understand the manufacture and material choices a stress analysis should be carried out. This
analysis was carried out using Autodesk Inventor finite element analysis iofAvalysis is

carried out to determine tlven mises stresses. This gives an indication of the overall strength

of the model. The first principle stresses are analysed to determine the fatigue life of the welds
used to connect the fins to the hub bodye Tisplacement of the modehen in operation is
evaluatedo assess the movement of the model when the forces or operation are applied. A
modal analysis is carried out to determine the natural frequencies ofdtiel. This analysis

all forms part of thecomplete finite element analysis of the baseline model to understand how

it will withstand operating conditions.

Analysisis undertaken into the effect theur rotationalspeedshave on the hub model with
regard to the stresses it experienscBse hghestvon misestresses were found at two points,

at the end of the slotted section of the hub outer and winefentconnects to the hub body
shown in figure4-4. The values for the stresses at both points for all rotating speeds are
presented in tdb 4-2, and depicted in figuré-4.

Point 1

-

Point 2

Figure4-4. Locations of high stress on the baseline model

DEVELOPMENT OF A NOVEL HIGH TEMPERATURE FAN HUB DESIGN
BY JAMES SWINTON, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD.

38



ANALYSIS OF BASELINEMODEL

Figure4-5. Von mises stress on baseline model rotating at 2250, 1500 and 1000rpm
respectively.

According to BS550(87] the maximum bulk stress should not exceed yield and localised bulk
stress should not exceed 1.5 times yield. Moreover, BS5500 states that the maximum surface
stress should not exceed 1.5 times yield and localised surface stress should not exceed 3 times
yield. Formild steel at 300°C yield is 229MPa therefore localised bulk and surface stress is
acceptable up to 344MPa. The values at points 1 and 2 are substantially below this value

The location of the stresses at poiraczurs in the weld regiowhere the fin conects to the

hub body Thesewelds arein accordance with BS76(88], class F2 weldClass F2 welds

are fillet welds and aréne welds used to attached the fins to the hub body. This means that the
stress within these regions can be 3 times the yisddgth of the material. The highest value

of 22.42MPa at point 2, rotating at 3000rpm is substantially below the three times yield of
688MPa. This is true for all three rotajispeeds. This analysis of thewmises stresses does

not highlight any aread significant stress that would lead to failure.
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Table 42, Von mises stresses due to four rotational speeds on baseline model

Rotating Speed (rpm)

Stress at Point 1 (MPa)

Stress at Point 2 (MPa)

1000

1.68

2.49

1500 3.77 5.60
2250 8.48 12.61
3000 15.08 22.42

Analysis of the first principle stresses is carried out to assess the fatigue life of the welds.
Start/stop fatigue life can be assessed from the first principle stresses on the welded fins. Figure
4-6 depicts the first principle stresssshe rotating speeds of 3000, 2250, 156d 1000rpm.

The high stress points from the first principle analysis are located in similar areas to those of
the von mises analysis this can be sedigure 44. Moreover, the values for the stresses are
very simlar to those from thean mises stresses. Table34presents the resuliom the first
principle analysisit point 2 The same scale is used to presdiithe contours in figuré-6 this

allows a clear depiction of how the stresses change with rotesioeed. The lowest value for
stress occurs at 1000rpm, giving a value of 2.19MPa. At 1500rpm the stress value ithgreases
55.6P0. The stress increases by 55.50% from 1500rpm to 2250rpm. The increase in stress
from 2250rpm to 3000rpm is 43.77%. The irases in stress between each rotational speed
show the effect the increased centrifugal forces have on the hub. The difference between the
stress value at the lowest and highest rotational speed is 88.91%. The stressrealugdis a
below the failure poinhowever this isa point for consideratiorif the design speedf a

rotating piece of equipmend set at a low running speegh appreciation is required as to the
impact of increasing the rotational speed can have on the stré&ssesighest value of
19.74MPaat 3000rpm is 22% different from tven mises valueAs statedhis value is well

below the failure point.

Table 43, First principle stresses found at two points on the baseline model at different
rotating speeds.

Rotating Speed (rpm)

Stress aiPoint 2 (MPa)

1000

2.19

1500 4.94
2250 11.10
3000 19.74
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Figure 46. First principle stresses on the baseline model rotating at 3000, 2250, 1500 and
1000rpm.

An investigation into the displacement of the model determines if the stress apdliealiad

the model to deform. The expectation is that a model will experience some displacement.
Should this deformation be too great the model will move whilst in operation and cause
problems for the fan systemh@ hubis located at the centre ohpeller used within a fan
system any movement within the hub will cause the impeller to move also. If the impeller
movement is significant enough it will collide with the fan casing, having the potential to cause
catastrophic damage. The impeller is usuallyasgtinimum of 10mm from the casing. The
results for the simulations run at 3000, 2250, 1500 and 1000rpm are depicted id-figlites
maximum displacements at each rotating speed are presented i-4aflee scaling in the
figures is presented so thisplacement from each rotational speed can be clearly viewed. The
generalrend of the displacement is an elongation of the flange section and at the centre of the
hub outer. The displacement at the centre of the hub outer is caused by the notch Asctions.
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found by the stress analysis this is a weak point in the model and the displacement in this area
confirms this. The flange extends out from the hub body experiencing an increased
displacemenat the edge. This is due to the centrifugal forces affethiaglange due to its
relative position from the hub body. At 1000rpm the maximum displacement of the flange is
0.00047mm at 1500rpm the displacement increases by 57.27%. At 2250rpm the displacement
increases by 54.17% from 1500rpithe largest displacemenf 0.0042mmoccurs atthe
rotational speed of 3000rpa¥2.86% increase in the displacement at 2250rka the values

for stress the displacement increases with rotational speed. The difference in the displacement
between the lowest rotational speed &ighest is 88.81%. This increase is within 1% of the
increase in the values for stress between the highest and lowest rotational speed, providing a
clear correlation between the twbhe highest value for displacemastnot significant and

does not cawsany cause for concern.

Table 44 Maximum displacement on the baseline model at the four rotating speeds.

Rotating Speed (rpm) Max Displacement (mm)
1000 0.00047

1500 0.0011

2250 0.0024

3000 0.0042

DEVELOPMENT OF A NOVEL HIGH TEMPERATURE FAN HUB DESIGN
BY JAMES SWINTON, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD.

42



ANALYSIS OF BASELINEMODEL

Figure 47. Displacement of the baseline model rotating at 3000, 2250, 1500 and 1000

4.3.1Modal Analysis

Modal analysis is used to h@ate the design through assessment of the natural frequencies
when in operation. Natural frequencies are the frequencies at which vibration occurs in an
object when exited by a force. This is important for fan equipment because the air drawn
through thelan can createibrations. This analysis findee natural frequencies aight modal
shapesmode lis depicted in figurel-8. At these frequencies, the structure is most susceptible
to forces that can lead to failure. The operating frequelepends orhe rotating speethble

4-5 gives the operating frequencies for the rotating speeds simulabl 45 presents the
resultsfor the natural frequencies from the eight modéds lowest natural frequency of the
modes is 58.94Hz this value i$45.94Hzhigher than the highest operating frequency of 50Hz.

Tis finds the baseline model suitable for operation at the required running speeds.
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Figure4-8. Mode 1 of the modal analysis of the baseline model.

Table 45 Operating frequencies of the faotating speeds

Rotating Speed (rpm)

Operating Frequency (Hz)

1000

16.7

1500

25.0

2250

37.5

3000

50.0

Table 46 Results from modal analysis

ode

Natural Frequency (Hz)

595.93

599.83

845.16

905.81

917.06

955.90

988.12

o|~Njo|g|hw Nk

1243.08

4.3.5 Finite Element Analysis Summary

No high level stress that could lead to poi failure were foundrom the simulations on the
baseline model. The analysis of then mises stress indicated two higher stressed areas. The
stresses within botthese areas are significantly lower thanrieximum allowable stress of
229MPa on the model. The displacement and first principle stress were found to be
insignificant. The modal analysis did not show any modes that were close to the operating
frequencis. From the simulations it is clear the baseline model is suitable for operation at
300°C for the three operational speeds tested.
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4.4. Thermal Analysis of the Baseline Model

The baseline model operates successfully within high temperature environmeistsfiate

heat from the motor shaft to which it is attached. By carrying out a thermal analysis of the
model an understanding wilelgained of the hubs effectivity at reducing heat trankfgure

4-9 depicts the temperature contours of the baselineeshmtt shows the effect the rotation

has on the surrouity ambient air. The rotation of the model causes the temperature in the
trailing edge of the cooling disc to be as highL@8°C.Thetemperaturet the centre of the

hubis 23.94% higher than at tleelge of the cooling disdhe reason for this are the fins on

the hub body and the fins of the cooling disc. The fins are dissipating the heat from the central
section of the hub. The finned and other sections of the model are analysed in the following
section.

