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ABSTRACT

Water radiolysis (radiation induced breakdown of water into hydrogen, oxygen and
hydrogen peroxide) can lead to operational and safety issues in the water filled systems of
aCANDUP® reactor. The calandria vault and end shield cooling system is one such location
where sigrficant water radiolysis occurdlhe purpose of this system is to act as a
biological shield to protect against the high levels of radiation produced ieatter core.

The calandria vault surrounds the body of the reactor, while two end shields, filled with
carbon steel balls, cover each reactor face. The vault is filled with light water that is
continuously circulated through each end shield to act adantdor the carbon steel balls
within. A nitrogen cover gas is circulated above the water level in the vault to allow for
expansion during reactor stanp. When net water radiolysis occurs in this system, the
hydrogen and oxygen produced can readilyudiéfinto the cover gas and, if not properly

managed, may reach flammability limits.

The calandria vault and end shield cooling system at the Point Lepreau Nuclear Generating
Station had few issues with hydrogen production and migration into its couantgd989

when purging of the cover gas began to be frequently required to keep the hydrogen
concentration belowhe lower flammability limits.The root cause of the sudden excess
production of hydrogen was traced to oxygenated rogkeater, needed sia plant start

up in 1983 due to a small leak in the calandria vault. The use of hydrazine as an oxygen
scavenger has been demonstrated to mitigate the problem by removing dissolved oxygen

and returning the system to a net radiolytically suppressedSpageulation on why it took



seven years to reach net radiolysis conditions was focused on hydrogen production and
oxidant consumption from the corrosion of the carbon steel end shield balls. Keeping
excess hydrogen in an irradiated system is known taesppet water radiolysis and limit

production of hydrogen, oxygen and hydrogen peroxide.

This study was implemented to better understand the synergies and interactions between
carbon steel corrosion and water radiolysis. A test loop was built to sirthdatenditions

in the end shield cooling system, which contained a packed column of carbon steel ball
bearings that was exposed toargnaradiation field in a Gammad at the Chalk River
Laboratories. Results demonstrated that oxygen consumption fromsion processes can
indeed place the system into net radiolytic suppression, subsequently, cogersévated
hydrogen assists in maintaining this state. These corrosion processes minimize the
production of radiolgically-generated hydrogen, oxygen aridydrogen peroxide.
However, as the carbon steel passivates, the corrosion rate will slow, thereby diminishing
the hydrogen production and oxygen consumption rates, after which net radiolysis can be
re-established verifying the initial hypothesis. Thedstalso explored methanol as an
alternative oxygen scavenger to hydrazine and demonstrated that it could be effective in

minimizing hydrogen production, but may increase carbonate loadings @xebange

resins in the systemds purification system
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1. Introduction

1.1 Overview of CANDU® Reactors

Like thermal plants, CAND® reactorsboil water to produce steam, which is tHed to
turbines Energyfrom the steam drives the blades to produce electricity from the generator
connected to the turbineBhe underlying difference between nuclear and thermal plants is
the mechanism of heat generation. Thermal plants burn woodgesabr oil to generate

heat, whereas the heat generated in a nuclear plant is provided by the fissioning of heavy

fissile elements

In CANDU® reactors pressurized cooling water (heavy water) is transported through the
reactor core to removeeat generatefilom thefission reactions. The heated heavy water

is then sent to steam generators, which are essentially langigeldype heat exchangers.

Heat istransferredrom the heavy water in thtebe sideto light wateronthe stell side of

the steam generatdrhiscauseshelight water to boil, hence generating the steaquired

to drive the turbine. A typical flow schematic of a CANDUeactor is displayed in
Figure 1-1. The figure displays two distinct flow systenseparated by the steam
generators. Theystem carrying heavy water through the reactor and supplying heat to the
steam generators is the primary heat transport system, while the system carrying light water

from the steam generators to the turbines is known as the secbhedatgansport system

The system surrounding the fuel channels through which the primary heat transport system

passesis known as the moderator system, which is mostly contained in a horizontal,



cylindrical vessel known as the calandtia.order to induce fissioning of heafissile
elements a moderator is required to thermaliteii s-tl o wn 0 ) .nGANDUP o n s
reactors use natural uranium as a fuel source, and therefore require heavy water as a
moderator.Natural uraniunhas a lower composition of fissile isoto8s/% U-235), as
opposed to the enriched fuel required fohtigiater reactors (8% U-235). Heavy water
provides more efficient moderation than light water, and hence does not tegfirel to

be enrichedThe calandria is filled with heavy water that is eoeabusly circulated through

an external heat exchanger to remove excess heat, as shown in Figure 1

GENERATOR

ab

FEEDWATER
HEATER

DEAERATOR

COOLING WATER

m STEAM (LIGHT WATER)

EE=== CONDENSATE (LIGHT WATER)

MODERATOR (HEAVY WATER)

[C__J PRIMARY COOLANT (HEAVY WATER)

MODERATOR
PUMP

CANDU NUCLEAR GENERATING STATION
MODERATOR
HEAT
EXCHANGER

Figure 1-1: Typical Flow Schematic of a CANDW Reactor [15]

Large quantities of ionizing radiaticare producedas a result of the fission reactions

occurringin the reactor coretherefore,shielding around the reactor is requiretlhe
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calandria is enclosed by the calandria vault and end shield cooling system, which acts to
shield the surrounding environmtefrom the high levels abnizing radiation present in

the reactor core.

1.2 Calandria Vault and End Shield Cooling System

The calandria vauland eneshield coaihg (ESC)systemconsists of two end shields,
through which the fuel channels pass, and atwamtounding the calandria bodyhe vault

is constructed of concretehich islined with carbon steel, and filled with light water. The
body of the calandria is enclosed by the witkxd vault, while each face of the reactor is
shielded bywo end slelds, which are filled with carbosteel ball bearinggpproximately
3/ 80 to | & A icutawayischematic efr theeactorsystem isdisplayed in

Figure 1-2, with eaclcomponent numbered and listed.

