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ABSTRACT

In mostflat bimetallic strip applications, the bending is employed in the transverse
direction, that is, upon the application ahiform heating to the entigrip, the initially
straight stripbends transverselyp from the flat planeThis studyis concerned with a
pre-curved bimetallic strighatupon heating up from the ambient, straightens up along
the chord line tending to become flatter. The iniiaibientradius of curvaitre of the

strip issmaller,anduponheating theradius of curvature becomé&sger.By mounting

the curved bimetallictap with a rotational degree of freedom at each end, and fixing
one end against displacemeat chord linedisplacemenbf the freeend of the strip
occurs wlen the strip is uniformly heatedt is this chord linecase that this work
investigates and chaterises. This work provides a way of evaluatingngteeombined

axial loading case whereby an external load is applied to the free end of tres#trip
uniformly heated. The main application of this work is for the characterisation of a
curved bimetdic blade within a thermal motor. This isnavel device for converting
renewable heat energy into mechanical energy and pasvgrart of a largeenergy

harvestinghetwork

The curvedbimetallic strip with minor modificationgunctions asa curved bimetallic

blade within the thermal motor. The application of this workdwasder impact, in that

it can be used in any othegmperature inducetbrce and displacemerapplicatiors.

Thus as a result of this investigation, a new forriinafar acuator has been created that

can utilise an input heat differential, and producen aoutput axial force and
displacementThe displacements and forces generated by the axial case can be quite
large, and as a result of thigork, relaively easy to calculatewhen designinga

thermally driven linear actuator

The thermal motor, which possesses the curvedetaillic strip at the heart atfs
mechanism, can also be powereddlyer secondary heating sources saghaust, or

waste heat, that would otherwise bstltm the surroundirsy
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CHAPTER 1 Introduction

Summary
This chapteprovides the aims anationale for this work plus an outline of the thesis.

The chapter introduces the thermal motor concept.
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1.1 Background

With the ever dwindling supplies of easi

demand forenergy continues tincrease the cost of extracting and converting the
carbon based energy into useable fugiswsyearly. Theaim of this work is to propose
a new way of hanessing renewablsustainable energiesuch as solar or gdwermal.
The world is bombarded withn almost limitlesssupply offree solarenergyaccording

to anonlineindustrial report by a collection of solar energy comparfeslar Thermal,
2008. To date solar energyhas been exploited in eelatively small way when
compared to the astronomical amounts of free radiative energy that our sun emits
According to the repor our sun emits#00 xp 1t Joules of energy per seconto
increase the harnessing of this free eneigys incumbent upon mankind to strive to
find new alternative methods of translating thdteely available solaenergy into
useable power.

This investigation shows how existing bimetallic striptechnology can be used to
produce usable power from any heat sourddditionally, the sope of this work
providesnew knowledge that can be applieddther applicationsuch aseat activated
linear actutors and heat driven timing mechanismBhe bimetallic strip is a thermal
mechanical device that is composed of two metals of differing coefficients of linear
thermal expansiondenoted here by Q| . The two metalsare intimately and
permanently joinedogetherat a commn material interface, see Figla Upon the
uniform application of a heat differentialong the entire length of the strip this case,
an increase in tempetare from the ambienthe bimetallic strip will bend from the
initially flat stateto the curved state shown in Figlh. The curvature will remaifor as
long as the heat differential to the stripaigplied.Upon removal of the heat, the strip
will recover to itsinitial flat state Fig.1-1a If material side 1 has a coefficient of linear
thermalexpansiordenoted by , which is numericallyhigher than that of material side

2, then the bendg will occur in the directiorshown in Figl-1b.
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a, material side 1
o, material side 2 \

Flat Bimetallic strip
Material interface
Fig 1-1a
/ o _fn l_ﬁm_erialside] T
/ - T
% Material 5jge 5
Bimetallic strip in bending state o

Fig. 1-1b

Fig.1-1 Flatandcurvedbimetallic strip edgeview
Bimetallic strip istraditionally andprimarily used as part of a sensing umihereby the
heat differential from a set temperature point is useatagger to intiate or close an
electricalcircuit, or mechanically to open or close a valSach asensor configuration
is shown bya patentby Fraisse (1998 andone ofthe mosicommonapplicatiors of the
bimetallic strip, is as a failsafe sensor in the domestic central heating Wwhildr is
generally covered bBS EN 14597(2012.
In this applicatiorsee Fig.12, the bimetallic strip is permanently being heatedhsy
pilot flame of the boiler. If the pilot flame of the boiler was to extinguish for any reason,
the heat differential would be removed fréine bimetallic stripand itwould bend back
to a preheated state. The {reated statelosesthe pilot gas supplyalve. This fail to
safe mechanismpreverts further flow of gas to thexit pilot. In this specific applicatign
the material side with the larger coefficient of lingaermal expansion lies on the
outside of the AUO shaped modet ahki édiUst sihp
bimetallic stripbends inwards and pushes down against the spring, thus opening the
valve from its seat and allowing the gas to flowthé heatise moved from t he
fishaped strip, the downward force is removed, and the spring lifts the valve against its

valve seat, thus closing the gas supply to an unlit pilot.
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Bimetallic strip

Shield (Stainless steel)

@ Pilot flame
N

Fig.1-2 Reproduced witlkind permission (Kanthal, 2002

A bimetallic strip room sensois used in entral heating systems to regulate the
temperature of the roan®ther well-known applications includéasher indicator units

for cars, thermometers, domestic househattles and water boiler units.irBetallic
stripis used ageneral thermal trip sensor in a multitude of applications acting as a safe

guard topreventthe overheatingdf a component with a system

This projectinvestigaesthe use of aimetallic strip as the major component in a novel

application, the thermal motor, an invention of the aythngel (2013.

In this application, the bending qualitiestbk bimetallic strip are used to produaa
axial force and displacement when the curved striméshanicallymountedwith a
rotational degree of freedoat eachend this is referred to as thehord line, oraxial
case When simplysupportedn a manner ashown in Fig.1.3with one end of the strip
fixed against linear displacemetiten achord linedisplacement of the free end can be
obtained Fig.1-3 shows thepre-curved bimetallic strip mounted in a chord lirmial
orientation forpotentialforce generatiorand displacementUpon heating the bimetallic
strip, the chord line force and displacemeah then beconvertedinto rotary motion

and power withirathermal motor.
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Pre-curved bimetallic strip in an ambient temperature state

Axtial direction of displacement

______ along chord line >

Fig.1-3 Mounting ofsimply supported curved bimetallic stfipa x i al caseo

Ifthepr i mary power for dr i vi ngmnotorcomesdrommet al | i c
renewable energy source suchsa¢ar or geothermal or waste exhaust heat, then the
thermal motorcan provide an Hernative energy converter that does not rely on
dwindling carbon based fuel suppligsor certain applications and environmertbs
thermal motorcanprovide a clean, nepolluting alternativeenergy harvesting machine.
For placesor remote regionsvhere harsh conditions exist, the thermal motor could be
used as a power generatér.major application of the thermal motois to generate
power inspace. Inthe spacesnvironmentall fuel to power spacecrafspace statns

and satellites must be brought great costfrom Earth A thermal motor driven by
bimetallic strip blades, coulgroduce an endlesg, f uled spsweersupplysimply by
presenting the blades to direct sunlight or shadw earthorbit spacea temperature
difference of ugo 135°C (NASA, 2012 can exist between an object in direct sgimii

and shadeSomebare metak can reach temperatures above Z6@vhenexposed to
direct sutight. Thus thepotential for driving the thermal motor in a space application is
high, when considering the naturatigcurringhigh temperature differences that can be

obtained.

The rationalefor this investigation therefore stems from the application ofpitee
curved bimetallicstrip within the thermal motor devicAs part of thedevelopmentof
the thermal motor, the curved bimeilstrip functions as the major component. This
work ses out to identify, mathematicallymodel and measure the parameters optiee
curved bimetallic stripvhen applied in an axial loading cadesady described by Fig.1

3. The main thrust of this work withereforeconcentrate on the characterisation & th
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pre-curvedbimetallic strip, and the thermal motor is included in this work as the main

driving force for the investigation.
1.2 Aims and Obijectives of his Research

Aim 1: to characteris¢he behaviour o& precurved bimetallic striphat is configured
andmountedso that it can be displaced along the chordldegment axis as shown in
Fig.1.4

Aim 2: to derivetheloadvs. displacement vs. temperature relationsbfgke pre
curved bimetallic striphatis subjectedo acombination oheating and exterha
loading.

Objectivesto undertake series of experiments that will enable a better understanding
of the relationships of objectives 1 to 5.

Objective 1: Load vs. Displacement

Objective 2: Temperature vs. Displacement

Objective 3: Loadvs. Tempertaure

Objective 4: Spatial PositiorEnd Point Position

Objective 5: Time vs. Displacement

Objective 6: Produce theoretical derivationptedictthe objectives 1 td.
Objective 7: Run a series of experimental testaeet thebjectives 1 to 5.
Objective8: Comparison of theoretical derivations to experimental test data
Objective9: Development of thermal motor prototype

Objectivel0: Produce new geometric arc related relationships and formulae

Ambient Temperature State T

Chord Displacement Axis

Heated Temperature State T,

Fixed Pivot Point Free Moving End

Fig.1-4 Precurvedbimetallic blade in ambient and heatsi@tes
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1.3 Thermal Motor i Rationale for this Research

The thermal motor is not a newention;there are many patents for devices that are
powered by a heat differential that utilise the bimetallic strip as the means for
converting a heat energy sourceo mechanical powe©'Hare (198% and Sandoval
(1977 have both submitted patents theermalenginesthat are powered by bimetallic
strip. There are also patents for thernmabtorsor thermal engines that useheated
mediaor fluid, asa means of converting heat energyoirmechanical movement and
power The Sterlingengine is one sucldevice that convertsa heaed fluid into
mechanical movemennd power This devicewas invented by the Rerend Dr Robert
Stirling in 1816 The Sterling engine can alsmik as a cryogenic cooler whesed in
reverseWhen used as a coolttre Sterling engines supplied by mechanical power and
the internal working fluidpure Helium, is pumped from the hot end to the eoldand
back, therebyextractingheat. The sterling engine when used as a cooler can reach

extremely low temperatures in the region olK8Riabzev (2002

Churchill (1968, patented a device thases the expansion of a heated fluid that exerts
pressure o an internal pistoto develop displacement and powktany patents are for
devices or contraptionsthat are quite complexn their nature and areelaborate
machines that comprise of many compongatds The patentapplicationby Slonneger
(1970 is for acomplexthermal motor device with many components the thermal
motor proposedhere thereis just one moving component which is the rotational output
shaft. The original idea and brief, was to make a @e#at would convera heat
differential into mechanical movement in the most direct and ssnhplay, with the
minimum of complexity and aoponents parts This was the most important

requirement of the thermal motor desmpncept

The precurvedbimetallic stripthat this work investigatesvhen used inraaxial chord
line orientation,affords the thermal motor witha simple force generator mechanism.
Furthermore, the simplicity of the poeirved bimetallic strip also enablesflexible
motor configurationfrom a conceptualdesign viewpointallowing the thermal motor
design to be tailored to thadividual end appliation. Two thermal motorprototypes

weredeveloped to be used as a test bed for further bimetallic blade characterisation.
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Blade adjustment screw

Moving rim

Fixed ratchet

Pre-curved bimetallic
blade

Output pulley

Base

Thermal motor prototype design
minus heating and
cooling mechanism

Fig.1-5 Thermal motor Mark | prototypas designed

Fig.1-6 Thermalmotor, Mark | prototypeas realised
Fig.1-5 shows theMark | thermal motorasdesignedand Fig.16 shows the motaas it
was maddor part of this studyThe motorworks on the simple principle of action and

reaction of the preurved bimetallic blades. Eaditade at one end is freely pivoted on
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the moving/rotating rim, and the other end lies within the ratchet teeth on the fixed
centralratchet As the precurvedbimetallic blade is heatedt straightens up alonigs

chord line due to the rotatiahfreedom of each end of the strip. As a consequence of
the straightening action, one end of the strip catameie teeth offixed ratchet The

other end of th strip forces an angular displacementtlad rotating rim. An output
pulley attache to the rotatingrim by the three central screw holesthe rimas shown

in Fig.1-5. Fig. 1-7 depictsthe detail ofa single precurved bimetallic bladevithin the
thermal motor whereby the rest of thledes have been removied clarity.

. Fixed ratchet
Adjustment

Screw

Blade pivot screw

Loading spring

Pr-curved
bimetallic blade

Direction of movement

Moving rim

Single blade
loading detail

Fig.1-7 Bimetallic blademountingwithin thethermal motor

The simple Mark | mechanism requirea heating and cooling cycle to allow each
bimetallic blade in turn to expand, do work and recover when codtethe Mark |
prototype as showim Fig.1-6, and as detailed in Fig-4, therewasno meando enable
cyclic heating and coolingAn additional heating and cooling mechanism was added to
the Mark | thermal motorto enablethe cyclic heating and coolingf the bimetallic
blades Fig.1-8 shows theMark | thermal motor witithe additional heating and cooling
mechanism attachedhe flexibility of the thermal motoconcepthas beerconfirmed

by comparison of the single ®six-stack prototypeThe stack refers to the number of

rows of bimetallic blades withia thermal motor. The Mark | prototype has only one
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stack of blades, the Mark lias six stacks, or six rows of bladestheMark | prototype
of Fig.1-6, the outer rim is the output shalftat rotates, contrasting with the sstack
Mark Il prototypein Fig.1-9 whereby the outer rim ia fixed internalratchet, and the
central shaft is the componetitat rotatesFig.1-8 depictsthe Mark | thermalmotor

which operateby usingan externally drivefeatingand cooling mechanism

Rotor Rim part
of Thermal motor

20 "push" type
curved bimetallic
blades

Fixed Ratchet
stator part of
Thermal motor

Delrin rotating air
ducting

Air duct drive
pulley

Peek hot air inlet
port part of
rotating air
ducting

Geared drive
motor for
rotating ducting

Fig.1-8 Mark | thermalmotorwith aheating& cooling mechanism.

Although continuous rotation was achieved by this additional mechanism, the original
simplicity of the thermal motor waseavily compromised. Tanaintainthe philosophy
andideal of a simple desigmhe six-stackprotaype thermal motor was deloped The
six-stack thermaimotor Mark Il achievescontinuity of motion byt h e A bhedtinigt i n 0
and coolingcyclethat relies on a staggerbthdeoverlap systemTlhe staggereaverlap
concept requires that the alimetdlic bladesare attached to the central rotbat is the
moving part see Fig.19, Fig.£10 and Fig.111. This ensures that athe bladesd s € | f
dr i v endve in and out of thixed internalheating and cooling zoeeThis concept

was realised in aark Il prototype thermal motothat included six stacks ofiine
blades.As a singleblade entes the fixed heating za bladesfrom other stacksre
broughtinto the heating zone by virtue béing attached to sansentralrotor.
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Fixed outer
ratchet &
motor body

Moving inner
output shaft

Pre-curved

bimetallic blades
Original heat shields
Full build 6 stack prototype removed in actual
thermal motor prototype

Fig.1-9 6-stack thermal motor design with heat shields

Moving inner

Fixed outer output shaft

rachet

Pre-curved
bimetallic
blades

Internal ratchet

Heat shields removed

6 stack prototype
thermal motor

Fig.1-10 6-stack thermal motor design without heat shields
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Rotating inner
Output pulley

6-stack

pre-curved
bimetallic blades

Hot air radial
exit along inside
surface of blades

Sub-assy
stack 6

Fixed body

6 stack thermal motor design I Hot air inlet
outside ratchet and motor
body removed

Fig.1-11 6-stack thermal motor design with outer fixed ratchets removed

The 6stack thermal motor design works on the same principle as the Mark | design,
except for the way the blades areategland cooled In the 6stack design, hot air is
pumped into the central rotating chambeexi radially along the inside of the blades

in two fixed heating zones. As the air exits along the inside of the blade, the blade
changes shape and as befolee straightening effect is translated into chord line
movement resulting imn angubr rotation of the central rotor assemhbfyg.1-9 and
Fig.1-10 depict the &tack thermal motor design with and without heat shields
respectively The heat shields wereemovedin the physical prototype due tihe
clashing of the blades against the shields. Although the heat shields were removed in the
build, the role of the heated shield remains valid. The heat shields enable the
containment of the heduring the heatig part of the cycleFig. 1-11 shows the Stack

thermal motor design with the external fixed ratchets removed for clarity.

In the realised Mark Il &tack prototypearotational movement of the central rotor was
achieved without an additional heating arabling mechanismin the first testof the
Mark Il prototype the motorwhen heatedaccelerated from a stationary positidine
rotor maintained a°l/ sec unloaded steady state rotational speed at an averd&@: 200
change in temperature from an averagwient temperature of 23. Forced cooling air

was pumped axially across all the radial blades outditiee two fixed heating zones.
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During one of the early performance tests, a thermal runaway occurred in the central
rotating shaft causing the motor $tall and permanent damage was sustained to the
internal componentgzrom the post strjolown analysis, the Peek rotor component had
melted which suggests that the thermal runaway had peaked at ovi& &80a
minimum. As part of a future work, the-&ack motor concept could be successfully
realised if the heating and cooling directions were reversed; i.e. cooling air is pumped
into the central rotating component , and the heating of the blades is confined to the gap
between the rotor and the fixed outatchet. If tle change in applied heating is adopted
then it is possible to eliminate the internal thermal runaway expedemt¢be Mark Il

prototype.

Fig.1-12(a) Mark Il rear view Fig.1-12(b) Mark Il front view

Fig.1-12a and Fig.112b depictsthe rearand front view of the Mark Il thermalmotor
respectively The Mark Il thermal motor is a direct applican for the work presented
here.However the characterisation of theurvedbimetallic stripin the chord line, or
axial cases the main thrust of thimvestigationandnot a treatise of th#nermal motor.
The thermal motois a researchprojectin its own right thatis being developedt the
Sustainable Energy Technologies Ceiatréhe University oHertfordshire. Mark | and

Mark Il thermalmotortechnical drawingsre shown irthe Appendices
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1.4 Outline of the Thess

The thesis is set out to address the aims and objectivdessasbedn section 1.2. To

achieve those aims and objectivies thesis is set oas follows

Chapter 2provides a literary review as part of the background knowledge. The literary
review looks at the historical and modern methods of fabricating bimetal contpone
through the ages and reviews the current standards, theory, and methods of manufacture

of modern bimetallic strip.

Chapter3 provides an investigation into the underlying theory required to characterise
and optimise a preurved bimetallic strip. The characterisation and optimisation of the
bimetallic strip is achieved by the application and modification of both Timoshenko and

Castigliano formulae.

Chapterd
Provides verification of formulae by simulation and calculated comparison methods.

This chapter provides correlation to theory for simulated data.

Chapter5 sets out the test equipment, test set up and methods usenkratg test data

for the validation of the theory as described in chapter 3. As part of the validation
process, the methods of manufacture of the test samples are included. An overall test
regime is introduced that covers both bespoke and fabricatetabioest samples.

Chapter6 presents the results of the performance of the bimetallic strip test samples.
The tests are performed for the validation process of the theory as highlighted in chapter
3. The test results and the theory are displayedaphycal form with 5% error bars as a

means to evaluate the correlation between the test data and the theory.

Chapter7 provides the new knowledge introduced by this investigation. New geometric
relationships and formulae concerned with arcs of circleprasented.

Discussions andonicludes the body of wk andprovides suggestions for future work.
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CHAPTER 2 Literature Review

Summary

This chapter provides a comprehensive literature review of thebbaaetallic strip
history and production techniquddie review covers the technology development of
the bimetallic strip and its applications.
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2.1 Aim of the Literature Review

The objet of this review was to examine prior work in the fiefdtenegy generatiorby
bimetallic strip technologyand to specifically analyse and compare similar work
pertaining to thecurrent investigationpre-curved bimetallic strip that is mounted and
configured to produce a chord lineaxial force and displacementThe review
investigatesexising devices that have been patenéed produce a linear displacement

as a function of a heat differentidls part of the review, bimetaéchnologies past and
present are reviewedhe review contrastthe different technologies anihicludes and
discusses the historical viewpoint, metal joining technologies, technical standards,

theory of bimetallic strip and force displacement mechanisms.
2.2 Historical Viewpoint

Many of the ancient civilisations became masters of forging and smelting iron ores into

useful implements. Spurred on by the need to protect their own nations or thealesire
conquer neighbouring nations, the search for stronger metals and thus weasotie w

driving force for acient alchemists to experimentn t he f@Abl acko art of
As time progressed, anthe techniques fomanufacture were refinedron swords

became steel swords aridrther embellishments were found by secondary casting
mehods.

Secondary casting ike very old process oftasting around or over an existing metal

object to produce a bimetallic artefact that combines the best struatatdieg of the

original object,plus thebenefits of thesecondary cast materialhe reason for the
castingprocesswas to imbue a single metal structure with a second metal that enhances

t he original met al 6s properties. The seco
embellish the original objech reportby Aftandilyants (200Y on the classification of

modern technique®f bimetallic casting outlines the traditional methods used to

produce bimetallic components andefacts thousands of years ago. These ancient
techniques arestill very much in demand amodern manufacturing processof

bimetallic engineexdcomponersg

In this report, the two main methods of secondary casting are contrasted. According to

Aftandilyants there are two distinct mechanisms to produce a bimetallic component by

secondary casting. One methsdby the successive casting of molten metals iato

mould by the mechanism of separate pouring gates. The second method is to cast the
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liquid metal onto or around a solid blank, or billet, that is already loaded into the mould.
The report isa snapshot or overview of treecondary casting processasd 5 only

intended as such.

An archaeological find in Chinlay Chen et al. (200%evealed some earsamples of
bimetallic implements. At around 800 B@rtefactssuch as swords withron blades
were bund to be secondary cast wiifonze, siler and gold handles. The pape&hich
reports the finding of théronzeiron bimetallic objectsin the Liangdaician M27
archaeological dig site Ching provides a rich insight into the iron casting techniques
that were mastered/iheancientChinese. The repo@hen et al. (2009delves into the
scientific analysis of the artefactand via carbon dating techniquesere able to
ascertain with reasonable certaintye chemial makeup and age of the objesc The
rigour applied to the analysis techniques and the resulting ydakd conclusive proof

of one of the earliest bimélia finds and the state of the adf metal production

techniquest that historic point in time.

In addition to the Chinese, other civilisations weranufacturingnulti-layered swords

by the hotforging of separate layersf both brittle and tough eelduring theforgeweld
process. This procegwoduceda laminated cross structure which was sigatfitly

more robust and tougher than a blade forged out of a dwgh®genousnaterial. One

such steethat is discussetdy Uhlig (2007 wascalledDamascene steehis steewas
layered, twisted and hot forge weldeddowever acording toBrown (2012 in his

short online article, there was a distinct difference between what is known as

Damascene steel and Damascus steel.

Brown statest h aDamascus steel is not to benfused with damascene, which is a
process of inlaying gold leaf onto the surface of steel for the purpose of dewcorat
This seems to contradistith Uhligb s f i. MawvevergSherby and Wadsworth
(2001), seemto agreewith Uhlig, stating thaton Damascus swordé h eaitern is
achieved byac omp | e x f or g iThegpaperbyoSherby wanmd ewadsworth
(200)) is a more in depthreatiseof ancient sword makingand provides a greater
insight tothe hot forgingweld techniques of very early composite metal production.

Additionally in the Far East the Japanese throughout the last millennhawe been
famousfor the production of the Samurai steel sword edge, wagzin, is formed by
folding layers of semmolten steel over andver sometimes the number of folds can
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reach several hundre@he process of folded steel resuliec laminatedforge welded
structurethat was extremelytough against shock, angbssessed &aard patterned
surface sucture as well Samurai blades, due to the method of manufacture, have
exhibited the keenest edges of any swaadie

A report byBluhm (1946, provides an irdepth analysis intdhe structural properties

of a particularJapanese Samurai sword just after world war. @@ conclusions from

a forensic review of the material propertie$a various teshg techniquessud as
Brinel indentation test@and Rockwell hardness testsreudenberger (2009chemical
analsis, andmicroscopicmicrostructual analysis yieldedpoorresults The findings of

the Bluhm reportare lessthan enthisiasticand favourablewith respect tathe actual
structural properties ohe Japanese blade.

It should be noted that Bluhrhad only tested a single blade and thus was at a
disadvantage wherorsideiing animportant aspeatf the Samurai steel blagand that

is, that each Samurai blade is unidyemanufactured.The structural propertie®f
Samurai steelare heavily influenced by themethods of productionmaterial
compositionand techniquesusedto manually forged the bladéienceforth,no two
Samuraiswords wouldhecessarilyield the same structurplopertiesJapanese master
sword makers have always used their owdiviidlual methods of manufactutieat have

been handed down over the centuries and contain clgs@lydedsecret techniques.
Therefore, another sword could have provided a different set of structural results,
possibly more favourable from structural viewpointin support of the variation of
Japanese swordharacteristicsthere is a brief example of how the variations in
Japanse sword steelsvere obtained According to the onlinearticle by Davistown
(2013, reference is made tYaki-iredo which is the rapid cooling of the blade after
heating to the critical temperature of 7€3The reference then states tbht,the case

of Japanese sword production, the thickness of the clay enclosure covering the steel
sword during the quenching process determined the cooling rate and thus the

mi crostructure of the steel swor do.

The articleby Davistownfurther discussefiYaki-modoshd which is the further heat

treatment of the hard sword blades by tempering and furthguearching to relieve

i nternal str esses Swoldtdges cowesed byma thindayesdf elaye t h a
cooled more quickly and were thus hardearththe softer and more flexible sword

bodies @oth themethods employed in the forensic analysis of the biad@luhm,
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1946 and the techniques and rigour shown by the archaeological objects that were
analysed in the report &@hen et al. (2009vere shown to be comparataied thorough,

using the same basic scientific techniques. It is interesting to note the timing of the
Bluhm report for the analysis of the Samurai bladeok dacejust one year after the

end ofworld war twa As the warwith Japan came to a close in 1945, the American
army captured many Japanese weapons. The Samurai sword was a feared close combat
weapon due to its keen edgédeTreportoy Bluhmwascommissioed by the Ordinance
Departmentof the USAwhich providedthe ewluation ofthe Samurai blade from a
technical viewpointlt is possible to infer that the report Bluhm, was for reasonfar

more immediatethan the archaeologicakport by Chenthat wasreviewing ancient
implements.The Samurasword manufacturing ntieods of hot forging and controlled
guenchingollowed by temperingwere techniques that were copied and refined by the

manufacturers of modern bimetallic strip.

The origins ofwhat is considered to e first fimoderm functional bimetallic strip

applicationgoes back to the late seventeenth century when John HaSoal (1995

is credited with inventing théimetallic stripin or around 1759. This wahe first

bimetallic stripthat utilised the bendingcharacteristicof a bimetalas a function of

temperature changédarrison an Englishselttaught carpenter and later clockmaker,

invented the bimetallic strip to act as a temperature and humidity compensation

mechanism in his H3 Marine chronometer thatculates longitude at seHarrison

found that to achieve the time accuracy required for a marine clock, he needed a

mechanism that could compensate the changes in length tdie balancespring that

was occurring due to changing humidity and temperatuagrisdnhad surmised that

just aminuteo u t ti me wise, could mean in | ongit

could miss the ship6s dkasrtriinsacbnnatatic ¢bpyr shtu n d r

was made out of two metals that were mechanically efaesti together by rivets

Harrison, in addition to inventing the first fabricated bimetallic stigp his last time

piece the H5had perfectech way of joiningbrass onto a steel substrate, bsedily

fusing the molten brass onto the steel. Thiss the method that wasibsequently

adopted by clockmakerand eay bimetallic strip thermometers from then dks a

consequence of Harris@&invention of the bimetallic strip, one tife earliesbimetallic

strip temperatire sensorthermometersvas manufactured. An original sample of this

thermometethat was reviewed biolbrookandcan be foud as one of the engineering

and science exhibits in the Hunterian Museutimlbrook (1992. This very early
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thermometer, according to the information supplig@s manufactured by James
Crichton circa 1804 of Charlotte Street, Glasgow, Scotland. Howtherdegyn for

this very early deviceaccording tahe information supplied by thélolbrook, dates the
thermometer desigto David Rittenhouse in 176@f Philadephia, United States of

America.

The Hunterian Museunthermometewas adomesticFahrenheit thermometer which
posesse@ scat ranging from10 °F to 100F (-23.3C to 37.7C). According to the

data supplied byHunterian Museunthe thermometer was lwer temperature version

of a type already invented by @chton in 1803. The Critchto thermometerwas
fidesigned to measure the freezing points of lead tin d@lloys The bi met al l i c n
comprised of érasssteel bimetallic strip, attached directly gopointed handwhich

was pivoted at its lower end. Addihally, as a means of reating the maximum and
minimum temperatures experienced by the device, two wire indicators that were
attached to the same pivotipbas the main indicating handere free to move and
record the extremes of temperature. This device was most likely theseapplication

of a bimetallic strip used to differentiate temperatuaesl thus a most important device

in the history of, and development bimetallic technology

Harrisorts bimetallic compensation idea was carried throegthe 19" century design

of clocks, and was adopted by American clockmakers and watchmakers who used a
fitemperature compensatirgmetallic balancewith timing poising screvgsin a clock
movement mechanism that wdsscribed as beingoth complex and precisé pager

by Hoke (1989, reviewedthe design of 19 century products.Hoke reviewed the
technological developments of that time that focussed on design and manufacture of
three traditional products, wooden movement clocks, watches and typewHiitdes.
looked into specifigoroducts and reviewed the casteidies from a design, cost, and
manufacturing viewpointThere was adesire of the 19 century engineers to design in
adjustment to the complex mechanisms where possible, sineeasastated in the
article,iwat ches were routinely adjusteéeds as an |
a historical reference to the inclusion of the riwon bimetallic compensation
mechanism in a clock applicatiorloke coversthis detail well, and gives a detailed
insight into the design for manufacture techniques that were gaining ground during this

evoluionary engineering period.
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One of the many modern day applications of Harrisonsoigstbimetallic strip

inventionis found in a medical apparatus for the administration of anaesthetic vapours

to patients. According toan article by Mclaren (1994, infnearly all modem
temperaturecompensated vaporisersbhametallic strip is used to regulate the gas flow

into the vaporising chamber Additionally, Mclaren gives an in depth history of
Harrisonand his lifelong trials and tribulations in developing his marine clocks, and

how eventually he was financially rew d e d and honoured for h
Harrisods i nventi on o fiscanthbaetingto sawng Aveslin ways shatr i p

could never have dreamed of.
2.3 Modern Metal Joining Technology

With the introduction ofpractical electricity to the masseén the late 18 century a

rapid requirementfor electrical engineering equipmeatose over a very short time.

