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ABSTRACT

This research focuses on a further developmetthe@Hydrogen Effusion Probe
(HEP), a device shaped like a cylindrical cup, for monitoring corrosion of carbon steels.

A HEP (called HEPrB") installed at the Point Lepreau Generating Station (PLGS)
was simulated using@mputational fluid dynamicsCFD) programto solve some issues
observed with HEPro; the curving prwessure
model of hydrogen accumlation inside this HEP was alsteveloped and solved by
MATLAB software. The simulation result predicted the hydrogen diffusion path and
hydrogen accumulation inside the cup. The simulation and modelling results are in good
agreement with the plant data.

TheHEPro at the PLGS works wellowever,as itwasmanudactured from silver,

a vacuum pump is necessary for its operation. A cuggmaa&nufacturd from a material

that has higher hydrogen permeability than silver would work as a diffusing membrane and
lead to the simpler system.pieceof carbon steel 104bas machined into two cylindrical
membranes with two different lengths to determine hydrogen permeability and diffusivity
in the material at several temperaturBse resultingexpressioafor increasinghydrogen
permeability and diffusivitywith increasng temperaturevere4.832 x 10 exp (-8.622 x
10YRT) mol/mA&Rd’? and6.229 x 16 exp (6.508 x 16/RT) m¥s, respectively These
results were used for modelling hydrogen accumulation inside the carbon steelntlips
also demonstratithat a carbon steel cup would work as a diffusing membrane.

Eight cupswith different geometries were manufactured from carbon steel and
stainkss steegland welded oto a carbon steepipe containing hydrogen gabwo cups

indicated leak. Thereforeixsof themwere testedo investigate the effect of material, size,
i



and wall thicknes®n hydrogen accumulation inside tbaps. The results indicated that

the hydrogeraccumulation inside the cups depends significantly on the cup material. The
plateau pressure inside the stainless steel cup was significantly higher than in the carbon
steelcup. The change in size of the cubas a moderate effect on hydrogen pressure at
steady state inside the cup$e difference in wall thicknesses does not have a signific

effect on plateau pressuneside the cupsThe hydrogen accumulation inside tloeips

raises the possibility of a selinoderatingpressure design.

A computatioml fluid dynamics (CPB) program was used to indicatee hydrogen
diffusion paths around the cups and hydrogen accumulation inside the cups at steady state.
The steady state @gsures insidihe stainless steel cupisldhot agreeavith the experimental
results, but he plateau presswgenside the carbon estl cups concumvell with the
experimental resultsA mathenatical model was developed which was capable of

predicting platea pressure inside the carbon steel and stainless steel cups.
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Chapter 1

INTRODUCTION

Flow Accelerated Corrosion (FAC) is a type of corrosion whereby the protective
oxide layer on the base metal dissslveo a stream of water gteamwater mixtureThe
underlying metal corrodes to -oeeate the oxide film. Consequently, the metal
continuously losesnaterial As a result of FAQn deaerated watghydrogen atoms are
produced electrochemically as irorlast into the solution. Thedgydrogen atoms diffuse
into the metallic lattice of carbon steel, and then permeate through the metal. Subsequently,
they combine to form hydrogen molecules at the outdase of the pipes, which cére
collected andneasuredl; 2]. Therefore, from té rate of hydrogen diffusion through the
pipes, which is measurable, the wall thimnrate can be determined

FAC in feedwater systems is an important problem in nuclear powes.dtacdn
leadto serious accident$or exampletherupture of the feedater pipe of the Mihama
PWR in 2004 causing several fataés). Moreover, one of the problems affecting the
CANada Deuterium Uranium or CANDU reactor has been corrosion of the feeder pipes
caused by FA(3]. FAC causes a high rate of wall thinning (metal loss) of the carbon steel
feeder pipes which contain heavy water coolant by the reaction between water and carbon
steel at high temperature, resulting in deterioration of the feede{4i@p

In order to ensure the safein power plant operationaccurate corrosion
measurement is necessaifhe Hydrogen Effusion Probe (HEP) a corrosion rate
measurement devidbat has beerunder developmertity the Centre for Nuclear Energy

Research (CNER) for over a decade. It is a device shaped like a cylindrical cup that can be
1



used to measure the pipe thinning rate by measuring the quartitgirogen produced by

the corrosion reaction at the inner surface of pipes, which diffuses through the pipe wall
and acumulates in thehamber on the outside of the pipe wall, resulting in a measurable
pressure rise. The rate of pressure increase meghby the HEP is proportional to the
corrosion and can be used to calculate the rate of metal loss on the inside surface.

Theoriginal HEP cups were manufactured from silver, which has a low hydrogen
permeability, to collect the hydrogen g&ansequentlya vacuum pumpasnecessary in
order to operate the corrosion monitoring systgtfl]. Hence, it iscomplex and
inconvenient to make the measurements.

Among all of the industrial metals, stainless steel and carbon tsdgel many
applications and could be used as an alternative cup mat&agh of them have
moderatelyhigh hydrogen permeability and diffusivity (althduthat of stainless steel is
one totwo orders of magnitudéower than that of carbon steel at 3@), allowing the
hydrogen to diffuse through the cup wall and achieve a plateau pressurmebnis that
it is conceivable to make the cups of these materials for operation in the corrosion
monitoring system without the requirement of a vacuum pjdrhpl2]

This researcHocuses on théurther studyand design of HEP. The effect of cup
materials(carbon steel and stainless stemidgeometry(wall thickness and sizeon the
hydrogen accumulation inside the cupgl be investigated. Thenodel of hydroge
pressure buildip inside the cups and theathematical computation bfydrogendiffusion
will be developed to make possible the accurate predictioheotorrosion rate ahe

plateau pressure inside tleips at equilibrium and during transient conditiofbe



prediction of hydrogen accumulation in the device from the developed Ingdelill
guide the redesign of the HEP device.