The ESC system contains approximately 56 bftight water that is maintained at slightly
alkaline pH (9.610.0 adjusted w/ LiOH) to minimize corrosion of its carbon steel
components. Water is continuously circulated from the vault and through the end shields
to act as a coolant for the carbon steslsowithin. The primary purpose of this system is

to shield the surrounding environment from the high levels of ionizing radiation produced
in the reactor core. In order to allow for expansion upon reactofugtahere is also a
nitrogen cover gas abovihe water level in the vault that operates slightly above

atmospheric pressure.



1. Calandria

2. Calandria End Shield

3. Shut-off and Control Rods
4. Poison Injection

5. Fuel Channel Assemblies
6. Feeder Pipes

7. Calandria Vault

1.3 Hydrogen Generation in the ESC Systemat PLNGS

Point Lepreau Nuclear Generating Station (PLNGS) began operations in 1983 and has

sinceinitial commissioning e qui r ed makeup water

systemThe makeup water fed to the systsmair saturatedd8 ppm Q) andcomes from

t

detected in the calandria vaglbver gasystem Theseelevated levels of hydrogemere

ultimately attributed tothe net radiolytic breakdown of watfk]. When waer is in the

he

4

Figure 1-2: Cut-away Schematic of Reactor Vault and End Shield Cooling System
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presence of ionizing radiation it will break down to form several highly reaspieeies
which can, undercertain conditions result in the formation of significant quantities of
hydrogen, oxygen, and hydrogen peroxidge Because theysten operategust slightly
aboveatmospheric pressurthe radiolytically producedaseqH: & O») readily diffuse
into the vault cover gas. If this process is not controliedsome mannerflammable
concentration®f these gases will buildpy regular purghg of the cover gasystemis

requiredto maintain low hydrogen concentrations

1.4 Operating Experience at PLNGS

As mentioned previously, hydrogen productiontie ESCsystem was not an issue
between 1983 and 1989. It is postulated that corrosion proaessasing on the carbon
steel surfaces in the system were responsible for the mitigation of hydrogen production

during that time frame.

If an irradiated water system is under a condition described as net radiolysis, there will be
a presence of significaguantities of hydrogen, oxygen and hydrogen perodis&olved

in the water The concentrations of these radiolytically produced molecular specig®:(H

and B0O») are interdependent on one another due to the reaactiechanismsissociated

with radiationchemistry. If oxygen or hydrogen peroxide is removed from the system, or
hydrogen is added, the concentrations of all three species will decfi¢adHere is a
sufficient hydrogen addition or oxidant{0r H.O.) removal, the system can enter a state

described as net radiolytic suppression, whereby the concentrations of radiolytically



produced oxidants (and HO>) are negligible, and hydrogen concentrations can be quite

low.

Sincecarbon steatorrosion isknown to consume oxygen dodproduce hydsgen, it has
been postulatethat corrosiormaintained net radiolytic suppression during the first six
years of operation at PLNGBy keeping dissolved oxygen concentrations low and
potentially adding a slight excess of dissolved hydrogen to help mamgairadiolytic
suppressionlt has beerspeculatedhat the shift to net radiolysis in 1989 was due to
passivation of compsner théreby redacingner ability tb preduice
hydrogen and/or remove oxidants. Following shg s t shifbid set radiolysisn 1989
elevated concentrations of hydrogen were managed by frequent purging of the cover gas,
however, this methodas labor intensive and time consuming. Hydrogen addd®m@
means of consuming oxidants in a radiatemvironmentis employed in many other
systems to maintain net radiolytic suppresstoowever, in the ESC system this is not a
feasible optioras ay gases added to this low pressure system will readily diffuse into the

cover gas and exacerbate the problem.

The plant curently maintains low hydrogen and oxygeoncentrationdy periodically

injecting hydrazine to scavenge oxygen [2]. Hydrazine is widely used in steam cycles of
thermal power plants as an oxygen scavenger to maintain reducing conditions [3]. There
it relies on the high temperature conditions of the system to react with oxygen, however,
in the low temperature environment of the end shield cooling system the mechanism relies

on radiation chemistry. Experience at PLNGS has shown that hydrazine additions remove

6



oxygen with an approximate stoichiometric ratio of 1:1, which readily places the system

into net radiolytic suppression [2].

1.5 Objectives of Study

The objectives of this study were twofold; firstly to develop an understanding of the
synergies between wateadiolysis and carbon steel roosion. Understanding the
synergies between radiation chemistry and corrosion gives insight into the mechanisms

that kept the system in net suppression from 1983 to 1989.

The second objective was to investigate a potemjdcement for hydrazine as an oxygen
scavenger in the ESC system. Although hydrazine is very effdntir@moving oxygen
and limiting hydrogen productigstricthandling restrictions have encouraged exploration
into alternatives. Therefore, preliminasearch into the use of methanol as a prospective

replacement was performed.

The effects of carbon steel corrosion and radiation chemistry were stagtiachtely and
togethelin a low temperature, low pressure flow loop. Loop experiments were cartied ou
at conditions approximatg those in the ESC system. Water was circulated thr@ungh
irradiatedtest section composed af1 liter PYREX® vessel for development of the
radiation chemistry, anal packed bed of AlISI010 carbon steel balgas usedo simuate
corrosionof end shield ballsThe grade of carborteel chosen falls withispedfication

for the end shieldcooling systenin CANDU® 6 plants, which specifieany carbon steel



between AISI 1008 and 1026, excluding 1024, with a maximum cobalt angamzse

content of 0.07%, and 1.0%, respectively.

Resultsfrom all testswere inputinto a corrosion andadiation chemistry model in an
attempt to recreate conditions observedthie experiments, this is summarized in
Section5.1and AppendixE. In addtion, an equilibrium model wagevelopedo predict

the effects of carbon dioxide on system chemistry, which is produced by the oxygen
scavenging mechanism of metharfjt this is outlined and discussed in Sectionbahd

AppendixD.



