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Abstract

When carbon 2diioxidliesg&lOved in an aqueous sol ut
aci dC@H which can cause steel surfaces to cort
in many industrial pipelines whsiacthurarteedoft en
solutions. Understanding exactly how the inte
corrode is wvital in effective <corrosion cont

simulating the corrosive environment via finj
Comphensive mechani s@@aor rmoesdelns hamave previous|

devel oped, but not extensively interrogated.
of these model s, as wel |l as their potenti al 1
under stood. It i's thereforcentbhet i atdarmtor otigh

i nvestigation into tzmededlt ieaxgpl|amrdea tpea tolf wa yhse tCc
their continued advancement via computational
and experimental testing.

Twondi mensi-D)made( 5 20dr rCdDsi on have been devel o]
the COMSOL Mudafitpwhayrsé.csThe models focus on t}

boundary | ayewaliln rtehgei ome aand i ncorporate bot
el ectrochemical reactions throughaogamdthe boun
in the bul k f 1 ow. Extensi ve numer i cal expl o
conducted to investigate how changes in the e
conditions infl uensuc hitnepso rctoarnrto soi uotnp urtast, e , sur
and the | ikredt dotoidv eo ffSiilgmsi fi camitngd.i fferences
response were identciohitemébdb hamgdsmpdborthbe corr
reacti onsi;it swhtehnteherratte amfsf emarage t he surface or
which @lcéectveospespestadetobrahe surface.

Computational fluid dynamics (CFD) i's used t
and then integrated into the corrosion model s
to expand the application of the models to hi

flow fieldsindrReortatel agt rcoyde ( RCE) experiment ¢
alongside the simulations to assess the accur
explore their various strengtwhass caunndd wehasktn e s s e

the specific ameccrhransisanms i@Ccrmadeld, i as tvel | as
temperature dependenci es, and the method by w
for can all have a significant difference on
Throughout, malye atvleensiies f or I mprovement and fur
ar e I denti fied. These i deas haoel bgen heol | ¢
groundwor k for future modelling projects base
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detail ed here. Approaches are summari se:
completed to clearly identify how the cur
the potenti al pitfalls and areas of compl
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.Introducti on

ll.Mmdustri al | mpact of Corrosi on

en assessing the gl obal i mpact of cor
dustrial context due to the significan
2016 | MPACT study conduc[tleldt bmatNACETLt h
obal cost of corrosion to be around §
dustries such as energy, transport, cor

e same study also goes o0#85t%0 oésttihmat &€ o
saveylea&rachy properly employing current

ssible methods of corrosion control i n
ganic coatings, pH adjust ment, cat hodi
en simply <caref wll £,eH&¢ch i @ toliesmatappr
vV e their own associated cost s, chal l
wever by correctly understanding and ut
rrosion could be significantly reduced.
il st the financi al aspect is undeniabl
t o corrosion management , t her e ar e al
nsidered when evaluating the overall [
dustries for wki ghi tiocamtsi ossus, aheal
mmon and i mportant consideration due t
the United States alone, incidents of
ter mai ns, failure of commer csabesai wcl
clear reactions have all been either p.
cofMddsi each of these cases, the failurt
the initial condition of the infrastr.!
d wear over time. Wi thout proper consi

ese systems hgwostehea eppadt eamtdi asli gtna f i cant

e risks associated with the failure of
extended even further when environmen
rrowitomin hydrocarbon or natur al gas |
tentially | eading to the clo3lttamisnaatlisoon

obl em in the inmucrleeghahredi kdos posy |l of nucl



Localised corrosion within stainless steel V

failure, releasing har mful radi onuec]l i des i ni
The total i mpact o f such environment al effe
however their I mportance cannot be ignored.

1. 1Rr2o0j ect Aims and Objectives

Therimary aim oftahadvaeguomgeche arsei ng of

environment al and hydrodywamitc coomaisti iomn swi w
industriavi gimpwerme miec.allh es ionbyjleacttiiovnes associ at
this aim are as foll ows:

T Buil cc otmpa ehensive mechanistic model s of
corr dbsaisced on existing |literature.

T Design met hodol ogy t o perform a compr eh
exploration of each mo d e | across a rang
hydrodynamic conditions.

T Conducltarsgceahaeamer i cal ®X plboortaht i madel s and
generocautepputott wi sual i se to relative effect
conditions.

T Identify the unigue behaviours associated
specific aamah ymodelofunder tbes®tshsecondi ti or
underlying cause and effect.

The secondary aim a$sdadchsd st pa opercftorimantcoe of
me c Ncetiasi onvimodeexipser i me nlthad onbejtehcotdisv. e s
iated with this aim are as foll ows:

=y
QO

ass

o
o

1T Desiagnmet hodol ogy t o ediorrercotsliyo nl inmokd etl lse t o

controlled hydrodyunpami c | aboratory set

T Conduct experiments across various enviro
condito opastehemlam¢et rochemi cal dat a.

T Recreate the experimental conditions with

and perform a direct compari sworbeét ween t
corrosion dat a.

The final aim ofextpHiog eprtchjeecctapiaitoties of
corrosion models and ideoanffyfumehboddebgl owpe
The objectives associated with this aim are

T Conduct a thorougholidemat diye theviceuw r e n |
' i mitations of corrosion model s.



T Compile a detailed |ist of i déehntilfiimed

during the creation of the corrosion |
7T Desimgent hodolhadi ensaytdbe ousenprove the me
addressing each of t he oiuderetsi foifed nlaicroi
T Generateoftpmaeaasfptmul aft o @ach met hodol ogy
demonstrate how it may be applied toc
model s.

1. Background Thietoeryatamrde Revi ew

1. 2Eadlr ms of Corrosi on

Part of the difficulty in preventing cC
mechani sms by which it can oc[c/pjubl i ah&@l:
a paper detailing the impact of fluid on
and | isted 10 different mechani sms, name
corrosi on, stress corrosion cracking,
corrosi egnrpau liart ecorrosi on, gal vawyi ag,cor@am
mi crobiologically influanded toortrhao si dn.st
hydr eigneduced cracking, sul phide stress ci
exfoliation when discussing material sel e
and Kaya aph@nemMdu oaan hydrogen bubbling and
range of mechanisms |isted by these autho
nature of corrosion and as such these mec
det ai | here. However, s ormemuocfh tnmoersee fprreoqct
than others and/ or have a more significa
probl ematic corrosion mechanisms are di s

T Uni form-aheamkkst common form of corro
i's caused by chemical or el ectrochemic
resulting in uniform mass | oss of the
geot her mal systems this is wsGlly ce¢
hydr ogen HK28) hpyhdirdoegoefds)ath d h | oir o fCs).

T Pitting cdtmpoeidowrctabl e, highly | ocal.
characterised by the formation of sma
surface. Pitting can be a serious i ss
and deepening, ultimatelyrmaeswowint deg pil |
l ow t ot al mass | oss.

T Crevice c-oQeroorseitorny dependent form of |
accel er ateendd bG nwh,i obcurs i n small cre

3



crevice causes the fl ow deplsetaigonmatduye ctaa
the |l ack of convection. This causes an ex
an infilomxs Glnd | owering the pH, increasing
the met al

T Eros-conr osHroonsi on occurs when wearing par

fluid traveling at high velocity impact
in grooves and troughs. The abrasive we
surface fil ms, making the metal more vul
Erosc@mmrosi on can cause rapid failure, p a
fl ow rates.

T Gal vanic coOraesirean when t wo di ssimilar

i mmersed in a corrosive solution at diff
potential difference induces an el ectron

accelerating the corrosion rate of the mo

1. 2CQ@Corrosi on

For carbon steels t he xsoartruorsaitoend reantvei rwintneinn
primarily driven by th® proesencneT boefl uhy dmo g e

presence bifonsherseesuHt in the dissolution of i
surface via the fo[ll9Jowing anodic process
§A ©8A A (1.1)

The electrons produced by thi's ornesadtni cann ar e
oxi disation reaction, creating hydrogen gas.
G( cA o ( 1.2)

Due to phbduct hen ahidonssuptpd yt hoef sHur f ace ar e
and i n geot her mal environment s, t his i s CC
concentrationsz @ilheaiextodn@Ge@d cCsCovbl ebs i n water
is determined by its fugacity and can be cal
&) 0 te (1.3)

Wh e e is theohcagueoys caw) bons dihoex iHkenr(y 6 s

Law consiataht i 6Mt he fugacitly icoeffiecpanti alhd
pressurx astfm)CO

The Henryés Law constant changes depending u
ions within the brine, as well as the temper
are appr oxi'miiaehayt 2x51a0n d !1MialtOtat o5[01,0 ]
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t his reduction representing 2talte hd egchreera:
temperatures.

The dissotlhveerd gCtCadual |y 4¥3dr &t eshbal obm
that due to relatively slow rate of reac
and the | ow corC®einnt rraeli atrei(@f/ 1tiolI6 e
concentrations of both the

di ssolved and hydrated forms af&Ocomthpnl

#/ (/7 P ( # (1.4)
A more precise, temperature dependgnt val
can be calcul ated based on the Arrhenius
)

0 = R 0 (1.5)

Wh e roe is the aegCtQM) oy o6 Hhe activity

(M) O i s t heexpporneent pQarameheracti vimmadl) ¥n ener
is the gadAlMod)s tagvndts (t he temperaftiu2]e i n K

Foll owing this, two dissociation reactior
of *itbns at eaab wehfeas k) camdbomarn Bo 1f HICO
) i:ons

( # P ( # ( (1.6)

( # P # ( (1.7)

Additi cdnahsyar® produced t hr ouqghaltohneg sdiidses
hydr oxi)dei[dmsH
/7 PI( ( (1.8)

1. 2EFEa83CG@orrosion Product For mati on

It has previously been found that at hig
COsaturated environment[sl X,atnh e gii sn d we dtec
formation of a protects) veayeonowoatlhe@n actc
sur f acesi sFeaCdfsocranmh i ngc owmmomnmhH y accompani es
corrosion found in geothermal environment
di ssociatiobhb6adrmEdandorssurfacell) Egeacti oons
i ntrodudiériagn @t mns into solution. When t
Fé*and £0ons in solution become | arge eno
the form[®f. E&ELCO



&A #/ o & A# (1.9)

|l order for this to occur, the product of th
solubiligy Whimtch (&K defined as

+ 8A #l (1.10)
Wh e r &\ a n d#/ are the aqueous equilibrium c
(M[ 1.6]
The precipistheaednbeC®ates on the steel sur f
crystal s, which grow and reduce the corrosi:

surface and acting as a di f f u[sld,nTHlb&]rrier fo
rate of precipitation is drit&&l by khewdegr e
as the saturation ratio) within the solution

&A  #/

YY —/— (1.11)

Wher¥Yi s tahteursti and&k atnad# are the species
concent Mpti ons (

When the satiusr agdh owmesmlautcilleeaCQ on occurs and f

uni form protective |l ayer across t he sur f ac
under satondi éivom,s however the film formed wi
and only partially protect the surface bene
| ocal i sed ctohrer odse gornepee Asfat ur ati on i ncreases,
nucl eation increases exponentially, whil st

Due to this, there are 33X ooarnadg ofniL:&pa ni nMtad lwhi

T Met astabl e/ See-dleodn gGriomdtunct i on ti mes f or
means that growth only occurs from seed c

1T Heterogeneous Nu c I- eNautcil cera/t Gromwt ihs initiat

surface i mpurities amd witnhp eorcfceucrtsi.ons bef o
T Homogenous Nucl eaNuohée&towhh domi nat es, I
crystal gr owt h amncdr ypsrtoadiulciinneg fa Inmano



>
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%S dogi[ATT W
(2 A

Figure 1-1 i Diagram by Burkle[18], based on work by Lasaga[19],

showing the regions of crystal growth depending upon species
concentrations, where A* and B~ are component species of salt AB.

I n the | iteratur e-empierriecadr emofdedrs swvéhmic h
devel oped to predisptedihgi trattieo no,f pFreoCdlu c e
Nes[ilgh5] Greenberg [20d Jdbamson 4 r2da]nhHo nvsaonn
Hunni k[ 2Zhealmodel s by Greenberg and Toms

Tomson assessed seeded crystal growt h, w
Hunni k et al . model s assessed precipitat
some variation in resultgeiosnetoi bedekpec

bet ween the two systems and the differen
each of these models gives the precipitat

LY v _(bU . YY (1.12)
Wh e &y is the precipitsat amwihs rtahe f @otre Fedn

which follows theeAr Egeles) agissnftumets wmf {d se
Wi the ovalsumeh,e sol ubpiYVi s yt he mdeti winnlg f o

(7]

as a function of the saturation ratio.

't should be noted that i n gada¥Ymn sofal twlaeg smc
given in term&Y@f. aTlviad uies of o ba¢c agurmrzter 0o
driving force for precipitation i n und e
saturation ratio is below 1.

The model by vdmR2funmnidiucets &ahe concept
tendency, relating the precipitaltliJon rat

7



A high scaling tendency indicates a fast r af

dense protective | ayer, where as a | ow scal
more porous, | e 8 amr dHuencntfj iRVAde sfoialdm.scuss t he
concept of a critical scaling dfeinldme nwiyl lval u:
begin to grow and the corresponding corrosio
oy Y Y | (1.13)
oY

An i mportant distinctiohmdhdeathgr Suai taemrda tNeec
Bak er ¢tld4gl the difference between the preci

corrosion | ayer accumul ati on rate (CLAR) .

describes the azawmotuhnitn otfh eFesGGt e m, the CLAR
the formatisom dfheFe®®@®rodi ng sSsufFé @0e. I n a

f or mg O¥iotnhi n the oil and gas industry, Sun a
to be more reliable than other models which
three other model s, which were based upon me
Fé*concentration, wes ti maotuemdt e rveai pitatic

several order[s9,0f23magnitude

However, there is still a significant 1issue
in that theygrdoewWtibnei nfFetC&Or ms of the bul k <che
account for the surface clh.a2ngZ®ar rAcss isohnown i

causes$'tébebe released from the metal sur fac
concentration and thus the degree of supers
the bul k. Hence, the rate of precipitation ¢

than that predi ¢tdl.&Athobhetrhe mmodelasi on of thi
possi bl estforp reeec€iOwint t he ssuartfuarcaet iaotn brualtki os be
i 91

1. 2. distory of Mechanistic Modelling

In 1992, ®Bur[g2ddopsveel oped the first comprehensi
model 4coorr rGodGsi on. I n this early model, existi
chemi stry and corrosive mechanisms were com
model to predict corrosion rates and boundar
di sk el ectrode. Amdcd oau gsho Itihde sntoadretli fgprpoi nt f
it assumed compl et2€Qanodsaitmpttheo ns wrff aHce and w
therefore only -tvraanisdf ewndleirmimasds condi ti ons.
mad e | could not account for the migratory ef
coul d it accurately account fwoarl |t hee gd @mmv ect



These I sshewevwmaelde essed in a subsequent m
NordseedRl5, 26]

The NoresvVadomdel utilised a modified ver
equatoi opr edi ct the movement of species th
continuum hydrodynamic models, the veloci
sur fl2ddédee sk.cld However, turbulent eddies
t hrough t he bomakdagy it ayderf ficul'tt t o ac
nstantaneous valabcti rTwgiam ctohuentt hd o f ft dnd ts , «
urbul ent eddies and theirwdresipabrpora

[
t
via a turbulent di ffusivity term rather
originally propos[exd8]by Davies in 1972
Aswe | | as unifying and si mpMorfds mgerklhe tr
i mpl emented an expr agsainesi efrorr attkee bgh awrag/e

equat(iscere seéchi 6hhe wuse ol amek Netganasti on

calcul ate the | ocal chan@eéngni dsepetches Ta
equation allows for the calculation of t
| ocal surface concentrations of al | el e
applicability oftrheasmedel i masi ngpasosndit

However the modeét pgledNdrdesveemcl ude cal ¢
activity coefficients i n t he equilibriu
accuracy at hi gh®rmdi@) Ri94d ds ttrieomaatl H sy, (
cluded direct redobBtQ)an oohecsaubbace, ao
roposed by De Wha@p andeNMiolnldiaams cat hodi c
nce been dispuf 834 PDens ptihtee Itihtiesr,attuhree mo c
sol id mo d e | framewor k t hat has beer
comprehensive mechanistic modedts[&8ISbch a
Re miettal 8@hd, more recently] 1Rahg&é&itian and

5 O

O 0w T

The 2003 papereby2Bbraededme first in a
papers based around this corrosion model
et [8@hd Negi I[ 3BHde sLeeeaddi ti onal wor ks hi ¢
of a compr ehensi wyceornreccshiaonn sntoidce IChy ut i | i
surface speciation to model s3tfthe mSor mdat iwa
shown t hat bul k pH,patemakr ptriersess,ur €0 di

concentration, and fluid velocity are al/|l
of FefGAd ms, whil st also demonstrating th
surface chemistry in these predictions d

thellk properties.



Il n 2019, Kialh @®Fioadrnuced a new comprehensive |

mo d el that introduced a number of updates tc
et [, TR&] most significant change was the
carbonic acid reduction reacti on, utilising
to describe the surface Dbehaviour with the
hydr ogen reducti on. Howehanges henmele wemme the
equilibrium and rate constants, the hydrodyn
mechani sms. A year | ater, an wupdaftkeal] versi on
providing additional insights into the model
activity coefficients. Bui ledi[r8d® pd n otwreids wor k
a similar approach to predict corrosion acro
el ectrode (RCE). As with tehel @d@ajrd aéetem mod e | b
al 3@ffvanced the corrosion model further by i
FeCOria the surface species concentrations.
against experimental data from an RCE and th
of the influence of hydrodynamics on the cor
the changes in theltoxndgentaifdlecd werdf achee worr o
well as the coverage ahayéhickness of the Fe

1. 2Bdbundary Layer Theory

When fluid flows parallel to a wall, the gen
showhiign-22€haracterisation of this flow profi
the prediction of corrosion behaviour as the
in this region, making it more predictabl e.
phenomenon commonl ysilkpn ccvorn dai st itohned ,6 nmohi ch st at
velocity of a fluid directly adjdce/nt to the
The resulting velocity gradient bet ween th
freestream produces the curved flow profile
| ayer 6, the heighti.of which is denoted by

10



u = Freestream Velo

y=6“ —————————————————————————— >
——————————————— - =0

=0 u

4 %,

Figure 1-2 - Diagram of the flow profile showing the decreasing velocity
of laminar flow approaching a wall due to the no-slip condition

Sever al di fferent approaches have been
characterise and calculate the propertie:s
The first challenge with dpinang $tbei srdes$
from static flow to the freestream veloc
no clearly defined point at which the bol
is simply designate an arbitrary point t

|l ayer, which is commonly specified to be
reaches 99% of the] fire@]|sftoreraum & efl @rcittlye (¢
of this value was proposed by Blasius in
pl § 4@ ]
B
) Uc')_ (1.14)

Wheres the kinem&s!) @i vyitskesligrygt(hm of t he
6 is the freestisteam velocity (m

Whil st a useful method for rapidly eval uc
as a function of the Buldloeks!| mw,it toheove dlec
i nsight as to the Dbehavi owmal lofr etghieo nf.l oAw
detailed description of the boundary | ay
von K8rnm8r3A3dMon KS8rsm8mr oposal, | ater ter me
wal] #2,,ud8pd di mensionless val 6gs afnar wtah é
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di stam)}etd split the boundar y 44Thyeere i nto t

subl ayers, known as the viscoubawubéegyen, tr
respectively were initially defined via a pi
T W U 0 @
VL  omd vibk ocdu (1.15)
O ® 6 c®l b ud

The form of the equations faw té&gi onancsahibae
written more generally as:

6 %ifb & (1.16)

Wherlendare both cohhbeangsknwiwvhiK&s mBhe von
consftamnit

I n 1961 an updated for mul 4,®&jaasxe dp romp d hed woy kS

ofVon K8§ram&n experi ment al datp4,79yati cdr ed by
combined the three functions into a single e
w o0 nQps g o 8 o T8 o T8 0 (1.17)

T p TR P CA oA oA '

A plot of the Spal diFinguBeual oongside shb&noi hg
formulae for the vid4awugegubhayewhi amd hli gdl i
effectiveness in capturing the behaviour in

12
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Figure 1-3 - Plot of Spalding function alongside the von K8rm8§n
equations for the viscous sublayer and log law region (@ = 0.4 and 3=
5.5).

Fosi mpl éoowaldl f | ow, the | aw of the wal/l i
predicting the velocity profile close toc
applications such as flow throudhmM84 s mo
However, the |l aw of the wal/ does have i
complex flows. Steep pressure/temperatur e
separating flow can all nul lify the appl
demonstr &t adkaety|{ #%ho compared numerical

using the | aw of the wall fofabbh@§ shapn
experi ment al dat a. Strong agreement was

experi ment al data in the <case of channe
accurately -waleldifcltoweiawr t he recircul ati ng
facing step. Caref ul consideration of t
therefore required before employing the |

o

2El6ect rochemical Techniques

Wh e n corrosion occur s Vi a an el ectroche
determine the rate of corrosion from the

exchange current, also known as the corro
by the exchange otheekétect-opsbemoaril ¢ gl f
lland2f or2cCdr rosion of Fe). It is therefo
the corroegnontouthe mass | oss of the cor

known as Faradayo6s Law:

13



"0 totd
EESEol (1.18)

Wherawei s the mass | oss of ®hies cobheodbngomieodra
curremis (Ahe O iimembhlke¢cul ascf wiehghdorrodi ng me:
(ol ¢is the number of elOe& Reao nasd aiyn vcoolnvsetda,nta n

(96, 4B®EY) C

The corrosi on rate can then be calcul ated f
1.1 9

Y e (1.19)

Wherdée s t he corrisd)sliiosn trhmeg edgmsi tig Mo,f t he met
andis the area of the) corroding surface (cm

Hence® c¢&an be determined experimentally, It
calcul ate the corr osiiton, rwitteh @dt alt ss®asmpeé eed i fno
measurement s. However, this corrosion curren
at the rest potcertlcitail@aass abroet ho chcaurfri ng at th
The consequence of this is that, despite the
directions, the [dAAbhotchuemr eappri caczhermust t her
taken to determine the magnitude of t he coc
understand how this can be achieved, it S
fundament al principles of electrochemistry.

1. 2 Bativeld mer Equation

For a single reversible reaction, such as is
solution of i1its own i®Ouadetrhestandlange onuwrn e
occurs at a standaiOd .e Whetnr ope r@dti emrgt iuanld e(r s
conditions, this standard potenti al represeit
reactdOi pn However, when thstaywsdbemom c®o&ndndeons
the reversible potential changes, and the
described by the Nernst equation:

. . Y'Y . Bb®

°© 9 'sa (1.20)
WherOeis the standard el ectrode povtiesnti al for

the gas dJdd&sot)aMits (t he t empieirsattulree nuKmber of
invol ved "@lsehtear aday aooinss ttahnet ,acti vity of the
andis the activity of the reactants.