With domestic demandgor the conveying qf and controlling of the electrical

appliances, thenechanisms tgovern the manyses of electricyt lagged behind the

variety of nevy invented electrical application€lectrically heated raos were
temperature controllethy the first practical use of a bimetallic strip to control an

electrical switchThe first practical thermostatic device to contiw temperature Gin

electrically heated room wasventedby Johnson 1883. J o h n s pateries device

used a delicately coiled bimetallic strip to push a finely balance switch to either make

or break an electrical contact depending on the bimetallic disposition about a neutral
balance pointThe sensitively of the desg, and thus the room temperatweuld be

adjusted by increasing or decreasing the sensitively of the bimetalli€aoih. the turn

of the 20" centuryto the 1 94006s there is very little re
wholesalebimetal production methodssed during this period. It is reasonable to

assume that the methods that were tried and tested since Hantdodedfabrication

using rivets, hot forge welding, secondary casting, fusimmbrazing. However

according toHoward (1942, the state of the art in producing bimetallic strip was by

finto a large bar which issubsequently hot and cold rolled to sheet. Most bimetal
depends on final cold rolling Attsomefpainhi sh si
duringt h e | a ttethek®IPY1®4Xsshot rolling followed by cold rolling was

introduced and established the method to manufacture bimetallic strip.

As the need for more sensing and controlirigelectrical devicesncreasedatention
again focussed on the properties of themetallic stripand wgs to economically
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manufacturebimetallic strip on an industrial scal&n early patent for thenethod of
manufacturing of bimetallic sheet and strip was gratdésoulding (194), for the hot

rolling method and welding method of joining two separate metals and forming them

into a single bimetallic sheeFor the hot rolling proces§ o u | d paterg describes

the process of manufacture in general terms, providing a detslguence of the
process starting witalsla acf tihet plat ewhi clefies
si misla@r o met al , and both are heated until
wel ded together. Accor di siabdo toof tnheet aplr oicse stsh e
t hr oprgpdurefolld whi ch exert hu gseontheéhnavwoenjomddangi ng
metals. The process of heating and rodjirthe initially assembled slalbramatically

reduces the crossectional thickness of the original 8Jand at the same time the initial

sl abds width and I ength have increased by t
the desired thickness or gauge of sheet is obtained.d&tal of the patent then

describes the finishing operations such as tmase cleaning of # faces of the

bimetallic sheetgrinding of the surfaces and edges to retidersheets smooth and burr

free. The final process of manufacture described in the patent invadéasng of the

bimet al | i ¢ st r iprpceskayd thasub%gquent kashing gfbof the pickling
materi al . For t heslalpgr ocfe sme tod!| jws inn gt hé ewdl
opposed to the hot or pressure rolli@puldingdescribes containing the slabs within a

special box thatlews for lengtiwise extensionThe walls of the box are insulated to

prevent the edges of the slabs welding to the box. The whole assembly is both heated

and then passed through tledling mills. The box serves to hermetically seal the slabs

during the weld process. Ehiprocess is more complex and drawn out thanhtite

rolling processlsoas describedby Goulding.

Thefipressure rolb or hot rolling process was adopted univershlly t he laat e 19 4(
the main methodf manufacturing bimetallic strip and is still used today in many
mainstream bimetallic strip producing companies. Howetlee process has been

refined since 1947 and all hot rolling processes of bimetatrip, or material

production in general, am®rmally followed by a sequence of stress relieving alnmga

cycles

As the applications and requiremeifws specific bimetallic strip diversified, research
into tailored bending characteristics of bimetallic strip was undertaken and a patent was

grantedto Aisaka (1980 for a specificb i met a | composition and m
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invention was to provide a novel bimetallic composition that was attributieaviag a
high rapid deflection rate ovea specified temperature rangéd i s a paend &d its
included researchwyas for an overhung cantilever beam that possessed a quatkerf
curvature change due to theboveaverageiron-manganese compositiowith the

manganese constitutingptweenl5 to30% by weight.

The patentby Gouldingr e f er sb it me ttahlel iic sampl esé t her ma
pl at es é&. we r dher Iby nolihg @t attemngrature of 900C to 950C 0 ,

A1 s a katedt durther describes that subsequent to hot rpltilg samples were

fifurther subjected to cold rollinpandtheh anneal i ng was°CoEwpeat ed ¢
cycle of cold rolling and then annealing was repeated until the desired sample thickness

was achievedAdditionally Ai s a patebt details the nescessity for thenealing

processt oelinfinatea c c umul at e d . Acaomdikg tostherpatennctaims, the

elimination of the work induced strainsuppresssthe production of thé&harmful @6

phasg¢o which is responsible for preventing the rapid change in the thermal expansion

of bimetallic strip over the specified temperature rangkhough notfully explained in

A1 s apaterd, she harmfulabphasg , refersto the alpha irophasewhich acording

to Dossett (2008 in pure iron existat orbelow 910€C. The particulametal structure

obtained by theA i s a keseérchhas been tailored via the egific proportions of

alloying elements e.g. Manganese, Chromium, Cobalt in varying amounts to achieve the
higher coefficent of thermal expansion of the bimetallic strigthis patent and the

findings of the research therein, dinereforevery pertinat to the current investigation,

which aimsto producerotational movemerfrom arapidly changindimetallic strip.

As previously bBown by Goul di ngbem patewnnd t he 19506
innovations inbimetalshave resulted in theresent dayechniques obimetallic strip

production. Around this time Boessenkool (1954was granted gatened for the

invention ofsolid phase bondingfanetals B o e s s e pdteatwds forsthe invention

of a joining technique of two separateetals thatould bejoinedtogetherwithout the

aid of an additional interface materidturthermore, the patent introduced a method to

dispense witlthe need to ha the metals to a liquid phase facilitatea join between

the two separate metal§his was a ground breakingvention in that the fundamental

technology establisheds still used in present day manufacturing of commercial

bimetallic strip The main thrust of thipatentmeticulously spells out the sequence of

events and precautions to takes part of the prior arpart of thepatent Boessenkool
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refers to cold welding as a process that essentially affects the bonding of two metals by
p r e s fdalisgd ardas under extremely heavy pressure at room temperature, so as to
cause great local dermation and welded spots. There is no attempt to improve the
weld strength of these localised spots by a syhse n t treat ment i n t
Boessenkoolurther contrasts the prior art of cold welding wiitie multi-stage bading
processof his ownpaient The claims of the Boessenkool pateare for aprocess that

has universal application with the ability to bond all malleable metals at cold working
temperaturesBoessenkoolurther clarifies thatcold workingtemperature is considered

to beup tothe minimum recrystallizon temperature of the softest metal with the
lowest recrystallization temperature of the metals to be joiBedssenkoothen goes

on to state théasic steps involved artle importance of the first step of the process,
which is the metal preparation of the surfaces to be joased oadaipt them to the

b on diDugtd (195% a co-authorof the Boessenkoobpatent had invented an
fiapparatus for cleaning metal stripgsThe patent for apparatus for alrag the metal

strips by Durstwvas referenced iB 0 e s s e pdtentas$ gars of the equipmentthe
preparation proces3he established prior cleaning methodedil8 s cr at ch br ushi
which establishes &continuous film of molecular dimensions, effectiveraventing

atoms of the metals from coming within the field of attrey atoms of the other metal,

a condition nec Bmsenkogfurtieoaaims than ifljushopedof the
mating surfacesvaswiped with alcohol as a cleaning agent priordiming, this would

not enable the bond to take placety process, until the alcohdlad beerremoved.
However wiping a surface clean with pure alcolvakthe accepted prior atip to this
dateandit is this fact that Boessenkoatmphasises as one thfe differences ohis
processBoessenkoathen elaboras via test cases wityh B a fir i e due to oxidens 0
build up prevent the successful joining of metals witis process. Ater the initial
cleaning which effectively was just blowing the dust affe surfaces and dryinthe

next step wastoremoteh e barrier fil m by Tftheswf&cesi ngo.
of the strips werasubjectedo heating to remove the film causeg the immersion in

the pickling fluid, which isnormally Hydrochloric acid. Mentionwas made via
instructions in the patenthat care must be taken not to allow oxidation to reform after
the pickling process, anBoessenkookuggest that steps are made to prevent this
before thecold rolling joining process tes place.After the preparation process,
Boessenkoolstates that the temperature of the metals at the time of entering the

squeezing phase of the proceshould liebelow recrystallization émperature of the
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softest metalBoessenkoostatesthatthe sgeezing pocess affords the formation af
multitude of discrete bondsAfter the joining stage,he instructions of thepatent
recommends heat treatment to the adjoined metals to effect growth of thetheratsy
increasing the overall bond strength. In additional to the colahgofirocesses to affect
joint, hot rolling processeare also included in the pateim. reviewing thispatent of
process of joining dissimilar metals, it should be noted thathticold rolling process
outlined in the patent, the process starts with solid metals alreadyrquessed in
rolling mills. The pater s sdoes pot attempt to encompdiss entire process from
a hot cast billetbut concentratesn the role of a seandary manufacturing opation.
Boessenkooldoes acknowledgeexisting hot weld forging processeas prior art. In
conclusion the processes and equipment defibed B o e s patent kodhe $okd
formation of bimetallic stp and all types of clad metls an important step in the
modern manufacture of bimetallic strip. Evémough some of the processes and
equipment may have improved or changed since this patent, otfegglrocess remains

essentially the samtedayas when it was patented in 1954.

In 1963a patentvas granted tdlorrison (1963 for the manufacture of bimetallic strip

for the application of bearingsditherto this invention, according to the patent, the
joining of Aluminium alloy to a bas Steel wh a strong metallurgical bond had not
been a success. According Morrison, attempting to join Alminium alloy to a base of
steelnormally resukédin a low strengthinterface that was unsatisfactory for a bearing
application in the automotivigeld. In his patent Morrisonelaborates that the prior art

of bonding an aluminium alloy to a steel part required heating the aluminium alloy
above its melting point, and then applying pressure to the aluminium /steel assembly to
affect a joint. Accordig to the patentlaims this invariably resulted in a weak
bimetallic interface joint, due to the heated and now seftanl u mi squiding aritl
dislocatingg dur i ng WMNdnison mpain@ieetisashis invention overamethe

earlier joining problems, by the discovery that the additionfdfetween 5% and 25%

of tin to the aluminium alloy, afforet the aluminium alloy with a 5% lower melting
point that resudd in a stronger more ductile bondccording to Morrison, the
lowering of the melting point of the aluminium results in a bimetallic bond strength that
can easily be cold pressed and formed into cushegbes via the aid of pressesthout
delamination of the bimetallic occurrinj.is interesting to note that astivthe patent

by Goulding (194fwh o el abospéedalbnbaxd& to maintain
the plates during thieot rolling processMorrison alsodescribesf a similar facility in
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his proce sof thie layers through a furnace having a controlled atmosphere and

temperature suitable to avoid dislocation o

The bimetallic production process thitorrison (L1963 describesin his paten is
specified in minute detailThe preparation of thenetal sheets arerapour degreased
using Trichloroethylenefollowed by a subjecting the sheets to m@tating brush
apparatus thatbracks the matingadjoining surfaces Morrison then describes the
temperature rarggand time through thgas tightfurnace and the requirement bein a
nonoxidizing atmosphereMorrison highlightsthe importance of the rolling mill
temperatures, in that if they are too high or too, Ithe resulting bimetallic joibcould
become compromisedorrison further providesa range of temperatiwgdound to
produce tle strongest joinfThe recommendetémperature being 10@o 250 F (38°C

to 121°C) lower than the melting point of the lower meltpaint constituent, in this
example, the Aluminium alloyThe process concludes with a reference to stress
relieving by low temperature annealing and makes claims that the process as @lescribe
enhances the annealing process. In sumnMoyrison provideshighly detailed data of

the processsand the conditions required to manufacture bimetallic strip of dissimilar
metals to a peel strength sufficient for subsequent cold forming operatiamusnd the
time of the patent byorrison, an American companytated to producebimetalic

bearings that seesdto incorporatetie technology being developbyg Morrison.

A technical paper byKopellovich (2012, demonstrateé the bimetallic bearing
technologyfor automotive applicationg his paper although not intended as a scientific
paper as such, digsses thetechnical ability of the company taeliably produce
successful bimetallic shell type bearings that are found in car endioesllovich
discusses various ailing elements to augment theoperties of bimetallic bearing.
Kopellovich suggestshat the varying of the alloying elements enableduheng of the
lower temperature material constituent of the bimetaprtovide the mostsuitable
bearing surface for the operational loadiegvironmentand bearing lifeln thearticle
Kopellovichstates that bimetals invariably possess a hard steel back which provides the
rigidity and structure of the bearing shdile further states that the actual side of the
bimetallic that serves as the bearing material is very thin wbempared to the steel
backing.In the article Kopellovichrefers to aluminium bearirgnings that are made up
of an aluminium alloy containing tween 620% of tin, vhich was shown by the

patent of Morrisorto result in areliableintermetallic bond Kopellovich also suggests
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that the addition of 2 to 4% of silicon dispersed in the aluminium in the form of fine
particles further strengthens the resulting alloy and serves as an abrasive polishing of

the journal surface.

Hence it is possible teummariseéhat as far back aseh | at e 19506s, the t
permanently joining dissimilar metals successfully on an industrial basis was
established. Moreovgthe paper byKopellovich demonstrates the reliablity of the high

peel strength that can be achieved when procedures sustatad byMorrison, are

adhered to in the production of bimetallic metdlse constandiriving force to research

into new ways of joining metals which ise ever present, is theeed to reduce costs

and manufacturing cycles times.

The ancienttechniques of joiningmetals by forging were redscoveredin the late
twentieth centuryand updated and refined with modern production equipnenbe
used successfully todajdowever, some of thesgpdatedprocesses are nthhe most
costefficient way ofproducing bimetalsHowevercost alongis not the only driving
force for the researchnto bimetal technologyNew, more demanding and specific
applicationgequire very special bimetalgith exacting chameristics It is these highly
critical componerstthat require very specific bimetalompositions ané performance

that can only bebtained by resear@nd development.

One of the mostommonbimetallic strip production techniquesed todayis called
continuous roll bonding, or cladding, and this is a amdolid phasgoining process
exclusively. This can beseparatesecondary manufacturing procéssts own right in
that the material is cast and rolled into strip in a primary sngefirocesst the rolling
mills, and then shipped aaw materialstrip in large rolls to the secondary processing

plant.

Shivalik Bimetal Controls Shivalik (2013, is one of those secondary processes plants
that employ the continuous cold rolling, or bonding proce&hivalik an Indian
manufcturer of bimetallic stripuse thecontinuousoll bond methodor thefabricating

of their bimetallic strip.The process starts witthe raw material that is scrubbed
cleaned and dried. Then the two separate strips of raw metal are fed into the high
pressure rolls at a temperature that is below theystallisation temperature of tiheo
metals. The intense pressure of the high pressulling mill, forces the atoms of the

two materials tanter-diffuse at theinterface and a strong intermetallic bond is formed.
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After primary bonding under intense pressure, the newly joined bimetallic strip is now
annealed to relieve the erhal stesses of the roll bongrocessand to encourage the
growth of further atomic bonds at the material interf&@bsequent to the annealing
processthe strips are then rolled again and then annealed once moreinidtal sheet

is then etched with the paruimber and cut into strips by the slitting process. The final
steps of thecold bondingprocess are the flattening and-li@ring operation,to
straighten and remove the burrs from the slitting procEss.bimetallic strip is coiled

and sent to be stampedo the final shapes and sizes ready for packing and distribution.

The secondaryprocess ofcontinuous roll bondingis a lesselaboratemethod of
manufacturginvolving lesssteps and operatiortean the full primaryand secondary
process of manufactugrbimetallic strip The full processncludesthe smelting of the
iron ores, hot castinghot rolling, cold rollingandannealingHowever, the continuous
roll bondingfor the manufacturing stages of production of the ggigtill a lengthy
process and usually only possible ira large scale manufacturing plaBecause the
basic manufacturing process is lengthy with many intermediate operati@yshot
casting, forging, hot rolling, cold rolling, annealing, cleanistamping, slitting the
setup cosfor the manufacture of a special run of bimetallic stap only becomeost
viable on a large quantity order, or loogntinuousun.

Modern bmetallic strip is made to conform to Germd&iN 17152 (198401),
American standarddSTM Standard B38®6 (200§, and ASTM Standard B10®8
(2008. Each manudcturer of bimetallic strip usually provides certificates of conformity
with each orderModern bimetallic stripcan be fomed into many different geometry
typesto accommodate the multitude of applications. The most common geometric
configurations are flastrip, although many configurations and shapes suchpasl
shaped strip, and circular domed shaped sirgppossiblesee Fig2.1. Bimetallic strip

is usually designed to order and manufactured specifically for epgfication;
however most bimetdic strip manufacturers offer a stock range of flat strip as a
minimum. A specialcoiled bimetallic shape is shown in Fig:12 The coiled helix type
bimetallic strip enables a spring like action when headddch could be a type of

bimetallic configuratn that could be exploited for a linear displacement actuator.
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Fig.2-1 Reproduced with kind permissiokanthal (20@)

During the latter part of the 20th century, research activity materials made a step
changedriven by the need fadhosematerialsto meet theexacting requirements of more
demanding applicationg.he new forming technologies and applications such as space
flight, supersonic air travel, lightéasterships andnore fuel efficientars,has been the
impetus toevolve many ways to permanbnjoin similar and dissimilar metal3.he
outcome of thigesearch and development has resulted in mdighger more robust
bimetal hybrid structuresMany different joining tehniques have been investigaiad
recent timesand from thel 9 8 @nivards new techniques have been employieat

have resulted in meways of permanentlipining similar and dissimilar metals.

Furthermoreawareness of the energy requirfed the production ofnetalsfrom raw
materials and the primary and secondary manufacturing operations that use huge
amounts of electricity, thereas beera continuous drive to refine amdducethe core
manufacturing processes to save morapm the work ofGoulding (1947 who was
granted a patent fahe hot cast and cold roll process of bimetallic strip production,
Poloni (2006 was granted a patent for a machine that enablescaggd&nown as twin

roll casting. Twin roll castings a continuous casting process. In this process, a special
machine that enablesaghwo different molten metals of different melt temperatures, to
come together just prior to the rolling stage, each in a crystatitadd thats, the
machine enables each material to cool sufficiently to obtain a clear separation interface,
which create a more controlled bond interfadag.2-2 showsthe principal of the Twin

roll castmethod
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Metal 1 Metal 2

Twin Rolls

Newly Cast
Bimetallic Strip

Fig.2-2 Twin cast olling method

This modern method of producing bimetallic strip enableseduction of energy
processingcosts. A paper bydaga (2009 confirms the rationale for the twin roll cast
met hod, a n d Tleeaimfofithe mse of thé tain rolficaster to make clad strip
was in tle reduction of the pradtionenergy of the clad strip.In addition to
bimetallic strip by hot casting and subsequent cold rolling methods there are other
methodsthat have come to be acceptesl ways of manufacturing bimetallic strip or
clad components.

Explosive welding is anethod of joining wo dissimilar metals permanently together
that wasdiscoveredby accident in world war twolt was observed that pieces of
shrapnel that had become embeddedrmourplating were also fused to the armour
plate. The mechanisthat affectsthe weld was down to the force of the impact of the
shrapnel with the armour platehi§ discovery led to a new form of metal joining
known as the explosive welding proceascording toYoung (2004, in 1962 DuPont

first patented the explosion welding technique aftevetbping it during the 1950s.
Today it is a widely used method of joining a variety of dissimilar metals and the
process hasofind a particular usefulness making aluminium steel joints famaval

apgications and is used to tackle marine corrosion problente@tJS Navy.

Diffusion bondingas described byshirzadi (200% is arother advanced solid state
method ¢ joining two dissimilarmetals.In this processhe parts to be joined are held

in an inert gaseous environment, or in some cases, within a vacuum chamber. The
metals to be joined are carefully cleant#ten subjected to high temperatures usually

within 50% to 70 % of their mettg points.In the case of a coppsteel bimetallic
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joint, copper melts at 1088 and steel at an average temperature of 12183
Engineeringtoolbox (2034 Thus assuming 60% of the melt temperature gives@50
for the copper and 89G for the steelThen under intense pressuatomic bonding at

the bond interface occurs. This is a highly specialised process of jalisagnilar
metals,and not a cost viable option for the production of bimetallic strip on a large scale
basis. The technology of joining metals is still@emergingechnology as ew materials

and composites are created, and as research expands the new metal forming techniques.

As such this review caonly provide a snapshot of the current state of the art in the field
of metal joining, and whilst this is not a truly exhaustive @avbf every single joining
process, it does cover the main methods employed in the wholesale production of

bimetalmetals ugo the time of print.
2.4 Technical Standards

As the wholesale manufactuoé bimetallic strip became prevalent in the early part of

the twentieth century, then the control and standardisdterame necessarp

guaranee repeatable, and predictablienetallic strip characteristics irrespective of the
manufacturing source. Today there ardyoa handful oflarge companies actively
manufacturing bimetallic strip around the world, and all of thEwduce bimetallic

strip in accordance witbne or more of the following internationally agreed statsla

asshown inTable 1.

A Swedishmanufacturig company Kanthal (2002, ironically wasone of, if not, the

beg suppliers of bimetallic strip in the world. The compamy longer manufdare

bimetallic strip, however Kanthakt the standard when it came to all things bimetallic.

Their bimetallichandbook hadecome the definitivdoible of bimetallic information

with an extremely useful technical section that enables the designer to calculate the
correct bimetallic strip fohis or her own application.

In the teclnical section of tB Kanthalhandbook,differencesare made betweethe
AmericanASTM Standard B10®8 (2008 met h o d of calcul ating t
bimetallic strip, and the Germaldhlig (2007 standard of measuringhe fAspeci f i
curvatureo of the same.

Another very useful bimetallic handbook is produced by Auerhammer Metéallof

Germany Uhlig (2007. This handbookaffords a high level of technical data for

bimetallic strip manufacture and applicatiombe handbook provides a highdigtailed

section on the process involved in themanufacture of their bimetallic strip.
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Additionally, the handbook possesses a world bimetsitip standard comparison table
from page 126 to padi84that enables the user to find equivalent bimetallic strip for all
the major manufacturg brands. Moreoverit details the different manufacturing
standards associ at edndwofibimétallesrip.h manuf actur ed
In summary both the Kanthal adierhammer Metallwerkhermostatic handbooks are

an extremely useful for engineers in the field of bimetallic strip design. Both books
provide a wealth of highly detailed information pertinent to #m®wledge and
application of bimetallic striplt should be noted however, that although both books
provide a large range of applications with a variety of bimetallic strip geometries and
configurations, the application asgecific geometry of this invagation is not covered

or provided for in either book.

Table 1 includes the major bimetallic strip manufacturing standards that cover the
production requirements, technical specifications, testing methods and technical
delivery of bimetallic strip. Alimajor bimetallic brands are manufactured and controlled
according to one of more of the standaedsl thus an equivalent bimetallic strip from a

different manufacturer is easily obtath
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Tablel World-wide bimetallic manufacturing standards

Germany :
DIN 17151 (198301)
Thermostat metals: technicallidery conditions.

Uhlig (2007
Testing the specific theral curvature.

USA:
ASTM Standard B10®8 (2008
Standard Test Methods fdtlexivity of Thermostat Metals
Dossett (2006
Standard Specification for Thermostat Metal Sheet and Str
ASTM Standard B7587 (2007
Standard Spéfication for Thermostat Component Alloys

Japan:
JIS C 2530referred to byBoessenkool (1954
Thermostat metals for electric apparatus

Russia:

GOST 10533referred to byBoessenkool (1954

Coldi rolled thermostatic bimetallic stripSpecifications
GOST 10994referred to byBoessenkool (1954
Precision alloysGrades

China:
GBI/T 4461 referred to byBoessenkool (1954
Thermostatic bimetal strip
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2.5 Theory of Bimetallic Strip

At the time that Harrison was developing his marine cloitkis, improbablebecause
metallurgy wasstill in its infancy,that a mathematical method of evaluating the radius
of curvature of a bimetallic §p as function of temperatungould havebeenknown
However, & the time of Harrison, and there afterwards, it is almost certain that an
empirical method, oothermeansto evaluate the radius of curvature, would have been
devised ly the early 17" centuryclockmakers. It is possiblénat someone through the
17", 18" and 19 centuries did work out how to calculate thetheadius of a bimetallic
strip. Furthermore, it iamost likely thatthe person was a clockaker, however, that
clockmaker would also have had a strong businesentive for keeping that
information secret.

Therefore no scientific treatise on the calculation of bimetallic strip wasspebliuntil

the seminal paper bjimoshenko (1926 Thispaper was the first paper that provided a
mathematical proof, using modern understanding of the behaviour of metals under
heating to formally describehe relationship between temperature and the radius of
curvature

The main formula that Timoshenko poamded is the fundamentfarmulae that were
adopted by the AmericahSTM Standard B10®8 (2008 for evaluating thdlexivity

which is a constardf the bimetal,. T he f | exi vi ty thedchangeofi s def i ne
curvature of a bimetal strip per temperature change timési ¢ k ia after sedtain
simplifying assumptions have been made tootfiginal Timoshenko formula, equal to

the contant

— 0 0

Where® P are then coefficients of linear thermal expansiothefmetals within
the bimetallic strip.

The full flexivity is givenon page 4 of the Kanthal handbook by;

Q ——— Kanthal (2008

where s is the thickness of bimetallic strip
'Y is the radius of curvature at any temperaiure

'Y is the radius of curvature at ambient temperatre

Page34



Chapter2 Literature Review

The Europearstandarduses a differerdipproach based on the geometryaafantilever
beam in bendingfor the derivation of thdormula for thecalculationof the specific

curvaturek, of the bimetal. Th&uropearspecific deflections definedas:
$d ———— Uhlig (2007

whereA is the deflection from flat at the el the cantilever beam in (mm)
L is the length of the cantilever beam to the point of deflectiédnimimm).
s is the total thickness of the bimetal
According to Kantal, the newer DIN specification, which is similar to the ASTM
standard, differs in thenderstanding that bimetals componeiidften elongate in a
nonlinear way as dunction of the temperature tiie specific curvature or flexivity,
which depends upon the temperattissthdet ween

reason that the newer Didpecificaion has been slightly redefined.

From reviewing both standards of specifying the flexivity or specific curvature k of the
bimetal, the drawbacks of using the DIN method is in the limitation of the assumption
that i n mos tAiscmadercthah B0%iolhon s whi ch is not the
applicationof this researchlt is therefore more reliable to use the original Timoshenko

formula for the work described here since in its original form, it accomodates all

geometries without limitations.

2.6 Linear Force DisplacementM echanismsi Steam Qhwards

This part of the review investigates the bimetal technologie®tnaitechnologies that
utilise heat energy to produce a linear fodigplacementMan, has for thousands of
years sought to employ thpower of heat in some way to produce mechanical
movement and thus powef researchpaperby Keyser (1992 reviews the Heron
steam engine. This articleerefits by having original Greekranslations of the
descriptionof the device that isommonalsokno wn a s t dteam @ngihe.r o O
In the articleby Keyser,the author explores the eaxlgriantsand ancient developments
of the steam engineKeyser exploreshow in, or before the first century BC, the
development and experience of dabbling in primitive steam enginesgavasg
ground As a result of this early experimentatidghe worlds first steam engingas
devisedthat heatd by a fire, baledwater into steapmandusedthat steamin a reaction

turbine toprodu@ a small outputpower. This primitive machinds most commonly

Page35



Chapter2 Literature Review

known as the Hero steam engirmjt inthe paper beyser he authoritively referthe

Hero inventionto that of beinghe invention byHeron.

Because of a Greek translatiadhe commonly known Hero is indedte Heron engine
andthe article is mospersuasiven the level of detail and many literal translations from
Greek.What is most importanis the acknowddgmentthat a thousand years ago or
more, mankind was dabbling in the heating of a fluid to extract mechanical movement
and thus power. Another source which describes the Bleamengine isan articleby
Petroski (1995 who refers tothe Hero machin@s beingacknowledged as the first
steam engine, and accordly he refersto Hero of Alexandrig as being credited with
inventing the first steam engine

Petroskifurtherprovides a quick overview a@he historic milestones in the development

of the steam engine right through to thé"i&ntury. Both papers biteyser and
Petroskikgr ee on the commonly held belief that
time, considered to be merely a novel.tthyvould seem thato one of that ancient time
thought to use the invention to produce useful poRettoskilooks into that aspect and
explains why it was not taken seriously as a useful machine, putting it down to the lack
of engineering materialsroundat the timethat could withstand the pressures required
for it to be used aareliableuseful machine.

Therefore exploitation of the Heron steam engine could not have taken place until the
materials technology had matured to a point that enabled theqgpiad of structural
steels capable of twhstanding boiler pressures, and this coincided with the
understanding and deviopment of fastenimgl sealing techniques in the late 17
century.

Petroskimentions the major inventqgrsr the grandfathersf the steam engine, such as
being Hero, Thomas Newcomens, Otto von Guericke, Thomas Savery, Christian
Huygens, and James Wattde further illustrateshow the idea of using steam to
produce power was refined as each inventor solved the problems tteatratios then,
infant steam technologyeriod of the 17 and 18 century.

It is interesting to note that early industrial steam engines, the boilers frequently blew
up killing workers. Until the itervention of the pressure relief valve that viagented
almost by accident. Legend hasthat because of the build up of steam in the early
boilers, the owners of the industrial steam engines would employ a young child to vent
the build up okexcessive steam pressumehe boiler by pulling a leveiat certaintimed

intervals. On one occasipone enterprisinglad who wanted to be somewhere else
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possibly to playcontrived a simple weighted mechanism that would automatically be

lifted uponanoverpressure condition of the boiler, ttihe automatic presrelief valve

for the steanboiler was invented.

Even with the invention of theressurerelief valve early steam boilers were

notoriausly unreliable and dangerous. Petroski reviewtsagic marine accident that

occurred in 1865that was attributed to a boiler explosiomhe explosion took place

onboard the steambo&ultanawhich resultedin thedeathof 1500 peopleAt the time

this was the worst marine disasteAmerican histroryand as a result of this tragic loss

of life, new saéty laws and standards were introduced resulting in a code of practice

n a meSthndard Method for Steam Boiler Trials whi ¢ch was i nstigated
in 1884.

Hence it has been shown that the application of heat to a fluid will generate, via steam
subsantial power to motivate machines, and the great golden age of steam railways
around the world started in earnest with St
using steam, the gas pressure of the steam times the area of the piston, resukarin a lin

force and displacement of thgiston. The piston is coupled to a mechanism that
converts linear to rotational motion at the wheel of the train, or in the case of a paddle

steamerto the paddle wheel which propels thessethrough the water.

In addition to heating watento steam to produce pressucegenerate a linear force
displacement o piston, as mentioned earli®r, Robert Sterlingn 1816 was granted a
patent fora hot air engine St i r | i nwotked om thevctoset ihermngnamic

Carnot heating and cooling cycle.

Riabzev (2002 in his presentatignrefers to the original Sterling engirednceptas
being unchanged in almost 200 yearsd affirms that the engine fideen refined by
advances in materials and sealing technology in modern . tRrszev describethe

first sterling engine as a large affair, of large proportions and of being very reliable,
which contrasts with the first steam engines of that thieh wereboth unreliable and

sometimes deadly

The Stirling cycle is included in this review because of the thermodynamic similarity

with the heating and cooling cycle of a bimetallic blade within the thermal motor.