Figure4-9. Temperature distribution with surrounding domain

Figure 4-10 depicts a cross section of the baseline hub model rotatihgO&rpm with the
temperature set 80°Cat the flange sectiomhe high temperature regions can bensen the

flange section of the hub. The temperature distribution shows how the temperature differs
throughout the model. The general trend depicts the temperature decreasing through the model
from left to right. The higher temperaturentourregionsaredepictedin red with the cooler
ambient air represented as blue coms. This is an expected treas the further you are from

a heat source the cooler you would expect the model to be, based upon the laws of heat transfer.
The contours give a visualisan of how the hub geometry affects the heat transfer in the
model. The section of the hub that resides with the impeller within the fan casing is depicted
in red on the contours in figu#el10. The seal section is where the hub exits the fan casing and
erters the ambient air the leakage of the seal can be seen in the contours i#-1iQuidis

leakage is importarasthe seals used on the fans are not 100% efficient so some leakage occurs.
This is important as the leaked hot air passes out of the @asgirigteracts with the outer edge

of the hub and the cooling disc causing a heating effect, as seen indfigdire

Figure 410 depicts six points where temperature readings were taken from the simulation of
the baseline model. The location of thesints was determined based upon the &eas of
interestwithin the model. Point 1 is the area located within the fan casing, where there is a
process temperature of 300°C. Point 2 is located just after the seal leakage section to show the
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temperature athe gas passing through the seal section and onto the hub locaidéd otithe

fan casing. Point & located at the centre of the hub. Point 4 is the location of where a motor
bearing would sit should this value be too large bearing failure will oPoimt 5 is located at

the point where the cooling disc connects to the Rant 6 is the outer edge of the cooling
disc. The results for all four rotating speeds are presented in table 4

The rotational speed has a significant impact on the resultee points plotted in figure-4

10, apart from point 1 which shows a 0% difference between the points. This is due to it being
taken at the location where the temperature is set on the flange of th&t Hd@0rpm the
temperature at point 2 where theakleakage section is located is 4@1In comparison the
temperature at this point at 1500rpm is 4.19% lower, 7.85% lower at 2250rpm and 9.95% lower
at 3000rpm.At point 3 the temperature at 1000rpm1i81°C, for 1500rpm, 2250rpm and
3000rpm, the tempet@es are 1.62%, 27.27% and 38.02% lower respectively. The average
temperature differences from 1000rpm for the four rotational speeds are, 1.99%, 22.80% and
30.61% respectivelywhat is clear from the results is that as the rotational speed increases the
temperature values the points on the hub decrease. This could be from a number of reasons, the
cooling disc acts as a small fan and is able to displace air to provide a cooling effect this would
only be emphasised at higher speeds.

Figure4-10. Temperature distribution through cross section of the baseline model

DEVELOPMENT OF A NOVEL HIGH TEMPERATURE FAN HUB DESIGN
BY JAMES SWINTON, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD.

46



ANALYSIS OF BASELINEMODEL

Table 47 Temperature values taken at six points on the model

Point Temperature | Temperature | Temperature | Temperéure
Value (°C) at| Value (°C) at| Value (°C) at| Value (°C) at
1000rpm 1500rpm 2250rpm 3000rpm

1 300 300 300 300

2 191 183 176 172

3 121 119 88 75

4 121 119 86 71

5 103 101 67 56

6 119 116 74 61

To gain a greater understanding of how the temperature changes within the model, two lines
have been drawn through the ndel as shown in figurel-11. This will give a better
understanding of the temperature distribution through the mbuhel.1 is located along the

hub outer begining after the seal section of the hubpasses through the cooling disc before
terminating &the end of the hub. Figurel® and 413 show the temperature variations through

this section. Figure-42 details the linear reduction in temperature along Line 1, until a point
where the temperature on the graph becomes almost constant. The poinhdahevtevelling

off occurs orine 1is where the cooling disc is located. The levelling off occurs at 118°C and
only decreases by 5°@rfthe remainder of line 1.

Line 2 begins at the centre of the hub and runs the length of the hub, remainingeintith@t

the shaft until the point where the motor bearing siiguré 413 shows the temperature
distribution from line 2 in the baseline model. In comparison to the plot from Line 1 there is a
visible difference in the overall shape of the lines. Linghdws a much steadier gradient
whereas the temperature in line 1 decreased rapidly in a liner trend before levelling out. Line 2
begins at 122°C and by the time it reaches the cooling disc (position Om on the graph) the
temperature has only decreased 18°C. After this point Line 2 follows the same gradient
until position-0.02m, where Line2 exits the hub but remains in the shaft. The temperature
drops to 111°C by the end of Line 2 a reduction of 6%. The reasoning for this decrease in
temperature is thehaft section being exposed to the ambient section of the simulation causing
an increased cooling effect.
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Line 1

Line 2

Figure 411. Lines used to investigate the temperature distribution through the model

Figure 412 Temperature disbution through line one
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Figure4-13temperature distribution from line 2 in the baseline model.

The heat transfer coefficient is important as it allows visualisation of the effectivity of heat
transfer through the various sections of the modelvahiations of heat transfepefficient in

the baseline model have been depicted in figt#kl. The model can be split into six areas,
shownin the figure4-14. These areas can thde compared to determine halifferent
operational speaaffect the vales for heat transfer coefficient. The contour plege the same
scale to show the difference in heat transfer in the motleésmodel operating at 3000rpm
has very distinct areas showing the high and low values for the heat transfer coefficient. The
dark blue areas on the condj disc fins give a value 6fl97 at point 4 this is due to the
rotational direction of the hub. The lower values are on the back of thaugrs the rotational
direction of the hubThis effect is similar foR250rpm rotationaspeed with a value 6182 at

point 4 giving a 7.61%decreaseAt 1500rpm the value is22 a1 88.83% difference and at
1000rpm the value is 18 a difference 119.14% from the coefficient at 3000rprhhis
highlightshow the rotational speed allows gredteat transfer in the model.

At point 6, located on then shaft where the motor bearing would sit, the heat transfer value
for the four rotational speeds is identical. This shtveshigher effecthe rotational speehks

onthe main hub bodgverthe bae shaft section. The highest value for heat transfer coefficient

is located at point 3. This is where the cooling disc attaches to the hub body, at 3000rpm the
value is 201At the other three rotationapeeds this value decreases3By33%, 76.62% and
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84.58% respectivelyAgain the rotational speed is found to be a significant factor in how the
heat transfer coefficient is affected.

(@)

(b)
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(©) (d)

Figure4-14. Heat transfer coefficient plots of the baseline modelHerfour simulated
speedga) 3000,(b) 2250,(c) 1500 andd) 1000rpm.

4.5. Validation of Experimental Results

Validation of thesimulatel results is important to determine the accurddye temperature at
point 1 is 300°C in both sets of resultdis is not surprising as this is the input temperature
and the only value that can be controlled for both sets of results. Bidbrdepicts the results
from the experimental and CFD analysis &tlrfour rotational speesl Unsurprisingly after
point 1for all rotational speedgheinitial temperature 0800°C decrease®oint 2is located

at the seal region of the model where the baseline model exits the éddimig. point & the

four running speeds the differences between the CFDeapdrimental resultare, 1.36%
increase5.09%decreasgb.37%decreasand 3.55%lecreaseespectively. These values show
confidence in the resultiue to the low fluctuations in resulit point 3, located at the centre

of the hub body the difference betweendRkperimetal and CFDvaluesdecreasely, 16.53%,
25.21%, 13.64% and 17.33% respectively. In comparison to the values taken at point 2 there
is a significantly largedifference to the result3his could be due tmethal of recording the
measurement3.he IR thernometer is aimed at the same location for each set of readings. The
geometry of the hub could affethe readingsThis is due to point 3 being-ime with the slots

in the hub outer for the fins to sit in. This has the potential to affect the resilesshsttwould
break the IR beam as it rotatd3oint 4located at the point where the motor bearing would sit
on a directly driven fan found the differences betweereiperimental and CFD resutts be

lower by, 15.12%, 21.55%, 15.07% and 13.11% respeist
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The general trend in the ressikhow the experimental values to be lower th@GRD values
at the same pointgpart from point 1. The average difference between the value8%%,
18.18%, and 16.21%or point 2,3 and 4 respectivebis discussed the placement of some

points used to take the temperature readings, could be a contributing factor for the difference
in the results.

