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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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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.

31



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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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

39



in the form of tubes was also presente#igure3.6 to provide clearer hydrogen diffusion

paths.
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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

40



A 00707
__. Hydrogen concentration
colour legend (mol/r3r)

0.07

0.06

s -

-
- a

0.05

[ A

0.04

0.03

i
N

»
3
™

0.02

=

/N
)

0.01

vao

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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(b) 30 minutes of vacuum
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Figure 3.7 Hydrogen path and hydrogen concentration in the apparatusit different
times under thevacuum process

3.2.5.3 TimeDependent Study for Hydrogen Accumulation, Study 3

After the cup was placed under vacuum for 60 minutes, anothemdgpendent
study was performed to investigate hydrogen accumulation inside the apparatus for 168
hours. The hydrogen concentration and its diffusion path in the tube from inside the
apparatus adifferent times are illustrated figure 3.8, in whichFigure3.8 (k) i (p) are
the closeup views of the cup to show the transfer around the bottom of the cup (the edge

effect); the hydrogen diffusing areas under the cup were similar as time passed.
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Figure 3.8 Hydrogen diffusion path and hydrogen concentration irsidethe
apparatus at different times under hydrogen accumulation process

The representations of hydrogen concentration inside the cup at the beginning (last
picture ofStudy 2) and until first hour after the pumped shut off remained blue. However,
as time passed, the colour changed to light blue, yellow, orange, and red, due to hydrogen
accumulation inside the cup. Similarly, the colour of the carbon steel pipe uedargth
changed from blue to red. This indicated that once the pump was switched off, the hydrogen

in the carbon steel pipe around the cup and hydrogen created from corrosion at the inner
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surface of the pipe entered the cup by diffusion through this aréa &gmsequently,
more hydrogemccumulatednd concentrated in this area.

Figure 3.8 also demonstrates that the diffusing area for hydrogen under the cup
changes with pressure. Therefore, these affected diffusing areas at different pressures were
calculated fronthewidth of the hydrogen diffusion path coming into the aumbtained
from the simulation results by usitige equabn developed inhestudyby Kongvarhodom
[10]. The areas are plotted against hydrogen pressure inside thestigpvasinFigure3.9
in order to obtainie equation of area as a function of hydrogen predsorenore detailed
information on how the value waketermined see Appendix Bhe result indicated that
the effective diffusing area changed with hydrogen pressure inside the cup according to the

equdion:
600 vdwpm O oHopm O pYT pMT O XD O pTMO
Goppm

Equation 21

It can be seen that the effective diffusing area increased significantly when the
pressure inside the cup ranged from Gpproximately 1500 Pa. After that, it dropped
dramatically and reached approximately 0.008bnte the pressure reached 4000 Pa. The
reason for this result is once the pump was shut off, the more concentrated hydrogen in the
carbon steel pipe around thepccreated a path towards the area underneath the cup that
had a lower concentration and, then, diffused into the cup. Consequently, the diffusing area

was enlarged from this hydrogen diffusing pathway. Following this, the hydrogen
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concentration in the pgunderneath the cup increased and caused the lower hydrogen

diffusion from the surrounding part of steel, which caused the diffusing area to decrease.

0.0035
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Figure 3.9 Effective diffusing area under silver cup with hydrogen pressure

Additional evidence is that, at the beginning, there was also a hydrogen diffusion
path going into the cup from the carbon steel pipe around the cup; this is the hydrogen flux
at the outer surface area of @ipnderneath the cup, which is shown in purplEigure
3.10. The hydrogen flux on this area as a function of hydrogen pressure inside the cup is

displayed inFigure3.11.
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Figure 3.10 Outer surface area of pipe underneath the cup
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Figure 3.11 Hydrogen flux coming into the cupas a function of hydrogen pressure

(at constant corrosion rate of 65um/year)
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It can be seen thdtigure 3.9 andFigure 3.11 do not correspond. Hydrogen flux
continuously decreased when the pressure increased. On the other hand, the effective
diffusing area increased a certain point and then decreased. If there was only hydrogen
from the corrosion at the inner surface area of pipe that diffused into the cup, both graphs
should be similar. Therefore, there should be another hydrogen diffusion path-that by
passed tls purple area and entered the cup. Moreover, as can be ségure8.8 (a) and
(b), there were some gray tubes, which represented hydrogen flux, starting in tlee midd
of the carbon steel pipe and going directly into the cup. This indicated that there was also
hydrogen diffusion entering the cup from the carbon steel pipe around the cup at the
beginning of the accumulation period. Consequently, the hydrogen pattatissd the
hydrogen flux to be not proportional to the calculated diffusing area at the beginning was
the hydrogen diffusion from the steel around the cup.

The hydrogen concentration and pressure inside the cup with time from simulation
software are plotte in Figure 3.12 and Figure 3.13. The comparison between the

simulation result and plant data is described in the latergb this chapter.
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Figure 3.13 Hydrogen pressureinside the silver cup with time(at constant
corrosion rate of 65um/year)
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It can be seen from both figwéhat once the vacuum pump was turned off, the
concentration and pressure of hydrogen inside the cup increased rapidly and approximately
linearly at the beginning. Then, the accumulation rate decreased withrtimevas due
to a lower amount dfiydrogendiffusing from the steel around the capd entering the cup
combined withthe decreasing hydrogen diffusing atealer the cugshydrogen builup
inside the cup. Furthermqréhere was a slight rise in both hydrogen concentration and
pressure from 700t 168 hours. This result caused by the smaller effective hydrogen
diffusing area under the cup combined with the edge effect carebaengggure3.8.

All of these reslts affect the conversion of dP/ghheasurefito system corrosion

rate and must be odelled

3.3 Modelling Hydro gen Pressure BuildUp inside the Silver Cup

The model of hydrogen diffusioand accumulation inside the HEP at the PLGS
presented in this section is derived and de¢
and the Ideal Gas LavCorresponding to the assumptions made #@ &odelling, the
main assumptions considered for calculation are:

a) There is no hydrogen diffusiaiirough the cup, silver tube, stainless steel tube and
other parts.

b) As hydrogen is a diatomic gas and the volume/mole of hydrogen in this research is
greater than 5 L/moleyldrogen gas is assumed to behavaradeal gaq437].

c) Hydrogen gas that accumulates inside the cup comes from the hydrogen atoms that are

produced from the eoosion reaction at the inner surface of the pipe aedetisone
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mole of hydrogen gas produced peme mole of iron lost (Mancey, personal
communication, 2016, June 24).

d) The hydrogen permeabilityf the carbon steel A10& pipeon which the silver cup
was installeds assumed tbeequal tathatof thecarbon steel A108 pipe which was
obtained from the study of Kongvarhod¢i®].

e) Hydrogen atoms diffuse though the pipe locally, recombine as hydrogen molecules at
the external surfacd®3] and do not diffuse back through the pipe wall due to the fact
that the concentration of hydrogen on the permeate side is very low.

Based on these assumpticarsd the results from the simulatioihe hydrogen

accumulation inside the cug describedy Equation22.

Q;)z 5 Y\; 0 0 Equation 22
where
P is thepressure rise inside the cup (Pa)
\Y is thetotal gas volume (A

R is theideal gas constant fiPa/mol-K)

Tmean IS the mean absolutemperature (K)

A is the effective diffusing area, which is theffective surface area of pipe
under the cup that is changed with the pressure inside the éup (m

J is the hydrogen diffusion flugoinginto the cup (mol/ris)

From literature and the results frothe previoussimulation, hydrogen transfer
around the bottom ofhe cup was found as in the study Kébngvarhodom[10].

ConsequentlyEquation22was developed to include the effect of hydrogen transfer around
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the bottom of the cypn which the first term represents the hydrogeniogrmto the cup
and the second term represents thdréygen transfer around the bottom of the cup or edge

effect.

(03] Y'Y . ., N % a 08 _
oL O v < Equation 23

where

pc is the perimeter of the cup (m)

I is the width of hydrogen difision path leaving the cup (m)

Ic is the length of diffusing elememhich is the distance on the pipe that is under
thecupwall (m)

f is the permeability of A108 carbon steel pipe materisat 300 °C
(mol/m-s-P&?)