The basic Sterling cycle is realised by machines that possess the means to shunt a
working internalgas betweenhot and cold volume. It is the displacement of this gas or
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working fluid, with the pressurevolumerelationshipthat enables the work to loene

by the machineThe originalSterling engine possessed a piston and a displacearthat
held within a single long cylinder and are out of phase in operation. Both the piston and
displacer are mechanical linked to a rotating cranksbafflywheel in a similar
arrangement to that of a conventional 4 stroke internal combustion enginsteTlieg
cycle functions as follows, heat is applied to the hot end ofyheder; this increases
the gas temperature and pressure of the volume of air at trendhotesulting in the
piston being displacedVork is being done by the air expanding resulting in the turning
of the crankshaftthis is known as thexpansiorphase of the cycle. The momentum of
the crankshaft displacethe displacer piston which is a aher diameter than the
cylinder bore, this action displaces shunt&tmost of the hot air from the hot end of
the cylinder to the cold end of the cylinder, this is titamsferphase of the cycle. The
majority of the hot gas has now transferred todabel end of the cylinder and now, by
the out of phase of the piston to the displacer, the volume of the hot gas inamdses
the gas cools by the helatss to the surroundings, thus contracting and drawing the

pistonbackwardsthis is thecontractionphase of the cycle.

The momentum of the crankshaft moves the displacer so that the cooled air is nhow
transferred to the hot end of the cylinder for the cycle to repeat, this is abmaster
phase of the cycle. Theiffing cycle therefore inputBeatenergyat ahot temperature
it does work in the cylinder, and the output is a lower heat ertBegyisloss to the

surroundings, plus mechanical work done by the machine.

Contrasting the thermal cycle of the Stirling engine to that of the Mark Il thenotar

introduced earlierAs with the Stirling engine, the thermal motor is based upon the

Carnot heating and cooling cycle in which heat is applied to a single bimetallic blade,

the blade expands and does work which rotates the rotor bringing othes bitalthe

Ahot zoneo. The heated bl ade is then cool ed
done by the machine, and the cycle repeatshf@otherbimetallic blades. Tis cycle

closely mimicstheSi r | i ng engine heat fAshuntingo mecl

The Sterling Enginecan also be operated in reverse as a heat pump that enables
cryogenic coolingRiabzevdescribes the Sterling cycle in minute detail outlying the

various configurations and types that have been developed. The Stirling cycle although
exhbits a vast number of advantages over the internal combustion engine, the ability to

be heated by sustainable energy heat sowwes as Solar power, Geothermad any
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type of combustible carbon based or organically grown fuel, ihbagver,never been

adirect threat to the internal combustion engine as an automobile power plant.

This is despite those now very important nasty side effects that mass internal
combustion engines produce, ie toxic exhaust fumes and noise pollution. The sterling
engine is us@ in special applications such asambmarines or irspace applications
whereby polluting either by exhaust gases or by noise, cannot be toléxate&iSA
derived space manual entitled Stirling Engine Design Manimal Martini (1978,
provides an irdepth treatise on the design detail parameters of the piston and displacer
units within the Sterling Engine, and includes a summary of work done to ascertain the
usefulness of the Sterling engine as a possible alternative to the irdenmialistion

engine.

Martini compares and contrasts the major types of Sterling engines and looks at
qguantifying the most successful types, whilst providing a collective snapshot of the

current Sterling Engine technology.

In addition to steam engines anok lair engines that heat a fluid to expand and do work

in a cyclic fashion, there amhervarious types of machines that expl@ittemperature
difference to expand a solid material under elastic tension to produce an output
displacement and forc®ne sich device patented kyein (1976 uses the expansion

and contraction of a spiral tatihat is periodically heated and cooled to impart a cyclic
rotatory oscillation inthe device, this rotary displacement is coupled to a linear piston
to pump fluids.

The patentby Hein and another blark (1973 exploitsthe expansion and contraction
of a single solid material to provide displacement and force asnetidn of a
temperature difference. In the patent ©ark, the inventor refers to having two
Al i nea-ekpahseabl e bandbbesg cydically heatbdeaddated by
exposing or shieldinfrom a radiated heat source, tlarsbling the housingontaining

the bands to rotate.

Another devicanvented byChurchill (1968 uses a sealed fluith expand in a piston
actuator. his device employs an electrically heated element, wound around a shaft
immersed in a thermally responsive liquid, the type of ligaichot disclosed in the

patent.The inventor refers to the device as a thermal transducangbatthe heating of
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the elementauses thedjuid to expand, thus displacitige pistorand associated output

shaft. The application of this device is to provide feaitas a heat sensor.

A thermal motorinvented bySandoval (197)7 was granted a patent in 197Ih

S a n d o pateht éheinvention purports to convert thermal energy into mechanical
motion in a device resembling two pulley wheels joined by a continuous belt. The
smaller pulley wheel is in air and is subjected to a hgatwurce, the larger pulley
wheel is immersed in a liquid that is assumed to be the heat sink or cooling source. The
pulley belt material is not published, but the claim is that some metals such as nickel
titanium alloys change their shape when heatecboledand that with the absence of

heat are pliable, but upon the application of heat become rigid. It is this effect that the
inventor is exploiting to generate movement of the belt, and thus convert heat energy

into mechanical movement.

There are many pents for bimetallic machineslso sometimes known as thermal
motors,Whitney (1949, O'Hare (1985 Low (1972 to name a but a few, and they all

work on the same principal, thas, that heat is cyclically applied and removédm

the bimetdic strip. The bimetallic strighas been prior fashioned to work either by
bending from fl at|, or from a spiral shape,
patents, the machines cout® made to work, however some of tthermal motor
conceptsand patents reviewed so fare too complex and costly be manufacture as a

viable practicalproduct.

However the bimetallic solutionto produce a force and &ar or rotational
displacementoffers similar advantages as an environmentally friendly machine, as the
aforementioned 8ting engine discussed earlierFor the bimetallicarrangementbor
thermal motor to be fully realised, the concept on how the bimetals are efficiently
heatedand cooled in a cyclic mannevjth the minimum of complexity and components

is of paramountmportance

It is interesting to notethat the first patent for a device that uses a bimetallic strip to
perform the function of generating a force or torquaswas recent as 195MDayton
(1957 was granted a patent fordevice that used a bimetallic strip provide the
impetus fora slow acting egg timer, or toaster application.

A much more complex contraption received a patenttlierthermal motor for a

rotisserieshaft by Cole (196%. This device was an elaborate device that used the
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bending of the flat bimetallic strip to produce a linear reciprocating motion that was
converted to rotary motion at the shaft of the spit. Although devisesissed so far,

seem trivial and crude ly o d astgndlagdsthey were thestartof inventorsseing to

make use of the special properties of a bimetallic dtift972 an interesting patent was

granted toLow (1972 for the sole purpose of generating power to a solar powered
heliotrope. In this invention the bimetallic strip is useddiive and maintan the

orientation of the devicéo track the suns path across the sky. This device utilises a
bimetallic sensor that performs a feed forward function of sensing the suns orientation

in the sky and correcting the mismatch between the solar array and the sensor.

The applicationof Low is a much more meaningful role for a bimetal in a sensing and
activation application.

O'Hare (1985 was granted a pateffidr a bimetallic solar engine for the purpose of
generating useful paosv more than the patents previousigviewed. In tle patent by

ObHar e, Ilkalyappliedt asesiesaft acked AUO sstigsphatd bi met
are attached to a common output shaft. Thecdecontains a Solar collectand a heat

sink. The media for heating the bimetallic strip is hot air collected from the suns ray.

The hot air is allowed to flow into a sealed chamber to heat dlokest bimetallic strip.

The output shaft is connected to flaps in such a way, as to control the charge of hot air

to the AUO shaped bimetallic strips, and t
stacks of bimetallic strips in a cyclic fashion. Altilghuthis may seem a very crude
mechanism, it is very similar to th&terling engine in that it employs a heating and

cooling cycle to process the heat to and frtra bimetallic strips. The twaonajor

differences between this concept and Sterling engine is, one, the frequency of

operation of a bimetallic engine is much slower ttiat of a Sterlingengine, and two,

in a bimetallic strip powered motor, the hi

strokeod \Bterkngeenagsi ntehei ® anindpetraocken.

At the time of writing,the research into energy harvesting and power generation by
bimetallic strip €chnology is continuing to grow. paper on thermal energy harvesting
by Boisseau.S. (20)2reveals a method to harvest potentiahesv ableenegy by
heating a straight bimetallic strip cyclicallBoisseau suggests that as the bimetallic
strip oscillates the force and displacemeptoduce a change in capacitance of two

adjoining electrodeghus diretly generating electrical power.
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It is important to note that bimetallic thermal motmr engine isin its infangy as a
technology for the generator of powarthe field of energy harvestinghis contrasts

with Sterlingengine technologyhat has been anad and continually developesince

1816. Potentially, the thermal motor can provide the same desirable featioesd in

the SterlingEngine,clean power, nosolluting, silent,with the additional advantagsd

being a simplemachine with less components. Additionally, bimetallic techgylcan
provide a wide range of different configurations, thus enhancing the ways that the
bimetallic effect can be exploited in the field of energy harvesting.

2.7 Discussions orthe Literary ReviewFindings

From the review on prior bimetdkechnology, it is clear that for thousands of years
dating back to very early civilisations, there has always been a need to produce bimetal
implements, such as swordsxes to benefit from the enhanced structural properties
that a bimetal composition &do offer. It was shown that the smelting and forging and
layering of different metals such as in the Samurai sword blade, or the Damascus steel,
enabled earlynetal workersto enhance the keenest of the cutting edge of the sword,

and at the same timeqwide a harder and tougher steel.

The review also has revealed that the cladding of one metal with another metal was
perfected many hundreds of years By ancient civilisations and that recent
archaeological digs have revealed exquisite objects tha heen clad in various

metals such as gold and silver for the embellishment of the artefact.

It was shown that although bimetal implements existed over this long time firame,
about 600BCto 1700AD, the propertiesf bimetal objectswere only exploitecas a
single compositemetal yielding structuralor cosmeticadvantagesThe review has
shown that theirfst recorded use of l@imetal tocause a displacement as a function of a
heatdifferentialwas by HarrisonSobel (995, in the mid seventeenth centuShortly
after Harrisonds appl i cattheoeniewdlstraies theh me t a |
very early ThermometeHolbrook (1992 was invented using the idea of Harrisons
bimetallic strip.Harrisord gvention,showed tle world another useful side tdanetal
other than enhancing the structural properties of a single strugisiievention enabled
the bimetal to act as a sensing activataowiver it took until the twentieth century
that the scientific analys of a bimetal performing as temperature deendant

displacement mechanism wasblished,Timoshenko (1926
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The review has illustrated thaince the early part of the 2@entury, much progress

had been made in the manufacturing processes for the production of bimetallic strip.
The hotforge bonahg processes that hitherto had been the most prevalent method of
joining two metalstogetherwere slowlyreplaced by theoll or cold bonding processes
because this enabled the secondary operation of manufacturing bimetallic strip to be
produced in plants away from the primary processnoélting anchot casting insteel

foundries.

In the review, the standardisation of the way bimetallic strip is cledraand
mathematically evaluated was highlightegg Dossett (B06) and ASTM Standard

B106-:08 (2008, and European standards becoming the basis for bimetallic strip
specificationUhlig (2007. With the controlled production of repeatable bimetallic
producing from the 19506s onwards, a great
highlighted,Kopellovich (2012.

The diverse method of fabricating bimetallic strip was reviewed, and exotic processes or
more advanced sp@t processes such as explosive weldC (2013 and diffusion
bonding methodshirzadi (2003 were briefly revieved. From the review, it became
evident that from the 1930s onwards inventors have successfully patented many devices
that exploit the functional aspect, or-pyoduct of the bimetal, namely, for@nd
displacement as a functiaf temperature differential

The functional aspects of the bimetallic strip were highlighttgdpatentgrantedfor a

sun aligning mechanisiioow (1972 and by a patent for the rotation of a rotisserie spit,
Cole (196%. Moreover, the review has shown that from these simple ideas for
applications for exploiting the bimetallic effect, inversto have considered energy
harvesting in patents ®'Hare (1985 who put faward hisbimetallic solar engine as a
means to harness the suns energy to generate pBwisseau.S. (20)dllustrated in

his article,that thefield of bimetallic research into energy harnessingdsvely being
pursued The review has shown that the application of a heat differential as the
mechanism to provide mechanical power, has evolved over thasges need to find

cleaner ways ofienerating electrical powgroduction iseingsought.
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2.8 Conclusionsof the Literature Review

The review has shown that throughout the ages of mankind, the development of
artefacts, weapons were enhanced by the coupling of two different materials and their
separate metallic properties. The reviexas demonstrated that as late as the" 1
century, the main application for bimetallic structures were either for enhancing the
laminated metal for structural or cosmetic purposes, as in cladding metals with gold
and silver.

It was shown that Harrison was the father of functional bimet&ébnology, when he

used the bimetallic strip as a temperature compensating sensor in his marine clock
application. It was also demonstrated, that for hundreds of years after Harrison, clocks
made good use of his initial invention, but it vealitntil the early 2th century before

the seminal treatise on the mathematical analysis of atddimeas produced by
Timoshenko.

During the 28 century, manufacturing and production technique of bimetallic strip
became standardised, and application of bimetallic strip as a sensor became widespread.
Research into bimetals in the latter part of th& @ntury became a field of study in its

own right, and deas and patents to use the bimetal effect to harness clean renewable
energy is now being considered as another
natural resources.

The over reliancerofossil fuel generated energy and power, and the consequences of
burning those fossil fuels with the release of toxins and pollutants, is the driving force

for the Sterlingengine resurgence, and néav the thermal motor, orodar powered

bimetallic engne to come of age
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CHAPTER 3 Theory and Simulation

Summary
This chapter introduces the application of Timoshenko and Castigliano forranthe

additional correction formulae to modify the formulaetfos study.
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3.1 Introduction

For the characterization of a preurved bimetallic strip functioning as a bimetallic
blade in a thermal motott, is necessary to understahdw the bimetallic strip behaves

in the specific chord line orientation and loadm axis. The literaturedoes not hold
current informatiorof a bimetallic strip configured in thepecificaxial case as shown in
Figure3-1. The chord displacement axis is the theoretical axis or path, that the free end
of the bimetallic strip displaces along, wheounted as depicted in FiguBel. This
chapter developgquationsthat enable the evaluation of the Aoaded chord line
extension of a precurved bimetallic stripas a function of a temperature change by the

application of Timoshenkobés temperature ind

The fundamental Timoshenko formula that defines the radius of curvature for a bimetal

strip asafunction of temperature is given by:

6 6

- . Eqn.1 Timoshenko (1926
B

where ” is the radius of curvature of the bimetallic strip.
o P are the coefficients dhermalexpansion of the two metals ahd

is considered to be numerical greater than

a Z— ratios of the coefficients ahermalexpansion of the two metals.

€ — ratios of the Y Mathewd(B00OBModul us.
Q is the total thickness of the batallic strip.

Y is the temperature of the strip at above or below ambient temperature.
Y is the temperature of the strip at ambient temperature.

It should be noted thaY is highly dependent on the local ambient temperature, and that
the bimetallic strip must be in a steady state ambient temperature condition, before the
addition or subtraction of heat to the strip, produces a temperature difference and thus a
change in th radius of curvature.

Timoshenko enables the evaluationtbé radius of curvature from an initially flat
bimetallic stripthat has being uniformly heate@io obtain the radius of curvature from

a precurved bimetallic stripthe present study has addedc@rection formula to
TimoshenkoTo evaluateghechord lineaxial force generated by the displacement of the
free endbfthe stripCa st i gl i an o 0, Egethofd201®)y is tappked raleng

the precurved bimetallic stripCastiglian@ gnergy theorenapplies to a homogenous
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precurved beam, and thus when applied to a bimetallic strip, the bimetallic strip is
assumed to bel@omogeneous beam.

This sectionprovides the theoretical formulae and linkinguationsto obtain a way of
calculating the nethord line axial displacement of the free end of a-pueved
bimetallic strip subjected to uniformly applied heatirand at thesame time, subjected
to an externallyapplied resistingpposingoad

It is important to notehatC a s t i gdnergy ntheodem that is uséa evaluatethe
forcevs. deflectiontheory ofthe precurved bimetallic stripn the upcoming sections

is limited to relatively small and linear displacements,dsd first approximationthe
linear theory fits reasonably well for smalord line displacements.

In later sectionsas part of the new knowledgeon-linear expressions are introduced
that more closly match the test data for force vs. deflection in thecpreed bimetallic

strip loaded along the chord line.

After heating
= = = = = Before heating

Arc An

Fig.3-1 Idealized pre-curved bimetallic strip in two states of heating.

In Fig.3-1, 0 represents the chord length of the curved bimetallic strip at cold or

ambient temperatufeand thes t r i p 6 s correspondi™MgTher adi us
bimetallic strip is coledformed by a gentle bending process to produeeinitial,

permanat radius of curvatury . Th e s udof iaxheds aifie col d and ho

respectively, and assuming hereafter, that the thickness of the bimetallic steify is v
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small as compared with thadius of curvature of the strip, and the thickness to radius

of curvature ratio is approximately 1:100.

As the strip is uniformly heatedboveambient temperature, it begins to straighten up
and extends t& hand now the adius of curvature i¥ 8n order to obtain thehord

line axial displacement frord to0 , a free rotational pivottondition mustexist at

each end of the strip. It is this degree of rotational freedom at each end of the strip that
producesthe chord lineaxial extensionor straightening effeabf the strip during the
heating process. Since the strip is subjected to heating, its radius of curvature changes,
whilst the arc length of the strip essentially remains the same andthusd 0

since the arc lengths are equal throughout the heating and coolingltigléerefore

easier to refer to the arc length of a-pteved bimaedillic strip in general terms a@s .

The application offimoshenko (1926f or t he cal cul ation of unl

0 now follows:
Assumptionghat were made;

1 the precurved bimetallic strip is simply supported at each end with a rotational
degree ofreedom.

71 the strip is uniformly heated along the entire length of strip, and the strip remains
approximatelycircular.

1 no external loads are applied during heating
the material with the higher coefficient of thermal expansionis onthe inside
radius R, see Fig-2.

1 that the strip has sufficient time to cool down back to ambient temperature.

Fig3-2 1 Q| fora strip of a material withh is on the inside.
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The Timoshenko equatioshown earlier, provides the radius of curvature from an
initially straightflat bimetallic grip. It can be shown that for a strip which is required to
straighten up from a preurvedcondition’Y , that the Timoshenko equation can still be
used with the followingempirically derivedcorrection formulahat evaluates the new
hot radius of curvatur& from the bend radius of curvatuie by the Timoshenko
equation The empirically derivedY correction equation evaluates the radius of

curvature of a heated bimetallic strip from an initially-pteved radius of curvatui€ 8

The empirical correction works bygubtractingthe reciprocals of both radi— -

together and inverting.

Thus:
Y — Egn.2

where 'Y is the initial precurved radius of curvature at ambient temperature.

" istheTimoshenko radius of curvatufermula defined earlieieqn.1

'Y E OEukloaded hot radius of curvature.
It is important to note that Eqn.5 is based upon the fact thétich isthe heat induced
radius of curvature of a bimetallic strgs defined by Timoshenk@beys the linear
elastic prperties of the bimetallic strip. Therefaaeno time can the strip due to heating
alone exceed the yield point of the material and not recover, or return to its original
form or shapeupon cooling dowrto ambient temperatur&his is the main assumption
that Timoshenko makes in the derivation of the bending formula
The extensiord will be the maximum the strip can extend for any given temperature
differential.
With the'Y value established by the application of the Timoshenko formula, the
correspondi ng (i baonowbeddurmdr d | engt h

The general chord length of any asajenerally published as being;
0 ¢VYi Q& Eqn.3
Where: L is thegeneralchord length
R is thegenerakadius of curvature

0 is thegeneralarc length (in radians) part of a true circle

d is the angle subtending the portion of @arcover distancé.
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Chapter 3 Theory and Simulation

By using the established relationshipc ar radius x angle (in radiang) = R ahd
substituting ford — into Eqgn4, angled can beeliminated andit is possible to

obtainthe length of a chord as a function of arc lengthrand radius of curvatur@.

Thus, the generdngth of a chord of any arc is

0 qYi & — Egn4
Thus it is possible to evaluate the chord lerigts a function of the radius of curvature
Rand the length of arg , which is normally fixed for any given applicatidRewriting

the general chord equation in terms of hot amdbientstates of the bimallic strip:
Thus;

0 ¢YOEr Egns

whered i s the new fihot gsiraighteredsttip.| engt h of t he
0 ¢YOET— Eqgn.6
and0 i s t he i orchordlanbth &t ambiendtémperature of the strip
whereby 0 'Y Q'Y wereall definedpreviously.
Henceusi ng Ti moshenkobés radius of <curvature
possible to evaluate the hot length of bimetallic siripGiven that) can be easily
evaluated if the preurved radius of curvature ™ is known,then the unloadedhord
displacemenb , from0 to O can be ealuated by simple subtraction.
w 0 0 Eqn.7

And the full expression with substitution of becomes:
©w ¢— OEF—— -¢YOE EqOn.s

Wherew is theunloadedchord lineaxial displacement of a curved bimetallic stapa
function of a temperature differential- Y.

0 &0 AP ;YWY AT X wereall defined previously.

ThusEgn.11 provideshe unloadedhord lineaxial displacemend of the free end of a
pre-curved bimetallic stp, subjected to uniform heating is fourd by knowing initial
arc lengtho , the initial radius of curvatur¥ , and evaluating, as provided by the
Timoshenko formulalt is important to note theEqn8 is for the free end point chord
line displacement of a praurved bimetallic strip that is h@ubjected to anexternal

axial load.
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Chapter 3 Theory and Simulation
3.2  General Integration Geometry for Evaluation of the Cadigliano

To enabl e the eval ua tHgahoff (2010), ICisfsst negdsarya n o 6 s
to find a relationship betweetas a function of angle- Fig.3-3 shows an arc portion

which is part of a true circle, with a chord liaé equal in length to chord length

which was described in the previous section. It should be noted that the chaad line

for this segment does naecessarilycoincide with the circle centre liney the circle

diameterand that it is a relatively shallow arc.

Fig.3-3 Generalgeometry of a strip foy as a function oR, dand~.
From Fig3-3, it can be seen that vertical lind equates to lengttbwhich is given by:
w Ti Qe Egn.9
Using Catia Dassault (2014 in the design sketcher environment, a relationship was
established that links angle to angle—and totalangle¥ . This relationship was tested
for a variety of values of aft janglg handanglg hand was found tbold true for all
values tested that in general:
' —— Egn.10
wherel is the angle between ling and theab axis.
A relationship between link and angle—is now required.

From Fig3-3, the general chord line lengthto b was peviously described biength
0 CcYi "Gt ;therefore equally, for chord line length, over arclengthp, the chord
lengthWEanbewritten as:

T ¢Yi Q& Egn.1ll
From the standard trigonometric identity for kaifgles relationshipsDavies (1982

ORd  -(cos2x) andising O Ed ATe®® p
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Chapter 3 Theory and Simulation

It can be shown that by rearrangement and substitwiitnco - that

i Q& —_— Eqnil2
Squaring each side, and multiplying each side by

20 Q& p wé-, and by multiplying both sidesby ¢'Y the expression
becomest’Y i "Q¢- Y p ®£48

If + 1Y i Q& ,thisbecomest =¢Y p wé-+

or t <Y p Q&+ Eqni3

where R is the radius oturvature ofthe segment of arp subtended by anglein
radians.
Substituting equations Eqn.10 and Eqn.iit® Egn9, therefore:

w NcY p wé+ .sin(— Eqgn.14
which presents the genegarpendicular height ordinateto arcu as a functiorkR and
angles—and 8
Similarly:

w WY p AT©S .cos(— Eqgn.15

wherew is the generatlistancealong the chor@dbto they perpendicular.
and —is the anglef the sector whicintersectghey perpendicular.

¥ is the total angle of the arc lengih8

R is thegenerakadius of curvature of the arc
It should be noted that Edd. and Eqn.5 areequations thahave been proven to hold
true for all radii of curvaturend not just for shallow arcs and thus aesv general

formulee.
Thewvariable just derived, is dependent only on the andle$and radiusk, and is

used i n t he next section t o evaluat e

deflection relationships of th@e-curved bimetallic strip.
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Chapter 3 Theory and Simulation
3.3 Cast i gTheoaemeD@rvation using Simple Bending Theory

Casti gl i arooliramsg dise eferednto bidibbeler (2009, is used for the
evaluation of thedeflection of the preurved lmetallic beansubjected t@xial loading
along the chord line. The deflection is along the line of action of the applied external
force. Because the chord line of the arc does not coincide wittiaheeter of a circle
theintegration becomes mooemplexthan for integratinghe full semk-circle quadrant

loading case.
The following asumptionsvere made

1 The bimetallic strip behaves the same as a solid curved beam of a single material
under bending.

T The bi met aradius of cisvature i3 dagye as compared with the total
thickness of the strip ratio of 100:1 or greater, is assumed

1 As a result of the high ratio of curvaturetihe strip cross section, the cross section

stresses are considered negligible and onlypémeling strain is significant.
TheCastigliano energy theorem states that: —  likewise — —
Where | is the deflection as a result of foreelong the line of action d?.
— is the angular deflection as a result of a monie®t

—h— are the partial derivatigeof the internal strain energyof the systermwith

respect td® andd 8

For a linear elastic systerwhere Hookd law applies Freudenberger (20Q9for any
curved beam using the established relationship: arc = radius x angle (in radians), thus
S=R38

whereSis the arc length of thieeam.

R is the radius of curvatar

—is the angle subtending lendth

From the welrecognised and established simple bending thegugation

- - —,justusing the lastwo terms,re-arranging - — and considering small
elementsand substitutingls = R3— or — Y then
— — ; andre-arranginghis becomes’Q— —Qi

Manipulating the partial fractions-h— to obtain—
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Chapter 3 Theory and Simulation

— —2z— or — =27 and considering small displacements and elements

andQ-hre-arrangingthis becomes:

d = —2z'Q—then substituting fo2— —'Q i derived previously,
which becomesy — 2z —'Qi tidying up and integrating both sides,
. Q1 —, —02zQi after integrating both  sides this becomes:
1 —., — & &i Eqnl6 Hibbeler (200§ (Wright, 2013
Thisisthegeer al f orm of Ca s tfordeflactmmimb@ansener gy t h

When substitutindg- for P. Eqn.16 provides the general deflectianof a beam for an

applied load~, assumingel is constant along the entire length of beam.

where E is the Modulus othe beam materighverage of twdimetallic stris.

| is the Moment of inertia of the beam section
— is thepatrtial derivative oM to applied loadr in the direction of

the load.
M is the applied moment to the beam.
ds isthe incremental element along the beam.

1 is thedeflection due to applied ford¢e in direction of that load.

3.4  Application of Castigliano Theorem toobtain L oadedDisplacement

In Fig.3-4, the bimetallic strip is assumed to haaein plane rotational degrees of

freedom at each end, and is externally loaded along the chorthylifierce F. The

general Castiglian@xpression previouslgerived is used tovaluate thechord line

deflectiori as a result of the axial load for€e A free body diagram of the bending

moment at any sectiandistance along the chord line,asownFig. 3-5. From the free

body diagram, the moment equation necessary for the atialuof the integral of
Castiglianods formula is obtained.Fisst shou
along the chord line of an arc of a circle ti®tot necessarily at the diameter of a

circle, thus the need for deing the generaly vs. —relationshippreviously
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Chapter 3 Theory and Simulation

Fig.3-4 Geometry of bimetallic strip subjected to axial load F

Fig.3-5 Freebody diagram of the curved strip under external load F.

From Fig3-5, the equilibrium momeri¥l equals;0  "Go
For any circle, arc = radius x angleonsidering the section gt "Y ‘Yz —and thus

by ratio it follows, for a small eleme®i RQ—

Taking the partial derivativef themoment, — «

Thus; —.  — & &i is substituted with— ©; 0 "@wo; and Qi RQ+—
to become:

1 — . B '@ 8YA2 —and therchanging the length of bealm in terms ofangle of
arc d;

This reduces tp —_, ® ‘Q-and remembering &t the general relationship pfas
a function ofA T CHwhsderived previouslyi.e.;

w NcY p Gé+ .sin(—

Therefore the integral becomes:
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Chapter 3 Theory and Simulation

1 — Y p 0OE+dQE— Q—
Simplifying the integral and rarranging:
1 —, p W&+ 8 QE—  EQn.17
After integrating Eq.17, Eqnl8 is the ambient temperatumeflection formula as a

function of F, R, E, | AT 3\ ReplacingYoungs modulusk of a homogenous beam

with the average value in a bimetallic stitp, thus:

) - Eqgn.18

where

1 is the total splacementdue to load-, in the direction ofF

'O is the averaged modulus of both metals of the bimetallic strip

F isan externally applied axial loadong the chord line.

| is theMoment of Inertia of section of strip

R is the radius of curvature of the bimetallic saipambient temperature

0 j is the total arc length of the bimetallic strip

¥ —I total angle of the entire arc lengih.

By re-arranging Eqri8in terms off, two values of force can be obtained.
The equilibrium force to maintain the displaced radius of curvature aatbient

temperature is given by

O Eqn.19

where'O is the equilibrium force atisplacemerit 8See Fig. 6

All other variablesverepreviously stated.

The forcedeveloped by pre-curved bimetallic strip subjected to heating is obtained as

a function of the displacemetit whichwasprovidedearlier As this force is developed

by the heating of the bimetallic stripnd is a function of a temperature difference, the
radius of curvature used must reflect the change in temperature from the ambient, thus
here R must be replaced by £ Also note that for the force as a function of
temperaturew replace$ in thetemperature induced force expression.

Thus:

O Eqn20
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whereO is the temperature induced force generated by the bimetallic strip.
@ was evaluated by Timoshengeeviously

Y s the radius of curvature from heating above ambient temperature.
1 —'_ total angle of the entire arc lengih due to'Y .

It is important to note that the displacements for Egiand Eqgn. @ areobtainedfrom

the precurved position. The preurved geometry of the bimetallic strip is definedaas
bimetallic strip that ispermanently deformed into a radius of curvature equal to

with anangle subtending the atcdenoted by . Thecorrespondinghord length is
equal to) , see Fig. 3. A further point to note is that the ambient displaced radius of
curvatue R changes in value froflY as it is displaced by the distarice In later
sections new formulae are introduced that compensate for the change in radius of
curvature as a function of displaceme@For this reasonthe Castiglianoderived
formulae of Egn.19s only applicable and useful for relatively small displacements of

18

Fig.3-6 Force vs. displacement geometrynfr@precurved position
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Chapter 3 Theory and Simulation
3.5 Net Loaded Osplacement- Combined Heating and Loading Case

To find the net loaded displacement of the strip when being subjected to uniform
heating requires the application of the principle of superposition. The derivation of the

axial force versus deflection by tharved bimetallic strip is dependent on the following
assumptions:

1 the curved bimetallic strip is freely pivoted at both ends, i.e. not a cantilever beam

1 the strip is uniformly heated along its total length

1 the radius of curvature of the strip is véayge when compared to its thickness

T the stripbs r a di uapprorirhatelgcicular ahroughaut thee mai n s

heating process

By the principle of superposition, the bimetallic strip is considered to be subjected
independently to an external force, and then to an applied heat load. By the
superposition mechanism, both loading effects are added to produce the effects of the
combina loading case. From this case, it is possible to ascertain the net loaded
displacemenkX of the strip whilst being subjected to combined heating and an applied
loadF.