@

(b)
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(©

(d)

Figure 415. Experimental to numerical comparisg@a) 1000rpm,(b) 1500rpm,(c) 2250rpm
and(d) 3000rpm

4.6 Summary

After analysing the baseline model with respect to how many parts &de op of, how long

it takes inassemblyand any travel time required between the manufacturing procdsees
concluded that theodel is difficultand time consumintp manufactureThe baseline model

is known to operate successjudlt its design temperature. &ess analysis was conducted to
determine the stresses the moebgberiencesinder its normal operation. The stresslysia

did not find high levels of stress or displacement. Moreover, the natural frequencies of the
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model were determined though a modal analysis. The natural frequencies of the model were
not found to be close to those of the running speed.

The purpose athe baseline model is to dissipate heat away from the drive shaft to reduce the
heat transfer in the shaft. The model is known to be effective at this, preventing damage to
bearings on fan units operating at elevated temperatures. To determine the dieatiatis
properties of the model a thermal analysis was conducted. This exploreshiberature at
various points on the hub body and shaft. The resulting temperatures coincided with the
knowledge of the baseline models successful operation, as the atunpdhat the motor
bearing must remain below is 120°Ql]. A level of confidence was gained in the results as
they were validated experimentally using a purpose built test rig.

The following chapter looks at the results from this chapter in additithretliterature review
and uses them to develop a novel hub model.
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CHAPTER 5 DEVELOPMENT OF NEW HUB DESIGN

The main issue with the baseline model is the time it takes to manufacture. This is due to the
large number of parand processes required. To try and reduce thisseggn For Manufacture
and AssemblYDFMA analysis has been carried out. As shown in the previous chaptevthe

hubwill be required to dissipate heat to the extent that at the point where the motog sgarin
the temperature in the shaft is below 120°C.
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5.1. Concept Design

Having discussethe large number of parts that makethip baseline model in chaptertde
complexity of the process includiradl the manufacturing processes aighlighted in figure

5-1. Once the drawings for the model are issued the next stage is to laser cut the fjes and
the outer and inner bodies machined. Once all the parts are located together the next stage is
the fabrication stagéhe firsttask isto tack weld the fins onto the hub body once these are
located correctly a seam weld will be completed securing these in place. The hub outer is
welded to the flange, before the fins are located in the hub outer slots and welded in place. In
addition to thamanufacturing processes that have to take place, the flow chart also depicts the
amount of travel involved in moving the components to the various stages of the process. What
this means is that with every additional process and the travel times assti@atedt of the

part increases.

Figure5-1 flow chart detailing the fabrication process of the baseline model
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5.1.1 Assembly Analysis of the Baseline Model

Design for Manufacture and Assembly (DFMA) explores ways in which effigsican be
madewithin the manufacturing and assembly processes. Boothrogl Ef] recommends

method of determining whether the current product is overcomplitatedrry out a design

for assembly (DFA) analysis. This involves looking at the compisnéhat make up the
assembled product and making assessments based upon a certain criteria. The first criteria
relates to the products movement

- Does the part move relative to the other parts already assembled?
- Is the movement essential for operation?
- Does the part have to be separate to provide movement?

, ] bOO WKH DQVZHUV WR WKH TXHVWLRQV UHODWLQJ WR PR
essential part to the assembly as a whole.

The second criteria determines if the current material seteistisuitable

- Is the material of the part different to those it is in connection with or is it isolated
completely?

- Is the part currently manufactured from a different material, or used in isolation
essential for its operation?

- Is the part separate asftifil the isolation or different material need?

Third criteria relates to whether the parts atgistable or replaceable:

- Is the part separate to allow for adjustability or replacement?
- Is this adjustability antlow easy is the part to repl&ce

Applying these principles and criteria to the hub during its assembly, enables the opportunity
for components that are not necessarily requirethioproduct to begin a redesign:

- Hub Body: This is the first part that work begins on therefore in relation to liee ot
components nothing can come beforariaking it a necessary part. The only aspect
that is completely necessary is the ability to create aseomnection to the drive shaft
this is a possible area of redesign.

- Flange Retaining Plate: The purpadehe retaining plate is to ensure that the Novus
material remains located as requiréids a bolted connection, which in theory could
be replaced by an integral fastening arrangement. The plate must remain separate,
therefores a required part.

- Flamge: Connects the hub to the impeller through a bolted conngtigameticallythis
could be an integral fastening arrangement and possibly designed so that it is combined
with the outer hub body.

- Novus: This is used to provide heat insulating propestieeh contributes to the
overall effectiveness of the model with regard to dissipating heat from the shaft. It is
used in isolation. In theory if something else could achieve the same characteristics for
the same value then it could be replaced.

- Novus Réaining Plate: The purpose of the retaining plate is to ensure that the Novus
material remains located as requirttds a bolted connection, which in theory could
be replaced by an integral fastening arrangement. This plate is isolated but there is the
possibility of integration with the hub body especially as the flange retaining plate is
also used. Thpart is theretically not required.
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- Hub Outer: This connects to the fins and thedlato bring the model togethéf.a
creation of adesign that atlws for integration between the hub body, fins and flange
then the part would not be required.

- Fins: These are welded to the hub body to help draw heat from theT$taftdesign
forms a very crucial part in what the model is trying to achieve. For thdmedeemed
unnecessary an alternative design for the model would need to be produced.

- Shaft Retaining Plate: This retaining plate helps to hold the hub on the drivdtabaft
a bolted connection, meaning theoretically an integral fastening arrangeoodsh be
usedthis woul be quite difficult on a shafilaking thisa critical part.

Table 51 breaks down the parts from the discussion abOwty the parts that make up
the theoretical part count are includect&llsof how lorg it takes to assembéachaspect

of the part are included with the quantitiesom this the assembly cost is calculated based
on a labour rate of £30 an hotihis cost can be used to estimate a total cost for the prodiuct.

Table 51 Results of the assembly analysis

No. | Theaetical Partt Assembly Time Assembly Cost (£)?
Count (s)

Flange Retaining 1 1 150
Plate 1.25
Flange 1 0 300 2.5
Novus 1 |0 100 0.83333
Novus Retaining 1 0 150
Plate 1.25
Hub Outer 1 |1 1200 10
Fins 6 6 1200 10
Shaft Retaining Plat( 1 1 200 1.66667
Hub Body 1 1 300 2.5
Totals 13 |10 3600 30

(*Labour at £30 an hour rate)
5.1.2 Cost Analysis of the Baseline Model

The time taken tonanufacturéhe baseline model equates to a cost of £30 however there are
additional costs to be consideréd the assemblgnalysis only accounts for the time working

to assembldiemodel. The flow chart in figurg-1 depictshow travel costs form a contributing
factor to the overall cost. There are three individual instances during the products manufacture
that require tra@l for a different process to be carried out. The other costs are related to the
manufacture of the parts initially such as the laser cut fins and the machined central section
There is a cost for the actual work and the material required.

In total includng the travel, material, assembly and manufacture of parts the cost of the
baseline model is around £390.

5.1.3 New Product Development

Thenew hubneeds to be manufactured in as few stages as possible thus reducing the number
of processes and the timeegidl travelling between suppliers, each carryingacagparate task
on the productThe first question to be askedvi$at material is suitable of theew hul? To
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determine this amethod of process eliminations usedto determine the appropriate
manufactuing methodsFrom thisthe most preferable are selectétyure 5-2 presentsan
elimination process and the gsible manufacturing techniquedilson et al. [42] applied a
similar techniqueThe processe®r consideratiorare as follows.