0 is the hydrogn pressure inside the cup (Pa)

The total hydrogen gas volumend cup perimeter werealculated from the
equations developed in the study Kdngvarhodon [10]. Similarly, the diffusivity of
hydrogen in carbon steel A1E5 pipe andn theoxide film on the carbon steel pipeere
obtained from the study afongvarhodom10] alsa The hydrogen flux was calcuét
from Equation16. As repesented in the simulation resutie effective diffusing area of
pipe under the cupnd the width of the hydrogetiffusion path leaving the cughange
with the hydrogerconcentration (pressure) inside the .c@onsequently,hie calculated
diffusing areaand the leaving width around the bottom of the cup wetaned from the
simulationresultusing COMSOL Multiphysics Academic Classkit (Version 4.3b). For

more detailed information on how the values wagtermined see Appendix B and C.
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In addition, as mentioned earlier, after the pump was shut off, hydrogen atoms that
entered the cupamne from the corrosion reaction at the inner surface of the pipe and the
carbon steel pipe around the cup. Therefore, at the beginning of the accumulation process,
the calculated effective surface area was affected by the hydrogen atoms that went into the
cup directly and the hydrogen atoms that went only into the steel nearby the cup. However,
as indicated by assumption (c), the hydrogen diffusing area should be affected from the
produced hydrogen atoms from the corrosion reaction only; it followed thisngsgion
after a certain pressure builgh inside the cup. Consequently, the effective diffusing areas
were recalculated based on the hydrogen flux at a certain pressure inside the cup. The
values of hydrogen flux and the diffusing area at the begin6iaj fiour) and the end of
the process (188hour) were selected and used for the calculation. The recalculated
effective diffusing area was calculated using the Rule of three or interpolation and was

directly proportional to the hydrogen flux, as showikigure3.14.
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Figure 3.14 Effective diffusing area was directy proportional to hydrogen flux
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Figure 3.15 presents the relationship of the new effective diffgsarea with
hydrogen pressure inside the cup. It can be seen that the area changed with the pressure
according to equation:

8

60 PP wPd Equation 24
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Figure 3.15 Recalculatedeffectivearea with hydrogen pressure

FurthermoreFigure 3.8 shows that there was an edge effect and also presents the
width of hydrogen diffision path leaving the cupw), which is the distance that was
measuredrom the outer surface of pipe to tHesest hydrogen diffusion path leaving the
cup in the steel underneath the cup wall. However, the width of the hydrogen exit path
changes with time, being zero at the beginning of the accumulation process and increasing
when there was a certain amountpoéssure inside the cup. The width of the hydrogen
diffusion path leaving the cup was, thus, obtained from the result after thieo® as

shown below.
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(a) At 70" hour

(b) At 80" hour
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(f) At 168" hour
Figure 3.16 Width of the hydrogen path leaving the cup at different time
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The average width of the hydrogen diffusion path leaving or exiting the @up (
was applied irequation23 for modelling hydrogen accumulation inside the silver cup,
which is the sum of the widths of the hydrogen diffusion path leaving the cup at each time
divided by six, as there were six times that had been seléttpro€3.16).

The parameters used for modelling the hydrogen accumulation inside the cup are

summarized iMable3.2.

Table 3.2 Summarized modeling parameters of silver cup at the PLGS

Parameters Value [Ref]
Tmean(K) 342.0085 -
V (md) 1.3455 x 16 [10]
A (m?) 1.1983x0 8 -
Hriux (Mol/mPA s 2.90x10’ -
pe (M) 0.11176 [10]
N (mol/m-s-P&?) 1.934 x 10+ [10]
Iy (M) 6.75 x 1¢¢ -
le (M) 4.62 x 10° -

As shown inTable 3.2, thediffusing area(A) is a function of hydrogen pressure
inside the silver cup, which also establishes that it is a-diependent variable.

Consequentlyizquation23was solved by MATLAB software.
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3.3.1 Modelling result

The model of hydrogen pressure accumulation inside the cup with time is shown in

Figure3.17.
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Figure 3.17 Modelling result of hydrogen accumulation inside the HEP at the PLGS

Once the vacuum pump was switched off, the hydrogen prassteased initially
and was approximately linear. Then, the accumulation rate decreased dramatically with
time due to the smaller diffusing area and increasing edge effect. However, the pressure
continued to increase moderately after theéAdur withoutany sign of the achievement
of steady state or plateau pressure. The hydrogen pressure reached 2000 and 4000 Pa at
approximately the 2Bhour and the 90hour, and probably would have achieved 5000 Pa

after 180 hours.
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3.4 Comparison ofModelling Result with Power Plant Data

The results from modelling and plant data are superimposEdyume 3.18. The
model representation is in good agreement with the plant data iirgh40 hours. The
small difference between the modelling and plant values in this period may be attributed
to the dissolved hydrogen atoms in the carbon steel pipe around the cup, diffusion into the
cup at the beginning and the calculated diffusing,anmich was based on hydrogen flux.
On the other hand, after 40 hours, there was a significant difference between both values.
This mightbe due to the width of the hydrogen diffusion leaving path that was applied in
modelling was the average value. Capgmntly, the hydrogen diffusion out from the cup
was still low at the end of the calculation and resulted in high hydrogen pressure. However,
in order to prove the effect of the width of the hydrogen diffusion path, the modelling was
recalculated with thevidth of the hydrogen diffusion path changed to the value df 168
hour, 1.08< 10° m; the result is presentedFfigure3.19.
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Figure 3.18 Comparison ofthe HEPro data from PLGS andthe moddling result
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Figure 3.19 Comparison ofthe HEPro data from PLGS andthe modelling result
with the hydrogen diffusion path changed to 1.08 x 1®m

As the thickness of the pipe was 7 mm, the maximum width of the hydrogen
diffusion path 1.1 mmwasonly approximately 1/7 of the pipe wall thickness.

It can be seen that the modelling result and plant data are in good egréethe
first 40 hour period, the same as the result when the width hydrogen diffusion leaving path
was an average value. Moreover, after 40 hours, in this case, both modelling and plant
values were still approximately similar with only a small diffeesat the end. In contrast,
Figure3.18indicates that applying the average width of the hydrogen diffusion path in the
calculation gave a dramatic difference between modelling and plant values in the end.
Consequently, the widthf ¢he hydrogen diffusion path at the end of the simulation, which
is the maximum value, should be applied in modelling for better results. Furthermore, this

result indicated that the width of the hydrogen diffusion path has a slight effect on the
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hydrogen accumulation at the beginning, but it affects significantly the hydrogen

accumulation inside the cup when the hydrogen pressure inside the cup is high.

3.5 Comparison ofModelling and Simulation Results with Power Plant Data

To compare the modelling asiimulation results with the plant data, all data are
presented ifrigure 3.20.
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Figure 3.20 Comparison of the resultsfrom modelling and simulation with the
HEPro data from the PLGS

As shown inFigure 3.20, the hydrogen accumulation inside the silver cuphat
PLGS predicted from the modelling agrees very well with the plant data. However, a small
deviation of the modelling and plant data wasirfd. This may be attributed to the
assumptions made for the modehe thydrogerpermeabilityof the carbon steel A10&
pipeon which the silver cup was installeslassumed to equtide hydrogerpermeability

of the carbon steel A108 pipe which was obained from the study of Kongvarhodom
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[10], and no hydrogen diffusion through the silver @ilver tube, stainless steel tube and
other parts.

In contrast, the COMSOL simulation result is in good agreement with the plant data
only at the beginning and the end of the computation. There is a significant difference from
the plant data at the middle of computing period. This may also be a result from the
assumptions made for the simulation; the hydrogen diffusivitiiedarbon steeh106-C
pipe on which the silver cup was installedassumed to equtile hydrogerdiffusivity of
thecarbon steel A108 pipe the oxide thickness is 100 times thicker and its diffusivity is
100 times highethan in the literatureandno hydrogen diffugin through the silver cup,

silver tube, and other parts

3.6 Curving pressure trenmHEROddtaAki nko f ou

As seen irEquation22, if the corrosiomateis assumed to be constant, the hydrogen
flux coming into the cup is consta/ith the constant diffusing arethe plot of dP/dt
should be a straight line. However, curving of the dP/dt pressure trend was seen in the data
from HEPro as shown iRigure 3.18 and Figure 3.20. The CNER has been focused on
determiningthe cause of the curvature of the plot for many years.

The COMSOL simulation resultsdemonstratedhat there vere changs in the
effective diffusing areand hydrogen leaving around the bottom of the thgedge effect
(Figure3.8). Moreover, thenodelling results agree very well with the plant data when t
effective diffusing area in the modellivgasa function of hydrogen pressure inside the
cup and the hydrogen exiting from the cup term (edge effeasincludedin the modelling

as seen ifEquation23.
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The results from both simulation and modellesgiablishedhat the curvature of
the dP/dt plot founth HEPro datas likely caused by thehange in effective diffusing area
and hydrogen leaving around the bottom of the cup.

Another issu®bservedn thecurve istheil Kk i nk 0 whi ¢ hFigweB8.8L be s ec¢
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Figure321 A typical pressure trend [8xhibitinc

The AKkinko i n tddcreasdn aceumslation eate tbrmatstzort pesod a
of time. It might be the result from the purrgpown processvhich could be explained by
Figure3.7 - Figure3.9.