2. Literature Review

2.1 Fundamentals of Radiation Chemistry

The radiolytic breakdown of water (radiolysis) is initiated by the ionization or excitation

of a water molecule by ionizing radiatioe.§g. gamma, fast electrons, §{&]. Thisis the
physical stage of radiolysis wheby excited, unstable water molecules,0) or ion pairs

(H-O"+¢€) are formed. The ejected electron from the ion pair may contain sufficient energy
to initiate further localized ionization events until it becomes thermalized. The excited and
ionized wate molecules will go on to form several radical and molecular species over a
very short time scal]. A schematic of the progression of these reactions as a function of

time following the initial ionizatiofexcitationevent is displayed in FigureR2

Time (s) lonizing Radiation
0 .| i H,O
Physical stage exc'taV watm
105s | H,0* H,0* + e
H,O
Physico-chemical \ HO-1+ :—1 \ H,O~
ysico-chemica H, + O('D) H,0
stage
l H,0 leo
H* + HO* H, + 2 HO* HO* + H;O* HO*+H,+OH e,
1012s -
Chemical stage l
106s _| €, H*, HO®, HO,*,OH", H;0%, H,, H,0,
v

Figure 2-1: Timescale fromlonization Event to HomogenousReactionKinetics[7]



The nature of the ionization event distribution is dependent uporkittear Energy
Transfer (LET) of the incident radiation. llow LET radiation (e.g. fast electrons, gamma
rays) energy deposition occurs in well separated points along the path of travel, which
produca small groups of ionized species called spurs, as shown in Figureligh LET
radiation (e.g. neutrons) will pduce frequent ionization events resulting in coalescence
of the spurs, which forms a continuous path of ionization events. Figliligtrates the

different energy deposition behaviors of high and low LET radiation. [6]

In either case, over the veryat time scale displayed in Figurel2the reaction kinetics
are nonhomogenous. Species formed through interactions with low LET radiation will
have a limiting escape yield away from the spur as the system trends towards homogenous

reaction kinetics.

Low LET Radiation
v-radiation, fast electron
(Low overlap of chemical eve ntsj

. o
J— = { e

High LET Radiaticn
Recoil proton, c-particle

Figure 2-2: lllustration of Chemical EventsProduced from Low andHigh LET [6]

The escape vyield is based on the competition between diffusion of the épa@gdrom

the spur antheirreactionwithintheur. The speciesd that escape
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to the bul k

of these

in units ofspeciesl00eV B].

Apri mary

reaction

Ki neti c®Thedscapeyisldsst e m

Table 2-1: g-values forWater atNearNe ut r a |

p-valoes, showndnolrabée P, ehich arggivens s e d

p H Law LEZ RadiatiGn [§] o r

Primar +
Specigs &y | ‘H | ‘OH | Hz | H:02 |HO2/027| H
G-value
2.63 0.55 2.72 0.45 0.68 0.008 2.63
(specie&l00eV)

The gvalues for high LET radiation are aldocunerted and the primary species formed

are the ame, but generally speaking the yield of molecular species are higher and radical
species are lowdor high LET radiationThis is due to the overlapping nature of tingh

LET ionization events. Since the spurs are in such close proxithéyunstableadical
species being formed have a higher chance of reacting to form stable molecular species
prior to reaching homogenous distribution. In either ctmespecieshat participaten

bulk system reaction kinetiare shown by equation (2). Homogenouslistribution of

these species ocambout 100 ns after the ionizatiemcitationevent p]. This study has

only considered the effects of low LET radiation. Though high LET radiation is present in
the ESC system, the dose rates of low LET radiation aszaerders of magnitude greater

in the vast majority of the syster@] [

00
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The species produced in reactiorl)Zanreactthrough a series of elementary react
that will result inthe netformation of significant quantities ohydrogen, oxygen and

hydrogen peroxide.

Some of theprimary radiolysisproductswill react to reform water,and createfurther
hydrogen peroxide and hydrogen. Thesenary reactionsre carried out as displayed in

equations (2)1 (2-4) [10].

JO 2 '® 00 (2-2)
JO J0° 'O (2-3)
20 W' 00 (2-4)

Once enough hydrogen peroxide is formed, it will readily react with some of the radical

species to form oxygen through a series of sdapy reactionsas displayed in equations

(2-5)i (2-7)[10.

Q0 06 © IO "Of (2-5)
B'OIWB © 6 00 (2-6)
305 OQ5 © 6 OO (2-7)

It should be noted that there are numerous reactions occurring simultaneously under
irradiated conditions. Ae primary and secondary reaction sets shown above dragtte

progressions thahakeup thenet productiorof hydrogen, oxgen and hydrogen peroxide
12



for a full list of reactions se€ables E-2 andE-3 in the appendixReaction (2) describes

the production of hydrogen, oxygen and hydrogen peroxide from the net radiolytic break
down of water, assuming there is no initialxidt present in the sys
holds a value between 0 and 1, andapendent osystemconditions such aemperature

energy deposition rate of the incident radiatiand chemistry (e.g. pHY].

O0 wuuuuuy - p &€ 0O -e0 -p €00 (2-8)

If these secondary reactions are not suppressed in some manner there is ndognethod
which the concendttion of hydrogens managedThus, as these reactions proceed the
hydrogenconcentration will continue to rise, as wakkygen and hydrogen peroxidentil

a steady state condition is achiey4

The net formation of hydrogen, oxygeand hydrogen peride can be suppressed if a

small excess of hydrogen is present withi& system, as shown by reaction®)2 (2-11)

[10].
20 00 JO O (2-9)

JO § © 30 (2-10)

JO 006 © 30 00 (2-12)

The excess hydrogen in the systeithreact through reaction {9) andconsume hydroxyl

radicak (OH) ata faster rate than reactiong-%) and 2-6). This mechanism mitigates

13



oxygen generatiorgndallows hydrogen concentrations to remain at safe and manageable
levels. Because reactioR-§) is suppressed, this limits the amount of hydroperoxiytads
(-HO») producedtherdoy suppressing reactisii2-6) and R-7). Hydrogenatoms produced

from reaction (29) cancombine with hydrogen peroxidas shown in equation {21).