This thesis consists ddur main parts: 1simulation and modelling of hydrogen
accumulation inside the HEPro; 2) hydrogen diffusion through the carbon steel; 3)
hydrogen accumulation inside the HERade of carbon steel and stainless steel, herein
called carbon steel cup and stainless steel 4ugimulation and modehg of hydrogen
accumulation insideonsilver cups.

Chapter 2oresents &heory and Literature Review which provide$akground
of FAC, oxide formation, hydrogen evolution and transport of hydrogen in Bteedover,
the principe of HEP is also presented in this chapter.

A HEP (called HPro™) was installed at the Point Lepreau Generating Station
(PLGS) and has been operated both plantgrd postrefurbishment. The results from the
HEProhave demonstrated the ability of measg FAC rate on the feeder pipe;situ and
in real time. The HBroalso has played an important role in providing a quick indication
of the changes to the system chemistry; changes in pH or the presence of dissolved oxygen.
Chapter 3 provides the detaila developing a mathematical model of hydrogen
accumulation inside thsilver cup installed in the nuclear power plahtComputational
Fluid Dynamics (CFD) progranvas used to elucidate the hydrogen diffusion path and the
hydrogen accumulation insidegthiEProatthe Point Lepreau Generating Stat{@h.GS)

The result from the simulation is an important kegdtve the issues found with HEPro;
the curving pressure trend aalsdhelpdewelopigk i nk o
the modelling.The comparison of the modelling and simulation results with tBEréi

data from the power plant is also included in this chapter.
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As mentioned before, HEPro works well, but its system is inconvenient as it was
manufactured from silveA cup that is manufactured from an alternativaterial(likes
stainless steel or carbon stetblat has higher hydrogen permeability than sibauld be
used as a hydrogen membrane and raises the possibilibyake the system simpler
Therefore, an experimé on the hydrogen diffusion through the carbon steel membranes
was performed for determining the hydrogen permeability and diffusivity in carbon steel,
which is described in Chapter 4.

The design of HEPmade of carbon steel and stainless steel insallation test
and HEPs performance Trestl and Test 2 including the problems found and the solution
for the problemsre described in Chaptgr

In Chapter 6 a mathematical model of hydrogen accumulation inside the carbon
steel and stainless steel cigpdevelopedo predict the hydrogen pressure inside-siver
cups. A Computational Fluid Dynamic<CED) program is involvedo providea better
understanding fahe hydrogen diffusion path and hydrogen accumulation inside the cups
in three dimensiondg-urthermore, the comparison between the experiment, simulation and
modeling results $ presented in this chapter

While the conclusions for eagbartare includedndividually in eachchapter, he

overall conclusions and recommendations for this researgiresentedn Chapter7.



Chapter 2

THEORY AND LITERATURE REVIEW

2.1 Flow-Accelerated Corrosion (FAC)

Flow accelerated corrosion (FAQ)reviously referred to as erosierorrosion
(E/C), is a process whereby the normally protective oxide layer on carbon -atldgw
steel dissolveinto a stream of water or watsteam mixtureand isaccelerated by flow
or flow impingement. FAC causes wall thinning (metal loss) of carbon steel piping, tubing
and vessels exposed to flowing water or wet steathelflamage remainsdetected, the
degraded component can suddenly rupfil@e 14]

In the FAC process, the inside surface of the pipe comesamtact with the
solution. The surface is attacked and forms an oxide layer by the reaction between water
or dissolved oxygen and steel. As the result of a high flow velocity, some of that oxide
layer is dissolved and eroded away and carried with the flkgly to deposit elsewhere
downstream in the system. As conditions favor the formation of the oxide layer, a new
layer will be formed wherevdhin oxide layeris exposed, with continuous removal and
reforming of the oxide. Consequently, the metal lomstinues resulting in the reduction

of wall thickness as shown Figure2.1.
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Figure 2.1 Mechanism of FAC

FAC is preset in the primary heat transfer system of the CANDU reactor. The
outlet feeder pipes undergo FAQinlike theinlet feeder pipes. Because the coolant
temperature increases from 285to 310°C during flow through the reactor core, where
there is nsource of ironand as the solubility of the oxide fildepends on the temperature,
sothis results in highesolubility of the oxide film in the outlet feeders. Consequgtttie
coolant in the inlet feeder pipesasersaturated with dissolved iron, vehi results in a

lower corrosion rate and a relatively thick film compared with outlet feeder [aifls



2.2 Mechanism of Oxide Formation and Hydrogen Evolution

The understanding of the phenena involvedwith FAC and hydrogen
permeation involves linking mechanisms of oxide formation and dissolution with mass

transfer.

2.2.1 Magnetite Formation

Magnetite (FeOa) is the structure afhe oxide film that is usually present on the
surface ofthe feeder pipgin a CANDU reactor. This oxide generally behaves like a
corrosionresistant layer on the steel. On the outlet feeders, however, it degrades from
dissolution and erosion and losesme of itgrotective ability.