In Fig.3-7 at positiond, the initial unheated pr®rmed curved strip is shown.

At postion 2, the strip is loaded by an external forég,and the strip deflects by a
distancé .

At position3, heat is uniformly added to the strip and it extends to distance

At position 4, the loadeddistancé , is subtracted from distan@e , to obtain the net
loaded displacemenX. DisplacemeniX is the result of a combined lodfland heat
applied to the strip.

See Fig3-7 for the superposition geometry:
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Fig.3-7 Net displacemenX of strip loaded by forcé & heating combind

Thus for any eernally applied static load Fthe net loaded displacement X for any
temperature  differential Y'Y experenced by the strip is given by:
O 0w Eqn.21

Rewriting the full expression to include all the terms, thus:

W ¢ — i Q&—— -¢Yi Q&e— - —
Eqn.22

where® is thenet displacement from initi@mbientposition) .

For any application oEqn. 2, it is normal to know initial values off /® RO, I,

| ol E¥°YR hfrom whichother valuesuch as and 'Y can be calculated.

Therefore using Eqn. 2, it is possible to evaluate the net loaded displacemenita

curved bimetallic strip subjected to a combined axial [@aed a heat differential equal

to ("Y "Y).

A simulation of the formulae derivad provided in Chapter 4, section 4.1
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3.6  Calculation of the Permissible Displacement ofa Pre-curved Strip

In order to preventhe overstraining of a precurved bimetallic strip when axially
loaded and deflectedlong its chord linecalculation to determine theafe chordine
displacement is required. Thalue of the permissible displacement is trexmmum the
strip can be displacedlong its chord line without causing plastic or permanent
deformation damage to the striphe derivationtakes the form of two partshe first
partestabliskesthe safe chord line displacemenmt when compressing thaitially flat
andnearlystraight bimetallic stripto form a shallow arc of a large radius of curvature
see Figure3-8 casel. The second part of the derivation, case 2, is the maximum

permissible displacement from the quaérved position.
Case 1

The @asumptionfor case 1is that the bimetallic stripsivery thin witha high ratio of
length to thicknesgreater than 100:1Case lassumes thahe strip isslightly pre
curved with a very large radius of curvattwethickness ratio, again 100:1 or ovEhis
initial configuration therefore, it a case for applying Eulisr Munday (1982
buckling equationfor instability of slender caimns. With the application of farce O,
the strip isinclinedto bend into an arc of a circleér . Thefirst derivationfor case 1,
enables thealculation of theamount of displacement that the strip can lspldced tp
i.e., , before reaching the elastic limit of theaterial of thestrip.

For case 1, the bending fronearly flat is shown in Figure3-8, at 1, from simple

bending theory

- - — shown previously, using the first two terms thus:
Y — Eqgn.23
where

Y is theradius of curvature limited by the permissible stress of the bimetallic strip
and is taken from an initially flat straight strip.
" Is the permissible bending stress as specified by the bimetallic strip manufacture. This

stress value is normally supplibgl the manufacture of the bimetallic strip.
@ - wheret is the total thickness of the bimetallic strip.

O the average value of Youngds modul us of
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Flat bimetallic strip A, Curved bimetallic strip
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Fig.3-8 Permissible bending as a fuion of chord line displacement

Previously thegenerakhord length of preurved strip was givehy:
0 cVi & —
Thereforewriting the chord length in terms of permissible bending stress

Hence: 0 — { & — thus:

@ o — i & — Eqn.24 case 1l

Here the assumption is that 0 , that is the flat length of strip equals the arc
lengtho .

Eqn.2, case levaluates the permissible displacementthat avoids over stressing
the bimetallic strip as it forms into a radius of curvature equé¥ to coming from an

initially, near straight, bimetallic strip.

Case 2

The second derivatigrtase 2assumes that the bimetallic strip is alrepgymanently
formed into a radius of curvatuié after having been worked plastically to achieve the
pre-curved condition(see Figure3-8, case?). Starting from the preurved radius of

curvatureY and applying a chord lineorce"O which is reactedtahe fixed end of the
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strip by'Y , the secondformula establishes the maximum safe displacemenfrom

the precurved state, before reaching theld point of he material.

For the secondtase where the maximum chord line displacement is required from a
pre-curved bimetallic strip, it is necessary to use the initial theoretical bend from flat,
stress limited radius of curvatur®¥ , as the starting poirfor the bend fronthe pre-
curved condition.

It is important to note thahere are two entirely different expressions that can be used

to obtain the new radius of curvatuyegrhe firstformulahas been previously stated in

the subtraction form, i.&Y =~ —— from shown in an earliesection

For the new radius of curvatureY hlimited by permissiblethe stressis given by:
Y —— Egn.25

Equation25 is formed by adding the reciprocals of the radii of curvatimes

'Y = — —. Itis important to note that Ing-arranging the order arglibtracting the

reciprocalsas stateearlier a larger radius of curvature from the initi¥lh can also be

obtained, ie—= — — or
Y — Eqn26

where

Y is the new stress limited radius of curvature as a result of an axial extension.
Eqn.3 is used if thedirection of the applied forcéO was reversed, i.e. extending the
pre-curved bimetallicstrip by distancew along the chord line axis.

The secondnethodto evaluateY is more complicated since it requirtee evaluation
of additional intermediatéormulae as a functin of the geometry of the strithe
second method is included as verificatadrihe first methodsee Fig.20.
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Ra

Fig.3-9 Geometry for the evaluation &f as functon of'Y and’Y

The secondnethod relies on the fact that the arc geometry formed as a function of the
stress limited radius of curvatui¥, , is the maximum bend geometry that can safely
be achieved within the elastic limits of the material, this stasedpreviouslyin an
earlier section Therefore onsideringpabc in Fig.39, angle— h given thatY was

evaluated previous)yhus:
- OAT —) Eqn.27

whereQ Y p Al ©— andd ¢Y OE+—.
Hence angle- s the stress limited angle as a functionYof.
Likewise angle- can be expressed as:
-~ OAT —) whereitfollowsthatQ Y p Al -6 and
0 ¢YOE-4+ wasshown previously.
The new angle- is obtained by adding the stress limited angleto — 8
Thus: — =— +-—
It can be shown that in general  — in radians.
Thus the new radius of curvatuse

Y =—— EQn.28

where:
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— as per Eqr27.

— h as peishown earlier

— is thegenerainternal angle to the chord height from chord line axis.
o hhas been stated previously.

Either Eqn.3 or Eqn28 can be used for the value & hbut Eqn. % is quicker to se
since there arkess equations to evaluate on the way.

A simulation and verification of the formulae lfmivs in Chapter 4, section 4.2.

3.7 Moadificationto Young 6 s Modul us for Bimetallic Stri

Timoshenkoin the derivation of the bimetallic bend radius formula, assumes that the
Young6s modulus of a bimetallic strip iIs teé
of each metal making up the strip.
This is a fair assumption if each thickness of strip is equalrevgr 36 = 0.2mnthick
and Copper = 0.2mm thick. However if the two metals within the strip are of different
thicknesses, a more accurate way of accessingadinedYyoungos modul us o
bimetallic strip must take into account the value of each Youwmg modul us combi
with the thickness of each strip as a ratio.
Llet 0 O 0 the sum of the thicknesses of the bimetallic strip
and o is the thickness of the Invar 36 side

0 is the thickness of the other mating material side

O ist he Youngo6s mo3bubtal of thedtrip,while | nvar

O ist he Youn g dthe otherdnatdl of the sirip.

Then by thickness ratio :
O —0O0 -0 Egn.=29

whereOi s the ratio modified combined Youngos
Note thatbecause Invar 36 possesses a very low coefficient of liheanalexpansion

as compared with atither engineering materials, it is predominantly used as one half of
virtually all industrially produced bimetallic stripsince per degree change of
temperature, it affords the best bimetatlendingperformance.

The other material that is commonly mateith the Invar 36is Nickel steel.
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3.8 An Immediate Bimetallic Radius of Curvature Formula

An alternative formula has been derived to enable a close prediction of the radius of
curvature of a thin bimetallic strip that at its initial ambient temperaisif®th flat and
straight, but at above ambient temperatimems into an arc of a circl&he formula
enables the evaluation of the radius of curvature of the strip as a function of heating or
cooling. A formula for calculating the radius of curvatureadbimetallic strip already
exists, and was produced Bymoshenko The formula by Timoshenko has been
vigorously proven, tried and tested and acceptedthers Krulevitch P (1998, Prasad

(1993, the Thermostatic Metal handbqoldhlig (2007 and the Kanthal handbook
Kanthal (2002The formub introduced by tisi work, closely approximates to the
Timoshenko formula for equal thicknesses of the two mating metals within the
bimeallic. The disadvantages dimoshenkd® $ormula are that itequires many sub
calculationdn its application and also requiresthe Yogrd s modul us of t he
making up the bimetallic stripo enable its evaluation. The formelaut forwardin this
sectionareboth simple and quick to use, making it more immediatbe evaluatiorof

the radius of curvature as a function of tenapére changeFor the correlation of the
new formul a, Ti moshenkobés formula is wused
upcoming simulation an excellent correlation was shown to exist between the
Timoshenko generated values and the valreted by the meformula from this
section. The limitations of the simplifiedheory proposed here atbat one metal
making up the bimetallic strip requires a very low coefficient of linear thermal
expansion, e.g. Invar 36, and that both metals are of equal thickmess36 enables

the besbendperformance per degree change when coupled with any ertlgéreering

metal in the bimetallic stripand thushis theoryis relevant and useful for the majority

of applications.

When a bimetallic strip is uniformly heatedong its entire length, it will bend or
deform into an arc of a circle with a radius of curvature, the value of which, is
dependent on the geometry and metal components making up the strip. As will be seen
later on, the nature of the bend as a functioneaiperature dnge from ambienis

characteristically asymptotic.

For the derivationFig. 3-10 shows a bimetallic strip in two states of heating, at dtate
at ambient temperature, the strip will be flat with no discernible radius of cunRture

At state 2, uniformly distributed heating will cause the strip to form into a radius of
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curvature. Note that has a numerically higher coefficient of linear thermal expansion
and thus naturally wants to extend further than the sideg wiifhe clash betwen the
amounts that each metal can freely extésalls to internal stresses, forces badding

moments at the material interface, resulting in the bending as shotatet

At ambient temperature T,

%2 State 1

Above ambient|temperature T,

State 2

!

Fig.3-10 Bimetallic strip in two states aff thermal conditions

The derivation is based upon the amalgamation of two well established formulae, with
the addition of new correction relationships that are a combination of the mtros,
and quotients of the coefficient of linear expansion of the metals.
Where possible, the nomenclature employed in the Timoshenko formula will be used in
the new formula.
It is commonly known that the internal force developed within a metal bar by heating or
cooling, can be written as follows:

O | "% O Egn.30
where O is theforce(N)

U is the coefficient of lineathermalexpansion of the metai— .

T is the temperature change of the metal from ambi€nt (

0 is the crosssectional area of the bax( ).

E s the Youngs modulus of the material of the baf)(
Egn.3 can be rawritten in terms of the stressince,, —
Thus the internal stress due to heating: | w"O

By substitution oo - where yis assumed to be the distance fromnbetal

interface to the outer edge, this is also equal to half the total thickness of the bimetallic
strip.
Page66



Chapter 3 Theory and Simulation

From the simple bending equation - — substituting and rarranging using the

first two terms othe simple bending equation, thus ;
v
whereR is the radius of curvature of the bimetallic strip to the bimetallic joint center
line (mm).
t is the total thickness of the batallic strip(mm).

with | —— the average coefficient of linear expansion of both metais

Thus
Y —— Eqn.31
> e

>
This is a first ordeequivalent estimate of the radius of curvature of the strip as a
function of change in temperatutet approximates to the Timoshenko formula. See
Fig.3-11 for the results of plotting the new formula with the same data, next to the
Timoshenko formulaThe Timoshenko formula is the continous line, and the new

theory is shown as the dotted curved.

—pvT

+ R(1st Order) vT

Radius of Curvature (m)
w

0 50 100 150 200 250 300 350 400 450 500
AT (°C)

Fig.3-11 Comparison opresent study with Timoshenko formula

The simple derivation resulting Bgn.31 and shown in Fi@-11, provides a rough or
first order estimate of the radius of curvature as a function of temperature change in the

strip. It slould be noted that although this isfiest order approximation to the
Page67



Chapter 3 Theory and Simulation

Timoshenko formula, the accuratgndsto improve as the temperature increases, or as
the expression becomes moasymptotic Furthermore, the nature the first order
derivation, closes resembles the Timoshenko formula and follows a similar trajectory,
that of an asymptotic curve.

Using a simliar approach to Timoshenko in the original Timoshenko derivatibiere

the ratios of the thicknesses of the metals and the sum of the thicknesses in the metals,
play an influential part of the derivation. In the derivation put forward here, the ratios of
the coefficients of lineathermal expansions, sum and differences are used as a
correction factor with similar effect that ultimately modifies the first order expression to

a close approximation of the Timoshenko formula. The rationale for using the
coefficients of lineathermalexpansions to correct the first order curve, is based upon
the fact that in this derivation, the thicknesses of the two constitute metals are assumed
equal for reasons explained earlier.

From Fig3-11, it can be seen that thadius of curvature of the approximate cuR/gs

slightly larger numericallythan the Timoshenko line. Thus a useful correction factor
needs to multiplyR by a number slightly less thamne Introducing a proportional
correction factor reduces the valfeR to a close approximation of Timoshenka

Thus letting® — and%. p this provides an initial lowering dr.

and also letting’ | | hand — — be the proportional difference in the
coefficients of lineathermalexpansions, then the proportional correction influence on
Ris:

° = —— Eqn.32
Eqn32 is a very effective modifier when multiplied by tBgn.3l see Fig3-12 for the
close approximatiory .

At the same time, the correction must take into account the rapid change of curvature in
the lower temperature range of°20to 80C. A further correction factor is achieved if
the ratios of the sums and difences are considered, thus letting:

I — and — combining the ratios.

Thus I — which expandstd ——

Combining and rarranging and reducing, thus:

Il Eqn.33
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Chapter 3 Theory and Simulation

The first order expression fof was independently multiplied by correction factors, or
coefficientsl D« , the results were plotted in F8g12, which shows the region of the

relationship that possesses the greatest rate of change of radius of curvature against
change in temperature.

From Fig3-12, it can be seen that the most effective modifier is wikenmultiplied by

» , which is shown as the cur¢ , and thatl only slightly improves on the first order

derivation curve, this is shown in Fig 12 as the curvéy g

However, wherR, Eqn.3L, is multiplied by both correction factodsiQ« , the resulting

curveisam |l most perfect fit to TiXpsheRve'¥0obs f or

set of plotted points.

—pvsT

- =RxvsT

-==R _vsT
@ S

® RwsT

Radius of Curvature (m)

AT (°Q)

Fig.3-12 Influenceof the correction coefficients on R

Therefore adding derived componentshl fto Eqn.3L enhances the accuracytofthat
of Timoshenko. Thus the radius of curvatB@s a function of temperature is given by:
Y —F- Eqn.34
FromEqQn.34, it can be seen that in this derivation, there is no requirement toE&now
the Youngds modulus of the two separate met
Also Eqn.34 can be also be expressast
Y —F—- Eqn.35

Theabsence of Y& mtgtldisshearydochavingiegual thicknesses of the
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metals making up the bimetallic strgnd for a close approximation to Timoshenko, the
ratio of the values of jto| , mustbeverylarge. This is thease when one metal is

Invar 36 with a very low, [thus for good results, you need to ensure|thdt |
Thus if ——  this need only be calculated once for any strip as it will be a

constant, and finally the formula reduces to just;
Y — Eqn.36
wheret is the total thickness of the bimetallic strip)(
w ¥ the change in temperature of the strip from ambfe@t)(
R is the radius of curvature of the strip)(
is the correction factorshl hmultipliedby | | (°C).

A simulation comparison tdimoshenkos provided inChapter 4, section 4.3.

3.9 Bimetallic Arc Endpoint Locus Prediction

In addition to the derivation of the theory for the chord line force and displacement case,
this research alsdooks at establishing relationships and formulae to enable the
prediction of the free endpoint of a prerved bimetallic strip as a function of uniform
heating. In this case, the bimetallic strip is fixed against displacement and rotation at
one end of th strip whilst the other end is free to move, see Fi§.3This work is
useful for applications whereby the bimetallic strip is used to touch a sensor in a

switching circuit as a function of reaching a specific temperature.

Y

Ilhotll

Free end

llcoldﬂ

— T ———

- =i \\\ 3

Fixed end K-

End point
Path

Fig.3-13 X, y,position of heated bimetallic strip
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Chapter 3 Theory and Simulation

This section enables therivation ofrelationshipghat prediction of the free end point

position of a bimetallic strip as a function of heating frdm ambient.The output

relationships are defined in terms of a Cartesian coordinate sisge®14 showfree

e n d p cad as esciibed within a Cartesian axis systenx I8y y coordinates and

endpoi nt Aoo is rigidly k&yasd.functombofe r el at i

which is a function of the Timoshenko temperature bending formula

0y,
Ah "hot"
" %
e // A
4 = ye h
i / — v
lf v 0 / \\\d
Gl g T | 5
% 7_R/c X
¢ /
b
Lo
LC

Fig3-14End point fAada¥ as function of

From Fig3-14, t wo isosceles triangles exist, &0 a l
angles up to 180°¢ pymahd ¢ — p Y.1iThe third relationship is

20 1 8

The previous equation can beaeanged in terms gf w1 J — and similarly can

bere-arranged interms of wmJ- .

Substituting this becomes:

Angle » 2o Eqn.37
By substituting the following equations- — and ] — this becomes:
P Eqn.38
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Chapter 3 Theory and Simulation

And thus finally:
w 0 cos— — ) Eqn.39

w 0 sin— — ) Egn40

where 0 0 isthe arc length of the curved bimetallic strip in (mm).
Y is theambientradius of curvature stated previously and initially known.

Y is the hot radius of curvature calated by Timoshenko equation.
and where0) ¢Y OE{+— was defined earlier.
When rearranged, Eqn.42 can be expressed in term¥ of

Thus: Y - Egn.41

The newY formula evaluates the hot radius of curvatasefunction of the cold radius
of curvatureY when the length of are and the angle of.. are already known. The
geometry and formula introduced predict the unloaded free end of -auqwexd

bimetallic strip, however to be more practical as tnbf or switching mechanism, the

loaded case is later describedhie nextsection
3.10 Spatial Prediction of a Bimetal Strip under Combined Loading

The preceding casef section 3, enable the prediction of the free end of the pre

curved bimetallic strip as a function of temperature change from ambient. The output of

the calculation was the x andcgordinates of the end point of the free end of the strip.
Although this will facilitate the position of the end the of the strip quite accurately, if

the function of the free endpoint of the strip is to activate a rswtitch or other

tripping device, then the reaction load from the swackripping devicemust be taken

into account.Therefae it is important to be able to evaluate the net loaded spatial
positionof the end of the strip;iVhen the endpoint of the bimetallic strip is loaded by an
external force, the strip will behave ass@aight beam and bed accordingly.The

following theory describes the combined loading case whereby thecyed

bi metal l i c 0t rainpd iiss ffirxeeedd seotFigl@bMndiallathe poi nt
ambient radius of curvature ¥, and as the strip is uniformly heated along its entire

arc length i t wi || straighten up as wshadawna pirheov!
radius of curvaturéy . With the applicatiorof an externally applied lod® exerting a

force in an orientatiothat is perpendicular to the radius of curvatifédithe grip will
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Chapter 3 Theory and Simulation

bend back downwards in accordance with simple beam bending theory. The deflection
from pooitna f@iochmandgies t he r aditu¥. Toodbsergeur vat ur
the elastic properties of the strip under loading, simple bending the@mployed to

evaluate the maximum deflection of tbervedbeamalongfioad. Beamifioa0b i s bei ng
subjected to force vectdd that is acting upon the displaced stferpendiculato its

chord linefioad, see Fig.3L5.

From the simple bending equatidhe radius of curvature of a flat bimetallic strip is
given as:

Y =—— EQn.42

where:

Y is the bend from flat as a result of applied input fo@zg

Ois the averaged Youngds Modulus of both m
| is the second moment of area of the strip.

"O is the normal force to the chord line of the strip 88d OO E[T .

and angleg @ ——.
"Ois the applied input I oad, normal to the

0 2'Y OE4+— chord length of hot free strip defined earlier.

hot " Free Displacement"
hot "Free End"

of strip
= subjected to
P external load

on end of strip
arc lengths

all equal

--------
-
e

cold " Fixed End"
of strip

cold " Free End"
of strip

Fig.3-15 Combined loading case of fixed prarved bimetallic strip
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Chapter 3 Theory and Simulation

It is important to note thaty is the bend from flat as a function of a normal @as
considered to be applied to a straight, flat strip.

But the loadOis applied to a preurved beam with radius of curvatubé hthus a
modifier is required to find the radius of curvatu¥e which is the loaded radius of
curvature from the already poeirved hot stripY .

The modified radius of curvatur® is found by adding the reciprocals of the bend

from flatY , to the bend from hot radius of curvatue;

Thusfrom earlier. Y —— EQqn.43
Eqgn. 8 is the radius of curvature as a function of external T@adee Fig.3L5.

As shown previously in thehord line case, as in this case, it is very possible to breach
the elastic limit of the bimetallic strip by applying an external load that exceeds the
permissible bending stress of the strip.

It is normal to get the permissible bending stress value fost mass produced

bi metallic stri p THemostatictMeta handbownd thecKanthal e 6 s
handbook

Assume that, is the maximum permissible bend stress value as supplied by the
manufacturer.

The maximum radius of curvature from a flaipstimited by stress is defined as:

Y =— Eqgn.44
Eqn. 48 is similar to Eqgn. 46, but here, the radius of curvature is stress limited.

The stress value evakea as a function of the applied lo&l is given by:

” —— Eqgn.45
where- equals half the thickness of the strip, all other values have been stated.

If as a function of the applied lod®hthe calculated value af , hthe
manufacturer recommended permissible stress value, then the strip under the external
load™Owill remain within the elastic limit region, or within the limit of prapionality,

as defined bBrgudeHbergr @S | aw

Therefore ifY , the radius of curvature as a function of the maximum permissible
bending stress, is substituted fér, then the stress limited radiu$ curvature’Y

from the hot free positioty can be calculated.

Therefore :
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Y —— Eqn.46
Eqgn.46 enables the calculation of the maximum radius of curvature limited by stress
from the precurved radius of curvaturey 8
If as a function of an external lo&hthe radius of curvatur®’ < 'Y , then the strip
has deformed into a radius @irvature tighter than the permissible limited stress radius
of curvature'Y . In this case, the strip could exceed the elastic limit of the strip, thus
becoming permanently deformed at radius of curvavure
Eqn.% calculates the combined loadingse whereby the prirved bimetallic strip is
heated and strai ghhttemes furpe e oh oetiy dthepdbis unst  oAif
externally loadedy loadO that bendghe end point back down to poifiio. The net
loaded, or displaced radia$ curvatureY is thenused to find thex andy ordinates as

shown previously for the unloaded case.

A check between the calculated strgsszoming from the applied loa®, and the
recommended stress level by the manufacturemust be pdormed to ensure that the
applied load and its associated stress level stays within the elastic limits of the

bimetallic strip.

Note if the condition, , for an applied loadingOhthen a possible non elastic
event may occur, resulting in a permanently deformed strip. If the stresses are higher
than the recommend values, the geometry of the strip can be modified to reduce the
stresses to within the elastic limit of the bimetallicenial.

The new cbrd length as a function o¥ jis given by:
0 2Y OE+—  Eqgn.47

The net loadegosition of the end of the strip at pofns given by:

w 0 cos~— —) Egn.48

w O0sin— —) Eqgn.49
where:
@ Qw are the spatidCartesian ordinates of the end of a loadedcpreed bimetallic
strip that is subjected to combined heating and external loading.
'YHY 0 50 were all defined earlier.
A simulation verification of the formulae is providedChapter 4, section 4.5.
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3.11 An Alternative Force vs. Dispacement Theory to Castigliano Theorem

The new formulae and relationships introduced in this section are concernedpngth
curved bimetallic strip that is applied with a force in an agra&@ntation, that isalong

its chord line. A bimetallic strip loaded in this specific orientatiexhibits nonlinear
force displacement characteristics. For thin bimetallic strips, whereby the radius of
curvature is large compared to the thickness ofsthp, the norinearity tends to be
tangent relatedThe formula put forward in thisectionenables the evaluation of large
chord line displacements but is limited to the permissible stress limits of the material.
This work can also be directly applie thin shallow arc beams of a single
homogeneoumaterial.

The formulae derived in this secti@ame aimed at providingn alternative method of
evaluatingthe force displacement in the shallanc beamThere are other traditional
methods of evaluatinthe chord line force deflection in thin beamsgh as covered by
Timoshenko (1946and traditionalEulerBernoulli beam theoryBauchau and Craig
(2009. Additionally, numerical methodscan be used that use tlimite element
mechaism as discussed W§inyanjui (2007. For the chord line displacement of apre
curved beam, Castigliano second energy theorem, accordidglhitberg. T (2004 can

be used for shallow arcs, but only for small displacements, due to the inherent

limitations of the simple bending theasmgsumeadvithin its integration.

The underlying gometry of the preurved bimetallic strip is shown in Figl®, where

the three important radii of curvature are defined. It should be noted that all three arcs
are the same length .

The derivation in the following section facilitates the calculatadnthe radius of
curvature to displacement relationship that is crucial in evaluating the force

displacement formula shown in later sections.
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Chapter 3 Theory and Simulation

Fig.3-16 Definingforcedisplacemengeometry

Castigliano theorerthat wasmentionedpreviously,enables the calculations of force vs
displacement, but is limited to small displacementslimm or 2mm This section
introduces a mechanism that can cope witkchlarger displacementsind enables an
accurate prediction of the forces when Horear displacements are found.

From before, thgeneral chord lengtpreviously defined in this work as:

0 CYi Q&

where: L is the chord length (mm).
R is the radius of curvature (mm)
d is the angle subtending the portion of arc A over distar{cadian).
By using the established relationship: arc = radius x angle (in radiafs},R ahd

substituting ford -, angled can beeliminated and the length of a chokdas a

function of arc lengthA and radius of curvatur® can be obtainedDenoting the
lengths by suffixesc and d :
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Thus; 0 Cc¢YOEH
Andthus; 0 c¢YOE —

wherel is the initial precurved ambient chord length in (mm).
0 is the displaced chord length in (mm) as a function of an externally applieB.load

From Fig.3-16, it follows thatco 0 0 similarly defined previously.

Wherew is the displacement from the initial positionas a result of an applied lo&d

(N).

For the evaluation of théorce vsdisplacement relationship, the relationship between
displaced radius of curvatué and displacemenb first needs to be estidhed.

Combining the formulae and by substitution
0 ® C¢YOE — Eqn.50
But what isactuallyrequired is'Y as function ofw , which is the no#inear influence

on the force displacement relationship. Fr&gn50, it can be seen that it is not

possible to explicitly expres¥ as a function ofo 8 TheeO E +— cterm can be

expanded in the Taylor series:

The genergpublishedrule for a sine expansion using Taylor series is published as:

[ O B° ra Eqn.51 Abramowitz (1963
And thus applying fow
i 0w — — — Eqn.52 Abramowitz (1964

Now substituting— into w and expanding until the 4th term, this becomes:

b @ Y (— ——+

z z

—) EQgn.53

Terms larger than to the 4th term are ignored due to a negligible change in the accuracy
of the solution for this application.

Using the substitution gf — into Egn. 53 then simplifying and rearrangingt

becomes:

[

[

[ —— =0 Egn.54

z z z

Eqn54is a cubic equation of the general form :
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o @  ® Q=0 Egn.55
Eqn 67can be solved by finding the discriminant and coefficients in the equation.
The discriminant for a cubic equation is generally published as :
Y phpohdadnQ Odw 16w ¢ WQ Eqn.56 Weisstein (2014

Wherea, b, c, dare the coefficients and are equal to:

w ——— Eqn.57
©® —— Eqn.58
O — Eqn.59
Q ——— Eqgn.60

In this particular caseve have the condition th& mwhich means that the equation
has only one real root and also two complex conjugate roots. Due taadhyaiure of
the results required, only the real root has significance imefpgiredsolution of the

equation.
The roots of theequation in terms of the coefficientan be solved by the published

general formula for solving cubic equations:

r o vy  Egn.6l
N y ¥y v
where 0w @ — Eqn.62
with Y ® o0® Eqn.63

Y @ whooc Rp'Q Eqn.64
and Yy 1y cRY Eqn.65

And the three cube roots unity are therefore:

Eqn.66

. , n .,
0o pNno ; 0

with 'Q pltlo substituted int&Eqn61.
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From experimental test calculations the rpotis the realroot that best fits the

application requirement3.hus from the earlier substitutionfof — into Eqn53, by

simple rearrangement in terms of radius of curvature; thus

Y P Eqn.67

A simulation folows in the Chapter 4, sectidnb.

3.12 Time vs. Displacementl heory

The time vs. displacement relationship of a singlegomyed bimetallic strip that is
subject to uniform heatings described in this section. It should be noted that the
derivation involves many supporting formulae that would best be programmed into an
electronic spread sheet such as Microsoft Exidet. fabricated bimetallic strip casélw

be considered since it encompasses the bespoke bimetallic strip.

Assumptions:

1) Initial heat flow to the internal face of the strip i3y the forcedconvection
mechanisrmormal to the chal line of the bimetallic strip, but acts normal to the
surface oimaterial side 1.

2) Boundary layer interactions of the directed heat flovo time internal surface of the
bimetallic strip are ignored.

3) The internalsufaceof material side 19f the precurved bimetallic strip is entirely
uniformly heated.

4) Unimpeded condttion of the heat flowirom the first internal material side of the
bimetallic to the second outer matetial

5) Arc length of the strip is assumed to be at the material intérface

6) A one dimensional heat flow analysis is considered, with all other dinsctio

ignored.?

! this may not fully occur in fabricated bimetalbtrip due to minute air gapsising from manufacturing
defects, however in bespoke bimetallic strip with interstitial atomic bonding at the material interface, full
heatflow can be assumed.

2 this may not be the case when the thicknesses of the two metalg veide but can be assumed for
minute variations of metal thicknesses of a few percent difference.

% The accuracy of the theory could be improved, if a two dimensional theory is derived, see further work
in chapter 7.
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7) The heating of the bimetallic strip is constant irrespective of the radius of curvature
of the strip.
8) Assuming no heat losses to the surroundings.

A one dimensional representation and conditions of the model are shown i Fig.3
Previously, a simpler approximate way of defining the radius of curvature as a function

a temperature change in a bimetallic strip was given by:
Y —, where —— , t = thickness of stripp “Ytemperature change.