Figure3.7 indicatedthat the long purmjolowntime would 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 surroundingtbpe ¢

It can be seerrdm Figure 3.8, once the vacuum pumpas switched offthe more
concentrated hydrogen in the carbon steel pipe around the cup created a path towards the
area underneath the cup that had a lower concentratonthen, diffused into the cup.

Consequently, the diffusing area was enlarged from this hydrogen diffusing pathway.
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Following this, the hydrogen concentration in the pipe underneath the cup increased and
caused the lower hydrogen diffusion from the @unding part of steahto the cupwhich

caused the diffusing area to decredbeyure 3.9) and resuld in lower hydrogen
accumul at i on Afteatt ee oiythe hipkkogankconcentratiom the pipe
underneath the cupcreasednd achieved the equilibriumalueagain whichresulted in
constant pressure incréag for a short period of timbefore the curving trend was seen

due tothe change in effective diffusing area.

3.7 Conclusions

When the hydrogen concentration inside the cup is high, there is a hydrogen
diffusion around the bottom of the cup, called the edge effect, at the cup and pipe interface.
The diffusing area under the cup at steady state is smaller than the actual taderssea
of pipe under the cuplhe hydrogen atoms dissolve in the pipe and cup at a certain
concentration level before the vacuum process, Study 2.

Hydrogen concentration inside the cup drops to approximately zero by the first six
minutes of an appliedacuum. A long vacuum time will draw in hydrogen from farther
down the length of the carbon steel pipe and result in a very low hydrogen concentration
in the pipe under the cup.

At the beginning of the hydrogen accumulation process after a -gowp,
hydrogen enters the cup from two sources; the hydrogen in the carbon steel pipe around

the cup and the hydrogen created from the corrosion reaction at the inner surface of the

pipe.
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The effective diffusing area under the cup changes with hydrogen concentration
(pressure) inside the cup. It was high at the beginning of the hydrogen accumulation
process. It became smaller when the concentration inside the cup increased.

The hydrogen accumulation rate decreases with time due to the combination of a
smaller effectie diffusing area under the cup and the edge effect.

The model of hydrogen accumul ation i nsi
Law and solved by MATLAB software. Considering the hydrogen transfer around the
bottom of the cup and the changes in diffgsainea as a function of pressure obtained from
the CFD program, the predicted hydrogen accumulation inside the cup is in good
agreement with the plant data.

In addition, the width of the hydrogen diffusion path, dignificantly affects the
final hydrogerpressure inside the cup.

The COMSOL simulation result is in good agreement with the plant data only at
the beginning and the end of the computation. There is a significant difference from plant
data at the middle of the computing period.

The issues obseed with HEProwere showrby the COMSOL simulation results
to be an effect of internal cup pressure and pdawn time The curvature of the dP/dt
plot found in the HEPro data likely caused by the change in effective diffusing area and
hydrogen leavingiround the bottom of the cuihee dge ef f ect . Furthernmn
might be the result from the purgfown procesand reestablishmenof the hydrogen

gradientan the steeht steadystate
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Chapter 4

HYDROGEN TRANSPORT THROUGH CARBON STEEL

As described previously, a silver cup has beesddsr collecting hydrogen gas in
the HEPro. Silver has a very low hydrogen permeability whichsheeatthe requirement of
vacuum pump. A cup that is manufactured from other magewaich have higher
hydrogenpermeability than silver could work as a hydrog#ffusing membrane for
hydrogen diffusion out from the cup aadhieve glateau pressurdhis indicates that it
is possible teliminate the usof avacuum pumiby replacing the silver cup witthe cup
made from these materials

Among all of the industrial metals, carbon steata potential to be used as an
alternative cup materialConsequently, hydrogen transport through carbon steel 1045
membranes was studied in these experiméotsdetermining hyglrogen permeation

coefficient and diffusion coefficient in carbon steel 1045

4.1 Experimental SetUp

Two cylindrical membranes (6 mm diameter x 0.25 -thiok wall) were
manufactured from carbon steel 1045 with two different lengths, 15 mm (sho8() amah
(long), and attached to stainless steel caps at one end and blind glands at the other end by
silver solderwhich had amelting point between 668 and 71(°C. Other connections
were made using Swagelok and VCR fittings.

The composition of the carbhasteel 1045 in this research is 0@1830 wt% carbon,
0.60:0.90 wt% manganese;D04 wt% phosphorus, 0.4530 wt% silicon, €0.05 wt%

sulfur, and the remainder is iron.
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The test apparatus was attached to a regulator on a hydrogen gas cylinder on the
inlet side. The other side of the testing apparatus was opened to the atmdsphessure
transducer (PT) was connected to the membrane via stainless steel tubing and other fittings.
The pressure change inside the apparatuca@iuouslyrecorded by aata acquisition
system, Opto 224 thermocouple (type Kipstalled inside the furnaseas used to measure
the temperature inside the furnace containing rttembrane and some parts of the
apparatusA vacuum pump was used for establishing the vacuum isytem. All valves
and the pressure transducer were located outside the furnace. Approximateigutihee
of the stainless steel tube was in the furnace (at furnace temperature). Consequently, one
fourth of the stainless steel tube was outside thewber(at room temperature). A schematic
of the hydrogen permeation apparatus is showkigare4.1. An actual apparatus of the

hydrogen permeation test is showrFigure4.2.
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Figure 4.1 Schematic of the hydrogen permeation apparatus
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Figure 4.2 Actual apparatus of the hydrogen permeation test

i —

Figure 4.3 Short membrane
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e

Figure 4.4 Long membrane

4.2 Experimental Procedure

The experimental procedure of hydrogen transport through the carbon steel 1045

membrane comprised two steps: leak testing and hydrogen permeation.

4.2.1 Leak testing

Once the test apparatus and all fittings were connected as shéwguiie4.1, the
entire system was tested for leaks before a hydrogen permeation test following the
procedures as following:
1. Set the furnace to the temperature of interest.
2. Evacuate the system at the desired temperature by opening the vacuum pump and

both valves, V1 and \/2.
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3. After 1 hour, close both valves,-¥ and \*2, while the vacuum pump is still
running.
4. Turn off the vacuum pump.

5. Monitor the pressure change in the system for 24 hours.

The largest acceptable pressure change in the system was 0.25 psig (1.72 kPa) at a
constant temperature. If the increasing pressure was less than or equal tlughithea
hydrogen permeation step of the experiment could be performed. If the increasing pressure
was greater than this value, a seal and fitting inspection were required before re

establishing the vacuum for leak testing.

4.2.2 Hydrogen permeation

Hydrogen diffusion through both carbon steel membranes was investigated at four
operating temperatures; 250, 275, 300 and ®&0Four runs were performed for each
membrane with the pressure of hydrogen on the inlet or feed side at the beginning of 130
+ 1 kPa,and the other side, outlet or permeate side, exposed to air (1 atm). The pressure
reduction in the feed side was monitored and recorded with time to determine the rate of
hydrogen transport through the membrane and the transport coefficients through carbo

steel 1045.
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Table 4.1 Operating conditions of hydrogen permeatiorthrough membranetesting

Run no. | Membrane length (mm) hydrogenlr;)i:ie{:islsure (kPa) Temg)%r)ature
1 15 1301 2501
2 15 1301 275+ 1
3 15 1301 3001
4 15 1301 3501
5 30 1301 2501
6 30 1301 275+ 1
7 30 130+1 300+1
8 30 1301 350+1

Once the leak test was performed, the hydrogen permeation test was conducted as

following:

1.

Open thehydrogen cylinder and adjust the inlet port of the regulator to
approximately 130 kPa.

Slowly open the outlet port of the regulator to the test section.

Slowly open valve V1 and monitor pressure in the system to ensure that the desired
pressure in the stem is reached, 130 + 1 kPa.

Close valve V1 and the outlet port of the regulator and close the valve of the
hydrogen cylinder.

Monitor the hydrogen pressure decreasing with time.
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4.2.3 Equations

The apparatus consists of several components: the mem$ta@nksss steel tubes,
a cross, valves, and a pressure transducer. The method of connecting the membrane to the
system is important. Consequently, the experimental set up and volume of the components
must be considered in this calculation for accurateltsesThe hydrogen permeability and
diffusivity were calculated under the same conditions as the experiment.

The main assumptions considered for calculation are:

1. The hydrogen diffusion through the carbon steel membrane is much higher than
diffusion though the other parts. It is assumed that there is no hydrogen diffusion
through the other parts.