14



When a potenti al i's applied to an el ect
Opol arisationé, and the degree of-)pol ari
The overpotenti al is calculated as the
potend i ahd(the reversible potenti al

- 0 © (1.21)

Pol arising a sample away from the rever s
current to favour eitbhempbohentasnodictbe
Wor ks by 5Badinlde rE6Gddynd VobBét ween the year
19214932 are credit ebdo ttwh e pghe occeershbsiersi nignt o a
equation for t he net e Ro)h&adlghee awersrudrtti n

equati on, commonl yotl ameme e qtulaeg i Buwt, | @ars con
exponenti al t er ms describing t he anodi
response:

W QQ Q (1.22)

Whereis the net anodiim? Qusrehé deabange (¢
densiimdy |, (& a di mensionl ess-lgamrsamétee m ulmdte
of i nvol ve® tHkeacrtardoanys ,cco sttt daret overyYotent.
is the gadAMod)st défintd ¢ he temperature in K

=]

It Sshould be noted th¥%ol mére ¢é@uat iodn taghi
Equatli2@nel ates to the net anodic current
can al so beaflcurhead et d he net cathodic cu
forwards and backwards ¢dhponents of the

s Q0 Q (1.23)
Wher® sis the net cathodn?c. current density

At hi gh anodic overpotentials, the rate
sufficiently as to becomd hree pITiadieb!| a.egTh
under this conMdoltmem,edqihat Ban lteos be si mpl

Q (1.24)

Thi s simplified equati on Il sndyownkasngtl
| ogarit hms ofe @Jeefghulastiidens ,cathnh t hen be r ear
for m:

15



- ollg (1.25)
Wher-eis the anodi ® @Qvehe®|® ageamd(ds the
anodic Tafel slope, which is equal to:
&5 ¢® Y'Y
E0 (1.26)

Applying the same approach to the cathodic b

vy Q
- wll%2 (1.27)
5 ¢® Y'Y
o | &0 (1.28)
Wher-ei s the anodi® @vehe®|® ageadids the
cathodic Tafel sl ope.
I n either case, it can be ®©®e®n) twidnt he over
Q@ This means that either reaagaidmd®ran be pl
and extrapolated bac® in order to deter mine

1. 2.Thedry of MixaddPoakteli Bksrapol ati on

The BVMo Il mer equation i's very useful i n cal
responses for single reversible reactions. H
it is often the case that the electrochemica
reacti ons wheivcehr soicbcluyr. i1Ar pertinent exampl e of
of Fe pPpoataurCOt ed solution which is divided i

of Fe and the catthgdumd.tamd2)t iEcanc hofofH t hes e
reactions has th@ivalowem asdodBs a-Vekhmet he

eqguation cannot be applied in its standard f
For cases such as these, the Wagner and Tr au
applied instead. The mixed potenti al t heory
process can be split into two or more partia
and that theanodia¢ @mdatdat hodi c[ #lledadtsi ons ml
easiest to visualise the i nformation conveye

an Evans diagram showing the nPFnog Udeecacti ons,
bewo

16



Leorr

log (i)

IoFe

I I
Erev,Fe Ecm‘r E EreV,H

Figure 1-4 - Evans diagram plotting log of current density against
potential showing the half-cell reactions for iron dissolution and
hydrogen evolution.

The point at whalclh rtédeecttiwonsdh aildtersect re
potential for the sy®tée¢m Whencatregqubohip

similar in concept to the reversible p
however, it cannot be calculated from the
equatBqoumtieas it Iis a mixed potenti al

AtO ,there is a correspondi ngQ ¢ or rwohsiicohn

represents the exchange cu;rhrée mtetf acarn otdhec ¢
cathodic reaction rat®s, aalesequmdwmtad hti|
circuit potenti al (OCP) , i s t hpeolfarre esleyd «c
surface and can be directly measured. As
at the OCP is z®roanmebanbegdthattl|ly meas.!
based on t he understanding t he mi x e d

techniqgues have been derQved to predict |

Perhaps the simplest ™Met hoodouglh peltarims a
known as Taf el extrapolati on. When a si
applied to the surface, it is known that
regi on, describ2ebd ®ombEiqguiantg dthhreiosmywxiafdh t h «
pot esigiivad s :

17
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- wll% wll% wll{‘F (2.29)

is true for sufficiently high anodic
ents are small enough to be considered n

the cathodic branch:

SR Q 10 SR Q SR Q 130
- W Q% W ? w CF (2.30)
d on this, it is possible to ignore the

t weVoBuretreat i ons 1QBEgdatri an corroding met a
owifiddg form

Q Q Q Q (1.31)

el s associated with |[the asediccatedc i 6h
odic reaction.

t id9%@and30confirm t-hatt hwhemchange current
I to the c¢c@QrQ osifomrrb rdaomtcheens. (Ther efor e, e
ch can be extO apaol atreer bd®@k .dted lee mi ne
ess of polarising a sample into the Tafe
| sl opes is called Tafel extrapolation.
g this method the corrosion rate can be

pol ari $adhlbpe cs8rused, it is wusually the
he ndoerfa nwedl ITaf el r e g i-dbens tarsu cweil vie ansa ttuhree
cat hodi cHorweavcetri,o ni t i's generally more a
es as tese shafudld 9IMdEgdsSegid)anda so

met hod i s of ten preferred. The pri mar
|l erating the anodic reaction through p
mes very high, damagi ng -ntehaes ug lermfeand e and
tionally, talei dnedtdhfowredids Tarley w egi ons exi
S i n which the <change i n potenti al d o e
trochemical reactions. For exampl e, i n
ntials can I nduce t he reducdthieon of w
trochemical measurement .

L6 nFar saltoilcar iResi stance (LPR)

order to avoid some of the | ssiutes with T
corrosion measur ement t ec hgaitguoen krneoswnstasan cki

18



(LPR) was

devel oped [byY InStl1lexon7 . a nldP RG eparroyv

significant advantage in that i1t all ows
through the wuse of smal | overpotential s,
pol arise the surface.
The method is based upon the olOseirwmati on
which the net current density is a |linea
smal | overvoltages, t he expoliBeloanalbse t e
expanded via a MaclLaurin series; a Tayl o
functi om ar olumed MacLaurin series takes th
QMo N aQmn, Qm ., Q m .
A Qmn pAoo CAw A E (1.32)
When applied to exXpwonan®al Qfumetin eqas| tir
expansions ar e:
, 0w W .
Q p E&E&E (1.33)
! W W .
Q p A oA (1.34)
For smallavathYee®eofterms and above in thi

very small

expansi on.

the net

and as such can be considered
Applying the Macl aulr3ilanderi es

dr oppi ndortdheer 2t er ms onwards, resul ts i n t
current density:
W& O p ® &M O
p NV p Ny (1.35)
we& @D O p O EWM ORI |
IY "Y IY "Y (1-36)

Q

Combiign Equas3évon h EquaGanti2& | | ows the net

density to be written in terms of the Taf
‘O cvgnn® ©O ¢cdgn® O
5 = (1.37)
o P P
Q Q = —
& oI = = (1.38)
Rememberi ®gOt hiass t he overpotenti al repres

19



Given that the cathodic current 1is always ne
currenw,t etrhme can be s3dbbstituted with

Rearrangi ARgntwemgmyveof the current densities
Q
gnoo £ £ (1.39)
o O ws

Taking derivati Qeaswpphornebpectzeto:

o 0
aQ P o (1.40)
C® 1T1OQ o s
The differentldalrepne&guiasi the resistance of
aroudhdand is therefore known a¥)the polarisa
Y k o
* g (1.41)

(0]

Subst iV btaicrkg i nt 0139 mat ircerarranging produces
expression @qg d&aloownl atsecGehey Seqaahni on:

P

vy 7L P (1.42)

CH O Ow s

| f the Taf®landoarset aknmswn for a giv-en system,
Geary equation allows Qobythlh@pdet g mian astmadr
potential ©i tamar nmeiadaurdfng t he current respon
of the resulting IYi(neegauraltéiJoonpe i s equal to

Q

The corrosion ‘@ur rceant bdee ncsointvyer(t ed i nto a col
(O ) by multiplying by the surface area of tF

O N D (1.43)
Eqatildmsntil can then be u®ednto @mnaesodci at ed
mass | oss and ga coormrroesd pandiarn e .

1. 2 E8.ectrochemical | mpedance Spectroscopy (I
LPR is an efficient technique for rapidly e
surface, however it cannot distisaguosh bet we
resistance. Resistances introduced by the f.
even wi thin t he solution I tself can i ntr

20
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asur e[ndmt such cases, a different techn
ectrochemical i mpedance spectroscopy (|

S functions by applying a sinusoidal i

d then measuring the magnitude and ph
nusoidal output. Using a potentiostat,
plied to tdhee siyfsite[mb:aiquuency

006 ©VO0FIo (1.44)
erOebi s the applied poten®iiasl tahse anmfpdnat

the appligd spottheentfiradgueamcdy of t he app

suming the same output frequency, the 1
Itten in the form:

W QOEN 6 B (1.45)

er®is the output curre@i sa$she magaotiad
e output Bdusr rtehret ,p haansde shi ft .

e magni tude o fd®t haet itnhpee dsapneccei f(i ed fr equ

termined by:
w 20O 1.46
comigusang, the i mpedance can be split i
mponenamsad (respectivel y):
© IBAT IO (1.47)
© Ix0ER (1.48)
i s i mpedance response wil/l vary at dif

mescal es of the underl yj bglhelre¢or ech ér
plying signals across a wide range of

aracteristic response whi ch separates
fferent reactions. The real and i magi
equencydaroem ml ostithngl e graph,( skdhsogumr e s a

l1-5as an exampl e)

21



Diffusior
resistanc

Solution
resistance

Charge-transfer
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Figure 1-5 17 Example schematic of a Nyquist plot showing various
electrochemical contributions to impedance measurements.

|l nterpreting Nyqui st pl ot s can be difficul

processes are not known. However, common ¢
resistors, capacitors, and inductors have kn
equating electrochemecal ementsessas tquihal er
can be deéssygned t he known i mpedance values
software can t hen be used to mat hemati cal |l
response. This can provide valuable insight
i ndividual reactions and tdiefried oaglearbac tuereids tt
of the electrochemical cell , [s58mh talke t he gr-r

-

esistance of the solution betwedgmB3the wor ki
59]

1. Bul k Chemistry Model

Il n general, the starting point in the deve
corrosion models is the calculation of the b
1. 2. 2vhen wat ed wist sagausreasmugsr €« ®@or tzwoh |l of t he
become dissolved in solution, de3pending on
series of reversi bl e r ealddtaindm4.8)t hwehni cchc cur (
introduce 5 additional sf&cildS0i€Ot*H sol uti on
and "OHThe proportional concentrations of eacl
dependent upon the environment al conditions,

and the pH of solwution.
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Mat hemati cal Isyt,attehec ontcseqpplexcaesomnokach r e

reaction is described using an equilibri.
the relative rates of the forwards and
integrated into a system of equations to
The 1i st of equilibriumzldOnsyanesm wndhitih

associated definitions are summari sed.

Tablki Summary of equilibrium constants an
H2O system.
_ Equilibrium .
Reaction Definition
Constant
@
00 P 00 -
v V]
()
- W P R . _
ouv Ov Oov 0 5 6
”, eroer 9, erer ”, w tw
Oov P "0 (@) 0 z
()
”, erer e oer ”, u) tw
‘O P 00U 0 0 :
W
j j O
‘OuvP 00 O 0 o

Whermea epresents the jactivity of species

AR A (1.49)
Wheras the activi&)iys ctoled féd ¢aneent @atdi on o
| t should be noted that the definitions
Tablleare in the form:

v Y (1.50)

Whermei s the activitywos the pcodvcty amdt

I n most instances this aligns wit[h3,the f
12, 26 ;6 23Ho,webvler, there is some inéensi st
presented, witph efcemea iangt htoor define it as
15060,.F6L] consi stency, al |l equi librium c

defiinnedt he form shown above.
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SMATLAB Model

om the definitions of the TabgblLEl!l iibtr iiusm con
ssible to define a set of equations which
ecies concentrations for a given set of <co
rrosion modelling within this work, an i |
eated WLABI NTMM&A purpose of this model is t
r the more complex models discussed in sub
i tial point of wverification for the bulk

ose model s.

r this simple model, the solution was assu
tivity was not cobwhdesed @mdabhstoesuamity
ecies. The reason for this was so that al
bstituted wi t h their concentrations, rec
| cul ati ons. For dilute solutiong¢g, it i's k
gni ficantly affecf 29Mher sbdbmue ] omi ¢odre mithtar
rpose of this model is only to provide an
ncentrations, this is simplification is ju
S EQuli |l i brium Constants

e equilibrwuim, caimseveant scal cul ated accordin

07 paper by6,Liwiatnkd tDhueani ond primaeiucg Wmds evat er
prior wor k fr om][ BlaTtasbhladl slu manad | Feandhe
rameters used in the calculation of the eq
nsity df) waot ebe (M3 &t00a kpressure of 1 bart

mper aBuiBed5<K.
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Tabl2i Parameters for the calculation of
bul k chemistry model
Input
E L &z;;; |L
Parameters T T +e
@ pBIT C o C PR p pTI 9
™ Py o p T Tt & x p o8 L p T
W V® W P T PR TT p T P @ p T 1T pTr
*) 1§ O pT Tt Tt oY p
A L o@p cRm
Using the par amBalelr2e) ips ovaldew! atmeld 1vi a Eq
O anad are calcul atdB2viabadEqgoatcaohated vi a
153
0 wC’QVSY (1.51)
o . ®» AN
[ 10 0w wJY ~ 0w ATy (1.52)
T o S ¢ IR ¢ B 5
Qv () N v 7y (1.53)
The hydratiown) cwastaanttcd(pp a baslewle on val uce

Not e

t hat

25

t he sg aassesauursee dC Q@ o
fugacity <coefifscsentequal

t o

i deal

one.

provided by Pal mé8] and van EI di Kk

1. 3.Spexziation Equations

From the definitions of the <cal cluabalteed e
11,0 t i's possible to devise set of Sin
number of equations and the number of u
sol vabl e. These equations are shown bel
variables have bebandosedédteoeghal L eft

in tF



Q0 e (1.54)

0 pm (1.55)
00 0 0Q 1 (1.56)
‘0060 0 200 Tt (1.57)
08 20 0 2060 ™ (1.58)
60 200 v 20 Tt (1.59)
0 260 U (1.60)

1. 3 Mat3 i x Sol ver

Whil st solvable by hand for a given set of ¢
to solve the set of simultané&dlweslueiquagti ons (¢
a matri X met hod. By generatd)ng umakmdvwres of

variab)esafod knoWwn, viat uies possible to rewrit
in the form:

5 26 Y (1.61)

The values of the unknown variables can ther
the inverse of the matrix of coefficients by

5 & O (1.62)

The structure of t heses matrices as they [
evaluated hereTab®k3®di splayed in
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Tabll8-Summary of equilibrium reactions ¢
contributions for the calculation of bul |

Equations / Species |l | ot | r | R Rt FE | Fa
B Ferver 1 0 0 0 0 0 0 0 0
. - 0 0 1 0 0 0 0 60 pm
FEes 5 0 1 0 0 0 0 0 0 m
1 FF Lpedek oy, 0 0 n 1 0 0 0 080 n
7 B OF Ly og fE 0 0 0 0 p T 0 0 080 ) n
FE O3 Ly O 0 0 0 0 0 pT 0 80 m
1 Oh L, 0 0 0 0 0 0 p T 00 0
0 0 Y

Combini ng 1lBQuiattheoni nf or mat iTahl.3rreosvuildtesd iinn
the matrix shown bel ow, which when sol ve
matrix of bul k concentration values.

p T m 7 T T T er rl

n oo >

T T p T Tt Tt L 10 X

110 p T T Tt Tt T e,

5 1T 0 T p Tt Tt T " Qo
0 11 . ] Q II"Oéllj v
T mT 1w 0 pT Tt T . og

. , 11 I

|u|n T T W 0 p T nIL'Ir 1 60 .

U 17 T T W Tt T pT u o U
Structuring the equilibrium equations al
species concentrations. By combining thi
iterate through input conditionsnngred eval

For ex&mplh6shows how the concenthangesn of
as a function of pH.
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Figure 1-6 - Plot of bulk species concentrations as a function of
solution pH at a temperature of 298.15 K and pressure of 1 bar.

1. 3Ubuffered pH

Al ongside the equilibrium state of the dissc
use the MATLAB model 1d&atsot rciablecdu liant es etchtei oenq ui |
state of the system as a whol e. For a given
the 2820 system wil |l def ault to a natur al p H
equilibria of the Tharst riisbutthiengp H etahcet i oanlsut i o
and mawnt hbpot the introductlTihen cafl cadaitt ioon alf
the natur al pH i s based upon the wunderstand
within a system at equilibrium is zero.
R (1.63)

Whedandare the concentration and @ssociatec
respectivel y.

Based on the species included within the bu
sum for any given set of conditions is calcu

28



aw (@] Oow g ou o (1.64)

By calculating the total charge sum acros
possible to tiwreamlFoph.exhepha, the charge
temperature of 28pBarltsi a apnrde ssuC@ of 1 b
Figa7.e The common | ogarithmpbbttkd absplto
a clear indication of the natur al pH, a s
charge sum i s approximately zero.

Logm(Absqute Charge Sum)

Figure 1-7 - Plot of the charge balance as a function of pH for a CO2-
H20 system at 298.15 K and 1 bar Pco2.

For the condi Fingnils7ifeshbw natur al pH of t
calculated to be 3.92 to 2 deci mal pl ace:
the system can be readily calcul ated for
the system can be adjusted tomrsowgh ctahhd oa
which shift the charge bal ance. However,
the solution, and so knowing the natur al
accurately account for the concentratio
cal cul atniincg stthree nigot h .

1. Bluid Fl ow Modelling

Accounting for the movement of fluids 1is
wide range of i ndustries. Il n the aerosp
understanding of aerodynamics, the field
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t he
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f ol

gases, i's vital in the design and opti mi

thermal industry, a strong understanding
the motion of l i qui ds, i's necessary whel
t her mMa2l ,.Bwd]lhl saser odynamics and hydrodynami
|l d of fluid dynamics, which | ooks at the
ids in general. Part of the difficulty i
ir often highly ér rnaotd ecl | n antgu rtehian db eahsa v s (
0 me hi ghly compl ex. The field of study
dicting fluidcomptuit@rfl ivdgda& moews @€FD) . The
| owing section outlines the gener al appr «

howhis camptpHemrdwdrol & eparlob | e ms .

l1.4. Basics of Fluid Flow Modelling
I n order t downdéeirestneontd on of a fluid can be
necessary to understand the fundament al prio.
contr ol the behaviour. There are three physi
when calculating the motion of a fluid:
1. Conservatsiiodcmrofa masosed system, t he m
system must remain constant over ti me.
2.Conservation of Fmomantcunmsed system, t h
momentum within the system must remain co
3.Conservation Fofr enerlgpopysed system, the to
the system must remain constant over ti me
From these fundament al principles, a set of
1800L Il ayldoeui s Nm@e emrge Gabrwihelc hStdoeksecsr i be t he
motion of viiesd€lbase f equdsi ons, now- known as
Stokes equations, are the basis for all mo d e
T”
— "
o I 1 (1.65)
Te ., ‘ -
» o " 230 ® M @ "8 (1.66)
170 g ey , : .
T D" @0 MO 'Y ™MD, _db w N (1.67)
Wheres the densiotiys dfhet Hd Qfi Huivtegd ocontyr i but i
of external @ o lsu nteh ef otrod®eas!, tehnee rtghye r ma l di ffu
coeffiYftsenhe absol uties ttehnep eirnatteurrnea,l sstress t
the work of externgli svalhuemeh efadr creesl,e aassnedd by
reacf{b.bhs
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The N&vtiokres equations may also be accom

state, which relates Ostate variableso6 s
and inter[n@a@] inraplgegy, yet common exampl e
is the oO6ideal gas | awd, which relates thi

and temperature:

0w &'Y"Y (1.68)
Combined, these equations make it possi bl
continuum (fluid t hat i s not considere
macroscopic and microscopic |l ength scal e:

1. 4 Turbul ence Model s

Whil stornomie t he-SNakeeser equatuinarey st ®odel lact
sol ving t he equations presents an ent i
complexity of these equations i s so greaf
the NE&wvokes equationsofcarset isttuitlels wuonnseo!| v
Prize Problems posed by the7]Clay I nstitul

Numer i cal sol ut iSdmk etso priod | Eamgei er e howeyv
calculate via a method known as O6direct
resolves turbulence variables across al/l
The | ower | i mstal e thheebsangyhto be resol
generally qukdlermo dgnmrcdrwe stched es, cal cul at ed
t he kinemat’'l)c awnihsvtetrmigtey r(at e of energy di
ma s(s)] 6.8 ]

(1.69)

. (1.70)

Whereantlare the Kol mogorov | ength and tir

The problem with t he DNS met hod howeve
mi croscales ar €& tiympd rclead il piniod&ed] &s such va
amounts of computational g dvwe rNSavrode e s e q U
equations$iwswssimed hod. Due to this, DNS is |
for the wvast maj ority of complex fl ow
approach therefore is to instead approx
achieved via the use of turbulence model
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Turbul ence models are mathemati cal model s w
effects of turbul ence wi tSh okte sd iergeucattli yo nssa | VTit
mo s t prevalent category of turbulence model
ReynoAvdesr age dStiNake £F) RtANr bul ence model s. RANS
function by divi davnegr agheed fa nodv filnucot watmeng c 0|
a process known as Rg®gBPlIl ds decomposition

6 0 O (1.71)

0 0 O (1.72)
Whedeandare the meantsmnliemes, thedfl uctuating v
of the velocity and pressure, respectively.
By averaging these values over ti me, it is
approxi mation for the motion of a fluid with
Stokes equations. However, this averaging p

term known alsdst het rReesysh ot emhs accrh (l eads to a ¢
problem for [t6lPd equati ons

t o0 (1.73)
A common approach t o deal wi t h t his probl
hypot hesis, whitbhneapressesermbief the gradi e
vel oci[t7yB]dti et le Boussinesq hypothesis also
term known as theée)opedvdhy chhi c@msibteydca(ll cul at e
turbul ence model

Il n general, RANS models can be categorised
additional equations they employ to obtain 1
can be grouped i®toablgebrairc,twdrwepuati on |
Al gebrai-eguat i oeromodel s are the simplest cl
model s which attempt to calculate eddy Vi scc
mean f | oWy 7Egxlaoncpilteys of al gebraic twhebul ence
mi X ilennggmdd[e7,3 h@e b eScmht mo[d7ed]n d B ahled-wd ma x

mo djfe1.9lhese models are easy to i mplement and
the modelling of simple aerodynamic probl ems
massively simplify the effects of turbul ence
time scal e, and asotsuval adei gemer al cympl e x

scendreioqd s

Onegquation model s att enopctalt ot uarcbcuol uenntt feofrf encotn
i nclusi on of a transport equation t o cal ct
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eneif 9 effect, this allows the model s t «
the f1l ow, such as the generation of tur
Exampl esegpudatoinen model s Ahdt¢madealsV @npdlepal a
t he BaBadrwihn [miodre€ quati on models have bee
usef ul for certain specific applications
aerospace applications. However, in genet
found t o be generally i naccumdtien duwd
tur bul[l @N,ce7 8]

By far the most widely used RAd&GuUAtuirdul e
model s. These buaduatuipoonn mohdee losneby i ntr oc
equation alongside the transport which ¢
|l engt h 780l al |l ows f or a more compl ete
behaviour by also modelling the dissipatd.i
i s done using one of #wodehstewbrcbascafcm
turbulent ditgdsrgatoiden sr avthe ch cal cul ate t
of di ssyiJplaPjuent ¢ their combination of ac
strong performadecmwmodbdblos hh&ve seen widespt
range of industries,[ 80nedijBadinge [t§hge,, adudt]o m:
and agrfi&d¢dtuorad. As a catsedgorioéstbdi st hass
have been developed i n-¥/IRediomgnat he atRieah i ¢
( RNGY¥,ahdy 8ST var[i8E|Jaomsof these variatio
di fferent formul ations for the turbul en
performance in different scenari os.