The previously state® equationwill be used in the upcoming time vs. displacement
derivation. Previousl\R as af(w “Ywas obtained so now what is required ig "ds a
f(0 , wheret is time.
Newtonds | aw of heating and Fourierdés one
used to formulate the temperature vs. time equation.
Using Newtondés | aw of heating or <cooling a
strip and assuming that the surfamfematerial is impeded by forced convective heat
flow "O against side 1, see FigZB.
B & ®Y4 (J) Eqn.68
Where:
g Iisthe energy required to raise the temperature in a body with miass

&l is the change dEmperature between hot and cold states,"iYe: "Y).

@ is the specific heat capacity of the materiak— .

"O is the forced convective hot air flow to the surface of material side 1,se€lFig.3
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Material Side 2 Material Side 1

»
Gy Py Vy LyyCpa @y Py Vp by Cor

Initial form Heat flow direction

Second form after heating
at time = 0 sec. AA 4

to time = x sec.

A

[

F, F, F, Pre-curved Bimetallic strip

R Rk

c

a ~ Uniform heating ﬁ
- started at time = 0 sec. \

L

/]

v

Fig.3-17 Time vs displacement geometry and conditions

The second expression that i s used i s

equation.
0 ‘®Z— Egn.69

where :

~

U is the power consumed to heat throagbaA to depthd mm.
k is the thermal conductivity of the materiak— .

A is the crosssectional area of the heat flow through the body, .

0 is the depth of the body being heated (mm).

"YR'Y temperatures hot and cdldespectively () 8

Y4 Y Y isthe change in temperature across a discrete thickness of metal.

From EQn68, the energy required for each metal within the bimetallic strip can be
evaluated, thus:

B & w Y4 is the energy required to heat material side 1 of the bimetallic strip.
A & @ Y4 isthe energy required to heat material side 2 of the bimetallic strip.

The total energy to heat the combined bimetallic strip is thus:

n n n (J) Ean70

“ Cold means at ambient temperature, hot means a temperature above ambient.
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Since power is defined as work divided by time, thus Eqr69 can be rewritten in

terms of time with the individual energies for each material of the strip.

Hence from Fourier, thitme can be extracted for each individual material side, thus:

Y — Eqn.71

and also:

0 —_— Eqn.72
Thus the total time to heat through the bimetallic strip is:

o] 0 o] (s) Eqn73

The powe consumed by heating the strip is given by:

V] (W) Eqn.74
Now substitutingfoiY — i n Newt onds equati on:
Thus : Y (mm) Eqn.75

Eqgn.75 provides the bend from flat of a straight bimetallic strip as a function of time
that is also a function of temperature change and the physical variables of the metal.

Notethat the average specific heat capacity value is used.

As previously shown, if the starting or gi@med radius of curvature 1%, then the

strip will form into the new hot radius of curvature by using the aforementioned

relationship: 2 —— which then enables the hot chord length calculation. Thus

from before) ¢Y OET— andd ¢Y OE T that yields the displacement

relationship as stated befote: 0 0 . The difference now, is that the distance of
chordline extensiorw his now a function of time as well as a function of heating.
The symbols used in the specific derivations are as follows:

Geometric considerations of material side 1, similar notation for material side 2

0 00 0 andthusa VI
where:
0 is the volume of metal on material side 1.
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0 is the thickness of the material side 1 of the bimetallic strip.

" is the density of the material side 1 of the bimetallic strip.

| is the coefficient of linear thermal expansion of thaterial side 1 of the bimetallic

strip.

a is the mass of theaterial side 1 of the bimetallic strip.

U is the width of the bimetallic strip.

0 is the arc length of the strip along the mnialel and 2 interface.

0 total time to heat through the bimetallic strip.

0 is the time for the heat to penetrate through material side 1 and reach the material
interface with material side&

& is the specific heat capacity of thterial side 1 forming the bimetallic strip.

Similar variables exist for material side 2, without repeating in terms of side 2.

For material side 2, at time = 0 secs.,’Y = ambient temperature. For material side 1
attimeod =0 secs,’Y = ambient temperature. As heat is applied as showigi-17,

a temperature gradient must exist between the outside face of material side 1 that the
heating is applied to, and the interface of material side 1 with material side 2. After
0 seconds, et from material side 1 is transferred to material side 2. After a further;

0 seconds, the temperature of material side 2, assuming no losses, will equal material
side 1.After 0 seconds,a homogenous or steady state temperature in the entire
bimetallic strip has been reached. It is important to note, that although the bimetallic
strip may be at a homogenous temperature, the bending actually starts prior to the
steady state temperature being reached.

For the arrangement as shown in F#jZ3 the coefficient of linear thermal expansion

|, eg. Copper,is numerically higher than Hnvar 36. The ideal conditions for
bending occur during the transient heating phase wihérally, only material side 1

has increased in temperature, and thus the largest heat temperature differential will
exist. In very thin bimetallic strip, the response to heating is almost instantaneous, or
within a few seconds. The best performance imseof rate of bending or changing
shape of a bimetallic strip can be obtained when the Invar side is kept cool and the other
side e.g. Copper is heated ufhe theory put forward herés used in the time vs
displacement correlation that appliedin the evaluations showim Chapter 6 section

6.39.
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CHAPTER 4 Verification of Theory and Simulation

Summary

This chapter verifies the theory by simulatieshniques. Random sample calculations
are part of the simulation techniques.
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4.1 Net Loaded Osplacement- Verification

The theoy of the combined loading casé section 3.5 was subjected to the following
simulation:

The bimetallic strip used in theegeration of the theoretical daita Fig4-1 was as
follows:

Bimetallic strip lengtho = 80mm thickness of stript = 0.4 mm,0.2mmfor each
metal in the strip.

Radius of curvaturat ambient temperatur® 1 1 4.

Average YounrOg o xNBp at wldu s

Moment of Inertia™O ¢ oJp T &

Steel;FeNi20 Mnécoefficient of linear thermal expansiod ¢ ™@p 1 0.

Invar; Fe64Ni36 coefficient of linear thermal expansiod p& Wp 1 F08

From Fig4-1 it can be seen th#tie temperature induced loaded displacements are non
linear in nature, and for a temperature of X0fland an external load of 1.6N, the net

displacemenkX is approximately 5.2mm.
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Fig.4-1 Net loaded displacemeRtof bimetallic strip
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4.2 Permissible Displacement Verification

A simulation proofof the permissible displacemenbw follows to demonstrate that
Y

is equal toY =

The followingdata was used for the simulation:
Y vnananNd prmap maano pxOntKk c¢mm- DA

Note: values folD and A are for a bespoke bimetallic strip from page 47 of the
Thermostatic handbodkhlig (2007).

The evaluation was ;Y — =175 mm the bend from flat value.
Y —— =38.89 mm the stress limited bend frofi8
For the second methdd was evaluated as follows:

QY p AlH— =7.09mm and ¢Y OE+— =98.64mm

And thus: — A1 —) =0.143 radians

Q Yp AlS =2298mm and C¢YOE4+ = 84.15mm
Hence — OA1T —) =0.5radians

Therefore adding- and—- : thus — =— +— =0.643 radians

Using the general relationship — re-arranging and substituting

Finally as shown earlier, with the alternative formila= ——— = 38.89 mm

Therefore the two formulae are equivalent expressions.
Summary of values evaluated in the simulation:

Starting values:

Y vdanNd pmatdp maanN0 pxOontKk c¢mm- DA
Q 2298 mmp 84.15mm] 0.5 radians

Displaced values:

Y 175 mm ;'Y 38.89 mm Q 7.094 mm D 98.64 mm

1 T 1 @dians] 0.643 radians
Page87



Chapter 4 Verification of Theory and Simulation

From the simulation it can be observed that the maximum chord line displacement of
the end of the strip, limited by permissible bending stressiwas 0 p 8 W 4.
An important new relationship was established that by adding teenat angles-

+— of the arc geometry, the maximum stress related angleould be evaluated.

Because the arc lengtli a precurved bimetallic strip must physically remain the same
irrespective of the radius of curvature change, then dtieetoature of the variability,
consideration must be given to the possible various radiuses of curvature sizes to arc
length sizes. It is important to note that valuéYoimay be impossible to obtain if the
radius of curvature is smaller than the radfi curvature equal to the diameter.

If 'Y O then’Y Y and'Y can be used as the maximum radius of curvature
limited by stress.

lf'Y ©O and’Y Y andif the minimum radius of curvature to maintain the arc
length is compromised, then the minimum radius of curvature must be eqi¥al to

where
Y — is the full radius of a circle of arc lengbh.

Hence it is importario validate thatY Y  before using the new formulae, and if
Y Y ,then’Y must be substituted fOr .
Thusreferring backo case 2, the chord line displacement that avoids overstressing the

pre-curvedbimetallic strip is given by:
w ¢cYi & — cY i & — case 2
Case Zprovides the maximum displacement of the free end of @ymeed bimetallic

strip of radiusY hto form a tighter radius of curvatuié, without the stripbecoming

overstained that could result in the strip becoming permayeeformed.

where:

Y is the radius of cuature modified and limited byy

Y is the permissible stress limited radius of curvature.

Y is the permanently prormed radius of curvature at ambient temperature.
, IS the permissible stress value from the bimetallic strip manufacturer.

t, 0 h'O hwereall defined earlier.
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Chapter 4 Verification of Theory and Simulation

For both calculation cases, the values¥6HChd are knowny equals the thickness
of the strip -, and the value fathe permissible stregscan be found from bimetallic

strip Thermostatic Metal handbook

Using: SBC206L bimetallic strip as the datum strip, two separate calonlat
simulations were performed. The data for the simulation was taken from the
Thermostat Metal handbookUhlig (2007, page 48. The calculations provide the
permissible displacemendi as a function of radius of curvatude and also as a
function of arc lengtid .

For the calculation the following values were used:

O =80mm;y=02mm©O© =175GPa; ¢ nmd Q'Y Yua

From the data suppliet¥ was calculated to equal 0.175m. Remembering that this
radius of curvature is from mearlyflat straight bimetallic stripand is constant faihe
particular bimetallic strip under consideration.

Figure4-2 shows the results of plotting as a funtion of Y .

Thus iftheradius of curvature for the bimetallic strip¥s Tt &ffor an arc length

0 = 80mm, the recommended operational chord line displacement should be up to 3.6
mm. In practice it may be possible to deflect further, but ther¢hieal maximum is
advised to prevent the strip from becoming overstrained.

From Fig4-3 it can be seen that as the radius of curvature increasess itdecomes
flatter, the less the preurved bimetallic strip can safely be displaced. The oppasite i
true in the other extreme, as the bimetallic tends to become closer to-eirséamin

shape, the further it can safely be deflected.

Thus for a radius of curvatu® v 1 @, the safe chord line displacement increases
by 5.114mm.

The second calculath bears out the argument just stated Fsg@&-12.

Here the displacemendi is plotted against arc length, with a constant radius of
curvatureY 1 &. In this case, as the arc lengths increases, large displacements are
possible before reaching the stress limited displacement.

In summary, fom thisresearchgenerdy it can be stated that as the radius of curvature
tends to become more round, andseloto the serrircle in shapeor as the arc length
increasesthe greater the chord line displacement can be obtained before reaching the

permissible stress limit of the material.
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Chapter 4 Verification of Theory and Simulation

Once the permissible displacement curves for a specific bimetallic strip have been
generated usinghe formulae providedit is possible to ensure that any intermediate
specific arc length, or foany radius of curvature that is proposed in a design, for that
design, the maximum safe chord line displacement caedzkaff the curves as shown

in Fig4-2 or Fig4-3. The calculation ofw prevents the strip under operating
conditions from becomingverstrained or in a worst case permanently deformed as a

result of a chord line overload.
4.3 Immediate Radius ofCurvature Formula-Verification

For the proof of the correlation between the new formula proposed ires@archand

Ti moshenkob6s original formula, two separate
The first simulation simulation set 1was based around a bespoke Bimetallic strip

SBC2061 from Shivalik; 10€nmlong x Gnmwide x 0.4nmthick , these were the

starting values of the first simulation

For the generation of comparison data, paramé¥ré 1 A were varied in the
simulation;0=0.4, 0.8, 1.2, 1.6, 2,8, 8 and 10mm being the total thickness of sttip.

should be noted that in mostpplications of bimetallic strip, the total thickness is

usually quite thin, up to 1mm thick for switching applications see bimetallic handbook

Kanthal (2002

For simuétion set 1, the following data was assumed;

The strip thickness was varied from 0.4mm thick to 10mm thick.

O =213—; Youngd6s modulus of Steel side of

O =145 —; Youngbés modulus of Invar side of

| = coefficient of lineathermalexpansion for Steel side of the strip.

| = 8 coefficient of lineathermalexpansion for Invar 36 side of the strip.

0f bothequald o o total thickness of the strip.
Y =20°C assumed ambient temperature constant throughout the simulation.
Y Input variable temperature °C.

Y'Y change in temperatur&’Y “Y Y in°C.
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Chapter 4 Verification of Theory and Simulation

= radius of curvature evaluated ttne Timoshenko formuldm).
R= radius of curvature evaluated the proposed new formul@m).

For the second simulation, simulation set 2, a combination of different materials within
the bimetallic strip, and alsa variety of thicknesses of strip were used. It should be
noted that the material combinations put forward in the second simulation may not be
practical for the manufacture of bimetallic strip by modern mass production methods of
cold pressure rolling, buhey can be produced by other, older fabrication methods such
as by riveting the two metals together.

For the simulation set 2, the mixtures of bimetallic materials have been selected in a
random fashion to test the robustness of the new formula.

Note that Invar 36 is used as the common mating material since it possesses a very low
coefficient of linear thermal expansion as compared with all other engineering
materials For both simulations the ambient temperature is assumed =20 °C.
Timoshenko andhe new formula proposed hekeereused to generatibe data values

of 7 andR respectivelyfor both simulations.

The radii of curvature were plotted against the change of temperature for each thickness
of bimetallic strip, see Fig-4 for the results of the simulation set 1 on bespoke

bimetallic strip, and see FigB7 until Fig. 322 for simulation set 2.

== pvT 0.4mm
= R vT 0.4mm
====p v T 0.8mm

¢ Rv T 0.8mm

pv T 12Zmm
+ Rv T 1.2mm
—=pv T 1.6mm

4 Rv T 1lL6mm

= Rv T 2mm
== pv T 4mm
# Rv T 4mm

===-p v T 6mm

Radius of Curvature (m)

¢+ Rv T 6mm
—=pv T 8mm
= Rv T 8mm
----- p v T 10mm

‘a * Rv T10mm
H

450

Fig.4-4 Timoshenkdehaviour of Bimetallic accuracy for varioMd
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Chapter 4 Verification of Theory and Simulation

From Fig.4-4 it is evident that for thel53 overall data points from simulation set 1,
yielding ninedifferent thicknesses of the strip, an excellent correlation between the two
formulae has resulted.

From si mul at i46 to 4-80ecomp&ing the isig diffiérent materials types
and thickness combinations yielding 66 data points, a very goodllogereelation
between the new formula and Timoshenko was shown to exist.

From the analysis of the results from the nine data tables generated from simulation 1,
the overall average error was 0.64%.

The break down in average error for each thickness svesdlaws:

0.4mm thick = 0.9927 average 0.73%.

0.8mm thick = 0.9938 average 0.62%.

1.2mm thick = 0.9949 average 0.51%.

1.6mm thick = 0.9936 average 0.64%.

2.0 mm thick = 0.9912 average 0.88%.

4.0mm thick = 0.9938 average 0.62%.

6.0mm thick = 0.9960 avera@e40%

8.0mm thick = 0.994@verage 0.60%

10mm thick = 0.994@verage 0.60%

The errors shown are the deviation from the Timoshenko formula in each case.

From the breakdown of average error it is evident that the error fluctuates slightly as a
function of the thickness of the strip. The maximum fluctuation of error lies between the
2mm thick and 6mm thick test strips, was only 0.48%.

From simulation set,zhe error breakdown was as follows:

0.508mm thick = 0.899 average 1.01% Invar vs. Aluminium

0.6mm thick = 1.054 average 0.54% Invar vs. Nickel Silver

1.3mm thick = 0.925 average 0.75% Invar vs. Brass

1.6mm thick = 1.158 averagel.58f%ar vs. Mild Steel

2.6mm thick = 0.956 average 0.4%var vs. Copper

0.8mm thick = 0.948 average 0.528%ar vs. St. Steel

The maximum fluctuation of error of the function was 1.18% which occurred between
the 1.6mm and 2.6mm simulation data. It should be noted thatettend test was
simultaneously subjecting the formula to all changes of the data, i.e. different

thicknesses, different Youngdés modul us,
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Chapter 4 Verification of Theory and Simulation

The average error in simulation set 2 was 0.8% and the maximum fiaotearor was

1.18%.

From simulation set 1 the average error was 0.62% anchdxenum fluctuation error

was 0.48%.

The derivation has shown, and the correlation of the new formula to the Timoshenko
formula has proven, t h ats fot dach metal Withia the o f Yo
bimetallic strip are not required in the evaluation of the new formula. This is very useful
since it is not always quick and easy to fi
value as used in the Timoshenko formula, takdse aver age of both Yo
which can only be an approximation at best. It should also be noted that this work
assumes that Youngds modulus for a bimetall
metals making up the strip, as per the originaldshenko formula.

The results prove an acceptable overall maximum error of 1.18%, and an overall
average error of 0.64%hus it has been demonstrated that the formula put forward here

can be a useful, quick, easier alternative to Broenk odés radi us of <cur
for very close estimates of the radius of curvature as a function of temperature change.
Furthermore, it has been shown that the new formula works without the requirement of
first Kknowi ng t he Y oetals withis thentontetallicistripoMostt he t w
usefully, the formula presented in this work can be evaluated without the need of an

el ectronic spread sheet or program as i S I ¢

formula, but can be easily used on a hand balculator at a fraction of the time.
4.4 Bimetallic Arc Endpoint prediction - Verification

For the verification of the formulae proposed in section 3.@atda 2D geometry

simulation check now follows and the screenshot of the output is shown4rilHig.
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hot straightening | 53.849 ,
bimetallic strip

straightening up
locus of points

55°

76.847

93.904

cold pre-curved

. . . bimetallic stri
Catia Simulation Fornula Check RCRe TR

Fig4-11 Catiasmulationformulacheckscreenshot
The simulation was performed as follows:
Y for each locus point was calculated using Timoshenko heat induced radius of
curvature formula, which was modified as previously shown.
The geometry was modified to accord to tevalue and the endpoint of straightening
bimetallic strip was recorded liyserting a point at each value ¢f8
For the simulation, the arc lengbh 100mm, the bimetallistrip with an ambient
/coldinitial radius of curvaturevas:'Y o @ T q.
Taking one random sample pofmbm the Catia simulated locus of points, tiaglius of
curvatureextracted was
Y Y@ ppa
Thus fromthe calculationthe values were:
0 ¢YOE+ =93.904mm
@ 0 cosE — — )=53.849 mm and from the formulaco v & QP&

W 0 sin— — )=76.847mm and from the formulacww x @ g

The discrepancy between the formula and@h&asimulationas shown in Figd-11is
because of the approximate method of generating the locus path in Catia. It should be

noted that the initial radiugf curvature of the bimetallic strip used in the simulation is
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virtually equal to the sentircle in this case, which for any sefircle, the radius of
curvature is:

Radius of curvature of a circle whehee radius is half the diameter is given by
Y —, which equalled 31.83mm. The simulation use@ ™ & due to

the limitations of Catia to provide an absolutely perfect vertical point inkbtlser
environment The simulation shown in Fi4r1l1l was repeated for othgroints in the

locus and a good correlation between the theory an€Htesimulation was achieved.

4.5 Spatial Endpoint Prediction Verification

To verify the new spatial prediction eafions put forward in sectid® 10, this section

validates the theorlyy a simulation.

It is normal practice to program the formulae into an electronic spread sheet so that the
iterative process can zero in on a working solution that satisfies the combaaiglo

and stress requirements.

For the validation of the new forrae, the following simulationto evaluag¢ the

following design criteria was performed:

Constraints :

Using bespoke bimetallic strBCG-206-1 Shivalik (2013 with the following data:

Loaded by 0.35N applied load to the end of thequred bimetallic strip that is being

subjected to 150°C artie ambient temperature is 25°C. The limiting stress is 200MPa

as defined by Shivalik.

The bimetallic strip geometry is as follows:

100mm long by 5mm wide by 0.4mm thick.

Initial radius of curvatur@ cu i 8

Arc lengthd = 100mm
0=213GPa ; Young6 modulus of the steel withi
O= 145 GPa ; Youngé modulus of the Invar

t = 0.4mm thick equal thickness for the two metals within the strip.

| = 8 coefficient of linear thermal expansion of the steel.

8

coefficient of linear thermal expansion of the Invar 36.

The object of the calculations is to firtle net displacemend and U ordinate

positions.
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0i i 6ano Q¢ e

The bimetallic strip is heated uniformly along its entire length, and is rigidly fixed at

one enab,, e@mdAaimst di splacement and rotation.
Applying Timoshenko formula to find the fbe
From the simulation calculation:

Change in temperature = 126.

" = 135.85 mm bend from flat provided by the Timoshenko formula.

Thus: 2 —— free hot radius of curvature.

2 =47.15mm.

. YRy is

? — — — = 21.0872 angle tochord line supportin@

@ X & x | | free x ordinate position.

U ¢ &mi | freey ordinate position.

The values just worked out, evalostotvre t he f
previously This is the starting position from which the loaded displacement is
calculated.

Applying the 0.35N force which simulates a possible switch activation load;

Thus & =0.35N

1 — =2.1208 radians.

Therefore 1 —=10.5103 rad.
And 'O "OOErT =0.17094 N

From the manufacturey, ¢ Tat ) apermissible stress limit.
Thus
Y =—— =179 mmthis is the maximum bend radius that can be tolerated to meet the

stress limit requirement.
The bending stress from the applied loadQif , —— = 1.0549x p mPa or
105.49 MPa, which is under the limit of 200MPa.

Therefore the load applied to the bimetallic strip in the hot orientation is acceptable

from a stress viewpoint.

Y =—— =2339.37 mm bend from flat as a function of normal foexe
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Chapter 4 Verification of Theory and Simulation

Note here thalr is a tighter radius of curvature thaxi which means thaty which

is bending from an initially flat condition, is not bending as acutely as the stress limited
Y value, meaning that the bend of the strip due to an external load is less than the
critical stress limited radius of curvatuye.

Using'Y to find the displaced radius of curvatuhe
Y —— =41.395mm modified radius ofirvature due to applied force.

Note that the initial cold radius of curvature veas o v | &and that under heating
the radius of curvature flattened 20 = 47.15mm, but under external loading was

reduced backttY 1 @ wd.
Thus the net loaded positi of the loaded endpoint is:

0 2°Y OE+— =77.39mm, the new chord line length.

Thus the net loaded Cartesian coordinate positions under combined heating and external

loading is :
®w 0 cosE— — ) =7552mm
w O0sin— —)=16.94mm

See Fig.27 for the graphical depiction of the results of ¢h&ulation

As introduced, the method enables the calculation of loaded special position of the free
end of aprecurved bimetallic strip when subjected to a combined heating and an
externally applied load.

Care must be taken not to exceed the bending stress values as supplied by the
manufacturer. It should be noted that the free radius of curvatusaly requires the
calculation up to the point where the load is applied. From the calculation with a change
in temperature ofl25 C, the bimetallic strip freely straightened up from an initial
ambient radius of 35mm to 47.15mm at 180 The 0.35N loadeduced the radius of
curvature back down to 41.395 misee Fig.412. It should also be noted that if the
applied load had exceeded the permissible bending stresses as advised by the
manufacturer, the geometry of the strip would need to be changed tchmewsiut load

requirements.
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76.771mm
R 41395

unloaded hot radius

R47.15
/ / of curvature

loaded hot radius
of curvature

29611lmm

16.943mm

ambient radius
of curvature

75.52mm

£9.29

77.397

82,284

Fig.4-12 Catiaverificationsketch of the combined loading case

By lengthening the strip, the stresses can be reduced, also by increasing the cross
sectional area of the strip, and lastly, by changing the initial radius of curvature, this can
also reduce the stresses.

Summary of calculation results

Unloaded spatigbosition of end point.

@ X & x I I from Timoshenko bending

U ca@pll
... =21.09°
Change in temperature = 125

From 0.35N loading

Pagel02



Chapter 4 Verification of Theory and Simulation

Loaded spatial position of end point.

@ 7552nm netloaded position

@  16.943 mm net loadedosition

Thus the loaaf 0.35 N reduces the free end of the bimetallic strip from a height of
29.611 mm to 16.943mm, a change of 12.668mm. The horizontal length reduces back
by just by 1.25mm.

Formulae for the evaluation of the combined timgpand loading of a preurved
bimetallic strip wereverified in this section. Permissible stress limited equations were
introduced to enable the user to evaluate the safe loading conditions to prevent the

bimetallic strip from becoming over strained daoean external load.
4.6 Alternative Force vs. DispacementVerification

The above equations were programmed intcEaoel spread sheet and the formulae
were found to hold true foa whole range of values and possible combinations of
parameters. Catia V5 R19 solid modelling softwddassault (2014 was used to
exhaustivelytest the values which accorded to the theory with a very high degree of
accuacy. It should be noted that the Catia part modeller sketcher environment was set
to 8 decimal places of accuracy for the testing of the new theory.

The following values were drawn in Catia showing the initial radius of curvature:
Y 1 1ua.

Thelength for both arcs wa p TaTa 8

Thedisplaced distance inputted was &8 o p p @ T&

A comparison of accuracy of the formulae was made between the output values shown
in Fig. 330and the values calculated by the Excel program, see Zable

For the purpose of evaluating the displaced chord line léngtlY is made to equal
'Y ;thus'Y Y and so from previously ¢Y OE —

0 is the modified chord length as a functioriYofwhich is a function ofo 8
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. R34.25859010

R 40.00Q000000

68.08760465mm

75.91876955.

Fig.4-13 Catia sketcher verification ofo 0 i'Y accuracy

Table2 Excel program evaluating 0 i'Y formulae

Excel Program

Arc length Ab 100

Initial Radius of curvature Rc 40

Initial angle - C 2.5

Initial chord length Lc 75.9187695

Displaced distance xd 7.8311649

chord height at mid chord span hc 27.3871
Program
variable a 3.100198.4
variable b -52083.333
variable C 416.6666667
variable d -0.319124
variable 04) -2.46412E+14
variable (00]0) -1162574400
variable pl 2.40E+14
variable Ca 62700.534
variable -1 0.000852042
variable Rv 34.2585901

The relationships just derived, enables the accommodation of thdinaan

displacement characteristics by modifying the initial radius of curvatute reflect the
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changed radius of curvatui¢ as a function of displacemeant8'Y is used to evaluate
the force displacement equation.

Using the formulae just derived'Y L i® curve was plotted out using the following
initial conditions

0 pmamda arclemth
Y p mata initial radius of curvature of the arc

The results of the calculation are shown in &gl which clearlyindicatesthe
nonlinear relationship.

100
920
80
70
60
50
40
30
20
10

Ry (mm)

0 S 10 15 20 25 30 35

Xy (mm)

Fig.4-14 Nortlinear relationship of the curvature varying with displacement

The derivation of the force displacement formula is based upon simple bending theory

and the new evaluation &f as a function of displacemeni . The method introduces

aforce™O that is considered to be the equilibrium force required to hold the bimetallic

strip at the initial radius of curvatu® when"O is applied to free end of the flat strip.
The force€'Oyields a momend when multiplied by the distanc®&, The moment in

simple bending terms is:
0 — Eqn.76
Likewise as result of applied foré®
0 — Eqn.77
whered & 0 are bending moments (J)
E is the Youn@g Madulus for the bimetallic strif — , E is the average of both

Youngos fdvbothunktaisswithin the strip.
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| is the second moment of area of the cross section of thecstéip (8
The difference between the two energy state 0 are equated to the ford® x

Thus the displaced force is given by:
0o —- Eqn.78

where’Q can easily be derived using the given geometry, thus
Q —0 we) Eqn.79

But from previouyy @ 0 0 4

ThusEqgn. 82can be witten in terms of displacemedat .

Hence 'O —  E@gn.80 displaced force.

Thus the forcéO is evaluated as a function of the change in moment& 0 divided

by the heightQ which is a function oty , & F) hand arc lengtld 8

Eqn.8 is the force vs displacement equation that overcomes the limitations of simple
bending theory, and small displacements, via the introductiovi e a function of
displacemento jwhich accommodates the nonlinear characteristics of the thin pre
curved bam geometry.

In usingEqns80, it is normal to knowd M) and'Y as the initial precurved conditions

of the bimetallic strip. By inputting a displacementfrom the initial lengthh , O is
evaluated.

In practice the amount of displacementof the precurved bimetallic strip, is limited

to the permissibldendingstresses normally defined by the materiptoperties of the
bimetallic, this wasliscussed earlier

Comparison must be made with Castiwghi anobs
the same data Fr om Castigliarfdods, s+ aréhinig f or mu

possible to derive the force deflection expresspbrEqn.8l. The same Castigliano
starting expressi 0n2avdaSbutinerean dewtretabndhgwasv e Eqn .

used in the integrationp MY p ¢ 4+ . sin (— which was introduced

previously.From this additional relationshipt i s possi bl and®. est abl i
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O Eqn.81

Eqgn.8L is the unmodified quadrant derived formula for a seimule. This Castigliano
derivedexpression cannot cope with shallow arcs, or large displacements, and is only

useful for small displacements of a sesincular arc.

O Eqn.82

EQn.2 i s Castiglianods theorem applied usi ng
integration process, however it is limited to a rearying’Y , and thusit is a linear

expression that does not match wellte test data.

O Eqn.83

Eqgn.8 is the same derivation aBqn.&, except here, the modified radius of
curvatureY replacesY 8 As can be seen fromarlier work thatthe application of the
variable radius of curvature greatly improves the estimation of the force vs displacement
when compared to the fixed radius of curvatr8And lastly, the newly introduced

force displacem& formulathatmost closely matches the test data

O introducedpreviously.

It should be noted that the currdntmula evaluates the compressive deflections as a
function of an externdborce. If the value ofw in the part derivation;Q

is positive,

i.e. Q ———, then the preceding formulae with an inputted extensinableghe

evaluation of an output force to the bimetallic strip along its chord line axis.
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Fig.4-15 Comparison of Castigliano to new force displacement forniGlae

By the principleos uper posi tion in conjunction with
bending equatignEqgn.] it is possible to evaluate the extension force developed by a
precurved bimetallic strip as a function of a temperature differential from ambient
temperature. Thenlown limitations of this theory applies to applications whereby the
thickness of bimetallic strip to radius of curvature ratio is smaller than 1:100 over a
7mm deflection range witlan approximate 5% error

Summarising, a newnethod of obtaining theispgaced radius of curvatuf U i

the displaced distance relationshigs introduced. Thibasresulted in anechanism to
evaluate the nofinearity that limits simple bending theoryithe new'Y U i
relationship was used in the force disgement derivationThe theoretical equations put
forward in the previous sections were programmed into an electronic worksheet and
theoretical values corresponding to test samples were genehatetnparison of the

new force vs. displacement expresgioiCastigliano derived formulae was performed.
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CHAPTER 5 Test Equipment, Sety and TestProcedures

Summary

This chapter outlines the testestequipment, test samples and test procedused in
the overall test methodology.
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51 Introduction

To enable the validation and correlation of theory put forward in chapter t® the
objectives of this investigatioseesectionl.2, acomprehensive test regime was devised
that used both fabricated and bespoke bimetallic strip. The test regicessitated a
mixture of test rigs to cope with the variable loading factors and loading orientations
employed It is important to not¢hat he method ofmountingand loading othe entire

test samplesn the test rigs was iaical. Theoriginal mounting method was beby

coiling both ends of the bimetallic test piece to form a hole so that the test sample could
be held by pins on the testsidoue to the difficulty in producing the coiled ends in the
thicker fabricated test samples, a decision was made to change the mounting method to
that of being simply supportddr all test samplesn all test rigs.