5.1.3.1Solidification Processes

Sand Castingta widely used casting process that uses moulds made from sand to form
complex parts that can be made from a range of metal alloys. The use of sand enables expansion
in the process which helps to form the more complex shdjmeremove the parts however the
moulds must be destroyed which means that the production rate for parts using this method is
quite slow. The inial step is to create the moulthis step must be repeated for each casting
Sand is packed into two halve$ a mould with the pattern being coveréhce removed the
pattern leaves a cavity. Once the mould is complete the inner surface is lubricated to assist in
the removal of the castinghe two halves are then clamped together. The molten metal is then
poued into the mould and left to codf the cooling process is rushed and the metal cools too
rapidly then defects in the casting can occur. To removesistengthe mould must be broken

down completelyThe surface of the casting may require additiovaik to remove the outer

layer left.

Investment Castingtuses a wax pattern that is covered in a ceramic material which hardens

and the internal shape formed is that which is required. The reason for using the wax is that it
can be easily melted fromehmould and reused. Complex geometry can be created effectively
DQG VHYHUDO SDWWHUQV FDQ EH XVHG LQ D VLQJOH FDVWL
are set off from a main trudike structure. The ceramic coating is created by dropthirg
SDWWHUQ LQWR D pVOXUU\Y WKDW LV PDGH XS RI ILQH V
thickness of the coating is created by dipping the pattern repeatedly. Once the mould has
hardened it is heated to remove the wax, leaving the cavity insidemdhld is then heated

again this time to a much higher temperature to increase its straigthmolten metal is

poured into the mould whilst it is still hot. The reasoning for this is that any thin and detailed
sections can be created with a greateranlee as the mould and molten metal will shrink as

one whilst cooling. The process is time consuming and to remove the casting the mould must

be destroyed which adds cost to the process overall.

Die Casting+zCompared to Investment casting and Sand caditegmoulds for die casting

can be reused, thus giving large savings in time and cost for the pars produced, however the
initial investment in setting up the process is considerable. The process is like that of sand
casting, in that the moulds are in tlWwalves which are then clamped together, the difference
being that the halves of the moulds can be reused. Once clamped together molten metal is then
injected at high pressures into the mould, the high pressure is used to hold the metal in the
mould duringthe solidification process. Once cooled the mouldpsned and the casting
removed.The only remaining process is to clean up the casting. The die casting process can
become a very efficient method for producing parts as it can be an automated prooess:;, ho

this obviously increases the cost.

Injection Moulding £This method is used for high volume production; the initial setup costs
are high but the price per part is very low. The process is used to produce parts made from
thermoplastics, the raw matariused comes in the form of plastic pellets. These are fed into
the machine through a hoppé&nce in the machine a reciprocating screw moves the pellets
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through a heated barrel section to melt the polymer. Once melted the polymer is injected into
split moulds at a high pressur@nce set the moulds open and the new part is removed.

Structural Foam Mouldingtthis process is identical to injection moulding apart from the fact
WKDW D pIRDPLQJ DIJIHQWY LV DGGHG WR WKthemBUWIWHQ SRO
a lower pressure. This agent is added as a gas and is done so to reduce the density of and
therefore the overall weight of the finished product. Strength is also added using this method,
which in addition to the lower pressure used meansl#inge and complex parts can be
manufactured in a single cycle and at a lower cost.

Blow Moulding +This is a very common process used within industry to produce a variety of
different shaped products. The processinsilar toinjection moulding in thatite polymer is

fed into the system through a hopper and then heated in a barrel type section before going onto
the mould. The difference is that instead of filling the mould completely with the polymer to
create a solid, air is forced at the molten polyaeeit reaches the mould, sending the material

to the sides of the mould in a thin layer, used to create items such as plastic bottles. Extrusion
blow moulding is very similar to the injection method except the molten polymer is forced into

a cylindrical ppe section initially, before the mould closes around it sealing the polymer off.
The mould then moves to a separate air hose that extrudes the cylinder into the edges of the
mould. The main difference between the two is that extrusion moulding is cheapés a

much simpler process but it is slower.

Rotational Moulding+ls used to create hollow parts however, the main difference from the
methods already discussed is the powdered raw material used and the fact that no pressure is
involved. This reducethe cost of the mouldsAs they do not have to withstand the high
pressures, which makes the process cost effective for small batches of parts. The powder is
placed into the mould directly and closed @ipe mould then begins to rotate in two axis
planes.The mould is heated as it rotates which melts the polymer and builds layers of material
up on the faces of the mould, the material is cooled and the part removed from the mould.

5.1.3.2Bulk Deformation Processes

Impact Extrusionzls a very simple process which a die is forced onto a piece of material,
usually soft metals such as aluminium, at a very high pressure. The piece of material is placed
into a mould and the die strikes this material at such a force that it forces the material into the
desiredshape. Due to the high forces that are applied the tooling must be designed to within
stand the stress that it will be subjected to. The most common use of this process is in the
manufacture of hollow metal tubing that has one end closed or partiallgclose

Cold HeadingtUses metal to form a large range of shapes through forcing the metal at high
speed and pressures into mouldse fact that the metal is worked on whilst cold increases the
hardness and strength of the part. Parts are manufactured hesisgne die with little to no
waste making the process very efficient and cost effective.

Closed Die ForgingtzTakes a piece of metal heated to a very high temperature allowing
moulding to a desired shape to take place. The heated piece of nsatalr®tbottom half of

a mould.The top half is pressed onto the bottom half and the material experiences plastic
deformation filling the cavity. The process can produce small to very large parts with high
tolerances.
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Powder Metal ProcessingjUses a powder ahetal alloys combined with other elements in a
mould with very high precision and often do not require any further post processing work. This
precision comes from the power material being compacted in the mould with no possible gaps
or cavities able to oce. This mould is then subjected to high temperatures in a furnace bonding
the powder together to form a solid to the shape to the mould. The process is able to produce
complex parts consistently that have good hardness and wear resistance to closegoleran

Hot Extrusion +A widely used method to produce parts with a constant cross sectional area.
Metals are heated to a temperature that prevents any hardening to take place whilst the work is
taking place. The process is similar to that of impact extnusidhat a large force causes the
material to form through a mould. The type of product produced is mainly bar and tube section,
due to the high pressure required and the heating element the main disadvantage to the process
are the high satp and runningasts.

Rotary Swaging+A method of shaping tubing profiles into a desired geometry. The material

is forced into the swaging unit and dies are pushed onto it, the general effect is a reduction in
the diameter of the tubing. Complexity tapers sectionpa@ssible adding to the complexity of

the processes capabilities.

5.1.3.2Material Removable Processes

Machining (From Stock) Machining covers a large range of techniques and processes used to
remove material from a work piece. The most common psesegs/olve some form of either,
turning, drilling and milling. The process of turning is work carried out on lafhwing is

the production of circular holes using a drill bit and milling uses rotating tooling to remove
material from a stock piece. Mitlg is more of an involved process where the table moves in
addition to the toolingThis creates a very diverse process that can produce complex profiles
and shapes.

Electrochemical Machining (ECM}tUses a similar method to milling to create complex
shaes however the main difference is the processes ability to work on materials with a high
hardness level. A high current is passed through the work part and using conductive cutting
fluid the result is a cutting tool that does not wear down, as it netaligadouches that part.

This makes the process more complex than traditional milling which vastly increase the
production costs of a part.

Electrical Discharge Machining (EDMxAgain a similar process to milling but instead of a
rotating tool removinghte material, very fast discharges of electrical current are used.

Figure 52 details different mods used to manufacture paie general shape attributes
defined initially are the most common elements that make up a part. The purpose of-8gure 5

is to eliminate the processes that are unsuitable to manufacture new hub design from. It
achieves this by eliminating the shape attributes that do not form part of the new hub design
This is denoted by the dark grey box the light grey box shows the pesdst could be used

but are not done as frequently. This leaves the white boxes that are possibilities for the material
selection and the process of manufacture for the new hub design.

From the analysis of the manufacturing techniques, the methodsntafacture the@ew hub
are either:

DEVELOPMENT OF A NOVEL HIGH TEMPERATURE FAN HUB DESIGN
BY JAMES SWINTON, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD.