This generates furthéydroxyl radicalswhich react with the excess hydrogkeepingnet

suppression in a continual cyclehe overall result is displayed by equationl@).[10]

06 O n 'O0 O (2-12)

The fact that an excess of hydrogen can place the system into net radiolytic suppression
suggests that there is a minimum hydrogen concentration that must be maintained in order
to remain in such a state. This is knowrthescritical hydrogen concentration (CHC) and

is slightly variable based on system conditions (e.g. impurity concentratibfjs)rhe

critical hydrogen concentration has been experimentally meaauncedapproximately

0.1 mL/kg and 0.5 mL/kgtneutral conditiong&ndpH 10, respectively [4, 11].

There are many reactions associated with the rgtiobreakdown of waterthose
described here are the primary and basic progressions of the kinetics and chemistry. The
mechanism described above by @rha slight excess of hydrogen suppresses net radiolysis
only applies if there is not an abundance of oxygen present in (or being introduced into)
the systemFor examplejf oxygen is introduced into an irradiated water system in net
radiolytic suppressig it will effectively promoé recombinatiorandconsune the excess

hydrogen, as displayed in equatiorl@@) [4].

14



¢O 0 wwuwuuuut ¢O0 (2-13

If sufficient oxygen is added tower the hydrogen concentration to the CHIe system
will revert to net radiolysjsand the concentrations ohydrogen oxygenand hydrogen

peroxide willall rapidly inaeasd4].

2.2 Carbon Steel Corrosion

When a metal is submerged in solution, it behaves as an electrode, whereby a potential
difference is established between the metal surface and solWsanresult, aodic and
cathodic sitedorm and there is a net flowf current from the anaxito cathode. Oxygen
reduction or proton reduction will occur at the cathodic sites, while iron oxidation will
occur at the anodisites as shown in Figure-3. This mechanism is responsible for the
aqueous corrosion of metallic reatls.Metal corroding in solution is generally described

as a mixed electrode becaude cathodic and anodic reactiorsse simultaneously
occurring on its surface [14]. The anodic and cathodic reaction rates must be equal as each

process is required tirive the other (cathodic reactions are generally limiting) [15].

The current flow from the anode to cathode is called the corrosion current, which is
effectively representative of the corrosion rate. This current is limited by the slowest step
in the reda process. The limiting rate can be based on charge transfer at the metal surface
or the rate of mass transfer of reactants to the metal surface from solution. When corrosion
is limited by charge transfer it said to be controlled by activation polarizatibereas

when limited by mass transfer it is said to be controlled by concentration polarization [15].

15
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Interface

Quter Oxide

Inner Oxide

Metal/Oxide
Interface

Figure 2-3: Animation of Processes Occurring at an Electrachemical Interface

The redox processexcuring on feely corroding steel will generally consume oxygen
and/or evolve hydrogen, as shown by #ectrechemicalhalf reactions displayed in

equationg2-14) - (2-16).

As corrosion proceeds, oxides will precipitate and form on the corroding stésiesu
The oxidation state and type of oxides formed are dependent on the-elenmizal
equilibrium potential and pH of the system; the rate at which they are formed is dependent

upon the kinetics of the redox reactions.

16



Anodic Half Reaction:

0P '0Q  ¢Q (2-14)

Cathodic Half ReactiondNeutral orAlkaline Conditions):

-0 OO0 ¢Q ©° ¢ O (2-15)
or
COl ¢Q OO0 ¢b'O (2-16)

Pourbaix Diagrams are generally usedain insight as to whahe passivity and nobility
of a particular metahay beas a function of system pH apdtential. Theyare effectively
a thermodynamic npaof the expected metal oxide stateslera varety of pH and electro
chemical potential condition& Pourbaix Diagranfor iron at 28C and 16*M is displayed

in Figure 24 [16].

At slightly alkaline pH (9 10), the Pourbaix Diagram suggests that solid iron oxide states
are formed at all values of mtial. These iron oxides can promote passivation of the steel
by acting as an insulator to current flow and/or limiting the rate of mass transfer of reactants
to the metal surface, thereby slowing the corrosion rate. Therefore, the rates of oxygen

consunption and/or hydrogen evolution will also slow.
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Figure 2-4: Pourbaix Diagram for Iron at 25°C and 103M [16]

Because radiation chemistry is strongly affected by the consumption of oxidants and/or

producton of hydrogen, corrosion presses could potentiallyontrol the radiolytic state

an irradiated water system assumes. However, because oxidants are produced under net

radiolysis, radiation chemistry can also have a strong influence on the corrosiordfate a

potential established in a freely corroding system.

Past studies have shown that at slightly alkajoraitions(~ pH 10)there are three regions

of oxidation on carbon steel surfaces, which depend on the electrochemical potential (E)

establishedas shown in Figure-8 [17]. In region | (K -0.5V vs. SCE) steel actively

corrodes to form a mixture of Fe (Il) and Fe (lll) oxides and hydroxides. Under these

conditions the main oxide formed is 3B which is somewhat protective, but is also

conductiveallowing continuous oxidation and film growth. In region Il (0.5V< E < 0V vs.

SCE), magnetite is quickly formed and then further oxidized to form a thin outer layer of

18



maghemite, above the magnetite layer. Maghemite is more insulating than magnetite and
hence passivates the surface. Region II!>B V vs. SCE) brings about the anodic
conversion of magnetite and maghemitéefndocrocite inducing micrefractures into the

oxide film. This leads to reconstructing of the film with the result being the famet a

thick, but less protective, porous oxide layer of magnetite, maghemite and lepidocrocite.

s )| y-FeOOH
—)I Fea04 (magnetite)
v-Fe0;
(maghemite)
Fe a-FeOOH
] y-FeOOH
[ (lepidocrocite)
—>| Fe(OH),
— << —t—— g
10 -08  -08 -07  -06 0” E(vs. SCE)

BT T

Figure 2-5: Equilibrium Potentials for Various Iron Oxidization Processes [26]

Therefore asystemunder moe reducing conditiongi.e. low dissolved € would most
likely result in oxide formatioroccurring in region I, and hence, form magnetite via
hydrogen evolutionHowever, corrosion processes would slow a&sldlger of magnetite
thickened thereby reducindnydrogen productionif oxygen wasthenintroduced tathe
system magnetite wouldlikely exhibit some oxygen removal abilitgs the potential

shifted into region 1l This would involvethe conversion oimagnetite to an even more
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passive maghemitéindera steady state condition megion Il,it is likely thatvery little
oxygen removal would occur, however, if the system then became irracdgitbdgen
peroxide would begin to form. Pasbrks have shown that this would raise the corrosion

potential, howeer, not necessarily enough to place the system into region Il [18].