For the bespoke bimetallic test piecdmtwere made fronsBCG-206-1 Shivalik (2013,

the test samples were all 0.4mm thimkd considered light dutyFor the fabricated
bimetallic strip test sampleghe rangevaried from 0.4mm to B5mm thick andthese

were consideredo be heavy duty Because of thaifferent loadinggeneratd by the
bimetallic test piecedespoke test samplegere testedon thetwo lightly loaded test

rigs whilst the fabricated test samples required a more heavy duty test rig to cope with
the forces and loads applied to the rigihe reason for two differertest rigs forthe

lightly loadedbespoke tegtieces, was tamprove the accuracy of the tests by using the
Sauter test rig which wagdught in at a later stage of the testing. The Sauter test rig
was modified to allow for the same mounting and loadiegn the Vertical lift and
Magnetic coupling test riy

The rationale for having two types of bimetallic sti@st samplesone fabricated, one
bespoke,stems from the fact that it is not possible to obtain a variety of different
thicknesseanddifferert material combinationsom bespoke bimetallic strip suppliers.

To enable a wide range of dissimilar metal bimetallic strip @ndatisfy academic
rigour, the fabricationof the test samples was deshthe bestway to provide a large

test data set.The testing of the bespoke bimetallic strip walso deemed necessary
because the majority of bimetallic strip that is saltl usedworldwide is bespoke
bimetallic strigp and the testing also nestto reflect that reality.

Thus the test set comprgsef both fabricated bimetallic strip to test a wide variety of

bimetallic material combinations and thicknesses, and bespoke test sdonpiles
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commercially manufatured type of bimetallic stripHaving both fabricated and
bespoke test samplemsuré that the tests refleetithe majority ¢ bimetallic strip that
is sold, as well as special types with different material combinations.

To cater for both types of method of manufacture of the stppcific test rigs were

designed for the two types of birna#ic test samples.
5.2  Overall TestRegime

The test scheme comprasef a mixture of prefabricated test samples tests and bespoke
test samples tests.

Additionally, as part of the theorgpecificcalculated simulations weperformedn the
Chapter 3.

Table3 Overalltestregime

Type of test Conditions Rig Used Loading Attitude [Type of Bimetallic Strip
Load vs. Displacement Ambient Temperature Magnetic Assembly Horizontal Fabricated Bimetalic Strip
Load vs. Displacement Ambient Temperature Sauter Force Displacemdiorizontal Bespoke Bimetalic Strip
Temperature vs. DisplacementVarying Temperature, No Load |Magnetic Assembly Horizontal Fabricated Bimetalic Strip
Temperature vs. DisplacemenfVarying Temperature, No Load [Sauter Force Displacemdtorizontal Bespoke Bimetalic Strip
Combined Heating and LoadiIlyarying Mass Load & Temperatufdlagnetic Assembly Horizontal Fabricated Bimetalic Strip
Combined Heating and Loadifyarying Mass Load & Temperatuf¥ertical Gravity Vertical Liting ~ [Bespoke Bimetalic Strip
Straightening Test Varying Temperature, No Load |Bench Fixed One End  |Horizontal Bespoke Bimetalic Strip
Time vs. Displacement Temperature Constant, No Load |Magnetic Assembly Horizontal Fabricated Bimetalic Strip

The test scheme was realised by the design and manufactiwe gpecific test rigs
and the modification of a bought in test .ridhe test rigs were designed to
accommodating the test loading conditions that was a function of the type of test, and

the method of manufacture of the test sample.
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5.3 TestMethodology

The tests were arrangesb that each bimetallic test piece was tested to meet the

objectives asspecified insectionl.2. The overall testing order was as follows:

1) Load vs. Displacement

Fabricated test samples on magnetic coupling test rig
Bespoke test samples Sauter forcaedisplacement test rig.

2) Temperature vs. Displacement

Fabricated test samples on magnetic coupling test rig
Bespoke test samples on Sauter fattsplacement test rig.

3) Load vs. Temperature

Fabricated test samples on matic coupling test rig
Bespoke test samples on vertical gravity test rig.

4) Spatial Position of a Preurved Bimetallic strip

Bespoke test samples on Bench fixadst set up

5) Time vs. Displaement test®f a Precurved Bimetallic strip

Fabricated test samples on magnetic coupling test rig

5.4  PermissibleDisplacementValues for TestSamples

To ensure that the test sampigesre not tested beyond their elastic limits as defined
previously by the theory put forward section 36. The application of the theory of
section3.6 was used to evaluate the chord line displacement of theupved test
samples.

It is important to notehat the displacememalues ardor force applied displacement
and not for temperature inded displacemenTemperature inducediluesare inclued

within the load displacememnange of values, since the temperatures that were reached,
were within the Inear elastic properties of materials making up the bimetallic test
pieces.

For the calculation of the fabricated test samples that comprised of both different
materi al types and materi al thicknesses,

introduced insecton 3.7 was used to evaluate a more representative average value. For
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the bespoke bimetallic samples the permissible stress as supplied bgrnthigturer,

Shivalik was used. For the fabricated test samples the yield stress values were obtained
for all the different material types from the online materials information resource
MatWeb (2013 The average yield stress value of both metals making up the fabricated
bimetallic was calculated and used to evaluate the maxirsafa distance of
displacement , see Tablef or val ues of Youngoeoefficiendul us,
of linear thermal expansiqTE) for the fabricated test samples. See Tdbfer the

calculated displacement values

Table4 MatWebvalues for yield stress, Youdgmodulus, CTE .

Material Mix  [Specificaton Thicknesses| Coefficient of LTE |Youngs Modulus|Yield stress
Invar 36 B388-06 2006  |{0.254mm  (1.45x10-6m/mK [141 Gpa 276MPa
Aluminium EN AW 1050A H140.254mm  |21.8 x 10-6m/mK |69 GPa 103MPa
Invar 36 B388-06 2006  [0.3mm 1.45x10-6m/mK |[141 Gpa 276MPa
Nickel Siver BS2870 NS103  (0.3mm 13 x10-6m/mK  [120GPa 324MPa
Invar 36 B388-06 2006  |0.65mm 1.45x10-6m/mK 141 Gpa 276MPa
Brass BS 2870 CZ108 |0.65mm 20.1x10-6m/mK |106GPa 260MPa
Invar 36 B388-06 2006  (0.8mm 1.45x10-6m/mK [141 Gpa 276MPa
Mid Steel BSEN1A 0.8mm 11x10-6m/mK  |195 GPa 205MPa
Invar 36 B388-06 2006  (1.3mm 1.45x10-6m/mK [141 Gpa 276MPa
Copper BS 2879 C106  [1.3mm 16.4 x 10-6m/mK 110 GPa 183MPa
Invar 36 B388-06 2006  (0.4mm 1.45x10-6m/mK [141 Gpa 276MPa
Stainless Steel |AISI BS 304 0.4mm 17.3 x10-6m/mK |200Gpa 215MPa

The values from Tablé were used with the following formulae to evaluate the safe
chord line displacements as shown in Tdble

Fromsection 36
W cYi & — ¢Y i @ — case?2 stress limited displacement.

Supportingequations’Y LIZE; Y —— where, isprovided by Table 5.

All other variables have been stated earlier.

Table5 provides thecalculatedsafe chord line displacemerits each test sample using

case 2 from section 3.7.
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Table5 Maximum displacements for test samples

Vertical gravity test set - bespoke bimetallic strip test samples

SBC206-1

Ab=80mm X

Rc=40mm 6mm

Sauter Force vs Displacement test set - bespoke bimetallic strip test samples

SBC206-1 SBC206-1

Test1 Test 2

Rc=80mm constant X Ab=100mm constant X

Ab=80mm 4mm Rc=50mm 9.5mm

Ab=100mm 7mm Rc=64mm 8.1mm

Ab=120mm 12mm  |Rc=70mm 7.6mm

Ab=140mm 18mm  |Rc=80mm 7.3mm

Ab=160mm 26mm |Rc=84mm 6.6mm

Ab=180mm 35mm

Ab=200mm 45mm

Magnetic Assembly test rig - fabricated bimetalliic strip test samples

Test Num.  Test Sample X Test Num. Test Sample X Test Num.Test Sample X
1 1/SS/0.25/0.25 16mm 7 I/A/0.25/0.2 21mm 13 1/C/0.25/0.3  20mm
2 1/SS/0.5/0.5 7.5mm 8 I/A/0.25/0.5 15mm 14 1/C/0.25/0.6  13mm
3 1/SS/0.25/0.51 9.4mm 9 I/A/0.5/0.5 9.5mm 15 I/C/0.5/0.6  9.5mm
4 1/1SS/0.5/0.7 6.0mm 10 I/A/0.5/0.8 7.9mm 16 I/C/0.5/0.8  8.1mm
5 1/SS/0.75/0.5  6.2mm 11 I/A/0.75/0.5 7.0mm 17 I/C/0.75/0.6  7.4mm
6 1/SS/0.75/0.7  5.1mm 12 I/A/0.75/0.8 6.1mm 18 1/C/0.75/0.8 6.6mm
Test Num.  Test Sample X Test Num. Test Sample X

19 1/B/0.25/0.25  24mm 25 I/N/0.25/0.4 20mm
20 1/B/0.25/0.6 15mm 26 I/N/0.25/0.6 15mm
21 1/B/0.5/0.6 11Imm 27 I/N/0.5/0.6 11mm
22 1/B/0.5/0.73 9.5mm 28 I/IN/0.5/0.74 10mm
23 1/B/0.75/0.6 8.3mm 29 I/N/0.75/0.6 9Imm
24 1/B/0.75/0.76  7.5mm 30 IIN/0.75/0.74  8mm

Key to test samples:

For the fabricated bimetallic strip testmplesa unique identifiewas applied to each

test sample.

For test sample 11/SS/0.25/0.25 , this is an Invar 36Stainless Steel test sample with

both metals equal to 0.25mm thick, its stress limited aégphent was 16mm.

For test sample 11/A/0.75/0.5, this is an Invar 36 Aluminium test sample with Invar

36 =0.75mm thick and Aluminiuns 0.5mm thick its stress limited displacements

7mm.

For test sample 301/N/0.75/0.74, this is amvar 36 - Nickel test sample witlinvar 36

= 0.75mm thickand Nickel = 0.74mm thickis stress limited displacemenas8mm.

The next sections introduce the test rig type, test rig setup and equipment, followed by

the set of test procedures for thest rig.
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5.5  Vertical Gravity TestRigi BespokeTestSamples

aapplied masses

hermocouple

atta ed to strip

3 ~.

a1

Fig.51 Vertical test rig for bespoke prirved bimetallic test samples

The test rig loaded the prairve test samples in the verticdame The rig was made
from aluminium alloywith somegenericplastic parts. The rig enabled ttestingof the

lightly loaded bespokebimetallic strip test sampleg was used in the vertical
orientationin an attempto reducehedry friction o the moving parts. Thegiwas used

toprovidec ombi ned | oading and heating dAlifto te:
5.5.1 Vertical Gravity Test Rig Equipment List T Bespoke &amples

Vertical Test RigCapabilities:

Adjustable zerstop :

Fixed and moving test sample support
Plastic mas carrier

Measurement

300 mm eel rule affixed to the rig.

Magnifying glass to view steel rule graduations
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Heating and cooling

Hot air tunnel comprising of two 200mm bent aluminium sheets positioned to form
20mm wide tunnel of hot air flow.

Bosch Hot Ar Gun; variable heat settings from 50°C to 600 °C in 50°C steps.
Wide nozzle 80mmx 15mm air flow cross section turned vertical for air tunnel
Solex St 4060 Digirhermometer Quarz.

K-Thermocouple (Dual Input) Hanna instruments (UH approved).

Hi 93532 plughermocouple wire.

Cool Air Supply Remington model A6011 220 240V 18502200W, serial no. 09411
SL with 80mm x 8mm cross sectional air flow distributor.

Test Samples

SeeTable5 for vertical gravity test rigamples

Masses used

Griffin and Tatlock Stadard masses 0.5, 2, 5, 10, 20, 50, 100g masses.

All masses were calibrate®very (201) scales.

Sundryequipment

300 mm steelule.
Fisher BrandLaboratory Stands plus adjustable clamps

Paper recording sheets
Casio Scientific calculator F&2A
Pensyarious permanent markers.

MacBook Air with Excel softwarefor recording of data.

5.5.2 Load vs.Temperature Test Procedure- Bespoke amples
Tested on VerticalGravity TestRig:

A thermocouple was centrally attached to the bladehenoutside face of the strip,

protected from the direct air flow.

1) Test samplevas simplymountedverticallyinto test rig as shown in Figl.

2) The zero stop adjusted so that the test sample was under no vertical loading.

3) Ambientand thermecoupletemperaturerecorded

4) A set mass was placed in the yellow plastic tray and vertical downead
displacement wasecorded byneasuring the new position on the ruled scale.

5) Test sample was uniformly heated by hot air gun h6teps.
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6)

7

Steps 1 to 4 were repeated 3 times for all the test samfilesthetemperature
gauge had stabilised, the new lifted positma corresponding temperatuvere
recorded for each 20° C step.

Test samplevasremoved fron rig and checked for roundness against former

5.6  SauterForce DisplacementTestRig i Bespoke @mples

The Sauter force and displacement gaugevag used in thborizontal orientation, see

Fig.5.2. The Sauter test force displacement test rig was purchased as-akiaadig

and modified to provide the same mounting and loading conditions as on the magnetic

coupling and vertical lift test rigs.

This test rig wasnly used to test bespoke bimetallic strip. It was used for force vs.

displacement test samples and for testing temperature vs. displacement test samples. It

had the advantage of a more precise loading and displacement reading over the vertical

gravitytest rig due to its digital readouts.

Thermocouple Test Sample

Sauter Force Gauge
Bespoke Strip £

Simply

Supported : | ‘

Assist - ! ) «— Force
Mount = —_— —— Adjust

Wheel

Wide Air
Spread
Nozzle

Bosch Hot
// Air Gun

Fig.52 Sauterforce displacemertest rig in horizontal orientation
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The Sauter force gauge was operated by a wheel which precisely enabled the accurate
loading of tke test samples and the displacement gauge rectirddisplacements. The
Sauter test rig was limited to 5N and thus wassuitable forthe falysicated bimetallic

test samples that required heavier logd

The disadvantagef this test rig was the limiteloading that could be applied via the

loading wheel.
5.6.1 SauterForce DisplacementEquipment List i BespokeSamples

Sauter Test rigapabilities

Measurement

Variable forcegauge 0.001N to 5N

Displacement gauge: 0.001mm to 150mm

Heating and cooling

BoschHot Air Gun; variable heat settings from 50°C to 600 °C in 50°C steps.

Wide nozzle 80mmx 15mm air flow cross section.

Solex St 4060 Digrhermometer Quarz.

K-Thermocouple (Dual Input) Hanna instruments (UH approved).

Hi 93532 plus thermocouple wire.

Cool Air Supply Remington model AG011 220 240V 18502200W, serial no. 09411
SL with 80mm x 8mm cross sectional air flow distributor.

Test samples

SeeTable5 for Sauter bespoke test samples.

Sundry equipment

Fisher BrandLaboratory Stands plus adjustablamps.

Magnetic Clamp, plus adjustable posts.

Special simply supported test sample moundiadl off to ensure stability during test.
Various light tools and Allen keys, 240v adjustable Spot light

Paper recording sheets

Casio Scientific calculatdx-82A.

Pensandvarious permanent markers.

MacBookAir with Excel softwarefor recording of data.
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5.6.2 Load vs.DisplacementTestProcedurei Bespoke &amples
Tested on Sauter~orce DisplacementT estRig:
1) Test sample mounted into test rig.
2) Forceand displacement gauges set to zero.
3) Ambientand thermocoupleemperaturewererecorded
4) Test sample displaced by the moving Sauter Force /displacement gauge.
5) Force and displacement values recorded until the maximum displaceasent
achieved
6) Ted sample removed from rig and checked for roundness against former.
7) Stepsl to 5 wererepeated for 3 rurisfor all samples in test set.

5.6.3 Temperature vs.DisplacementTesti Bespoke &mples
Tested on Saute~orce DisplacementT estRig:

A thermocouple was centrally attached to the bladehenoutside face of the strip,
protected from the direct air flow.
1) Test samplevas simplymounted into test rig as shown in Eg.
2) Force and displacement gauges set to zero.
3) Ambientand thermecoupletemperaturerecorded
4) Test sampleiniformly heatedy hot air gun, the displacement was recorded
by unwinding the force adjust wheel seg.5-2, at the point where force
gauge was zero.
5) Thermocouple andmbient temperatures and displacement were all recorded.
6) Steps 1 td repeated for all the test set.
7) Test sample removed from rig and checked for rounci®ss previous sets.

5.7 Magnetic Coupling Test Rg 1 Fabricated Samples

This test rig was designed specifically to cater tloe testing ofthe heavy duty
fabricated bimetallic strip test sampleBhe fabricated test samplegere the most

heavily loadedsamples of althe test sample3he advantage of this test rig was that

® Test set 2 only one test run per test sample.
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had acentral moving assembly onagnetic bearings that affordetear frictionless

movement.

Ao a3 oo

I Digital
-b ‘ TestRigB# Caliper

::l

Fig.5-3 Magneticcoupling type test rigused for fabricated test samples

Fig.5-3 shows themagnetic oupling typetest rig All the testing of the fabricated test
sampleswas conducted on this test rignd as the main test rig, was designd, it

possessed a robust aluminigiructure that coped well with the higher loading.

The est rig was designed fahe specific test criteria and the design intent was to
produce a totally frictionless moving fl oa
field, thus offering no frictional load onto the test pieces. Due to certain minor
manufacturing f | avesblycauld hot heeachidvied, buad pamiaf 0 as s
floating or very low friction moving centre was obtaindt.should be noted that the

original design intent was to pin mount the test samples, however @uldcation

issues of the test samples, a simplymarted test sample mounting and loading method

was adopted which was same as on the other test rigs.

The major design requirement for the rig was that the measurement end of the rig
should not be influenced by spurious heat emanating from the testadtthps hot test

end of the rig. This was the rationale for usirgEK as the material for holding the
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bimetallic strip and another reason to stem the heat transfer along the rig by having a
frictionless moving arm that minimideghe heat transfer patithe magnetic coupling

rig also possessed a specially designed heat gate. The heat gate was used to enable time
vs. displacement tests to be performed on the fabricated test samples. This was the only

test rig that it was possible perform the timed tests.

5.7.1 Magnetic Coupling TestEquipment List i Fabricated Samples

The generic test equipment list is as follows:

Test Rig: asnanufactureghown in Fig5-3.

Pulley rope and mass tray weighed 27.5g.

Counterbalance with thin thread weighed 18g.

Measurement

Contact Sensing feedback system including 9V battery and bulb for Digital Calliper.

Electronic Digital Calliper, 0.01lmm accuracy;X50 mm range, zeroing facility.

Solex St 4060 DigThermometer Quarz

K-Thermocouple (Dual Input) Hanna instruments (UHraped)

Hi 93532 plus thermocouple wire

Stopwadch digital,apgdication from Apple IPhone 4S.

Digital height gaugand plate, UH fabrication shop.

Heating and cooling

Hot ar gun i Costet i Mar Equipment Ltd (UH approved). No. 03F13566 Ref:
D200/400v220/240

1100W Temp on 1, 20C, on 2 400C, with Wide nozzle 80mm x 15mm air flow cross

section.

Boschhot air gun; variable heat settgs from 50C to 600°C in 50°C steps.

Cool Air Supply Remington model A6011 220 240V 18502200W, serial no. 09411
SL with 80mm x 8mm crossectional air flow distributor.

Test samples

SeeTable5 for Magnetic coupling test ritpbricated test samples.

Masses used

Griffin and Tatlock Standard masses 0.5, 2, 5, 10, 20,1909 masses.

Additional masses useahdweighed on the UKAvery weighing scales

87.5¢
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281.1g

475.99

560.2¢9

Note: all masses were weighed on weighing soalesy (201)
Test Sample Former used 100mm Bi&0mm thick+/- 0.25mm

Sundry equipment

Fisher BraneLaboratory Stands plus adjustable clamps.

Magnetic Clampplus adjustable posts.

Propan2-OL: code: P/7490/17 Fischer Scientific

300 mmsteel rule.

9V battery, bulb, bulb holder, crocodile clips, electrical wire, black insulation tape.
Various light tools and Allen keys, 2¢(adjustable Spot light

Paper recording sheets

Casio Scientific calculator F&2A.

Pensyarious permanent markers.

MacBook Air with excel for recording of data.

5.7.2 Load vs.DisplacementTestProcedurei Fabricated Samples
Tested onMagneticCoupling TestRig:

1) The test piece was checked for roundness and against a 100mm diameter round
former, therchecked for curvature according to sectol3.

2) The test piece was placed in the test rig, the electronic digital calliper was set
zero,thelight bulb illuminates, with no load applied to the curved bimetallic strip
whilst the massray was supported.

3) The support for the empty tray was then gently removed and the displacement of
the tray was measured on the calliper.

4) Masses were applied to the mass holding tray and the displacement from the zero
point was recorded.

5) Step 4was repeated for sufficient number of recorded points to enable the load vs.
displacement graph for the test piece.

6) After each teghe strip was checked again against the 100mm forméras.
specified in sectioh.13, for any perranent deformation.

7) The after test the condition of the strip was noted.

8) Each load vs. displacement test was repeated three times for every test piece.
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9)

Steps 1 to 6 were repeated for all the test samples.

10) The average of the three test runs for each test piece was plotted in an Excel

spreadsheet.

5.7.3 Temperature vs.DisplacementTestProcedurei Fabricated Samples

Tested onMagneticCoupling TestRig:

A thermocouple wasentrally attached to th@metallic test samplen theoutside face

of the strip protected from the direct amot flow.

1)

2)

3)

4)

5)

6)

7
8)

9)

Each test piece was checked against the 100mm diameter round formas and
specified in sectioh.13

The test piece was loadedanthe test rig with one end against the moving arm
with no external loading, and checked that it was seated correctly on the fixed and
moving arm of the rig.

The el ectronic digital calliper was set
Ambient temperre wasrecorded

Strip temperature as measured by the thermocouple was recorded from the attached
electronic thermometer.

The calliper was backed off approximately 0.5mm from the zero point; the light
bulb was now doff o. Not ed, tepending anctkei n g
permissible displacement value for the test sample.

Uniform heat was applied to the inside surface of the curved strip by a hot air gun.
When contact was made by the moving arm to the fixed calliper as shown by the
light bulb illuminating again, the temperature of the thermocouple and the
displacement from the zero point, were both recorded.

The calliper was b&ed off again and steps 7 andv@re repeated until the strip

provided sufficient points to enable a temperature igplacement graph.

10) The strip was cooled downed to ambient temperature and stef®nkererepeated

for each test piece three of four times depending on strip results obtained.

11) The average of the three or four test runs for each test piece was pl@tteBxnel

spreadsheet.

5.7.4 Load vs.Temperature TestProcedurei Fabricated Samples

1)

Tested onMagneticCoupling TestRig:

The test piece roundness and size against 100mm diameter test former was checked

and as specified in sectidnl3.
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2) The test piece was loaded into the test rig, and checked that it was seated correctly
on the fixed and moving arm of the rig.

3) The thermal couple was checked and thermometer reading the strip temperature
was recorded.

4) The anbient temperature was recorded.

5) The moving arm was moved back to touch the fixed calliper, which was¢hen
zero, upon contact the light bulb came on.

6) A test mass was added to the mass taayg the displacement due to load alone,
was recorded alongith the strip temprature and ambient temperature the light
bulb was now off.

7) Uniform heat was applied to the inside surface of the curved strip by a hot air gun.

8) Upon contact of the moving arm to the fixed callipgmnalled by the illumination
of the light bulb, the temperature and displacement and mass applied were all
recorded.

9) The calliper arm was moved again to record another point.

10) Steps 5 to 11 were repeated until sufficient data had been collected.

11) Ambient temperature was checked again befodeadter each test.

12) All test data was recorded onto test sheets.

13) The average of the three or four test runs for each test piece was plotted in Excel
spreadsheet.

5.7.5 Time vs.DisplacementTestProcedure - Fabricated Samples
Tested onMagneticCoupling TestRig:

Distance constanaipproximately 1mm

The aim of this test was to understand the influence of the bimetal component as a
function of time, and to see how the different material thicknesses and combinations of
materials affected the respse time of strip to displace a short distangpically 1mm

A thermocouple was centrally attached to the blade on the outside face of the strip. An
illuminated touch sensor was used to detect when the movindhadritouched the

calliper arm For this pecific setup see Fig:4.
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Fig.54 Displacement vdime test set up

The empty mass tray was used in this test set.

The test procedure is described below:

1)

2)

3)

4)
5)

6)
7

8)

9)

The test piece roundness was checked against 100mm diameter testafoinasr
specified in sectioh.13.

The test piece was loaded into the test rig, and checked that it was seated correctly
on the fixed and moving centre arm of the rig.

The thermal coupl was checked anibr the thermometer reading the strip, the
temperature was recorded.

The ambient temperature was recorded.

The centre moving arm was moved to touch thedigalliper and was set to zero,
the light bulb was on.

The heat gate was closedprevent heat flow to the test sample.

The Bosch hot air gun was set 3@ (repeat ably set for all test samples).

The calliper scale was moved back from the zero settinghendistance recorded,
the light bulb was now off.

The heat gate waseleasedand the timer started.

10) At the point wherdhe centre arnmadecontact indicated by thdight bulb now

on, the timer was stopped

11) Temperature, distance and timenarecorded.
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12) Steps 2 to 11 were repeated 5 times, for ¢estsample.
5.8 BenchFixedi Clamped One End i BespokeSamples

This was not aspecific test rigout a method of enabling thistraigheningu p tests.

The straightening tests differed fradme chord line displacement agt by the way the
bimetallic strip was constraineds stated previously, the chord line displacement of a
pre-curved bimetallic strip occurs due to the degree of rotational freedom at each end of
the strip.In the straightening test, one end of the bimetallic stagfully constraned
against rotation and displacement, the other end was free to move. In-lis aéien
heatwasapplied to the bimetallic strip, the strip simply straigletup at the free end.

The pre-curved bimetallic strip was clamped parallel towwrk benchsurface.

This set up was only used for the end point locus prediction test fookeebimetallic

strip, see Fig%. To provide a consient heat zone and maintain a temperature
controlledheating environment, special heat shields were empldiyeel.heat kields
enhanced the capability of the set up to maintain a uniformly distributed temperature

within the area.
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-
Famb

Test Samplc\x
Clamped

Fig.55 Bench fixedi clamped one end

5.8.1 BenchFixed TestEquipment List

Test fixture comprising of:

l-wor kshop AGO arsaemp st eel medi u

17 small horizontal adjustable jaw clamp.

200 mm square x 1mm thick sheet aluminium base plate to record locus of data points
during the tests.

200 mm square x 5mm thick aluminium heat stabilisation plate.

2-60mm x 1mm high flheéatshidlde.ped al umi ni um
Test set

4 - Curved bimetallic test samples, tagged as: D64, D80, D100, D128ali8$BC
206-1. Thickness of each metal 0.2mm equal; total thickness = 0.4mm.
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47 Aluminium Round Formers D64, D80, D100, D128 mm nominal diameters.

Heating and cooling

1 - Hanna HI 93530 Krhermocouple Thermometer Digital: Thermocouple: position

Tl. 2-TES1319KType Ther mometer: Ther mocouple: po
1- Solex, Dgi-Thermo ST 4060 Digital Thermometercording ambient temperature.

31 Flexible thermocouple wirgsat hot sensing end, soldered ends of the wires.

Bosch 2.3kW GHG 660 LCD Professional variable flow hot air gaatjustable heat

settings in increments frol0 to 600 °C. Hot air gun outlet flow dimensions: 60mm

long x 15mm wide.

Test Samples

SeeTable5 for Bench fixed test samples.

Sundry equipment

1 set of fine black felt tip pen permanent ink type.

300 mm steetule.

Test Stand generic scientific type with adjustable grip clamps.
371 Lightly sprung clips.

5.8.2 BenchFixed TestProcedure - Bespoke @mples

Tested on theBenchTestFixture
A thermocouple wire was affixed to each test sample by a spring clip on the outside
surface and the sensing end of the thermocouple wire was shielded by the body of the
test sample from direct hot air flow. The positioning pattern of the three thermocouples
was the same for all test samples as presented ib-6ighe hot air flow rate and
position of the heat gun was fixed for all testing. The heat flow was perpendicular to the
aluminium base plate for a constant uniform heating environment and the heat gun
nozzle was 10mm from the aluminium surface. The 5mm heat stabilising plate was
placed underneath the aluminium base plate. The heat stabilising shield was placed
around the test pieces during testing, see 3-.A 1mm thick sheet Aluminium base
plate wa used for recording the locus of points during the tests. The Test sample holder
was ¢l amped to the aluminium base plate u
samples were clamped in the test sample holder to 1Imm depth for each strip. The test
samples wereneasured to be 1mm parallel to, and clear of the aluminium base plate
throughout all tests as shown in BEd. A black fine felt tip pen was used for recording
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data poimts on the aluminium base plateach test sample was clamped parallel to the

Aluminium base plate at a height of Lmm within the heat stabilised zone. One end of the

bimetallic strip was rigidly fixed, the other end was free tovenas can be observed in

Fig.5-6. Each test sample was subjected to uniform heating and as the strip strdightene

up, the locus of the free end point was recorded on the aluminiunplasseising a fine

felt-tipped penAt each individual point, the corresponding thermocouple temperature

was recorded from reading the values of T1, T2 and T3 as shown in BigurEhe

heat from the gun was increased in steps of 20° C and an identifiable locus of points

was produced for each test sample

5.9

All fabricatedtest samples were 120mm long by 10miith an ambient temperature

Aluminium base plate

Test Sample

j, Free end

e

-
..................

Illﬂlt

Fig.56 Test sample clamping and thermocouple

TestSetsi Fabricated TestSamples

radius of curvature o v ™ &. Sampleswerevat er | et

overi nt oo Witcpodile accurate tavithin + /- 0.25mm.

Testsampleformer used 100mmia. x 30mm thick +/ 0.25mm The fabricated test

samples were also used in the time vs. displacement tests.