2. The width of silver solder on the membrane is one mm in total.

Based on these assumptions, the following equations have been employed:

4.2.3.1 Pameation

€ € Equation 25

where

€ is the total moles of hydrogen in the system (mol)

¢ and¢ are the molar flow rates of hydrogen going into the system (which is
zero mol/s) and going out from the system, respectively (mol/s)

The total moles of hydrogen is the summation of moles of hydrogen inside and
outside the furnace, and was determined ftioenldeal Gas Law:

€ En € Equation 26



; 0w U W Equation 27
€ Y VY quation

where
¢ f and¢ | are the hydrogen moles in the parts that are inside and outside the

furnace, respectively (mol)

0 ando are the hydrogen pressure in the parts that are inside and outside
the furnace, respectively (Pa), which =0 =0
w andw are the hydrogen volumes in the parts that are inside and outside the

furnace, respectively (¥
Y is the ideal gas constant, 8.314AR&molK)

Y and”Y are the furnace temperature and the room temperature, respectively

(K)

Then,Equation25 becomes:

QoYY QoYY

€ Equation 28

The molar flow rate of hydrogen diffusing out through the membrane was

cal cul ated from Sievertods Law:

« N of 8 8
¢t a0 5

€ 15 Equation 29
aEr—r
L
where
a is the length of membrane (m)
%o is the hydrogen permeabilitynol/masR&'?)
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0 ; andd  are the hydrogen pressures at the feed side and the permeate side
(the latter is zero Pa), respectively (Pa)
i pandi ; arethe oter and inner radius of the membrane, respectively (m)

Equdion 28, becomes:

(0] P ¢ 0 B’ T _
90 5 5 1 Equation 30
YY YY o s‘l_ﬁ
4.2.32 Diffusivity
The diffusion coefficient was calculated frdaquation31[31].
0 n 8
%o Y Equation 31
0
Therefore Equation30 becomes:
QD P ca .
5 1 O o Equation 32

Q0 o .
YY Yy o %

where

0 is the hydrogen diffusivity (Afs)

0 is the hydrogen concentration (mofjm

The ideal gas law is applied to convert hydrogen concentration to the hydrogen
pressure by usingquation19 [31] in which is hydrogen gas volume @rilz/m® metal)

which is alsoequivalent tahe hydrogen solubility as shown fBquation33Equation20

31].
Y p&u pep o 8Qwng p pjrviy Equation 33
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where
Y is the hydrogen solubility (FriHz/m?® metal)
0 is the hydrogen pressure (Pa)
Y is the ideal gas constant (J/ikl
Y is the furnace temperature (K)

The final equation is:

,Q’;.‘) p c“ d 0 T g YR - ey pr
1 p& UL Wp O PQaNG p pirviy
|

0]
Qo ) R Y'Y
YY Yy o Y&

Equation 34

4.3 Leak Testing of System
The pressure changes inside the short and long membranes at the desired

temperature during orgay le& tests are shown in Figurés (a)-(d) and4.6 (a)-(d).
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Figure 4.5 Leak-tightness testing oshort membrane at different temperatures
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Figure 4.6 Leak-tightness testing of long membrane at different temperatures

It can be seen from both figures that the pressure changes in both membranes at all
desired temperatures were within acceptable limits. The absence of any significantly
noticeable change in pressure for 24 hours indicated that the leak rate was negligible,

therefore the membranes were ready to perform the next step of the experiment.

4.4 Hydrogen Permeation test

4.4.1 Experimental Results

The hydrogen pressures, decreasing with time at 250, 275, 300 at@, #0oth

membranes are shown in Figudes and4.8.
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The trend of hydrogen pressure changes was similar for both membranes. Once the
hydrogen gas was charged into the system, the pressure in a membrane declined
continuously. The diffusion rate decreased gradually with time as the pressure in the system
becane lower.As expected, the decreasing rate of hydrogen pressure 8€358s the
highest, followed by 300, 275, and 2%D), respectively.

The hydrogen diffusion in the long membrane was significantly faster than the short

membrane due to its having twiae much diffusing area as the short membrane.

4.4.2 Hydrogen Permeability Through Carbon Steel 1045
The permeability of hydrogen in both membranes at various temperatures,
calculated from the data in Figur43 and4.8 and using=quation30, is presented ifiable

4.2.

Table 4.2 Temperature dependence of hydrogen permeation coefficient in carbon
steel 1045

Hydrogen permeability, %o(mol/mAial’?)
Temperature
(°C) Short Lon Literature
9 Average
membrane membrane 9 value
250 1.220x10'2 1.106x1012 1.163x1012 7.621x102
275 3.708x10' 1.972%1012 2.84x1012 1.090x10
300 7.253x10"2 7.505¢1012 7.37%1012 1.512x10M
350 2.960x10M1 2.51%1011 2.740x1011 2.687x10"

As shown inTable4.2, the hydrogen permeability values in both membranes were
similar at the temperatures of interest. The average hydrogen permeability is presented on
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Arrhenius plots inFigure 4.9 to determine the temperature dependence of the hydrogen

permeability in carbon steel 1045.
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Figure 4.9 Hydrogen permeability in carbon steel 1045 as a function e€&ciprocal
temperature

The figure demonstrates that the hydrogen permeability follows the Arrhenius

relationship. It is given as a function of temperature by the following equation

WqggpTm
v

% THOCP T QW Equation 35

4.4.3 Hydrogen Diffusivity Through Carbon Steel 1045

The diffusivity of hydrogen in both membranes at various temperatures, calculated

from the data in Figure$7 and4.8 and usingequation34, are presented ihable4.3.
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Table 4.3 Temperature dependence of hydrogen diffusioroefficient in carbon steel
1045

Hydrogen diffusivity,  (m?/s)
Temperature
(°C) Short Long Literature
A
verage
membrane membrane value

250 2.023<10° 1.834x10° 1.92%10° 1.264X1.08
275 4.927%10° 2.620<10° 3.77410° 1.449%408
300 7.874¢10° 8.148<10° 8.011x10° 1.642X10°8
350 2.25%10°8 1.916¢10°8 2.084x108 2.045x108

Similar to the hydrogen permeability, there is not much difference in the hydrogen
diffusivity between the short membrane and the long membrane at the desired
temperaturesThe average hydrogen diffusivity is presented on Arrhenius pldigyure
4.10to determine the temperature dependence of the hydrogen diffusivity in carbon steel

1045.
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Figure 4.10 Hydrogen diffusivity in carbon steel 1045 as a function of temperature

The figure demonstrates that the hydrogen diffusivity follows the Arrhenius
relationship. It is given as a function of temperature by the followingtemyt

B TYpPT

Ve, Equation 36

O 8 Ccwp T QWA

The permeability and diffusivity obtained in this study are compared with the
Arrhenius equatiodata from the study @dadgeel and Johns@8il] whousedcarbon steel
1050 as a diffusingmédum (t he carbon content of Gadge

weight %, is similar to that of this study, 0-83%0 weight %) as presentedTlinble4.4.
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Table 4.4 Temperature dependence of hydrogen transport coefficient in carbon
steel 1045

Hydrogen permeability, %o e )
(molimARa?) Hydrogen diffusivity,  (m</s)
Temperature

(°C)

Experimental Literature Experimental Literature

value value value value

250 1.163«1012 7.621x10 1.929%<10° 1.26440°8
275 2.840x1012 1.090x10M 3.77410° 1.449X08
300 7.37%1012 1.512x10" 8.011x10° 1.642x10°8
350 2.740¢101! 2.687x10" 2.084x108 2.045x10°

It can be seen frorable4.4 that the permeability and diffusivity values in this
study are lower than the literature values at low temperatunesdifferences ardue to
the different grade of carbon steel. Other factors contributing to the difference could be

metal propertiesmpurities, defects, and different microstructire

4.5 Conclusions

The hydrogen diffusion rate in the long membrane was dramatically faster than the
short membrane due to its diffusing area being twice that of the short membrane. The
hydrogen permeabilities and diffusivities that were obtained from both membranes were
similar at the temperatures of interest. The average coefficient of hydrogen permeation in
carbon steel 1045, the cup material, determined in this study variedL fi&@810'? to
2.740<10" mol/mA&®R&’? over the temperature range of 25850 °C while theaverage

coefficient of hydrogen diffusionvaried from 1.929%0° to 2.084%0% m?s. The
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permeability and diffusivity increased with temperature according to the Arrhenius Law
over the temperature range studied.
This experiment demonstrates that a carsieel cup would work as a diffusing

membrane, potentially replacing the silver components used in the HEP system.
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Chapter 5

HYDROGEN EFFUSION PROBE PERFORMANCE

As mentioned earlier, the silver cup works well, but its system is inconvenient.
From previous chaptecarbon steel 1045 has a potential to be used as a cup material which
would actasa hydrogen membrane allowing the hydrogen to diffuse through theaup
and achieve a plateau pressure. Furthermore, from literature, stainless steel that has
moderate hydrogen permeabiiypuld be capableo be used agwaalternativeeup material
also.