Moreover,this oxide film aso ac$ as abarrier to hydrogen transpoit 2009,
Leelasangsai investigated hydrogen diffusion through various steébisand without
oxide films.Her experimentontainedL00 psig of hydrogen gas atarbon steel tubinat
was heated up arbe pressurancreased to 135 psig during the heating process. After two
days of leak tegtg and two days of heating (approximately at1@0ur), the carbon steel
tube was taken out of the furnace and quickly polished withggid@andpaper to remove
the oxide film formed on the external surface and then replaced in the furdeee. T
hydrogen pressure insidlee carbon steel tube dropped rapiditom 105 to 85 psig after
the removal ofheoxide film, as shown irFigure2.2. She suggested thtitis was because

there was no oxide film to act as a barrier to hydrogen trandfgrt
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Figure 2.2 The change in hydrogen pressure insida carbon steel tube with time
after the removal of the oxide film formed on the outside surfacfgl5]

Normally, carbon steel corrodes in high temperature water and forms a double
oxide layer known ashe PottetMann layer. The inner layaronsists of small magnetite
crystals that grow at the metakide inerface, replacing theorroded volumg16]. This
layer is compact and adhergh?] since it nucleates in the limited space. The outer layer
consists of larger magnetite crystals that grow from solyfi8hsince it grows without
space limitation. A schematic of the double oxide layer formed on carbon steel is shown in

Figure2.3.
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Figure 2.3 Schematic of double oxide layer formed on carbon stefl0]

In the absence of oxygeaondition, he corrosion of carbon steels and {alloy
steels in highemperature water involves theovemenif oxygenbearing species to the
metal/oxide interface and thliischargeof metal ions tahe solution.Oncethe solution
becomes saturated with soluble iron, an outer magnetite lafggmedand grows on the

surface Thereforethefinal resultis in a double magnetite laygt9].

2.2.2 Hydrogen Evolution

Cheng & Steward (2004)19] describedthe oxygerbearing species in high
temperature deaeratedkaline solution. They proposed that in the absence of oxygen
condition the movement of oxygemearing speciesappes by diffusion of either water
molecules or ¥ide ions or hydroxide ions. Gate ionspromotethe formation othe oxide
film only after an anodic potential infored sufficiently, and a deprotonation of HO
occurs resulting in the protoniessto the solution and ade ions migrating towards the

steé surface Consequentlyoxide ions cannot be the diffusion species



Since the pH of the coolant in CANDU reactors is around 2@2 and based on
the potentidlpH diagram of irofwater at high temperature, the electrochemical potential
of steel is roughly within the range 1.5 to-1 V (SHE) for the formation of magnetite. It
is expected that the steel would be negative wigreaceto the solution because of the
injection of Fé", Fe(OH) or Fe(OH) into the waterBecause of the thioxide film, the

electric charge strength ass the film is very highConsequently,hie electric field is

createdandit blocks he negatively charged ions, such as ' Otbm moving towards the
steel surfaceThis confirms thathydroxide ionsare notthe diffusion species. Thefore,

the only suitableoxygenbearing species involving the formation of the magnetite layer
must be water.

A schematiof themechanism of FAC at steadyateis shown irFigure2.4. Water
molecules diffuse through the inner oxide layer and react directly with steel at the
steel/oxide interface. Iron dissolution occurgler the oxide layeiThe produced protons
at the stel/oxide interfacereceive electrons andischarge as hydrogen atomstlag
steel/oxide interface. The reactions of iron dissolution and hydrogen prodactioning
at the steel/oxide interface are:

0O® "0Q ¢Q Equation 1
O QOO 00 Equation 2

The ferrous ioa (F€**) or the dissolved iromat the steel/oxide interfac®mbine
with hydroxyl ions to formdissolved érrous hydroxideHe(OH}). Ferroushydroxide is
soluble in water, bwever,under theabsence of oxygecondition,half of is oxidized to

magnetite (FeO4) and releases hydrogen molecules that diffuse towards thevituttie
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reaction inEquation3. The other half diffusethrough the oxide and is itself released to
the bulk fluid[20].
cO0Q) 0 z O ¢OL O Equation 3
Magnetite itself is soluble in water, bitcan be reduced by hydrogen to ferrous

hydroxide at the oxide/water interfageversing the reaction)

Fluid flow Turbulent eddies
L\
3Fe(OH), 3Fe(OH),
Dissolution [5_%].H2 Fe,0, Particles
Fes04 + 2H,0 + H, —» 3Fe(OH), O ( O
Erosion 4}
Diffusi
Diffusion 3Fe(OH), rusion
Oxide
Fes04 + 2H,0 + H, < 3Fe(OH), (6-3)H,
Precipitation
6Fe(OH), Diffusion
e
/ "\\\ F
T Anode - Cathode _r
Metal T ——— —& -
(carbon steel) ]
xH effusion

Figure 2.4 Schematicof the mechanism oFFAC at steadystate associated
stoichiometrically balanced chemical reactions and transport process§20].

As in Equations 2and 3, these reactiors indicate that hydrogermtoms and
molecules areproducedby the dissolution of ironand magnetite formatio at the

steel/oxide interfaceHowever, only the hydrogen atom that is produced from iron

11



dissolutionat the steel/oxide interface will go through the steel. The produced hydrogen
from magnetite production will go to thveater Mancey personal communidan, 2016,

June 24).

2.2.3 Hydrogen Emission during Steel Corrosion

Tomlinson (1981, 1989) studied the hydrogen emission from the oxidation of steel
in wate at 4501 552 °C. He reported that protons produced from the corrosion process
diffuse in bothdirections across the oxide. Hydrogen atomsgmeeragd at both the
metal/oxide interface and the oxide/water interface. At the oxide/water interface, hydrogen
atoms are eitheeleasd by electron diffusion across the oxide or diffuse through the oxide
as protons which are discharged at the metal/oxide interface. Under the concentration and
potential gradient, protons at the oxide/water interface diffuse rapidly through the oxide
layer and discharge as hydrogen atoms at the metal/oxide interface.