Studies havehown that under net radiolysienditions direct oxidation on steel surfaces

is mostly dominated by the molecular species (i£-+dnd Q), not the radical species

(e.g OH) [18]. This is attributed to the low level steady state concentrations and high
reactivity of the radicals. Rather than contributing to surface reactions, radical species are
more likely to recombine or react with water impuriti&é8][ Therefore, thérue corrosion

rate would be proportional to the sum of the consumption rateg®fdtd Q on the steel
surfaces. These studies have further concluded that hydrogen peroxide is the key radiolysis

product governing carbon steel corrosion processeseaadd oxygerip).

2.3 The Calandria Vault and End Shield Cooling System

The <calandria vault and end shield coolin
biological shield, protecting the surrounding environment from the high levels of radiation
producel in the reactor core. The system consists of two end shields through which the fuel
channels pass, and a concrete, carbon steel walled vault that surrounds the body of the
calandria. The system contains approximately 58 bftight water which is circuked

from the vault and through the end shields to cool the carbon steel shielding components.

The vault contains a nitrogen cover gas to allow for expansion during reactapstahe

system is operated sl ight |gyatakblioepH (9.810.0n0 s p he
20



adjusted w/ LiOH)andwi t h t emper at ur e85 r@ngA ngi mploimf i4é&

flow diagram for the system is displayed in Figu+é. 2

—Nitrogen Cover Gas

1 I
Delay Delay
Tank Calandria Tank
I77._" —— Vault B —
/ \'-\ / \\\
/ \

|

\

4
\

¥ Purification
System

‘ N oy \ 3
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) ot T .
Pumps (2) \__/ Heat Exchangers (2)

-+

| EndShield | | EndShield |

Figure 2-6: Simplified End Shield Cooling System PFO1]

The Point Lepreau Nuclear Generating Station bexyaratiors in 1983, andhas since
required makeaip water for the ESC systetine to a small leak in the calandria vatihe
makeup water is air saturated 8 mgQ/kg) and comes from thiacilities water treatment
plant. Forthe first six years of operation hydrogen concentrations in the vault cover gas
system were well belowhe action limit of 2 vol%, which is set to mitigate the buildup for
flammable gas mixtures. In 1989 the hydrogenaentration began to regularly exceed
this action limit, which resulted in the need for frequent purging of the cover gas system.
The hydrogen production was attributed to the net radiolytic breakdown of water, whereby

significant quantities of hydrogemgxygen and hydrogen peroxidere formed [1].
21



However the question still remains: What mechanism was responsible for the net radiolytic
suppression that occurred from 1983 to 19897 It has been theorized that net suppression
was maintained during this pedialue to oxygen removal and hydrogen production by
corrosion of the carbon steel system compondiits.oxygen added to the system in the
makeup water would be readily consumed on the steel surfaces. This would maintain net
radiolytic suppression, while dyogen evolution would add the excess hydrogen required

to keep the system in suppressidn.has been hypothesized that this suppression
mechanism was ceased due to passivation of theGtesbsionprocesses occurrinquder

the conditiongpresentn the ESC systerpH 9.0-10.0)will result in the formation obxide

films on the steel surfaces, which will cause a slowing of the corrosion processes, and
consequently, the consumption of oxygen and evolution of hydrogerbetter
understanohg of the synerggs between radiation chemistry and corrosiuihgive insight

into the mechanisms that maintained net radiolytic suppression from 1983 to 1989 in the

ESC system at PLNGS.

As mentiored previously, hydrogen production was initially dealt with fgriodicaly
purgingthe cover gas systerHowever, his methoddid not addresshe issue of frequent
IX resinsaturationbrought on by theiptake ofnitrates and nitritebeingproduced from
interactiors between nitrogen and radiolytically produced oxyg€nrthernore, the
method of over gas purgingvas time consumingabourintensive,and also increaséhe
radiationdoseuptakeby personneperforming the procedur&herefore othermeansof

mitigating flammable cover gas concentrations were expl@edany dher irradiated
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reactor systeswse hydrogen addition to achieve net radiolysis suppressiareverthe
ESCsystem operatesnlys | i ght |l y above at mogs tharefareijfc pr es
hydrogen was addedt would readily diffuse into the nitrogen cover gas and only
exacerbate the proble@urrently, PLNGScontrols hydrogen productidey periodically

injecting hydrazine (BHs) into the system at specifidtequenciedo act as an oxygen

scavenger.

2.3.1 Hydrazine Additions

Hydrazine has been usas an oxygen scavengetthe steantycles of thermahnd nuclear
plantsfor many year$o minimize corrosiorfil0]. When used in a steanyate, hydrazine
depends on the high temperature conditions to promote its oxygen scavenging ability
whereasin the ESC systenit relieson a mechanism promoted by water radiolgsie to

the low operating temperature.

Though oxygen removal via hydrazimgections is dependennaradiation field it is very
effectivg even under low field intensities. This previ® be useful during shutdown
conditions when radiation fields are at a minimum. The high efficiency of oxygen removal
by means of hydrazinajectionscan be attributed to a chain reactidhe first stage in the
chain reaction is the initiation step, whereby hydrazine reacts with hydradicals

(reaction 2-17)) and oxygen witlhydratedelectrons (reactior2¢18)) [19].
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Initiation

0600 V@A O 00 (2-17)

Q 50y (2-18)

The second stage, propagation, is displayed in react®h3) @nd @-20). The hydrazyl
radical reacts with oxygen formingN», H" and Q-, after which G reacts with hydrazine
forming a hydrazyl radical and HO The formation of ths secondarpydrazyl radical can

propagate further oxygen consumptlmnfeeding reaction2(19) [19].

Propagation

BO §oOABO G O (2-19)

650 G ©B'O 00 (2-20)

The termination stage, isplayed below in reaction®2@1) i (2-23), is simply the

disproportionation of @/ HO2 [19].