The performance of the nesilver hydrogen probess investigated fom the
hydrogen accumulation inside both carbon steel 1045 and stainless steel 316 cups which
also simulate various geometries of r®ver HEP via diffusion through a carbon steel
pipe. The plateau pressure was determined for understanding the effeacentration
gradients of hydrogen in and out around the cups. This study was focused on the effects of
hydrogen pressure inside the carbon steel pipe, and the material, size and wall thickness of

cups on the hydrogen diffusion through the pipe wallwes collected inside the cups.

5.1 Experimental SetUp

Eight ficup® were manufactured frontwo different materials, stainless steel 316
and carbonteel 1045, in different geometrieend weremachined to match the curve of
the carbon steel pipan which they vereinstalled. Four different diensions of cup per
material werdabricated and installed on a carbon steel ABQ&ipe (L6.83cm diameter

x 30.48 cm long, 0.6027 cm thicky welding The outer surface of the pipe was polished
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at the location where the cups were weld8itizer solderwhich had a melting point
between 660C and 710C was used to attach a tube on the top surface of the cup.

The composition of the carbon steel 1045 is tiesearch is 0.43.50 wt% carbon,
0.600.90 wt% manganese;®04 wt% phosphorus, 0.4530 wt% silicon, €0.05 wt%
sulfur, and the remainder is irol.is stronger than lovearbon steel with equally good
machinability.For stainless steel 316 in thissearch, its composition%8.2373.61 wt%
iron, 0-:0.08 wt% carbon, 16-08.5 wt% chromium, 0 wt% copper, € wt% manganese,
0-3 wt% molybdenum, Q5 wt% nickel, 80.1 wt% nitrogen, €.045 wt% phosphorus,
0-1 wt% silicon, 0.35 wt% sulfur, and 0.7 wtltmaximun) titanium. The addition of
molybdenum gives this stainless steel 316 good corrosion resistance.

There were two setsf cups that have the same geometry, but manufactured using
different materials to study the effect of the material on hydrogengaion. To evaluate
the effect of cup size on hydrogen permeation, two cup sizes of the same material and wall
thickness were used to run the experiments. Similarly, two cupg sdme inner volume
and diffusing area of pipe under the cup, but diffetbitkness were used to study the
effect of thickness on hydrogen permeation. These cups were installed on the same pipe
and put in the furnace at the same temperaliure.materials and dimens®wof cups are

shown inTable5.1.

91



Table 5.1 The materials and dimensions of each cup

Outer Inner Thickness Inner
No. Materials Grade | Diameter | Diameter Height
(mm)
(mm) (mm) (mm)
1 21 4 8.5 9.5
2 23 4 95 9.5
Carbon Steel | 1045
3 23 6 8.5 9.5
4 25 6 95 9.5
5 11 4 35 9.5
6 21 4 8.5 9.5
Stainless Stee| 316
7 13 6 35 9.5
8 23 6 8.5 9.5

The schematic diagram of the gas permeatfmparatuss shown inFigure5.1. The
actual apparatus is shownkigure5.2. Thecups werenstalled in two lines longitudinally
at 30 from oneanother; in a lineThe cups weré@stalled7 cm apart from the edges and
5.1cm apart from each othéfFhe pipe and cup connections wenade using Swagelok

and VCR fittings, respectively.
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Pipe to simulate vessel (Vacoum or hyvdrogen)

Figure 5.1 Schematic diagram of gas permeation apparatus

Figure 5.2 Actual apparatus
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The pressure transducesgre connected to each cup via silver tubing (6.0 mm
outer diameter x 600 mm long, 1.0 mm thick) angsed to measure the pressure change
inside the cups lzelled as PT1 to PT8, andalso connected timetest pipe laelled as PT
9, which wee recorded by a data acquisition syst@pto 22 The emperature inside the
furnace wasneasured by a thermocoegtype K) installed inside the furnace, -ICTwo
vacuum pumps; VR and VR2, wee used for establishing the vacuum in the system. The
flow rateof fluid inside the test pipe wa®ntrolled by a flow meter, FM, located after the
vacuum pump, VR2. All valves V-1 to V-10, and transducers veeoutside the furnace.

The system has a poppet cheeltve installed with a cracking pressure of 10 psig but a
real operating range e6fl.5to 7 psig. Thisupperlimit (7 psig) is never to be exceeded
during experimerstto preventindueventing of hydrogen.

The hydrogen gas flowed into the pipewhich the devices were installed. The
hydrogenatoms then, diffused through the pipe wakkcombined into hydrogen gas)d
was collected in these devices which registerpdeasure increase that was detected by
pressure transducers. The hydrogen permeation rate through the pipe wall was determined
by the rate of hydrogen pressure increase in the cups with time. These data were collected

every 3 minutes until the steady statas achieved.

5.2 Experimental Procedure

5.2.1 Leak testing

Once the cups werinstalled as required and all fittinggretight and ready for
servie, the vacuum for leak testing svastablishedl he cups werevacuatedby opening

valves; \f1, V-2, V-3, V-4, V-5, V-6, V-7, and \+8. Then the vacuum pumps redurned
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on to suck the air out of the system. The valve on the rit@ter wa always 100% open
throughout the experiments to prevent damagéé vacuum pump. The furnaceswa
brought to the temperature of intete8ll eight cups and the pipe weallowed to be
evacuatect temperatwe for 24 hours. The pumps, theontinuel to run for 24 hours with
valves; 1, V-2, V-3, V-4, V-5, V-6, V-7, and V-8 open All valves afterwards ere
closed while the vacuum pumps neetill running. The vacuum pumps wethen tuned

off. The pressure increas all eight cups we monitored over a 2dour period. The
largest acceptable change ingmere in the cups was 0.25 patgconstant tengraure. If

the pressure increase wass than or equal to this valubetnext step of the experiment
was perfamed. If the pressure increasesngreater than this, a seal and fitting inspection

wasrequired before restablishing the vacuum for leaktias.

5.2.2 Hydrogen Permeation testing

The accumulation of hydrogen inside the cdpe to hydrogen permeation through
the metal wa measured usinthe pressure transducérhe hydrogen permedah rate
through the pipe wall wadetermined by the rate of hydrogen pressure increase with time
in the cups of varying dimensionglded to thecarbon steel pipe measuredtbgpressure
transduces as shown irFigure5.1.

The permeation test consisted of thigeps, reestablishing vacuum otine cups

and pipes after leak tests and establishingnyldgogen pressure in the pipe.

5.2.2.1 Reestablishing vacuum on cups and pipe

After leak testing, reegablishing vacuum orthe cups and pipe need to be

achievedby turning on the vacuum pump and leaving-YRunning until establishing the
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hydrogen pressure thepipewascomplete. Next, the valves:-Y, V-2, V-3, V-4, V-5, V-
6, V-7, and /8, wae openedor 60 minutes and then closéthe vacuum pump V2 was

turned on. Finally, valve \@ wasopened for 30 minutes and then closed.

5.2.2.2 Establishing the hydrogen pressure in the pipe

As corresponding tgowerplant primary side temperature aride work of
Kongvarhodom (2014)he temperature for this study sv800°C and the pressure of
hydrogen to be applied inside the pipe Wwas 0.5 psig (135.8 8.4kPa) A temperature
of 300°C was chosen as the highest temperature permeation test bectheséuafiace
limitation.

As the pig and cups we under vacuum, a hydrogen cyl@nd99.999% purity)
was attached to the test pipe using the line withOvattached and the appropriate regulator.
With vacuum pump VR still running,it wasensure thatV-9 and \A10 wee closed, then
the gas cylinder wsaopened and adjusted to the line pressure ubmfine-pressure
adjusting valve to that required for the run (5 psig) before slowly opening the outlet port,
V-10, to the testing tube completely. At this siepjaschecledthat pipe pressure (P9)
fell to within the acceptable limits. After checking, valVe9 was opened very slowly
while monitoring the pressure on BTand the flow meter until the flow (m&a&red on the
flow meter) reache@00 mL/min. Nextjf pipe pressure (PB) remained stable and wa
within the acceptable limitdhe vacuum pump VW was turned off Hydrogen was
collected within the cups tihthe pressure in each cup hadched a platealihe system

was mantained in this condition until stdg state wa achieved
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5.2.2.3 Reducing the hydrogen pressure in the pipe

After the pressurenithe cups rea@dthe steady state, the hydrogen pressutiean

pipe wasreducel to -5 + 0.5 psig(66.9 + 3.4 kPa). The systemwas maintained in this

condition for 60 daysr untilanew steady statwasachieved

The results were analyzed in the form of two graphs by materials, carbon steel and

stainless steel. For determining the effect of materials, sizes, and thicknesses, the results

from two of cups were compared in the same graph.