There does al so exi st anot her met hod f ol
i ntermediary bet ween DNS and RANS model

Simul ationd (LES). LES-Sdiokest leyyusasoli oas f
scale eddies, whi | sst almo de @.8ina gd oti meg ssnoa |t
met hod is not as computationally expensi Vv
mo d e | transient effects on the | arger sc
RANS model . However, despite, the reduce
reqguignisf isdant computati onal power to ful
been advancement s i n recent years | ooki

which combine the RANBP68&nPNnd8G6ES approache:

1.4 Meshing and Discretizati on

I nstead of solving a single set of cont
domain, numerical models function by sol"
number of discrete points. I n order to d
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number of smaller sections in a process cal
di scretization process, known as a mesh,
el ements and nodes which can then be used
turbulence model s.

The are two main types of meshes t hat can
unstructured. Structured meshes are compri s
di stributed throughout t he domai n whi ch ma

boundaries of t he domadm .t hUen satrhuecrt uhraendd neelslhoe

to be freely assembled within the domain,

di fferent me s h shapes. Both met hods have
di sadvant ages. Structured meshes t-end to ha
ordinate spwpgtemsmmahki easier to manage and pr
Additionally, the unif @ad miotwy s onfotr iesdat edt ur ed
numeri cal ttechheniwtueelsc sedioe dleirglmappr oxi mati ons
derivati viehereihms ovheg accuracy][ 8o/7f,. s8o8lJut i ons
However, structured meshes can be difficult
may | ead to the generadoiromogniail gl emekhé we dv}
i ncrease compl exity and can affect bot h

Unstructured me s he saroen ntuhceh omohreer shuaintded t o

geometries, particularly those with high cur
arrangement . However, the data is much | ess
me 3, and their tendency to generate | ong,
boundaries can | ead to inaccurac[88]when app
(a) (b)

Figure 1-8 - Examples of (a) structured and (b) unstructured meshes within
a circular domain.
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1. 4 DiIsTretization Met hods

When it comes t o equautaildrnys swiltvhinng &8 h@QFD m

several numerical techniques that can be
which are used for the wvast maj ority of
di fference method (FDM), the finittee vol
el ement method (FEM). These numeri cal me t
store dependant variables and discretize
domai n. Put simply, once the domain has |

T FDM stores both dependant vari abl es
equations at each of the discrete nod:
T FEM stores dependant variables at t he

di fferential equations along the el em
T FVM stores dependant vari adblesesaatt He
di fferential equation®0]Jwithin a contr

The performance of each of these method
direct comparismadng fbeuween FDMe i s per haps

met hods with a | ow computational cost , h
l' i mited in that it can on[lYylFlve& alppdi bds
advantages when dealiagd wshar p,iagschascthit € miu $
met hod i oabbwbjaltux es across contr ol v ol

guaranteeing conservation préeEdvniebethr
ot heripantiaps fthexmbbe, makdmmgi que benefi ci

I mi gbbwmpl ex g8 metEBBHs of the numerical

generally be used to provide a reasonabl
however an understanding of each approact
specific applications.

For sseadeg probl ems, solutions <can be c
iteratively wusing a stationary solver. S
effects and as such only need to cal cul
shorter solve ftomes.cehHawewver which- vary
dependent solvers must be wused instead.
consideratidependenti mmel uti ons can be cal
or implicitly. Explicit metthodismeasdstcap ali &
upon known values form the current state
forward to use implicit values from the
calcul ated directly. Due to the additi on:
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tend to be more computationally expensive pe

are also much more stable and allow for ca
increments than explicit solvers. I mplicit s
sl ower, mor e sl iannedare xpprloibclietm sol vers tend to

highl-yi mear [p94pbl ems

COMSOL Mul t,i ptimyed € cssa fntgwar e t hat wi | | be used
this thes-basedsarmrEMprimarily wutilizes i mpli
simul poHbhres soft ware was -ohiolsenf dmettonatlstyiyn
up and sol ve bot h el ecdasod hemiodbdle mand e iCtFh
independently or as a Hoowepvleerdhesabst waf eequat i
desi gmed apwiudeange of physical phenomena, It
foarddi ti onat hatar mawlegaiti rleed. Thi s can be prokt
runningcladregearametric studemaaddesd oin he me
some instances additional] maytlwarepecessar asf
data management

1.4.¢FD in Corrosion Research

As technology has advanced, the use of CFD
preval ent within corrosion researcdm A | arge
combination wit hstelnmesc tfrrooecnh etnies tfrilyexi bi ity i

e generalised numerical approach all ows it
enarios. Additionally, by simulating the ©b
ignificantly reducet e¢édtei mgnoulmat ofieedkpet

ne, which can often hianiengpe rCFiDv enoared |tiinme &
removes many practical ' i mitations, as cond
achieve in the real worl d, such as high tem

o ~ n ~
® & ® O O O T O
(7))

adily adjusted.

I n rel atconr 6®i €® model |l ing, the incorporati
CFD is a growing area of research as accur at
represent a major advancement of the existi
this include tehte] &®ir kw lblkysc SCwieeond e | was used

alongside a species transport model to predi

pi pe expansion by modalsl iang tthlkee sfulrdxacef Hhe
used to cal cturl aart f ear ntaosesf f i ci ent t hroughout

combined with an empirical relationship obta
calculate the rate of corrosion. Validation
fl ow I oop data showed aprheidghctliengell oxfal a cou rr
rates within the specified geometry. Howevel
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modell ed in this instance, t he model coul

environmental conditions and solution c¢h
A 2021 paper by Dahso aatdt dmapti@dd t o i nves:
within a complex fkowrbygi booknnguat eCOpi
exchamgdt urbul ence model was first ut il
properties through a complex pipe arrang:
as inputs for -Bheét aNnOdRaSIOJK9 8o d ellet er mi ne |
corrosion rates. The wadgekodipd endthelsewe ne
meaning it could not account for change
transportation of species. As a result,
factomsasupgrotective scale formati on, | o«
effects need to be considered. Therefore,
high risk for corrosion, the simplicity ¢
reliabi |l ietlyy ipnr eadciccutriantg | ocal corrosi on.
A similar approach was taken atn[&9]2023
coupling hydrodynamiSSTdawuwuabdlremcea nkodel
mechanistic corrosion moael[ 2@6rho ptohsiesd wooyr k
much greater emphasis was placed on the
hydrodynami c boundary |l ayer. FEM was L
hydrodynamic properties in the boundary
then i npud icwstriocont meodlel and solved via FV
to the results in the original paper in
from empirical relationships, this methoc
comparing to experi meengitl.[]&l@@la gat hered |
Lin and 8Rdirsrog i nvestigated the use of C
boundary | ayer hydrodynamics, with thei.
corrosion of pipi watert hiermcpoes pwrwiege dp |
emphasis within such systoems (IFAC)I owl §c g
transport effects we¢l@ ocoodres iDdaef rBeodw wAnt hR N
pipe el bow, due to its improwWenaddatcumac
model ling constrained fl ows. FVM was us
throughouti nt,hebudomaue to the size of t h
functions were used alongside a fine mest
wall . As -wallh, efnfe@act s were not necessar.i
reasonabl e appr oxtirnmeans peoyst wafraga mads ai ned.
were then combined -wr &ahsfaersiomprlreo smaosns m
assumed diffusion control and compl ete co
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Due to the simplifications and assumptions o

coul d not be accurately predicted, however
indications as to the points along the el bow
rat eset Ldlodddnducted similar research | ooki ng
configurationsatcoemttawni plygaoe | f | ow. However,
corrosion processes were not actually model |l
use of at'moRING k o predict the interaction bet

esults were then used to cattlrcaadatend athases f
ransfer coefficient throughout the pipe to
corrosi on.

- -

CFD is also often wusedorirnostihoen ftioelac coofu ner of:
influence of particles Gnwumha ead| dsltazs]é dwi t hi n s
an RMNGmokd el to predict erosion caused by a :

and water within a et i mpi ngement system
reasonabl e correlation was found between t he
dat a, however assumpti ofn st hreelpaaretdi ctloe parnodp ema
properties | imited the accurac[ylOdBHawever, i
utilise the same CFD modelss @owmbipnreod i Wiomle t
techniques for the pur-ptosess odnaapamut adcli e gt r
within a submerged j et i mpi ngement syst et
Abdel rphbudsshed a st#tmodal dt & iemweadding@d ieo n

but in their case | oo Ribn g eatbetntde eTfhfee cttusr bwil t
mod el was combined wi t h simpl e model s of
passivation to evaluate the relative effects
alumina particles. By modelling each proces:
i dentthief ycondi ti ons and | ocations within the

erosion or corrosion were dominant .

1.60ntri bution to Literature

Based on the review of the current body of ||
been identified in which the author believe
contributions. The first of t hese S t hro
evaluation of t bBeofcxo@®dtoisnngpnmodeThe currently
publishedlan@d2z4 35, 3@ n 893 | 11y0 5daregpu dt an in

anal ysis of a smal | number of conditions,
experimentally wvalidating the results. Addit
model s hlaeen ndbdsi gnevhyi mssuwmh facilitate the
of | arge data sets. |t is in this regard t
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ni ficant |l evel of i nsight, by recreat
ows them to be run for thousands of i1
|l ications of the approaches used to g
much gre®&ueh d@etnmeitlhsod woul d al so all
aviour al trends, investigating how t|
ction of mul tiple key input vari abl ec
| oration of these model s twodl dimprhd wi die
put data that would constitute a val uc:
ear ch.

second area in which there exists gap
ween turbulent flow models and compr
el s. Currentlhyel mwodelayi by €O empiric
ount for the effects of turbul ence
sequence of t his, they are restricte
irical equations are known tofbewrue,

However, as distugs@&d ihmssdoeteihnoprevi ousl|

pos
wWor
spe
i n
it
mo d
flo
sof
dev

Bot
add
pro
as

sible to effectively model the turbul
ks attempting to Ilink the two fields o
cific[8¢endaOgRrpsH®dHBEG utilised simplifi
theif 82nalPysi.dodr e 1dd¢s not currentl
eratur e, a gener al met hodol ogy by wh
el 2xcforC@si on can be integrated iIinto a
w. This is, however, possible to achi e
t ware, and so creating such a methodol
el opment of future model s.

h edr etah$ scuss emr elseernd signifiaoaanthecha
ressing the <currenbtutg aaplss oi nh atvhee tlhiet epr
vide significant benefit. 1t is for ¢t
t he focus Reogrartdiing tthheesinsumer i c al exnp

CQcorrosion model s, it woul dofnothebenofded s

di s
mo d
by
36]

cussed here. -bhenbfosbedwoompit éhensiyv
el s have been sel ectedOBnoord etlh ipsu bwarskh,e
Nor destv[jeklnhd t he 2020 model patb.] 418 hed b
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ChapteNor2Zdsveen Model | mpl ement at

COMSOL

Wh e n creating a prceadibotni vaeioomaoddeelo no fi n stee
pipelines, there are three maiet §d@adjoaches i
t hat are employed in current -elmptigriatadr, e, n
el ementary mechanistic, and comprehensive m
focus is on the |l atter, the comprehensive me
t he most det aitleedr eppmrces@aatat aons of the phy
processes. Fswrcthh emdéndbelies i t ate the inclusion
physical phenomena as well as extrapolation
than the other modelling approaches.

Previmmues mensimegahni stic model s -walall uating
chemi stry inz22satorabvbsedvenCOronment have been
various software packages. However, t hese ni
their exploration of potential data and inte
sets are used to highlight hepeowiefriad | pledrfi@me
the various input conditions such as pressur
not fully examined. I n t hii s td h anpetde rf, 0 ra tnheew
i mpl ement aticeammr ndsiaonCOmodel within COMSOL N
ver s6i.olnThe advantage of building the standar
is that it allows for the generation of | arg
produce comprehensive contoiumpagcitot spsthowi ng
conditions on rel evant out put s such as t h
supersaturation. Additionally, changes to tF
model |l ed can be readil dgvaadememtacofi thei cgr
60state of the artd models. The incorporatior
and three dimensions also becomes a possi bi
empirical formulae to account for the effect
Her e, an overvjewt liisni pgovtihdeedpr og-e s s by w h
di mensmoodneall can be produced within COMSOL, al
of results with current I|iterature and a nur
relevant chemistry, equations, and settings

40



N

.Backgr e@Qumrdr ent Model s

this wor k, an existing mechanistic mo
val i datCcOMShCL uasse aoft ool 28 orrassessi Rgr
rpose, a model initiallRhcrOOBedalsy sHb K
to the wide range of available resu
nal papeat baplrMeddstteehirst in a seri
nd this corrosion model , ewi[@Bfhdubseq
ic gmB]Eee the sake of brevity, these
6part 26, and o6part 306 in the Nordsv:

Cc C O S
()

]

P Z® O T —~ —
(D -~
” _
- @

(@}

—
>
D

mo d e | created img . Nondmeeeaadt raaniag hyts i
odi ng cpmirpelni nseCé&ksiat utrdalt bl ong -a one
nsi onal |l i ne, protruding outwards fo
ui d. The model describes the behaviour
r bet ween the surface and the bul k
ani sms. Tdfe tcthe mmesdely can be split ir

- O O
— — 0o
3 -
o -

3 —
® O
0 <
> O

1.Bulk chemistry and initial conditions
2. Reaction kinetics within the boundary
3.El ectrochemical reactions at the steel

It should be noted that the dédboundary | ay
close to the surface, in whibcehnd lae edi men
equal . For pipe flow this generally foll
Figagf)e and therefore extewndss, owleltddg appro

, 0]
(0] O_ (2.1)
0 T— (2.3)

Whemei s the di mens wonsl etshse vde Inmoecnistiyonl ess
0Ois the frictiodnmn wenhleocfiltuyi d(ingeslt)dyei tkyi n(ema:
vi scogliglyj mt he wall s?heandindttriees sd g Mg imt vy
f 1 ukigdP)n(
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Figure 2-1 - Universal law of the wall for flow through a straight pipe

indicating the location of the viscous sublayer at «

The cheminetcrhyanainsdms wi t hi n t heé aMderdd usypeoean mod
the principl escoofr ogemer,alwhC@h i s driven by
hydrogen*)i ams thid met al s uirmpalceemhe rTthde | awPpP r oac
t he t hedirregadtcatmodedt ioornn gi nally devised by L
Mi | I[ia0ms t heir 1975 papgerrosioaribénist eadci d Wi
bulslk!l uyt igpans@@ius initially dissolved in water
CQ The extent to which this dissolution can
pressure and can be calculated via Henryoés L

60 0 0 (2.4)
Wheréed is the con€e@rftMpaits omhefHenryds Law con
and is the partitml pressur e

As di scussed hien dGhsaspotteiredl ,§adual ly hydrates
HCQ. |t should be noted that due to relative
to subsequent reactions an@QQitmer & loavt icoom ctea t
di ssoCQ@ea 1/[11010)@)he concentrations of bot h t
hydrated forms are comshobOy HhdDpreviated to |

# (1 P (# (2.5)

Foll owing this dissolution, two dissociati ol
the producoinenasof edch stage:
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(# P (# ( (2.6)

( # P #l ( (2.7)
e reacti onBqusah @wdh’same model | ed as eq.!
actions in the bulk fluid,anglr ddwnidmg y:
ncentrations.
rough the boundary | ayer, these reacti
parate forwards and backwards rates. M
te of reaction and | ocal species concer
ncentr at iroonns tdheavti aotfe tfhe bul k. Transpor
described using a fihedgiufaitedny e maitdhre ma
termining the movement of i ons due t ¢
gration. As the i nstanthaonueto utsh eved soec i dfy
mer i cal simul ati on, the convection ter
ffusion via the use of turbul ent di f
ffusivity, as well as the boundary | a
notfth t he domai n, are described by exi
ovided [by8 Movieespecific detail of this
S e2c.13i on
parate electrochemical reactions are m
rraosaitoen bei ng deteeramiordad kdyy ssol uti on of
&A 0 &A cA (2.8)
e electrons produced by this reaction :
actions. The first of ™*whoincsh pirso dtulcee dr a c
ssolution reactions, creating hydrogen
G( cA o ( (2.9)
e second cathodic reaction 33d4hiich tihse
rect reduction of carbonic acid, whi ch
ich act as an atdidonsi:onal source of H
c( # cA o ( c(# (2.10)

shoul d tad trabthhegpd dtihraetct reducti dore of c¢
abhetdhe Nordsvebhmeasmadalded when gener a
therefore is include.d Alneorteh efro rr evaacltiido:
Nor destviemdnt he direct reduction of water

o un
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is not included in the model due to the | ow j

needed for it to become significant.
c( / cA o ( q K (2.11)
Al ongsi de the analysis of corrosion, t he No
precipitatsiaood oft sSFepCOtective properties 1in
rate, with particular emphasis in parts 2 an
&A #/ o & A# (2.12)
I n the i mplementation described in the foll
reaction i S not model | ed, however the pot e

di scussed2i.d section

2. KModel Structure and Overview of Unde

Before progressing wit2hcotrreosicoeatmoarel| ofwi &f

COMSOL, it is iIimportant to understand the s
The NordsveenlDroedperle siemtati on of the intera
agueousan@O the internal surface of a mild s
evaluates corrosion and speciation outwards
surface and is sectioned into three key dom
and bul k solution. d@beaestani gbtgnbtdee | edpr e s
boundary | ayer, with the two endpoints beincg
bul k ssutrefealce and ,thespelcEh&lebgdavi our of the
specieasachnof these domains is described by ¢
to model the production, conss.umbpnt iocwer vainedw t r
of theisyptreoni da®,e al ongsi de compl ete sets o
for each of the three domains.

Uni foomr osion i s assumed in the model when <c
along with =zero precipitation of solid <cor
boundary or at the metal surface. 1t shoul d
series, a precieC®was oinncroudded d otfo Fassess t he
corrosiongrpmwadcucdn the steel sur face, howe
corrosion model remained wunchanged. Empiric
calculate the thickness of twleehomandaaged aye
on data for asfubdigphea efviedw.pefdhese rel ati onsh
uni form f | ow stthrraguggteo wtrsdtnmeeit s i ¢ f |l ow about
centre.
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Turbulent L

Dy >>
253 ag) g, - (aq) (aq) Dy = 0.1
N 1 +
HCO3 () & COF o0+ Hiz
Kfaw 4
H200) &= OHag) + Hiag)
Molecular L
Electrode surface reactions D=
o
Vi, ijocq = lg % 108a
N — ZJ_W a
Bulk Steel / e

Figure 2-2 - Diagram showing the system being modelled within system, represented by a one-dimensional line
between the steel surface and the bulk solution.
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2. 2Fllui d Properties

As t-benodel i's repstersangpet ifMeowgf t he standard
for Reynolds number within a straight pipe w
n”Q
YQ — (2.13)
Wheres the density?d oif sarhdan |weldoc(iktgy nmbof t he
flow (m/isg ,t memddynamic vPé&cosity of the fl ui

The materi al properties assigneduoveadc dyos
Nordsjvaerhef erenbiengCRC Handbook of Chemi st
Phys[ilcOs6 ]A summary of t Be pv a mMuadbeldeu s a d

standard temperkat(®de iosf uxs®d. 1a% an exampl e tl

Tab2-Summary of formulae used in the calcul a
| ayer height and an example val Ke for a temp

Parameter | Symbol Formula Value (S| Units)
Boundary
layer 1 ¢ "rQ Q p8tu X Up T m
height
Reynolds o "0 Q
YQ - WWP P W
number
Density ? XUBOEPR X XYY TBrImo U T w ¥ kgAn3
Mean bulk _
0 pmA%s
velocity
Hydraulic
Q T8t pm
diameter
Dynamic . 8 8 8 8 _
_ ) T8 TT p TT TPCTT 8 TInp TRP@AA
viscosity

2. 2Bl k Eheimdstry

For a given seadcbfspeondesd/it@dnshshem WOl | reac
a stable equilibrium concentration, t hese \
within the Absulckanf Ibei dseecent ifaman dahte2 i hed i n Se
(Equat RB27, each reaction i n the solution 0
forwards and backwards. For an i sother mal S

46



steasdywamrd the concentrations of each spe
composition of the bulk fluid can be calc
are simply the relative ratios Tab22he f or
showsompl et e summaguwi loifbrtihuem constants.

Tab22-List of equilibrium constant defini
calcul ate the composition of the bul k f
Fahrenhei t{ghu) Ke lpviemsuraemd( i onifc. strength
Constant | Definition Formula[26]

. 00 8 8 8 8 8

U h v 5 p Tt M/bar

o 060 &

: 0 08 o Y

v 0860 pm 8 8 8 8 8 8 8 M

0 Oogﬁ pns 8 8 8 g 8 8 M

) O U0 pns 8 8 M2

Not e, Tathit&f eat ur es a correcl iboans eidn otnh et hve
original wor k by 1@d/dion amhi cTlo ms¥ms pgevant c

as 3.82x1dpposed tbvalhee 8sthdtxelddelby aNor ds v

The equilibrium constants can be used to
the reacting species, however theypynal so
to be Khewwowoncent'ratidemeomi led bgndhe sy
can be cal albhkeaneadaffdomti on of pH:

o 116 (2.14)
G 1 O (2.15)

Where i s the hydrogdgeins itome azdtiiviittyy coef f
i's tthenHconc[enk&Jati on

The reswpletcimg concentrations for t he ©bu
val mese wwnhé&ing@8eor a temperature of 293.1
bar and i onic strwtnfgthaolif) .0. 1711 M (1
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Figure 2-3 - Plot of bulk species concentration as a function of pH for
input values of 20 °C, 1 bar Pco, and ionic strength of 0.1711 M.