Termination

00 00 ° 06 0 (2-21)
o6 0 4 00 0 0O (2-22)
0 YQOOODEDE QO DO (2-23)
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Following themechanisndescribed abovis series of reactions involvingrange of NO
compoundshatendin theformation ofwater and molecular nitrogethe net effect of the

entireprocesss shown byreaction(2-24) [19].

00 0 uwwuwwuiuy 0O OO0 (2-24)

This processcan quickly consumany oxygen present in the systestich will resultin

the reversion back to net radiolytic suppres$gjn

2.3.2 Methanol as an Oxygen Scavenger

Due to the strict handling procedures on hydrazjneterest has been expressed in
investigatng methanol as a potential alternativenlide hydrazine methanol would not
function as an oxygen scavengeihigh temperature systenits scavengingnechanism

is cometely dependent on the presence of a radiation field, making it only a candidate for
irradiated systemdviethanol in irradiated watesystemswill readily react with hydroxyl
radicals and hydrogen atoms to produce the hydnetlyyl radical as shown in re@ons

(2-25) and 2-26) [5].

6@ 0 J0° BH»A O O (2-25)

600 2 '® B WO 00 (2-26)

The molecular hydrogen produced from react@®25%) will assist in the reversion to a net
radiolytically suppressed state, howevexygen is also readily esumed by the
hydroxymethyl radical as shown by reacti@®({) [20].
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BAWO OO0 £QORDOI (2-27)

Several intermediate products dam formed such as ethylene glycol and formaldehyde,
howeverthey will all undergo oxidation/reduction reactions until carbon dioxide and water

are formed (the overall result is displayed in reactib@g)) [5].
OO ol © ¢ TOD (2-28)

Because carbon dioxideisa-pyr oduct of met hanol 6s oxygen

depression of system pH may occur due to the formatioarbbnic acid; reaction {29).
60 ™Ou0P "O060 (2-29)

Carbonic acid is a weak acid, so the effects afigsociation may not be detrimental. From

a largescale perspective, if scaled up to plant application, more frequent exhaustion of the
ESC systemds | X resi n aarbopates and bicarbothaiden t o u p
invedigation intothe use of methanak an oxygen scavenger under conditions comparable

to the ESC system was performed; the results atehpal dowfalls arediscussedh later

sections
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3. Experimental Test Methods and System Design

3.1 Loop Overview

All experiments were carried out in@\N temperature, low pressure fldaop constructed

of ¥ inch - 316 stainless steel tubing. Water with varying concentrations of oxygen,
hydrogen and hydrogen peroxide were circuldtedugha test section composed of a

1 liter PYREX® vessehnd a 2inchlong sectiorof ¥4 inch- 316 stainless steel tubirifhe

tube section could be packed with upajgproximately22 grams of 0.8 mm AISI 1010
carbon steel ball bearings simulate corrosion effectdlSI 1010 carbon steel falithin

the specification foend shield cooling systetwall bearingsnh CANDU 6 reactors, which
specifiesany carbon steel between AISI 1008 and 1026, excluding 1024, with a maximum
cobalt and manganese content of 0.07%, and 1.0%, respectively. The composition of the

test section ballased is displayed in Tabg1.

Table 3-1: Carbon Steel Test Section Balls' Composition

Component Content
Carbon 0.1%- 0.2%
Manganese 0.6%- 0.9%
Silicon 0.1%- 0.2%
Sulfur <0.5%
Phosphorous <0.040%
Iron Balance

The vesselportion of the test sectiomvas used to maintain the majority of the system
volume in the radiation fieldThis ensured sufficient residence time in the field for full

development of the radiation chemistry prior to interactionl thie carbon steel surfaces.
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The radiation field waappliedusing a8®°Co Gammacell 220 irradiator, which provided an
approximate dose rate of 50§/Gr. The test sectiowasimmersedandremoved from the
radiation field via an elevator chamber built ithe GammacellA simplified process flow

diagram is displayed in Figure13 however, a detailed PFD can be foundppendix A

%

Flow Meter Ball
Packed @
Tube |

Vessel

Gas In/Out

Drain Feed Tank

Gamma Cell

Pump Heating Rope

Injection Port

Figure 3-1. Simplified Process Flow Diagram of Test Loop

3.2 Loop Flow Configurations

The loop wa designed such that it is able to operat@domplete recirculationmodeor
in a oncethrough configuration.Oncethrough configurationrequired dissolved gas
concentrationso bealteredonly in the feed tankWaterleaving the feed t&k washeated
to 30°C, passed through thiest sectionanalyzed fordissolved gagoncentrationsand
sent to drainHowever, it was found that variations in dissohgakesfrom corrosion
processesvere not quantifiabldrom a single pass of the test sec. Therefore, all
experiments wer carried out in a recirculation configuratipre. upon commencement of
an experiment no water entered or left the sygtef the beginning of a recirculation

experimentvater wascirculated througlthe system from hfeed tanks untdissolved gas
28



concentrations wetgroughtwithin range of the desired startingnditions Subsequently,
the test sectiowasvalved in and the system placed in complete recirculétierthefeed
tank wasvalved out, and the systemas placed in a state such that nater entered or left
for the durationof the experiment Dissolved gasoncentrationsvere then fine-tuned
using the sparge vess€he system arrangement alledfor the flow to be rerouted around
certain pieces of equipent such as the gas sens@sarge vesselnd test sectiorf-or
example,prior to commencement of aexperiment, once the desired dissolved gas
concentrations were achieved, the sparge vessalalved out for the duration of the test.
Thedetailedsetup and valve turningrocedures used in both flow configurations can be

foundint he | oopds d4erating manual

3.3 Loop Components and Design

3.3.1 Loop Flow Components

The majority of the systemwvas constructeaf ¥ inch - 316 stainless steel tubingll
sydemvalveswere Swagelok allpurposetwo ard three way ball valves ardd % inch
Swagelok tube fittings on each emdth the exception of the Swagelok check valve located
on the recirculation lineandarelief valve positioned at the outlet of the purifipe check
valve was a stainless steel poppet with Swagelok tube fittings at eachretskbrvel to
ensure no back flow occurred a result of the head from tieed tank. The relief valve
was a stainless steel, low pressure, proportional valve useduee no significant buildup