Pagel29

cut

Wi

t h

t

ab



Chapter 5 Test Equipment, Setup and Test Procedures

Table6 Prefabricatedestsamplesets

No. Invar/Stainless St. No. Invar/Alum. No. Invar/Copper | No. Invar/Brass No. Invar/Nickel
1 1/SS/0.25/0.25 I/A/ 0.25/0.2 13 1/C/0.25/0.3 | 19 1I/B/0.25/0.25| 25 I/N/0.25/0.4
2 1/SS/0.5/0.5 I/A/ 0.25/0.5 14 1/C/0.25/0.6 | 20 1/B/0.25/0.6 26 I/N/0.25/0.6
3 1/SS/0.25/0.51 I/A/ 0.5/0.5 15 1/C/0.5/0.6 21 1/B/0.5/0.6 27 1IN/ 0.5/0.6
4 1/SS/0.5/0.7 10 1/A/0.5/0.8 16 1/C/0.5/0.8 22 1/B/0.5/0.73 28 1IN/ 0.5/0.74
5 1/SS/0.75/0.5 11 I/A/0.75/0.5 17 1/IC/0.75/0.6 | 23 1/B/0.75/0.6 29 I/N/0.75/0.6
6 1/SS/0.75/0.7 12 1/A/0.75/0.8 18 1/C/0.75/0.8 | 24 1/B/0.75/0.76| 30 I/N/0.75/0.74

| =Invar 36 A typical test sample may be described by the following code e.g. ISS/0.25/0.2

N = Nickel This is an lvar & Stainless steel test sample, with an Ivar thickness of 0.25mm

C = Copper and the Stainless steel is 0.2mm thick.

SS = Stainless SteelThe dimensions of each sample is 1220mmlong x 10mm wide +/- 0.25mm

B = Brass

A = Aluminium

5.10 TestSets- BespokeTestSamples

5.10.1 BespokeBimetallic Strip Samples

For the bespoke bimetallic test sampbdbwere manufactured froi8hivalik SBC206

1. The initial size of the raw strip wa200mm x 5mm x 0.4mm thick with aequal

thicknesses of :

SteelFeNi20Mn6- 0.2mm thick.
Invar FeNi36- 0.2mm thick.

5.10.2 Vertical Gravity BespokeSamples

For the vertical gravity testshe bimetallic test samplstrips weremadewith an arc

lengthof: 0

P 1 &hwith a radius of curvature 6f

T 1 &. 3 samples were used

in this test! TOAOADI Dt R@®M ABAT AEGA IOb A OAATO A

5.10.3 Sauter Force vs.Displacement BespokeSamples

For the Sauter force vs. displacement t{ahtstest sampletrips weremade to a variety

of sizes accordig to the following table:
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Table7 Sauterforce vsdisplacementestset

Testsetl R =80mm Test set2 A, =100mm
constant constant
A, = 80mm
Ay = 100mm R, =350mm
Ay = 120mm gc = %mm
= 70mm

Ap = 140mm ¢

: R, = 80mm
Ay = 160mm R. = 84mm

Ay = 180mm
Ay =200mm

5.10.4 Sauter Temperature vs.DisplacementBespokeSamples

The temperature vs. displacement test sample set is shown irBTahkre were 4 test
sets which were categorised initially by their arc lerigtiwhich was constant for a set

of varying radius of curvatures.

Table8 Sautetemperature vaisplacementestset

Test setl |Test set2 |Test set3 |[Test set4
Constant Constant Constant Constant
=} = 75mm == 80mm == 85mm =|= 90mm
44=30mm | 44=30mm | 44=30mm | 4 4=30mm
11 4=35mm | 4 4=35mm j 4=35mm j 4=35mm
: %—40mm =|JL—40mm 4L—40mm 4=40mm
4=50mm j 4=50mm | 44=50mm | 4 1=50mm

j %:SSmm JL—55mm %—55mm %:55mm
1=60mm | 4,=60mm | 41=60mm |4 1=60mm

5.10.5 Bench Fxedi BespokeSamples

The Bimetallic strips used in the tests were purchased from Shivalik and were initially
202mm long x 5mm wide x 0.4 mm thidkour bimetallic strip test samples were made
by gently cold working the strips to form true arcs of a circle equal to D64mm, D80mm,
D100mm, and D128mm. The bimetallic strips were formed with the material with the
highest coefficient of linear expansion tire inner surface. To ensure that the curved
bimetallic strips conformed to a true arc during cold working, special formers were

produced to check the diameter and roundness séeighe formers were held to-+/
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0.25mm tolerances. The length of eachkt teample was cut back to equal half the
circumference of the former , i.e. 100.53mm,125.66mm,157.07mm, 200.06mm long
respectively, within a tolerance of-#J.25mm. Each test sample was subjected to heat
treatment according to the Kanttlgimetal Handbooko 350 °C for a 3 hours before the
actual testing took place. This was done in order to normalize the strips from any work
hardened induced stresses resulting from the cold forming prdoeaddition to the
roundness formers for checking their roundnessch sample was also checked for
accuracy using the bd checking procedure frosection5.13.

Fig.5-7 Test samples after forming and checking for roundness

5.11 Production of the Fabricated Bimetallic Strip TestSamples

To produce the test samples as specified in Téple new fabrication process was
introduced.In order to provide a large datestset,fabricatal bimetallic strip test pieces
in a variety of material combinahs and materiahicknesses were manufactured.

At the beginning of thénvestigation bonding and riveting joining methods were both
experimented with, but both metrodere unsuitableue to rivet heads and peeling of
the material layers at temperature in the bondingptesriested

see Figh-8 andFig.5.9.
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Fig.59 Holedrilling andassemblyjig for popriveted strips

Additionally, bonding of the two metal surfacesusing adhesivescreates a third
material interface that is not found lespokeroll bonded or cold forgedbimetallic

strip. Riveting the stripsalthough sound, made it very difficult to bend or permanently
form into curved strips because of the heads of the rivets, sé&e8Fighe rivet heads
could also cause a disruption of the even heat flow to the strip, again causing errors not
found in commercially manufacturégspokebimetallic strip.

One method of fabricating bimetallic stiipat wasinvestigatecemployedtheficl i nc h 0
methodof joining two thin metad together.

The clinch method joins two thin sheets of material together by a punching action
which pushes one material through the other in a controlled and limited fashion.The
clinch methodused byTOX (2013 uses no rivetsand the joints can be made suitable
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on both sides for subsequent berglandsecondaryorming operationFig.5-10. shows

the clinching steps starting at 1 through to the completed joint at 3.

However after a few sample tests using tloéinch tool see Fig.511b, it became
apparent that this methambuld not easily catewith the variety ofthicknesses ofest
piecesrequired to be joinedBecausehe adjustmentof the clinch tool for a specific
thickness of join can require a large set up time, or a separate tool for each bimetallic

test sample thicknesthis method of joining was found unsuitable

1 Penetration 2 Interlock formation of punch
side sheet metal

3 Completed TOX Joint

Fig.510 Courtesy of TOX (2013
It should be noted that the clinch method produced a good joint that was comparable to
a spot welded joint, and if the test regime requimedy one thickness of join
throughout, then this would have been heferredjoining solution for the fabricatin

of the bimetallic strip.

Punch

Punch tool

Clinch tool base

Test sample

TOX clinch tool

Fig.511(a) Tool concept Fig.5-11(b) Test TOX (2013
In practice tle clinch joining method is set up for joining metal car panel sheets
whereby there is neignificantvariability in either the materialt be joined or their

individual thicknesses.
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In the fabrication of the test set as shown in Té&bkee section 5.9he test pieces have

a variety of thicknesses and maal combinations and thus TORRESSOTECHNIK

clinch method \vas not able to cater for this variety of jginsjust one tool.Therefore

an alternative method of permanently joining two separate metals was sought.

The fabrication method requiretd meet thevariable test sebf Table 6 were as

following:

1) Enable anycombination of metal / plastic to be jotheip to a combined 2mm
thickness

2) Enable the bimetallic strip after joining, to be cold formed iy eadius of
curvature.

3) Provide the production of repeatable and consistent test samples

4) Not require a separatedditional materid to facilitate the permanent joof the
fabricated strip

The joining solution that met all the requirements ara$ usedo fabricateall the

bimetallic striptest samplewas as follows:

Each metal of the binetallic strip wagprovided with either a setof eqgsipace @ fear s

orft absro Dottso along the entire | ength of tl

profiles out of the flat raw material sheet, the following methods of manufacture were

considered:

A 2D router or CNC Vertical milling operatiomas consideretb machine the profiles.

A punch toolwas consideretb stamp out the shapes

A CNC guided laser cutting operatiaras considered.

Waterjet cutting CNC guided.

For a combinatiorof costs and m@ctical reasons, water jet cutting was the method

adopted and hence all théabricatedtest samples profiles were cut out using this

technology. See Fi§:12 for the flat profiles of materials ready fane fabrication

process.

It should be noted thathis fabrication process wasonceived and developed

specifically to meet th&abricatedtest regime for thigvestigation
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Fig.513 Testsamplefabricationprocess

Water jet cutting of theéest piecesafforded complete flexibility in the mating up of
different thicknesses of materials and material combination-E8) image 6, Bows
an early Steel /Copper -metallic strip of equal 0.5mnthicknesses. The black end
pieces were used to protect the £nfithe strip during the fabrication process.
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It should be noted that where possjlitee more malleable side of the bimetallic strip

possessed the fAearso or tabs so t-ch@attsd or mi

would be more successful.

Using the water jet cutting process required specific design requirements ofetite

piecesto be cut:

1)

2)
3)

4)
5)

Ensure that the minimum radius used on the test samples to be cut was 0.4mm; this
was the due to the water jet being 0.8mm diameter.

The minimum gap betwedhe samples on the raw sheet was to be 5mm

When cuttingthrough stacked sheets of mixegtals, each sheet had to be bonded
together

The thinnest, softest material sheet to be sandwiched between thicker sheets.

A gap of 10mm alround the sheet bordes enable clamping of the sheet in the

water jetcuttingmachine.

Design of thetest piecesvas performed on Cawéb CAD softwareDassault (2014

The fabrication jig seeFig.5-13, wasmanufactured ihouse at the Ulhachine shop.

The water jet cutting was outsourced to a company c@liedtive water jet (2032vho

profile cutall the samples in a stacked configuration to protect the thinner sheitg

cuttingprocess

Thebimetallic teststrips fabrication procesgasas follows:
See Fig.512 and Fig.513.

1)

2)

3)

4)

5)

6)

7
8)

The individual strips were removed from themixed stack shee$ by cutting the
remaining joining pips to themainsheet.

The stripswere ultrasonically cleaned in a bath Bfopar2- OL for 2 hours until
the surfacesvereclean and free froradhesive or grease.

The stris werefully dried and inspected for burrs or sharp edges

According to Tables, two separate flat metal stripgere selected and assembled
ontothe assembly ¢, see Fig.B.3 imagel, with the metalwith the cut-out piece
(Invar 36) withoutthetabsalways assembleah top, image 2.

The assembled profiles were then claahpy thebar & two screwsimage 3.

The tab bending tool was us ehgkcutootsob e nd
the mating metal profile by pushingamd peening overmage 3.

The clamping bar was removed, image 4.

The straight flat bimetallic strip was removed from the jig, image 5
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9) Using ageneric bending rig and thelOOmmtest sample formetheflat strip was
gently cold famed into a radius of curvature.

10) After the bending and forming operatiordl the test pieces were hdetatd for3
hours ata temperature 0260°C in accordance witkanthal (2002

5.12 Production of the BespokeBimetallic Strip Test Samples

According to the specific test sets, the test samples were cut to their required arc
lengths, then formed using the generic bend rig see.-E#y Bfter cold forming tahe
required radius of curvature, each test sample was checked for size using the bending
checking procedure described in section 5.13. After validating the radius of curvature,
each test sample was subjected to an annealing heat treatment processttheedoid
worked induced stresses within the material. The annealing process involved heat
treating each test sample for 3 hours at a temperature of 350°C in accordance with the
Kanthal handbook .

5.13 Bending CheckProcessi Measurement of theRadius of Curvature

The bending process was achievedacspecially designed bend,rsge Figs-14.

The bend rig used a roller on a swinging arm to bend the strip around a former, to
ultimately achieve the correct radius of curvature.

The process involved genthold-forming the strip on a succession of increasing size
formers until the final size was the required diameter. The process of bending the strip
on a tighter radius of curvature and then relaxing back was to ensure that any naturally
occurring spring bdcof the strip was compensated for and relieved.

Although the forming process of the test pieces was not by the punching method as
described inBritish StandardBS ISO 24213 (2008 the validation of the radius of
curvature was checked by thgandard in annex C. The mbient temperature
conditions at the time of forming conformed to standainérby and Wadsworth (2001

werein the range of 2-23°C.
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Fig.514 Generic hand operatdimetallic strip bendingrig

Note: Fig.5-14 depicts a sample former and sample bimetallic sirifg important to

note that both the pifabricated and bespoke bimetallic strip test samples weamrgetbr

using the same bending rihe «100mm curvature tedbrmerwas measured using a
digital calliperto find its actuadiameter at 22°Z. Points around the circumference of

the former were measured and the average of 4 readings gave the diameter of the former
to be «99.92mm.This formerwas usedas thestandard bendinfprmer for allthe test
piecesrequiring a radius of curvature of v 1 .Other formers werenanufactured

for other specific test samples sizes.

From the standargnnex Cthe radius of curvature efined for masuring purposes

as:

—  Eqns4

where :
w was assumed to be the chord length L when resting on a rigid flat metal plate
i was the averaged meastickameter of the former99.92 / 2 = R 49.96mm.

X was assumed to be the vertical height from kaigpfateto the maximum arc.
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iy nnu“ll'll‘IIH l
I

Fig.515 Curvature test setugccord toannex C
Thedistance between the blocks vead to the followinglimension evaluated kiie
chord length equatiopreviously described as

L chchfY

Thuso = 120mm +/ 0. 25mm
R = 49.96mm measuredt 22.3C.

Hencew (L) was calculatedo have amaximumvalue of 93.254mm and minimum
93,155mm.
The distance between tHdocksw (L) wasset toan average position &3.2mm and
checkedby a digitalcalliper.
Theverticalheight of each strig from the flat surface was calculated by the formula:

w i p Al & EQqn85
Thus heighk was calculated to be: maximum 34.557mm and minimum 34.314mm
The average height was 34 .4vn, the height gauge was set to this value.
Thusw = 34.44mm and all test pieces were checked throughout the testing program to
conform to(Sherby and Wadsworth, 200&Annex C.
After achieving the correct radius of curvature for theé pasceformer, the next step
was to form the end mounting bend#e original design intent was to pin mount the
bimetallic strips on th&est rig through end mounting holes.
All the profiles were cut withegts paced fiears and cudeachout so t
end of the strip so that a mounting hole bend could be formed. A special hardened tool

was designed and manufactured to facilitate the end mounting hole beadsgh-17.
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Fig.516 Asdesigned Fig.517 As manufactured

Some initial tests hademonstrated the feasibility ofq@ucingcoiled ends in the thin

bespoke bimetallic strip. dWever for the fabricated test samplashich were much
thicker, it was not possible to successfutlym theend coil in stripusing the tool. It
was found that it was not feasible to form the end mounts in any combined strip
thicknesses of greater tharb@nm. Fig.5-18 shows an early bengst sample with the
thinnestfabricatedtest strip combination, note how the ends are incorrectly formed, this
is due to the different spridgack properties of the two metalShis was a major
setback to the testing planned for, anelactantdecisionwas made that either all the
test samples were formed at thath ends, or none would be. Henaktest piece both

pre-fabricated and bespoke would be mounted by the same simply supported method.

>

Fig.518 0.5mm maximum thickness strip with incorrectly formedils.
For the prefabricated test samples withoth ends of the test pieces not formds t
meant that each bimetallic strip was not fully securedgits entire length, see Fig.5
19. Another impact of at having pin mounting holesvas that the test rigequiredan
alternative method to mount the test pieces; this was achievaddaygs pec i a | AVo
notched atchments into the rigvhich provided for a simply supported type of

mounting for all the test saples.
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Fig.519 Showing the curved bimetallic strip test piece.
In Fig.5-19, note thathe last 5mm of each end of the stnpasnot intimately sected
as a bimetallic strip, and h u s t he ef fect Owasredubed noet al | i c

approximately 90 mm.

5.14 Conclusionsof TestEquipment, Seup and TestProcedures

The objectives were set out to enable the validation of the theory put forwarapter

3. The rationale for nojust using bespke bimetallic strip manufactuteby bimetallic
strip companiedecame apparent due to tmpe and the wide variety of test samples
required. hus the decision to fabriathe test piecewas taken and implemented.
Because the majority of birtadlic strip manufactured and sold around the world is
bespokebimetallic strip, it was necessary to refletttis fact byhavingtestsof bespoke
bimetallic test samples as well as{mbricated samples.

The design and manufacture thie test rigs for the purposes of extensive testing of
curved bimetallic blades Hdeen achieved. Thdagnetic coupling typéestrig did not
meet its initial design criteria ofnaentirely frictionless moving centre arnilhe
fabrication of the bimetallic stripusing the TOXclinch method, using a todindly
supplied by TOX (2013, was eventually not chosen as the preferred method of
fabrication, and an alternative method was successfitlyduced anémployed.

The bending of theoiledend rounds for mounting could nag lchieved for all the test

samples and thus reluctantly, &lbricatedtest samplesvere tested without being
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formed in the last 15mm of each end of the strip. This had serious repercussions when it
came to testing as a nesimply supportednounting sysm was required, and the non
formed end heavily influenced the test result$o ensure conformity of testing
throughout, a decison was made that the bespoke bimetallic test samples should be
mountedand loadedn the same way as the fabricated test sampies, is simply
supported instead of pinned at each drais,both the fabricated test samples and the
bespoke test samples were tedigdthe same test piece mounting methdd.prevent
overstraining théimetallictest samples during experimental testicgculation of the

maximum safe displacementsagerformed on all test samples.
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CHAPTER 6 TestResultsand Correlation to Theory

Summary

This chaptereviews the test results and correlates the test to thEoeyinfluencing
factors that produced the deviation from the theory are provided.
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6.1 Introduction

This chapterprovides an analysis of all the test results, starting with a section that
discusses the factors affecting the test data and canglwdth comparisos and
analysis of the test data to the theory put forward in this investigation. The factors
affecting he test results sectipprovides a list of all the possible spurious inputs that
have been considered to influence the accuracy of the test résuitglerstanding and
quantifying the test results, the physical constraintheftést sample settestset us,

and the methodology used, musttia&en into accourdnd considered.

As has been documented in the previous sectifmisthe fabricated test sethe
fabrication process of the bimetallic strip producedgseastples byhe water jet process
which wererepeatable profileshat wereclosely controlledwith respect to size and
shape but early fabricate problems forced a change of mounting of all the bimetallic
test samples, which again heavily influenced the test data outcAmdtustration of

the fabrcation problemwas that the ends of the thicker bimetallic strips combinations
could not successfully be formed into rounded ends for pin mounting imabgaeetic

coupling type st rig.

As a consequent, out of the 120mm arc length of the stoyroximately 8 mm was

Acl ampedo by t Bémmtlarmseach sidéwad notgoingéd dogether at

all, see Fig6-1. This figure shows the 1/C/0.5/0téstsample in the background with its

tabs hammered down and in the foreground a fabricatomple with tabs only bent

over, and note the separation of the two metals in the last 15 mm of each end of the test

sample.

UNSUPPORTED
END OF STRIP

Fig.6-1 Initial fabricated bimetallic stripmodified in background
Pagel45



Chapter 6 Test Results and CorrelationTheory

6.2 Factors Affecting the TestResults

There were many factors that have contributedtih@ deviation from theory, the

following is an overall list of those factors no particular order

1) Friction at the pulley wheel on the magnetic coupling test rig.

2) The magneticoupling centre mass.

3) Friction of therig centrefloating armassemblynto the PTFE guide plates.

4) Friction in the simple supported mounting system on all test rigs.

5) Setting accuracy and ensuring thattéstsample was at zero loading.

6) Recording errorsf the data fronthe digitalreadoutdisplays

7) Recording delay aight sensomctivation.

8) Resetting of the test samplafter each test run.

9) Timer reading error, reading errdue to human response time

10) Thermocouple measuring temperafggurious heat signals.

11) In fabricated test samples, only fixed together intermittently along the length.

12) In fabricated test samples, 15mm at each end of strip not fixed together.

13) Test samplephysically changingropertieduring the tests.

14) Human datgrocessingrrors.

15) Humidity and ambient temperature fluctuations during the tests.

16) Tolerance of the test samples to theoretical values.

17) Theory error calculation by the large variance in the physical and mechanical
properties assumed in the metalsduse

18) The backlash in the Sauter test rig screw thread.

6.3 Correlation of Test Results vs. Theory

6.3.1 Introduction

This section compares dhtest results against theew theory proposed by this
investigation.For the analysis, 5%rrorbars are used to measure the test result values
to the theoretically generated values by the formulae introduced in chajter &n
overall rating system of how the theory measured up to @kelts a count of the
number of5% cross barghat touch bdt the theoretical plotted poingmdthe full test
lines was performed for each grafline 5% cross bars weaglded up and presented as

ratio of the number of plotted points for that curve.
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6.3.2Load vs.Displacement:Correlation i Fabricated Samples

For the load vs displacement test set, equation— —

from section 3.3vas used for the generation of theoretical points.

ForFig.6-2 - 36 points hit 5% of 41 point87.8 % of points are accurate within 5%
ForFig.6-3 - 9 points hit 5% of 36 point&5 % of points are accurate within 5%

ForFig.6-4 - 9 points hit 5% of 36 point25 % of points are accurate within 5%

ForFig.6-5 - 19 points hit 5% of 36 point83 % of points are accurate within 5%
ForFig.6-6 - 20 points hit 5% of 36 pointH6 % of points are accurate within 5%

The average of all theesults fromFig. 62 to Fig. 66 wasthat 49.36% of all points

were within 5%.

The overall result was affected by the very poor performing aluminium samples that
were tested in a soft condition, but the values used were standard values for normal
aluminium alloy. Despite thaveragevalue of 8% of all the points being within 5%,
there were many points thigl within 10%.

Note that the units for all displacementstloé test samples are in millimetres, and all

loads are in Newtons.

9.00

—— 1/SS/0.25/0.25
8.00 —— 1/SS/0.25/0.51
7.00 1/SS/0.5/0.51

T
H ——1/SS/0.5/0.7

6.00

——1/S5/0.75/0.5
5.00

———1/$S/0.75/0.7

4.00

Load (N)

A 1/SS/0.25/0.25 T

+

® 1/SS/0.25/0.51 T

/ SS/0.5/0.51 T

®  |/SS/0.5/0.7 T

3.00

2.00

1.00

| ¢ 1/SS/0.75/0.5T

0.00 & A 1/SS/0.75/0.7 T
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

Displacement (mm)

Fig.6-2 Verification of Load with Displacement féabricatedSt. Steel
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12.00 1/AJ0.25/0.5
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Fig.6-3 Verification of Load with Displacement féabricatedAluminium
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Fig.6-4 Verification of Load with Displacement fdabricated Nickel
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Fig.6-5 Verification of Load with Displacement féabricated Brass
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Fig.6-6 Verification of Load with Displacement féabricated Copper
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It is noted that the theory for this test set was based on the Castigiewneddinear
equation from section 3.3 without the modification to cater for thelinearity. For

this specific range of values, the linear theory adequately approximates to the test data.
Despite the low 41% of all points being within 5% of the thedngre were many
factors contributing to this low correlatiomhe most salient factor was the condition of
the Aluminium and Nickel fabricated bimetallsamples that did ngierform well or
producereliable test data. Another important factor for theemidiriance of the data
from the theory was the assumed length of the bimetallic was 120mm, where in fact
only 90 mm was secured as a bimetallic strip. A further factor that influenced the
deviation of the theory to test was the variance in values assuarttesl calculations. If

the 10% correlation is considered, them Fig.6-2, nearly all 41 pointsvere within

10%, for 2,about 15 pointsverewithin 10%, br 3, 22 pointsverewithin about 10%

and for 4, about 30 pointsere within 10%, and lastly for 5, about 33 poinigre

within 10%accuracy. Thufor a 10% correlation translates irt60%, 42%, 61%, 83%,

92% and averages at 75.6%r all points within 10% of the theoryt should also be
noted that the test data possessexy little scatter and nearly all the curves were of a
very reasonable consistent shaper. the fabricated load vs displacement results, a good
overall correlation between the theory and the test was proven with a high 75.6%

correlation within 10%, and low 41% correlation within 5% accuracy.

6.3.3 Load vs. DisplacementCorrelation T BespokeSamples

For the load vs displacement test set, equatfon —— from section 313

was used for the generation of theordtmaints. This section continues the correlation
of load vs. displacement for the bespoke test sampedefore, 5% error barwere

used for the correlation and T denotes theory.
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Load (N)

17
1.6
15
14
13
1.2
11
1.0
0.9
0.8
0.7
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0.5
0.4
0.3
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el

Sl

Ab =140
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Ab=200

4 =ES -ﬁl#;gg
': i “ I I — - I_Iﬁ
- H&&H
01 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20

Displacement (mm)

4 Ab=80T

= Ab=100T
e Ab=120T
e Ab=140T
= Ab=160T
e Ab=180T
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*

Fig.6-7 Verification of Load with Displacement fétc = 80mm constant
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Fig.6-8 Verification of Load with Displacemeffior Ab =100mm constant
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For thesevenplots of Fig.6-7 - all pointsplottedhit the 5% error orless for72 points,

thus 100 % of the points are accurate within 5%, with a strong magbnigints being

less than 5%ccurate to the theory.

For Fig.6-8 - 48 points hit 5% of 5@oints thus96 % of the points were accurate to
within 5% of the theory.

The overall averagpercentageaccuratewas therefore98% of all bespoke samples
wereaccurate tavithin 5% of thetheory.

The bespoke bimetallic test samples performed much more rebalilye bought in

Sauter testig with experimental scatter next hmne and an extremely close correlation

for the majority of points ingraph 6. However inFig.6-8, the tighter the radius of
curvature, the more the deviation from the test results was observed. Thus whilst overall
the correlation was very good, the lintiten of the theoryoccurredon the tighter radii

of curvature test samples where the deviation to thetheory increased with
displacement, see Rc =50 kiilg.6-8. The shape of the test curves were consistent with
that of a large parabola, and despite tihgdascatter on the fabricated test results, it can

be seen that the shape of the more consistent results closely match the bespoke samples.
For the bespoke load vs displacement results, an overall 98% of the test data correlates
to the theory within 5%. fAe high correlation of the theory to test data provides
confidence in accepting the theory put forward in section. 348t concludes the Ida

vs. displacement correlation.
6.3.4 Temperature vs. DisplacementCorrelation - Fabricated Samples

For the temperature vs displacement test set, equation

®w ¢— OET—— -¢YOET— from section 2 was used for the

generation of theoretical points.

Thesetest results were produced on the magnetigplingtest rig & described in the
section4.7. As before 5% error bars were used to identify the level of correlation
achieved between thiheoriesintroduced insection3.2 to the test resultsAnd as
before, T denotes theory derived poiri2sie the amount of test dada each graph and
the difficulty of distinguishing the error bars, additional plots were prodéroea the
same datand each graph showsst threeplots of the test results artireeplots of the
theory points. The thinnest,adiumandthe thickest samples were chosen. It should be
noted that the correlations therefore were performed on a limited sataotlg to 5%

error is considered for each theorymidhat the error bar touchegest line.
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Fig.6-9 Verification of Temperaturewith Displacement fabricated
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Fig.6-10 Verification of Temperature with Displacement fabricated
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Fig.6-11 Verification of Temperaturewith Displacement fabricated
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Fig.6-12 Verification of Temperature with Displacement fabricated
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Fig.6-13 Verification of Temperature with Displacement fabricated

ForFig.6-9 - 14 points hit 5% of0 points 70 % df points are accurate within 5%.

For Fig.6-10 - 9 points hit 5% ofL8 points 50 % of points are accurawthin 5%.
ForFig.6-11- 7 points hit 5% ofL8 points 4 % of points are accurate within 5%
ForFig.6-12 - 17 points hit 5% ofL8 points 94 % of points are accurate within 5%
ForFig.6-13 - 13 points hit 5% ofL8 points 72 % of points are accurate within 5%
Thus the overall accuracy was th& % of all the points were within 5% of the theory.

As can be seen the set of aluminium test samples has drastically reduced the overall
accuracy to that of 58% for an error of 5%thie aluminium test samples were igngred

then the overall accuracy rises toY %, meaning that2% of all the data points were
within 5% of the theoryWhilst this was a reduced data set, a good overall correlation

was achieved if the faulty aluminiutestsample contribution was ignored.

Despite the many contributing factors that have introduced ertioes correlation
between the theorymnd the test resultsas reasonably good. Fothé aluminium

samples58% of the test points were within 5% of thedhy, without the aluminium
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test points this rose to a confidence level of 72% in the theoryopward in this

investigation.
6.3.5 Temperature vs. DisplacementCorrelation i BespokeSamples

For the temperature vs displacement test set, equation
®w ¢— OET—— -¢YOET— from section 3.2 was used for the

generation of theoretical points

Due the amount of test data on each graph and the difficulty of distinguishing the error
bars, additional plots were prodaciEom the same data and each graph shows just three
plots of the test results and three plots of the theory points. The thinnest, nagaium

the thickest samples were chosen. It is important to note that unlike the fabricated test
samples, these test rédsuwere produced on the Sauter test rig as described in the
section5.6.3 The Sauter test rig was proven to provide excellent test results for the load
vs. displacement testat ambient temperaturevhere the load was increased by
adjusting the handle against tlesistingforce of the bimetallic strign the heated tests

the handle was backed off to allow displacement. The bacdiirgf the threadresulted

in loosenes®f the loading screw thred. The looseness dhet hr ead, or fAback
was significant andreatlycontributed tahe wide scatter of theestresults. As before,

5% error bars were used to identify the level of correlation achieved between the
theories introduced in 3.to the est results. And as before, T denotes theory derived
points.A 5% error is considered for each theory point that the error bar toathst

line. It shouldalso be noted that the correlations were performed on a limited set of

data.
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Fig.6-14 Verification of Temperature with Displacement fab =75mm

ForFig.6-14 - 8 points hit 5% of 24 points, 33.3 % of points are accurate within 5%.
For Fig.6-15 - 2 points hit 5% of 24 points, 8.33 % of points are accurate within 5%.
ForFig.6-16 - 7 points hit 5% of 24 points, 29 % of points are accurate within 5%.
ForFig.6-17 - 8 points hit 5% of 24 points, 33.3 % of points are accurate within 5%.
Thus overl, 26% of the points hit the 5% error

Although a low percentage 26% of all the points hit the 5% error, l@agdod estimate

from the closeness of the 5% error band to the test lines was that6@b@0G86 of the

theory points or higher wagithin a 10%error band. It should be noted that the shape of
the theory points, which is a function of Timoshenko formula, provided hosar
curvesand that in general, the theory points accorded to test lines. As was stated at the
outset, the backlash or loosene$ghe screw thread of the handle heavily influenced
the position of the test curves with respect to theory points. FiQié14, it can clearly

be seen that the theory points are out of synchronisation with the test curve by about 0.5
to 1mm displaceméndepending on the radius of curvature and length of the test
sample. The R30 Ab= 80 curvef Fig.6-15, illustrates the relative displacement

between the theory and test liteit the general slope and angle accord well. It was very
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possible to have at Isalmmto 2mmlooseness in the screw #adon the Sauter test

rig due to backlasthatcontributed tahe displacement shift.
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50.0 & = R60Ab=80T
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0.0 2.0 4.0 6.0 8.0 10.0

Displacement (mm)

Fig.6-15 Verification of Temperature with Displacement fdp = 80mm

It can be observed that the smaller the radius of curvature coupled with a shorter length
Ab, the more the relationship between temperature and displacement becomes non
linear. The opposite is true in that the larger the radius of curvature and the longer
length Ab tend to make the relationship more linear in nature. If the radius of curvature
is small and the length of strip is large, then the amount oflinearity will fall

between the two extremes previously mentioned.
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Fig.6-16 Verification of Temperature with Displacemédat Ab =85 mm
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Fig.6-17 Verification of Temperature with Displacement falp =90mm
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The results overall correlate to with60D to 70% of the results lie withih0% error

band if 10% error bands are assumed. If the 5% error bands are used then only 26% of
the test results were within 5% of the theory. There was a reasonable overall fit of the
theory to the test

Thatconcludes the temperature vs. displacement correffidrespoke test data
6.3.6 Load vs. Temperature:Correlation i Fabricated Samples

For the Load vs displacement test set, equation

AR i Q8 QYi QE— - — -

from section 3 was used for the generation of theoretical points.