't should be noted that ppmiami mMalveanord oe n tt rhaet

concentr a’ti odre spfi tkee not being involved in an
This is to account for the accumul ation of

surface reactions in the system,alwhneh canno
on-di mensmmdcell. Although not clearly stated i

l ine with assumptions maaé,i 37a8WROII daveem
similar modelest pgl2KaBghri an

2. GOMSOL | mpl ementati on

Il n this section, a detailed account of t he
functional corrosion model within COMSOL is
follows the approach suggested by the Nordsyv
primarily a r ecsrteiantgh omo doefl tuhsei rsgpxvieew!| sof t wa
typographgystaemmat i ¢ errors have been identi
Justification for any changes to the model
clearly stated, as are any assumptions made

2. 3Gelometr Di andetizati on

To represent the geometry within COMSOL an i
used. These points representedcdotumeamet al S L
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Th

terface respectdveatyeswné dge&ctoi Menldy whe
not es t he boundary |l ayer thickness. ]
termined by the Reynol ds number of t |
rdsveen fuabmoa borminall y2®Br.o2i8ded by |

1 ¢rQ Q (2.16)

ef€és the boundary IY&ysert htehiRekynneosisd s( mm)u, n
s the hydraulic diameter (m).] Nohasthe

en removed from this equation.

rdswede[ml6ed a coarse mes-h0O0@angdeag hoao
iformy spaced across the boundary, usi
dependent sol gt vfeanr. tThhies rtecaswans r educe
the time dependent nature of the film
is is not required for a pure corrosio
ed to ensure mesh independengpectaedoss
undary |l ayers. ASpaspueggeisnt etdh ei nNoRrbdes vie e r
e boundary | ayers30@mngehibehweeén us0ng
stance and the maximum 100 nodes, wo ul
ze "mf TIPerefore, the COMSOL model was
mprised of 794 | inearly distributed edc¢
ze "mf 10

3l.2i ti al Conditions

this model, the initial conditions re
fore surface reactions introduce a fIl u»
arting point for the iterative solver.
tail edt i Dm2 .sZwer e applied throughout t
present the equilibrium point of the s\
i nitial values reduces the time for a
e software with a réatonabhg speseadfor
undary. The bul k concentrations al so ac

the boumdiadr yasl atyheerse( val ues are fixed.

e formul adalsh®avino nigrs q Wden2il 4wer e used t

o)
cal cul at e t he bul k concentrations for e
n

COMSOLn order to do thi s, the fluidic co

as

parameters, tThaeb2dea a@a@&b2s3h own i n
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Tab23*Operating conditions of the fluid used
bul k species concentrations.

Parameter Symbol Formula Value
pH o - ¢
Partial Pressure of 5 ) bar
CO2 P
Operating > ~ .
Pressure v PBTOY P8 T opgl
¢
lonic Strength "0 g We% Tep X pvp
Qp
Temperature “
(Kelvin) Y ] ¢ WK
Temperature y oy & U *C
(Celsius) G X ¢
Temperature oV &Y o W$F
(Fahrenheit) P ¢ @

2. 3SBecies Transportation

El ectroanalysis physics was added to introd
COMSOL model , 2nat@e | HEL OGO *H CGHnd 2FeThe

el ectroanalysis interface alkclabtwsg efmart i 9psci fi
each of the 3Fidgo®yei nsaas( sveiénli tasalt ceoncentrati
However, it also allows for the movement of
t he model to be defined following the same

modelg.enlerlaé ,species transpoeguasi defined by

0 0 ﬁT—w‘ (x()"CfoT—‘ w0 (2.17)
T w T w
Wherei s the f| uxpiof tshpecmelsecul ar odisf fusi on ¢
the concemtr athieom, st ancaei st ot hteh ee Iseucrtfraiccea, | ch
0is the mobil Oty DODhe sparcadays ctohnestealnetctri ca

potentbDias tme solution velocity.

A simplififclasig uoant itoon twvhaes made within the COM:
sol ver ti mes. The etlreacntsrfoearn athydels wdasar gseed
assumes zero potiennti laé gradteaoltyhtea ef or e
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neglecting the effect ad @i—h.e Ad editsoours ga ¢

both St ephens [aln0Oda h Ma uBreirtozZl | a[nldl O Btt hiug wo
assumption i s ivrmaeritdc whelny tten € so nsciegnntirfaitciao
| arger than the concentratiormbDespfittehda hots
potenti al gradient i's solved for wi thin
equation for the electrical potenti al

— ., — -0 qw (2.18)

Where s the el ectrilciasl tphoet epnetrinaela bfiileiltdy, o f

, i's the temperature dependentt hki edcelcumdt
poro®i syt he Far adaB awiosn sttlrentt amtnall char ge

Addi tionally, when modell ing trheemebmbwenrdar
t hat t heglei p scandioti on at the wal ka,t meani
mis gEBVvpAs the boundary 1| pyter) ,i & hver ef §]
means that conwecbecomeermed!| i gible in
external] 1860 we Vv enrg, It i's important to no
eddies may stil!]l per meate into the boun
account for this, the convection term i
known as the tur®u,l emhi cdhi fifsasgivvey &s a
di stance fr¢m8ffhe surface

, 0
O ® L|J(]— - (2.19)

The result of the changes to the transpo
produced a modi ffileadg watrisam,n whi chhehas a ¢

Fickds first |l aw of diffusion:
0 Or O w —. (2.20)
T w
A list of the mol ecyQ )yfrorditfhfeu s7i ocnh ecnoi ecfafli

the electrol yftaeb2ides provi ded i n
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Tabl2é - Mol ecul ar di ffusi on

coefficients

f

or

sur face
t he
i ons
t he

bei ng mo[dzxd]l ed

Species Molecular Diffusion Coefficient (1) (m?/s)

00 PP p T

0060 ¢CrmpT

04 PH ML P TT

00 TG P TI

0 Wy pgp T

00 vg @ p T

m X C pT
2. 3Chemi cal Reaction Kinetics
Sect2d.oxe2t ails the steady state conditions
species concentrations between the
equil ibrium. The corrosion caused by
met al sur face2.(3s,bei nStercaduwenes a fl ux of
systen He cdoqua ikl i bri um. I n order to model
to this change it is important toTHector

reason for this is due
(Equazab) omccurs relative
during this

so makes it

i ons

and necessary

As discussed previously,
simultaneously forwards

the species to the
i sol ated, as opposed to
each oftilbesr eavac e
compone&mtuat 2222 § wi t h
provi dad?2fn |t shoul d

( Equaz2ilJonhas al so been

of reactions. Al t hough
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reacti on
t o

and
surface
dealing
rewritten, i n
t he
al so
added i

therecopsotainded fby

t he
stage
mod el t

means
he

t he4-227%e@axcaudrons

backwar ds.
fl ux

t er ms

not ed
this

be
nt o

requires
sol ely

i n

t o zhhyed tv eorny rselacw iroant e
di ffusi on
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react
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gi Ve
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Nor dsweeemrl6]it i's not included in the moc
mi ni mal effect.
‘O0P O 00 (2.21)

i Qp 60 Q 60 (2.22)

i Q60 Qr 060 (2.23)

i Qp 060 Q O0& O (2.24)

i Qp 08 Qp 60 O (2.25)

i Qp 00 Qp 60O © (2.26)
TabRkR®B-Kinetic reaction rate constants fo
solufi2é&n .

Constant | Definition Formula Units

for3 0 JQp p pT Mistibar?

Q5 Jor 8 8 1

R v h p T s

for3 o J9f p® 8 8 8 st

Q v JQy p pT st

. o)

Qp U—h X®u pT Mgt
These equations can then be used to crea
equations which describe thecomceentorfatc hoa
The rate of dRkRdadregenioand beg taking the rat
each of the species are produced and sub
are consumed. Doing so for racihl tosf itnhet
foll owing ordinary differenti al equati on:
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— 60 2.27
900 Tt (2.27)
Q
— 60 2.28
o i (2.28)
Q
— 060 2.29
QbOou i (2.29)
Q
— o) i 2.30
QOOw i (2.30)
Q
— .60 i 2.31
900 i (2.31)
Q
— " | I B 2.32
Qbo I B (2.32)
Q
— 0" i 2.33
Q&)O i (2.33)
Note ininhhkBl2éathiadare of change 20$ @asa@lbusoCO
zero. This is due to the assumption that th
remai ns c¢condthaentc,0onlcemda atCiQoing wlf udgraesse o u s
not chaAdeéeitionally, as the system is cl osed

for aquefllusi TGO he boundary due to t.he | ack of

As these reactions are in the form of ODEs,
current |l ocal conceonsatinon, Ewkkhcibfi $ heoneac
i) were therefore defined within COMSOL as v
rate of changecohfcentha®wpegdwoes the domain. T
of cha[fégbwaosf set to zero as it does not reac

in solution.

Al t hough the reactioonscamtdrhamdresa o p esiefcii eeds
separately within the COMSOL model, t hese
gr ouptamatnf ox m. It can be seen that the part
to the first and second di ssiomMoraadsweaersteps
par[t2.61]
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Figure 2-4 - Matrix form of the equations modelling the heterogeneous
reactions within the boundary layer, where=| represents the net rate of
change of a species concentration.

2. 3ElIBbectrochemical Surface Reactions

Thmodséeup to this point has been in regar
i n soNowi bhe focus wiieht bref abe fbetdween t h
t he met al sur face; the | ocdhiea ef edthreoc
reactions were def isnuerdf aate twhed he® h® CtOMBdd
describing the react 28210 sbkhgowa@rieonna Egeat o

the anodic dissolution of i ron ae the
specification-deposi tdiinsgs od we mige s . Mater i
added to represent t hat of "mi) damsd etehe
mol ecul a@ we.i glhhese valu&ab&htee shown in
Tab?@&-Materi al properties of mild steel,
species at the electrode surface.

Material Property Symbol Value[111]

Density " xp v kgtm3

Molecular Weight 0 L&T up m kgtmol?
Theswo material properti escoarrreo sniecre srsaatrey
el ectrode based upon the mataegn ivain crhatien df
case is Fe within the steel. The for mul

thickness change at tEheasiBdda@dB85are show
YY 0 0 (2.34)
oY — (2.35)

Whe Y& mass reacatiloem g arkfgdge i s mdleecul ar
wei ¢ ktgol) 0 is the molar flux of 268¢,f aonh t |
CRi she corrasi oher(arm/esf)ace
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Determining the reaction rate of the dissol
the specification of both the cathodic di s:
surface reactions occurring. Each of the re
gener al el ectriocrhermioogadul a eamnt order t o de
stoichiometric coefficients:

Y EQR (2.36)

Wheres the stoichi dimettrhe ¢ mEedi ddgjeeatu¢dnber
of participating ieQ@otroondi ca&Stueospropduct s a
reactants respectivell¥12]n a reduction reactd.i

Three el ectr ®ede rdeddtnieans namel y 28qgn oxi dat.
hydrogen evol u29) on a@Bqwatriboomi ¢ acid reducti
210 These rearcd i 9hslarb Rermal ongtsh@enumber of
participating electrons amdsbhe aetadiheovhit omet r
reaction.

TabR&-Participating electrons and stoichi ometf
for i ron axodgia¢c hgydr opgenc atvibpditaond ¢ar bonic
acid r edcuactthipodnse(r f ace reacti ons.

¢'0060 ¢Q o
Coefficient | '@ ° @ ¢ | ¢O cQ°0 0 o8
¢ S S S
Tt Tt Tt
Tt Tt C
Tt Tt C
Tt Tt T
Tt C T
Tt Tt T
P m T

Note'thhove refers the stoichsofReatrher coef fi
than solid Fe at the surface.

According to Faradayo6s | aws, the mol ar spec
surface can be calculated as the sum of al |
el ectrodeg 1rte2gcti ons
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Wh

Th
e X
c a
fo
fo

N o

Th

Wh
el
el

Du

po
t o

Wh

I n
ma
Th

pr

0 e (2.37)
erlei s the mol ar CF liusx tohfe sspieociicehsi omet r i ¢
ecR®si s the | ocal &duwr rtene nduermbseirt yo f p a
ectr o@iss, taned Faraday constant .

e | ocal cuR))ehordemashtye@ction can be
change curiQe,ntt dencv drypdanrdtaiatthegr t he
thodic Tafseb(apbopspeatiueel y). TRese cal
rr- the anod3@% é&éEBEduaBfbatlkBdr@cti omas ar e
| t ows

N Q pm (2.38)

0 N pT (2.39)

tteh,dty convtemd imengati ve sign for the cat/l
ectrons flowing in the opposite direct.

e overpptentgiaven by:
- 0 O (2.40)

er® s the electrOci pothaertirmlveasdbl e po
ectric potenti al i's calculated within
ectrode poarmamttitlaée &1 ect)r calty tteh ep oitnetnetrifaal

O (2.41)
e to the zero potenti albecgornaedsi eneérso.asT
tenti al therefor,e Wwlkicomeiss egaulaved oi t er
tal current and an initial guess for t|
Q 0 (2.42)
eris the total cursenhedcernassiyalamd ea.
Q Q (2.43)

order to calcul at eEdquwmat2i3qeercd etsh & rl eufxo rg
ss |l oss at the &ce dt r adl dne e dv atl ou ebse fdoerf i
ese values HBalkResamadwnweirre adapted from
ovi ded byetN[o&lal]sveen
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Tab2&-Adjusted table of values for surface el

model | i ng.
bt ot ke oy
uE 7l F Al F
E ™ 1. L, . - ] 1 el (244)
R rall TEErall TR Eall
3 ey g oy . Q v (I)ﬁ o (I) F‘ o J) ﬁ q)"o Y ‘O
nHHHT 5 & & & -~ .
— aéad a € a( aéad — .| B (4}
[of aea
H "HO § T8t v @ pm m i m v 18 qu Cﬁfﬂ%“D( C&ﬂ%&gll
oEEUA‘E s% 8t @ ™ p n .n P pm o | om caxn%‘-“a( wn%&i“
<Al o g o)
B( T pAEI O B( T
0 p
€H, ° pA&I O gt YEI O
p pT | Mtoe| m . aR Gu ™ Yy
£€Hyy “H T B( v nA&El O T D( v
0 P
n&l O ® &l O
Bb( v b( T

As noted above, solebh2&havdebeahuad] usnt ed due
erroms the referencedOpapeue Fborstclayr,boinh e 3
reduct i mememudd i plied by 2.303 rather t han 2

conversion between | og base 10 and the natu
brisng in |'ine with the other values in the
adjusted to 2.303 from 2.3 for improved accu
Secondly, the Tafel sl ope values for both ca:

by 0.5 (multiplied by 2) as optpoasresf dro beir
coeffmestenhe bet ween zerohand.bnda.s Tchoen fu almea
in the 1996 mpmdpear 3drye fNeersesncced i n the paper b
et [al6]

Additionally, al | the conditional statement s
have been adjusted to ensure al/l values in t
provide greater clarity as to which value sh
4 or B, vad ua of greater than 1 bar. Lastl vy,
forandin this reaction have be switched. The
the exchange cOr i feoembywdatdiddye( ates*to the H
ion concendmratiadmesaztcd ntceat€@ti on. It shoul d

be the coaise ddmendent u@ors tWdeeemdeamdupon ¢t}
parti al pre2ssure of CO

Altlemperaturecdeptadesbtuding the cathodic Ta
provi dad2.&were input as gl obal parameters ir
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t he assummtsd tnherfmalr otigbi d h.e Hoowenvdearr,y al |
dependent val udsowarriea hinga td e d otro talel ovoval u

to be defined in terms of the | ocal sur f
pH. This is important as the pH, and ther
significantly c¢close to the surface. The

i npatvariables for the same reason, accol

concentration at the surface.

2. Resul ts

Once the model had been generated follo
sect2i.03ha parametric sweep was created in
range of temperature and pH values. Thes
pl ots provided in the available I|literat:
mo d e |

2. 4Cdncentration Deviation Through t he

Looking firstly at the specHiagt@berh otwsr oug |
the deviation of the species concentrat.
pH val ues. The | ocal concentrations of

COMSOL at each point within the boundary
subt r aFcitgeuhlde ( The pH value was <cal*cul at e
concentrBquatkRildan a
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Figure 2-5 - Deviation of species concentration from the bulk through

the boundary with input values: 20 °C, 0.1 m pipe diameter, 1 ms flow
velocity, pH 6 and 1 bar Pco,.

Fr ofim g2b,e the effect of the surface reacti on:

significant variation in the coomaemtrati on
the bul k. As expected, th~erceonicsena rlaari goen iarsc
t he dikes soflrvoens t he st eel sugéneeatH&LoON wet | as |

due to the reduction of carbonic acid at the
H2CQ) Addi t itohnea lcloyn c e n'tsrhaotwison hoef etk pected decr e

the ions are consumed to drive the anodic re
ions produces a noticeable change in the pH
the bulk value of 6 up to aroundusi.rbd. Thi s
the | ocal pH value rather than the bul k v
dependent valTmd228shown in

| mportantly, the concentration deviation plo
for all species, meaning that each of the sp
end of the boundary | ayer. This demonstrates
throughoutdatrtBeuad o2ks2.3 3are functioning to mov
system towards equilibrium, and that t he b

defined correctly.
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Figure 2-6 - Concentration deviation plot showing speciation through

the boundary produced by Nordsveen et al.[25, 26] with input values:
20 °C, 0.1 m pipe diameter, 1 ms* flow velocity, pH 6 and 1 bar Pco,.

When compared to the equivalenat [RI6GGt pr
(Fi g ®R16)e, a strong correl atiisonf.ohudbdeveenmet ak
shapes of the curves argtweony s$shmi baunda:

and the magnitude of the deviations. A s
concentratiaons B€fODoBe to the surface. How
di sagreement at the electrode surface 1is
di scuesbBadges to the modelling of t he el

sect2i.o03dn 5
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Figure 2-7 - Flux of species through the boundary with input values 0.1
m pipe diameter, 1 ms flow velocity, pH 6 and 1 bar Pco,.

Examining the flux of dpadci adheappeaxriest dram
defined bywY3HBeudtuinacnt i oni ng as expected. As pl

in sex.td 6me movement of the species is prin
concentration gradients thrbasgbbotwma bg bounc
x-component of thentathals fclawxh er wigiruexis enrotramal t
t he metal surface. Species with increased co

compared to the 2baunldk, Bt,CQhcatv easpoBalt uee, f | ux
indicating movement away from the surface,
concentrationf€@® shahe asd mMegative fl ux val u
movement tDwqpeatdHiegiRtbantdi ge’7ehow how the fl ux

varies as the concentrations change, with s
resulting in greater diffusive ?tramsgdrt. Th
mai ntains a constant value due to the | ack c
surface. I nt er esttienngdeyw,a rtdhse zfelruwox cdfos@O t o t h
which is due the relatively smal/l change 1in
(I°OM compar ed? Mo sTlg u23ean di g use. As the

concentration ,grtahdei eenftf eicst sonfaldli f fusi on i s mi

the f 1l ux i s primarily drivewedgrithuedoubent
Eqat i22ll tends towards zero at the surface.
change i n concentration is once again down t
reaction which, 22 8iseenhe noklgwat eaanti on cont
change 2i nt C®Ough the boundary.
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Figure 2-8 - Flux of species through the boundary produced by

Nordsveen et al.[25, 26] with input values 0.1 m pipe diameter, 1 ms™
flow velocity, pH 6 and 1 bar Pco,.

ComparfFimg@i7eo the sapreopuiNmerddsye ¢ e(Ril gur e

2-8) showdhatr dshel t s pr otdwa edadel sndhet i dent i
Despite some smal mi di fherGBhardo@WCal i kel y
due to the changes to the modelling of t
and variation in the flux of each speci
similarity of these results i shetosame ex

t r ansepgouratt(iEogru a2.1 otno descri be the movemen
through the boundary.

The next comparison plots the predicted c
agast the bul k @gH ga#,sthhoew bsayts ttehne.r e i s t he
i ncrease in the corrosiodue athenaseddhed b
concentrditnosobét Hon. As thleebel &r  Hf ¢ we
ions available to drive the anodic disso
rate. But, asetn[o&f7Fepdr btyh eNecsoincdi t i ab® vieei ng
a pH ofatethegins to rise due to the inct
reduction reaction at higher pH values.
domi nant due to the sum of the anodic an
equal
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Figure 2-9 - Plot of predicted corrosion rate at the electrode surface vs

the bulk pH, with input values 0.01 m pipe diameter, 1 ms? flow
velocity, 293.15 K temperature, and 1 bar Pco,.
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Figure 2-10 - Plot of prediction corrosion rate at the electrode surface
as well as scaling tendency against the bulk pH produced by Nesic et

al.[37] , with input values 0.01 m pipe diameter, 1 ms™ flow velocity,
293.15 K temperature, and 1 bar Pco,.
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redicted hyet townddpdavle ndk®nstant for

eactionTabd8&n Fiom a pH of between 4 and
a

constant of 1, however in the orig

nodic reaction it was said to trOamsitio

[rlelgdildenc e, when the surface pH tran
ch occurs at a buFkgpg#Beofa 4s. uddcd eans cshha
he predictied aclhbhgefowedndermteo | mprove
he model in the transitional regi on
tionakxcbapgeweutdebt sueduiarsed n t he
ntc o€C®@osi on model proposegdl2by 3KEadry ar i
aring the results to the Fdorarieds,pondi
ement betweenstli®oamwbi mbdel pH val ues
sitional regi on t hvehiec hi shaso mel reiagdoy!
ussed, however the changes made to
bamdot detailed[i286,tB&.,.| BBerisdstl bloessi bl
acxrHbrasttelncti on was produced to prov
this is not shown.

| ast key area of interest fBeC®Ohe <cu
rsaturation at the electrode surface
i pitation[dff]Thendegréenatesupersatu

uiaa2¥d 7

er
nc

o 60
Yy —— (2.47)

e SR is the ®atanddii oareathe, speci
entrabtviiosnst heangdol ubility | imit.
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Figure 2-11 - Plot of supersaturation as a function of the distance from
the steel surface using Ksp formula by Greenberg and Tomson[20] with

input values: 20 °C, 0.01 m pipe diameter, 1 ms flow velocity, pH 6 and
1 bar Pco,.

Fi gwRildshows the supersaturation predicted b
using a formula produced 2b0yp Grael ecnibleartge atnhde To

val ue gEgraattdhgn

N . CPpwoo N
I TuC V@ oPurdtt po X ~ ¢® xqdiu 'Y (2.48)
WherYeis the temperature in Kelvin.

