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Figure 115: A vacuum drying test conduct ¢
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igure 117: A vacuum drying test conduct e
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ttached to the vessel Iid. The..ve$d4él w:
Figure 119: A vacuum drying test conduct ¢
ttached to the vessel | id. The..nve$d48BI] w:
igure 120: A vacuum drying test conduct ¢
attached to the vessel | id. The..ve$%3d48B8I| w:
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Figure 121: A vacuum drying test conduct ¢
attached to the vessel ' i d. The..ve$46I W
Figure 122: A vacuum drying test conduct ¢
attached to the vessel | id. The..ve$d46] w:
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n
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Figu
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mi cr
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approaches along with the evacuation fr o
A1 L .2.0.AC e 160
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Gl ossary

Ter m Definition

#P Number of punch mar ks

AGR AdvancedobGaes Reactor

Al S Ameri canStle®in lamgti tut e

AR As Received

ASTM American Society for Testing
BEPO British Experimental Pil e Op
B WR Boiling Water Reactor

CANDU CANada Deuterium Uranium

CFD Computati onal FI ow Dynami cs
CLSM Confocal L aVe ecrr oS ccaomprei n g

COD Crack Opening Displacement
CT Computed Tomography

DET Drop Evaporation Technique
EDF £l ectricit® de France

EDS Energy DirspyerSpect Xxoscopy
EDX Energy Dirsgpyrsive X

ET Etched

FGD FI owed Gas Drying

GDF Geol bgsposal Facility

GLEEP Graphite Low Energy Experi me
HS Hand Sanded

| AEA I nternational Atomic Energy
I GA I nter Granul ar Attack

Il GC I nter Granul ar Corrosion

| GSCC I nter Granul ar Stress Corrosi
| SO I nt er mOartgiammn &lati on for Standa
LBB Leak Before Break

L WR Light Water Reactor

ND Not Detected

NDA Nucl ear Decommi ssioning Auth
NRC Nucl ear Regul atory Commi ssi o
ODE Ordinary Differential Equat.



ONR
PBI
P CMI
P WR
RI'S
SB
SCC
SEM
THORP
UK
USA
XCT
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Of fice for Nuclear Regul atio
Pell et Brace I nteraction
Pell et Clad Mechanical I nt er
Pressurised Water Reactor
Radi ation I nduced Segregatio
Shot Bl asted

Stress Corrosion Cracking
Scanning Electron Microscope
THer Oail de Reprocessing Pl ant
Uni ted Kingdom

United States of America

Xray Computed Tomography
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Nomencl atur e
Sy mb« Definition Uni
A Ar ea m?
C Constant
D Hydraul i c diameter m
E Youngbés modul us N -
F Fraction of mol ecul eamiad:

di ffusely
G Gap betthweeetni ps of the <cra
K Knudsen number
L Material thickness m
M Mach number
N Number of turns
P Pressure Pa
Q FI ow rate
R |l deal gas constant J ‘Kol
T Temperatur e K
Y, Vol ume m3
a Constant
b Constant
C Constant
f Friction factor
g Gravity m -2s
h Crack height m
Kk Conductivity
I Crack | ength m
a Length of arc of flow ar:
m Ma s s k g
n Mol es
r Crack radius m
t Ti me S
Vv Vel oci ty m -is
w Crack width m
z Crack depth m
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U Area correction factor
b Di ameter ratio
a Hal f angle of curvature
) Ratio of specific heats
0 Expansion factor
d Average flow direction
e Mean free path m
€ Vi scosity N s2 m
Perpendicular height of |
Pi
| Density Kg 3m
G Stress N -
Y Compl ete momentum accommi
Ra Roughness m
Cp Speci fic heat at constaniJ kg
Cv Speci fic heat at constaniJ kg
hf g Latemat of vaporisati on J kg
Ca Di scharge coefficient
C FIl ow coefficient
S Yield strength P a
Mw Mol ecul ar wei ght

COD Crack Opening Displ acemeil

Subscripts

SymboDefinition Uni t
ef f Ef fecti ve

exp Losses deepamwmsifomid

m Mas s

% Vol umetric

ev Evaporated

ms Mol e/ s fl ow rate

ma x Ma x i mum

hoop Hoop stress
o] Outl et
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1 Il ntroducti on

Il n 1942 at the University of Chicago, t hi
sustained nuclwiatrh ftihses itoenc hrnecalcagyont hen ©be
design of &a&atrgenfoeredcandsOak Rbelgeti Theese
the Manhattan Project in order to supply
atomic( bdfmbesr t he sewhatlldee wpr 6 duevairon of n
weapons was still a priority, the possibi
peacef ul punmvesse gawaesd sewiyi hgEil sehheswéamou
PeaspeenohlhmBe technol ogy behind nheedsr e
t oifpoet i nto the hands of those who wil./ K

adapt it tooghehtaadpshoufi dpeadbando@d) el ect

|l 4956, the worl dos first i€ammherlwed;pdnd nucl
supplying el ec(3Qadidteyr tHoaltlh e npdu tlhiec r est
upon the experience gained fr.omnogéereatpiin:
reactors, natur al urani um whschnwasethen
i nserted into witghathe treeamotder ab®irng cool
passing it(4m)fer the Maghox reactor, natu
however the aluminium cl| adudagugealswnmintbielerm
noexi di sing all oy which i s (Wdreeset e amwd e
operated at higher temper anacess itthambdd mege
in claddingnmatddrtabn, to |imit the radi.
at mosphere a closaddsybéeme gyaass oproditea
the core and ¢tiemtuitthewhieclhnpmroguced stear

changreasphite was still wused as the moder ¢

Whil e most ot her «ctohueng ht e 8a tlbWRdBeesaiogtnd o | (
phil gsapghhey United Kingdom optefduntohemurwiute
AdvanceadobGaes RG6RctFoorls olwi ng further refin
desi gmownhdavi ng the abi Ifiutey twa se rcrhiamig ewr 4
di oxinde cthppdt d 03. 5% ands(7®@4 mefd t me e prell lee
st adloed buellcd midn2ignmb 20t ai Nl ass skitogeiairl88i.)n

36 of these pina watrei rlhesns pdtaeceld b maome an
acts as the modehatduoul Il nfube ekbameot arr.
Figare
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FiglreCut away

of an AGR FigareCutaway of an AGR

uranium dioxidélDyWel graphite sl eeve, stai(nll

NION-¢ U¢ N3G 104 &U19 d L

Il n 2012,
nucl ear
this was

the decision was taken that wWo ul

fuel

once the cont(rn2JFed GhanAGRI

achieved in 2018. As a resul t of

an open asueflarcyas et he A&GR dhuBwgdirsa concern

Mining and Milling

Conversion

Enrichment Deconversion Fuel Fabrication Power Generation

®
Storage
Reprocessing Storage
s Front End .
—— Back End Disposal
Mining and Milling Conversion Enrichment Deconversion Fuel Fabrication Power Generation
.\
o
Storage
Storage
[
Disposal
FigBreThe nucl ear fuel cycl e. Top: closed fuel
Assoc( &8) on
This change in strategy has necessi
fuel for a relatively short period
need to be stored until Géel bggbahe
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Faci(GDpRiy ready to receive the fuel
expected to be ( b4 pPTOh7e5 cautr rtehnet esatrdrie

with the wet interim storage of the

showhi g44r eowi ng to the decades of ex

Figaféer mal Oxide RgTpH®@RMescseiinpgt Faancdi | ShttoyrSeegweh aptohne

be the final tsheorfAa@R fluwecla (plesnpdiofg di sp
To hel p encsluarded itnhga td otense not f ai | during t
pond chemistry is carefully controlled al
(al so referred to a¢l.6aHiswe wer ,t oun chehri brida
the cladding can become sensitiaedareerda]
of the thermal andlHaditolrogiadaly, cohei fiao
AGR fuel was attributed to intergranular
the release of radl.@nuexamapiaiimiufPoE&R hcel apdod
I's shBiwgbi e
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|
Inner Surface ’ ‘\ Cirer stirface

Fi gbreAn example of fail €d9AGR cladding. I m

With the introduction of the caustic dosi
i nhi bited any corrosion occurring to the
of the pins may already have micorro acr acKk
sufficiently high release of caesium to
expected quantity of pins in wet interim

proportion of said pins wild.l become f 1l oo
NIZ¢HRezaW?!l ! RUDWYNWEGHUqW[ 2 0

While the preferred strategy is to conti
it is recognised thatha pat éntbiaadlk foert i dm)
I nvesi{(2Oant eadddi ti on, regardless of twlkeet he
Nucl ear Decommi sd8DAxnti magt &g it ¢sced ést iyosusto (t hleO
expectation that the fuel will2d4¢éed to b

Onapproach beiwgcocomsldnd gtirheigs. iasppr oach, th
dried is placed into a vacluawe rcihmgnbtelre wphr
the clhadbéhewat erevapeur concentrati on,

for madsi ntgo wat #R&pmpatueem drying in itseldf

with the techmwmni geemolvel mpi sseade from prod
be destroyed should thermal treatment be
f ood2s3E)lven among the nuclear industary, Vvac
viable means o@fioemowi hphewdtwel being pl a

(24However, this has been primaril yclcaadndu
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I n zi(r2ch)ll my c AAnGRr asutelt hes c¢cl ad i n stainles
understoerdi shangméenwossowagéd not be dir

this fuel

At Sell afield, steps are taken to prevenit
coming i nto contact with the pond water.
hot cell facilities for dry pdckagipgngr |
stonf@a®éeMeanwhil e, as 1mdnthieo npeodn di nwasteecrt icohr
carefully controlled via dosing with sod
corrosion of (tllbeNetveaernhhebksesstethere is a
extended duration of the interim storage
to ingress and come into contact with thi

prior to di seprosmdy turechertghoe rwaadi ol ysi s and
hydrogen peroxide which iIis detrimental t

I n greater de3 ail in section

NIO®@ | ! WEqYPBRNGWE OGO WY N WEGUUqW eHGUC! W[ 2130 LW

The primary purpose of either wet or dry
to mai mtoamitrmitntment barriers that prevent

environment . For AGR fuel, the primary c
cladwhnge. in a wet <stoarraogsed oenn \wiarno rbmree rcto,nt r
management of tthha eswmdated madc me mii e ) ndef i n
Eventually either the pond wil/ reach ca
which a replacemenitnwaddidt ib@ nnrodng et iotr @ dcit nhde
contrpodnd hcehemi stry adds significant cost

Theéni ted Statesd reprbhoycelEBsasgaopesaltti omfs
proliferampbempotedywhich resultef@2vn al |
I n the 19800s these <ctapraecsd twe raen db egriemn it ro¢
t wo possiabrlee poeprtmiointsed( 2:8) expand storage

1)Reracking which involves reducing the

2)Consolidation which i s mhreea ed enrhse lsy.e n

This finigromxtpead sutoinl ity compani esOhoet L
the fuel has cooled and the radi pbhatctedi t
i nto a met al cylinder which is theochnecl

as thoseéeigladen hi m he s ucocaecshs, ooft htehri sc caupnptrr
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the world have deplohedghhiei rsbonl dr lge s
operate the AGR reactors or with stainle:

Figérebry stwged ef cwrastkhe dry stor agel noafg es it rkte |

It 1 s well undaerpstedod cteh aotf waatdegrati on, i s
radi olysis which can | ead to the prodomct.
a sealed environment such as$hardryssnor am
remove these specHyedsr ggemmme nthe & ofmlt ammal.i |
expl oswiwiel eaciktkkoiwd edged that the other ra
hydrogen pemaxieadseadthef( @& uet bbrcobprosson
stainless steel claddiumgechstalbthieAGR ofull @l

further r adiTohneurcelfiodree ,r etlheea sreemoval of the

crucial for the |l ong term, safe storage
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hesi s SAirnusc taunrde ,Obj ecti ves

s workoaitmedet oo devel op the under st a

nt AJQR ifrugelt he v ac,uubmuidlrdyiimg om oweersks ¢
vV iAdudsiltyi onal lgveltomi anemio d ®| whi ch coul
orm t he bdpryownigdipm@ca sgredi ction of t he
en defect slimneorachadr wad eac hmaeswea ntdlse swve r a
su®mhe side focused on the experimenta
used @aompundat henal side of the work.
the experi metnhadege sbodpethieveswere

.Corrode stainless steel to produce cr .

failed AGR cl adding.

.Condwaduum dr yasnsge stsr itanles diroyi ng t hough

in stainless steel

.Determine the impact of the narrow t o

sai d .cracks

For the computational wo,r kg faur tttheer btehgri

obj ect isveets owetr:e

1.Model the fl ow a&arfbwi dtothuwuoughcrack.
2. Model the evaporation of water under |
3.Combine the two cowlleisch oc gulod ugreo vai dreo

pan

The
rel

foc
and
eva
dry
und
rea

pro

drying time requiredxpaedi maht dbhteesutl |

should be noted that tafitserprtoje cG@OWab

demic which had a significant 1 mpact
foll owing section of eadadsrrepohtafoe}y
evant | iterature covering the. matin col
uses on the AGR fuelcoardi saaitgontdge mao redi
corrosion oft sntnmimgdg estst esrnteied s thewarr s
poration of water. Finally the | iteratf
Tmg@. subsequent chapters prewene the Vv

ertaken duriThg obhderpobjebese section:
der twhhaokgh ntohe i n chroniohotgheadbr @demrdewh

vamesnder standing as to how the model



32

prejseat iing @aomeivd

Fiemalilry,t yt o t he
eval u

wor k as wel | as
whi ch woul d ne:

wor k.
findings from this

outlining the future work
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3 Literature Review

Thcbeapter sets out a background to the w
projelctt initially covers the UKGO6s nucl ear
AGR programme faldng ewiitghn it me addi tion to
environments aA dr ecvoinesw doefraastdi agiredl .eevsasntst e@i
mechani sms i s also ca@alhtdmag nwidt wi & hdinsd¢ bhs Si
of fluids through restrictions andrthe e
I's roundddsoutpbyon of the current state

as welhle a@aevel opments made internationall

OIWNG6 DWOu Kkt W 2HTWEC! Wec Rt qVYI !

Foll awiengsecond wdMeahHawaanaPRdoi bet, the U
was focused on atthoemide viieRlaopbmesrstt afeact or s
constructdée®GraphHaeweébw EnerQ@QlEERn®e i it mesmt
Experi menBBMHO Whi ehOcommenced operations
respe¢Bidhel yxperienced gai ned deawan dp etshee
Wi ndscal e Pinaetsurwahlilcyh ewerrieched wurani um fu
air cool ked rweasltihsaegdst he heat removed from
harnegseseakrtad eartlechirsclieg to the creatio
commerci al reaSeoeral Caefdeaemdalkls. to t he
Piles were i mpliememdcecuwctisamr hofast i déaiteo| 0s ec
reduce the release of radiswctichinhyg itota
di oxi de cool ant due 2t%hiiltes nraetduurcael d ucroarnriou
i n thesehaelevanticnbiaushdi ng used for the Wi nds:

wi t h a malgnmeisnlidimy | mpr ove the neutron cro

For the secomucIgearctrat s onwloifl e most of tl|
concentrate on water cooled reactor desi i
cool ed (S3yIshtee med ot ype AGR remacwobehlltatw eldd
referred to as the WALGKRZ, bwictaimet hog efriart g tor
reachteogrisnni ng o p(e2a3t)i on in 1976
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ONG JUR ¢ U IFEYY GedT WAWEC A VY LW

As mention8dlitmes AGRi oeractors represent

commerci al nucTearf iproste r oblpul nadnet rsees gaec®@,ct 0r S
commerci al operation in 1983 and the fin;
19§84 021, Dungeness B became the first

defueling and it has 8Bi none 3BBRHRm e] dione dheb:
contractthgrprosesst a Atypical 0o AGR rea:
such as Dwhmeaaeeaefeusess Bstringer i s compri sed

compared to every other( 3&&8)ctsarhewmtandrie esih
the design of theFAGRBRreeactor i s shown i1

Concrete
pressure <— Control rods

vessel
Steam
generator
4
(LUIL s
dioxide
Fuel
elements
NI (‘:“3

Graphite moderator

Fi g@Aeschennaetdrce ooff t&m oG e f

The AGR reactor relies on a graphite cor ¢
sustain the fission chain reaction. Howe"

form of radiati(o2n5)i nduced oxi dati on

0 009°9¢00 (1
To inhibit ahsmwmaldleggaadatidmy do ft omd3Bea rce oil ¢
Whil e this protects the core from degr ad:
reactor core, the radiolytic degradation

depwsich coats the fuel pi nBi,g@meexampl e
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o5 : S }
: - " -t " " S v
Ty iy T N
) . lu.; ‘f}‘.’(.ﬁ,h,"\ i
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Fi g&reAn example of carbonaceous deposit w8B8rh has bui