This section provides the correlation between the theory put forward in section 3.6 and
the test resultsThe 5% error bars were ustxlcompare the theory to the test results.
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Fig.6-18 Verification of Temperature with Loaded Displacementf&dricated
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Fig.6-19 Verification of Temperature withoaded Displacement for fabricated
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Fig.6-20 Verification of Temperature with Loaded Displacement for fabricated
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Fig.6-21 Verification of Temperature with Load&isplacement for fabricated
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Fig.6-22 Verification of Temperature with Loaded Displacement for fabricated
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Fig.6-23 Verification of Temperature with Loaded Displacementfédaricated

ForFig.6-18 - 10 points hit 5% 0of30 points,33 % of points are accurate within 5%.
ForFig.6-19-16 points hit 5% of30 points, 536 of points are accurate within 5%.
ForFig.6-20 17 points hit 5% oB0 points,56% of points are accuratetwin 5%.
ForFig.6-21- 17 points hit 5% 030 points,56 % of points are accurate within 5%.
ForFig.6-22 - 8 points hit 5% o080 points,27 % of points are accurate within 5%.
ForFig.6-2371 9 points hit 5% of30 points,30 % of points are accurate within 5%.

Overall average of points that were within 5% error were: 42.5%.The estimate for those
points within 10% error was approximately 73%.

The amount of deviation in this test range can be attributed to many factors, some
working for the correlatiorand some against. For the factoomtributing to the success

of getting within 10% of the theoyyvasthe consistency of the tests, i.e. the magnetic
coupling test rig afforded repeatablest results consistentlyFor the faabrs that
contributed against the theory to test matblkyé¢ was a constant frictional load due to
the rubbing of the bimetallic test pieces in their mounts during the tests. Additional
frictional loads were experienced in the test rig at the mass pualiely where the
magnetic floating assembly touched the PTFE walls of the rig. However, the frictional

load contribution was constant since no lubricants were used in the te€ithiy.
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factors causing the deviation between the test data results and the Were down to

variability obtained by the published data for the coefficients of linear thermal
expansion and the Youngds modul us of t he
Additionally, the fabricated bimetallic test sampl@sre joined onlyintermittently and

thus the test samples only approximated to theoretical bimetallicFarifhermoredue

to an early manufacturing problem during the fabrication oftéise samples, the last

15mm ofeach end of the strip were not fixed together atAdllit hese factors combined

have contributed to the percentage error calculated previously.

Whilst a relatively low score of 426 of the points were within 5%f the theory, a
much higher value afip to 73% was estimated for @apoints that were within 10%f
the theory. The most realistic value is probably about 65% of all data p@resvithin

about 7- 8% error from the theory for this data set.
That concludes the Load vs. Temperature correlation for fabricated samples.
6.3.7 Load vs.Disp. vs. Temperature: Correlation i BespokeSamples

For the Load vs displacement test set, equation

AR i Qe QY i QE— - — -

The theory from section 3.6 was used for the generatioheoretical points.
The testing for this test data set was performed on both the Sauter test rig and the
vertical lift test rig. As before the 5% error bars were used to correlateebey tto the

test data results and as before T denotes thedhetieiculated values.
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Fig.6-24 Verification of Load with Extension for Constant Temperature

For Fig.6-24 - 41 points hit 5% 063 points,65 % of points are accurate within 5%.

As can be observed from graph 23, most of the points that were within 5% were on the
smaller radii i.e., Rc=32mm, Rc=40mm test curves. The equations used to generate the
theory | ines were Timoshenkods formula for
thus the heated generated maximum displacemettieoend of the bimetallic strip.

Ca st i gderivedrioomula was used evaluate the loaded displacement of the free

end of the strip. As was dfosnolaisbeasedlupanar | i er
simple kending theory, the theory applied to the combined heating and loading case just
correlated is limited to quastlinear displacementslhus the theory is nads accurate

for larger radii of curature as confirmed in Fig-B4.
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Fig.6-25 Verification of Lift with Temperature fovarious loading

For Fig.6-25 - 53 points hit 5% 0f81 points,65.4 % of points are accurate within 5%
error, but a much higher peentage are within 10% error.

The majorcontribution for the deviation from the errfor this test sample set was
combination of the vertical test rig dry friction plus reading error. This test used a steel
rule with a magnifying glass to record the lift displacements. The combinationtof hea
induced lifting plus an applied static loading produced the net loaded lift displacement.
FromFig.6-25it can be seen that the more heavily loaded test sampldsretlyge 1.8N

load required a higher temperatut@0 °C, to lift the mass from the zeroosgition.
Conversely for the less loaded test sampéeg. 0.4N loadthe lift started at a much
lower temperatur80°C.

From both tests, on two different test rigs, the average number of theory points hitting
the test data generated curves with 5% ewmas 65.25%.

The value of points within the 10% error was in the region of 75%.
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With a 5% error band, 65% of the data matched the theory put forward by this work and
a higherup to75% was within 10% error. From these results it can be concluded with a
reasonably high level of confidence, that the theory proposed in section 3.6 adequately
describes the net loaded displacement combined heating and loading case.

6.3.8 Spatial End Point PositionCorrelation i Bespoke Samples

For the spatial end point positicorrelation,e qu at i ond s

@ , cos— —);U , sihn— —)and Timoshenkods hea

formula to evaluat2 were used from section 3.10 to generate the theoretical points.
These test results were for the bend to straight test, whereby tloeirpeel test
bimetallic strip was fixed at one end and the applied heat straightened up the test piece.
For Fig.6-26, 24 points hit 5% of24 points,i.e. 100% of the points are accuratwithin

5% error, but & can be seen Ifig.6-26, afair percentagef points liewithin 2 % error.

FromFig.6-26, it can be seen that larger the radius of curvature, the larger the deviation
from the theory. For the @Bmm plotted points the large ermwas caused by Hunting,

a phenomenon whereby the end of the bimetallic strip was constantly moving due to
beingalternatively heated and cooled as result of the fixed position ofeidiesiource

and the clamped entlhe spatial bend test correlation washwit5% for all points, and
within 2% or less for many other points.
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Fig.6-26 Verification of Theory against Test for Straightening Test Data

6.3.9 Time vs. DisplacementCorrelation 1 Fabricated Samples

For the time vs displ a¥ewmwmpudre correl ation

, wereused instead of the Timoshenko formula to evaluate the radius

of curvature as a function of heatingy. was used to evaluate

the radius of curvature from flat strgs a function ofime. 2 —— was then used

to evaluate théotradius of curvature frony .

The displacement was evaluated as previously uging 0 0 and the supporting
equationd ¢Y OET— andd ¢Y OE— all statedpreviously.

The object, as originally stated in section 1.2 was to find the theory that could predict
the time to displace a parved bimetallic strip along itshord line axis as defined
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previously. The theoretical equations derivad section 3.12were used inthe
correlationF i ¢B-@% 6-28, 6-29, 6-30, and6-31 are the correlation plot&s before T
denotes the theoretical time calculated by the theory $extion 3.12.
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Fig.6-27 Verification of Time with Distanceoverafixed distance
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Fig.6-28 Verification of Timewith Distanceoverafixed distance
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Fig.6-29 Verification of Timewith Distanceoverafixed distance
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Fig.6-31 Verification of Timewith distanceover a fixed distance

For the correlation,hie theory timecalculatedwas divided by the test time thsplace

each test sample Imin theory, or an average ofdob8mm for the test samples. The
ratio of theory to test time provides the correlation of how close the theory time relates
to the actual test time. For the 15 test sample plots the averagefrtteory to test
results wa®.96285 or in error terms 100%96.285% = 3.715%which wasthe overall

average error.

As per test proceduref section5.7.5 each test piece was suddenly exgubso a
controlled hot air flow by the opening the heat gdtee sudden opening of the heat
gate exposethe testsampleto asteady statéot air gun temperature of 300. “Ehe
time to make electrical contact over a fixed distance of 1mm was recorded.

The major contributiomf the error came from the maa methoddf synchronising the
heat gateopening,and simultaneouslyrecording of the ime to make contact. Ais
operation was performed manually, and could have erred byl seare Although the
sensing system worked well, i.e. as the 1mm displacement was reeltgdcame on,
the human response itcterpretation of the light signal arlde recordingof the value of
displacement was not instantaneolise humarerrors in operation of the testould
have contributed to th@eviationbetween the theory and the test results.
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Despite the possible additive errors in recording the time to displace 1mm in 15 separate
fabricated test samples, the overall average percentage error was 3.715%.

From the correlation value of 3,715% error betwdla theory proposed by this
investigate and the test results, it can be inferred that the theory matches the test data

with a reasonable confidence level.
6.4 Discussionof Overall Correlation of TestResults

This chaptehasprovided the correlation betweéme theory proposed ichapter 3and
the actual test data provided this chaptein accordance with objectivesto 8, asset

out in section 1.2An overal correlation table is shown in Tal®e

From Table 9the average correlation of all tests parfed, was that 66% of the tests
results were within 5% of error.

Table9 Overall correlation results

Type of test Conditions Rig Used Loading  |Type of Bimetalic  |Comelation results
Load vs. Displacement Ambient Temperature Magnetic Assembly Horizontal  |Fabricated Bimetallic Strp ~ 40.96% within 5%
Load vs. Displacement Ambient Temperature Sauter Force Displacemghtorizontal  |Bespoke Bimetalic Strip 98% within 5%

Temperature vs. Displacemen

Varying Temperature, No Load

Magnetic Assembly

Horizontal

Fabricated Bimetallic Str

p 58% within 5%

Temperature vs. DisplacementVarying Temperature, No Load |Sauter Force Displacemehtorizontal ~ |Bespoke Bimetalic Strip 26% within 5%
Combir|19d Heating and Loadipigarying Mass Load & Temperatutdagnetic Assembly Horizontal  |Fabricated Bimetalic Str 42.5% within 5%
Combined Heating and Loadihgarying Mass Load & Temperatyiéertical Gravity Vertical Lifting|Bespoke Bimetalic Strip| 65% and 65.4% within 5%
Straightening Test Varying Temperature, No Load |Bench Fixed One End  [Horizontal  |Bespoke Bimetalic Strip 100% within 5%
Time vs|,. Displacement Temperature Constant, No Load|Magnetic Assembly Horizontal  |Fabricated Bimetallic Strp ~ 98.285% within 5%

A conservativevalue ofbetween 8% and 75% werewithin 10% error.The testing of
the precurved bimetallic test samples took the form of bothfplegicated and bespoke
test samples, both types of bimetallic stigst samplesvere subjected to the same
methods of testalbeit on separate test rigfhe overall correlatin results provide

reasonableonfidence in theorrectness aheoryproposed by this investigation.
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6.5 Conclusionsof the Test Results and Correlation toT heory

In section6.2, the factors affecting the accuracy of the correlation of the theory to the
test results, were listed. There were many contributing error factors that have heavily
influenced the outcome of the accuracy of the test results.

Despite thenany possiblerrorsthat incurred duringesting a reasonably good overall
correlation exists between the theory introduced by this work, and the physical test data.
The results have shown thé6% of all testsarewithin 5% error andup to 75% of all
testsarewithin 10% error.

Therefore objectives1 to 8 as set out in 1.2 of this investigatipiave all been
completedWith the realisation of the objectives, the aiofishis study fromsection 1.2

havealsobeen addressed in full.
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CHAPTER 7 Discussion, Conclusion and Further Work

Summary

This chapter discusses additional formulae, general conclusions and furtheNewwrk.
formulae and geometric proofs are provided.
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7.1 Introduction

The new knowledge introduced by this work addresses the objectivest sesection
1.2 namely to characterise the behaviour of alpneetallic strip that idoaded as
follows:

1) Load vs. Displacement

2) Temperature vs. Displacement

3) Load vs.Temperature
The early chapters employed Timoshenko for the theoretieatiing formula and
Castigliancenergy theorem to evaluate the chord line force displacement relationships.
The folowing sectionsaddressthe mainobjectives andprovide furthey additional
understandingf the relationships athord line forces of preurved bimetallic strip.
A new chord line force versus displacement formula was introduced that improves upon
the Casigliano derived expressioby acommodating larger displacemerfies shallow
arc bimetallic strip. A simpler, more immediate alternative to the Timoshenko
temperature induced bending formula was introduéedew net loaded position for
pre-curved bimethic strip straighéning casevas introduced.
This study has produced ‘ariety of new formulae and geometric relationships
pertaining to arcs of a circle, and relationships between adjoining and overlapping arcs
of circles. The geometr relationships wereither discovered or derived from first
principles, and proven to hold true for all combinations of the values tested. The
relationships were found during the geometry simulation of &yneedbimetallic strip
usingCatiaDassault (2014software. It should be noted that the level of accuracy of the
Catiasoftware is precise tgreater thamsix decimal places, which enabled the validation
of the new formula with a high confidenceto the exactness fothe resulting
relationships.Catia was programmed with the chord length form&an.7,page 44,
using the built in Catia formula facilitffhe formula capability of Catitacilitatedthe
validation of angles and distances that were calculated by the relationships and
equations introduced in this secti@atia screenshots of the arc validation geometry are
shown in the Appendices.
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7.2 Various Proven Derived Relations

This section prodes derived or discovered relationships that have all been
exhaustively tested using Catia geometry simulation, and found to hold true for all
values tested.

Fig. 7-1 shows thadealised model afhe generic precurved bimetallic geometry of two

thin stips in two states of heating. State 1 as denoted by subscript 1, is when the strip is
at ambient temperature. State i2 when the strip has been heatadl increasd its

radius of curvatureenoted by subscript Zhe increase in radius of curvature réesul

theextersion of the strimlong its chord lingo lengthd 8

By derivation: Y — — Q Eqgn.86

Same for'Y 8 Yo — — 0
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Derivation:

By Pythagoras: — +2 E 2

This expands to with rarrangemenand simplifying — ¢2 E
Hence Y — - Q same for Y
Eqn. 90 can bel@rnatively expresed: Y — —) Eqgn.87
Same for'Y 8 Y — =)

The radius to sector angtatio relationship is as follows:

- —=— Eqn.88
Derivation:
From Fig6-3 in general terms; — AT -©
This becomes after 1@&ranging;
N Yp Q& Eqn.89
Noting that;in general — -
thus N Yp Q& ¢—
Using theMathematical bok OEd - p AT @ , substitutingandre-writing
in general terms;
Y — Eqn.90
Additionally :
Y — tan(- + )
And thus Y — tan¢ + ) Egn.91

Height relationships ahid-span of the chord ages follows:

Q —O0A+
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Likewise: Q —O0A+ Eqgn.92
And al® QN —i Q¢

Likewise M —i Qe Eqgn.93
Alternatively: N Y p 0Ei—

Also M Y p W& F—  Eqn.94

7.3 Angle K as aFunction of £ #

A new relationship linking angle and the difference betweens was establisheth
the Catia geometry simulatigmesented earlier
It wasproven to hold true for all values that:

, - - Eqgn.95
Also that: , — Eqn.96
Equating Eqre9 & Egn.100
T — — = —
Individually can be expressed as: — —
And thus: S — Eqn.97

A further definition ofgeneral angle—his that it can be expressed as a function of the

arc length divided by four times the radius of curvature in radians.

Thus in general: - — Eqn.98

7.4 Ratios of Short Chords of Arcs as a Function of Radii

The following relationship was discoes in the Catia Simulatioand holds to be true

for all values that in general:

R R

wherek is a constant
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Are,

Fig.7-2 Ratios of short chord of arcs and radii

From Fig.72, the short chord lengths ratio of divided by [ is proportional to the
ratio of the radii'Y divided by'Y , that is further inversely proportional to the angles
of the sectors— divided by—, of the adjoining arcs.

The relationships hold true for any combination of values provided that thehdexi

~

both arcs are the same, el @ 01 ®
7.5 i xand Ayd Positionsasa&uncti on of ¥ and d and R.

Using CatiaDassault (2014in the Design Sketcher environment, a relationship was
established bygraphical means, that links angleto anglel AT AT Gk Ahis
relationship was tested for a variety of values ofdag@nglel hand anglg hand it

was found to hold true for all values tested that in general:

I —— Eqgn.100
The proof is as follows:
From Fig7-3, intriangleqxbe,” T | — pymahd alsé | |
Thus by substitution and tidyingugf ¢ — pyTmJ

Fromtrianglegmbe, ¢ ] pyYrtd
Hence bysubstitution and tidying up
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f ——  proven

This is the angle between linkandx axis, lineato b, see Fig/-3.

Fig.7-3 x andy positions as a function of andd aRn d

A further relationship between linfeand angle—is also derived.

From Fig7-3, the chord lineab was earlier described by length ¢Yi "Q€ , thus

chord linecb, lengththcan also be written ast ¢Yi Q¢.

From the standard trigonometric identity for kaifgles chordsAbramowitz (1964

i Q& ———, if each side of this equation is
multiplied by¢YAT AE DN OAGUSAY i Q& Y p wé-4, But from
before, the LHS of the equation is equalitqg then ;

T WY p wé+ linecb
For the curved geometry as shown in FigB, @he new geometric relationships were
established:
w NgY p wé+ sin(—
w WY p wé+ cos(— Egn.101

7.6 Finding the Angular Rati as aFunction of Temperature

This sectionestablishes the constant raff@ as a function otemperature which is

specific to a particular bimetallic strip.
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It was stated in an earliesectionthat as a bimetallic strip is heated above ambient
temperatur e, It mu seimainovbtienythe iateriéd elassc limita w  a n d
during teating. To conform to linear elastic behavioywpn cooling it must returnto

the same shape or fornfiound originally at ambient temperature. Thereforé a

bimetallic strip exhibits linear thermal afa@teristics, them linearthermalrelationship

must exist between the temperature of the bimetallic strip and its radius of curiature

temperature induced bending.

Therefore thissection introducesiew formulae that provide the mathematical link

between the heating, and the geometf the arc of the bimetallistrip.

Fig.7-4 Geometry of angulaatio 'Q

Assuming a linar thermal relationship exists as a function of the geomttesefore
one possibleerivation of this relationship is as follows:

From Fig.74, line ab is tangent to ard0 supporting radius of curvatutéy and like

wiseg line ac is tangent to ard supporting radius of curvatuié ywhere in facto =

0 , botharcs arethe same lengthf the same bimetallic strip.

Using the simplified, more immediate radius of curvature formula, introduced earlier in

this study, thus from before:

'Y ——— — which can be simplified torY — where
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Note:Ti mo s h eadids ofccgrvaturédormula” can also be useid this deriation,
but as stated earlier, it is a more complesnula and thus harder tmtegrate with
other formulaeAssuming thato "Q ¥'Yis alinearthermalrelationship linking the
angleof the tangentine ab, or ac, to an arc of radius of curvatur®¥8 The change in
temperatureY”Yis due tothe heating ofa flat straightbimetallic strip to form ar® .
From Fig7-4, it can be seen that the internal angle to the midpoint of th amnd the
external anlg tangent to the arc atmth equal toangle— , andthe saméor — . The
equivalencef the internal angle to external angbasts for all arcs.

Let O ¢— oringenerallet 6 ¢ d Egn.102

whered is the anglébetweerthetangent to the arc and the chord line axis
From earlier work it was generally stated that — in radians.

Thus by simp manipulation it can be shovthat the constantQ can be expressed by

variousrelationships:

Q = Egn.103

or
Q —~  Ean.104
or Q — Eqn.105

Eqnl03 requires the evaluation of angledq, which is a function ofY or °, if

Timoshenko is used. Edit4 requiresY plus the arc lengtb . Eqn105 requiresarc

lengtho , the thicknes$ andq which is a function of the coefficients of linear thermal

(CTE) expansion of the bimetallic strip. Thus Edhlis the most useful since it is

relatively easy to find the CTE of the metals, plus the thickness and arc length.
Furthermore Eqn105 does not require the valuef 'Y, or }, swdilbbech need

calculated firsin the preceding two formulae.

Hence 6 —Y'Y Eqn.106

where ——— wasdefined earlier

t the total thickness of the bimetallic strip.

Y'Yand & have been defined earlier.
Eqn.106 is thelinear thermalexpression linking the temperature to the external angle
0 gFor the bespoke bimetallic strip SBC206t = 0.4mm thick, and for an arc length
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of; & = 80mm, agraphof angled vs. temperatur® Ywas plottedout see Fig.7-5.

180"

Angle Cn (Degrees)

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
AT

Temperature( Deg. C)

Fig.7-5 Angle temperatte relationshipfor SBC2061 bimetallic strip

Thus having established the 0 B Ycurve for a specific bimetallic strigt is possible
to find anybend radiudy as a function of a temperature changesinoyply reading off
the graph.
Simulation
Thereforefor the SBC2061 bespoke flat wturved bimetallic stripBOmm long at
220°C i ambient 26C, i.e. at200°C, 0 o textracted from Fig-5. Note the actual

calculated value i29.8627and 0 2—andalso — — thus:
o} — or'Y — and this evaluates t¥ 0.0767454 m.

This value accords well with the Timoshenko value for the same data:
By calculation, Timoshenko radius of curvature = 0.076035 m. Thus using this
method it is possible to evaluate the radiucwivature of a bimetallic strip from an
initial flat straight condition providing that you know the following parameters:
1) Coefficient of linear thermal expansion for both metals making up the bimetallic
strip
2) The arc length or the initial cold length ofasght bimetallic strip.
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3) The total thickness of the bimetallic strip.

4) The change of temperature experienced by the strip.
A method of evaluating the consta@t was established for a specific bimetallic strip
which enabled the calculation of the bendnir flat radius of curvature if the 4
parametes previously shown are knowmQ is the parameter that links the change in

temperature to the angle of tangent of thenatis the radius of curvature.

7.7 FindngConstants fd&arabdla fnbo i n a

The forcedisplacement curve for a poeirved bimetallic strip when loaded along its
chord lineproducesa nonlinear displacement responde has been found by testing
pre-curved bimetallic strip that the chord force dssplacement characteristic of a thin
pre-curved bimetalt strip, closely matches a parabolic curviéhe following method
enables the finding of the constantd theforcedisplacemenparabolawhen two forcs
and two displacements are knowrlhe general form of a pdrala is generally
publishedas®dy @ @ O SeeFig.7-6 for plotted test datand Fig7-7 for the test

data extrapolated to match a parabolic function.

) i
ViV
i

N

// ——Rc=50mm
e /! / ——Rc=64mm
::i //// / ——Rc=70mm
////// ——Rc=72mm

Force (N)

: %7// ——Rc=80mm
% / ——Rc=84mm

0 1 2 3 4 5 6 7 8
Displacement (mm)

Fig.7-6 Testforce vsdisplacement curves for various radiicfrvature
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Fig.7-7 Force vdisplacementestdata- curved fitted and plotted out

Fig.7-7 shows the second ordeurge fitting and extrapolation adctual force vstest
datafrom Fig.7-6. Note, only the first half of the parabola up to the maximum ibhe
useful range in theory, the actual permissible displacement will be limited to and
dictated by the yield stress of thee-curvedbimetallic strip Fig.7-7 has been generated
from Fig.76 by using the equation fitting facility in the Excel spread sheet. When
reviewing thetest data curve fittingthe values best fit a parabola of the following
foom™O0 (w weowhereby tihe iconsgaoated as the

Zero.

Finding theconstantsa and b of a parabolaThe derivation method is similar two
finding the constants ithe force displacemergxpressionF = k x, as found in a linear
spring.

Let'O (w o andlet™O  dw  Gw.

Multiply the first equation by the ratig which equals —

Thus U0 & o @ ®

HenceslO U0 dw @ -[ G @ ®

Substitutingg  — and rearrangingthis simplifies andbecomes
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0 — Eqn.107

And hence

€

Eqn.108
where: - —

'O 'O Forces (N)two inputforces.
() w Displacements (mm)two inputdisplacements
® is the new displacemeatitput(mm).
"Ois thenew Force output (N).
Thus the parabolaequalto 'O G +&X Eqn.109

To use EQrl09, Egn.108 & EQn.109 requiretwo inputted forces and associated
displacementsthis will enable the evaluation of thenstantsciQ ¢hfrom whence all
other values of force vs displacement can be calculated for that particular bimetallic
strip.
Equation109 check using theY v 1 & curve;
From Fig7-6, extracting approximate values of forces and associated displacements:
O MPeQOw caa
O MO w xaa
And thus— - o®

8z 8

Evaluating (=—"— =0.0031 and thugy ——2—"—=0.1360

Hencefor X = 5mminputted; "O T3 T @p+ T¥p 0 @Xt= 0.6025N
This can be checked against tie v 1@ & curvein Fig.7-6, which shows a good

correlation between the derivation and the test curvevddias
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7.8 Discussions andConclusions

This work has investigated the spea@alal, or chord lindloading case of a preurved
bimetallic stripthat serves as a bimetallic blafde the harvesting of renewable energy

in the application of a thermal motdfrom the literary review gpatentsandwork by

othess in this field the auor could find noother study or referencélsat relate tdhe
specialchord lineaxial case that this work covers. Thisrk introduces newormulae
specific toa pre-curved bimetallic strip that is mounted so that it produces forces and
displacements afg its chord line axisAn extensive set of tests on prerved
bimetallic strip were conducted to provide test datatwrelation of the theorio meet

the objectivesas defined irsectionl.2. The newtheoretical relationships and formulae

that have ben introduced by this study have been correlated to the test data, and thus
the generalobjectivesand aims of section 1.2 of this investigation have all been
achieved.

As a by-product of this work, a new method of fabricating bimetallic strip has been
inventedand successfully implemente@he technique of using tabs and-outs to

affect a local join in the two metalwas successfully implementedloreover in
addition to joining two metal components, the method can also permanently join
polymersto metals and other rigid nenetallic materials. The fabrication techniques
employed in this work could also be adopted for development work or short production
runs, where, as was shown in the review, there is a significant set up cost and lead time
to procure bespoke manufactured bimetallic stripe Tabs and ceuts method of
fabricating bimetallic stp is therefore useful for producing a variety of fabricated
bimetallic or bimaterial test pieces for research or development purposes.

New relationsips and formulae have been derived by this work that characterise the
parameters of a preurved bimetallic strip subjected to heating and loading. New arc
related geometries have been introduced that enable the evaluation of other arcs that
have changedsaa result of either chord line loading, or heating. The impact of the new
set of arc related formulae and special relationships are also useful for other geometry
relatedfields of study. This work establishes the links between the theoretical formulae
of arcs and lines, to the properties of the metals that have been formed into the

geometries shown.
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As part of this study, newgeometric relabnships between @vlapping arcs of circles
and their relationships have beeantroduced One new relationship enable the
evaluation of the y and x ordinates for any arc as a functiemndhcreasing sector
angle as y moves along the chord linkdditionally, a new formulaor evaluating the
chord line force as function ofarge displacemerst has been introducal. A new
alternativeTimoshenko approximation formulgas also introduced by this study, plus a
formula for evaluating the combined chord lineeating and loadingcase. The
straightening up from benfdrmulae has an application as a loaded bimetallic senso
and thus thB work introduced herecan be used in the field of bimetallic sers
Therefore in conclusiorthe scope othe application of thidody work hasa much
wider appeal and significance, becausenitoduces newgeometric formulaefor
sensing applicationgplus new chord line force displacementrfulae that can be
utilised in the applicatiorof linear thermal actuators againwidening the apgal and
relevance of this studySummarising, His study has introduced many new useful
formulae and geometric relationships that can be recommended for any future study in

the field of thermal motors, linear thermal actuators, anatpreed bimetallic sensors.
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7.9 Further Work
Further refinement of the temperature induced bending forthalkais a function of

time, could be developed. The current theory is limited to one dimensional heat flow. If
a twodimensional heat flow formulae was developed, this would improve on the
accuracy of the current formula to predict the bend into a radius of curvature as a
function of time.See chapter 3; sectioB.12 Eqn.75.The assumption of the current
theory is that the flow is steady state, this is not the case since the heating argl cool
time varies constantly within a short period. Further work could investigate the transient
effects andchow it influences the accuracy of the time predictidfuture bimetallic strip
research could investigate the performance of a hybrid shape memory alloy bimetallic
structure A shape memory alloy such as Mibl wasreferredto in a patentby Sandoval
(1977), who described Nickelitanium alloysas changng their shape upon a heat
differential. The temperature induced shape changing properties iabINsbuld be

used in a bimetallic stripNitinol which is a NickelTitanium alloy, rapidly changes
shape viadhe mechanism aé material phase changtue to a temperature difference.
Although the bimetallic strip changes shape by a differeathanism to Nihol, a
Nitinol-bimetallic strip may offer a more controlled rate of change in shape that could
be tuned via the bimetallic constrained structure. The triggelhange shape could be
sensed by the bimetallic aspect of the hybrid structure, andcthation of theshape

due to the Ninol phase change. This research is purely conjecture at thisasihgeay

not offer any benefits andnly drawbacks, but it wdd be interesting to see if such a
structurecould be madeFor a quick evaluation of the proposediit-bimetallic strip
structure, the fabrication method successfully introduced by the current study, could be
used to produce the test sampResearchnto the effects of different combinations of
mating materials with Nitanol could be easily be explored via the fabrication process
established by this worlA future bimetallic applicatioof this studycould look at a
small scaledevelopmenbf the themal motor which would be driven directly by the
Suno6s r &utrse workwbudd use amall size motor in the range of 2 to 5 meters

in diameter, to be setupnd operatedn a very hotregion for the evaluation of the
concept. Dependent upon the detabign, a small scale thermal motor of this size (5
meters) should be able to productew hundred watts of useful power, which may be
sufficient to pump water uprdm a well. The future application of the thermal motor
could also benefit from a possibleitidol-bimetallic blade if that research yields

positive results.
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AppendixA: Thermal mototechnical drawings
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Figure2A i Fixed Ratchet:Mark | Thermal Motor
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AppendixA: Thermal mototechnical drawings

Figure3A i Shaft Mark | Thermal Motor

Figure4dA 1 Test Pulley Mark | Thermal Motor
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