The exrimental evidence indicates that to 90% of the hydrogen atoms are
generated at the metal/oxide interface during the corrosion of carbon steels by high
temperature deaerated watdecause ofhe low hydrogen permeability of the oxide film,
more than 9% of these hydrogen atoms will diffuse through the steel at the temperature
of interest. Hydrogen diffuses through the metal 330 times more rapidly than through the
oxide[21; 22] It is suggested that if the ratio of the rate of growth of the inner layer to the
rate of growth of the outer layer is constant, then the ratio of hydrogen emission from metal
and oxide surfaces shaulalso be constant. Furthermore, the fraction of hydrogen
transporing through the steel appears to increase with the amount of oxide deposited on

the tube surfacpl1; 22]
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2.3 Transport of Hydrogen through Steel

Hydrogen transport through steel depends on many factors; a reaction occurring
on the steel surface, a reaction occurring in the steel, the isotope of the difflsstamnse,
structure of steel, and surface of steel. Furthermore, hydrogen permeability, diffusivity, and
solubility are the three important hydrogen transport coefficients which involve an

understandingfahe transport of hydrogen

2.3.1 Mechanism of Hydrogen Transport Through Steel

Hydrogen permeation in metals and alloys is a complicated phenomenon including
several successive stag@s8]. In addition toits diffusion through the bulk metal, the
permeation of hydrogen through steels involves its entrance at one surface and its exit at
another surface. There are seven postulated steps that take place before the hydrogen is
detected on the output side. Thermeation of hydrogen through a metallic membrane

essentially involves the consgive steps as shown kigure2.5.

13
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Figure 2.5 Seven steps of hydrogen permeation

This model indicates that there are seven steps in the permeation of hydrogen
through a metallic membrane with the presence of surface films at both sides of surfaces.
They are:

1. Adsorption of the hydrogen moleeuirom the gas phase to the surface (Van der Waals
adsorption).

2. Dissociation of the molecule to single atoms dsaba atoms on the surface
(chemisorption).

3. Permeation of adsorbed atoms from the surface to the bulk of the metal tkimeugh
surfacefilm (dissolution of gas in the metal).

4. Diffusion of atoms through the metal under the concentration gradient established.

5. Permeation of atoms through the film on the output side.
14



6. Recombination of atoms to form hydrogen molesuole the surface.
7. Desorption of the hydrogen molecsifeom the surface.

In principle, any one of the above seven steps might be sufficiently slow to become
the ratedetermining or limiting step. Generally, for thin membranes, the rate of permeation
is diffusioncontrolled which refers to step 4 as the slowest step. Since the above steps are
consecutive, the rates at which all the others proceed will become equal to the diffusion
rate when the steady state is reached. If the kinetics of the other processés@ntly
more rapid than the diffusion step, equilibrium of the surface concentrations on either side

of the membrane will be established with the respective gas pregtires

2.3.2 Hydrogen Diffusion in Stainless Steel

Stainless Steel (SS) 316, or 316 SS, is an austenitic steel that is commornily used
components of nuclear fissioand fusion reactorsReports on hydrogeisotope
permeatn through 316L SS or 316 SS are found in thexdiure. Howevergdeuterium
permeation hasrdy been studied by a few researchers

In 2014 ,Lee et al. [25]nvestigatedleuterium transport and isotope effects in type
316L stainless steel over a wide temperature ran@®850 °C for nuclear fusion and
nuclear hydrogen technology applicatiohsthis study, it was found thalhe hydrogen

permeability, diffusiviy, and solubility in 316L S$¥llows:

f., =5.253 10" exp(- 68.93 10°/RT) Equation 4
Dy, =12.43 10”7 exp(- 55.1% 10°/RT) Equation 5
S, =0.423 exp(- 13.83 10°/RT) Equation 6

15



wheref,, (mol m! s! Pa®9) is hydrogen permeabilitjn 316L SS.Dn (m? s?) is the
diffusivity of hydrogen, an®u (mol ni® Pa®?) is the corresponding solubility. R (J mol
K™ is the gas constant of 8.314, and T (Kelvin) is the absolute temperature.
Permeability, diffusivity, and solubility are related to each other. Permeability is a
productof diffusivity and solubility If the diffusion coefficient is constant, the relationship
between the diffusion coefficient, the permeation coefficient, and the solubility coefficient
simplifies to% OJY
Hydrogen permeability obtained hyge et al. [25]s in agreenent with the results
reported in the study of bo®hiraishi et al. [26&ndGrant et al. [27{vho also studied the
permeation of hydrogen and hydrogen isotopes through 316 SS at various tengerature

Their results indicated thdie permeation and diffusion coefficiefidlow the correlations

given below.
f., =4.153 107 exp[- 6.73% 10°/RT) Equation 7
f., =(8.1°0.7)2 107 expl- (8.19° 0.08)% 10°/T) Equation 8
Dy, =(7.3° 0.9)% 107 expl- (6.30° 0.11)% 10°/T) Equation 9

wheref,, isthe permeation coefficient impl nt* s Pa®®), Dy is the diffusion coefficient

in (m?s1), R is the gas constant of 8.34mol! K1), and Tis the absolute temperature in
(K).

In 1980, Van Deventer and Maroni [28]studied hydrogen permeation
characteristicshrough some austenitic and niclkelse alloys, and reported that the
permeability of hydrogen through 316 stainless steel follows the behavior presented in
Figure2.6. The hydrogen permeability obtained in their results is slightly low compared to

16



the results represented in the study.e¢ et al. [25]Shiraishi et al. [26]andGrant et al.
[27]. However, it is still in good agreement with the recommended value for austenitic

stainless steel reported hg Claire [29]and other researchers.
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Figure 2.6 Hydrogen permeability as a function of reciprocal Kelvin temperature
for 316-SS[28]

2.3.3 Hydrogen Diffusion in Carbon Steel

Carbon steel (CS}k used extensively in industrit.can be alloyed, singly or in
combination, with chromium, nickel, copper, molybdenum, phosphorous, and vanadium in
the range of a few percent or less to producedbtioy steels. There are many types of

carbon steel, like CS 1010, CS 1035, and etc., lware different in strengtiHowever,

17



the most important attribute is much better resistance to atmospheric corrosion as obtained
in the low alloys.
In 1980,Robertson and Thompson [3Bkasuredhydrogen trapping in 1045 steel.