Basediog@-b,e shuger saturation increases rapidly

due to the t'¢rheamsd hafs me b | as th#£ increase
concentr@ahienonce again highlights the i mpor
rather than bulk values when evaluating the
The determination of t he sur face supersat

i ncorpor asfiomrgnaRda @ ki neti cs dpnrteoc itphiet antoidoenl |,
only occurs when the s pa@8HisgwRiudcdteiaan yi s abc
demonstrates how this occurs more readily a
instead | ead to an opposing iIissue of scale f
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Figure 2-12 - Plot of supersaturation as a function of the distance from

the steel surface produced by Nesic et al.[37] with input values: 20 °C,
0.01 m pipe diameter, 1 ms™ flow velocity, pH 6 and 1 bar Pco,.

Comparing the values predicted by COMSOL

Nesetc [ 8IF]i ge-d @&t heirs@m aob vdiosuassgr eement i n th
of the two plots. The plot provided in tF
value much sooner than in the COMSOL mod
why this is the case, however itosemmy a:

have been produced #s¥siomgemnhe asuohdbet CONh
concentrati é&mngRRAétjauspemfigor m the calcul at
produces a much cl oser agreement:
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Figure 2-13 - Plot of supersaturation as a function of the distance from
the steel surface using bulk Fe?* to calculate supersaturation, with

input values: 20 °C, 0.01 m pipe diameter, 1 ms* flow velocity, pH 6 and
1 bar Pco,.

There i s however still Feg @&k aadhids gr@d@ancy betw
in regard to the magnitude of the supersatur
i s emmotti rely clear which éof@Ebacabhsubatd bhel
val ue .ofThere are multiple formulae avail abl e
possible that a different value was used, wh
t hsfupersaturation values.

The plots discussed thus far demonstrate th
mod el and its ability to model species beh:
t hroughout the boundary. However, in order t
of wval weosndand eomgarai son pl ot has been produc
against a number dat a poi nt sUsfimgm ttilee ava
OriginProE graphddigiwageexfuactednfrom a to
available i n mnameduwrtdéesr art udenedf 28& hfBriognu r e s

15 fraomf 1 t he Nor dsvlieheen usseerapehs hegi ti zer wa
necessary due to the | ow resolution of many
were selected from each pl ot and compared t
was run under the stated arnepusth éewomnuwris i ons.

2-14 al ongsi dewawdoatltoendg Iwhniec h( perfectly match
sit.
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COMSOL vs Literature - Overall Comparison Plot
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Figure 2-14 - Comparison of various values and a range of input
conditions of results from the COMSOL model against the
corresponding result from the literature.

As can beFisgewhd i nhe two models show a h

correlation, particularly when | ooking a
pl ots. A sonfalVvammowemxmpected due to the err
extracting data from the | iterature. For
points with the Isahggsbocdusmagprbogebown.
so are difficult to accurately define; f
agreementl nsr egtaghned ctooncentration deviati o
data points which are clearly below the
l iterature. These values al/l rel ahe pobot
i ndicating a potentiawhenfmedehtengnthéae
kinetics of this species 22manté3e)l bbunbdasy
been assumed that the model in the | ite
b et wetehne each of t he papers by Nor dsve

Strandgeléandd7, 38]

ConsidehengupersaturatiFonguleimpbahesoml ua:
produced in the COMSOL are consistently

glance, this once again appears suggests
(D) has been used in the calculations. H ¢

are much <cl oser to the COMSOL values and
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the supersaturationwVvial uAess tcheempsaamael adui l i b
constants have been used to calculate the b
two models, this myvat umearns tlhat tthlee main r ea:
di screpancy. Addi ti'osatbgstanstthaeadf makchfn§
model sFilge€and?(, this strongly suggests a d
calculation of the carbonate concentration t

The final setFiogatateths apei ntostihe predicted co
of the model s. For the most part there is v
two for a range of pH values at standard tem
be sedngwkOWaeand2 The only noticeable dispard.i
model s under these conditions occurs at a pH
been previously discussed. However, when com
of temperatures, the val ueserbaetguirne st owidihv etrhgee
COMSOL model predictings!| esweRMnr®in& osi on r at e
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Figure 2-15 - Predicted surface corrosion rates from the COMSOL (a) and

Nesic et al.[37] (b) models over a range of temperatures with input
values: 0.01 m pipe diameter, 1 ms* flow velocity, pH 6 and 1 bar Pco,.

't i s generally expected that the corrosion
the absence of surface fil mski gHZIWE B8 e , as t
done at a relatively high pH Viadnuse ionf t6he t he
bul k becomes a factor. Wi thin the COMSOL mod
transported to the surface at this pH become

process |l eading to a plateauranspbetcbrmosioo
effect i s seemingly not captetr eahbwetwvbe mode
as discussed by the authors, this becomes | e

due to the formatisdn |aonfs mrbotvecttievmp eFa@a@C@r es ¢
50 CA3.7]Therefore, although not explicitly st;
hi gher temperatures were not model |l ed and
represents an extrapolation of the dat a.
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2. 8umeri cal Expl oration

As previously stated, t he and wan tna gGeO MSfOLL
Mul ti physicsE is that it all ows for the
range of conditions. Thus far, the COMSOLI

al | comparabl e plots available in the [
agreement acmpess sinlallthas section, a de
of t he model i s conducted which goes be
previoasorGOsi on model s. A | arge gamrame
thousands of input conditions-10@€i tatndt emp
parti al pressur elsO rbadmrglidtgp Hroaml 0Wed of 5,
6.5 Fluid velocity and pi peshtdndrmefmer we:l
respectively
Cont ourgepneortast etdh eu saondgyi n MAS b ABrwearet i | i sed
order to visualise this data and evaluat
bul k conditions upon the corrosion procc¢
Particul ar attention is given to the ef
predicarerdosi on r at e, pH, and supersatura
di stri but iwana soefd ptooi ngesner at eoft hiehhlpd opd a
values, thesé&igmrda6b6shown in
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Figure 2-16 - Distribution of temperatures and partial pressures used
to generate contour plots for each bulk pH values.

71



2. bEflf ec t on Corrosion Rat e

The impadtul k pH and temperature upon the sui
previously been discussed under Fai gsurneggl e set
29an@&i gklé&respectivel y. Here however, t he e
parameters is evaluated across a wide range
effect of the pamtiitdli nprnées sryesstefm €O introd
anal ysi s; an i mportant factor which was n o
Nordsveen series of papers. A contour plot f

at bul k pPH Ywaeltween 5 and 6.5 has been produ
di stributiFdmgadEown i n

@) (b)

Contour Map of Logm(Corrosion Rate) at Bulk pH 5 Contour Map of Log10(Corrosion Rate) at Bulk pH 5.5
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Figure 2-17 - Contour plots of predicted corrosion rates as a function
of the log of partial pressure and temperature for bulk values of: (a) pH
5 (b) pH 5.5 (c) 6 and (d) 6.5.

Across the full range of abruel kfvoputhtdv al 1 & &, S i
contour plots , oHowmrgad-&teéaoanipheaietesalt he case
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that as the pardiisali npcrreesassuerde, otfheC@® i s a
in the corrosion rate. The reaeoeaseri mnh
t he s ur feaeciheR ipgH2-1 8s

(a) (b)
. Contour Map of Surface pH at Bulk pH 5 . Contour Map of Surface pH at Bulk pH 5.5
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Figure 2-18 - Contour plots of surface pH as a function of the log of
partial pressure and temperature for bulk values of: (a) pH 5 (b) pH 5.5
(c) 6 and (d) 6.5.

Al t hough there is no change in the bul k

more carbonic acid available into soluti
addi tifooma$ tHo cdmrirwe itone Po ox elsessser extent
the reason that | ower bul k pH values r ai
concentr atinon hef bWl k produces a steeper
within the boundary, resulting in a faste

sur face.

The change in corrosion rate with temper
compl ex, as i s shown by the inconsistent
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the range of conditions shown. The reason f

bet ween a | arge number of temperature depe
system. Looking firstly at the effect on th
viscosity of thesfulluiidhgi 9 nreedudcdaec,ner bounda
solution therefore have a shorter distance t
the surface, resulting in steeper concentra
exchange bet weoewe viehre, tiwo .sthloastt @amper aov ue é

increadves,reduction in Kkinematic Vviscosity

reduction i seffabd1ld,deprsut yi ogOiant ahirgehdeurct i on
temperaturesi obs®@dhiEgguacts to slow diffusion
boundary and therefore reduces the corrosio
transport cont rfoHd seed mamxetsisng factors are i
type of behaviour that i s seen when examinirt
of this system.

The next key aspect to assess is the temper
constants, both in the bulk and throughout t
previously by 6mlindarmhr Bhah[ 6,2lnaea cFhr amfk t he
equilibriumgcon®t,anauschre strongly reliant u
temperature. These Fgrga2giles ar e shown i n
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Figure 2-19 - Plots of the equilibrium constants: (a) Kbi (b) Kca () Kn,co,

and (d) Kw as a functions of temperature produced by Li and Duan[61]
(Kbi, Kca, Kn,co,) and Marshall and Franck[62] (Kw)

]

oppre®dki ngwaattert hdei ssoci atdgroapltt o(nd)s)a,h b u K¢
Il ncrease wixtphoniemdrneaddiyng temperatur e.

I n sect iFoing 2410®) iotf should be notead, that t
used by Li and Duan is defined as pressu
the reciprocal of the defi niTab@B .uselTdhet hr
rel ati onshiigp anmedt weeemper at ure as defined h
be the inverse of that shown in the dat a
Figededi splays a number of i mportant par a
system response to a change in temperat
observation is that each of the equilibt
temperature. I n generabnpstaet ¢ wondrn esase i
temperatures (graphs (a) and (M)o)ns parto dau
faster rate as the forwards reaction be
overall solubilsieen ¢o¢fo d@®crease (graph («c
carbonic acid available in solution; a s
d

t

t

emper atiwr erseatci i on can be assumed to be
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temperature i s i ncreased it becomes mor e a
producttioonnsof H

It is al s ®brpweg ttame dhape of the curves as,
o, the correlation between temperature and
of the constants have clearly defined maxin
di fferent temperatmpeé eealstse smi niFourm val ue at
aroundK,332%Wher evags tfhoer peak S Kl.osTkehre to 4 2°
mi sal i gnment of these peaks is partially re
patter nskFisge2eing i n

The | ast point that wild.l be explored here i
the electrochemical reactions at the surfacce
the model, there are two cathodic reactions
st eel sur feamc a:edhuycdriogn and caEdwati2 mxci d r ed.

an®2l0) The rates of each of these reactions
concentr a'taindiCsd,rods HecRiig@2 @i spl ays the ratio
t hexchange currents of these two reactions o0

pH values, effectively showing the relative
corrosion process. It can be seen that for
the*rduction is the ld&gminmantforatheomi ¢en
Reynol ddébs number. As either o f these input

0
there is a noticeable shift towards the carhb
The shift with bulk pH being'idmnes tao atiHea bdecr
in solution, whilst the shift withzpressure
being hydrat edC@ndAsf coromihngofH t hese cathodic
e
0

di fferent responses to temperature change,
contour plots forpval utsr Breep@#Hnand P
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Figure 2-20 - Plots of the ratio of exchange current densities for H" and
H2COs surface reductions over a range of temperatures at (a) 0.1 bar
and (b) 1 bar for Re =9961.9.

The high degree of complexity when evalu
this system makes it very difficuldt t o
relationship. I n general, i1t can be said
corrosion r aasess howrnweivrergr aphdig@adeé (b),
there are regions in which the opposite
these plots is that there is a complex i
mu st be considered when assessing the r
Whil st genereahdexpartbd tdentified, it [
accurately quantify the direct i mpact of
aid of computer simulation or experiment
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2. bEf2f ec t on Saturation Rati o

|t iI's kmbhwmgebat o the temperatur e, pressur e
noticeable i mpact on the behaviour of the s\
species can vary by orders of magnitude, i mp
but al so the formatoiscamnofprpdaoteéest iome tceoer rs
Howeverl,ookyng at the effect of the input Cc
saturatioposatbbe i1 densify areas of stabilit
carboRag@aRé&s hows the surface sabweatitde i nde:
range of input cRoingdd-ité ohlse shwwfhaden saturati o

represents the | og((acsf dteHae neat 2BryJavwkidaoent ri aotni o
is dependent upon the ?"focdabC@oncentrations o

SR, « > S
YOI T ¢Yy 11 ¢—mpr (2.49)

WherYDs t he satur tyisont hien dseaxt uanadt i on r ati o.
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Figure 2-21 - Contour plots of surface saturation index of FeCOs as a
function of the log of partial pressure and temperature for bulk values
of: (@) pH 5 (b) pH 5.5 (c) 6 and (d) 6.5.

Fr ok gw2d it appears that-l tmaar i seladtmoocs

bet ween pressure and temperature 3 n
saturation ratio across the range of

relationship, the data suggests that
mai ntained following a drop in either
is a correspondiheg ot her ease i abnl er.athes
intrinsictadl yheéimkeéadase of i ron from
concent r a’tfiolnl cows Fee very similar trend
i Rigaiteé However, the contour plots of
more consistent increase with temperatur e

must t hkke edwa et o the surface concentrati.

showrmi gae@a
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Contour Plot of Surface [C03] at Bulk pH 5 Contour Plot of Surface [CO3] at Bulk pH 5.5
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Figure 2-22 - Contour plots of surface CO3* concentration (M) as a
function of the log of partial pressure and temperature for bulk values
of: (@) pH 5 (b) pH 5.5 (c) 6 and (d) 6.5.

Figeeégrests a much more complicated cture
at the corroding surface. The reasons for t
i n se2.tbr.elgarding the contour plots of corros
pressures, t he 2siod ubinlcirteyased, ClOeadi ng t o
concentrations of both iron and carbonate i
i ncrease due t o t he changing pressur e i s
temperature and bulk pH values. However, w h
i saotli on, the effect on the <carbonate concer
interactions bet ween the <changing boundary
val ues, ratezsohsbiahitsy, COnd the dominance
reaction all come litntwmo udlda y odn dee gasisn.bl e t «
determine the surfaféocomacgnhntveatisen of €Ondi
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terestingly, despite the EopgppRéxtdent o
ntour pl ot s of the saturation i ndex

monstrates the interconnected nature o
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S
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t
t
0

mi nance of the carbonic acid reduc:H

ould be noted raising the bulk pH of
arbonate concentration and the over
phenomenon that is expl aindabn]d n det
es to the relationship betwe'en the
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Figure 2-237 Bjerrum plot showing the concentrations of agueous and
dissociated CO2 over arange of pHs in a closed fresh water system, as
detailed by Stumm and Morgan[115].

NotieFi g 22 8060 refers to the 4 otialc|l diids ss@l v
hydrated form of carbonic acid.

Fig2Pa&dhows, tddsatt he pH in a closed system
from aquetoounsarGC t he di ssociated forms, r
carbonate ions. This is analogous to wha
as there is no addiinti ro;mcad c egda satb u &npdsO

explain thkheomicegmMtH@@ i ons seen in the pre
Nordsveen nfoide@b)e( seldhe i ncreased carbonat
results in higher degree of swper sgnotrer at
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|l i kely to precipitate out and form a protect
is in even | ower corrosiFog @i &toers tthhea rh itghhoesre
bul k pH values, and therefore the effect of
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ChaptekKahld3yari an Model | mpl e men
COMSOL

I n 2019, Aria Kahyarian and Srdjan Nesic

mo d el for carbon di oxi[ @dw]hciocrhr onsa toanb |oyf dnoie
include the direct reduction of carboni
mechanism is ut i ICiQseids sioci ashesh atH t he

compensate for the lowes ©pél, dproduthegceE
reacti on. A second version of this mode|
a yealf l1ihtdédr updated constants and minor
Al t hough model | i ng t he s ame scenari o,

significant changes when compaerte[d2/6t]o t he
di scussed in the previous c¢ha®®,erf.urAtlhenrg

changes were made to the anodic Kineti c
species transport formulae, and species

I n this chapter, the 2020 [4&r, mi@abrg | ofi st h
i mpl emented within €EOMSEBLoIMU lot ipprhows idees i n

to how the mechanistic modelling decisi:
affect the predicted output. A thorough
conducted to identify the behaviour of th
CQpartial pressures, bulk pH values, and

3.Background

Comprehensi ve mechamndosrtriocs inoond ed rse oifn hCeOr e n
complex form of corrosion model as they
al |l relevant chemical, el ectfraa®leemucal ,
there are two primary factors that are c

l.Understanding of the wunderlying physi
drive the corrosion process.

2 . Empirical data to determine the rate
range of conditions.

Over ti me, both of these factors are su
experiments ar e conducted and both tec
i mproved methodologies allow for the gat
such, It S common t eaat pirmdudbdtEei oyneaofs
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comprehensive mechanistic models, significan
been made as to fundamentally influence thei

3. 1Ral e of Carbonic Aci d

Possibly the most fundament al mechani stic ¢
mo d el devel opedethly24Tur gbesd 990s, i's the ch
understanding of the cathodic surface react
H2C Q. Early models follow a mechanism propo
Mi | I[i3aDms whi ch two cathodi c thraeldfucrteiaocnt iaonnds t

HCQreduction. mdpogtani£@ireldcts directly with
corroding surdmadeb€®q d a3rl)nmo ™

c( # cA o ( q (M (3.1)

Due to the direct 2X@taemrda dathieo ns ulrftavceeen tHhi s I
known as t he 6direct reducti ono mo d e | and
NordseeéedRI6 ]

For year s, the direct reductizemr modebn was
model |l ing. Howevern, 8ikng v20s08 eRlenai tda f f erent me
originally proposed back i n[ 3%%98 owy ndinte

observations maddgdb¢, Hagd kchi ng the i mportan
buffering capacity on the rate of the cathoc
instead of reacting ddQGiercsttleyadvirtahp itdiley sduirsfsacc
near the surface, with the dissociation rea
drive *tde@uditi on reaction. eltn] &t2hlec awdoldi by Re
pol arisation of a rotating disk electrode (
' i miting curzrseantusr avfedas&€Outi o gomudgaednitro
solution for a pH of approximately 4. It was
speed and ipmHctaitnigedi ¢ current wasatgraateer for
solution when cxsmpartednt o TthheatM ampfH,xk mdd t hat
a system CE€®&nutnadierigroes a higher rate of corro:
withopyt iG@ependentmapothebmbhasernrperi ment al

data was then combined with a simple mecha
whet her the buffering effect alone could be
concluded that, provided the dissociation r e
for, thenbuéeffect was sufficient to account

the need for a secondary cathodic reaction.

As noted in the revietw|] ®laptelme blyi nkiatheydarn amg e
experiment al condi ti onest [i&kecsltalgyated 4 yamRe ml
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barcoP prevented t heibreicnogn celxu seinodnesd ftroont on
much greaGeondentrations. However, i n  2C
experiment al study waet 4 &8i18Bd Sataadch| bys Ts
electrodes in both a gl ass cel-dparnat atni ng
autoclave were used to saddownr a etshpeo ncsaet ad
5, and 6 for te&mmetd@ABares bar 28&ndl rl Oe dah
case, the results clearly showed that f ¢
pressure exteddadhsplhet maegi on without a i
transfer current. | f a secondary direct r
be expected t-hatansher cbargent woul d i nci
parti al pressure. As this was not the cez¢
reduct i:O@wa$ HHot significant wunder the ¢
the increased corrosion rates were*inste
ions via the buffering mechani sm.

As a result of this reseanfdl2,r é3pblda mes etl h ¢&

direct reduction reaction eus.e@lévjptrrevi bes|
updated buffering mechani sm. From a mode
i mporitnamtel atciad cuttattitnmen of the surface ch
i mpact of the cathodic mechanism on the

3. 1Amo0di ¢ Reaction Kinetiocs

When considering the 2sartruagsiterd efnvstreoelme

known that the rate of the iron dissolut]
of the [S8A3 usuomM it iconisinplertcamtc etridornast i on
at the surface when calculating the el ecH
I n the model eby 2Mdhridss veefefrect i s account ed
step changes as the pH increases. As disc
i's an issue with this approach -chahgat it
to the corrosion rate ah the draheréenbnyv,
original source papefllfioxrditcltae eanddiad K ihi
changes are a simplification of the true
this is for pH values bet wete[n2$ ea nad 5 x end
reaction order of 1, when in fach the d:¢
reacti ofnmroomm d2ert o 0 undé¢nldhese conditions

The model b ye t Kladh2y,aart3tedhmpt s t o capture th
transition more completely by wutilising
anodic kinetics. Rat her than using a ste

85



is calculated as a‘*é&odc@ai@dn vott yt h&@héocabkuHt

smooth transition in the anodic kinetics as
An additional | ayer of complexity is also ad
Kahyarian model as it attemp-pas diov actaipotnu.r e
Passivation is a phenomenon which occurs at
a passive loayfeor meamgtshd surface resulting i
corrosidihhe ae¢xact nature of the passive | ayer

on the pH of the system and the magnitude of
di ag[rlalnBhn be used to predict the passivatic
thermodynamFcgg8t)abil ity

1.5

1 Fe!w Dt - @ —

. E/VvsSHE
o
o wn

©
wn

Fe

-1.5

0 2 4 6 8 10 12
pH

Figure 3-1 - Pourbaix diagram published by Tanupabrungsun et al.[119]

indicating the conditions under which different passive oxide and hydroxide

layers form in an Fe-CO2-H>O environment at 25 °C.

The -paesive region referssatoonheupaet bef ortd
passivation occurnscr eiars ewhinchcotrre@si on rat e

potenti al begins to slow. Therefore, as the
kinetics during the acti v epadsissisvoel urteigoino,n st,r atnk
chemical composition of the tmadsxei vsep elcayearcad
defined. The change in the current-density i
specific 6intermediate speciesod, which 1is wus

the different anodic mechani sms.
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3.

1SBeci es Activity

One aspecsolodtitohne chemi stry often2 ignor
corrosion model s is the influence of S |

c
t
1
H
|
[
d

® ®O »w »wW ®» OS5 O ® Y [TY O

w
- O O —+ O M < O

- 0w o O un =

(7]

0
h

o
n

— 0 -
o O -

mmonly assumg@d5to26g BlAe aBr5g c t1i0chd, t hi
e activity coefficients associated wit
and the species concentration can ther

wever, in reality this is not tthieoncase
creases, t he i deal solution assumpt i
accurate. The distribution of il oni c s
pol ar water mol ecules have an increasi
e mi[ 2191] y

order to account dto.fdalRhiiplpefnenctt ,a Ksaehr
equations known as the Pitzer equatio
zer [IlThe73Fitzer equations are compl
ount the specific i on i nteraamnigen s [
ctrostatic efferasgasi weeltaasi ¢the tha
ncentratptli28dlsuudlm,nsdepending on the so
mber of equations can be extensive and
rived parameters. oflTtheonRii tdze réebdeeo dned s ti s
curate method of accounting for specie
rengt hs. However, [aZsf hndo tlLeadh godyd jlbro t ¢i IMu s

l uti ons it i's slightly | ess d&dHgackredt e
uation as it does not account -rfaonrgei on
fects.