5.3 Leak-Tight Testing of System

The pressure changes inside the cups at the temperaturerestruring oneay

leak testare shown immableb.2.

Table 5.2 First leak-tightness testing of cups

Cupl | Cup2 | Cup3 | Cup4 |CupS5| Cup6 | Cup7 | Cup8

(psig) | (psig) | (psig) | (psig) | (psig) | (psig) | (psig) | (psig)
Initial

-14.32 | -14.37 | -14.41 | -14.20| -0.25 | -14.39 | -14.29 | -13.31
Pressure
Final

-13.95| -14.03 | -13.85| -14.20| 0.05 | -13.22| -13.62 0.00
Pressure
Pressurel 37 | 034 | 056 | 000 | 030 | 1.18 | 067 | 13.31
Change

It was found that only Cup hdicated no leak. Consequently, troubleshooting by
inspecting the seséind fittingswasperformed. The fittings were tighteneohd the gaskets

were changed. Furthermoeesealantvasapplied around the solder and weld lines between
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the cups and pipend between the cups and silver tubes. The sealant that was used in the
study was Vacseal® Vacuum Leak Sealant With Brush, Original Formula Clear. The
sealant was brushed and cured at®®8Dfor 24 hours. After tightening the fittings, changing

the gasketsand applying the sealant several times, the leak tests weogrpedagain

The results are shown irable5.3.

Table 5.3 Leak-tightness testing of cups after troubleshooting

Cupl | Cup2 | Cup3 | Cup4 | Cup5 | Cup6 | Cup7 | Cup8

(psig) | (psig) | (psig) | (psig) | (psig) | (psig) | (psig) | (psig)
Initial

-14.34 | -14.30 | -14.18 | -14.41 | -14.04 | -1451 | -14.18 | -14.25
Pressure
Final

-14.22 | -14.31 | -13.75| -14.41 | -13.76 | -13.58 | -12.91 | -14.05
Pressure
Pressurel 515 | 001 | 043 | 000 | 028 | 093 | 1.27 | 0.20
Change

This research deals with measuring hydrogen pressure in the HEP péwices
pressure transducers that were used in this experiment have the percent of full scale
accuracy or full scale error (% FS) approximately 0.1% FS or 0.0001, which means that
there was some error in measuring pressure.

The pressure transducers thatre used in this research have the range of output
signal of 4- 20 mA and can measure the pressure frtwh7 psig to 100 psig or from O
kPa to 790.8 kRavhich meas that if the pressure transducer detects the pressure at 100

psig, the signal output shoule lat 20 mA. However, because of 0.1%df®r, the signal
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output could be between 19.984 mA and 20.016 mA which is calculated by the equation

below.
b 0" i 0 WE GWiOW GDQE B O rf DQE &
e mTm
€ 001 oDQE & QQ P
So,
14 14 1 b4 L1 e T@
EO0O0N ODQE Qat ——
n @ pnnp(p

Consequently, the detected and shown pressure coudObE2 psig This can
explain the negative pressure change in Cup 2.

It can be seen that the pressure changes in onlg Cup, 4 and 8 were ithe
acceptable limg, less than 0.25 psig@ther cups were not ready to perfattme next step
of the experiment. Therefore, the apparatus eeet be checked and repaired by
technician. However, before the apparatus was sent to repair the leakag&petiraent

wasstarted inorder to get some useful results.

5.4 Establishing the Hydrogen Pressure in the e (Test1A)

The pressure increases with time for all the cups, gaiap carbon steel cupand
stainless steel cups are shownFigures5.3 - 5.5. The conditions are the pressure of
hydrogen inside the pipgas5 + 0.5 psig (135.8 + 3.4 kPa) and the furnace temperature

was300°C.
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Figure 5.5 The changes in pressure inside stainlesteel cups with time

Once the hydrogen gas was introduced into the casteml pipe, the pressure in
eachcup continuously increased with time. The fluctuatiohthe pressurewere caused
by the changes in room temperature.

It can be seen clearly froffigures 5.3 and5.5 that the pressure in the Gfp and
8 rose rapidly to approximately 100 kPa after a few hundredshdthis was due to the
applied sealartteingbrokenso thatair leaked into the systems througihallholes. These
results confirmed that the sealant performed well for only a few hundred hours°&t. 300
Consequently, there was a possibility that thezeavgome air leakage into other cups also.
In addition, the fluctuationf pressure in the Cupat approximately 40Boursmightbe a
result ofthe sensor erroFurthermore, the results iFigure5.4 combined with the results
from leak test indicated that the pressure increases in all stainless steel cups were the

accumulation of both hydrogen gas and #ie resultsould not be used taompare the
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effect of material, size, and wall thickness, and also couléxmainthe performance of
HEPs that were manufactured from stainless steel

Figures 5.3 and5.4, and the results froitmeleak test indicated that there wasme
air leakage into the system of Gpand 3. Tie pressuiinside bothcups were increasing
continuously and resulkd in higher pressure than the pressure inside Cup 4 at
approximately 1000 hoursvhich shouldnot be possibléecauseCup 4 was the thickest
and largest cup among carbon steel cups. On the other hand, thsimgpessure inside
Cup1 did not show any significaair leakage into the cup, but the accumulation rate was
much lower tharexpected. This result may lmause by some material coated on the
surface of carbon steel pipe underneath Cup 1 during tilesupi nst al | at i on.
diffusion of hydrogen through the pipe was blocked and the hydrogen transfer rate was
slowed downFurthermore, the pressure drops in €lp2, and 3 at approximately 300
hours were due to the prograocidenally beingreset to its original set ydor which the
maximum and minimum detected pressure were not 100 psigldndpsig. Therefore,
the pressure readingas wrongfor an amount of timéefore the program was fixed

It is apparent from the figures that among carbtael cups, only Cup 4 reached
the plateau pressure. The increase of hydrogen pressure inside the cup was approximately
linear with time at the beginning of hydrogen accumulation. The accumulation rate
decreased gradually with time and became zero abxippately 700 hours when the
steady state was achieved due to the hydrogen transfer through the cup wall. The plateau
pressure inside the cwpasin the range 670 72 kPa which is below the pipe pressure.

This result raises the possibility of a selbderating pressure design.
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5.5 Test 1AConclusions

The significant loss of vacuum inside many cups, due to the air ingress, was

observed during thérst leak test.Only Cup 4 indicated no lealdfter tightening the

fittings, changing the gaskets and applying the sealemind the solder and weld lines

several timesthe absence of any significantly noticeable change in pressure for one day

wasestablished imnly four cupsCups 1, 2, 4, and 8 The leak rate ithe other fourcups

could not be negligible at 30C. Therefore, the apparatus need to be checked and repaired

by the technician.

ThesealantVacseal® Vacuum Leak Sealant With Brush, Original Formula Clear,
performed well for only a fevaundred hours at 30C. The pressure increased rapidly to
atmospheric pressure after the seals were broken.

The pressure increases all stainless steel capwerethe combination of both
hydrogen gas and air ingressdcould not be used to investigates effect ofmaterial,
size, and wall thickness

Forthecarbon steel cugponly Cup 4reached the plateau pressat@pproximately
700 hoursand could be usetb determinghe performance of HEFmanufacturedrom
carbonsteel The result from Cup 4aises the possibility of a setioderating pressure

design.

5.6 System Repair

The previoussectionindicated that only Cup 4 reached steady staiéh no air
leakage intdhesystem. Thus, the apparatus was sent to be chackieepaired to prevent

leakage
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The apparatus was repaired bteahnician athe University of New Brunswick.
The weld fillet and the surrounding arwarec | eaned by wusing a Die
solid carbide ball cutter. Then, reheating the weld fillet was performed for weld repairs. A
Gas Tungsten Arc Welding (GTAW) machine was used with no filler material being added.
The weld fillet was allowed to coalaturally until itsolidified.

The appaatus was tested by the technicafter it was repaired. A pressure decay
test was chosen for a leak test method. The cups were pressurized by helium gas to 100 psi
for 24 hour period, and any loss of pressure was noted. The technician reported that there
was nandication ofleakagefrom all cups after 24 hours. Consequently, the apparatus was
return to the lakand connected witlthe valves and other fittingas describe in the

previous sectionThen, the leak test was performed.

5.7 Leak-Tight Testing of Systemof the RepairedSystens

The LeakTight testingwascomposed of twates, the bubbldormationtest and

the pressure builiip test.