They remrted hydrogen permeability in carbsteel 1045 as shown thégure2.7.
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Figure 2.7 Hydrogen permeability in 1045 stekas a function of temperature[30]

Gadgeel and Johnson [3%judied permeability, diffusivity, and solubility of
hydrogen in various types of carbsteel at temperatures between 500 and 900 Kir The

results are shown ifiable2.1in which R and) are gas constant (8.314ndbl* K1) and

hydrogen partial pressurBd), respectively
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Table21 Equati ons for permeability ( «),
hydrogen in steel

Type of
Carbon Equations
steel
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In 2014,Kongvahodom studied the diffusion of hydrogen through carbon steel
A106-B pipe at 200C, 250°C, and 300°C. Carbon steel A10B is a representative
material for many pipelines and pressure components in the nuclear industry, pulp and
paper mills and petrolem refineries. Its chemical composition is showTable2.2. In

this research it had a low chromium content.

Table 2.2 Elemental content of carbon steel A10® in research [10](mass fraction
in %; balance Fe)

C Si Mn P S Cr Mo

0.20 0.31 0.62 0.02 0.012 0.019 0.004

Moreover, she reported thae hydrogen permeability, adifusivity obtained for
CS A106B were:
% PR QTP T ADBDo Gwjty"y Equation 10
O p& x op 1 ADDBuv xjérY Equation 11
wheref (mol mit st Pa®d) is the hydrogemermeability. D (M s?) is the diffusiviy of
hydrogen. R (J mdi K1) is the gas constant of 8.314, and T (Kelvin) is the absolute

temperaturgl0].

2.3.4 Hydrogen Diffusion irSilver

Silver is an expensive material which haany good properties. It is the best
conductor of heat and electricity due to its having the highest electrical and thermal
conductivity known for any material. It is strong and ductile. Moreover, it also has very

low hydrogen permeability and diffusivity.
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In 2005,Kurokawa et al. [32]nvestigated hydrogen diffusion process in metals
and alloys. They reported the hydrogen diffusion coefficients in palladndrsiaver as

shown inFigure2.8.
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O
£ 1.0E-10+-
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=
=
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Figure 2.8 Hydrogen diffusion coefficients in palladium and silver{32]

2.4 Hydrogen Effusion Probe (HEP)

A HEP consists of a silver cup, connected via silver and stainless steel tubing to a
valve, pressure transducer, vacuum puamy includes a datacquisitionsystem(see
Figure2.9). In order to avoid the loss of hydrogen from the device, high purity silver is
used due to the low permeation rate of hydrogen thriiaghigh temperaturg83]. When
the cup is sealed to the vessel wall a vacuum tight seal is achieved. The pump is used to
create a vacuum within the cup and tubing. The valve, when closed, maintains the vacuum.
Hydrogendiffusing through the vessel wall is collectedthin the cup resulting in an

increase in pressure. A pressure transducer measures the hydrogen pressure. The system is
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re-evacuated once a predetermined pressugeaet is reached; 2000 Pa is recommended
[34]. The data from the pressure transdaceused to calculatidecorrosion rate. Multiple
thermocouples provide data to allow for temperature compensation of the calculated
corrosion rate. A data acquisition and control system is used to control the vacuum pump
and valve operation and to record readings from the peesunsducer and thermocouple

[35].

Flexible Tubing —_— Vacuum Pump
Valve ¥ )

Pressure E['
Transducer _]Tee

— SS Tube

Data Acquisition
System «4— Silver tube

Probe Clamp on
Pipe

Figure 2.9 Schematic of the hydrogen effusion probe components

2.4.1 Hydrogen Probe Principle

The HEP can measure the pipe thinning rate since the quantity of hydrogen
diffusing through the carbon steel pipe is proportional toréte that iron is lost into

solution as a consequence of FAC. Once the corrosion process has occurred, one of the
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products is hydrogen atanfsee Equation 2)These generated hydrogen atoms diffuse
through the carbon steel pipe and are liberated at tad@surface. They then recombine
to hydrogen gas which is collected in the sealed chamber outside of the pipe wall, which
causes the increase in pressiifee pressure transducer measures the hydrogen pressure
rise which can be used to calculate the Waiining rate.

The pipe thinningin CANDU reactor primary coolantsccurs because iraons
(FE*) in the steel dissolve into the coolant as a consequence ofAAG.the hydrogen
liberated in the corrosion reaction diffuses through the pipeandibne mole of hydrogen
gas is produced from one mole of iron los@dancey personal communication, 2016,
June 24)The reaction is shown below.

"0Q ¢O ©'0Q ¢O Equation 12
The rate of corrosion is relatedhgdrogen evolution and can be determined from

the accumulation of hydrogen gas within the chamber according to the following equation:

& ", Mee Equation 13

where
C: is the corrosion rate (cm/yr)

ac is the conversion of days to year (365 days/yr)

Hy is the daily accumulation of hydrogen gas (mol/day)

d
Mre is the molar mass of iron (55.85 g/mol)

A is the internal area of pipe (én
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I'ee is the density of iron (7.87 g/én

Since hydrogen behaves as an ideal gas at low pressures and moderate
temperatures, the number of moles of hydrogen accumulated per day can be réated to

change in pressure by the Ideal Gas Law.

|‘md — MI:)Hz V
utd utd R-I;ff

Equation 14

where

p
Wh. s the rate of pressure increase (Pa/day)

d
Vv is the total volume of the HEP &rwhich depends on thessembly of the
HEP

R is the gas constant (8.314/MP a /Kino | A

Tert IS the effective temperature in the system (K)

Since various parts of the HEP system are exposed to different temperatures the
effective temperature is the sum of the individual gematures multiplied by their
respective volume in the HEP systdivided by the total volumé.e. volume%)