3.2The Fuel Assembly

The AGR fuel asBKiegtaimd iiss schoanpmrr iisred of a
stainless steel brace @64@)tbel f pethd pompr |
annul ar pelnlretch edf FBIDawnp tsd ack@d3i7bBs mte t
t hi2ZOK 20/ Nb sd¢laa A iets@B &It ®teflt hese pins are
stainless steel brace and then into a gr .
these elements (sevear kaetd Dwndgemraeanssa Bluedr

that 1 s inser(t3e88d i nto the reactor

FigireA schematic ofshaowi A@R tfheeslp ealbe mermtae n h(adl)

3.2CkRadding Materi al

When compared to the conditions f owarde i n
runs bptBR&r i @ an33AGR ovrs as tMatgiem®m) t i ng i n
higher ther(mg243dhfsi @aill emgy wi th the increa
necessitatedcttahenlcemsasn gd eted mmalganddii nugn iad |
whi ch had been usedhéeénAGRef MaRhb&5ctKaAdt DI
stainless steel, the comaphklad bingtnhwveot hwhi c |
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compositions of the two i80wmonhggradefst of
household utemsi bsamnbddnwlslissadn kussed when hars
enviroarme ndxpe cftoerd cshuecnhi @aasd -s th fofaes iplodr4t;i e s

4 54,6)

Tablt eComposition of common stainless steel s(445d; AGR c

46)

Stainless S304 316 20/ 25/ NbDb
Car bon, C 0.07 0.07 0. 062
Silicon, Si 1.00 1.00 0.58
Manganese, 2.00 2.00 0.79
Phosphorous 0. 045 0.045 0.0114
Sul phur, S 0.015 0.015 0.019

Chromium, C17.i183®.5 16.i19®.5 19. 33

Ni ckel , Ni 8. 0D0. 5010 .-100. 0024.05

Ni trogen, NO. 10 0.10 N/ A

Mol ybdenum, N/ A 2. 0H,. 00 N/ A

Ni obi um, Nb N/ A N/ A 0.7

Il ron, Fe Bal ance Bal ance Bal ance

The use of a stainless steel all owsffor 1
t he .alllnoyt hi s case the pr esengieveosf t2h0e% aclhl
excetéeinstance to the temperat wWr.efs f ound
nNi obstuambi | i ses {BBhestianall esisoladlefedtthe mi o
the grains from the depletion of chromi ul
boundaries from corrosion by preferenti al

chromium( &) bi daéess st eelnsecahmdbidshies nlengd aar

and arising from reactor coBd#d4tions are

3.2F8ilure Mechani sms of AGR Fuel Cl addi i

There are several mechani sms that can co
and have thespobteninhi al thoolbéswahavdebee
covered exBaernkseifvReélB)B8adywnd so shall only be

Var ideegsr adati on mechani sms have been obse

AGR fdweli ng iimrcd duida tnigo n
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T Fission gaé$fioverpmesuUXanamiulkhr o du c ¢
I nitially held in the fuel matrix but
t hfeu e | pin internal gas vol ume.

T Pell et clad mechaifibat fTotmrattdeogr § @:
generally understood to be the result
fuel pell ets aMhd |tehe naltadcdil ygotethabmedt i s
t hcel additnhg s cl osesamp caderir nducadi atcial

T Pi-mr ace i nteThetaonl ¢8I 3t eel brace us
i ndi vi dual pi nsoevd trhatn haml & ltehme ngi n r i
t her mal expansion of both the brace al
the eligmemtns cause a vibration | eading
contact and the cladding wearing away.

1T Rat chidtnisngle the fustapknnghgreoaes dp
prevent thmi gredtieng dogumwair$dy ud rdd @ rh e
mi grate this can | eave andeatt i oinsl fofcl
coll apse.

T Clad r esitTthu st ugsti eay tpwdlce sSi r scriitsi ¢ dle
strain gwhiohgredawttdes the ductility of

vul nerable to the other degradation m
OCREqY!l ¢NUIWYNW erH/GUC! Wi ct qld

The storage of spent nuclesoliVeed manme Kk
provides a salfwet,i dppnmgfatochrems e xi st ; wet st
Both of these ar @ sus esdt earnasuen d etchhen i wgourel sd w

facilities are constructed.

3.3Wét Storage of Nuclear Fuel

After the AGR fuel i's removed from the r¢
pool at the reactor station for initial |
cladding and to |l ower the risk of an uni

( 4.Af ttéhre i ni ti al period at the reactor st

I nterim storage. Upon sarargiavianl satto rSeedl |uanfdie

I nitially, the pohtsdawi S§al Oa fidoankeetvaeive s e d
determined that wiegmhyaacoinostebhenAGRefl ol
could be stored for 152 ye@4Bowévéenky ge
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requi ckemt dery to bel mal..ex2 uwlplny cchd notrriodlel ece
failure of t he tcd aodcdciunrg waatsh i(dde? gdnaetcatdo a ¢ iwm
concentrationtd@ail@hppmi aed ffuaithere was ot
1200 days.

To i nhibitoft hteh & atlruand deiesmgweu i rpge rvfaorrimeuws |
and at d{ .5 )eTrheentr epsHu | tssu gogfe sttheeds et hsa tu dd cessi
hydroxi de ( NaOH) waafl fsioc icearl tl eadt ciarursithb ict,i ng
cladding.l AgpmHam®d 2 .n5heppcm acdhdlionrg dwea s st i
1250 and 400 days respectively compared f
without 6HSbmedbsehghad, in 2015, been st ol
1. demineral i seandvah aes rmadtn dexiplew8i%®e ntccee dt hae
cladding.

3.3DRy Storage of Nucl ear Fuel

With pond storage havihg altennbé¢i spaa@pl
stohage beiem waridous countr i emhisuc hh aass otphe
a dry storage(4.86ypi mdresiUmc @ le @9 HeeAxgpliaesa,s e d
thatsttomesgpe nef AGR fuel wiulsli ngo rat iweue stt ® r @
however dr yestonwvaege i gialtl¢d.1ns tamsalst or mate
the fuel is anithaltghbhetoretdberbhgonr anstf e
once the c¢(bDepyi at ar ampmierhearsp lbgeyeend f or t he
oPressuri sed PWdra eRlo iRleiarcg oWaBWRf uRselrascd o r
consi sotl afd W@ ZTihreaeelfloayy, whiolfe drlyerse oir & ¢
nucl ear fuel, there is not the elxmetrhenc:
19006s Scottish Nuwilebmridtiys tex plngr € hteh AGR
not phbeymaagpHs odbeossfesdB) nce t hen, approval h
t hsepent fuel from the SizeweadtuwBnthhWRety o b
Point C fd@dgbROwing suit

Ther epneasf eirored approach t o prtehpeardirnyg stthoer
with two concept gdiussceuds & evadnicisn@im 3§ @y ild g

fl owed gas dryi ng. @dResnauvsasle do fi nwasteecrt i forno n
surface of an intact ffuels gihre ips na crael atei
droyr for the watlTdre tpo i emaapyorcatne esgfnf wi t h
failed fuel wi || | i kwehliycdm e te a iaan sc wradcaeimr onlwy € |

cause the produamtitdhn nofei hyheémrogeére gdorage
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3.3.Ma.cluum Drying
Vacmudryasgbeen utilised previously to dr
where it was used to dry some of the st o

thdr®&37his approach fumnedl vasi slealoifng tvlae

reduci ng .t hfes ptrhees spurreessur e i s r edwapedr atwa
more readily and,reaardetriienrg ke ee wgpeewadtmech d
I n order to determine if the spent fuel |

i's upeal lbayjcrceod di Nng-16& SMSSTMc IC a vaestum t he
chamber ianeviasoadaedd presour @80momamuod esd
example of whiigh@i®&s®fstheorwnt hien hal f an hour
pressure has rxd@iPaed 3bélobowmaheémi al tihent |
chamber i s deemddd.5t) do w@&oasdue hteatbel ayt adrsyed t h
t hiat i s possi bl e t o pfrohbeyastsoe d upcei ensfawntubabre rd r
than nor mal 56900Otklcel snBsatrem i s i sol ated, ev
pressureofi ®c m8asdé&/ hr would result in a p

corresponding to a significant quantity

0.5 - - 55
[ 35

0.4-M'3° L 50
[ 25

0.3 20 45

- 15

0.2 /_10 L 40

L 5
0.1 4 // -0 - 35
e - -5

0.0 — T T T T T T T -~ 30
120 130 140 150 160 170 180 190 200

Time (min)
—— Pressure (BarA) —— Dew Point (°C) —— Temperature (°C)

FiglhoeA vacuum rebound test performed as part

The mass of water present inctamebeysiaé mu

using the (ibd’real gas | aw

06 &°Y"Y Eal
o Bh .,
€ E

¢ 29 E a3
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As V1 = V2:
& 8—8 E g4
0
From this, an upper | i mitvesosrelt hcea mabses cod
Vacuum drying also all ows for the possibi
and therefore it may be beneficial to un
st a(g®e5s7)

3.3.RI.2wed Gas Drying

The other main approach being considered
forgadle hydr adli®om known aé6FGDpweéedi gadarpdr pia
nonreactive, heated gacs rscuuclhataesd hehlriowng ho |
contai manhgrit alks( 5t90h eb ec adrrriieedr agiads diesh ycdirrad u
with each circuit untirlettuhrenimog sttiosrbee qagdaenh
t o mohiest uref cobheegas 4df5t89gr Cheldyegreatviados| y
l nvestigat edus hfe gopwoesds i ghassl adirgyeianhgs t o dr y |
fueb9x was deter mihnedGad ond & vk itsl ewlolFr XD bwa s a
possi bl e means t o rfeanolveed rfewseld,uailt wwad ® rn d

vacuum drying.

FGbhas al so b bGCamiaudsaetd obnya |li e.sa baosr ada omeans t
wat er tfirleinmetl lei,s wor k, dmat ¢ oi drhied dn,albeor el
not be placed i nto a v aaduraymarrcghoanmbnei rx taunrde
added to the tilw thbhb3® mls dfhewataarr i rea mgwae
ti hé.0)

3.3G80ol ogic Disposal of Nuclear Fuel

At present, the UKOGs spent nucl eéduttiovnel i
deciosn omhet her to declare i ¢(6.bhi a wasvtcesst
woul d phwnoimng the spent fuel (al ong with

an engineered faciwityw deaepl lnundergartowmrd e
showhi ghiSever al countries have already b
ofG@BQBuch as Sweddelmi ted Stands FwHleamaal Mou
di sposal lds spleme¢@cidBed) art ed



Fi gt e Concceopntpwatler geotrat 6DFi m@&Hken from

I n the UK, site selection has beameamsgoi |
have volunteeredEastpbateoblabhhoset sMi d Ci
Copell@86dCurrently it is planned that any
to aspempt fuel Afsra@amrz2z26uid t i1t will be nec

i nventory of spent fuel (fl4) approxi matel
OWMEqec RUGIUIt T WEqGTH

3.40¢ervi ew

St eel has been used in numerous applicat]
materials in use. However, exposure to af
By alloying steel poopermiasstcainnbess ast
suitable for a wide range of purposes. F
all oy such as 904L gives the stainless st

~—~t

he 300 series havetempeéeB8ali@devers, st laing et

candét prevent the stainless steel bei ng

experienced by the cladding of the AGR f
degradation of the stainles®$ sbeelosaond. |
concern to the nuclear industry as any f
release of fission products and all ow wat

fuel i nsi de.

3.4S2nsitisation of Stainless Steel s

One factor which can |l eadisosteheihiledgantdat
reduces the corrosi drhirse pihsetnaomee ao fo ctchua s
stainless stéelvaitedetpmpbdcatt @gsLandf 500
sl owl y( c@ulredg t he e x p otseumpee ria@ rutfEleeds aell seov a
referrefd tprasi ldiclat esi omtdgraecteenntt t o t he
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nd@tHew susceptible a stainless steel
ation uofeot hheerpesated temperature an
shown de¢ mpbkeTaTaunnsef or mat F o gl BFeoar g reaxna mpn e
t ai ncloenstsali snéPdn2glar bon can6b& $obj éaatl ¢dan

hout sensitisatfonhecsamei sagai Aibwe g es!
vated temperature for one hour then si
tenémpehature required generally decr ¢
reases.
TemnﬂC
o0}
Uﬂﬂf—" Carbon Content
800 \.: f :}\: Mo Sepsitizatiun
==
L] ! £
700 3
0.062 :
500 0.058
\_:E 0.019

1 min  10min 1h 10h 100h 10000 100000
Time

Figl2eTTenmp e rTatanrsef or mati on (TTT) diagramm/.Z)or 304 s

Wh e
i nc
el e
why
ni o
3.4

Due
sen
t he
seg
al |
bou
t hi

n chedsaimgeas steel 1t i s possible to

l uding el ements such asatbtdeaesumf nhoe!
ments precipitate out preferérmtisalilsy
, I n the stainless steel chosen for u:

bi um.

Ra@di ation I nduced Segregation

to the addition of niobium to the st.:
sitisatowinng st o etdhoet epdriecch i pu nt Haat @ eoline d ¢ s w
reactor, the neutron flux can cause
regati onWhhSRI Booocaus, it results i
oying el ements, most notably for this
ndari ex< |ladavinmgg itnh@7.BYenkas i sedan sd att er
s effecini $shmose mpevi&i XM rEalnegnee notfs 4o0n
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two of the fuel stringer experience thes:
t herefore catnsriidek edf tRI $Seand i ncreased r
environment .

oM YI I Yt RYU
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rrosion is a process whi auhs tiesd bcbhsaisnvse.d
fined as the deterioration of a mater:i
actions between the mat gr7idahle igne ngeureaslt i
uation follows the redox reaction as f
0 ©0 € Q Eqs
0 TQ O0©°100 Eqé
O ¢QOo0 Eq7
00 ¢Q °¢vO Eq8
il e corrosion can coeneevantmamyr moronfs, wh
re, generally it can be broken down i ni
1.Gener al corrosion
2.Localised corrosion
ner al ccoovrerrossiaomr el ati vely | arge area of
e corrosion which could potentially oc

re bhocafliged corrosiodrn emn htahed eat her olbas

ouping of concern where the corrosion

ainless steels such as the 20/ 25/ Nb st

ual ly protected by a passivatingby ayer
tshteerel underneath. However ,byshaulhdkert hat
chani cal or chemical means then corrosi

5F28r ms of Corrosi on

i s section wil!|l coverwhtilhcen pweirrec iepxlpes cft cel
countered during either the interim st
nducted as parFowmuds ththas beeresdiivgan itom. s
acking as this was deemed to be the mo:

preseéeatatti ve
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3.5.nilf orm Corrosi on

This is the most common form of corrosi ol
surface of the(mMahesi abni beqeastignpredi
therefore it is unlik(eléyY tlma £ aluesen chd @asme
this form of corrosion can achieve rates
al kaline environment the passivating | ay
t hi s( arRyteeventi on of this form of corrosio
of coatings such as paint can be used. I |
iI's done by connecting the materiial tyheu wi
caet a stainless steel zinc could be use:
preferent(d@aVF)y corrode

3.5.Ri.tzahdgCfCevroei on

Pitandgcrevice corrosion aned wveeyebomel at

considered together here.

Pitceongoscansa whman | section of the passi
exposisnug ftalcee of t he stainl essTysptieceall [tyqg ts
hol es are formed i1 nwhiheh swuarf alteec mme t hev am
corrosion product maki g.&ehee rdad p & tytpse asd ieof f
possi bl e, whikihglagreed osugtl ionwetd im ASTM G46.

(VA &

(d) Subsurface

(a) Narrow, Deep (b) Eliptical (c) Wide, Shallow
MY R T T
(Horizontal) (Vertical)

(e) Undercutting
FiguBeTypes of pitting cor(r7®s)i on as set out

I n order for pitting to occur, either th
must become dalalmawse df.ormrhams autocatalytic c
Figu{80nsi deftlhe¢, the met al di ssol ves of
which ahltomaicdes i ofnosr mimtgo at hnee tcadl Ichl or i de
hydr ol ysihsy dtroo xfi cdrem aan d Thhyl dsrwoechhel oprH ci nasciidde.
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defaacdel erdaitsisnogl uthieo(n8.o)f t he met al

0,

Cl OH- Hzo

Fe2+ \ /
Anode: Fe2*

\ Cathode:
2Fe — 2Fe** +4e ] Cl‘-) 0, + 2H,0 + 4e~ - 40H™
=

FigudaeA schematic of the autocatalytic cell !