.Qverview of Underlying Physics

o C C

fadriescussing the process @&af GQeneoaidbng
dbely Kahear[iddn wi3t6Hi n COMSNOcLe a gngpiomt ant

roper |l ywhedes$ ctapatr i iomo dbeeliArsggdwi t h t he Nor d
del di scussed in thmogpelevin’usmenbipher,
presentation of the inteamdctibe beat we
rface of a mild steel pipeline. The moc
twards from a singl e amdai nts nasno |l tithher eset eke
mai ns: $bdut kadwealdary | ayer, and bul k s
mpl it foi ®ad enemisy onai sgr ait ght elptirhees ebnotundar y

aywirt, ht wheendpoints being representative

u

rface and the bulk fluid, respectively.
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each of these domains is described by differ
producti on, consumpti opeciammar tcrlaanrsiptoyr,t aoft wt
di mensi onal ovfi stulfaé ihsagss t mame n iprF D gy iBRe d

incl cbimpg et e setsecfcredpamtgodbnshe three domai

Uni form corrosion is assumed in the model wt
along with zero precipitation of solid <cor
boundary or at .Emegi metal wserFré&dtacenships are u
the thickness of the boundary | ayer and effe

a fully developed straight pifpewhl dwr mhese |
throughout thesypmperaocdabgut the centre.
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Piperadius 1r=—

Flow Direction
—_—r

+ =

- - ——_— - —— — Y*=5
1 Boundary Layer

Turbulent Diffusion
D;>>Dy
ounda dyer Krea = +
ry y HyC03,) = HCO3 0y + Hizg)
o ke o +
HCO3 (g) £ €O og) + Hiaa)
krw N
Hx00) £ OHaq) + Hiag)
Molecular Diffusion
. Dr=0
Electrode surface reactions
Vilioc . (1—6)i3i, . . m (w)
N:Z’— i, =————+0i i, =—Fky+ (aS:) #7e. g\ Rk
Bulk Steel =2 T g, O o= ko (o)

m my i (i)
iq; = Fhoy+ (af+) 4 « (agg,)" %%« &\RTk

Figure 3-2 - Diagram showing the system being modelled within system, represented mathematically by a one-
dimensional line between the steel surface and the bulk solution.
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3. 2FEllui d Properties

The fluid properties utrkepsedemt aihii me tdfe an

saturated water fl owing t hrough a straigt
hydrodynamic Therydirtoidymsaomperti es arfe the flu
calcul ated as functions of the variable inpt

environcnoendiatthesse; are s dmm3lehiesleodw.i n

Tabl3d - Summar y of formul ae used i n t he cal
hydrodynamic properties

Parameter | Symbol Formula[12] Equation

Density of ” o v

i XVBBOEPA X XYYPTMEBImToupTt (3.2)

Flui

Hydrauli

ydraulic 0 ) .

Diameter

Dynamic . 8 8 88 5 8 (3.3)

Viscosity TBL TP TUTPCT )

Reynold " 00

FE L v — (3.4)

Number
The input parameters that can be varied with
bul k pH, partial apdeséfer éret €0Oream velocity
The range input conditions used within this
alignment with the | imitationsebflfd2he model
36Notably, the temperature range explored he
40C, this is due the hydration constant in t

based on the 195%4twWdr2kkiofc hWiwasbowmhy been val
up ta.45

TabB2-Summary of i nput variables and the as
values wused.

Variable Symbol Range of Values
Temperature (Kelvin) Y CXPuv opPp K
pH n'o )
Partial Pressure of COz2 0 ™ p Tbhar
Bulk Fluid Velocity 0 p p mis?
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3. 2ARRt i ve Species

A total of nine species are included wi:
Tabld3® , seven of which are chemically act
Nadand aGle included as ions to balance t he
specified and shifted from the equilibri:
As discussedl. T naspotabhe inclusion withi:

i's thel usi osnpecafi esheactivity to represent

solution. Wi thin the original publicati ol
using full Pitzer coefficients, which des
each of the apuebBpwewereci ear dilute sol
assessed her e, it has been s htbgvenk et h a't

approximation provides a strong [&2@Pdr oXxi m;

The DHyekel appwhbxicmatit sooserdi dniemal, | wapsr o
by Peter Debye and Bndd¢howgchkelr itmelM2a,
coefficient to be calculated for each i or

The extended ver-HiokebfegtwvanDeélyy Epugit i on
uq‘,TO
g 35)

p 0 w0

Wheroeand are characteristicaa@®hst amtes i ofni
strength of the solution (M)

O Vg
— (3.6)
grow o
0 _“O
P (3.7)
C

Wher@s the Fara®é8y 468nst samot hé permittiwvi
spaties the relative pe8@iort wal elyagdadt. 1t5he s
K 133]a¥ids the univer 8Sal3lgddiKigonstant (

The 1 oni cOPsofrenmigpe hs ¢l uti o88.Fesrgtwenphypkg
of this work, a 1 wt% sodium chlioonide (N
strengthtMof 0. 171
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0 g &Ha (3.8)

Whemandare the concentrationédpaancdi cehyge

Each of the active species included within
coefficients relating to i ts c h eemiec al acti
provi datd3.& n

TabB2-Summary of active species with associ a
and reference diffusion coefficient.

Diffusion
Species Coefficient Charge (&) | lonic Radius (i ; nm)[29]
(Or )12]
#l p&C p T m N/A
( # PR UL p T m N/A
(# PP Yup T p 8 v
#l TG op T C ™ v
( W puUp T p T80
I ( V& X Op TI P T L
&A G P S ey
. A p oTpTm p ™8 v
#l Brocpm p )
3.25SBmmary of Reactions
The reacti omsawiur ateda sC®el pi peline can be
groups: the chemical reactions occurring ir
reactions occurring at the corroding surface
to the corrosion model aisl epdovéedieedwbel otwhe as
chemistry can be found in Chapter 1 of this
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3.2.S3dlution Chemistry
When 2€C6® dissolved in water, a slow hydra
H2C Q:

#/ (1 =z ( # (3.9)

Foll owing the hydration reaction, t wo
resulting i n hywer g @aobwncst iadn emfch st age:

( # z (# ( (3.10)

(# z #l ( (3.11)
Additionally, the dissociation of the wat
ifons in solution:

(7 z( /( (3.12)

When the pH is highns hi(yEqWB&tEin8ilddomcrted ot |
reduce the hydroxideesenreaattieons ahave. b
i the model et.yalKladiweaverani thdies lkarcd vdrn ct/ H aty
condsthencontribution of t[hle2sle reactions
#/ ! ( z (# (3.13)
(# r¢ z # (/ (3.14)

It should be notadtt mhats adlilst a3f®-3thke ar ¢ Equ
reversidbdteuranf orwards and backwards si mu
steasdywte conditions, these rates of thes
in an equilibrium condition. When shift:e
generally thaecasecamwy tlhaynwer cl ose to the
become i mbalanced and either the forwaro
domi nant .

3.2.85rd ace Reactions

As discusse8. 1nlitsectiadiryari an model oper ¢
buffering mechanism to acceglunt Theret ae e
therefore only t wor eealcetcitornosc hteomi ccaan s ihdael rf ¢
bet ween the fluid and the internal pi pe
di ssolution of iron Eaquatdité&re tbloil usri e@angt igc
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t hat produces a corrosion rate at the surfa

t he met al into solution.

&A 0 &A cA (3.15)
The seceardichtalofn i s the cathodic reduction of
gas ( EqQ@BUat.i on

q( cA o ( (3.16)
As hydrogen reduction is the sdiensatbodic 1
the surface acts as the | imiting factor for

i's undetrr amasspsort contr ol

3.8BO0MSOL I mpl ementati on

3.3BuUWl k Fluid Chemistry

Two i mportant assumptions are made when defi
fl ow. The first is that, due to the turbul e
mi xing of the chemical species producing a |
The second ulsk tvwaltumérei © sufficiently | arge
chemistry to be considered i ndependent |y o]
employing these two assumptions, the bul k ch
in a state of equilibriundaaryd ctomaln @ fi @mme wa d¢ ths

COMSOL model

Equilibrium constants are wused to calcul at e
species when in an equilibrium state. Each
sect3i.c2nhda.sl a corresponding equilibrium const
ratios of the produdtns Etquait@dBSlaetisni taisals een
concentrationz:2io0$ aqienasi €©® of the partial [
Henrlyedw ( Eqdulajt.i on

, 0
v ) (3.17)
&
v R R (3.18)
[)) an
0 R (3.19)
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t fabPigui |l i br

0 (3.20)
v (3.21)
L ®
0 . = =
5 R =R (3.22)
@ t®d
v T (323)
The values used to calcul ate
with the associ at ekg ufaa B.d8l8are Nsoht cew nt hiart
of these values differ from the[ Yt@Ja@es
to minor di fferences relative to the
reflect those i the source iterature.
TabB84&-Parameters for the calculati on
z L z
L [61] L wl2] L3 160] Ly {60] L. [62]
={= p& MMTp T OHooTpTI CouvTm PB® pp Yp T gtwyYm
=|= p ot P W qoTp T T8 T TT TT @ oweT og TLQET
+ VB Y yp T PPOXTPT PEQYCPT (RO
=|= T uYp T TE TT T TT T8 TT TT TT oBYT TP T
=|= oL TP TT CE X wip 1T Py WL ¥ T
+ T®nYmpn Cgquptmm P pgpm
+ PopPT  PEFYWPT BT T
=|= X pT O T8 pwo
=|= & wo o T o8 ¢mTp T
=|= T&qpuvipm PHTT YT
+ PR T M TXOPX T
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G’ D OY = — (3.24)

Y Y

T I ¢ N ¢ ¢4 ¢ I 3.95
L o g5 v 955 ﬁn n (3.25)

v wQ Yy (3.26)

I n ¢4 Y © o I Ty 6 ook [ VA
f 2 2 Y'Y Y v 3.97
b 6 H o o (3.27)
YOY Y vov
't is important to clanidnd'thatrethefcakedul at

relation to the total o0diwmiodhwednalaudean d tol
di ssol yand ClOydr at ed 2dhssbkv é@> @@aff udt i ng
t hese val ues t o gi ve t he true di ssoci ati o

mat hemati cal HFraompbBg8a8 o@mmsng the activity
water to be equal to 1, it can be seen that:
® ® D (3.28)
Hence:
., 0 0 0
V] 73 o
W W W W p UL
0 . p 0
W p U p U
0 L°Op U (3.29)

For the cau cul ation of

U w7 - o
= T (3.30)

Combnngu &tgi3®Rmsn 83 0

., (%) te (%) td @ t p 0
v i " p ) SR p
V) w w P V) P L P 0]
2 P
0 v- Op T (3.32)
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The resulting species concentrations for
val ues areFighB®Bw¥nori na temper ak €Qep aacft i 29 3.
pressure of 1 bar &rdi#l(ilo wi & TéheeC &t pog tall ocfh alr
sum, tedi bg the dashiegd-)d a sk all ismoe cian cul a
absolute val3Be .( Elghueatp ocoinn't at which the
i ndicates the neutralo p3H 8olf ftohre tshyes tceom,d i
here.

O D & ao o TQ (3.32)

Whemei s Avogadr oobedticccopms)t,anns( the el ement
char gmmn¢cpm C) .

7
/
101} /
/ 107
10°F /
— ) 7 o -
s 107 C 10 3
4] -
L 107 10° )
- Y
& 1073 g
G N a =
< 1077 10 E
- L
= -5 o
g 10 — 103 E
c —CO, =
O 1078+ Q
o —H,CO04 ) Y
S 107 —Hco; 3
o Coy* @
a 107 e ' 100 <
107°F — OH
-10 — 100
10 ——Charge Sum
| 1 L n -1
2 4 6 8 14°

Bulk pH

Figure 3-3 - Bulk species concentration and total charge as a function
of pH for input values of 20 °C, 1 bar Pco, and ionic strength of 0.1711

M.

I't should be noted that awvmnami malveanord oen

concentr a’ti odre sopfi tkee not being involved in
This is to account Fé'inthbeabolbkulrasubhni
surface reactions in the system,alwhneh c.

ondi mensi onA$ 2Resledeing released from t he
concentration cannot be zero as this wi
boundary.

As the pH of the solution increases, t h
di ssociated forms ©0é&malisywskCEdBd gaB)e.
Fi g8d4®hows how the ratios of these specie
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pH, with undi ssoczheaitnegd tahgeu edoounsi nCaOnt f or m at
pH of around 6, t hi s3 dsohmifntast etdo wsaorldust i @ n HC © «
transitioningdaganated 8o0C0Otion at around ptF

— CO2eq) |-
—HCO5 ||

o — COz2- ||

F

& 107

o ;

©

=

o

=

©

&)

5 102

2 F

T

o

-3 I
10 4 5 6 9 10

7 8
Bulk pH
Figure 3-4 - Ratio of bulk carbonate species as a function of bulk pH.

3.3B®undary Layer Kinetics

The constants prodlifdz3lleitmi Equ aesteagtdei | i br i um
the bul k fluid, however the species concent
t he bamkot be consideredhencbheosame wawysed
el ectrochemical reactions at the metal surfa

shifts the system fdbm shewbukbhegag @it nbmr COm.
reaction 39 queaettiaanve to the diffusion rate
prevents the system from readily adapting to
equilibrium condition in the boundary | ayer
reaction kinetics tihne obroduenrd atroy al cacyoeurnts pfeocri at |

As shown i n393dudattihbpensr eacti omtse ofclcwird i age i n
reversibl e, meaning that it is possible to
species to the surface flux by i1solating th
rates. The kinetic equations for each of th

solontaoe shaobB@ewi hh the correspontdamigerate co
3.6.
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TabB8®i Kinetics equations for reversi r
Reaction Kinetics Equation

#l (1 =z (# Q3 Qp ad (3.33)

( # z (# ( I o e Y Qp A (3.34)

(# z #l ( i Q@0 A 3 (3.35)

(rz( I QR 3 QR Ib T (3.36)

#l I( =z (# I oY SR 1 MK 1) Qp . I (3.37)

(# I z# (/ [ o ™S Sie /e A Qp, A A (3.38)
TabBeéei Kinetic reaction rate constants fo
sol ufidhp

Constant Definition Formula Units

TQ“ TQH . [ -1

h 0 @e pmQ S

- O

Qp U—h & pTm M1s?

'Qﬁ U Qﬁ cato-p-’-['Q st

. o)

Q5 - PR C pT M1s?

— . o D o o

Qn Qi 7 9— 1§ pmQ M™s

. . 0

Qi # Qrir O3 @ pm M-st
From the kinetic equations, It i s possi bl
equations describing the rate of change ¢
i s the product of a rtebamactsiocn , attelde rea@rcttn iol
considered positive as it results an
hand, if the species is a reactant r
contribution as it reduces the Iconzreint r &
reactions can be twulsedr datoe cafif coahamges of
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therefore speciation through the boundary

concentrations and individl3a®B43ates of react
,,EQ(‘)#/ [ (3.39)
gb( #/ [ (3.40)
',EQ(‘)( # | I U B (3.41)
gb#/ i (3.42)
gb( [ S (3.43)
’gb/ ( [ I (3.44)

3.35WBrface Electrochemistry

At the interface between the fluid and the
reactions occur resulting in corrosion of ¢t
iron (Fe). Twog eacecbnedear batlsdpiemaodele:d twhea hin

anodic dissolutig8hy oandetlf&quathotlic reduct
( Equ a3liplBmsed om etalte somorrsr,o0 saceam rbaet ecal cul at ed
within GGOGMSICGLfai Mii rsgdoel pvoisnigec hgs spo represent

surface material. Materoé&l mptdpeteieés asespiga:t
the surfadd,y stpheet )dieenmsdnaotylea ul a(@ )whed geét
values ard@abhawn in
TabB2&-Materi al properties of mild steel, rept
species at the electrode surface.

Material Property Symbol Value[111]

Density i XY v kgtm-3
Molecular weight 0 L & 1 gtmol?

From t henae etrwal tpheop e rotsii @ el &tcaecramid elx eh e
calcul atéeé tTeamti on r atmat e,f iwahhiec hd iisns otl hviisn gc a
is Fe withTmi & hies sdemré .by first determining
over a given surface area and thdmeconvertir
f or mul aec allsceu| saetoev ablhgee ¥y e BEq b 5t 3.304a 383 5
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YY 0 0 (3.45)
5'Y — (3.46)

Whe % mass r eacattihoen srakiptisd)ed i s mdleecul ar
wei g kigol) ) i s the molar flux ofm?B% ,f momd t h
O she corrasi oher(ailepf ace

Finding thethel ari sAhsdoéxqyumfges the specific
the cathodic dissolution reaction and th
Each of the reactions can be expressed
reacti onl EfgotriBelry ad @t er mi ne t he stoichi omet

Y QP Y (3.47)

Wheres the stoichi omettrhe ¢edi &dajeeatudnbe
o f participating ie@octrondi c&Stueospropgtuct
reactants respectivell¥12]n a reduction r e:

Thetoichiometric coefficients of the ano
reduction reactiTam3&Netprommtded eietf ®bblise

the stoichiometric c@mafdf shnoitedt Fefatqulee u:
TabB&-Participating electrons and stoichi

for iron oxidation (anodic) and hydroger
reactions.

Coefficient €H © ¢€Hy, H Ewy HOE

€ G G

) .r[ c

b p T[
As the model i's representative of uni f o
el ectroneutrality boundary condition was

343 When combined @47 ht EgQsaensnores that t
cathodic reactions are equalupand ocpposgiet
the surface.

gw T (3.48)

101



AcC
su
el

Wh
co
of

Th
su

cording to Faradayods | aws, the mol ar spec
rface can be calculated as the sum of al |l
ectrods( Eeuaddifonl 2 ]

’ "Q

il 3.49
5 (3.49)

erbei s the mol ar A mokispf i spedieestoi chi omet
efficienQob speciesal ( MmArEisnt heédemsimbyer
participatiOQhg ¢lhec tFuao sadanya nd

e | ocal current density for the cathodic
rface a'owtibaguatboé6hnh H

Q ' 06 o (3.50)

Wher® is padbvbyg E®@RBFtOipand are constants

pr
t h

Th
t h
su
of
aq
be
As
di
p a
cCo

o

viniath3®d is the surfacd *dHmihcde¥Ytisati on o
e temper atanrde si n hicelow@m pot enti al

e |l ocal current densictayl cfuodrattehde aasn oad ifcu nrceta
ee cur iQent asntyeposf (whi ch can be rate deter
rface conditions, aest [d@ Bacuhs ssetde pb yi sK aah yf aurnicat
the surface concentrations ofamde surfac
eousAnCO nt erfruendcitaitecen used to describe the
t webnceuer r ent s abBq sdtodveoiB. 53y

-

c

di scussed3.iln 2tsheecstei oaur r ent steps repr es

ssolution of Fe, t hpea stsri avyrad ii toing R athawatr des
ssivation regiehunesipecti vyel gpr &@bentative
verage of an intermediate species which in
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(o Se oY) oY) o (3.51)

0 0 R YA "o
— , (3.52)
p O IR hO® "oQ T
- P =R,
o O — (3.53)

Where the Warleuesalocful at e3db7hi asEgbhat isamf a
activi*tiyn anfglbH i s the surf £Qe( M¥ i svitthye of
temper at-irse t(hk) ,ov(eVY)poaredtalall ot her wvalue
The values of these cofmabh%®ts are summar |

TabB@&-Summary of constants wused in the ¢
cathodic and anodic curfjdmrtf density cal c
fol ¢ p 1 molimZist a i ™ | ™ o
foS T p ntmolim2ist a i c® | c®
folS p p T molimzist a i P | C
Qp ™ p ™ molim2isl a i ™ | ™
0 U PTI a i Tt | ®
a ; ¢® a ®
a g ™ a i @

I n each casepotheitsadyi Yen by:
- 0 O (3.54)
WherGda s the el edtvBn® pat drhtei alever(sM)bl e p

The el ectridee fponieedht haCOMSOL as the differ
el ectrode poarmanttiméeé &Il ect)r calty tteh ep oitnetnetrifaal

0 (3.55)

The reversible potential i s f00.r4 40h eV aannod
for the cat hoadicculraetaecdt nddbr 2.6y ucat i o
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C® TYHY 20

o
The Vanodét Hofbatedpofjatissodu t(E eval uate the temp
dependency of the surface kinetitgs by adjus
0V, axdrovi dab3d%n The activation energies usEe

0 ¢ (3.56)

updated values estimated by Kahlya2]j an and Ne

0 oo (3.57)
Wher(sis the temperature dependen@O ks netic pa
the activatiofilY esent gy (&Y era@made temperature

TabB®0i Activation energy of ki netic paramet e
temperature dependency.

Kinetic Parameter Activation Energy (J)
o) 83,200
o) 126,800
Q 63,000

3. 3Trdansportation of Species

Al ongside the chemical a nodc ceulr e d tnrgo ci hne nti hcea | f |
and at the surface, 1t is important to consi
the boundary | hgeer. are ¢ é&neerealmecctharngesdns by w
species can bwi tthriamn:spaifft fawdsdi on, , elaemdt r omi gr
convechthesne threan tckoermbsi ned | mgaatsiicmmg!l o0
calcul ate the of358pecies (Equation

50 he qoah— @b (359

T T

Wherleis the fl| v monfiis's Pgcises he mol ecul ar di ff
coeffildismti s the conadmd roaitsi onhe distance
perpendioc ulhaer(airifsastenlleeacs, the mobility of sy
( mietk §), 0i s t he Far a(d@pl),comsstébhectpol gntei al
(Vandi s soheti on(mdl ocity

Within the boundary | ayer, the mdessw velocit
transport due to convection bedbmds very sm

Howe vteurr,bul ensti eddpesmeate through the bound
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the rate of smpeaxn etshd Aunsfmaecdder t o accoun
effect ,equhaet iflolad BSEP] smodi fi ed to remove t he
term and instead i ncor pg@)yvaatleu ea (tB§rQbautlieonnt

, T® "
( O O —. 46 @— 3.59
0 O & OTd)quoT(b (3.59)
The turbulent diffusivity is calcul ated

di st ancesele 3e3tmhoenproposed by [MBIht @arhiasnd
wor k, the expressi onl P4sjowisceedd buyt i Ariasvinmgt
t he Notter [@h 3e]qg Bdteiicmerwi t h mor e recen
Churfh25b]

o TIT TT W)
(3.60)
p TWITMTAU
The conservation of mass principle is the

species vVvi altame kKNergrusatt i on, 3@gilfvern & yorEaqu
di mensi onal Nemodgtanckhequati on accounts t

well as the production/ consumption of spe
reactions and boundary | ayer kinetic reai
@ 0
L (3.61)
0 W

WheiYd s a source/sink term descr@mbiinng t he
Sts1) .