61



DEVELOPMENT OF NEW HUB DESIGN

- Casting (using different types)
- Casting parts and welding together

- Machining
Shape attributes
1. Depressions Yes Key
2. Uniform Wall Yes
3. Uniform Cross No Norm_al .NOt.
section Practice Applicable
4. Axis of Rotation Yes Less
5. Regular Cross No Common
section
6. Captured Cavity Yes
7. Enclosed Cavity No
8. No Draft Yes
Solidification Processes
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Bulk Deformation Processes
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Figure5-2 Selection of ppropriate materials for manufacture of the new hub de&xynt
Solidification Processes (lBulk Deformation Processes (e¢Material Removable
Processes

To improve on the current method of manufacturing, using a combination of machined and

laser cut parts, a reduction in time taken carrying out different processes could lead to a cost
saving.Machining the current design as a singdenponent would eliminate the laser cut parts

and any additional fabrication processes, however due to the design complexities of the
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baseline model this is nachievableTo create a design like thike baseline model would
need to be redesigned.

5.14. Concept BsignCreation

One way in which the overall cost of the model can be reduced is by eliminating the amount
of travel compared to the baseline model. To achieve this the new model must be manufactured
as much as possible in a single locationstkliminating any processes that require further
work after the initial process is complete. The most effective way of accomplishing this is to
machine the model as a solid part. Forrtee hub a solid casting is utilised, incorporating the
flange and hin outer profile of the baseline mod&he theory behind the effectiveness of the
baseline model is down to the fin arrangement and the cavity within the model, as this reduces
the area of matetighe heat can transfer through. The machining of the cpsfihremove

the same amount of material that the cavities in the baseline model created.

As the casting process only achieves a roangrall shapethe first machining process is to
remove the excess material from the casting process to the requieeghmiiles.The second
stage is to begin removing ti@ernalmaterial To achieve the requiremmount of material
removal, holes are drilled into the hub body. Eight holes are drilled ai@lfull length of
the hub bodyhis can be seen in figure3 In addition to this a further eight holes are ddll
vertically into the hub bodylhese connect up with the firsgtof holes drilledBy machining
the hub in this way the overall cost is reduced significanti$I9p. This is due tareduction
in transport costsas the only transport is from tp&ce where the machining takes pladee
elimination of welding and laser cut parésluces the direct costs and negateher work in
fabricating the parts to the hub body.
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@ (b)

Figure5-3 Geometry omparison of th@ewhub (a)and the hseline modg(b)

5.2. Experimental Comparison

Table 52 presents the experimental results ofribevhubat the same five points as previously
testedon the baseline modédt can beseen that like the previous results the temperature after
point 1 begins to decrease. An initial comparigbthe results finds that like the baseline model
the value at point remains the same regardless of the rotational spagdlly the values for

the temperature appear to be highar the new hubTo compare theresults from the
experimental analysis for both hutlisectly they are plotted graphically indure 54. Like the
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baseline design results the rotational speed has a significant efféwt ogsults of the new
hub. With the temperature at the points decreasing as the rotational speed increases.

As discussedaqint 1 shows a 0% difference as this is the input temperature set using the control
panel on the & rig. Point 2 shows oaveragehe temperature on baseline model t@H&%

lower. This isthe point located at the seal section of the model the main difference lies within
the centre of the hub. Thecation of the seal on the baselimedel isjust behind where the

fins are weldedn. This leaves a space between the hub body and the hub outer giving a slight
reduction in the temperatutdoreover, the wall thickness of the baseline is defined by the hub
outer section. This gives a thinner profile to the outer edge than the new. désigwould

cause an increase in temperature due to the increase in material.

The temperature values at point 3 on tiev hubare on average 29.19% higher than the
baseline model values at the same point. This shows how the different designs can have a
significant impact on the results. Point 3 is located at the centre of the hub body this gives a
good understanding of the effectivity bbw the different designdissipate heatOn the
baseline model point 3 is located directly under the centre ofrtteefitions. This allows the

fins to dissipate hedb reduce the temperature by.5& on average from point 2. In
comparison th@ew hubreduces the temperature #%.52%from the same poinPoint 4 is

the location of the motor bearing ird&ect drivefan. The temperature abmt 4is on average
33.62% higheon the new hub over the baseline modglis gives an understanding of how
effective both designs are.

Table 52 Experimental results afew hub

Point| Temperature (°C| Temperature (°C| Temperature (°C| Temperature (°C) g
at 1000rpm at 1500rpm at 2250rpm 3000rpm
1 300 300 300 300
2 214 210 202 194
3 151 148 92 84
4 157 143 88 79
5 154 138 83 75
@
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Figure 54 Percentage difference betreexperimental resulté) 1000rpm, (b) 1500rpm,
(c) 2250rpm and (d) 3000rpm

5.3. Stress Analysis Comparison

Table 53 presents the von mises stresses at two points orethéulthese points are depicted

in figure 55. The high stress points are irffdrent locations to those on the baseline model.
The baseline models stresses were caused by the notches on the hub outer for the fins to be
welded to. As theew hubdoes not have these notches this stress is eliminated. The highest
stress value on theew hubis caused by the spigot section on the back of the flange, located at
point 2in figure 55. The highest value for the stress at this poinft26MPaat a rotational

speed of 3000rpmA reduction of 67.66% compared to the baseline models highest fea
stressThis trend is similar for both the points at all the rotational speeds. The stress contours
for all the rotational speeds are presented in figuedh the same scale. This gives an
understanding of how the new hub has reduced the lefalsess through its design. The
highest stress value on the baseline model at 1000rpm is 2.489NER6 higher than thaew

hub. At 1500rpm and 2250rpm the stress on the baseline model is 5.60MPa and 12.61MPa
67.68% and 68.04% higher than the new hubhatdame rotational speeds. This gives an
average of 67.71% higher stress on the baseline model

Table 53 Von mises stress on new desgin

Rotating Speed (rpm) Stress at Point 1 (MPa) | Stress at Point 2 (MPa)
1000 0.72 0.81
1500 1.55 1.81
2250 3.86 4.03
3000 6.58 7.25
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Point 2

Figure5-5 Von mises stresses oew hubat 3000, 2250, 155 and 1000rpm respectively from
left to right.

Analysis of the first principle stresses on the baseline navdaked to assess the welds on the

fin sectiors. As thenew hubdoes not include any welded sectionsréseson for investigating

first principle stresses to investigate any other locations found to be stressed from the loading
conditions.Figure 56 depicts the results from the first principle lgses, finding very similar
contour profiles for each rotational speédl.the contours are presented on different scales to
depict the maximum stress for each running sp€bd.highly stressedreas of the new hub

are all located on the same side offtaege shown in figure-6. One of the reasons for this is
spigot section, required for attached the hub to the impeller. The spigot is thinner than the rest
of the flange making it a weaker poiftecondly, lhelarge green ring section on all the plots

is caused by the centrifugal forces acting on the hub body against the flange section. Finally,
the highest stressed point is locatdtere the bolts connect to the flange to connect the hub to
the impeller this is labelled as point 3 in figure@ Table5-4 presents the higbtressvalues

for thefour rotational speeds at point 3 in figuré&5The highest value for stress is found to

be 8.17MPa at 3000rpnThis value for the first principle stress is 58.61% lowean the
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highest value for the first praiple stress on the baseline modBhis is reduction in stress
compared to the baseline model is also true for the slower rotational speedsresses are
58.45%, 58.70% and 58.56% higher on the baseline model for the running speeds, 1000rpm,
1500rpm ad 2250rpm respectively. The average increase in stress on the baseline model is
58.58%. The reasoning for this is similar to the increase in the von mises staasses by
eliminating the welded sections of the design.

Point 3

Figure 56 First principle stresses on thewmodel rotating at 3000, 2250, 1500 and

1000rpm
Table 54 First principle stresses oew hub
Rotating Speed (rpm) Stress at Point 3 (MPa)
1000 0.91
1500 2.04
2250 4.60
3000 8.17
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The deformation of th@ew hubis presented in figure-3. The scaling is presented so the
displacementat each rotational speed can be clearly viewed. The general trend of the
displacement shows an elongation of the flange section causing the largest displacement to be
at the outer diamer of the of the flange. This is the only area of displacement on the new hub.
On the baseline model displacement occurred on the hub body. By removing the welded
sections there is no deformation on the hub body of the new hub. The von mises and first
principle stress analysis of the new hub found the highly stressed areas to be on the flange
section. The contours in figure/show displacement in the same aréasthe flange extends

out from the hub body the centrifugal forces experienced are greatee hige increased
stresses and displacement.