Crevice corrosi on hopwaesvseirv,atdionegs |naoyte rr etqou i
order for the degrcacatiicen ctod raocd wrm. olcrcsutr
becomes amtdagmadtated from the bul k sol uti
or rubber seals, Fsgb®misttihad meyhr cabkl pni ne.
occur over the entire surface of(8bhkr mat

Once the oxygen swiatgénaalmutt ihemr olaag $ mea o re

mobile ions such as bl at iAde t Wii Isl praii gt a tt «
i's i dentical to that of pitting corrosi ol
0,
OH  Cr~ wm*
XL Hy
el
FigubeSchematic of <crevicEdtorrosion. Adapt e

3.5.@al3vanic Corrosi on

When two dissimitant met aWwst bBr eaanovh rasnhmemti
gal vanic cou@Rde ssch ommeddé na migost Wwao umeadt & lo:
corrode moreotdedi wythhahet berrosi on occ
ot herTwieseg.al vani c Fs$ g B&eosws nsohtoiedni tiyn of di f f
met al s which i mprtedrirctc awh ibcehwuodfd d t@8a3 ) ovdd e m
For examp3l0e4, sitfai nlloews salsltoeye | 3 taenadl @eorr @ opsd ivi
envirdrhmentemat eimibdlehi s caseiwhkl |l awtabbo

anode and therefore corrode at an increa:



3.
De

unpr eddcartradd ieonwimtelc hfaaii Isumr e

Fo

S u

out | iFliegdl 7l en
appl i catneans oif s

I n
t h
co
kK n

co

De

me

pr

5.2t.r4de s s

fined as

r stress

scepti bl

Figu7veConditions

itially,

i s Vvi esnh

own t o

ncentrated

spite

c hawth is enh

oposed,

t he |

4 6

GALVANIC SERIES
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slip dissolution/posmulrapesrehambbdehe whri &
passivating film being ruptured all owing
bef

solution a meohahastmwbhi mhl generates pits

ore the film reforms and the cycle re|]

crack tip while the sides remain passiva:

met hod, called the enhanced suomatclee moibgH
d tip of the crack diffuse to the

was developed in response to the theory
f

i cient to explai.n the high growt |

st stress

(@]

orrosion cracking initiates
where the solution has become <col

g pe
nced by the metal, either trans gi

q
—h
QO
o
D

c
—
—
5
—

pendicul ar to the apdpltiieodn ss 1

—~+ 5 o)
@ O
—
)

rgranul

ja}]
—

being more |likely i f sensi.H

o
o
—
—
o
7))

on resistance at the grain bounda

| t i s also known t hat caust i c kanolwnt iasn < a;
crackundegr t he r(i8MWgualoinyditthionsi s observec
e

NaOH has been added to help peemnenbsthee:

occur in | ocati onosf wshoedrieu ma hcyodnrcoexni tdrea tciaonn
ri viem sl.ow c alrobw nc osntceeanutsriaitcicaem | bhé i saksel y h
up IBEC it hough this tempém@@tiumeal sonli atiienrt
50% caiisthicercaeeki ng has been obserAed at t
(8.8 ai nl ess st eearse omucthh emoorteh ecre ahtasntda g t w it
the critical temperaAure being approxi mai

3.5.12nther granul ar Corrosi on

=]

tergranul @G absoosiembberfgdanudAass att ack
| ocali sed corrosion phenomenon which prei
f a mantidrei dalhe bul kematieve A8 Weearh fanst e d
tainlwemsders;ea@essd t i SatiBen (arelkeon present ir
I f ftuosetshe gra(i9n0)Aobundat beuanl@aomiesm whi ch
rotects from | GA preci(Pidshtasi agt aasonhi

T QO »w o

the boundary depleted of Cr and therefor.
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Fi gu8Tehi s I sdep¢é¢ et @edt zene becoming anodic
mat e(r9.l1a)l

Chromiumcarbide
precipitates

Grain boundaries

Bulk material

Crdepletion zone

Figu8eA vulnerable grain(®dundary. Adapted

| n orrdeedru cteo t hsee nismptaicstatofon, ot heralelloeyme n't
such as niobium, in t hl@r aande Taf i tnhd6t;AE@R
93These stabiffosmngarbiedmentat hi gher t e mj
chrontihuem car b owi tchoensbei nsetsabi | i si ng el ement

reduced amount of chromium carbide for me

3.5G8neration of Representative Corrosi o

I n orderréepreseduatei ve defects i n stainlcg
met hodqui s§ederrent understanding of the «cc
I ndeglmadrrow, tortuous cracks are for med

St rceosrsr osi o.n Fcrroant kainn ge x ami n awnetnhveedrset he | |
Il denti fied as possible approaches which

I mmer si on in andorhesdwvepmedaporation t e

3.5.I1B3mmMer si on Testing

One means to producien ssttraeisnsl ecsosr rsotse eoln icsr
i n a corrosive el exuamlad ei nwhti Ifee epurncslomes 3 |
Dru@g®4n t he apptriveacshamselte ouft ,st ai nl ess st

concentrated seawaRiegl®seol uti on as shown |
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Figu®eThe i mmersion test set94)p used by Drugl

To undertakei adgmplte sitss str essedntdo cd eeaanp ei
i nto place. An el ectrical connecti-on i s
switch iemdorntdcder etxperi ment should crackin
catastrophic fAidumee otfr dtheed ssaangaMaet.tewo si r
di fferent tAe mpledCat Wrheess;e 9@ mper atures cor
concentratiorms 50fM/ 8. 2 AM/peelcaadvredlyyt e was

a PpHRo® AXI n 3t2estivag found that theg grad
i nfl uenced the timeitahkani éos cff a6 kKG t o 4

reported.

Whil e this method has been shown tqo be c:;
the inability to observe the process dur |
ensurce atctlke ng does not pr ogweerses choenyso ndde rteh
key chall enges which would need to be ad:
Addi tional |l y,i ntghes aurspe eo fprae Sthotuéd dl ch alclke m
the curved nature of the samplashpvewled t e

suitable for the vwtanum dmpya rmed etxp ea i fmeat

Il n additi on, ot her researchers have foun
t he corrodioor eo lpseordvaepd d owmicthle stt heersuggest

that | ocalised conditions generated by t|
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3. 5.PRot2assi um Tetrathionat e

The petrochemical fTadusteyohastaxpkesensi
SCC owi npgr etsoe ntchee of a polythionic(abkd su
has been shown that exf®&Ocawrieditfa ead .ol pNH
sul phuric acid was capable iof @ui¢ldbliyvel
ti me (f9®W7Méhi s approach also all owed for t
for twehdtcihng s benefici al for furtheA test
fl at sample geometry is also advanrtnadeha s
scenari o, a sample can be removed, washe:
determine the extent of the cracking bef
This would help to ensure that ca&dtastrop]
further todduwdintsagnet hod i s that, compared

heating is required twemmhmert &@tsdirseundert ake]

3.5.Br.a3@ Evaporation

The other primary option considered for |
samples was to utiliseThihse dpppoacvhpbasatl

extensively to undertake eeapar astiian gntl eefsts

steels in marine environments such as of:
I n order to replicate the conditions exp:
environment, the technipdae erde amnidree s sd r fels:

Il nducing a def Ilwdiccthi oins itnh etnh eh esaatnepdl et 0 t he

the test. Finally, the corrosive soluti ol
Whil e other means of inducing a tensile
|l iterature, such a®$eerpeuwsantan arbo piefrif eod nfea

fopoint peasd $Ha adf & 9 )

FigRbeThe mogdgobofnedbktadrtest rig used by Pereira et

Oncedeésdiered stress has bemlnatagpetiptisea nlbsye rrte
into an oven and heat @& too/ACtlHlé®rde hier & & st
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per f orMeerde ibryan ceet talhe sample has been suit
synthetic seawnttert wascanmtirpgemgloi nt of t he
to allow for the previous drichh$é oro devama
making the remaining sadltutwaocn cidhearleciuadtsa dnedil
alt htahe technique is a suitabl e npearnws doefd
test tempelatwwaresuestdll®tdiens me shamaeoberrby |
tested a range of grades of S aamdCdOmES5 st
al so report that 316 stainless steédd is
i n a siumilloadr) s et

I n the Br iBtS sEhN sltSaOn féaBr8d®,4 o2 00&8 st andard f
evapomat hod, specifying a dr(ilpOllt)ati s @&fl sb
recommended that samples kdalgena shapel ho\
this geometry is not sbutiendtotranetdh & hveo rekx pj
undertaken. A st andahaladnoentgh ondi tihs tohuet |aidnaepc
bWHi nds andl10@2nypnbul |

Tab2 eThe | SO standard for the drop evaporation techni

| SO StandarHi nds and Tu
Speci men Temp30A0 76C -11/0
Test Solution0O0O.1 M NaCl ASTM Seawat ¢

Specimen GeonCylindricalFI| dotgone
Test Durati on500 Hour s 336 Hour s

Wetting CycleDries betwtRemains wett

During theiHi nehyeandghwilmmnylol adapt redecp

the temper @& ubrest wWedenma @3@C 01Wih0i | e stil |l prod:
the sampl es. 't 1 s Hisds nonabTli shwltlat hle:
bone sample geometry which is ,alrsat Heruntdh

cylindrical sample.i Anvthkechpoiget i af t thief i
process. In the | SO standard, it I s set
prior to the next droplet dhfoweovrerosi we ps

has been favoarmrddat o hfosgompt i $0 remain

This adaptatzizomerasablnd tmetdei pping | oce

the rest whHi ¢cdhewsampheori sed to potenti al
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occurring in the region hovwemnwee rothSs@d® weaatsi o
madeHibryds andmdwmgnildalhler s conducting reseec
evaporation thbkewtilppdfqgusa, twas otumal wthh e hd rmiapsp
determined to be aBvghbEBhgogavstusmpe®r atoumr espi
the surface of a sample undergoing the di
hi ghl irgshd sorniheg as to why each dropl et st
to ensure that the sampllte waed ulrmveedu erd,s hrec
and Tutrhnabtultlhe cyclic temperature profile
I n itthoalgfh t hi s was dedanheed tteanplee aurnulriek eclhya
being reKLomnmMeTdead eimper at urki rcchsa nagred nTout rendt
di ffers fromditalsats hroevmo rbdye d hley fHiug2ttueat i on
(1020;3)t is suggested that by not all owi ng

the temperature fluctuation is reduced w|

Temperature (°C)

140 — f=0.1Hz
120 —
100 —
80 —
| | | |
0 6 12 18 Time (second)
FigRteThe typical surface temperature of a sample und

clari{tg084)yom

Ot her variations on this technique are p
t he shRomp | exlaanspel ka tettacaled a mass t ot cone en
i nduce hsoturgehs st hi' s approach akCs o autsgestdh t iesnp
hi gher than most of the other work under:
us€do5)

Whil e most tests performed are aimed at
utilise either a NaCl hsoMewteirgn odrhea syrgtr!
solutions.Tsanspbief easedkxampbiseo, | uvateidodnd a d Mg €t
stress the smaangpnlees iourm dcrhilpo rtihdee sol uti on o

i nstead to place dr opasettshiosn stthued ys uwafsa cfeo
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production of pLoOIst) rwmdadhenmottddcanh®&wC&LCver, tF

pitting cormsosiueomomeatii 6ed a&@r greater.

3.5Adalysis Techniques

I n order to examine the samples both dur |
variety of technigues wirabllamwhesedanad a

di scussed in further det ai |l bel ow

Tab3 eOverview of techniqgues used to anal yse

l nstrument Techni gBr iCwfervi ew

I niti al anal ysi s

| arge areas at |

Ol ympus SZXI1 _
) Macroscdetect sites of

Stereo Micrc ) .
examinati on. Cov

range of 6.3x to

Hi gher quality i

Ol y mp u sR eBsXebal sites, capable o
System MicrchcrOSCboundaries and c
pits.
Hi gh resol uti on
capabilitystacko
Carl Zeiss 1 resulting in the
Confocal Las<sCLSM focus despite a
Mi croscope ( t he surface. Las
allows for topog

of the sampl e.

Vermhy gh magni fica

Hi tachi TM3C sampl e (magni fic
SEM & E

with EDX along with compo

t he EDX attachme

Abl e to i mage th

. . sample and revea
Zei ssayX Mi cr
_ XCT pat hway of a c¢ra
Xradia 410 \ _
reconstruction f

sections can be
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3.5.Cptli cal Mi croscopy
Optical microscopy imeamnise bgposvlhmglthe ac @it Ih ¢

magniThleeads.ic principle is that | ight 1is e
bel ow of r esfalmgachtele dp aosfsfe st htehr ougédulat segi ies
magni fi ewhiilneagter.ansmitted | ight i s the mo
peopl e wildl have come across from their 1
in this work transmitted | ight was not u:
When an opaque sample is being damaleynsad,e

suilteabdefinition on the surTfhdce taefc htnh g usea
used extensively across nualelrowst hendwsde |

resolve details that the human eye woul d

Wi t hi opti cal mi ccornotsrcaosptly emaidveas dalblf er gan

n
model s of mmiicglhtsiciople@ ) aldingl a ab rkifugpgetltich e | 1di &
i ncident on the samplref(iecmtesdadimbyered Imi gl
before beingceotuceedfonthhvedi bhke¢ ebetugpar kéne
places a block in front of the whhicclkhent |
causes the becddeeatt edghowanonds tThhei £ dyges
i mpact sampl ehéeat ur es .whinc b sceagrh tibbiesgeld edt e s
incident on thanglaenpd fe AdaredAEBI@ mcaihe hori z
pl aanmned t htemhe f ouref ace features which absor
dark against a bri,ghtthackgheuntdanbar k&g
l ight to hit the aondftberatomae tohéi najeoai
on the surface iIis scattered away from t hi
however, wil/ result i d etnlse tlhiegletb yb esihrogvi |

brighteraregrlbnkBaokground.

The pmimamnycopes t htahel wimbusb&ZX46€dMarceo
Mi croscope and t he Ol ympus .BXbhle ReZsXlalr cwho
be the first opsaompl|l BlEeXa8gui wpehdabhysepar .
|l i ght ogmauwazbelses al |l owing for the sampl e t
accentuat e sTuhrifsacnel cfreoastcuorpeessamphei pespar at
seutp and is therefore ideal tfoorchguwikc K air m\e
for potential pitting and cracking. With
examination of ttdel esdatees sreadgisamep | velsi ch c a

further analysis under higher powered mi
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Should further analysis be deemed necess:
Mi crowoopd be Tomies omitisocegoippped with hig
magni fication | enses camnpdabhdtih ibersi.g hTth iasn dw
all owihoreased | evel of detail to be obs
However, due to the increased magni ficat.
determine regionhbBeotisenotr. e Blthsep npiocsrsa sbd cep «
di st anacbel eavtaoi It hi s mi croscope tihdl waihhpws r ed
SZX10 Macro StepremptMicg occmnpiedrowtupeaf ulo

the system would be.

3.5.ComRfocal Laser Scanning Microscopy

Theond dasascrannMimcg oscoper \WilaBeMgb i | i ti es bey
the other | ight microscopescPreésigvmii such
features in particular were considered t

produced. The first-stalokipe oalliiclei tyhitsoamr
with the miacrmewe ptethrsedagh a range of foce
set intas vahewn <Fdhg@dMatescealilnyagens can t he
toget her itrmageermmdiditasr i n the entire range
proviame ags t o exami he whlee ef mlolr mhé ptyh oofl ye
could be observed in focus at any given |

N\ /.

NS

°[0[O-@

FigRReSchematic showing difsfteaarcéknt pl anes use:q

With the CLSM this caBwysbanniak@naoln@s asit egc
surface of the samphe 3 onftawaraestiegp piadt ¢ etr c
profile of the sample. This can then be :

defects which are present in the sample.

3.5.99EM arsd ED
A Scanning EI e(8E Wiosne M cctrooosposocopdeu ce very hi

magni ficati on iama gheesg tolfu ttihoen ss.a mMipploe mo d e s
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possi lblaec led catimamseebedairgmg2B8bdowi ng a

schematic of the region in which the dif/1

Incident electrons

Secondary electrons
Backscattered electrons \ /

FigRBeSchemati di 6§ héowre wegethhevhere backscatter and seco
during imaging by @hO&SEM. Simplified fro
When the el ectrons ha tf eevwh emiscurrof nasc eo fo fp et nhe
achieved prior to the electrons interact.
The depth at which this interaabhdothheccu
accelerating voltage being used.