The essential feature of the hydrogen effusion probe is that it istimeadlevice,
which can detect shetérm upsets in the process. By gaitieattime data from corrosion
monitoring, operators can relatéstllata to events that caused a changm®irosionrate

Hence, they can lower corrosion rates by adjusting or eliminating corrosiming events

[36].
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Chapter 3

SIMULATION AND MODELLING OF HYDROGEN EFFUSION PROBE AT

POINT LEPREAU GENERATING STAT ION

A Hydrogen Effusion Probe (HEP) was installed on an outlet feeder pipe of the
primary heat transport system at the Point Lepreau Generating Station (RGS)
monitoring FAC of the carbon steel pipe in both-red postefurbishmentThe HEP has
provided good online reaime information regarding FAC and verified that new material
specification for feeder pipes has reduced FAC rate. The HEP is a valuable tool for
detecting the changes to the system chemistry also. During the channel refuelisg it ha
high capability to indicate the change to the system due to the presence of dissolved
oxygen. The recorded data from HEP have bsemt and analyzed by the Centre for
Nuclear Energy Research (CNER) for many yearsalculate the corrosion rate of the
pipe

The HEP (called BPro™) at the PLGS consists of several components; silver cup,
silver tube, stainless steel tube, valve, pressure transducer, vacuum pump and other fittings.
As a consequence of the corrosion reaction, hydrogen atonmaaheced and diffuse
through the pipe wall which results in a pressure rise that could be detected by a pressure
transducer. Once the hydrogen pressure inside the device reaches a certain level, the
vacuum pump is operated to remove all the hydrogen gadeithe device in order to
control the pressure inside the device. Therefore, the frequent use of vacuum is necessary

to operate the HEroat the PLGS.
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A Computational Fluid Dynamics (CFD) program, COMSOL Multiphysics
Academic Classkit (Version 4.3b)asused to elucidate the hydrogen diffusion path and
the hydrogen accumulation inside the HEPro at the PLGS. The results from the program
will provide a better understanding on the hydrogen diffusion path and hydrogen
accumulation inside the device in thidimensions

Furthermore, there were some issues found with HEPro; the curving pressure trend
and t he nki.Tlheaoesultsfrom theesimalationypregram would leadlietter
explanatiorfor these issues.

The simulation generally comprised sevarps; list all modelling parameters,
create the model geometry, set up physics (equation and conditions), build mesh, select
type of study, compute and examine the result, and consider modification of modelling
parameters. The software solvesthe massits port equations by the
Specieso interface.

Moreover, CNER has focused on developing a moéiélydrogen accumulation
inside the deviceThe model was developpda s ed on a combinati on o
the Ideal Gas Law to be cdpa of accurately predicting theessure inside the device
The information gained from the CFD software can be applied to help develop the model.
The hydrogen mssure increase inside the dewigas modeled and solved by MATLAB
software, and compared tioe data fromthe PLGSto indicate the accuracy and quality of
the model.

Hydrogen diffusion and accumulation ide the devicéhas been simulatashder

thepower plant conditions (at 30Q). This study focused on the tirdependentydrogen
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diffusion andaccumulation The results from both program@OMSOL Multiphysics

Academic Classkit (Version 4.3ahd MATLAB, are discussed in this chapter.

3.1 Parameters for Moddling

Determination of the unknown parameters is the first step in order to solve the

mathematical simulation. The required parameters are shown below:

the hydrogen diffusivityf the carbon steel A10€ pipe

the hydrogen diffusivity of theilver cup and silver tube

- the hydrogen diffusivity of the valve, pressure transducer and other parts

- the hydrogen diffusivity ofhe oxide film formed on the outer surfacetb€ pipe
- the hydrogen diffusivity ofhe low pressure

- the oxide thickness

- the hydrogerilux on the inside surface of the pipe

- the vacuum pump speed during the vacuum process

The difusivity of hydrogen of thesilver cup and siler tube was obtained from

Equaton 15 (Mancey, personal communication, 2016, June 24)

O p& pnmQwNtT oW Equation 15
where
0O is the hydrogen diffusivity (ci/s)

Y is the absolute temperature (K)
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The hydrogen fluxJ,on the inside surface of the pipe was calculated &qoation

16. The corrosion rate iBquationl6is the corrosion rate at the inside surface of the pipe,

which wascalculated to b&5 pm/year as corresponding to the power plant data.

where

b

0 ° Equation 16

0 CQUCT COTT

is the hydrogen flux (mol/éA s )
is the corrosion ratgu(m/yeal
is the density of iroti7.87 g/cni)

is the molar mass of iron (55.85 g/mol)

The remaining unknown moldieg parameteswere assumetb be

3.1.1 Assumptions

b)

The main assumptions considered in this model are:

The hydrogen diffusion througthe silver cup wall, silver tube, valve, pressure

transducer, stainless steel tube and othéinds is very low. Thereforeit is

assumed that the hydrogen diffusion coefficient or hydrogen diffusivity of these

parts is equal to the hydrogen diffusivity thfe silver tubingand there is no

hydrogen diffusion through these parts.

The hydrogen diffusivity of thearbon steel A10€& pipeto which the silver cup

was installed is assumed to eqihn hydrogen diffusivity of thearbon steel A106

B pipe which wa®btained from the study of Kongvarhod¢n@].
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c)

d)

f)

g9)

h)

As an assumption made on b), the oxide film on the carbon steel@J06e is
similar to the oxide film formed on the carbon steel AB)gipe, and the diffusivity

of the oxide film on the carbon steel pipe was obtained from the study of
Kongvarhodoni10].

As an assumption made ondnd c) the thickness othe oxide film on the outer
surface ofthe carbon A106C pipeis assumed to be similar with thi@ckness of

the oxide filmformed on the outer surface thie carbon A104 pipereported m

the study ofKongvarhodon{10] which is approximately 1.0 m. However
to the meshing quality and tinmequiredfor solving, the thickness of oxide fisn

was created ak00 times thicker which equals to 0.1 mm 6r in.