The largest displacements at each rotational speed are presented irbtalihe Blisplacement
increases with rotational speed, this is similar to the baseline model. The difference in the
displacement betwedhe lowest rotational speed and the highest is 88.5%. This is within 1%

of the difference taken on the baseline mdwuiveen the highest and lowest rotational speeds.
Showing how the effect of rotational speed affects the centrifugal forces in a linkarly.
1000rpm the maximum displacemennt the flange is 0.00023mm compared to the baseline
model this is a 5.11% reduction. At 1500rpm and 2250rpm the reduction in displacement to
the baseline model §3.64% and54.1®% respectivelyThe largest displacemeaoit 0.0020mm

on the new hub occurs at 3000rpm this is 52.38% lower than the largest displacement on the
baseline hub at the same operating sp€kd.results find the displacement mew hubto be

on average 52.81%. This is probably due to the soligpogee construction of theew hub

This solid design stiffens up the model by eliminating the welded sections that can cause some
degree of flexing in the model. The displacement on both models caused by the rotational
speeds is substantially low and notoacern.

Table 55 Maximum displacement on the baseline model at the four rotating speeds.

Rotating Speed (rpm) Max Displacement (mm)
1000 0.00023

1500 0.00051

2250 0.0011

3000 0.0020
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Figure 57. Displacement of the new model rotating at 3@2%0, 1500 and 1000rpm.

5.3.1 Modal Analysi€omparison

The modal analysis of tHeaseline modeatalculatedhe closest natural frequency to be 192%
higher than the highest operating frequency. The results foethdnubare presented in table

5-6. Thehighest operating frequency is 50Hz the lowest natural frexyuis found at mode 1
depicted in figure 8B is 715.99Hz665.99Hzhigher than the operating frequendis is an
increase of 16.77% in comparison to the natural frequencies calculatedlfaséi@e model.

The natural frequencies of the other seven modes are all higher than the corresponding modes
of the baseline model. Tlaveragancrease in the natural frequencies over the eight modes is
48.09% .Like the reduced sss and displacement uak thencreasen the natural frequencies

of all eight modess most likely due to the solionepiecesconstructiorof the new hub
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Figure 58. Mode 1 of the modal analysis of the new model.

Table 56 Results from modal analysis

o
o
D

Natural Frequery (Hz)
715.99

720.26

1036.20

2802.18

2918.65

2927.84

3149.85

3152.09

o|No|uswNk Iz

5.3.2 Finite Element Analysis Comparison Summary

Like the baseline model noigh of streses were calculateftom the simulations that could
lead to potetial failure. The elimination of the welded sections on the new model reduced the
von mises andSiprinciple stresses. Thigrovidesa greater safety factor to the new model
design. The displacement on the new model was found to be very small. Thengdsoni
these reduced values is the solid-boely construction of theew hub The weak point of the
baseline model lies within the welded regions. By eliminating the neeshjowelding to take
place the stress raising elements to the model are reddoeebver, the welded fin sections
would reduce the rigidity of the model, thus explaining why the new fully machined design
had a reduced level of displacement under operational loakhiegnodal analysis showed an
increase in the natural frequencies loé tmodel.This again is from the elimination of the
welded sections.
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5.4. Thermal Analysis Comparison

The same CFI[analysison the newhub has being carried ouEigure 5-9 depicts a cross
sectioral view through the cooling discshewing the temperaturdistributions. An initial
observation of the distributions findsigher overall temperature of thew hukin comparison

to the baseline modeThe explanation for this is the overall design of the new model. The fin
sections of théaseline model areedrly depicted and the overall temperature from the centre
of the model to the edge of the cooling disduces by23.9446 compared to the 2.68 the

new hub Through theremo\al of materialby machining holes theew hubhaspresented a
design manufacted from differentmethods to be applied to prevent highmperatures
travelling through thehaft Even if the temperature reduction is nosagificant

(@ (b)
Figure5-9 Temperature distribution in the vicinity of the cooling disosthe newhub (a)
and baseline modéb)

The cross section depicted in figird 0 presents thaew hub and the baseline model together

for comparison of the temperature contoatsa rotational speed of 1500rpm with the
temperature set at 300°C at the flange seclibe same six points have been plotted as figure
4-10, allowing for a direct comparison of the resultee Temperature distributions through

both models present how the temperature changes through both hubs. Both models show a
general trend depicting themperature decreasing from left to righiis is expected based on

the laws of heat transfer. The visualisation of the contours highlights the differences in the
geometries. After the flange section on both models the seal section with the leakage can b
identified. The wall thickness at this point on the two monelssibly thicker on the new hub.

The results for the new hub presented in tablecalculate the temperature of point 2 to be
226°C, 224°C, 200°C and 190°C at 1000rpm, 1500rpm, 2250rprBQ0@Ipm respectively.

In comparison to the same point on the baseline model the temperatures are lower by 15.49%,
18.30%, 12% and.97%. This gives an average differencel@826 at point 2 between the
models. TIs difference is due to the wall thickneshich is 2mm thicker on the new model.

This explains the increase in temperature based on the heat transfer equations.
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From hetemperature contours on theb bodywhere point 3 is located a visible difference

can be seen in the overall temperaturige Talculated values at point 3 for the new hub are
165°C, 163°C, 107°C and 98°C at the four rotational speeds respectively. The baseline model
temperatures at the same point are lower by 26.67%, 26.99%, 17.76% and 23.47% with an
average difference df3.72%. The location of point 3 at the centre of the hub gives a good
indication to the effectiveness of the heat dissipation methods used. Point 4 is located after the
hub body o the shaftmeaning that no further heat dissipation techniguesethods can be
utilised to reduce the overall temperatu¢.point 4 the new hub temperatures are 162°C,
156°C, 105°C and 90°C respectively for the four running speeds. The baseline model results
are lower by 25.31%, 23.72%, 18.10% and 21.11%. Giving an averagerdifert22.06%.

Excluding point 1 the general trend finds the baseline model to have lower temperature values
at the remaining five points. Overall the average percentage difference between the models at
the operating speeds 1000rpm, 1500rpm 2250rpm3@0@rpm, are found to be 20.75%,
20.77%, 19.70% and 20.75% respectively. This gives an overall average difference of 20.49%
between the baseline model and the new model. The reason for this is a culmination of factors.
The wall thickness of the new hub2smm thicker than the baseline model the difference is
noted by point 2. Thase of the finned design shows it effectiveness at point 3 and by point 4
the overall difference in the models is found to be 20.49%.

@ (b)

Figure5 A0 Cross sectinal view ofbaseline model (a) and new hub (b)
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Table5-7 Temperature values taken at six points on the model

Point Temperature | Temperature | Temperature | Temperature
Value (°C) at| Value (°C) at| Value (°C) at| Value (°C) at
1000rpm 1500rpm 2250rpm 3000rpm

1 300 300 300 300

2 226 224 200 190

3 165 163 107 98

4 162 156 105 90

5 158 153 112 93

6 153 148 106 88
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Figure5-11 Comparison of CFD result&) 1000rpm,(b) 1500rpm,(c) 2250rpm andd)
3000rpm
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Figure5-12 and5-13 depicttheresults of the two lines figure 411, used to investigate the
temperature distributionthroughboth modek at 1500rpm The linesfollow a similar trend
After the seal sectiothe temperature decreases in a linear trtena point At which the
temperaturegradient of thenew hubdecrease compared tdhe baseline modellhe two
vertical bars on the graph in figurel2 show this region, the gradient for the baseline model
within these lines is 2816.6 and 1659.4 for tiesvhub. The reason for this lies again in the
geometry, if a comparison is made between the models in figli@et can be seen that there
is a noticeable increase in the material area at the centre of th@réthe baseline model
reaches around 120°@é the new model 140°C, thiemperatures begin to stabiliea the
graph. This point within both models is where the cooling disc,evitish suggests that for
the cooling disc to be at its most effective it should be located as close to the end ofabe hub
possible.

Figure 512 Temperature distribution from lifleon both models
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Figure 513 temperature distribution from lineod bothmodesk.