Backscattered
electron

Secondary
electron

Elastic
scattering

Inelastic
scattering

FigRdeThe difference between backscatte(&d9pl ectron

I n order to generate images that highligl
used due-stuag ftalcee meagri on oanhceures .t hTeh egseen eerlaet
showhi ghfaei se from theoifnahael ectrsronatier €
(108)

|l n backsctahte eerl entotdreons detected are being
mat earnidalt heref ore do not provide the user
topography of tthkei sampde .| Hoaveveef ul me a f
i nformation about thwheompbhetsampbé t hei

di fferenthel cdenesndrs, el enternitghetgdrion ®howhep
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dueanoincreased proportion of the i1incider
detector, as s hroiwg®i%sec hematically in
T 1} Jr Jr

o © ° o

FigRbeAn il lustration of the interaction between incid

how the more dense materi al scatters a higher proport
frgmo38)

Owing to the high resolution tame anammodadk

wi || be able to provide the possibility 1

ongoatngt he base of pits which could not b

The SEWM sealtso all ows for the composition
Energy DXrspyerSpeaetrr &EhSosp yt ed¢ h hii greasy st hweh i xc |
are produced when the imaudge ntthe | eeroaty Dinen
from the atom t he alse sthroavm idHu thgeinResdd1tiOAash il ty
thexs@ays are characwkrcbBtgenefatbd themen
be used to determine the cdqdmddgition of 1
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FigR6eA |l ustsdhawii g -rhaoyw iasn exmi tted from an atom to tt

3.5. R4y Computed Tomography

The final anal ysi ssRXec@Gaompgwted oT dreo qursaemh y
techmirqyesdiareect ed at the sample with a d
(112As the intensayy oshidkhdedwn nateast ty a
measured itdeitserpmsnsei hlhee tdeensi t y( 101fl3Ht se m
process i s repeated esohrcerancdtdeat@dt her

mo d e | of atsh es hsbavglIY ea

A Image acquisition B 2D projections of sample
Output Vr \ l
=00 }
- I detector 450 1350
X-ray 90°
sample
source
D
=
Q C Reconstruction
1) Filtered backprojection
or
i) 3D volume i) cross-sectional 2) Iterative reconstruction
rendering "slices"

FigRB7¥eSchematic showi ng -rtahye cpornipnuctiepd etéolnbogghrianpdh yt hsee
Ol e RT W[ &Ys

FIl uid flow can refer to either htolwe vfelrgw i
this work it wildl primarily be used to r
the different types of a&ahowt medmési wei ch
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3.6 .Tur2bul

The

ot her

ent F

mai n

i nst abi

(118)

|l i ties,

flow
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in a pipe

showmnl8ghemati cal |\
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FigR®eTurbulent flow in a pipe sh@@Wh8)schematical

3.6.Tr.a3nsi tion Fl ow

Bet ween the two main flow regimes of | ami
phawheer e one r egi me wihtahn gtehse iRretyon otl hdes ontuhmel
transitions dependirsgtboataaveaer f {tiy2dofanfda
Constant <chansgpeeed inanmditei diuhrsiimogd stulri s regi n
schematkicaadilg i n

A~ 7 N\ T
N ~— — [

\_/_’/\/""'\-._-r

FigBbeTransition regi mehifgl holwi gshhtoiwng stchhee ntcahtaincgaelsl yi n di r
while the oveéraalrll.yf [Ildw eraeemai ns

3.6 .Muldti phase FIl ow

This is the flow of a heterogeneous mi xt
gaseous and l1R28¢werdalf |l owges of: rbwlbtbilpeha sd
transiti@Oh2Tred fmirstt Fyg&iedhagurambubbl e
fl ow. I n this flow, there is agaenbubbobe:
Diagram two is representgulae ghssbubbf ke
continuous | i qiurirde gothlaasre .b LAlsb Imeog eoccur, th
di agr ainkntohwneeas t aansitthieore filsown approxinr
bet ween the gaseous and | iquid phases. F i
di agram one, fniiosw tfhleowgasl nphahses i s now co

suspended as a mist and a film on the wal



FigBteDifferent multiphdgdse?2f)l ow types. Adap

3.6T¢pes of Flow Model s

Various fl uexi $ otwo moadseedesnda metodleffFletr ety pe
options have been considered in this wor|l
bef-break aB@trtoascsihngl e phadda qdin digswee phase

i nitially consi dehree d otchucsu g hu renveedn ttuoa Ipluyr e |
the crack.

The following pactmenersfefsthe dbhéect
I FRi gB2e

h 1 - P P —
.y

1

1

1

]

FigBReKey parameters of the crack shown in isomet

3.6.Qr.ilfi ce Fl ow
The simptiesh rtesthecfl ow of ,a sfdcuh das st hae
showhi g&a8Tehe British Standard for the cal

t hrough such an orifice empd otylse Braa 10 ufl Il g
andi € a dischdqrnng8)coefficient
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. 0 e
0 ————3DBO YD Eql0
p T
Where, during the flow underplassidfertalt e «
and that any Il iquid flow being e olnisq uied ei

guestion. An asdsumapt itchre ifd oaM d@® mpader her e
the fluid across théloweivkeirceaplpaberns ¢ o
I de al gas and featuahiongdhagtedipec at ntred c ds

considered to not be rel evant for t his wi

Fi gBBeSchematic of a sharp edged orifice |

——

One approach using the orifickRomgluaaidigpn
I's concerfmleadwwoft hatmer fect gas out of a ¢
cylindrical (h2#B®e in the wall

Il n ssscénari o,atastshuenisnygsttem i s adiabati c,

through the hole is given by

2 C o0 I Eqll

C
)
@)
C—z| C-
@)
@)
o
C z| C-

Whefies the ratio of t%@.prectahctheatbea;

obtain an equation for the mass flow rat:

0 | HA. 2¢O T Eql2

Wheengi S given by

L :)r_ Eqgl3

fp [ p
't should be noted that while the di amet:
-10mEi s representative of the pinholes us
atm starting pressure, is Ilikelwn tbeimgan

consi deHewewhwere no | i mits are stated in t
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di fferences bet weeanndintieomsali sanal sxtfeo mnmad
her e.
3.6.Qapillary FIl ow

A acpiyl liasr devearmy dnarsr awoit & bpa wsitig at hr ough
t he Twlhes of t hi s stoog tadmiet rao ukn overd yf luswe o
calibrate vacuum e(@l2A)meannhte st u cne Taos oghahueg ep
many noaddellseen established to predict the
flow ratediamékdwowesyv d10, Hisstohret el bygi ty |
been estiabltihefTéevd olkd Ob ypxd Batr.m Whihli e gi ves a
pressure difference between thetheatetrarat i
pressure i s not comparabl-eptwotithet e wac Ic hs
defect at t he Osteartt amfd tSheakrdomwosmeirder e
fl ow of a gas t h(rbag)hn at lsnenadpiptricoeapenl liar ypr
whichversamhgeapi | |l whycHi amebearshe | ower €
di ameter of the cracks expk.chetdembiotbre f o
one endapifltaey at at mospheric pressure
However, aeplpidabitlhiety of the equations b

0

of capilltahrey tmeaamys afn t he equation are n

A capillary flvew ymd delgec pvearpisrtug eamahges,
downst r eiamm trhae i corsd ewi tolf dledf0e0c tts mehsi ch ar e
finot feasible to Beadu(r iAo vierrelsaadmisepd tley
regions of t hex preordiegiaetrati awteil hg there i s a

of dahtea altn tadmeist.i on, with the di amet2er o
em, this fell too far outside of the rang

a Vviable approach to use.

3.6.LPe8Blkefore Break

Leak before break is widely wused within i
pi pewor k wi || devel op a | e(alk2 8b)eT hoirse amp rac
has been utilised by EDF Energy for the

the R6 integrityTasseaspmeobcecphpr badcdheragsy U
for the safety case at the Sizewell B PW|
proce(dlu2A®)st hi s approach is so prevalent |
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al ways wel | defined and this could be ini
to the results. This iIs not an unexpect et
in terms of the morphol ogy, openmonug da rbeea,
nigh on i mpossible to calculate or deter.|

The complex nature of c¢crack pathways and
model the gas fl ow througMBudu ohwhaet pnaatlt hewda
that by modelling the situation as an | s
more simplistic approach can be taken as
be a greater source(b32) hacoudaecytbonpt bei
t he modelBuptrtooduuscestd ,plar al | el pl ates which
i ntroduce a surface roughness to the ot h
held at various widths to create a rough
smal |l est cracg mwedohdmh edasddk dil b idmar gehset at
pinholes and the cracks formed by stress
the range for whicehd.t hlins anbdietli dim,s tbhee nc r
opposed to the few hundred microns that
or the material being used in this iIinves:!
t hat many of t hee pvaapreira bd ce sn outs ehda vien tthhei r

It was decided to exclude the approach f|

The model PBakesegnéad daoby onsi ders the fl ow
which were sandblasted to introddyde&3f)ri c1
Whil e the work does | ook at Bwmailt bdfetwi atl |

100 swide, this is stildl on the upper end
acknowledged that, at the | ower widths t
compared to the experimental data. Combi
beisagdy this was deemed to be a model t h;:
being assessed in this investigation wer
val i datted agai ns

P. GiJlcensiadered the problem of model lin
using an ordinary differential equation ;:

more complex than the paral(lle3¥npli aeeot b e
approaches which consider only aGirlelgtetn gs
presents a model where ellipse or di amon:

the cracks being modelled are shown to h
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straight channel and have widths c¢cl ose t
I n this work. A system of ordinary di ffe
: : QY 0 Q0 Eq22

T—O.. TOT 0— T~ _QQ_ ~

& YT 0 U(’yn,QQ“y o 0 GO’

& L x AR EWLIPH PR -

¢y O &#0Qd& & O 6 Q& Cw

e e 00U 0% P

o1 Y 10 QoQ& ¢ s» O
Whi | e, from the results shown in the it
agreement with data, extracting a useabl
di fficult. Attempts were made to simplif)
doen Bytton reaweMer this resulted in many
flow calcul ation being possible. It 1 s al
mo d e | I s presdHowedeirn whité papewmwnits unc
approach taken by the program, including
was decided that It was not suitable to

The final two sets oBemadaenfdaggamsi d@de @ uk

consider the impact of the crack morphol
and rec(t8&tdahtei omoBed k bgt satonsi dered to
applicable to the topic of this woemk as |

and present different models to cover t h
forces play bn tolderBedzske dedrvoaltea.l | vol ume f

~

L, given by

6 02 Eq2 3

For the nacoowestredaxamaglt 8Bxdwi de,1 0t he vel
the fluid is given by

c’?‘)opq?aﬁ i Eq24
0
I n this regime, the flow is primarily i n-’
di ameter increasaes ®HBmwlbiett woeeecnonBexsl 0l ess t o
result the iIinertia pressure becomes | mpol

", 0 o)) )
T T:)b::::)-:),Q C,, Opq’j Y0 Eq25
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As défect di ameter i s i ncr-etacs®idOt fhwer ti merr tt

forces are now considered to be minor, a |
need to be accounted for resulting in thi
", 0 19)) 10 e
n —Oo0 p — 5 Op(? Yo Eaz26
C 0 0
Finally, for a cra®rk, otpleemi fnlgowmrleac aheos et U
pressure | osses experienced by the fluid
contractions giving a simplified equati ol
n 0 .
nm —20 p — Yo Eqz7
q 0

Meanwhi |l e, t heTagga rota cdenadl sRuddatheen mass f | ov
usi ngquaei on:

0 6200 DD Eqz8
wi t he dicsocehfafrigtiedmatt ed t o the ssm@mucskedt by |
frigtnieon i a& udmd irobe sefihdegptisi.cabi | ity of th
some variables are stil]l di fficult to del
turns. Despite this drawback, the applic:
across the crack I ead to the decision be
comparison to the experi ment al dat a.

3. 60BhAeprpr oaches

Baker, eratather than considering a crack as
through two( pbalypltlaeki mpd aitretso account t he
friction with the walls, contractions, e}
was deri ved

p QO . e ) - Eq29
TR T e s Tt
To validate the model varioust BBhapers, off Ld

Y0

shaped and ASO0 shaped. However, as the c
order of mm width this was not comansi der e

scemalcracks we expect to find in the c¢cladd
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A second appHsoiaechivgesu saeldcbwynsi der the fl ow
mi crochhadel

The channel used 1 am tdheee pmn w2e0d0e | geemtd i 24, @A |
Whil e the channel depth is potentially a
to be found in an AGR fuel pin, the widt
conds tfimm a crack. Nevertheless, the appr
as the pressure in the channel prior to
corresponds to the expected pressure of
vapourn hferamst sampl e.

. QI D - - Eq3o

0 th):l‘xC)YC)’YOO P PQ DIL p

Using the Darcy friction factor good agr

t hough a slight overestimation of the fIl
OOTi ¢ q d dURIWIALE Fe 2 G W21 ! RUNDWAI YHIIt

3. 7Bai lainmMg Evaporati on

Evaporiast itohne process by which a iltisquadad owrnr
a temperatuempbebowr ¢ hat whi(cdBBthh e ridieq u if

mol ecul e of the |l iquid to evapoowaé¢er¢come |
the effects of the iIintermolecular forces
Boiling, on the other hand opose=sowgen al

ki neticvapeamdgedcocur s when the vapour pre
t heext ernal pressure. Byitedsect hgreherexpe
the temperature aFowhéexampl ¢j gadebokdiel ;
I f the presdurle Biag Ar ddueced at a ent h of nor
the boiling pod®Bnhit4dlall s to just 4

OYEz2 G Gc¢I !

Mul ti ple methods exist for provduci rad lcor |
showing the ability to prodAde edemdsietsisa
di fferent options and in consultatiion wi f
was deci ded that the drop evaporation t e

It required the mini mal amount of set wup

DET met hod also allows for the visuwuagl e X i
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condwchtiecch i's i mportant in this work as t
but to induce initial cracking and then
I n terms of the fluid flow modelling, thi
to determine aafrrow rcate ktshr Hlogvlever, i n
i n the |iterature the units were not st al

consi dwealeidd atsi on of the code would not heas
the vacubBmrdheger mgr e, ot her methods rely
dynami Tkese model|] |l whgl appepngchesur ate wol
cosnuming to produce ana meoewemdt awdy two ub «
produced for each defect being examined |
cal cuOtahteerd .approaches, such as the ordina
byci | I, eweradl I gi promi sing but it was not j
I n such a mannerattotatcuhablf eowaraabkl ewasAt
reduce the complexity by assuming isothei
terms col | apcsonnsge quoe nztelryo aa nfdl ow r ate of z
t hree met hods we Be me hwisiegh t o mpsiodgeres sf: | ov
hi gh pressure container through a small|,
enviraommaentmoed or i faincde tfhleo va ifpocdaacth ead | by
Taggart aBdt Buafdetnhese mned fhioordesa ku s@midnhcei plLle

consider ftrhectvaomiadud orces such as surfac
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4 Corroding Stainless Steel Sam

This chapter willwhfiedusa crortriosi memamrs alek
stainl eesvemmaaetielra al tt e < theidngpulreesm énrn te ehde
pursuit of a representmadti vedalragike bedfortel

approaches. Finally the results of each
NMIONE+ Gl RaGWDUqgedaWi YIt

This secti omwowikl lundetr t@ktent e produce de

steel . It covers the tlepd arad etrhealmet M ddkc

4. 1Té&st Materi al

The stainl essAGR efeule lusceldadfidorngt hhes known a
extremely co,rrtolsdroenf areesiistt amas deci ded t h
corrossoboBetance would be Thes, a%304 stuairrmlge
chosendessi rtehde t est material, with 316 st a

should the method prove successful

Sheets of 0.4 mm thick 304 stainless ste
cut into3®@6mMmument rxi ps i n house. Foll owi ng
acetone fcdlelamwendy byn a 3 MX wultrasonic cl e
contamination such as oils or grease whi

prooessnanual handl i ng.

Af tseerveoal osi on experi ments weeses ccoonrdruocstie
than anticipated was occurring and this |
of the 304 stainlRSSsEBB.eel anrohbheced fr ol
unused strips sdfaim3 ePsaso asktyeped tl iweaidst h  t he r ¢
Tabdl eThe results eoef pt ésnmeol&yéb desehnowne dwhtihc h s
be found in 304 stainlessnsteabke ™MbEeEybde,
resistance of the alloy, when added to 3
stainlEekslhset esalmpl e of RS Pro stainless s
Uni versity of Lancaster in ordlehri st of icnodhifn
explained the towe.osAfotaenr etxlpiesxcterdal ysi s,
stainless steel, soamfciedmd d olmyLt dadeEsUnwe rce s
wor kamap subject to the darlrhr®si on testing
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Tab%t e Refence compositions of 304 and 316 stainless st
composition of supposed 3O0Rr(#t¢di5nl ess steel pt

Stainless 304 (wt.RS Rmwda. ‘316 (wt.

Carbon, C 0.07 - 0.07

Chr omi um, 17.-30. 5116. 0 16.-38. 50

Manganese, 2. 00 1.0 2.00

Mol ybdenun- 1.7 2.020. 50

Nitrogen, 0.1 - 0.10

Ni ckel, Ni8.0100.508. 8 10.-@8. 00

PhosphorusO0. 045 - 0. 045

Sul phur, SO0. 0-0503 - 0.015

Silicon, S£1.00 0.70 1.00

l ron, Fe Bal ance 59. 9 Bal ance

4. 1 .Tlhelr mal Treat ment

To degrade the corrosion resistance of t|

treated. Two strips at a time were pl ace

been washed in acetone and cl eanedainmgede]

of temperatures and durations were used

on the corrosion of the samples. The sam

and held -téeeemiponedpderati on before furn:

temperature. The breakdown of the condit]

f o u nTda b6l dea b7, Tea b8| Tea b9 Tea bll Oe

4.1 .Sur2f ace Treat ment

While in the furnace, a protective oxi de

which needed to be removed prior to any

order to expose the surf acpe.ocTewsos ,metthheo dfsi

sandpaper and the second using a shot bl

Hand Sanding:

Successively finer sandpaper was used to

Starting with P240 to remove the bul k of

P800 and P1200 which removed the remaini
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or achieved as the scratches present frol

possible initiation sites for corrosion
Shot Bl asting:

With the hand sanding approach proving t
met hod wdd svemcsgmmended t hat thbedhtstedbl ac
Shot bilnavsotlivnegs propel |l i ng ahi ¢ th eivmslaangsl itemi Ip
approach to sandbl asting.