5.7.1 BubblgFormationtest

The leakage athe connections between tee and valve, and tee and pressure
transducer was checked thyebubble formatioriest A nitrogen tank was connected to the
tee that connected the pressure transducer and vaWel to V-8 via VCR fitting. With
valve V-1 to V-8 fully closal, the valve on nitrogen tankas opene@nd adjusted to the
desired pressure, 100 to 200 psig, usimggulatorbefore slovwy openingthe valve after
the regulator. Then, the bubbling agent, Sneas applied at the connectiolfighere was

the formation ofa bubble,troubleshootig by inspecting the fitting waserformed. The
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fittings were tightened or changed. The bubble test was not applied to the system of Cup 4
due to isindicatingno leak from the previousss. The resukiof thebubbletest are shown

in the table below

Table 5.4 Bubble Formation testing

Cup | Cup | Cup | Cup | Cup | Cup | Cup | Cup
1 2 3 4 5 6 7 8

Bubble formation
at the connection

- Tee and

No No No No No No No
valve
- Teeand
pressure No No No Yes | Yes No No
transducer

The results inTable 5.4 indicated that there were problems at the connections
between tees and pressure transducerss(Bid P¥6). Both tes were taken out and the
defectswere foundon the threading as shown in the figures below. The tees on the system
of Cup7 wereswitchedto thesystem of Cup 5, and from Cup 8 to Cup 6 before the bubble
formation test was performed again order to check the threading tie pressure

transducersThe results indicated no bubble formation at all connections.
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Figure 5.7 The defect on the tee treading from the system of Cup 6

5.7.2 Pressure builup test

The pressure changes inside the cups at the temperature of interest dudag one

leak tests are shown irable5s.5.
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Table 5.5 Pressure buil-up testof repaired systens

Cupl | Cup2 | Cup3 | Cup4 | Cup5 | Cup6 | Cup7 | Cup8
(psig) | (psig) | (psig) | (psig) | (psig) | (psig) | (psig) | (psig)
Initial
-14.89 | -14.95 | -14.84 | -14.86 | -14.82 | -14.89
Pressure
Final | 650 | .14.06 | -14.85 | -14.87 | -14.83 | -14.53
Pressure
Pressurel 1,39 | 001 | 000 | -0.01 | -0.01 | 0.36
Change

There were no results of leak test from €dj@nd 8 due to their tebsingswitched
and installed on the system of GuUpand 6. Therefore, there was no tee installed on the
system of Cup7 and 8. It was found that only CaR, 3, 4, and Indicated no leak
Consequently, troubleshooting by inspecting the valvVes and ‘6, was performed as
there was no leakage from the weld lines and connectt@mgnore detailed information
on how the valves were tested and the results from testing see Appendix

The results revealed that both valves were faulty. Consequently, the presklire b
up during the leak test was due to the air coming into the system through the valves.
Therefore, valve V-1 and /6 needed to be repaired or changed before performing the
next step of the experiment.

According tothevalve problem, the tees on thepCli systenwereswitched tahe
Cup 7 system, and from Cup 6 to Cup 8. The bubdimationtest was performed and

indicated that there was no bubble formation. Then, the pressuckupuilest was
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performed.The pressure changes inside the cups at theaierture of interest during one

day leak tests are shownTable5.6.

Table 5.6 Pressure builtup test of repairedsystens after valves testing

Cupl| Cup2 | Cup3 | Cup4 | Cup5 | Cup6| Cup7 | Cup8
(psig) | (psig) | (psig) | (psig) | (psig) | (psig) | (psig) | (psig)
Initial 1475 | -14.83 | -14.74 | -14.78 -14.70 | -14.76
Pressure
Final 11433 | -14.63 | -14.44 | -14.61 -14.27 | -14.55
Pressure
Pressure 042 | 020 | 030 | 017 0.44 | 0.21
Change

The results inTable5.6 indicated another problem. Cuip, 4, and 7 thateported
no leakage in the previous pressure dbuj test showed a significamtir leak into the
systems in thisest. The valves were the onjomponerd that werg¢ouched openedand
closed other parts wereaot touchedr changed. Consequently, the problem shdade
beenthe closd positionof the valves. Theforg the valves were tested again to find the
properclosed positionFor more d&iled information on valve closed position test and the
results from testing see Appendix G

The valves were turned to the proper closed posibefare another pressure lalil
up test was performed. The pressure changes inside the cups at the temperature of interest

during oneday leak tests are shownTable5.7.
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Table 5.7 Pressure builtup test of repairedsystens after valves closegosition

testing
Cupl| Cup2 | Cup3 | Cup4 | Cup5 | Cup6 | Cup7 | Cup8
(psig) | (psig) | (psig) | (psig) | (psig) | (psig) | (psig) | (psig)
Initial
-14.74 | -14.75 | -14.69 | -14.80 -14.70 | -14.75
Pressure
Final
-14.66 | -14.66 | -14.72 | -14.81 -14.64 | -14.76
Pressure
Pressure 0.08 | 0.09 | -0.02 | -0.01 0.06 | -0.01
Change

It can be seen that the pressure changes in all cupsaitbine acceptable limg

The absence of any significantly noticeable change in pressure for 24 hours indicated that

the leak rate was negligible at 380, therdore the cups were ready to perfotime next

step ofthe experimentMoreover, the results from leak testiso illustrated that the air

leakage into the system could be from manydiagtthe defect on thregda faulty valve,

andthevalve closegosition.

5.8 Hydrogen Accumulation insidethe Cups for both tests

The pressure increases with time for the group of carbon steel cups, and group of

stainless steel cups for both tests are showiguress.8 and5.9. The conditions were the

pressuresf hydrogen inside the pip8,+ 0.5 psig (135.8 = 3.4 kPa) foe$t B and-0.5

psig (66.9 + 3.4 kPa) forebt 2. The furnace temperature was 30D@or bothtests.
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Figure 5.8 Hydrogen accumulation inside carbon steel cupfr both tests
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Figure 5.9 Hydrogen accumulation inside stainless steel cupar both tests

Theoretically diffusion is the process wherein the atoms or molecules move from

a higher concentration region to a lower concentration region. The diffusion stops when
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the concentration of both regions is similar. In this experiment, hydrogen atoms moved
from inner pipesurface to outer pipe surface thadexposed to aiand hal lower hydrogen
concentration The hydrogen atoms, then, recombined into hydrogen molecules and
resulted in pressure rise inside the ctlipe diffusion should stop once the hydrogen
concentratia or pressure inside the pipe and the cup are the Sherefore, lhe maximum
detected hydrogen pressimside the cughould be the pipe pressukHowever,as shown

in Figuresb.8 and5.9, the results of some cups were not corresportditige theorye.g,

in Test2 the pessure inside &p 8 was three to four times more than piyge pressure.
Even if there was the possible of air leakage into the system, it could not reach
approximately 210 kRarhe apparatus was placed time furnace athe normal room
atmospheric pressure, 1 atm or 101.3 kPthere wasanair leakagento the systemthe
maximum detected pressure should be 1 @ncan be seen in Cap and 8 in Test 1A
(Figureb.5). Consequently, there might be some probiegith the pressure transducers or

the computer program.

5.8.1 Sensor testing

After the experiment was finished, the pressure transducer$,tB PT8, were
tested by vacuuming, flowing air into the system at atmospheric pressure, and charging the
system with nitrogen gas awariety of pressures, # 20 psig.

From the schematimiFigure 5.1, both vacuum pups were run with all valves
openfor getting the pressure reading at vacuum condition. The vacuum pumps, then, were
turned of and all valves were fully open. The air was allowed to flow into the systems.