of pressure occurred within the system to profdesssystemcomponents.
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The system pump vga 316 stainlessteel micregear pump which raonaninstek High
Current, SingleOutput DC Power Supply. This power supplas used to control the
flowrate of the system by altering the power supplied to the pump. The pump porésize
0.125 inches with female NPT connectiohgbing wa connected to the puntyy two 316
stainless steel Swagelok reducing unishgch had1/4inch Swagelok tube fittings on one
end and 1/8nch male NPT connections dhe other.The upstream fittingeducedthe
diameter to 0.125 inches upon pump entry and the downstream fittingedttuerdiameter
to 0.25 inches upoaxit. The pumphada maximumallowableflow rate of 460 mL per
minute (well above thexperimental flow rate ofD mL per minute), and maximum

differential pressure of 75 psi.

The system flowratevasmonitored through the use oBaooks Instrument AMite Low
Flow Armored Flowmeterwhich was connected to the system tubibyg ¥4 inch tube
compressiotiittings. Thef | o w m enaxenund essuretingwas1500 psig andauld

measure water flowrates up to approxima#€l9 mL per minute.

3.3.2 Feed Tanks

Two 50L, sealed, low density polyetlgne carboyserval as water reservoi$eed tanks)
to store pH adjusted (9.5 w/ LiOH) and neutral waldre neutralwaterwas used for
system washes, and the pH adjusted water for experimentalkamtk.carboyvas topped
with aThermo Scientific Nalgescapthathadbeen drilled oufor theattachment ofthree
Swagelok 316 stainless stdmilkhead unionsA seal was made between the bulkhead

unions and the caps using neoprene gaskets. af the three channels created by this
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modification were used fahe inlet and outlet flow of purggaseswhich adjused the
dissolvedgas concentrations in the wat&€hegasesverebubbled through the water using

a fritted glass dispersion tube with an 8 mm (O.D.) tube and a 40 mm medium fta disk
maximize mass énsfer The dispersion tub&as glassblown onto a stainless steel bellows

to PYREX® adaptomwhich was attached t@ne of three bulkhead uniar&he gas flow into

the tank was controlled by a needle valve attached to the outside portion of the bulkhead
unio n . Polyethylene tubing (1/4 inch) connec
valve.Thesecond bulkhead union serviedvent the gas being removed from the system.

In order to ensure that theneasno entry/reentry of undesiredasesnto thefeed tanks

the vent port \as attached to d/4 inch polyethylene tube thatas submergethto a

reservoir of weerto act as a gas trap

The third channel was used as a water return line for the feed tank. At the beginning of
every experiment dissolved gygoncentrations were broughithin the range of desired
starting concentrations byrculation through the feed tank, making this return line a
necessityA 3/8 inch Swagelok tBSPthread adaptewas attached to the bottom of each
tank to serve as an det flow line. A 1/4 inch x 3/8 inch reducing uniomade the

connection betweethe tankoutline lineandthe ¥ inch system tubing.

3.3.3 Sparge Vessel

The sparge vessglconstructed of borosilicate glassas used to alter dissolved gas
concentrations upon &ring recirculation configuratio(Figure 32). Purgegaseswere

bubbled through the water in the vessel by an 8 mm fiitizd gas dispersion tube, and
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vented through the adjacent flow lin€he water flow was directed in through the top of

the vesseand out through the bottom in a counter current fashion against the gas flow to
promote mass transfer. All flow lines though the sparge vessel were glass blown onto ¥
inch stainless steel bellows to PYREXdaptos to allow for ease of connection to the Y4
inch tubing of the system.
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Figure 3-2: Sparge Vessel Design and Flow Configuration
Dissolved gas concentratiomsthe systenwere also altered byhemicaladditions(e.g.
hydrazine,methanol sodium nitrée), which were made through an injection port placed
between the pumpnd test sectionThe port was a 1/8 inch Valco septum injector nut,

swaged onto a Swagelok reducing union tee (1/4 in x 1/4 in x 1Brevtlyin line with
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the main system flowlnjectiors were made using micro-liter syringeand amountsof

pure or analytically diluted solutiord known composition.

3.3.4 Temperature Control

To maintain a constant system temperatarbeating ropasused in conjunction with a
benchtop temperature antroller and thermocouple. The rope heatasof the OMEGA
FGR series, with a temperature rating of d8Zoperating temperatures did not exceed
30°C). Each end of the heating roperminatedwith 610 mm (24") long fiberglass
insulated leasithat werewired to the temperature controller. Tkemperatureontroller

wasof theOMEGA CSi32 series with an operating rargfe210xC to 76xC.

A J-Type, 6 inch long, sheathed thermocouple with a diameter of 1/8 iwelsesnnected
into the loopmmediatelydownstreanof the heating ropdt wasconnectegerpendicular
to themain flow using ateedoff tube and a Swagelok stainless stegboredthrough
reducing unionThe reducing uniohada 24 inch tube adapter at one eftd attachthe
teefitting) and al/8 inch tube fitting at the othdto attach to the thermocoupld)his
thermocouplevas wired to transmittemperature readings back to the controlgnich

adjusedthe output of the heating rope to obtain the séttEpecified.

3.3.5 Test Section

The test section was composed of a 1 YAEX® vesseland a 2 inch long portion of %
inchi 316 Stainless Steel tubing, that could be packed with up to about 22 granmarof 0.8
carbonsteelballs (Figure 33). The PYREX to steel connections were made usiagch
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stainless steel bellows to PYREXdaptos that had been glass blown onto the vessel. The
bellows type fittings were chosen to minimize the amount of stress put on the PYREX
The bellows were connected to the % inch system tubing using ¥ inch Swagsdok
adapters. The inlet flow line protruded into the vessel and approached the bottom to
propagate mixing, and avoid channeling or dead zones. The outlet line was placed at the
top, center point of the vessel, with the vessel top gradually curved upwasmsls the

exit to avoid bubble retention.