Whil e this approach removeéwsritmge tokke dtehém@r
treatment process, it rbeescuwolmicug m &rhde wuav
many forms of corrosion require regions
be a detriment to t he uelxtpiemai tneel nyt smabdeei ntgh e

e samples more arduous aswhceonr rcoosmpoan edda |
hand sanded samples. A further drawback \

ot bl asting hadc &l & nwwaho kcphh gt theed nvaat se rti had
a result oaofestubhd immgodceasc,ompressi ve stress
(142)

4. 1DRop Evaporation Technique

4. 1. @Peviel opment of the Testing Rig
Wor k conducted previously in thgoi rfti edeand

test, such aPsertehier aoweeb suaslesde thFyupB diem ¢ Iho wn
arrangement the inner | oading points are
stress once contact is made between the

the sample exposed for easy obser hatwievre r

the rig must be placed into an oven, as |

Centre region

1 SCC region

—

FigB#daeSchemat-up wsedhby(sBP4£3 Adnpt erde fadroem cdehef or cl ar
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To adapt floe aper owweclk conducted in suppo
t akendatpot t Feg3d®Bédows. the changes made. [ n
t henner | oading points are static and the

on theThasmmpl acarcecaessess ttowigthhe rseagmpldes t o t he

i mpl ementation of heating however it ¢ o0omi
maxi mums stress. To rectify this the scrc¢
bore through the full l ength, through whi

delivery of tRega@bhoasplvet smedf at he fi nal
this work.

| |
UJ U

FigBbeSchematic of the rig used for the drop evap

FigB6eA photograph of the finished drop evapor

4. 1. Re&ting the Sampl e

I n order to provide heating to the sampl
option was to utilise resistive heating
ruled out due to the health and safety ri

were trialled such as heating athepgemtim:
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of the sample and using heating pads dir
were placed away from the dripping site |
kept dry and prevent any el ectrioah bpfifsk:
these met hods were insufficient to provi
sample with the test regioowrerr eemmaihmiurg ocdo
Finally, two cartridge heaters were pl ac:¢
of the sample and positioned against the
provided excellent ther mal conductivity
suficient in transferring the ther mal en e

of the arr ankKieg®ermd shown i n

Heat proof tape

/ Sample

¥ 3

___________________ Brass block

Thermocouple Cartridge heater

Fi gB7F¥eDiagram of the set up used to heat the sample fo

Duremger i merutps ,watshd ouentd t o fray and degr
abrupt enas twi rtehse ftressyted and-culrtciumdheied ywd
rectified by trheesiasdtdarnti osnheadt a dweart t he w

to the controll ers.

4. 1 .Met3hodfodroghut omated Drop Evaporation

A strip of sdlaentledssansd ewdshesd to remove

I nitially this is achi evfeudr tbhye ra cwaesahn iinng :
ul t rasoFwoilc obwithhg. shmpl e i s dried with a p
i nserted into the rig. Care is taken to

|l oading pointt® amadaitm esesamel ¢ or mati on of

scratches.

Once the sample hhsadveeml poliits omeldd it heyg
tape appliteédch the block to the sampl e.

sufficiently heatédasist b Waskdehiodéd tHleat
|l oading pppetsl o@adeng points are then | o0\

therefore stress is applied to the sampl
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l i versolheticomyroasifveur | itre contai ne
i on adwiatknt hée or & siter vab gpe rciosntnalcttiead p
cted to the outlet obotéaei ptwmpadsdw
he solution t-pobet def itviee eslampl ¢ he

this is all i n place, the carrdadhdge
esired-186tf are mpeehsidc itr emsatss cnonf i r me d
red Thenmbmetperistaltic pump i s swi

i onondee Idirvoeprleed at a time to the samp

ample is regularly checked toaredsur

sure that the solution reservoir do

ase the testing, either due to obset
ter adpradieoe rthhes g@edlmpp siesd swi t ched o
ct erdi g.r oAd dtihtei onal ly the heaters are
| owanyg 6shbhip ibuidemoved using mechani
g care not .t Aneypbaomsa ge wthh ec hs u rsfi aacdeh er e
ed by howaswatienr tahned/uolrt raasoni c bat h.

l1.2ecdond Generation of Drop Evaporation

e
el

or

mi

C
e

C
per
e
con
C

r e

the technique had been shown to be
, a second, refined version of the
porated el ements of the original de
il ence operating the first generati o
se r emaMondeud atrhe ys avaes. al so brought b
d set of | ower | oading points and si
asiean dted |retappl i ed should it be des:s

1.@perational | ssues with the Design

e o

ma
app
t he
rcu
e s

S r

riginal design set out a modul ar de:
de to I mprove ability of the rig to
roved alterations to the design in
r -  than keep the open side#&#id@&d¥bepga o0
|l ar hole was cut into the side for |
amples being unable to sit on the |
ectified. Addi tional l y, utplpe rddwealds
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points from dropping onto the surface of

component during operation were not atta

The dupilod salt during the operation of t
Fig8®eer the course of threieNawsde ksn a hsewbe
photwhsi ch obscured the view of the sampl e
| iterature sources had noted the formati

t hataltthecosul d Il ead to a crevice corrosi on

sampl e surface.

Fi gg8lhe 4pi lod salt on and around the rig after during
21 days.

Ot her chamgpeasctmeadde he operation of the ri
unil aterally by the wor kshofpot osehamale t
components rather than the requested 316
components undergoing @odr osiskm ngnd amage
sampl es when trying ,t osuecxht raasc tt htebFaprny ufoaar,
39Wi t hbu Hulgdf salt, Fagd@&kawrribmt i nlghitsh ewags
|l ater rectified in the cowmstthr uncetw ocno nopfo ntel
the first rig.

FigB®eCorrosion of one of the pyl ons fAocugnudi roend tohne tfhier s
stereomicroscope using the 1.25x lens for a total magnhn
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Duriong experiment a | arge mass of bmown |
the bund, tFhigst@Tdsi s hwavs umi que to the te:c
at a concentration of 35 g/ L. I nitially
to the othieghPheosvevefseence the sludge wa
due to the source seemingly being the br.
concfeomsa severeThisecsubstbantailsreéei scuss
on Gsected .0oh). 2. 2

Figab®eA portion of the unknown brown sludge which forn
using the automated rigs.

4. 1 .Rdabpti odhontsat atnhtel y Wet ted Approach

Foll owing the repeated electrical i ssues
deci daed Bhaernati ve, mor e r eTlhieabsloel umeitohno
devi se@adwas heodropl et s manutad | lye atn dt hue i g :
and evaporate the solution thereby conce
achieved with Tthiaep pa wtacra tweads riingDpiurgd d kayn o
S ei nwhmo noted that whriope etvhaep otraartgied h dtwerc ht
the previous drophvetrytdidvapald at ¢ 0 talkihs e
in pools of |iquid forming on the sampl e

4. 1.MNet7’hodfodrogtyhe Constantly Wetted Appro

I n this approach dlkeél eathpdbsenatapmaappl |1
the Boreshe tTapte dviarsa tail sm. aglidea ceafin tiplee m to
hel p provide a bounding region for the s
Foll owing thplsacedeorsamphbend siAllDraoplr gt s go
the corrosive solutionawa@grthe heamplde eda a1
undi st uirmea f aFsihgidiogtme sleemeti nodi ¢ checks to

stillt.presen
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FigdteAn i mage of a sample undergoing corrosion te:¢

New solution wasnaddeédwpsesriabdiocalkkcgssary
which formed across the surface of the si

therefore concentration of the solution

As wi aht omated rig, once the test had bee
extracted for interim amdalysiwa,s talcdi ealetd
initial wash inanbhapl wanasoniol bawbdf by 30
removed the vast majority of salt ifmom t |

pits.
4. 1Po3t assium Tetrathionate

4. 1 .Metlhodol ogy

Unstressed Sampl es:

Strips of 304 stainless steel were acqui
tested-BEvDSa tSSEM onfirm the compoplidc¢ed.i Ah
furn®s@ &tbr a range S5ofh ddiwelulr st i Mes hour s,
48 hbhafrere being fSampihes sadadlndde ss st eel

thermally treated and mild steel were al:
samples to remove any,samptes!| wgee that p
faodlnc t ubes and ssoudbumerogne dofi nO.tlheM potassi ul
been acidified to pH 2 witih t@me exddipt ieo
showhi g4a2e



Figda2eOne of the falcon tubes containing a sample of

potassium tetrathionate whiadhd ihtaisonb ecefn sawli pdh Uuriiecd

Six different batches of samples were gel
for a diffemfédettesgta@tdi domrati ons were: 24
houarngild 0 hour £.x plkefrtierentttad dur ati on was oV
removed from the solution and washed i n |
befordebfai nodrdyiynd néOt dore faotr e6Sbei ng examin

mi croscope for signs of corrosion.
NMOA Dt 2dqt We Ul W?Rt Hat t RYU

4. 2Pt assium Tetrathionate

Al |l of the samples tObymguweBEaXaOaMagsed
Mi crosoopeok for any signs of coduestiamn
t he speed satmiwhriocshc otphe can be operated an
external l i ghtsuwmgf avdhé cthe att htroevs f @rbe i der

efficiently.

After 24 hourssoleuxtp cogsuect lFeogetdmeof corr osi G
of the samplebBowéveaet at mé e msihlodvtesde ésel lg nssa nopf |
corrosi om tdhamahgege extent of duormatooinomfi ndre

experimenfThisacreRis@@iea i n
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il

FigdBeCorrosion damage to the samples of mild steel e

been acidified to pH 2 M2 thouwrus feu)rilcddachaur sa)d)2 41 ho
I n csobpntnane of the stainless steel sampl
at any test duration andigfudsdrowasny hef stahm
whi ch wa6s50h élod a4t8 hours as this was deem
of 304 stainlleswegséeérelnodooccecorossiden was ol

FigddeSamples of 304 stainless steel thermally treate
samples were also hand sanded t o riemopewiesn totnee oxdéidei f ia
potassium t et7?2athimiuornkadtde hfoaurr:s a)) 192 hours d) 2

4. 2AQt omRnepm Evaporation Technique

Il nitial testing was conducted. Ls®Omge tthlee |

testing with this rig was halted due to
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and the pr ddwowmni el ualfget, hd he constantly w
devel oped witA. aRulidsdt)ance from

4. 2 .20dli um Chl ori de

Il nitial tests, including the c¢oOimiasnsd oni |
samplC? Iwere conducted audsiang oncecindu m Adh loar
overvwvietwhe uoseditoobpnshese initialTacbolmemi s
6.These tiemsittsi @ln C4d a da@le swelrDe: per f or med as &
operation of the rig and its safety when
weekentegt of €amwhe ULUDdertaken intermitt

for a week.

Tabst e Summary of experimental conditions for the
Samp Ther mal TreSurf Experi ment al Co
Ten?per4Durat I:iniTen?peraConcentDurat
(AC) (hour (AC) (g/ L) (hou
C1l - - AR 180 35 168
C2 - - AR 180 35 216
S1 600 5 AR 180 35 168
P1 600 5 AR, 180 35 168
Fi gasdotwlse resiu@:t whstheg despite the | i mi

produced evideintle afbroovangdeipolsi was not r
by washing in watemrsi anf@&necditaomen e tal pinttge niti n
t he sBmmpd egave confidence that the met hoc

corrosion damage to the sampl es
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FigdbeSample C1l which owarsdihteil dn sunfderr 1sG & elsswerds wi t h 3

sample from 09: 0fradadudigzm@Pdiad @Ot er wreietk shown her
Foll owi ng Itix2 s, wassampdset ed under similar
was all owaddted nemreaifrul |l experi mental <con
wi t hout sHioopweervveirs,i adrespite the increased r
corrosion observed on t he -bsruawmcde pdsitthes

Fi géawwas not present.

Thermally treated sampdespwlkeeneporhénosubp,
Sample S1 wak heatwed urmaé@0and | eft to d
coolbiamk t o r ooThet eop edraastl lbargee.t i nt act f or

sampkeseted for a week dNagfosesadsamptos ¢ dDme
anldiC:2As with t BeC&aompdeeposit was observed
sample and no corrosion damage occurred
However, in the region around the | oadin;q
Cracdidgoccur anuwdihng tstaenpd enf oc al mi cr os
obtain topographic dwittah ftohre trhees uktgg wme ot
4@nki ga7Te
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Figdbea 3D view of the pits generated in sample S1 f ol
gat hered using the 50x magnification, 0.6 |
um

60
50

40

30

20

0 50 100 pm
.

FigaveA 2D topographic viehvi ppf6et he same regio
These images showed that the crdckbfewente
pits rather than penetrating through the

encouragement was gathered fapmproki mat ek

em into the sample though an exact depth

I n order t o tahret irfeigciiocanlsl yo fc rsetaatgentamit n g o4 md

crevicewhorchosioahd potentially initiate
cr efaitee marks in the surface pridrmhetre exp
was no corrosion observed in any of the 1

to the wor k harpduennci hnign ge fpfreocct ess so.f i HpolwBeev e r
cracking occurred at t heanldo ciant icoonmrtvwaypcetr ew i
framework. Therefore it was concluded t h:

been the driving mechanism which produce:
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Figua8eAtack of the sample Plshowing the edge of one
points. Taken using the 10x magnification 0

Corrosion pits were also observed to hav
frompdihret s of contact with the rig ruling

mechani sm. Theski pd@ésomg ewis h o wah rdaapg hh  tphr e
deepest point awhorcdhi wg staspgiatmexd@idided vy 15

Extracted profile (Through lowest point)
0 100 200 300 400 500 600 pm
0 - L " 1 e " /l, SN - 1 _. - 1 - i 1 >
e s \\|’ , P
W
50 L
100 ‘ , -
f ‘
150 1 \ i Mgt
5 i by 200 T T T T T T T T T T T T
N . N Hm
; A px B . ; Parameters  Value  Unit
Extracted profile (Through lowest point) Length 639 pm

Figd®eThe topographic scan and depth profile of the <co

It was hoped that observatinomradfferthe s@mom|
corrosion which was od&c wer fodmn ¢t thaer ds apm pel vee nf
occurUnifrog.tunately this was duet tpmpo g shieb lvea s

guantity of salt which adadcuym@leated aroun

FighbeA series of pi-upuoésNaBbwongthhbherbgibder the c
a) 7 days b) 14 days and c¢c) 21 days.
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4. 2. NRag@nesium Chl ori de

Af ter i oni tsiaghfilidde®:RIs(3:1 & BPds howed promi se,
became clear that thecer wasi anneatdet oThenu
magnesium chl oride whs theseg, i nbisadoofl

corrosive solagtgirers sheiengg wnongmenhe phe mabe

I nitial testwag wucemaycHawppleeith@ata was not
treated to all ow f biCla &olod2A a reirs ol 8t oh osuar ng
brown sl udgwabki ket éaeet @roiodli ng in the bund
showhi g@a0 eACbetri nued observation and not.
sludge wasthentesetasivhg6 htrad uresd ad teoncer ns
the origin of the sludge appeared to be -

Tab?t e Summary of the experimental conditions for the
Ther mal Tre Experi ment al Co
Samp Sur f
Temper i Dur at E ~Temper iConcent Dur at
. i ni i
(AC) (hour (AC) (g/ L) (hou
1 - - HS 180 35 216

A sample of the sludge was taken and EDS

composition and a possible source of the

Cl K series Mg K series O K series

500pm 500pum 500pum

Si K series Fe K series Zn L series

T eooum [ | T <oonm
500pm 500pm 500pm

FigbteEDS analysis of the mystery material showing

The EDS analysis of the material detect e

oxygen, siliwohh arodmargedamononat of the f
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hown Ibayr gehesi gnal s FioghiTdhese alremdédiytpotihn
acveme f hemt bbét heaprei,g and t he sampl e anc

oduced, al so known as sor el cement . | t

-

s
h

possexbpleanati on for the material is that
Y

temperature abwowiveobhmant which the heaters
heaters were obsensedéetghbbaeavAsghowedul edi
eor itstead Md@lut i on came i nt @ nao rctoa o to dveidt
ntially exposing the core. The exami |

e decision was made to cease operating

©

> o O =TS o o
—
(¢

e material s composition was not rel ev:

The sampée i nvestigation adtabllveas temeyed ]|
from the rig and carefully washed in dei
examinati on ctohrarto ssiiognnihfaidc aonctcur red and t h
under gone catwistthr oap hsiucb sftaainlturaed FecgaRle vi s
Unl i kNeaQGlhet ests, the bul k wlisthhbdseovedsi @
occurred on the wndér <irde idefe nielae it s ibelke |
mec hmBas vani c corrosion is also suspecte

st eel being |l ess noble than brass and t h

oL 2

FigbeeSample I D:1 after gentle cleaning iwni deibblei & ed
crack circled.