3.3Gebometry and Discretization

3. 3.bomMai n

As a-domensi onal representatibing®f,an he ge
i ntewaal defined wi. tThhien 1 GQ@QMS @&l aliigshd a
repr evenft athe boundary | ayer Thbeangpednbyg

represented the mebtuddlowsuddray ei mtnadr ftahcee r
witdtoardilmanb & szerjor eanpdecwhe g dye,enot es t he
boundaryhialkeess

The valllamd of herefore the size of the doma
known asitvlkee s al | aw of t he wal l i n whicl
separated into three flow regimes: the vi
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(o
ge
t o
co
mo
tr
ocC
de
vV a

Th
Eq

Wh
t h

pr

Wh
ne

3.

A
me
t h

0 nNn-

du
me
t o

r transitional) | ayer | 4@thesteha efguloinyg turb
nerally defined using a dimensionless valL
the wall depTbeehtasnd odsthe wall concept
mprehensively in Chapter 4, however for t

del being diseuessgdt betbkbe size of the visc
ansition from the viscous sublayer to the
cur cowhemMdmeaning the height %) ctahre bbeoundar
fined as the perpendiculwaratditshiasmncgoifmtom 1

| u® isf defined as:
t -
. W (3.62)
w )
erefore,w g whesam tohathese values can be subs
uatdb@n gi ve:
-
$ - (3.63)
erfei s the awabktrefde (Pa), which can be four
e Fanning foni ctti otnh ef ancatlolr, (cal cul ated wusi:

ovided by Swalnesg and Jai n
y 20 (3.64)
C
5
5 O P
U T (3.65)

Pol | &85 vae
emwme s the Darcy-ifgitche osnurffaa@derr,oughness (m

gligibl e ,he@iregs the pipe diameter (m).

3.Meshing

mesh sensitivity study was conducted in or
sh sigzeeeflam , numeri cal model s a higher mes|
e accuracy of the results, however it al s
di mensi onal model s this increased comput af
e to the I imited nunthwan owi tthhe gheaveesr tyoyf fr ee
sh, the solver time is unlikely to exceed

the | arge number ohisi mol &t (3.848) e hgonun
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a relatively small i ncrease in the sol ve
mor e si ghhédriecfabnrtes | mportant that the bal
accuracy and mesh density is considered.

For thidnmeadeéely, dli stri bwteaed adea dloe ngeemtes
uni formly denbdéesmeshto ensure that both
chemistry via the kinetic3.e3guwand onlse (fdleu
speci es (3BPUuaati en accur ately cal cul at ed

domai n.

A mesh sensitivity study was conducted i

el ement size for the model. A maxi mum el e
a usefined variable, which was®mhtemn Qe pt
°m in increments of 20 points/decade.

Out puts of corrosion rate and surface pl
accuracy at temperatures of:p@78i ab Krasdl
of 0.1 bar and 10 bar. These extreme col
maxi mise corrosion and surface pH values,
for the smallest and | argest domain size
t his hisghehsebnélentrati on Bab®d .exodmiemed n(p
variables of velocity, pipe diameter, an
representativiel, val besmm afhd50m1711 M respec

Figadbei splays the results of the mesh se
bet ween percentage error and the maxi mun
error was calculated based on the assumpt
el ement S€myebeingOentirely accurate.
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Figure 3-57 Sensitivity study comparing maximum element size against
percentage error for outputs of (a) corrosion rate and (b) surface pH.

For both the corrosion rate and surface pH

was found to be |l ess influential than initia
conditions, consisting of fewer than 10 mes
was 0<4 %. However, meshes containing fewer el
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much more | ikely to result i n divergence

may be problematic within | arge data swe:
A maximum el emenwasi zsel efctle@, producing &
169 to 420 el ements depending on the si
sensitivity study. The maxiwuimhemoodi aé¢r ¢
results and solver times in the order o
found to have mi ni mal influence on sol
exponentially increased solver times due
number ot sFe (ge3been

50000 -

41,953

40000

30000

20000

Number of Elements

10000

42 4

10 108 107 10 10°°
Maximum Element Size (m)

Figure 3-6 i Comparison between maximum element size and number
of elements for a temperature of 273.15 K.

3. Results and Discussi on

3. 4Vall i dati on Against Literature

Before conducting a numerical exploratior
be wvalidated against the published valu
generated are representative of those 1in

that the modehtfwmnetdi, ops ods have been exi
paper by Kahydrpirancompari son. The condi't

paper were then introduced as inputs int
were recreated. Numeri cal analysis of th
reasonable | evel of agreement between thi
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3.4 Cbr¥osion Rate Validati on

The plotsby pKaolvpafdl®&@¢re used zompairntso nof
for the predicfFedBrtehowsitomeradcmpari son betw
corrosi ondiatedpby the (FCQMB/@la) mMoaald t he
publishe#&ig@&¥VebmHAl g37(eb) the dashed |l ines re
the simulatedsaat &omecogqparbiasrosepr ¢ hentsol i d
experimental dat a.

(@)

EpHG6 mpH4
100

10 +
17' I I
0.1 I I
10°C 20 °C 40°C

°C 30
Temperature

Corrosion Rate (mm/yr)

(b)

pHE EpH4
100 ¢

o+

Corrosion rate /(mm.yr?)

0.1

Temperature

Figure 3-7 - Comparison of predicted corrosion rate between (a)
COMSOL model and (b) literature[12] at various temperatures for pH 4
and pH 6 at 5 bar Pcoz, 4.4 ms? fluid velocity, and 0.1 M NacCl
concentration. The simulated data being compared is shown by the
dashed bars.
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An initial vi sual comparison of the two
bet ween the two models, with both produc
as a function of temperature at both pH v
rate I s alroeshiaghent eanper atures at pH 4 f
No specific data values are provided wi
comparison and so the graph was instead
OriginPro 2020 software. Axes were super.i
the data poieds maeval gl eDbing so for ea
poi hBEsg@BFegroduced an dvefagendbd%i n the co
bet ween the two models. The | argest diff e
6 and the small est di fference of 2% was
compl exity of t he model , t he | ar ge nuimn
variabl es, and the el qpdarti,t hinmi ci ss cradte wrfe
some variation between the two. However,
trends and the data spanning orders of m
of percentage error.
3.4 .Plot2enti odynamic Sweep Validation
The work byetkh@dh@@hsioamprovides sever al p ol
whi ch can be used as a second poi nt o
el ectroneutrality bouRd&@8rywtcdrmeaei tsiuorf alcCkEq
applied potenti al within the COMSOL mod
si mul at eadt ipoonl acruir ves.
An auxiliary sweep was use® Yobew®Wgemhe :
V a#id2 V stepping in 0.01 V incoepmeass. -
then calculated as the absolute differen
currents for each potenti al

Q S{OJIN(05 (3.66)
The resulting values werleogt hgernapm!| oftotre dp
pressures of 1 bairn r dearr ,t aandli rlec thlay cor
provi déde ireferfeh@&]e gp-8p.er
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(@)

Potentiodynamic Sweep at pH 4, 283.15 Kand 4.4 m/s
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Figure 3-8 - Comparison of potentiodynamic sweeps between (a)
COMSOL model and (b) literature[12] (shown by the black lines) for a
bulk pH of 4 and fluid velocity of 4.4 ms! at 283.15 K.

Once again, very strong agreement can be se
across the entire range of applied potenti
pressures. I n each caseQ )t hwascoffrawrsd oho pbe
approxi-na4 eVywith both the anodic and cathod
expected behaviour. The | imiting current de
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seen to incnrepase¢eiwltlpr €€O®sure as increase
extends t-theamsfaegecontroll ed region.

At the higher @Qotemnthiealinfdbenwee of the
steps in the (Fagnuoadti3.6oldsiJnani be seen. The C
mo d el accurately reflects the reference
foll owed by a steep increase and a secon
current densities during t ),k ttalge st rod n sai¢
regi®n, (and-ptalsesiprag i'pgn rasigecti vel y.

As with the corrosion rate data, there ar
pol arisation plots of the models which i
mo d e | being calculated using a different
t he transit iboentawe ebne htaltivei acurd ege | i mi t ed r e
mastsransport | imited region, as wel |l as
are al/l captured and occur at very simil

conclude that the COMSQOLe dmovdaelli dc ains bree pcroe
of the model originalbky [dRyv.el3&ped by Kah:

3. 4Nwmer i c al Expl oration

One of t he pri mary advantages t o buil d
COMSOL Mul Eii p htylsé csapacity to run paramet
to rapidly analyse | arge numbers of i npt
MATLAB LiWetionkoth run the model and st
i nterest, thissdalcel numeescal |axglorati o
model . The purpose of the numeri cal expl
effect of the many commpdatmurlng ameahcitglhgn s T
degree of complexity makes it very diffic
wi || react to any given change in the 1in
|l arge number of input conditions and pl ot
t o r enptr etskei s visually. Her e, t housands o
temperatuoupasti &lO pressur es, bul k pHs, an
through the COMSOL model . The outputs of

FeC@Baturation indexabhataed ahdnrbpersexted
maps.

3.4.SdlNver Approach
Within COMSOLEMudtpahgmetcsic sweep iS US

more parameters to generate multiple dat e
I f the difference between each value 1in
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ti mes can be -urseidugc etdhebyprreevi ous sol ution as
However, if the initial estimate is poor, w
significant change in the input conditions,

I n order to maximise the effictMwascwysefd the s
in conjunction with COMSOL. Wi thin MATLAB it
and store the solutionwp twi tahisnpe@OMS GLd wmotdhec

the need for the graphical user interface. I
mod el waatse dc rwei t hin COMSOL to sweep a single
numerical solver. The code to generate this
MATLAB script from whi cloutlhde beet lsegre ciifpgwetd.v aNre
|l oops could then be used to Iitetatre through
out pué-csi mennsi onal arsaybe wheber of paramete

assesBgd.only changing a single parameter v
changes, this ewsededol bai ohheitbin the par.

would always be a reasonable initial esti ma
stored, the script woul ddednerreetseetad i mgw tQ@M:
guess for the new input conditions.

Early in the development of the methodol ogy.
the parametric solver in which the COMSOL
properly recalculate the domain size. Althou
on the resultsias ghadcentenhratgh the bound
no | onger be correct, changing the rates of

i ssue, only inputs that 1Idi ds uncoht aast,fpeH tort hR ¢

were wused within the sweepadjlUlsed edt lwent hival u
MATLAB script to ensure accurate calculation

3. 4Data Set

For each contour map present el 4i.tko Bhe subs

3.4)2.%m <consistent data set was used. A to
conditions were assessed for various combi nce
Pco, and bul k flow velocity. The range of \
di stribution of thesTah3dgiuts i s summari sed i
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Tab3:Summary of input values used to gen

the numerical exploration.
Variable Range of Values Interval Distribution
Temperature 273.157 315.15K 1K Linear
Bulk pH 51 6.5 0.5 Linear

Partial Pressure of

0.17 10 bar 80 points/decade | Logarithmic
CO2

Bulk Flow Velocity 1-10mA%s 1mA's Linear

3.4Cdhbr3osion Rate

For every combinati on Pood, taemmdperdtowcney val
corosion rate of tehveal sutad eeld tshumrsfdadrccea@hwaan o
current densi3byl3 ¥qUdhisenyal ues were 1ini-
with umsitasdodo wer e t htene cmenvesdrrtme dy frt anm
lviBgat i36@ Trhesul ting out pattas saectr osav e hle
pl ot teeantoawurFgmuard®y ¢ o sbbawngbein the corrc
i n response to the varying input conditic
of magnitude, the common | olgh@ YYhrmasef 1t |
been plotted.
aa

. .0
OYE(I)‘IOYT PTMMTO PRV CT QT O TT (3.67)
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(@) (b)

Contour Map of Logm(Corrosion Rate) at Bulk pH 5 Contour Map of Logm(Corrosion Rate) at Bulk pH 5.5
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Figure 3-9 - Contour maps of the common logarithm of the corrosion
rate (mmAear™?) as a function of temperature and pressure at (a) bulk
pH 5 (b) bulk pH 5.5 (¢) bulk pH 6 and (d) bulk pH 6.5.

At each of the bulk pH values evaluated

rate output is produced with varying temper
hi ghest rates of cor rnmonigyiecdrn reazdhhi mgtamaeend a

consistently seen in the apospg (r3-9 htwheorener

temperature and pressure are greatest.

species dissoci-ataonsaf eamdr atheas gaturtelse hi gher

combined with the | drtcs e eabjaudediauysai@@elidad ity
hi gher pressBidd &( Bguattioomccel erate the
Fe.

At | ower temperatures however, there 1is

the corrosion rate starts tiodbeccaotneed ibnyd e pheen ch

vertical contour |l ines. This r-epaespat s
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l i mited regio#tnr aonsftehre Icihmirtgeed regi on i n

current i's insensitive to partial press
Nes[ilcJhder these conditions the increased
i ons at the surface, due t,0 btehceo mg s e a tees
significant as the speed of the el ectroc
controlling factor. The corrosion respo
sensitive to temperature in this region &
t he anodinc riaé &dt@infgreo mmabter ansport | i mitec

to ghtaaransfer cosmhown kkypplbaetrt ismgdson cu
each region,Figs3-isfhown i n

(@) (b)

0.3 -0.3
0.4 0.4
0.5 -0.5 \
-0.6 -0.6
0.7 0.7
-0.8 -0.8

-0.9 -0.9

Applied potential (V vs. SHE)
Applied potential (V vs. SHE)

-1 -1

R Anodic 11 Anodic

Cathodic Cathodic
107 107 107" 10° 10° 10° 107 107 107" 10° 10t
Current Density (A/m?) Current Density (A/m?)

Figure 3-10 i Polarisation curves showing anodic and cathodic
branches at (a) 283.15 K and (b) 308.15 K, at bulk pH 6, 1 bar Pcoz, 5
m/s flow velocity in a 0.1 m diameter pipe.

Frofmn gB-L@) it can,bd ogeean ptHhpaatfr td adn pr@Q3 s
of 1a®@@83, i1heKanwdve strhees xeat hodihe acthravegeir

transfetl edntregi.,owmhenHotwees etremper at wre i s
30815 FKg@1@®bantdhe corrosion régwedBOse cha
(c)yhe anodic curve instead cr ostsreasn stphoer tc a
controll @di seghows how the | imiting mech

these two sets of conditions.

The influence of tempangmante odoh etdhe ema ®
observed by evaluating the corrosi.on rat
Due to the potenti al occurrence of t he
sweeping parameters that change the domai
were both adjusted individually within t
ti mes were | nortdas ead dsisgnitfoi cne ni mi se t he
for temperature was incressledi mgoeorndr &s it ¢

were calcul ated | met s dsvagn@irdvay and a
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(@) (b)

Corrosion Rate vs Fluid Velocity at Bulk pH 5 Corrosion Rate vs Fluid Velocity at Bulk pH 5.5
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Figure 3-11 - Contour maps of corrosion rate as a function of velocity
for a 0.1 m diameter pipe at 1 bar Pco, at (a) bulk pH 5 (b) bulk pH 5.5

(c) bulk pH 6 and (d) bulk pH 6.5.

While the velocity of the flow does not dire:
flow rates adcaocalnsmpatrd mad e s duuer btud etnltcee . i ncr

Additionally, the boundary | ayer t hins, red
surface and the bulk solution. As a result,
fluid velocity whitlreantshpeorgy sltiemm tiesd, massac hi n
once Wshteeerw o-bmes d<mhamgéer | i mited.

Att he highest 8BafpkdbaO)r, @ltednteeau in the corro
rate i s onlybasglkkinp Wehse nb itbhieg @6 € d,) )wi t h t he

corrosion rate continuing to increase acr oss
the | ower pHs. This suggests that hi gher t e
are sufficiently fastomns®um@matiindrai ab av e attlee orf
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supply. As temperature decreasetsr,antshfersy

l' i mit at progressively | ower velocities ¢
The relative increase in corrosion rate
seen to reduce as the bulk pH is increas:
temperatures, i ndicating t hat this i s
concentr aat otnhefhiHgher PpcHon cAe d torwaetri dmu | ki
the impact of tirraenrsgpaogsdd rmases as there ar

to be transported from the bulk to the s

An increase in the corrosion rate can be
at the higher temperatures when compared
it would be expected that corrosion rate
avail abfilointsy ionf tHh ¢ 3b3u l. M@s¥@lvetri, oms can be
i FRi gB#A,e it i s around this pH t haststtahret sr el
to increase significandiny.cdhedigssocpana
31] and increase trhmeamprtodacgurofnawd. H

A consequence *ofi as uphpel ydiinsgs ot i ati on react

CQ*concentration is also increased. As a
pH, high temperature congwadaulodhsbeagi n st omofl
protective | ayer on the surf@ce,l171r e ddadi]
However, it is important to remember tha
their protective properties is not consi

i ncreasesumdeHCOt he higher pH conditions
predicted corrosion rate.

3.4.SAaur4d ace pH

For each run of the model used to evalua
surface was al so evaluated as *é&& qgfuuantcitoino n
363The activity is a functiioms odt tthlkee couwur

however this was evaluated on the node
surface nodki ndtsied fequdtei ons used to cou

H*i ons in the surface reactions do not i

artificially inflated values for the sur:
n'o 1T Co (3.68)

Wh e e is the hydrogen ion activity (M)
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FigdiLiadshows the change in surface pH as a fur
Pcoat each bul k pH value.

(@) (b)

Contour Map of Surface pH at Bulk pH 5

—_

©

[
o 10°
o
(8] 4

o 4

4
10
275 2ao 285 290 295 3oo 305 310 275 280 285 290 295 300 305 310
Temperature (K) Temperature (K)

Contour Map of Surface pH at Bulk pH 5.5

\\\\

10° 1

P co2 (Pa)

(c) (d)

Contour Map of Surface pH at Bulk pH 6 _ Contour Map of Surface pH at Bulk pH 6.5

\
\

Pcoz (Pa)

275 280 285 290 295 300 305 310 275 280 285 290 295 300 305 310
Temperature (K) Temperature (K)

Figure 3-12 - Contour maps of the surface pH as a function of
temperature and pressure at (a) bulk pH 5 (b) bulk pH 5.5 (c) bulk pH 6
and (d) bulk pH 6.5.

Across all the bulk pH conditions evaluated,
t he surface pH, with the surface pH being
consumptiioomnsofasH part of the cathodic reacti
|l ow temperature conditions the surface pH ¢
val ue as the hi g# Qeaonndc d notw astuirdrma ceef Irbbvact i on r
forapid replenishment of consumed ions throu
this is-taaobBédegel i mited system which does
depl etitfoon®fclHose to the surface.
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the temperature is increased and the p
war dst rmmansssport control, with ions being
ter reaching the surface, resul ting in
e bul ks Watsreamms pdirit controlled region,
int within each contour map at which s

mperatur e.

- T ~ o ~ >
®® O =T ™ O un

oFg uer3-9, it is known that the corrosion

e cathodic re8aéti drecpobgudteisen sensitive
ce the system i-tsr ammos fleorn gean tcrhoalrigeede Co
|l ative rate oOfooenwutmptionorefasHnNng tempe
t het rmmansssport controlled region.

o —~* T
> @ S T T

r
[
On the other hand, t heo nrtaitneu ecsf t ®u pipnlcyr e
temperature due to increasing rates of
transport from the bulk to the surface.
pH causing a shift i n t he*peaopuiuldtibgaimnued st
3-4) , resulting in rapid dissociatoas of
( Eqtuia®h)land the producttiomns.f additional |

With the rel*actoinvseu mpatieonofbellng reduced a
production rate, an inverse relationship
can be observed in the high temperatur e,

The response pH thedwandkawvel oci Fygusesho
3-13and once again two trends can be iden-
l i miting mechani smnspoder cmassol |l ed cond
pH tends towards the bulk pH values as f|
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Surface pH vs Fluid Velocity at Bulk pH 5 Surface pH vs Fluid Velocity at Bulk pH 5.5
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Figure 3-13 - Contour maps of surface pH as a function of velocity for
a 0.1 m diameter pipe at 1 bar Pco, at (a) bulk pH 5 (b) bulk pH 5.5 (c)

bulk pH 6 and (d) bulk pH 6.5.

The higher fl ow vel oci tbioausn dragdyu d ea ytelre rheesiud h ti

steeper concentrations gradient s whil e

turbulence within the fIl ow. nloolgeectuhlear tahn ds

turbulidftusi onspieccresadirmgmsport between the
bul k. As a resateée,rewaeni ome seadh their
increase in the supply of i1ions to the surfac
the bul k pH. Thi $ net fhetcrtnaansssp onrott csoenetnr o | |
howevliehri s hioswvnt hbey 313. 15 K |l ines at pHs 5,
surface pH remainmnatkri plird heet oebbei ons al
accelerated by the increased rate of supply.
observed due to the subsaaspoat ratesaskowav
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response 1is J|linear, as opposed to the e
chargensfer regionsthel nt rsaonnsei t ¢ ®@%e sbhet we
regi mes can be identified by a sudden cha
at 303 .Fliggoki gian) , seen nmigt. around 4

3.4 Satauuration | ndex

Al t hough film formation is not consider e
to predict the point atsiwhilalkepiye diop iotcact
measure known as the saturation index (

represents t he poi nt at whi ch a soluti
precipitation becomes ther modysatmi rcatl il oyn

i ncreases beyond this point, precipitat:i
favoumall ¢ he rate of nucl eat[i%,n. Tlh7eld gr o
saturation index is a function of the sat

the | ocal @&¢tatnidvitdQ es of Fe

YOI T CYY (3.69)

YY ——— (3.70)

0

Whe fY®Os t he s at (¥Yad itome isnadteixr, atnidonaret i o,
t hreespesp é wdecetsi vi,t iabnsd € M) he s o( B).Fiolri t yhelir
purposes of this work, the solubility 11
Toms[fonQFigat Boh has been used.

- . CPpwoo S
I TuC V@ oPurdtt po X v ¢®B® xqdtu 'Y (3.71)
The SI has been evaluated at the surface

the outfpwrctaisom of t eggtereaaculr eb wblnkd gRHV e ra | |

i FigBd0Ld The contour maps clearly demonst
patterns depending on whether -thensfuerf a:
l'i mitedtoanmaest | imited.
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105+ Contour Plot of Sl at Bulk pH 6
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Figure 3-14 - Contour maps of surface saturation index of FeCOs as a
function of velocity for a 0.1 m diameter pipe at 1 bar Pco, at (a) bulk pH 5

(b) bulk pH 5.5 (c) bulk pH 6 and (d) bulk pH 6.5.