The same six areas figure 414 have been monitored to gain an understanding of the heat
transfer codicient in thenew hub The dark blue areas are again prominent on the back of the
cooling disc finsdue to the rotation, giving eoefficient at point 4hatis within 1% of the
value on the baseline modéit point 6 where the motor bearing sitise valie is identicaht

the four rotational speeds. This weaalculatedon the baseline modahdfound to be within

1% of the baseline modelhig is unsurprising as the shaft dimensions are identical for both
models. 201 is the highest value on the baseliogetoccursat point 3at 3000rpmwhere the
cooling disc connects to the hub bodye highest value on theew huboccurs at the same
location however the value is 143, 28.86% lower. The importance of this point antliés va
enables an understandinghaw the difference in geometry affects the overall temperature of
the modelThis is due tdhe effect the finand the reduced wall thickness have on the baseline
model, compared to theew hub Point 3 is significant as it is located to highlight the
differences in the models.

Point 2 on the baseline model is located before the fin sections giving a value of 84 at 3000rpm.
At the same point on theew hubthe value is 105an increase of 16.83%. The difference
between the models is thattats point on tle new hubthe pointis located above the hole
sections being used to provide the reduction in heat tradxfieghe baseline model the finned
sections utilised to carry out the same task are not in use at point two, which would suggest
why the heat transfecoefficient is lower at this point.
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Figure 514 Heat transfer coefficient plots of thew hubfor (a) 3000rpm (b) 2250rpm (c)
1500rpm and (d) 1000rpm

5.5. Summary

From the experimental and CFD analysis of both the basaldeland the new hub it is clear

that thebaseline model is more effective at dissipating heat. At the point 4 located on the shaft
where the motor bearing would be located on a direct drive fan the temperature is 22.06% lower
on the baseline model on averagkis new hub model can be used however for heat dissipation
but only at rotational speeds of 2250rpm and above. With regard stréss analysis carried

out the onepiece construction of the new hub reduced the overall stresses, displacement and
increagd the natural frequencies of the model.
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Chapter 6 Conclusions

From the resultfor stress, displacement, natural frequencies and the thermal anblgsied
in the previous chapters, this chapter presents the conclusions drawn from thisaer
achievements are summarised witspectto thereach searchims set out at the start of the

study.
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8.1. Research Problem Synopsis

The baseline model presented is known to be difficult and-¢mnsuming to manufacture. It

is however proveto be successful at dissipating heat from thetsiaf high temperature fan.

A new hubis required tharan be develope improve on theeomplex manufacturing issues
whilst retaining the heat dissipation properfid®e literature review found numerostidies

that were able to providgaps in the existing knowledg@&his included research on high
temperature rotating machiryerand the techniques used to prevent the bearings from
overheating. A number of examples were found that showed how the useesigm For
ManufactureDFM and Design For Manufacture AssemhbBFMA study can be utilised to
simplify a part through its design. A limited number of examples provided information on the
use of apparatus for high temperature fan umitls gaps identifiedwithin the knowledge. A
summary of therimary aims of the thesis has been proviatethe following works with the
achievements and contributions.

8.2. Research Aims and Major Achievements

From the literature review the main aims of the thesis are:

ResearchAim #1: To investigate the structural and thermal characterises of a high
temperature fan hub

Achievement #1:This study provideaninvestigation into the stresses on the baseline model
caused by the operational rotational speeds it performs.uftdemclude the von mises stress

to find the yield of the model and the first principle stresses on the models welding regions
Similarly, the displacement of the modwels been invaigated under the same loadingssess

what deformation of the modetcurs To investigate the natural frequencies of the model a
modal analysis has been carried out and the resulting mode shapes afalyasskss the
thermal characteristics of the hub a numerical simulation has been carried out that looks at the
temperatureand heat transfer coefficient within the model at various points for the different
operating speeds. This data has then been validated experimentally using a purpose built test
rig.

Achievement #2:Using the research from tHaerature reviewinto ways of simplifying

designs using design for manufacture and design for manufacture assembly a study was
conducted. This study looked into the current manufacturing method to assess the processes
being undertaken. Taking this and other aspect such as tragehto consideration a cost was
calculated for the baseline hub desigtsing this information anew hubof hub has been
created based on the DFM and DFNpAnciples This was carried out in addition to the
structural and thermal analysis to assess theets current properties.
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8.3. Thesis Conclusions

Research Objective #1To carry out stress analysis of a baseline high temperature fan
hub design

Conclusion #1:From the investigations into the von mises stressumber of points were
highlighted tobe causing concentrated areas of stoesthe baseline hub design. Whilst these
values were acceptable for operation, it was interesting to note that the baseline has these stress
raising points. Possible considerations should be made before incréasopetation stresses

on the design. The first principle stress analysis looked at the welded areas of the model and
again found the stress values acceptable. The displacement of the model was carried out and
found insignificant movement in the model froine stress applied. The modal analysis looked

at 8 mode shapes and the natural frequencies of thentowést natural frequency value was

found to besignificantly higher than the highest operational frequency.

Research Objective#2: To carry out thermal analysis of a baseline high temperature hub
design

Conclusion #2:From the investigations into the heat dissipating properties of the baseline high
temperature hybt was found that the fin arrangement used provides effective dissipation of
heat awg from the shaft. This is perhaps unsurprising due to the number of studies found
during the literature review that utilised fins to reduce rotating shaft temperatures. Moreover,
the use of a thin wall section helped to keep the heat transfer througlodieé low. These
results were able to be validated experimentally.

Research Objective#3: To investigate the effects of the operating speed of a high
temperature fan hub on its structural and thermal characteristics

Conclusion #3:From the investigatias regardinghe rotational speed, it can be concluded that

the four rotational speeds, 1000, 1500, 2250 and 3000rpm affect the hub diffeFamtly.
highest rotational spee8D00rpm provides thhighestreduction in temperature at the point
where the motobearing sits. Consequently, the same speed is found to have the highest areas
of stress.

Research Objective?#4: To carry out a design for manufacture study for high temperature
fan hubs and develop an innovative hub design

Conclusion #4:From the invetigations into DFM and the methods gathered from the literature
review, an assessment of the baseline design was conducted. This looked at reducing the
number of individual parts the hub is manufactured fromadloevethis an assembly analysis

was carred out. In addition to this a material analysis concluded thatetehubcould be
machined from a single material. With this knowledge and that of heat transfer principles a
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design was created that machined the new hub design as a single part, tmagie$jrany
welding and fabrication processes.

Research Objective#5: To establish the design superiority of the new hub design
compared to the baseline design

Conclusion #5:From the investigations into DFM and DFMA the resulting design creedsd

found to cost31% less than the baseline modBhe machined single part design enabled the
stresses and displacement to be reduced, primarily because of the elimination of the welded
sections. The model performed adequately with regard to the thermal ahalysiger was

not as effective at dissipating heat as the baseline model.

8.4 Thesis Contributions

Thecontributions of this studiynclude the creation of a novel hub that can be used to
dissipate heat from a rotating fan shafte creation of the hub was lealson design for
manufacture principles to make the manufacturing process more efficient.

8.5 Recommendations for Future Work

The new hubimproved the cost, time and complexity to manufacture fulfilling part of the
motivation for the thesis. However, theat dissipation properties were not found to be as
effective. The current design needs some modifications to achieve the heat transfer capabilities
of the baseline model.

DEVELOPMENT OF A NOVEL HIGH TEMPERATURE FAN HUB DESIGN
BY JAMES SWINTON, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD.

84



CONCLUSIONS

References

1- Exporting axial and centrifugal fans to Europe. (n.B8trieved May 10, 2018, from
https://www.cbi.eu/markenformation/pipesprocessequipment/axiatentrifugat
fans/

2- Fan Application Guide CIBSE TM42: 2006. (2006).

3- Ingham, G. (2011)Wind Turbine Blade Analysis using the Blade Element Momentum
Method.(Master's thesis, Durham University) (pp8)L Durham University.

4- Kelly, P. A. (2008, April 18). 4.4 Rotating Discs. Retrieved May 8, 2018, from
http://homepages.engineering.auckland.ac.nz/~pkel015/SolidMechanicsBooks/Part_lI
/04_ElasticityPolar/Elasticifolars_04 BodyForcesRotatingDiscs.pdf

5- S. M. Yahya (10 October 2010). 14. Turbines Compressors And PFagslitibn)

6- Bergman, T. L., & Incropera, F. P. (2011). Fundamentals of heat and mass transfer
(7th ed.). Hoboken, NJ: Wiley.