Upon r emohveadt oooff tthaepe, t he sample split i

mar kdd gin®2 eThe edges of these t wdl yenptuison

BX51 microscope, wiFtihgbtdwoi ad hnfasghretsWw esrth oavma a k

having taken pl ace.



87

FigbBel mages of cracks near the failure surface of sa
magni fication on the Ol ympus BX51 micros

Further exami wasi ahsowcegpdEMeéEdof the i m
ShowhRi ghmd4Tehe | magesackhow propagating fron
sampl e throughoft hteh ef umhalt etrhiiaclkannepdeseg Wri e we d
54 andgbdp however, these cracks were too
t her esfuoirteabal e test piece for vacuum dryin
sampdlie .gb¥ ecraack was i maged whi cbm nwiadseur e
which is within the size range expected |
unl i ke the predackedppearcé&d,tohbe transgi

ingeanul ar

TM3030Pius0044 2023-03-27 11:06 NMUD8.9 x200 500 um TM3030Plus0040 2023-03-27 10:41 NMUD8.8 x1.2k 50 um

TM3030PIus0033 2023-03-27 09:54 NMUD8.6 x500 200um TM3030Plus0046 2023-03-27 11:12NMUD8.6 x300 300 um

Fi g64®EM i mages of microcracks detected on the sampl
a) Crack from the surf-gecenthaoughathetciemtbhabkailnans
|l ocal corrosion region. d) Part of a crack net wo
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4. 2M@8nual Drop Evaporation Technique

With the automateexpeoijeamdidm@msy mat adn emrin@g t
devel oped and 4s elta Baduetl .Gl Fs ekcetyi onessul t s wi

heweth the test dab8eti ons outlined in
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The bul k of tests RerRr awndtea ittrailkese stsousgticasajl t
whi ch | sTasbhélfel budofinhe samples were ther m:
furmacd he temperature anfldab8lerf drhee enviedd |
f urnackFeoucrooolf st h(el sG2map)]l 2t DPawamne IsDbPlert t
hand sanding process in order to remove |
treattmentially P240 grade sandpa®pt®,r R&GO u
and P1200 gr adesexcTehpet oftohre rl Ds: alrbpalr easnslh & D :
to remove tHhemplxadel DEA,yelrD9a andadld@®b wer

Fe&lt chant for 15 minutes to.ensure the r

Sample I D: 2a

The first sam@plmpla&ndl|Dy 2y pwhachegtt heeat
furnack &obr600ve hours befor.e Thei rhg nal Isa
procevhitsraised t o r emmnwe wahse udxiidmeatled ywersub
constantl y weotrt eld/ Tt6e chhenii mogfu e3 8 02.8f tge rL IVZHEC |
hours the sample was removed from the dr"
for examination. A pit was odbos ebrev eadp parnodx it
5@mdeepThe sample was thhabimetufoedat d utr k
at which time it was <cl eaned alrhd sr @tiumrene
l ittl e extra corrosion was ob&fadveevieh otpl
with the CLSM scans indicamiTkgl ac#édeptf hf of
corrosion occurring in the original pit
and therefore it was decided that sampl e

duration unless extensive corrosion was

Af teresthedur ati on h a dwaesl haepds euds itnhge tsaapmpw aet
the bulk of the remaining slotubaoBi7aef or
kHz for 30 minutes to remove any salt or
develboxpeni.nati on using the CLSM revealed
originamn IldyeelpOOhad cor r ovhesd nfouwr tmeears uared rmna
depth of appEpmoxTimias epaiyntdl im& sah o wnpFoiggruarpehi ¢
55



pm

150

100

50

FigbbeSample I D:2a showing the pit which had developed
had not been observed @ahitsri mbgerwasi bakah 672t heuend
t hleOx magni fication, 0.4 |l ens on the CLSM. The right h
obtain a topographlevptoeidl agawhneh whe shefhace of the

Wit hstaaZk of this pit showing sigrug of c1
from t he esxaanmplneedanudsi ng an SEM, the i mage

FigbBeUnder increasvedcmaghi hgcahi oh had |
from the base of tamat Bt sempl el swas!| gewnt s

-t . ’
. - b RO |

TM3030Plus0048 2023-04-18 09:26 N D5.0 x200 500 um

TM3030Plus0049 2023-04-18 09:29 NMUDS.0 x200 500 um

Fi gb6eSEM i mage offighé&eph)i mhgewntiaken usingusilnggkV acc
backscatter electron mode and wunderi nRa0gle dt iunse sn gmat ghnei fsiec

el ectron mode but with the same accelerating voltage a

The CT scami,gbstheoemh d@ n110 kV beam enfenr gy W
exposure time of 15 seconds was assigned
of Am@ four times magnificati omm.wiom vox
anal ysi s UALd eRrrtiladkrewma 9 ydteht ee ronri ancetkd  gtnl@oestn i n
when combined with the pit gmewhctieeed ar delp
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I Fi gbBeoupled with the depth of the pit s
approxi man(ell4yp)150

)

200 pm

b)

200 pm

Figb7eThe CT scan result&ighpehadpiStpséhaogne drsdbiytcvest .S MA )

shows the pit splitting into two |owews golinntgerwidrhe
propagating from a shallower | ocation on
Achieving substantial corrosion equating

showed that the constantly wetted approa

within samples .of 316 stainless steel

Sample |1 D: 5a:

Thi splseamwas t her mACI Iffyd rvter ehactuerds awi t6h5 Ot he o
by shot blasting as opposed to theée hand
worth noting that along with the issues ¢
hampered the corromadda,exdami ruanteivem wsuddra
more dThiscebample was started after the
undi sturbed for the entire testi ndwrrareidd m
Il magésthe sample to compare the corrosio
examination of the sample after 1344 hou

reveaslhead low pit had formed which is show
Fi gb8e



Figb8eSample | Dhdar aafofercdBidaesi on without interruption
using the 20x 0.4 |l ens on the CLSM. (R) The topograrg

Under optical and topographic examinati ol
occurred omowéver ,sampmeaxa dt teo psiatmpwaes |sbh
measur dd@mtatt Ot he | owest point amMdd5t0he bt

emaccording to the extra&cge@deprofile whic

Extracted profile (Through lowest point)

0 50 100 150 200 250 300 pm
0 —— " 1 " L " “l >
20 4 S X - E
40 'h k-k"”.. :
E | o
60 h 2
70 T ’ T T
o : o Hm
oA / ")ﬂ L
Extracted profile (Through lowest point)
Figb®eThe extracted topographic profile pass through t
sampl e | D: 5a.
The reduced | evel of chrasodbieem @ bssheoitbard e

bl asting ofHoWwWevesuy faeepi te this, the cre
was deemedi ndi bat maon t hat producing SCC &
in 316 stainless steel would be possible

Sample ID:11

With the corrosion of strips of 316 stail

pitting with some cracking also observed
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from the University of Leeds mechanical

SEMEDS and compared to the standard compo

As setTabW¥tetihn s sampl al WASs li2olrhdo uarts 9f5001 | o we
furnace c#éColwihreg et o t70Mas hel dFdlolrowi riagrttth
sample was | eft to furnaceTlkionl|lsampl g ewaus
hand sanded to remove the oxi det diaryleegs s hs
under heawas thencounbjtantéydg Wwetrt RBR&hPpPUT

this initial period, the sample was r emo:
was oObserved. Whilei ng 3&4 < Xgpdearrtreaiset sractre
readily wkedntoompa 316 stainless steel s

was conducted over a reducededucead oor w §

Tab% e Summary of the experimental conditions for the s
Ther mal Tre Experi ment al Co
Samp Sur f
Temper i Dur at Ei ~Temper iConcent Dur at
o I ni i
(AC) (hour (AC) (g/ L) (hou
950 2
11 HS 65 380. 8 4 32
700 70

Thinning of Sampl es:

After examination of the sampl es5dnhowed |
I's expected that, if time hadampkeélbeeéen a
would have been possible. However, as ti:!
corrosion procelsts waass dreecgudierded hat t hi s w
the sampl esi mandéaasi ndhathhdéyconcentration
sampl es were sel ecialdl Gidal8stdhceveien go uttha ne

condi ti otnksi mpmriimg. t o
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Tabllte Conditions experienced by the samples po.

Samp Experi ment al Cont

' D Thinned Af TenTper;Concent TotDaur at
(AC) (g/ L) (hour s

2a 1776 6 5 380. 8 3120

4 a 8 88 65 380. 8 2232

3 a 1488 65 380. 8 2832

3b 432 6 5 380. 8 1776

7 432 65 380. 8 1776

2b 432 6 5 380. 8 1776

11 432 65 380. 8 1776

Each of the samples were removed from t h
before being anaagdedhesiogat hen€L&M cor
and traced to the reverse of the sampl e.
si gnipfoirctaanoon of the stainless steel withi
the sammwlld owing this, f lofeurstahmeprl eesx pwoesruer er
corrosive enrwirrtchreme nit3 4f4orhoaur s wi t h mi ni m

potenti al passivati on.

It should be noted that sample | D:2a was
sectioned and Fmghgd ghtrafdi ghy ewvaese t hi nne
placed intand waksoMglBban added.



FigebeCorrosion | ocated in and around the site where a

sample | D:3a after the further, 1t3i44e hbiemag®f ngot hesiC

Mi ni mal corr osoinome wsalso to blslea svteadd sampl es t
observed isittehse Wirtetmedne $u gl OVdoesatmipd ® s h
| D: 11 wass ocemeamisnoeldat ed howawovlks wédree magtoedt
| ocated either within or FRirgépkégaws nfgo U rr oad
t he thinned r eogni obnost ho fs itdhees soafmptl hd2r esmaarip | e
mar ks showed evpdepagabdf ngr édachkhm the regi:
removed. When examining the reverse of t|

cracking was observed

With the crack networks matching up on e
each of thewdtwlidoke ouegonbdbnshe strip into
mat c hipnign htonee and slpur cdhasscesd wrhri ocnn BEademnuen d
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Disc 1 Disc 2

Disc 3 Disc 4

FigGtel mages taken of four thinned regions of sample |I

the reverse | ocation where initial corrosi
These discs were t luen ngguhba ect3ed@k tmagan i GT c
size orf x1Em7 el AT 1 the discs were scani
stacked omttletp soHo wlacc hbe noted t hatt htehe ¢
overhead viaweoé&nthaetdiacs of the CT pr o«

on the sampl es.
Disc 1:

From the CHiscamdwiig Gipgiei gshd @Fli gbdene cr ack
observed to have propagated t hraonudg hi nt hseo m
|l ocations i prappglateudg ot Ol eceff utthe sampl e.
width of the crack remains rehawe werd,y icto)
notable that thascwaockdi beretapgke waaidi (SICCt
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FigeBeshows two, cthc&k secthensame crack

out of the plane beingthmageadgkdf ptaneet

Fige2eeA CT image of disc one iThetpkahuppew! pprAishi o

red line in (a). ¢) A slice looking along

FigeBeA CT i mage of disc one in the "central"™ portion

red |ine in (a). c) A slice |l ooking along

FigedaeA CT image of disc one in the "l ower" portion o
red line in (a&a).otnfgg KAl sé ilciené oioki ha) .

| Fi g6l el W0 shapedanrdadhk iwasseeon apparent
whet her the crack had Wropagiaahed podroiugimh:
propagating through the full thickness t|
not 1 mmediately apparent fromhehermajkomar

have some branches and dead ends adding
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Disc 2:

The crack observed in disc two appears t
with the CT scan struggling to produce cl
Despite this however, it is clear that t|

stainless steel emer gi ng IiFn gtofsres géh@ench e d |
FigeTre

a)

Figabfe CT i mage ofupddesrpot wioonnot hehé& disc. a) The pl an
red |ine ihotkm)mmopg) tAheslbilwe | ine in (a).

Figabée CT i magwiomnft &da'tstgmdr ti on of the disc. a) The pl ar
red |line in (a). c) A slice looking along

a)

Figaerle CT i magwiomno fkt cdéiesicor t i on of the disc. a) The pl an
red |ine in (a). c) A slice looking along the blue | in

Di sc 3:

When compared to Disc 1 and ®dn stche ,CTDiisma
owi ng t o tahse svhooxwenl bsyi ztehe | acFki gafgFeag Wi et i
6 @3 nki gn® eHo wietv eirs st i | | possi bl e t,o fdeert er
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exampHiegtibhe a crack path can be .Skemejiust
a possibility thatdumwiongr rtaltk sc avremr ®isngem eag f
Figb8e there are t wo tdhastt idnoc tn oste ca p poenasr otf
and examination of thasCffareasl ascwaBsechhi

t woections.

Figa8fe CT image of ugigdecpotrhtrieoen ionf tthhee "di s c. a) The pl ai
red line in (a). c) A slice |l ooking along

Figedte CT image of ceéinScmpdohtieeniofthbe”" disc. a) The pl a
red line ihoOlmilmwmapg) theslbilawe | ine in (a).

Figadable CT i magbrieé thhies¢ | ower " portion of the disc. a)
red |ine in (a). c) A slice |l ooking along

Di sc 4:

As with thae ortdaek patsicveay I ssbloawhr gihhr em t
71Fi goaelKi gonBeUnl i keitsltes dtolwerver, there |
branching, 1 n partriguBwirt h hingl ciapl et sael



101

coveringhtdokenésus |l of the sampleesbhbtughbft hi

passing in and out of the i mage plane mul

Figdtle CT i mage ofuplpesmporouoni ofthéde”" di sc. a) The pl an
red |ine in (a). c) A slice looking along the blue | in

Figdke CT i mage bDhedhtsrcmdrotuiron nof the disc. a) The pl ar
red |ine in (a). c) A slice looking along the blue I in

a)

FigidBe CT i mabheumftldé stl ower"”™ portion of the disc. a)

red |line in (a). c) A slice |l ooking along the blue I in
NMOEzGaGc¢l !

I n trying to produce representatilvhee cr ac|
aci dpdtiaglsi um tteesttr avwehrieo naabtlee t mi tdr sbdel t
though rather t mampdreodweagirmgl e tt dh,r otulgeh e

woul d not result ior dathks psardplces onf 031G d
stainless steel tecdarerdosihomwe da fiiodéeMme etnrca
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The drop evaporatobhetrebhndqgwa s ocsohrortwond itnog
both 304 and 316 stainliessbaettlerehamwdtdharedsd
bl ast edGisaenp| else samples subjected to shc
steel, the production of <corr os3iltn gpiatdse
stainless steel i's considered to be a go
and the shot pseheonti nbgl aesftfiecg aopprtdhaech 1 ncr

stress corrosion cracking

Whil e notoi bheé¢ e padte fitolremeadut set of the wor k,
S Duseiraddl d viheed fporro d theet ircampitadfi ct khree stshr
i n tamgetddsl chadawiedns hat the cons

sampl e

cracks

vi able to pwohdlbeetbhreaokiggnal aim of the
S

representative cracks ideally via stress

o
—

acks with a similar morphol ogy were de:
ormm corrosion then it was acceptahke. T
tortuous cracks expected stcoalbee offo utnhde swei tcl
representth o ¥ &l heexspee cctreadc.k s, from the CT s
hal fstwdgd ween t hcel asd dginni gf i fcha njtuarredh®e en 1 n
appearance bt B€Canistahd kishees g id@mn e rSneicrte do ni n
5)3that these defects are witlarl edaAGRhO
cl addi n@hsdafpd cet. sr arnmneatisoh®en a nptt @r r osi on

fail edld@dGRRIi gbnHeweve®r rosobnt he only means
fall pin cl awidti m gatmaeers f dNe.t aB al rekde3r® ye ti sa |

feasi ble thatnscems afbhdtelue apaadh t hin the ¢
prioorort during storage conditi ontshrwiughh.co
This coul d resulatusiengd cirymsiks p&M|awBgBown i |
Fi guo4 ewhi c hs naepapsruoxéemmaotne ltyne ext eri or surf

ad 6émon t he fiuetleardiddarmng/ i ntelrdddiengi de of t

Therefor e, whil e thesd¢ ocnta@®dBsc ks ei, mtod n chead
PCMI amd sdlrastst wrebtypayrlkeed c ®eltd arlesul t i n cl a

oki mdl menammbonrsphol ogi es.



103

COOLING
RIBS ‘

FigddeA crack caused by 3IBGMI . Il mage taken
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5 1 mage Analysis of Defects

I n order to determine the flow of fluid
necessary to know thel ditmeinsiwaoanrsk ,ofwlsiali e
produc®d, airte wasa a3d3Bumreasgs hagcti on woul d

an approxidiame oxi aris tehred ul ti mately the f
PIOMYOGeaqcaqRYUcaWi YI t
5. 1Approach to |I mage Anal ysis

| n orddeetrertmoi ne t he fl ow channel l engt h an
remove the dead endcsomiddet dteiromrd ®ftalte s
i mpact on the flow of fl uitchet gmawpdh ctsh e a
Serif DrawPlamrsd XtShevalsr uslke dt o®@$ e usewdWamtoe d e
An exampl e ofFitghi'wmderse shaievahd i eamals have be

removed to prevent these from altering t|

Figaube(L) The original i nfagdr)ofThe «crd e®ak etda kugpn vfer am oRe f
i mage analysis code.