All hydrogen diffusivities are the values at 3G0

As the oxide film was createtD0 times thickefor computation efficiencythe
diffusivity of the oxide filmused in the calculatiois 100 times higher than in the
literature.

As the silvettube and the stainless steel tube are very long, the silver tube is created
for only a certain length, 1 cm, to reduthe meshing and time consunted
computing. The volumes of the remaining silver tube, valve, pressure transducer,
stainless steel tuband other fittings are combined into one cylinder which is at
the top of the silver tube.

The hydrogen diffusivity in vacuum isindefined. Thereforg the hydrogen
diffusion of the low pressure was selected insteadjtaséssumed to beonstant

at 1.00m?/s for the calculation purposes.
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i) During the vacuum process, as the pump speed is unknown, the hydrogen gas is
assumed toapidly diffuse through the cylinder waltemovingthe hydrogen gas
inside the device. Consequently, the diffusivity of the cylingall during the
vacuum process is assumed to be much higher than the diffusitiitysiliver cup
andthesilver tube, 0.0015 ffs.

Based on the literature valyesiculations, and the assumptions, the parameters for

the hydrogen diffusionral accumulabn inside the devicare summarized ifiable3.1.

Table 3.1 Parameters for the hydrogen accumulation simulationnside HEPro at the
PLGS

Parameters Symbols Values [Ref]
Corrosion ratej(m/year) Cr 65 -
Hydrogen Flux (mol/rfA s ) J 2.90x10’ -
Oxide thickness thicknegs) to 1.00x10* -

Hydrogen diffusivity in the carbon steel
pipe (nt/s)

Hydrogen diffusivity in oxide film (rfis) |  doxide 2.06x10'? [10]

do 1.78x1CF | [10]

Hydrogen diffusivity in silver (rfis) Osiver,de | 7.17x10% -

3.2 Modelling of Three-Dimensional Hydrogen Accumulation inside theSilver Cup

This section investigates the hydrogen diffusion path into the cup and out from the
cup by determining the concentration of hydrogen inside the cup and hydrogen flux with

the commerciaCFD programCOMSOL MultiphysicsAcademic Classkit (Version 4.3b)
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3.2.1 Geometry of Silver Cup on Carbon Steel Pipe

The silver cup on the carbon steel pipe was simulated in three dimensional
geometry inCOMSOL Multiphysicssoftware. The geometry contad of five main parts
as shown below:
Part 1: the pipe and the oxide film formed on the outer surface of the pipe;
Part 2: the silver cup;
Part 3: a part of the silver tube;
Part 4:the cylinder at the top of the silver tube which representviliemes of the
remaining silver tube, valve, pressure transducer, stainless steendhbmher fittings
Part 5: the chamber inside the cup, silver tube and cylinder for hydrogen accumulation.
As thegeometryis symmetric, the-® geometry in this studyas only oneuarter
of its original size to redudhe time consumed for computation. Moreover, in this study,
the length of carbon steel pipe is greater than the outer diameter of the cup to ensure the

distribution of mass transfer is uniform and ndeetled by the end of the pipe.
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Figure 3.1 3-D geometry of apparatus on the pipe (i: original & ii: zoom to the cup)

3.2.2 Physics

Transport of Diluted Species interface was selected to sbé/enass transport

equations F i w,lprovededlbythe programs shown irequationl7 andEquationl8.

T—wb ny on® o60Jw Y Equation 17
0 onGd 6w Equation 18
where
G is the concentration of hydrogen (mofjm

Di is the hydrogeuliffusivity (m?/s)
u is the velocity field which is 0 m/s

R is the reaction rate (molA#&)which is Omol/m*A
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Ni is the hydrogen flux (mol/fa)

The initial hydrogen concentration throughout the system was set to zero®mol/m
as shown in purple oRigure 3.2 (a). The hydrogen flux on the inside surface of pipe, as
shown in purple orrigure 3.2 (b), was set at lHxx0.0062 mol/s (based up@mselected
corrosion rate) where 0.0062 18 the inner surface area of the pipe in the geometry. The
hydrogen diffusivity in the pipegs shown in purple olRigure3.2 (c), was assigned as.d
The hydrogen diffusivity in the oxide film formed, as shown in purpl&igare3.2 (d),
was set at &lide. The purple orFigure3.2 (e) is the cup wall, which has its diffivity set
to d.. Similarly, for the silver tube wall and cylinder wall shown in purpldmure 3.2
(f), the hydrogen diffusivity was set te.d..00m?/s was the hydrogen diffusivity in the
chambers of the cup, the silver tube and cylinderepsesented in purple drigure 3.2
(9). Zero hydrogen coeentration was applietb the outer surfaces dhe oxide film as
presented in purple drigure3.2 (h). At the crosssectionalsurfaceswithin the pipe and
the outer surfaces diesilver cup, silver tube, and cylinder shown in purplé-@ure3.2
(), these surfaces were set to be no flux. The esesonal surfaces dfie apparatus as
shown in purple ofrigure3.2 (j) and (k) were set to be symmetricAk corresponding to
power plant operation, during the vacuum process, the diffusivity of the cylinder wall was
set to 0.0015 Afs and the hydrogen concentration at the outer surfatkeotop of the

cylinder was set taeromol/m?® as shown irFigure3.2 (I) and (m).
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(k)
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(m)

Figure 3.2 Areas of boundary conditions for modding hydrogen accumulation
inside the silver cup