7- Boothroyd, G., DewhurstP., and Knight, W. A. (2011). Product design for
manufacture and assemifBrd ed.). London;Boca Raton, Fla;: CRC.

8- Sharma, J. N., Sharma, D., & Kumar, S. (2011). Analysis of Stresses and Strains in a
Rotating Homogeneous Thermoelastic Circular Disk liyguEinite Element Method.
International Journal of Computer Applications (0928887),35(13). Retrieved May
8, 2018.

9- Wong, V. H. (2002) Finite Element Analysis and Improvement of Impeller Blade
GeometryMaster's thesis, Griffith University). Griffitiniversity.

10- Poirier, J. (2011)Effective Stiffening of Thin Rotating Disks using Shape Memory
Alloys (Unpublished thesis). McGill University.

11- Rajanand, M. P. (2016). Design & Analysis of Centrifugal Pump Impeller by FEA.
International Research Journalf &Engineering and Technology (IRJETQ3(01).
Retrieved May 8, 2018.

12-L. A. Zainullin, M. V. Kalganov, D. V. Kalganov, V. F. Yarchuk, (2015) Cooling the
rotating shaft of a higtemperature furnace faBteel in Translatio5 (9) 646649

13- Aziz, A., & Khan, F. (2010). Analytic solutions for a rotating radial fin of rectangular
and various convex parabolic profil€&ommunications in Nonlinear Science and
Numerical Simulation15(6), 15651574.

14- Watel, B., Harmand, SandDesmet, B. (2000). Influence of fgpacing and rotational
speed on the convective heat exchanges from a rotating finnednigeational
journal of heat and fluid flopn21(2), 221227.

15 Xie, M., Xue, Z., Qu, W., & Li, W. (2015). Experimental investigation of heat transfer
performance ofotating heat pipeProcedia Engineerin®9, 746751.

16 ORUL O 1RYDN / 6HNDYPQLN O OHDVXUHPHQ\
IR thermographyExperimental Thermal and Fluid Scien8&(2), 38%396.

17-Gai, Y., Kimiabeigi, M., Widmer, J. D., Chong, Y. C., Goss, J., SanAndres, U., &
Staton, D. A. (201} Shaft cooling and the influence on the electromagnetic
performance of traction motors. Paper presented at the6. 1
doi:10.1109/IEMDC.2017.8002307

18 Mahesh, C., & Valavade, A. P. (2016). Flow and heat transfer analysis of variable
diameter circular pilladisc brake rotor using CFD. Paper presented at thel336
doi:10.1109/ICMAE.2016.7549525

DEVELOPMENT OF A NOVEL HIGH TEMPERATURE FAN HUB DESIGN
BY JAMES SWINTON, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD.

85



CONCLUSIONS

19 Heidarpour, A., Tofts, N. S., Korayem, A. H., Zhao, X., & Hutchinson, C. R. (2014).
Mechanical properties of very high strength steel at elevated temper&iueeSafety
Journal, 64 27. doi:10.1016/}.firesaf.2014.01.006

20- Sultan, M. A. (1996).A model for predicting heat transfer through noninsulated
unloaded steedtud gypsum board wall assemblies exposed toQitency: Springer.
doi:10.1007/BF01040217

21- Belhoche, A.,and Bouchetara, M. (2012). Thermal analysis of a solid brake disc.
Applied Thermal Engineering, 339-67. doi:10.1016/j.applthermaleng.2011.08.029

22- Stika, L. A, MeghereluG.,andVilag 9 $ Q G IXPHULFDO 6WXG\ RI L
Shaft Coolng. InSustainable Solutions for Energy and Environment, EENVIRO 2016,
Energy Procedia.

23-Chai, F., Tang, Y., Pei, Y., Liang, P., & Gao, H. (2016). Temperature field accurate
modeling and cooling performance evaluation of did¥ote outerrotor aircooling in
wheel motorEnergies, 910), 818. doi:10.3390/en9100818

24-Pahl, G., Wallace, K., & Blessing, L. (2007ngineering design: A systematic
approach(3rd ed.). London: Spring@r.

25-Venkatachalam, A. R., Mellichamp, J. M., & Miller, D. M. (1993). A knowgetased
approach to design for manufacturabilifpurnal of Intelligent Manufacturing,(8),
355-366. doi:10.1007/BF00123780

26- Venkatachalam A.R., Mellichamp J.M., Miller D.M. (1993) Automating design for
manufacturability through expert systems approache: Parsaei H.R., Sullivan
W.G. (eds) Concurrent Engineering. Springer, Boston, MA

27-Wiess, J., George, C., & Walker, J. (2006). Redesigning an Appropriate Technology
Shredder for Manufacture in a Developing Counitnyernational Journal for Service
Leaming in Engineeringl(1), 11-26. Retrieved May 8, 2018.

28-Kerbrat, O., Mognol, P., & Hascoét, J. (2011). A new DFM approach to combine
machining and additive manufacturinGomputers in Industry, §2), 684692.
doi:10.1016/j.compind.2011.04.003

29-0ng, S. K, Sun, M. J., & Nee, A. Y. C. (2003). A fuzzy set AldBsed DFM tool for
rotational parts. Journal of Materials Processing Tech, 188 223230.
doi:10.1016/S09249136(03)000746L

30-Boothroyd,G. (1987). Design for assemblihe key to design for manufactuThe
International Journal of Adanced Manufacturing Technolagy
doi:10.1007/BF02601481

31-Ashley, S. (1995, March 1). Cutting costs and time with DFMJechanical
EngineeringCIME.)

32- Gerhardt, D. J., Hutchinson, W. R., & Mistry, D. K. (1991). Design fonunf&cture
and assembly: Case studies in its implementatidre International Journal of
Advanced Manufacturing Technology2§ 13%+140. doi:10.1007/BF02601486

33 Rao, S. S. (2018The finite element method in engineer{Bixth ed.). Oxford, United
Kingdom: ButterworthiHeinemann, an imprint of Elsevier.

34-Logan, D. L. (2017). A first course in the finite element method (Sixth, Sl. ed.).
Andover: Cengage Learning.

35 Ansys. (2006, December). Heat Transfer Modelling. Retrievexy Bl 2018, from
http://www.engr.uconn.edu/~barbertj/CFD  Training/Fluent/6 =~ Heat  Transfer
Modeling.pdf

DEVELOPMENT OF A NOVEL HIGH TEMPERATURE FAN HUB DESIGN
BY JAMES SWINTON, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD.

86



CONCLUSIONS

36- PatankarS. V. Spalding, D. B. (1972) Calculation Procedure for Heat, Mass and
Momentum Transfer in ThreBimensional Parabolic Flows, Heat and MasariEfer,
vol. 15, pp: 1787+1806

3-9HQNDWDNULVKQDQ 9 32Q WKH $FFXUDF\ RI /LPLW
6WDWH G6ROXWLRQV’ THFKQLFDO 5HSRUW $PHULFD!
Astronautics, vol. 93, pp: 880

38 Nagaraja, D. (2001)LASER CUTTINGVIACHINE: JUSTIFICATION OF INITIAL
COSTYMaster's thesis, University of North texas). University of North texas.

39 British Standards Institution (1994). BS5500: Specification for Unfired Fusion Welded
Pressure Vessels

40- British Standards Institution (2013857608 Guide to fatigue design and assessment
of steel products. Retrived from
(https://www.bsigroup.com/PageFiles/435651/BS%207608%202014%20preview.pdf)

41- Temperature limits. (n.d.). Retrieved from http://www.skf.com/uk/products/bearings
unitshousings/batbearings/setaligningball-bearings/temperatwienits/index.html

42- Dargie, P.P., Parmeshwar, K., and Wilson, W.R.D. MAPEomputefaided design
system for preliminary material and manufacturing process selection, ASME Trans.,
104, 126436, January 198

DEVELOPMENT OF A NOVEL HIGH TEMPERATURE FAN HUB DESIGN
BY JAMES SWINTON, SCHOOL OF COMPUTING AND ENGINEERING, UNIVERSITY OF HUDDERSFIELD.

87