The pressure inside the cups increased to atmospheric pressure and were recorded.
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After the test at atmospheric pressure Vigished the line that was connected to
vacuum pum VP-1 was removed and reconnected to the nitrogen tank. A calibrator
pressure gauge was connected at the middle of thadaeeference to compare pressure

inside the systenit has the percent of full scale accuracy or full scale error (%FS) 0.05%

FS

Figure 5.10 The calibrator pressure gauge

The results othe sensors tesireshown inTable5.8 and the calibration curves

along with the calibration equations of each pressure transaigrepresented ifigures

5.11-5.16.
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Table 5.8 The results from sensors test at different pressuse

Calibration Pressure Reading (kPa)
pressure
gauge
(kPa) PT-2 PT-3 PT-4 PT-5 PT-7 PT-8
0 0.000 -6.208 22.222 54.407 -5.536 146.931

101.325 100.525 | 93.927 | 122.416 | 154.740 | 94.659 | 247.224

128.904 129.711 | 123.345 | 151.557 | 184.158 | 123.938 | 276.405

156.483 | 158.299 | 151.992 | 180.263 | 212.666 | 152.625 | 304.696

184.062 185.997 | 179.710 | 207.921 | 240.483 | 180.263 | 332.255

211.641 | 214.208 | 208.376 | 236.430 | 268.783 | 208.870 | 360.922

239.22 241.748 | 236.192 | 264.997 | 296.985 | 236.805 | 389.388
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Figure 5.11 The pressure calibration curve andequation of PT-2
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Figure 5.12 The pressure calibation curve and equation of PF3
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Figure 5.13 The pressure calibation curve and equation of PF4
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Figure 5.15 The pressure calibation curve and equation of PF7
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Figure 5.16 The pressure calibation curve and equation of PF8

It was clearly seen fronfable 5.8 and Figures5.11 - 5.16 that only pressure
transducer PR perfomed very well. Themeasured pressurdsom other pressure
transducers were oby significant valuesThese results confirndethatthere were some
errors in measured pressumesest2 due to the sensor errpend this is alsthe reason
for the resultan Figures5.8 and 5.9 which were notcorresponding to the theoryhe
reason that the pressure transducers measured incorrect pressureSerdigito the
modules that were installedbeing broken or the pressure transducleesngbroken as a
result of power outager electrical problem

The modules were checked and tested by switchiagtassure transducers that
reportedno problem in measuring pressure to the slot on the medhdeethe previous
pressure transducewere connected anshowed the inaccurate pressure reading. The
resultsindicate that the pressure transducers that performed well still read and measured
approximately the sanmessure as previouslyherefore, the modules that these pressure
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transducers were installesh were not broken and wesgll working well. Consegently,
the reason that the pressure transducers measured incorrect pressurbs duigtd the

pressure transducers being fawtya result of power outager electrical problem

5.8.2 Actual Pressureinside theCups

At the beginning offtehydrogen permeation tesitere was no hydrogen collection
inside the cupsAll pressure transducers were reading at the same pressiwokPa, as
shown inFigures5.8 and 5.9. This indicatedthat the recorded data ke pressure
transducers were accurate at the beginning. Howeverreit@rded pressure were
significanty awry at the endhaving deviateat some point during the experiment.

Once the sensor testing was done, the calibrated pressures in the cups were
calculated using the calibration equations as showigures5.11 - 5.16. Then, they were
plotted on the same graph with the measured prestuestimate when the sensors started
to read incorrectly and, also, to gat idea ohow the actual pressures shobbve been
during the tests. The actual pressunigangs inside the cupsvere obtained from the
combination of the measurgaessure and the calibrated pressgreand are shown in
Figures5.17 and5.18 The mgsdng data in both figures were the resudfssensor errors

and represented the time that the sensors started to read incorrectly.
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Figure 5.17 Actual pressures change inside the carbon stealgs
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Figure 5.18 Actual pressures change inside thstainlesssteel cups

118



5.9 Establishing the Hydrogen Ressure in thePipe (Test 1B)

The pressure increases with time for the group of carbon steel cups, and group of
stainless steel cups are showrFigures5.19 and5.20. The conditions were the pressure

of hydrogen inside the pipe wast 0.5 psig (135.8 + 3.4 kPa) and the furnace temperature

was 30C0°C.
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Figure 5.19 Actual hydrogen accumulation insidecarbon steel cups inTest 1B
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Figure 5.20 Actual hydrogen accumulation insidestainlesssteel cups inTest 1B

Once the hydrogen gas svatroduced into the carbon steel pipe, the pressures in
the cups continuousiyncreased until the pressure reacheteady stater nearly plateau
pressure The hydrogen accumulation rate in all cups was reported in the form of a line
chart in which adtal of observed days was shown in thaxis whilethe y-axis showed
the pressure rises inside the cups. The plateau presside carbon steel 1045 cups were
in the range of 8&Pato 86 kPa. On the other hand, the pressatesteady state inside
stanless steel 316 cups were between @BAand 114 kPaVioreover, the fluctuatiasin
room temperaturgvere significant and caused the pressures in the cups to fluctuate. As
displayed in both figures, at approximatelfne 40" day, oncethe room temperature
dropped, the pressures inside the cups dropped and once the room temperature increased

again, the pressures rose also. This fluctuation was due to the thermal expathggaof
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5.9.1 Effect of Cup Materials

The effect of cup materisy carbon steel and sthss steel, is observed frdfigure
5.21, which is the plot of hydrogen pressure accumulation irSiges3 and8 as a function
of time atpipe pessure £ 0.5 psig (135.8 + 3.4 kPahd 300°C. Both cups have the same
geometry, butveremanufactured from different materials.
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Figure 5.21 Actual hydrogen pressure accumulation inside carbosteelCup 3 and
stainless steeCup 8 in Test 1B

It is apparent from the figure that the trend of the variation of hydrogen pressure in
the cups wth time was similar for botimaterials at the temperature of interest. Initially,
the hydrogen pressurese approximately linearly as a function of time. Afterwaituk
accumulation rate decreased gradually with time and became zero when the steady state
was achieved due to the hgden transfer through the cup wallowever, a comparison
of the time axes ofFigure5.21 displays that the time toeachsteady state, which is the

time wherethepressue in the cup does not changgh time, depends on the materighe
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datademonstradd thatthe achievementf steady state ithe carbon steel cupas faster
thanin thestainless steel cuppproximately 15@aysin thecarbon steel cup and 200 days

in the stainless steel cupdowever, the attainment of plateau pressure might also be
affectedby room temperatures it can be seen that the increasing trends of pressure inside
the carbon steel cup and the rommperature betwees®" hour and 100 houris similar.
Therefore, if the room temperature is constant, the steadynségtbe observedfaster.
Furthermorefrom Figureb5.21, it can be seen clearly that the hydenglateau pressure in
thestainless steel cup was significantly higher than the plateau prestueeanbon steel

cup. This ighe result othe more rapid diffusion of hydrogen through the carbon steel cup
wall due toits hydrogen permeabilitheingone to two orders of magnitude highiban

that ofthe stainless steel

5.9.2 Effect of Wall Thickness of Cups

The effect of wall thickness otips on the hydrogen accumulatiom ¢ee seen from
a comparison of Cup 3 with Cup 4, and Cup 7 witip @ which are representedrigures

5.22 and5.23.

122



160 . 35

140 30
120 25
E100 20
[+ —
(@)
g 15 2|_-
3 8 c
> 10 ©
2 2
d 60
o 5
40 o
20 -5
L]
0 . -10
0 50 100 150 200 250

Time (days)

e H2Pipe * Cup3(85mm) * Cup4(9.5mm) —RoomT

Figure 5.22 Actual hydrogen pressure accumulatio inside carbon steel Cup 3 and
Cup4in Test 1B
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Figure 5.23 Actual hydrogen pressure accumulatia inside stainless steeCup 7 and
Cup 8inTest 1B
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The relationship of hydrogen pressure and time in each cdeplenstrate similar
results in both materials. Thecrease of hydrogen pressure inside the cups was
approximately linear with time at the beginning of hydrogen accumulation. The
accumulation rate, then, decreasebfstantidy with time.

In the carbon steel couple, the plateau pressure in the thigkesasalightly higher
thanthatin the thinner cupapproximately86 kPa and83 kPa In contrast to the stainless
steel cupsthe thinner cup yielded slightly higher plateau pressure than the thicker cup,
approximately 114 kPa and 110 kPeherefore,it can be reported clearly thahet
experimental plateau pressurgsre approximately siritar for both couplesThis result
confirmed that the change in wall thickness of the cups had only a small @iféice
hydrogen pressure at steady stht@wever, this result may be affected by the silver solder
on the top of the cups. Silver solder laaramatic low hydrogen permeability. It acts like
a hydrogen barriesind prevented hydrogen froaiffusing out from the top of the cupsA
shown inFigures 5.24 and5.25, the silver solder on the thinner cups of both materials
occupiedthe entire top surface of cup, while fahicker cups, itoveredonly 70%- 80%
of thetop surface of the cigpConsequently, there is more surface area on the top of cup
for hydrogen lossvhich results in lower hydgenpressure accumulation inside the thicker
cups.

The more surface area on the top of cup for hydrogercauged more hydrogen
loss from the cup and affected hydrogen accumulation inside the cup. Therefore, the term
of hydrogen loss through the top wall of capould be involved in the modellinghich

makes thecalculationmore complex and very complicated.
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Figure 5.24 Silver solder on carbon steel cups

Figure 5.25 Silver solder on stainless steel cups

Furthermore, the times to attain steady state for carbon steetaujasnot be

compareddue to the data being missed as a result of sensor errors. On the other hand, in
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