Foll owcihgamnihemg uptof st heaidmagddteo st me | Md
i nto a binary imageeath pihxel pafttaabé i me
value, either onecoftonerofTdepeepi gl ep 0
proce®s oidaicteot he skeletodmhok ibBebdstedes
controlled erosion procedgs nehif olh | mevs migt ¢
structure or centreline of the defect bel

showhi gnh6 e

Figadabe(L) The original i mage of the defect to be anal
overl ayed with the original i mage.
With this process, the openings at each

si mghe. skel et on ptoc aBsgupsaeoediiiegpicBentds
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essheaaddaptrioocne sosf tao deter mi ne a suita
e the skeleton has beiemp yptr otdlue emi, x @ lh ec
the point where the skelandnthléeé veoiget
ch this triangul ar r egihdm htliugpdtressd ti me

ween the | ocatilbwi#sinbfandtcpnMabl abl!l bal
ebet ween the twoTbobanitdb easddoere at iskred e
deci ded that, as a right angled tri al
orem could be used. The cofler pexdmpkd,

ations a and b and then calcul ates t h
e of the image and addbciamrd gt b eet h

al |l ength of the crack.

a) b 9

N

u

gudveThe skeleton of the channel overl ayed on an ir
highlighted.

calcul ate the avertadge wiodtnhh soft hteh @& uani:
ch were asdidogrmaead a healedi®r @f pdanrdt tohfe nt h
ides this value by the calculated | en:

D2termi nhaei ®n mefhsi ons of Defects from

|l e the i nictoidel wioad tdi e eamattrdg ackreaawnr sii |

I f Dregw®phisc W8padbkadé ows for the di me
wn, this is not possible.lwi tthtthatumra
us of the research nearly always invol
estingdganed!| emetvh dd ewer e

refore, to detredmsneoft me kinewgtpd aalea s
ng the skeleton and then in a straigh

t hcer acnkage.
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FigdB8eA diagram sbkbogf highdowr adhles in |iterature w

Wherewitdi h i s provi dédmbyewwhédtahi beaesatppli
were awedagedd as t he awswarcdadgea gwiebetohu gahf t
it should be ilam&knowl adigeesdd drheatpr esent in
cursor when the crack was melcwirhes waindd ht,
for ex&mpb@ein i s matr dlsearhei fwethtpg hhas ba
I f i1t 1s the width of the maaekiab the Db

Figd®eAn exampl e of a cwiadctkh sf reorne |pirtoevriadteudr.e I|wiaegree o f
(145)

I f only one width meadgtthreamenn tdtvihass weerrcev icdd
averagieng the same met hodde tbheyr bwltiniecdlh t thh ¢ hlee
pl aced perpendicuWhentohéhmaskael emeaspgne.l
tested a suitable | evel of accuracy was

PIOXC¢UORI ¢ qRY O DNVHILEGIOM Rt LW

5. 2Ddhawn Defect s

Il n order to test the code, some Tohannel s
achieve this Seruftfoi IDrosiehd Idiras wX& r acks of k
wi dahd therefore allow for an analysis of

under.t aken

5.2 .49t.rlai ght Channel s

With the easiest possible defect for the
smoptbhtrai ghi schvasneélested first. Two di f
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first asmecsliofgy dowi mpact the [ ength made
these restibhblklshowaacomd!|l y assessing the |

width while the | engthahbleenai ned constant

From these teststheé oeded dedrmi med tthleat e
wi dth of the drawn defWkers twhe hl sragt Isf @fc
i ncreased and thetWwedehi Eeptttbesthnannge |
estimati on however there i s a wildtghht 1 mp
however this is not consi dWherd ttlbe btee |t isn
changed to keep the | ength the swahmd et hrhoe
was still ITittle change in the | ength esHi

estmati on of t he width

Tabllle The results from testing the image analysis cod:q
vari ed.
Known Di mer Calcul at ed % Vari at.i

Length Width Length Wi dth Lengt Width

29. 88 8. 03 29. 89 8. 43 0.04 4. 98
40. 20 8. 03 40. 39 8. 53 0. 48 6.18
50. 25 8. 03 50. 48 8.49 0. 45 5.68
60. 04 8. 03 60. 15 8.40 0.19 4. 64
7001 8. 03 70. 03 8. 37 0.083 4. 20
80. 15 8. 03 80. 26 8. 37 0.14 4. 29
90. 21 8. 03 90. 41 8. 35 0. 22 4. 02
100. 26 8. 03 100. 33 8. 33 0. 07 3.81
200. 80 8.03 201. 33 8. 29 0. 26 3.28
400. 56 8.03 401.01 8. 26 0.11 2.81
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Tabll2e The results from testing the image analysis cc
Known Di mern Calcul ated %Vari at i
Length|Width|{Length|Width|{Lengt Wi dth
49.99 8. 03 50. 12 8. 47 0. 27 5.48
49.99 9. 35 50. 38 9. 64 0.79 3.12
49.99 10.62|50. 38 11.10|0.78 |4.53
49.99 11. 46|50. 12 11. 39|0. 26 0. 65
49.99 12.31|{50. 12 12.87|0. 26 4. 55
49.99 13.58|50. 12 13.85|0. 26 1.97
49.99 14.85|50. 12 15.31|0. 26 3.12
49.99 15. 70|50. 37 16. 01|0. 77 1.95

5. 2.Ar.ani ¢ Shapes

Having tested t hei ntpoldee sacgean anrsito ,t hneo rmeo scto n
changes in direction wer e dTrhaiwsn poruayv,i daegda
i ncrease in the didfeffiecul!l tdy mfears i menass warnidn g

to testing the code on cracks found in t|

Tabl*&hows the results fromethermesdtinga ¢
|l evel obnatbermayorityHowev dr, tameglredd idg it
corners were treesstweldt,ed hien ag plreoragcen devi at i
when compared to the otshdermemes sletds tdhlatt a it |
i nteraction of the right angles and the
thereby not f olflroomn nwh itchhe tcheentl|Tdend gtnieswa s
reinforced by the successful feesatiudaitn g n9 0
turns butr ithham casbruwmgthechanges i n directi

This Iis considered to be a minor issue a:
woul d bebaxedceamrmdt he results gathered for

reasonabl e and the nature of the defect [
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Tabll3% Results from testing tbhempmagedamaahysdiesecbdea

. Cal cul at _
Known Di m: ) ) % Vari at
Def ect Di mensi c

Lengt Widt Lengt Widt LengtWi dt

16.120.63 15.450.71 13.3¢4 .13

58.100.63 60.690.62 1.45 4. 45

24.920.63 25.630.65 2.81 2.86

32.580.63 33.850.61 2.96 3.89

65.160.63 67.720.641.14 3.92

99.952.33102.02.281.97 2.14

5. 2Dafects from Literature

The f ifnoarl ttheestcodedi smenhei easi mat erab&s so
|l iteddtudefects were sources from a rang
of metals but also cracks in concrete to
edgEasbll4ehvs t he de&lkohgt dehmesi ons whi ch v
statyed bl ceo0 ot eudsatin@eplpa oacdc iorutSe dteZ bae

resulgtener atgd bhwat hei smaode wirfebrad st pg e

vari ationsbeaedk enensi bhabocdl ahed di mensi on.

As these cracks were sourmeead ufrreame nltist eorfa
had been overl|l ay8dri Wh®rawPhus &X8cwas, us:¢
| abel s with all the cracks bei ng ditcHerane

artifacts which were detected by the cod
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Tabll4e Results from testing the i mage

Known Cal cul a .
% Vari a

Defect Sour Di mensi Di mensi
Leng Wi diLeng Wi dt LengWi di

(15 400. 50 442. 49.¢10.'0.7

(14 121. 6.2 131. 7.0 8.0 11.

anal ysi s

(14 2021317.2247 311. 11.:1. 8

(14 2197275.21092261 4.0 4. 8

(14 1646322.1772 311. 7.6 3.1

(14 2310288.2602 250. 12. ¢13.

(14 1994298.2302 290. 15. 2. 4

(14 2085311.2210 319. 5.9 2.8

cod



Def ect

Sour

Known

Di

mens. i

111

Cal
Di

cul a _
% Vari a
mens.i

Leng Wi diLeng Wi dt LengWi di

(14 192. 63. 222. 58.015. 7.8
(14 205. 26. 220. 29. (7.7 11
(14 2.8 0.3 3.1 0.3 3.8 2.4
(14 132. 18. 133. 16 1.0 10.
(15 2562 62. 2830 62. ¢10. 0.6
(15 204. 3.1 244. 3.6 19.115.
(15 156. 4.6 168. 4.3 8.0 7.1
(15 165. 4.7 178. 4.6 7.9 1.2
(15 207. 2.9213. 3.0 2.8 4.0
(15 107. 5.2 115. 6.2 7.6 19.
(15 39.¢t3.6 43.¢ 3.2 11.:10.
(15 327. 3.2341. 3.0 4.4 3.9
(15 291. 4.0309. 4.3 6.2 8.2
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PO GGUORACqRYUWqYWOY!I I YT Ul WE¢ G GH It
The i mages of t hki gitezZFee g 6 8Fa pgréefsde @ e 1 n
Fi gbBFd gbiyFe g6 8Fe g6 9Fa gu@PFe gniFe gudeki gur e
7ventested using the image analysis code
of the defects produced through corrosi o
scan and | tolwe reportalelnboead t he defaestseanmm i

Fi g80len order tloendgetthe ronii tehea crack and an

analysis code was used to detwetimi h&dea nu

determined di nMeammbons shown i n

Fig8beAttempted analysis of the produced cracks showin

original i mage provided.

Tabll5e Length and average width of the defects in Disc
analysis code.

| mage L engemh ( Aver ageemyi c
384 (Il eft
36
360 (right
504 60

468 qdHerfnte 43.2 (left
432 (right 45.6 (righ

420 4 0

456 34.5
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Whi | e rtaloekessea t c uloatbed wi der trle@ectledsé owbie
I n the AGRhel adagynhgodcskt heprcesent st me sd e |
cobrosion cr ackst hpeh a laotdedmpsacrtse d htaotn weér es  wg

as wel |l as whea2gnommparmed ero defect Msampl
Jac kWlein compaACRdl a wfdatimlggu riekishhmwet hese def
are ofFan whlthi ®# however, hmavmoat mofr pthloe ogn

morertuosity and br &nghireg that the fail
PIOMEz2GGCc | !

Il n testing of the i mage analysis code, t|
a good | evel of agPeemebdssiwvhggabhbit evmedr e
shapes shoaedl adm@atas t he changes in direc

estimation of the crack | ength could be

being accurately esti mated.

The approach tlenddtheramidniwngltthheof def ect s
accepted to have inherenbeflaewsedi hhaheap
make the process as robust and repelat abl
confirm the approach was viable, the org:
DrawPl usuX&8dwasetests with the method pr
fiddly to undertake. Thedetfeorrmi nateiwvdarean gaefl

and width would be used and an average t

Unfortunately, the resolutionfondehecCT :
to be detected by the skeletonization pr.
was altered but thideteftcitlilondiod mndt a&lhlamw
manu al appr.oawiht lwatsha seewdi dence gathered f
l iterature, it is beli etvleids tpradc evs 4 hwdu Igd
able to detect the channel s hawdwer, wtohik:
the samples which would have increased t|

unsui table for usdliuntd éh owacuwgm dryi ng
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6 Si mpl Ffuied FIl ow Testing

ThChaptert medtrk adwinebuiol dd,eospegsnat andhe si myg
fl uid Udedv td@ gpre@weiat arbelaes,u raectrobpert ess soufr e 0 V €
ti maiaswas all owed to return to an evacu
sel edcitsedde b€h¢ attempts to manuf datoumre nar
Perspexvies eall @ hewoe shkiil n &sfl dggant thtehree dt e st s ¢ o |
opticalangli nhotlescs are presenhceoddeads wel |
sampl eprwhvieadht hat t he rdaefke ptasohlvgady tftlde mfe |
thickness of the materi al

SION21J1 2RI

With a need to determine the -dd owag ad eV its
I n which a tank could be evacuated with
renter the tank via the defecti Chaprneirke t
this rig adaéeéflewts forbée hanal ysed without e
such as the evaporation of water. By r em
gat hered from this rig could be utilised

conseidder

—EO:I—[X]—( )

F E D C B A

Fig8ieA schematic for the simplified flui

Fig8kdows the schemati wi fbrilpggstFremabdbewni s
85 A Swagelok fitting was used to house
being secured in place using the fitting
burst under test condidomtnasi.niTngsohoet ¢ ht
showhi g2 el aced into thengi tOi & Yuhii tshsaeaan
formed. sThesdéef smi mat stohne ainndt engariinttyaionf t he
from Svwageéokto all ow the tank to be isol
as required. An Omega pressure transduce.]

capabilities. The initial plan for the ri
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as to allow for the tank to be under vac
pump either used to evacuate the tank pr.i
pul I a vacuum with the aihroweevienrg ornel nyo vtehde

shown has been used.

Fig82eExamples of (L) a pinhole disc(tlédfdlpdi5gce and
respectively
SIOE+GUI RGWUqgea Wi YI ¢
6. 2.Metlhodol ogy

I n order to conduct awnalex@erl anealt Fieaighu ey B
81 are opened and t had | omhwerdbdaro (redmp ond ot
pressure beforeThemphevmoBnt scahosbdn b

component Ad6s |l ocation in the schematic.

To assesnbmhel ¢ hrappupner, paret of the fitting

ring inserted and adjusted to ensure it |
sampl e the be test ead oingg awd dehd rmatgno ¢ thhedr 0 g5 ¢
a seal. Finally the tubing wathathedfand
tighteeall the assembly in place. The c¢om

compl et ed f orFm gcBanekb eg8#een i n

Fig8aBeThe components in the order of assembly to hold

the simplified fluid flow rig and | ater the vacuum dr )

ferwuth tubing to ffomm,athealsamphe fiioi g Oessedl aadat
base of the fitting.



Fig8deThe assembled fittindig8Brd shei tampassembl ygh w
vacuum drying rig.

The data | ogger should be started at thi:

of the eadtuhatsi om.i nt t he vacuutmamplkimp can

evacuated to the desired pressure. Once |

i's closed toainsoivalt eet Beopegatemt o begin

6. 2.Tes2ti ng

To provide data whicéaxgemnuil de btealu scat @ ot @ ¢
made by the computational work undertake:|
The firgpinsdel eussedcs purchased from Edmu
thicwitaahda diameeatrumoméd9asSbpimmhol e i n the
pinhol e di amégng rendbwesin@ cth® setn® @ n dem.1 0 0
Additionally, Fsilgi8tp edvesces t(esshtoevdn iTrhese sl
antdhe wi dt hs emesem@dndeendF8 W1a0 | vy, the corr o
produced .weDeet atielsst eodf t heséamsho wieeef ound
worth mentioning that the samples were c|

of 9.5 mm.



Fig8beA photograph of the simplified fluid flow testi

chamber and vacuum pump.
All the tests were conducted using the s
at atmospheric pressure priorswiot shhedtom

approxi mately six minutes which r esdlhteed

results obtained fremcbhB8me tests can be
SIOAR It edqt WeUT W? Rt #Hat t RYU

6. 3PLnhol e Di scs

Figd&dadows the averaged results fromatdeade
size on pkmdmnleeheasesctsests it was odmserveod
andkemr elstued in a rate which was not di ssin
This prompted uncertainty as t d eiafkitnlge asi
contributing to a faster return.td@dsat@amos,
result these discs were removed from any
comput ati on@ahepeetdest s oalkso prompted addi
and complhbhoegnh st ménre was no significant | e

other results gathered using this rig.