3.2.3 Mesh

Mesh quality and resolution influence the accuracy of the simulation and the time
consumed in the computation. The mesh for the whole geometry was created in the form
of many unstructuretétrahedrabf different sizes. A variety of different mesh resaus,
custom, extremely fine, fine, and extremely coarse, were used in this study as shown in
Figure3.3. The mesh resolution in the pipe was cus{orih um to 1 mm)sdectedto be
finer than the extremely fine (0.143 um to 14.3 nmesplution given by the program. This
was due to the pipe being connected the oxide film which is very thin. The thickness of the
oxide film is smaller than the fixed minimum element sizéheextremely fine resolution
given by the program. Consequently, it is not possible to create mesh at the connection
between the pipe and the oxide film with extremely fine resolution given by the program.
The extremely fine mesh resolution was seleategpply in the cup. The mesh resolutions
of the oxide film formed on the pipe and the remaining parts were set to be fine (6.7 mm

to 53.6 mm) and extremely coarse (46.9 mm to 335 mm), respectively.
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Figure 3.3 3-D mesh resolutions of apparatus on the pipe (i: original & ii: zoom to
the cup)

3.2.4 Study

Three studies were used sequentially in this section; a stationary or-stady
study, a timedependent study for the vacuymocess, and a tirmdependent studfor
hydrogen accumulationThe stationaryor steadystate study, Study 1, was used to
demonstratéydrogenconcentrationnsidethe cupat steady staj@and also to get a certain
level of hydrogertoncentrationnside hepipe, cup, and other patigfore vacuum. Then,
the timedependent study, Study 2, was selected to apply to the apparatus to simulate the
vacuum process for investigation of the hydrogen diffusion path and hydrogen
concentration in the apparatus as acfion of time. As corresponding to power plant

operating conditions, this study was computed for only one hour as the vacuum pump in
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the plant normally runs for one hour for every vacuum process. Lastly, another time

dependent study, Study 3, was seledtedimulate the hydrogen concentration increase

inside the cums a function of time after the vacuum process, and also to investigate the

hydrogen diffusion path. This study was computed for 168 hours, which corresponds to the

power plant operating cortdin (the hydrogen pressure inside the device had been

measured and collected for approximately 168 hours before the device was restarted at

vacuum).

3.2.5 Results

The results of the computation were separated into three different parts for each

study.

3.2.5.1 Stationary Study, Study 1

The result of the stationary study ¥D3s presented iRigure3.4. The colour range

on the right of the figure presents the hydrogen concentration in each part in the unit of

mol/n?. The hydrogen steady state concentration inside the cup was 0.0702 wiutfm
was equal to 4383 Pa by usiBguation19in which® is hydrogen gas volume &hlz/m?
metal)which is alsoequivalent tahe hydrogen solubility as shown Bquation20 [31].
The hydrogen solubility of carbon std€l20was applied to this calculation since the pipe
that the cup was installed on was assumed to be the same pipe used udyhef st
Kongvarhodonjl0Jandt he car bon content of Gaddeel
%, which is similar to that of th&&udyof Kongvarhodoni10], 0.20 weight %

The ideal gas law is applied to convérydrogen pressuréo the hydrogen

concentration
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0 VEY. Equation 19
where
W is the hydrogen gas volume fH./m® metal) which is equivalent to
hydrogen solubilityin the metakhs shown irequation20 [31]
0 is the pressure at NTP (Pa)
Y is the ideal gas constant, 8.312APa/mol
Y is the absolute temperature at NTP (K)
Y o® gup 0 8Qwng o vjrYiy Equation 20

where

"Y  isthe hydrogen solubility (fHz/m® metal)

0 is the hydrogen pressure (Pa)

Y is the ideal gas constant (J/ml

Y is the furnace temperature (K)

The entire pipe and cup were calculated to be red, which indicated the¢dbbgd
the equilibrium from the given boundary condition, and the hydrogen concentration was
high before the vacuum process, Study 2. The gray arrows showed the hydrogen flux and
its diffusion path inside the apparatus as showsiganre3.5. This result demonstrated that
there was hydrogen going out around the bottom of the cup (edge evibath
corresponds to the study &ongvarhodom[10]. In addition, it can be seen that the
hydrogen diffusing area und#re cup at steady state was smaller than the actual outer

surface area of pipe under the cuhichwas5.826<10* m2. The result of hydrogen flux
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in the form of tubes was also presente#igure3.6 to provide clearer hydrogen diffusion

paths.

A 0.0707
Hydrogen concentration

0.08
colour legend (mol/|'3r)

0.07
0.06
0.05
0.04

0.03

0.0z

0.01

0
vo

Figure 3.4 Hydrogen concentration in theapparatus at steady statéStudy 1)
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Figure 3.5 Hydrogen diffusion path at steady state in arrow form
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Figure 3.6 Hydrogen diffusion path at steady state in tubdorm

3.2.5.2 TimeDependent Study for Vacuum Process, Study 2

Figure3.7 (a), (b) and (c) represent the apparatus under vacuum at 6, 30, and 60
minutes, respectively. The result showed that the hydrogen left the cup by rising up the
tube and diffusing out throughe cylinder, which is similar to the actual HEP installed at
the PLGS when the vacuum pump was turned on. Moreover, the result &t the@e
shows that the representation of the hydrogen concentration inside the cup turned to dark
blue, which indicatedhat hydrogen concentration inside the cup was approximately zero
mol/m?. This means that all hydrogen was removed, and the cup was under vacuum by the
first six minutes of operation. After that, the hydrogen inside the pipe under the cup started
diffusing out and migrated from the pipe. Consequently, the hydrogen concentration inside
the pipe under the cup became lower when the time passed, which is represented by the

expanding blue area at 30 and 60 minutes of vacuum. This indicated that a long vacuum
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time will draw in hydrogen from farther down the length of the carbon steel pipe and result

in approximately zero hydrogen concentration for a certain area of pipe under the cup.
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(a) 6 minutes of vacuum
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(b) 30 minutes of vacuum
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