Under bot h

regimes there is a consistent inc
increased conce@@radnxenquent | M r&i ses t he
concentration in both the bulk and¢ at the s
occurs independently of the electrochemical
parti al pressure acts to raise the SI regar
Therefore, in regions where the bémaviour i :
SI is seen in response to increasing pressur
CQ*concentration.
Converbel yoé'&wmlonEentration closely follows t
respommgsuerd3-9) due to the anodic reaction result
Fe from the surface into solution. As the co
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emperature Wwhemspodér cmassol, the sa
ns to plateau in thisatedih@en.suTHacer
crease with temperature due to the hig
ease in the species transport rates
ace more rapidly. The overal/l effect

gvyen pressur e, an effect whrahsfser nobonte

nw T O O 99 O T T - o -
c ® O O ©€ - ©€ T S O

As
of
co
I
be
n o
pe
Ho

gion due to the stresoabutependentempeér af

the transition between the two region
oduced due to the compeottifafhed R ®hreact i or
fficulty in accursstadluy apgriedi ateisrpg ntshee il
this region, with the shapes of the ¢
the conditions.

e influence of the bulk pH on the SI,

l k pH is inErg@té¢d)jrébmgBAdi@8d)) a stead
crease sisat kFredtlOi on can be observed, Wi
persatyOmtadr 0oss al most all conditions
ai , this can be explained viaCQhe shi
at ed tz’odveamidrsartiCegds-#)e. The significant
ncentratiiomsofi nC@he bulk solution is s
haviour of t he SI in response to pH,

rface electrochemistry.

mi

< ® S5 =S

.4 Chbrgosion Potenti al and Anodic Kinet.i

part of the duoumniggisheondmetiedal expl o
the Kahyarian model in its current fo
rrosion potential. It has moget®ma npsrpeovrito u
mited conditicoomsc,entthhrilmomrosnchiedtsaid fnace no
comar ealyi slfow alldi ng t o daprH ivfalcued | gn it
d&@hus far, this issue has been acknow
rforming the analycsoinsc eina@ars @ ¢ f" bnhohdéeh @

we vtehre same approach cannot be readily

potiasati oamand uastdsas cpghr odd cit$ omot al ways ac.

Th
Th
de

pa

e reversi bltehep amtneordtiicalr efaccrt i o-0. w4 ® hvn t
erefor e, the anodic reactiaosmn tshtheo ud Wr rceo
nsity tén@2®dweveerou-hdansmass | i mited
rti ownletmhéysurface reactiandrahe’'sisaltk #
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concentr at ihdams I|bevwen found t hatbetbemesanodi c
significantl agtmbope negeBngétdgnsit
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Current Density (A/mz)

Figure 3-15 - Polarisation curves at 303.15 K, bulk pH 6, 1 bar Pcoz, and
5 m/s flow velocity in a 0.1 m diameter pipe showing the drop in the
anodic potential under mass-transport limited conditions.

As a result of the tsthe fitntienr $det aommdwict It uc avte
occurs at a Wwbweh poteotnaprodluicealea more ne:
Asit was fO@uddopbBegnificantly with higher te
| oweH anch2vRI ues when -tumamregpomasscontrol, i
suspected t hcaandeiret Wweoteeaadss ng t hi s effect.

From Equai®BbBsit can be seen that, for a gi
anodic current density calculation is detern
CQand* Hl n ovdreirf yt ot he wunderrledmtgi ocnasu sveer et h e
i mpl emented withiTmeMisardsaacfet shpeceéles concentr
given set of conditions were theni emxptosgted f
within the Excel model to validate that the
existingtcnoondcednt rthti ons were thiandé€g8tracted
nodes of the COMSOL model madel ustelde wi ¢ hriint ¢ h
showriigm-L 6
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Figure 3-16 1 Polarisation curves from Excel model using H*
concentrations from COMSOL extracted from the surface, 2" and 3"
nodes at 283.15 K, pH 5, 0.1 bar Pcoz, and 2 m/s in a 0.1 m diameter
pipe.

The concentration profile out fraonnd tahe s
fixedlied opfot BanrVe aslhBwg 3L @The | ocations o
2"dand "3bdes are indicated to show the how

| ocaddomMcentrati on changes across the smal
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Figure 3-17 1 COMSOL model predicted local pH as a function of the
distance from the surface at 283.15 K, pH 5, 0.1 bar Pco2, and 2 m/s in
a 0.1 m diameter pipe for a fixed applied potential of -0.8 V.
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Frofm gBddéanBi g4 it is clear that the sudde
| ocal pH directly influences the anodic pol a
the surface corceperéaormnngft@8® sdfe evaluat
node noticeably shifts the anodic curve bac

Performing the éhaldeatpiromducest ma@mo3 her, small
same direction, I ndicantdemgt rtatdatoon astuhaes Ht
reasonable | evels, the effect on the anodic
As the system-tiransmpdenr mans rol , this effect
effect on the corrosion rate predicted by t|
i mportant consideration in future model dev
such as galktamine iamtet@4be introduced
3.6oncl usi on

The output response of a comprzelnem®isvenmecha
has been evaluated across thousands of combi
temperatur e, partzj avepoessyreamd IOl k pH. )
response patterns have been identified depen
of the system.

Under | ow temperature, high pressure conditd.i
that | s ramasrMfgega | i mited. As the bulk pH is i
si ze of t-hranscdhear gki mi t ed region was e xt
temperatur es. UWUnidoenrs ,t hcehsaen gceosn dtio t he parti al
had mini mal i mpact on the corrosion rate ansc
far from the bulk value. However, sthe corro
saturation index were highlat usreensdueda vteo ttoh ec
associated increase in the anodic iron disso
At hi gher temperatures and | ower pressur e
transiti onterdantsgpomas scfoinotnrsolheiwig hcothsumed r a)
upon reaching the suftfranespobthddrn mthed masgi
predicted corrosion rates became much more s
with the surface pH rising significantly a
corirmrs rate szasmd uUF@a€COon were | ess I mpacted
changes in this retgiiooms dtuce tthoe ssuyprpfeagc eo fl iHMi t |
of the surface reactions. l nstead, the beha
determined by changes to the rates of speci e
| ayer, therefore becoming more sensitive to
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ChaptehHydirodynamic I ntegratio

Turbul ence Modelling

When <considering corrosion belawinspro,rtp

l i mited conditions, it is crucial to cons:s
bul k fl ow. Highly turbulent fl ows generat
|l ayer, acpeticeatti mgnsport via turbulent d

the distance between the surface and bul
i ncreasing t he rates o f mol ecul ar di f f

model |l ed using empirix@meriemaemt $ owist hiars eglt
fl ows. However, by wutilising turbulence
behavi oChrD.vilen t hi s chapter, an approach

model s with the corrosion models discuss:
the necessary hydrodynamic variables witt
doing so, the applriocsalminl imoydedfs ee&xins thi
yond t he conditions and geometries u
drodynamic dat ahevasx gmmleesatefd. a Tconver

- 0 O 9 T T —
O ¢ S5 < 0 S
o

a rotating cylinder electrode are usc¢
this new method. Additionally, t he |
rrent form are identified dandamotbenimiaadk
expand the application even further ai

Following the development of the hydrody
t hexi sting corrosion models to predict <co
i's combined with experimental testing t
corrosion models and identify their asso:

4. Background

4. 1Hyldr odynami ¢ | niQourernocsei ooon CO

lt has | ong been established that t he h
corrosive environment directly influence:
surface whent uardsep onmth € 8 [clodA]istyisdresn i s un
ma stsr ansport control when the electrocher
being |Iimited by the supply of reactants.
are sufficiently fast as to consume the ¢
they are being supplied, |l eading to a | o

should be noted however t hat tihn sst a nsc enso,t
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the supply is greater than the consumption,
become dependent upon the speed of the surf a
charrgensfer contxohtrot. a€hamwgeboho the hyd

are | ess i mparcrtofsuilononr atthee wheen -t h&n sfyesrt em | s
controll ed, however the changes to the | oca
i mportant when con$iB3dering surface fil ms

As the degree of turbulence within the bulk

of electroactive species both towards, and a
accelerated. As a result, there is a direct
when undédm amaport control, and the increase
from the surface can influence the precipite
as iron [ch3Ibtfoniast et heref ore i mportant that th
bul k fluid is accounted for when attempti ncg

accurately.

Il n many[ 1lc2a,s e2s5, Q2I6i, s 3i6s &8O®Hi eved via two spe
namely the height 0of amheée tbhendatrg dfayteur lful e
(). Together these terms account for the si.:
wall, which represents the domain being mode
of species transport due to turbulent eddies

When discussing the boundary | ayer, it can |
di fferent terms due to the cotmpdeeawaltly i n def
regi on. There are several ways in which a b

however for straight pipe flow possibly the
originally pr opoVend Kgi mEME@AE D Ter med t he
ouniversal | aw paARhheowa| | hby @Lobésl e uses
val i®es the floyi danwe lwoadilt)yda (sd efnicree (t hr ee di st
reqisbi(gd-fi)el32]

T Viscous (or | 4Regaoh sbbbagerto the wall
velocity is | owest and viscous forces don
T Buffer (or t r Bmangiitoingnalayregi on beyond
subl ayer in which viscous forces and iner
T Lobaw (or i nierutlilayl )t ulrabyudrent region | eadi
bul k flow in which inertial forces domina
Withintmassport models, the term 6dboundary |

solely to the[®tRkRsc@dbs B6wWeBd&LrB36])] some cases
used to describe the[ 3% m Thhied Jtemal tolfr @eni Isa yneera
wal | region i s croemmotnil yn dted i tnfteed hywdr odynami c
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flow, with the end of the inertial |l ayer
equal to S$S9%eadafm fvedipcotghout this work,

term Oboundary | ayerdo wildl refl ect t he
specifically to the viscous subl ayer.

T 1
I I
I |

357 : :
I I

30t :
| 1
I I

251 l l
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Figure 4-1 - Universal law of the wall plot showing the transition points
between the viscous sublayer, buffer layer, and fully turbulent region.

By combining CFD modeling with compr e he

model s, t he corrosive effects of vari ol
explored. | n t his wor k, ai nciotniveadrdgyi tha c
demonstrate this process, detailing how
be extracted and integrated into an est al
4. 1Tu2r bul ence Model ling

Accurate modelling of turbulent fl ow can
erratic natur e and its strong dependenc
conditions. However, the movement of an i

descri bedofbyeqauagetons which describe the
momentum and energy, -Skokwrs &g utahe oMavi er

I n order to produce an-wacctcur &1t ewsi mubaltl ut
NaviSemkes equations needs to be calcul at
model | ed. Addi tional tiys,0t her male fclacsves, oft
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eqguation must be solved to account for heat
due to energy not being conserved within the

As discussed in Chapter 1, compl ete solutio
obtained via direct numer i cal simul ati on (
computationally expensive and can often take
which is often unnéetessathlkyepoeei semmon to
turbulence model to provyil@d8yrmbmulhepce xmomaels s
aim to calculate a functionally accurate p
turbulent flow, whilst | i mietdi agr ¢ésel complue at
underlying equations. There are many types
and the type of mo d el t hat should be wused
conditions being simul at ed. The accuracy o]
drastically femraraospeaedi fsioc idc i s I mportant
selection is made.

The most widely wused category of turbul enc
Averaged-StNakweser ( RANS) model s. These mo d e |
calcul ati-aget hgedi mal ues for turbulent quant
dependent variables imaoi nd ec o nbpSikineenn tasnd f |

eqguations are then averaged over a | ength of
timeale of the turbulence,sdbalte simad | alrlel at h
unsteady p[heeSHlowmenrear , this averaging process
additional term known as ft)he wheyxrmolldesadst rteos

closure problem 69 the equations

The closure problem can be addressed by exp
t er ms of the gradient of t he mean velocit)

Boussinesqg [WYApphesati on of t he Boussines
however generates an additional)tewmi Ehown a
needs to be calculated. Turbulencé model s ar
and the types of model s are differentiated
empl oy in order to do so.

There are many RANS turbulence models that
classified by the number of additional trans
the eddy viscosity. There are zero equatior
mi xi reqqgt h model ,mpwhei cahl gledbe asrc equations, a
equation model s-Aldamaras. SpHawawver , general ly
be the most widely applicable and therefore
t wo equatiolanmdodBeoltsh: of t hese modamnspdomtc| ude
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equation for the turbulent kinetic ener g
equation either the OUprbuhentudbssepat kol

( )9.5]
4. et hodol ogy and Validation

One of the primary advantages of buil din
Chapter 3 within COMSOLhMubhbiphyyi ao ea
additional physicochemical properties. S
model s within the software it is possi bl ¢
within the corrosive environmemitcitsom rami
expand the applicability of the model s. ~
chapter is therefore divided into two st
1. Turbulence modelling to generate hydr
2.l ntegration of hydrodynamic data into

The validity of the method can then be ¢
empirical data that has been pie8iodghy
The intention is to devise a generalised
hydrodynamic parameters wused within the
geometries.

4. 2T ulr bul ence Modell ing within Pipelin

For the purposes of demonstrating the me
used as an example within this section a
alreadyndwerlf2.8Tphde approach can however b
applied to any scenario in which the | ¢
demonstrated | ater in this chapter.

4. 2 .Gkeolmetry and Meshing

The first stage in generating a hydrodyn
to which the physics is to be applied. T
section of straight pipe with an internal
of 0.5 m.edfthdat atslsaamf | ow within the stra
the pipeline materi adi mesn dichjoateene®dautsr,y tcde

be si mpl i tdiiende ntsa -Dhea b2 dsyamriest r i C . Si mpl i
mo d e | in this way sei gnunberandfl yde grdaese sc
(Do F) being solved for, all owing a much
excessively increasing the computational
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The rectangul arD sghe@meeltbrigzgw sumd f 2 r m, high qual
guadril ater al mesh (minimum el ement quality
across the domai n. For this work, it IS mo
behaviour within the boundary | ayer i s accur
| apemare applied at the surface teaildcrease t
regi on.

A visualisation of the geometFiygéhe associ at
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Figure 4-2 1 Geometry and mesh for a 2-D axisymmetric straight pipe
geometry with a pipe diameter of 0.1 m and length of 0.5 m.

4. 2 Flua d Properties

For all flow models within this chapter, t h
those of water, including the temperature de
be incompressible and as such) oahg the den:
dynami c Vv'i)s coeseidt yt ol be cal cul ated. The form

properties Taabelleshown 1 n

Tab4#4ei For mul ae used to calculate the fluid pr

Property Formula[26, 134] Units
. 8 8 8 8
T8 T p T TPCTT 8 ) cP 4.1)
" X VB OEPH X XYY@t mo Y T kgtm-3 (4.2)
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4. 2 RANSYIBST Turbul ence Model

As discussed. I.nyesreett @alohy consi dered to be
cl ass of turbul ence model s ar e RANS t

variationslaofl-v krped e k s . There ar e numer o
throughout | iterature of the appldiwstabi | i1
97, 99, ladnld rio3tsSat i ng cyl[ 1Rd@e8rF o e x @ éhrei me
purposes of t-®#iSSTwomoklel thhaskbeen select ¢
appropriate of the turbulence moded s. It
Umodel performs strongly when -ymoaldkdll i ng
performs strongl-wabhh pegldlvhceo uSST variant
kd¥turbulence model takes adWappagei mati di

i n the bulvkapgpmrdxtimeatk on cl ose the wall

Originally devised pb¥y3tFherRkS TManotdesrl si i 01 &
f orby cioimmbg two equations, one fo& ame t u
one for the specificl]}urbulent dissipati

1rerve 1o T 1o

o Ta o T %e T 0 e (4-3)
IR A ( r,1o T T ” . pT M1
e To T fe | o w PO are  (44)
Addi ti omadilfyi,cat i on i s made to the defin

order to account for the transport of thi

’ ©0 4.5

A 1O (43)
Within HBdguattherne i s a ) ewdiolh VvYaniceés oas (
of the wall distance, transitioning bet we
zero instheafmre@he result of this i1s the

term in thel] owhlichl atmoon héfy adj usts the e
f or mul at i-0fno rtnou Itahtei okn .

They8ST model is a | ow Reynolds number fo
the turbulence equations all the way dowr
wall function approxi Mamobde&9 u.sAs4lOfvhiet hi i
corrosion models wused within this work
boundary | ayer near the surface, it s

region are accurately captured, -¥pSoTvi di ng
model
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The downside t-Beumodebk] ngoweVvew, is that it
mesh withiwaltlhe engeiaorn t o resolve the equatior

wall functions can operate with a coarse mes
| aw of ttheapvyarldxi mate the behaviouw. This is
SST model however, meaning that t he mesh mu
boundddpwhili s can be achieved within COMSOL vi
|l ayers, which define the position of mesh no
These boundary | ayers are often very small d
| ayer being compariacth vddes viemgr eahsien,t weh ¢ o mg
cost due to the increased number of degrees

4. 2 Ext4 action of Hydrodynamic Dat a

There are two outputs of i nterest t hat ar e
turbul ence modelmoidrdtiloe ab ccwmr d aorsyi jglnagead hei ght
the turbul erOt) Jdisf fasiswiattyar ( value whi ch cor
perpendicul ar distance fr @m st hcealccourlraotde dn ga ss u.
function of the perpendicul ar di stance fron
evaluating the corrosion on the internal pip
vari ables must be extracted from the turbule

Firstly, in orddrhet awwndetegrsmilnd aw of the wall
Figdfd)es wutilised, requiring values of the di
di mensionl essowanldl r ds e aniceel(y) to be cal cul
are calcul at sed6ar #4.& Ewhuiach ocnombi ned t he properi
fluid with the outputs of the turbulence mod

9
T (4.6)

®  of— (4.7)

Whernes the tangentisdlt ifd utide aveddoicrigtdye ((nP a)
"is the densi(tkig®) of st hbef pbergendi cul ar wal |l (
6is the friciwsi)on ainagl ¢ hiet ki @mmatic viscosity
( Ais) .

Both di mensionless values are evaluated at

perpendicul ar l ine protruding outwards fron
di fferenceabeétivedrhen cal cul atted emd atthda oval
the vadbwkemfthis difference exceeds 0.01. T
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to
fr

pr
Th
ou
pr

A
al
Ho
ch

| erance to @detde mmait eé atch,evhénadh cati ng a d
om the I inear relationship delsacwn bed
eviiomisd ¢y-.e

e valQueseofhen also evaluated along th
t from t ®ei ssucdlacel. at ed as functi on 0
opef tain@®®) (and tdree sfiltwi:d

o T (4.8)

ereis the tur bulfgnt adissc otshiet yt urmbul ent

mber; the ratio of turbulent viscosity
ries beOvyeleddiDi@. o the inherent uncert
term¥Yni hpge standard val ue[ Wadwahsi nu sGAMS C
re.

wi aBhd,Ois calculated at each mesh nod
wever this resul ts in a number of di
ntinuous functi on, which is needed by
terpolation functioneiosufputtboothhedao:
cubic function is wused as this aligns

ed in mectamirotsii ©[nCZ2nodxl.,s 26, 36]

. 2l.ikt egration of Hydrodynamic Data in

detail ed descorcioprtrioosni ommf molde | C®ei ng i m
ready been provided in Chapter 3 and
wever, a summary of the species incl u
emi cal and el ect r opcrhoevniidceabl4.2er eacti ons a
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Tab#Wbz2i Summary of species, boundary | ayer r ea
el ectrochemical surface reactions included i
Bulk Species Reaction Kinetics Electrochemllcal
Surface Reactions
#/
) #l (1 =z ( # &A 0O &A cA
( #/
( # z (# ( c( cA o (
( #
#/
( (# z # (
/(
oA (1 z2( I
A
#l

| mportantly for the methodbéognf beéenge dokct

hydrodynamics in the model is included via t
utilises a modified form 49. tThhee ftluurxb ud geuinat i
di ffusivity is included as an additional di |
di ffusi on. Speci es transport due t o di ff u:
determined by the concentration gradient an
respect iwhdalcyh wi | | change based wupon the thi
|l ayer.
0 O ©Of TI'_ww O(OQ:)TT—OO (4.9)

Wherlei s the fl U0 boé§ spbecmebecul ar i ffusi on
is the turbudbiesntthefépecivemwysonbhentdn attiamr,e
perpendicul ar atiec ttthe wdrefcdaces,cahecmabgeé,j ty o

speciOes ,t he Faradag i csodlhéecamntoqleyntte ap

4. 2Va3l i dati on Against Empirical Val ues

An initial validation of the methodol ogy ha:
flow to compare the outputs against empirica
a fully developed flow within a straight pip
consi stermte ®2aatogs®e ttlength, meaning the effect
same at any point on the surface. 't is thet
CFD data to the empirical equations used in

agreement under the same conditions.
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For the purposes of this compfarras@®n, the
proposed byl2Mbagsedtlon wor ks by[ Naljhtder an
Churkchd3bhave been used. These aneldd®i ons hi
andl]l are employed in tthddRoak8dbynKahyanpoi
ot hnreoodel s t hr ou g hlodudt,. |1lidtdelr at ur e

: v
o (4.10)
, TIBT TT Y
O (4.11)
p TEBITTTdU
| t should BHhe shataddcutlt mdted i n this instanec

that the viscoud® vubilmyaccemdanae with th
of the wal3d2]t  heory

The height of the boundary | ayer was de
mo d e | by *pbgat hsaag yuashbwgd-L)end comparing toc
pl ot*f=ofy The point at which the two plots
of 0.01 was uskdunaoarde fliayer hteei ght . A ¢
values for wvarious flow velocities again
Equatdil6ns s hdwmg 4iB.re

b —-CFD
0.1F —® Empirical

0.08
0.07
0.06 -
0.05F
0.04 -

0.03

Boundary Layer Height (mm)

0.02

0.01 ' ' ! ' ! ' ' ! !
1 2 3 4 5 6 7 8 9 10
Fluid Velocity (m/s)
Figure 4-3 17 Comparison of boundary layer height as function of fluid
velocity in a 0.1 m diameter straight pipe between CFD data and

empirical values at 293.15 K.
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Strong agreement can be seen between the tw
higher fluid velocities where bulk turbulenc
work, an inlet fluid velocity of 5 m/s is us:
the empdrcompuanati onal solutions for a strai

Figudsehows the cal c©Olatt edhiouutypeltowoifty from -
mod el compared against the continuous empir.i
411 omBtp w pPTLT

Figure 4-4 i Comparison of empirical and simulated turbulent
diffusivity values as a function of wall distance in a 0.1 m diameter
straight pipe values at 5 m/s and 293.15 K.

When plotted ovew vaalwiedse, riangceanofbe seen t h:

simul at ed and empirical val ues fOol Il ow t he
increasingly <cubicald.l yLoaoski amg f moetei ocnl osfel y
boundary | ayer region on a |inear scale, it

agreement between Doaih haanl ctuhlea tviiosncso ussf subl a
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