Asvoul d be expected, the | arge the hole i
at mospher.i cl tprweasssunroet ed t hat despite the
em di ameter pinhole was observed to resul
pr esguwircek er ¢nh adni atnmheet e2rQ mpii nihall ley dti Wi. s was
di sc and assembl howetvtespgpabifngrcartetcal yolf
i ndepewideht bygdmh atnhdm 2d0i0s cs wi t o blsietrtvlea v ar

suggests this is not the case and the r1e:
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1.0 =
&_‘ 0.8 = /
;g 7
‘;" 0.6 =
]
7]
7]
E 0.4 -
0.2 -
0.0 T T T T T T T
0 20 40 60 80 100 120
Time (min)
— 1 Micron 5 Micron 10 Micron
——— 20 Micron 50 Micron 100 Micron

Fig86eThe time taken for the sample tank to reach a

approxi mately 0.1 Bavwdritdhuougihz @dd safs pgiemh alr é o
6. 3SkRPit Discs

As wiphnhblee dhdepentdthbneeexperi mamdalt hreur

average resuHitgs8@raehess hoamplie@as, despite b
anddiaftf erent ti mes showed very I|little dev
the rig wasandl opblgatseglinga repeatabl e
openi mg easreenat ed by the slit discs, the t

pressure was signhéipamholyeqdi s&keras haoul

1.0+
0.8 4
<
a
— 0.6+
()
3
?
(]
a 04+
0.2 4
0.0 T T T T T T T T 1
0 2 4 6 8 10 12 14 16
Time (min)
— 10 Micron 50 Micron 100 Micron

Figa8reAverage results from three tests of each of
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6. 3P8rspex Sampl es

Whil e waiting for the corrosion experi me
manuf a&ctacrkes in a disc which could be mou
One opt iwars ttes tuskA Psetrrsippe x30 mm i n wi dt h &
from ansihpétacedf waf ohaavicoesel and mall e
a cwackh propagatedPeprspeéerxl Wiyt h ha oughr & e
up shéwg®8Bdce a crack of suitable depth
hacksaw was ucswtd drmc ampa sas idn ggicit hes ewar o f t
used clean the edge of theasammageupf aad

samples prodwFécg@d®ies shown in

Fig8BeA representation of how the Perspex st

Sampwenge oduced includi mpgea&deditsd owiatch @G
testing BRhimpllketaskedamplde a tlhe sk | wke | de tag «
t Peer spex being too thick to fit into the
was not Apos siebl é actonewas sukthgetbt t he
originataedefobmathece to hold the sampl e
and sample shaping process.

2000 pm

Fig88eA stereomi cornoes coofp et hiemaPgeer sopfe x sampl es pr
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6. 3Cdrroded Sampl es

With the CT scan conf i rnnkiingg 2feh g iBheahde de f ¢
propagated through the full depth of the
were undertaken using the same met hodol o
earUnkerke the pinhole and slit discs whi
to prevent rupture anabdef dromavti itdrs,t atnfde ¢

di fference without def ormati on.

Fol ngwit he same met hodol omgegsiatsod wwatsh ainsgeidn I ¢
slit discs, the diff erTehnet rceoseusletdse dosft a nig
showhi g@0 e

1.0 -
0.9 -
0.8 -
0.7 -
0.6 +
0.5 -
0.4 -

Pressure (BarA)

0.3
02 ,
014 %

0.0

0 20 40 60 80 100 120 140 160
Time (min)

Disc 1 Disc2 —Disc 3

Disc 4

Fig8beThe results of the return to atmospheric tests

di scs.

Givehe nature of the cr acsksexap eghcatnedgde ndgee g n €
the crathkgmdr pihtd tihs it mtee rddadtriembgpeé sr é ®r Di s«

Di sc 2siamiel asro

SIOMEz2GG¢! !

The simplified f1l uriedpddtoavblrea gmepamsy eadf t de t
t hrough t hel ipti ndhio$ @s awidt h mul ti pl e tests

variation seen despite t heNhteens tt 2 dld esinmgg tch

some unexpected resul@ms dveamne tneera spirrehdo lwe
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at mospheric pr essnuraec rfoassst entultth apon et,h e n2d0e p

perfor nmeld tsehsotwsi ng t he same resul t.

Whil e the attempts to produce defect pat|
expected that with some changes to the t

deformation it is possible a viable samp!

When the corroded di sod wempe at adbt ¢Tdhtiysz lwea
testing also showed that t he cdenfiggqoutess sapa

scans were pathways which gas could fl ow
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7 Vacuum Dhyoomgh Defect s

I n order to pr ofvliiodwe nvoad eild aatnido nt o oa stshees s t
vacuum drying &se a sprdod es direys tasn yn esepde ntto fl
using the defects. Thindeachakteear uwii Inlg ¢ v «
samples featuring a drilled hole along wi
purchased from EdmaohdpOpti wesesEFsoapkl §phtl
using the dae$epastpobdubiesd wor k.

TIONG JWécecHaz2GW?21 ! RUDWARDN

7.1FLrst Generation Rig

First JbuiQototdbeg ri g consists of a vessel

stainless steel pi pe with one end capped
the other end (a2 )ae hleidd towf at Hd avnmegsesel , wae
flange was constructed with multiple | 1in:i

drying to the conducted. A PXM319 pressurt
with2 aBar A range for-type vheuvmmcouypileg., K
the vessel and the other | eft | oose in t|
external surface of a sample. To provide
l nsul ated band heatert raollonegd wietrhe aa ctgeum preel
To measure the fliTewha BBMaakbbiew megbhr i
to the vacuum |ine. This provides a perc:
being equal to 1.997 g/ min of air. This,
measur ement of mass fvliodw nbgu tani ti nidd csauii toanl

being experienced.

The initial work carried out on tdHe waadcu
shossohemaitiFcgédbwd i n a pghag@dl@riasp hh a dn
undergone a slight modi fi clati@GomoTddeesece it !

modi fi cati onM. weafek Smam e nighgr vog levcetd r emovi n
condenser which was present and the addi:

the | ine in order to prevnenthet.hpei pceownodrekn s ;
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/ Flow meter

Flexible tube

Heating band

Vessel

FiggteSchematic of the

s’, ‘

Molecular sieve

Vacuum pump

vacuum drying ric

Fig8f2eThe firvsacglemematiromy built by J. Goode
7. 1S28cond Generation Rig
The first generation of the drying rig p
operation and was more | imited in its ca
rig sought to fix this. The firstrecdhuarege
to points at which condensation coul d oc:
up as this would give inaccurate reading:

buil ding the vacuum ine verascposyi mlue |
the | ine tur nsdeagnrde eh esaldosp eo nd cawnf itvoe t he mo
the | ine was heated by a heating wire re:
condensation occurred. Secosndtlhyi,s tvhaes fd es
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site of condensation and pooling of i qgqul
fl exible hose was required in order to r
vol ume of the vessel and the sampdess,nsi

so to speed up the operation an electric
vessel to be fixed into place and the ve:
| owered for access,-uprpabtgaspabhghabl npe:
added. This allows for the sample under |
experi ment al run as wel |l as the internal
possi bl e befArse htemeatupcgroafde.he upgrades i
Figaded as a Fhaogt@dgeraph in

Pressure transducer

Flow meter

Molecular sieve

Vacuum pump

Heating band

Sample

Vessel

FigaBeA schematic of the second generation of va

Fig8deThe geeeeamd i on of the vacuum drying rig featuri
Lovett with consultation from myself.
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Somiemilt ati ons found in the first generati
the upgrade. Chitelfe aweosnge It ,h elseei ngg d dhmst r u
guantity of stainlesstéoeeekempasatular gned:
di fficult. As the vessel was heated the I
i n the heater supplying more ther mal ene.l
t hermocouple attached toetbé wvbesteleesboebg!

desired point, the area around the band
THO=Uq6VYIT YTavyYn!

This sectiomewhodolcogerusee for the vacul
a gener al met hodol ogy which covers the b
drying expwirti metbhseefgauecinjons of t he met hod«
adaptations madd otro tthlee dmdtfleockmnltogyampl es

7. 2.QGener al Met hodol ogy

I nitially the sampwBietthesutpl amcy dwatnero prhes e
the test at¢e mpewhi cheit i Buriem@vele amar we
the sample is being heated, the mol ecul a

we i gtheefdor e being returned or Irfe ptlhaec emdo |aencd
sieve beads have gained 15 g then they a

repl aced and regenerated before further |

At this point the masssanopfl ewawheirc hc ains bteh ear
thermocouple is then taped ont,o tthhee wesrspd
i tself seal enbnanaortelde unampl et ©Oeaehebeth
desired temperature has been reached, t h

evacuat ed

After the test hasueb ddeenstdiaende |tuidneed ,e |eaiptshien
i ndications from the datal oggwacuismopu mg
switched off and the vessel and pipeworKk

vacuum r echaonwunbde etrét satkeesnsess i f the sampl e

7.2.lo2se sSampl e

For the tests under § akeamFwunglisngritgeept eh @ 0 s e
test piece was placed whehbbtbe Bwagbdkoke
sample stood upright. Care was taken to
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ontact with the edge obeithgeg @aekael ot oi pl
owever, upon opening tthhee vseasnspelle awa st hreo u

osbhbeanted and touching the wal/l of the v

FigbeTThea st g elnoeorsaet i soanmpol feM.c oJnasfctérauocutr eégm glidypa a @ Zer pi nhc
drilled into a section of AGR cladding

Stainless steel tube Washers and sample disc

Swagelok fitting and cap Araldite seal

Figab6eThe second version of the | oose sample design u

Optics featuring an araldite seal.

The first generati ohRi g@bidéesod e meamplrem sah

S

ection of AGR cladding sealed -ateehetah

and at the other, a 30 mm $SeatgiedmwmkofT ompa

f
t
c

I t.Thng fitting all ows tfhoer stahmp | aed daintdi d rh e
he fl ow of | iquid or gaseous water thr o

onsi stesn @fi nho227 drill ed through the cl a

work conducGaud.éyl aCkBomMm)

For the second generation of theToampl es

achieve this the pinhole diamrmseyamglha sefd

S

0.

howhi g&R.e I nitial sampl es swerdd saxon gterasaitr
1mm, t bbakt rsutcaiendl efesrish mvi t h @ . dimanmd tearn uag f

were purchased wi tem, g nghqQle@d 0 b @ane ¢dne.t G0 o f
These discs werlee mgtth cdsfe eésetiaoi trml baBsnsgmand a
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mpression fittiTagki atgt a@amed ntod o mwmwe bé mad k

s attached to the other end using Aral

ring initial t ebetcsa mei talp ptalreashdd | &t derapal | dodm @
suitabl e f etri gphrto vsiedailn gb eat nweaeinr ptr hees sduir sec s
I fferenti al across the pinhole combined
ilure of the sample, either partially,

coming detached entirely. Tohgoldvect hiws
stened to the tube, again wingh tAreal diistac
om separating from the rest of the sam
e softeningsdfiltlheAAr aslsdaimtpd ewadod one of
rsions of theFisg®ripel es i s shown in

.2.Hamgi ng Sampl e

teri g hwas upgraded, changes wearmplmade \
spended from tther d by eolformilermattaersgoeatl haen d

stahnrep |l e as a var iFaobrl e hteoss eb es acnmopn seisd e ri et d .
e sample not be placed on the base of
e defect douhisgrpsepaedtiaont he use of

ing used tDOhédosameltdae!l di B0 ta stihampi Isaert f
owhRi g&3Tehe | ower feer twiasn cafp ptelde as with
all ow Pbér watgeuanbi by AVtheeodusedt hert ¢e
mpheathteacaseadnptt® | ine in the vessel its
mpl es which wouherekytal nowiheg viesisepr e

adings to be taken from inside the sam

.2T@sting

2.Reyl Features of the Vacuum Drying Plo
spite the changes between experiment al
mperature and thesamps eoft hwattermrradded e
ghl i ghg@égwehiinch are present across all t

re to prevent repetition.
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FigadrvreAn example plot from a vacuum drying test w

1)The initiaf &hacuastseh at t heThbeegi nni |

Y
f

restkseucreeases from at mosphesrpei k(el iBna rtAh)

| ow rat eofast hteheaibruliks evacuat ed, t he

2)Thi s r egi onbehhagvhil ogrigtosh htahbdet beé t he air

r

P

Y
i

3)I

a

h
t

emo.veldn t hirselraetgiiooms htihpeotwvet weesasthe a

oint is seen. As some of the water i
ressuwArsethe pressure increases, so do
ncrease in the flwaweratvapiouroh se r\eend

n region three, tulsee dbehoavhieamur tdfe tvhees
pplies across the test but this regi
eatludeasl.l y the temperature of the san
hroughout the test howstverdt hiheries i
he plrtofiid ettheori sed that this occurs
arge mass of stainl dhe dteamdli nma lbiamg
ear t hevetsospelof htohwever tbent hel mbhbsp
emperature I s attached to vaseséhse o
eating up beyond the desired tempera:

emperature before the heater can res,

4)YUnl i ke the other highlighted regions,

h

r

g9
d

owever, it was hoped that thi,s ffleoam u
ate and dewpaphodi fidto anlolt showr lagpsi gnis
ood indication that the sample has f

et ebcyt etdhe f |l ow meter and the pressure

whil e the drying was occurring.
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7.2 . 12ni2t i al Test s

A rahgeests were performed starting with
not contained within a t$,;sAC4Q@E6CdCEaOE a V-
assesannht melered drying rate and to ensure
this, tests wersea npgehrefwhri ngehds eulhii reg suadmegdl e w
to gain familiarity with the obgalmwddt o |
GoodeM. JaCkB%aM)

7.2 .T2e.s3t s with the Pinhole Discs

Foll owing the construction of ttehsget sfh r st |
approximately 2 g of water being added t
perf owimehd t hi s astadip K Oatn&lsTibe®d second gener
test sampl es, d$uqgh@faesa ttuhraitn gswheormen ewbns b et e s
but at a greaterfupatig eVdtf dre nptee atteumpeer a't

7.2.QomMmi ssioning of the Upgraded Drying
To commi ssion the upgraded drM.i nlgo we tgt, b
focusdnfff enent approaches that could be
behaved asl5/xypectedtesting was uwdeht ake

further testing performed using a | oose
rig and with the sample fi xaagd atcdh ntemea .| iFd
several tests were carriadbbeedt apasoassh

7. 2ABal ysi s

To assess takl drgendatai gashetrdetidiTdissexpor
are then imported into exceAs aenadc ha ptiientee
|l ogging software i s satdadretde d oi re nsseuqg wee ntchee
wi eAch.oOhee aligned, the data is tri mme
beginning before the vacuum pump i s star!
being terminated and Athet Hiog gp emignts,oftt lwama
data sets tdewlpai;ntp,r efslsmw earmel sdampdreat ur
upgraded rig, a fifth data set was added.
Excel i s onlygcapals| eviath plwhetvidad a ciad tarx
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Sp
e X
mi
p o
ei
t h
h a

i s sectiscerd ewitleld croeewseurl t s obt ained from

ghlighting key features and discussing

.3La4drge Defect Sampl e

sting of thkei gaing | &g sdafec wihadiaetked i nt o t h
e systemeawaBeshétte mpAr atOnce ofhe6Bampl e
d stabilised t e gea&sboens etsdust tesv afcruoan etdh. i
per.i nkfntnote with this test wat the sha
gi nni ngvhafc ht heasr breen attri buted to adi
ssel was evacuated. Ov etre mpheer atowrres ed cod s
cover however it is nof#Cedvatshatott haec hti aerv
ring Duhriisngr urmh.e i nitial evacuation of t
ow rate which is attri but.edFotlol otwhiengaitrh
a period of time where the water 1is b
the air also trdppsdpWwenbmadnabwadampl
soned that water was being forced out
tributing to a increased baseline f1l o
porated the flaoow nadaties wowlpd otf Hen nf dlhle
und t he © @.5Mnien udtodneérmaarvkt our after t his
wThi s ocovarnt®rwHer etdled scheaAst bihibdd tees
it water towards theddeWwvapbrandda @bkl 8
pl asharphepi kes in the fl ow observed f
nuatneds shownFi g @Adttaeirl tihn s, pmpriensts urhee an &
i nt are all observed to decrease subst
ther the pmwhsschr eavoad dt hendfilcawe t he pre
e sample the test was halt addyamdg tpheocse

d been accomplished.
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FigBeA test cOnduichgdthe I68rgeFidgBPettssnmplig 66hwahe
first generation drying rig.
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Figg®eA croppéEdga&eétoiwmvdomgoft he period from 50

mi nutes toc

I n t esmwl taicploes st e snp e sThath#W fee 8 n c odnrsyii sntge nrtat e

approxi mately

expected

sl ow

Table A

t o

r e

0. 02Wh!{ ment wasi acheasedi n |
sampihereaski ng o0bese

sul t i n

rechelkyycontributed

t he

test

summary

of
t he

Temper g )uMass

the tests

mass of wat er

t o

t he

consi st el

unBiegthdeat aisli inggthlee |l aeng
added,

t he

duration

of( gvDur attimonrDr yi ng( gRan

30 7.041 123. 83 0.021
40 7.027 123. 5 016

50 7.037 120. 58 0.018
60 7.023 124. 83 0.023
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7. 3PPnhol e Discs

The first generation of pimahel € odnpos esla m

short | ength of stainless steel tube wit/

pi nhol e

Duritegt

di amet er

suggest

from th

e

the | arg
and the
examinin
and the
portion
t feaster
the resu

rat ev avi
det er mi

resul t

!

n

o

di sc sealed on with Araldite on

ng with tbeseesampWwWesevaasmped. I
pheholnhei dascons from the data b
d that the sample had fully drie:i
s tFe gt 0.i@ésWistbtlg winlveahent test being
e -#egeabwhsamMpt eok 80 minutes to ¢
sampl e weighed. This OAdrifeirrmed t |
g the samplgel b tonfing hhdtbéeae
cap sufbabsytdasgetiesedtfhe Her e it
of the disc had -bteemeTlwmibpaliak eld)
t han e xDuercitnegd ad rtyeisrtg otfi mheh.e, one
| t s ofFiwhuioceht aree shipwke s nwere ob:
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