The residence time for the test section was about 5 minutes, while the remainder of the
loop was about-2 minutes, meaning the majority of the water in the system was constantly
irradiated when the test sectiaras in the Gammacell. The packed tube of carbon steel
balls was placed on the outlet line of the PYREXssel to ensure that radiation chemistry
would be fully developed prior to interactions with the carbon steel surfaces within. The
carbon steel ballased within the test section were 0.8 mm AISI 1010 carbon steel balls,
which as mentioned previously, fall within the specification for the shielding balls used in
the ESC system at PLNGS. The small ball diameter was chosen to maximize the surface
to-volume ratio for corrosion effects. When the tube was fully packed, the surface area
produced was about 2 dnThe baltpacked tube was 2 inches in length and % inches in
diameter and was connected to the ¥4 inch system tubing using two % inch x ¥ inch
reducingunions with Swagelok tube adaptors at each €adensure that the carbon steel
balls remained intact, stainless steel perforated plates and screens were placed at each end

of the tube. The screens and plates were fabricated such that they had a dnvetene
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to that of the tube (1/2 inches). The plate and screen were positioned into each end fitting

after which the tubing was placed in and secured.
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Figure 3-3: Test Section Design and Flow Configurabn
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3.3.6 OrbisphereAnalyzersi Dissolved Gas Measurement

Water leaving the test sectiomas analyzed downstream fatissolvedhydrogen and
oxygen concentratiaby a twachannel able top model 51Qrbisphere analyze©xygen
and hydrogemmeasurements wereken by Models 31110.11 and 31210.11 electro
chemical sensor probes, respectivélg.imageof the electrochemical sensor face can be

seen in Figure-3.

Figure 3-4: Orbisphere Electro-chemical Sensor Face

Within the Orbispheresensorcells (shown in Figure 31) there isa center electrodeb:
cathode Hz: anodé and a counter electrod®4£ anodeHz: cathodg, both of whichare
immersed in electrolyte, and covered with a membrahe. dissolved gas in theater
diffuses into the electrolyte though the membrane and is consumed at the cathae (O
anode (H). The reactions occurring on the electrodes generate a current which is
proportional to the concentration of the gas entering the cell, whjmtojgrtional to the
concentration of the gas in thguid phase opposite the membrafbe device is capable

of measuring hydrogen content to within 8/03 ppb (range: 0 to 75 ppb) and oxygen

content to within +/0.1 ppb (range: 0 ppb to 20 ppm).
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The Orbiphere vasconnected into the system through a flow chamber. This chamatser
conneckdto the systerd %4 inch tubing through twds inch NPTx ¥4 inch Swagelok tube
fittings. As per the recommendeonfiguration, the inlet and outlet linestbé Orbisphere
flow chamber each contada onepiece, threavay ball valve, with %4 inch tube fittings
on each end. These valves alemlfor measuementsandcalibratonsto be done without
having to disconnect a line manually. When calibrating the equiprieEnsamp flow
was shutoff and the calibration gagasrerouted though each threeay ball valve; the

probes were calibrated with each experiment.

3.4 Conductivity and pH Measurements

Conductivity and pH measurements were taken prior to and following eachre&peri
Samples were taken downstream of the test section through a system sample port, which
consisted of éeedoff stainless steel tube sectiorgree piece ¥4 inch ball valve and a short
section of 1/8 inch stainless steel tubing. Samples were takefiasbaentrifuge tubes,

and immediately measured for conductivity and tit¢ meterswere calibrated with each

use.

A pH meter measures the pH of a solution usingonselective two-electrode system.
The wo electrodesteferred to as the internal aneference electrodeare submerged in
isolated buffered electrolyte solutionsThe potential at thanternal electrode can vary
dependinguponthe hydrogen ion concentration of the sample solution in wthehpH
probe is submerged hereference electrodse maintained at a constakhown,potential,

andis usedas a reference to changes in poterdiahe internal electrode. The internal
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electrode and electrolyte solutianecontained in alasscompartmentwhich protrudes

into the sample solutio®A specially designedlass bulb separates the internal electrode
and electrolyte from the sample sadut. The bulbacts as a membraa@dhas an affinity

for hydrogen ionsWhen the hydrogen ion concentration varies between the internal
electrolyte and theample solution, a potential difference will fomiich is proportional

to the pH of the sample solution.

Solution conductivity meters work by applying power to two even surface area electrodes,
spaced at a specific distandée electrodes are submergetb the sample solution, and
the current flow between the electrodes is measured. The measured current is then directly

proportional to the resistance or conductivity of the sample solution in question.

Conductivity and pH measurements of -psgerimentsampleswere tested against one
anotherto verify readings. This was a simple analysisce the only ions significantly
contributing to solution conductivifyat that pointwere those @ded to adjust pH (i.e.

LiOH).

3.5 Preparation of Solutions

Throughot the course of the projecsolutions of methanol, hydrazine, and lithium
hydroxide were used. Lithium hydroxide was used for pH adjustments, while methanol and

hydrazine were used as oxygen scavengers in irradiated experiments.

When prepping a solutioof lithium hydroxide for injection into the loop, a specific

quantity of LIOH salt was weighed out in a weigh tray on an analytical balancesalthe
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was emptied into a volumetric flasknd filled about half way to the mark with DI water.
The flask was swled until all salt appeared to have dissolved, and was diluted to the mark.
The flask was then capped and mixed again by turning the flasideglown and right

side upseveral times.

When prepping a hydrazine or methanol solution, an aliquot oeotrated methanol or
hydrazine was poured into a beaker and pipetted into a volumetric flask. The flask was then
filled about half way to the mark with DI water and swirled rigorously. The flask was then
filled to the mark with DI water, capped, and agaixed by tuning the flaskupside down,

andright-side up several times.

3.6 SEM and EDS

3.6.1 Scanning Electron Microscopes

A scanning electron microscope (SEM) was usedhe surface characterization of the

carbon steel balls used in the experiments. SEMs uUseused beam of high energy

electrons to scan the surface of the specimen / sample. This generates numerous signals

t hat speak t o t he speci menos chemical CC
morphology. The surface of the specimen can be mappduthbgturn intensity of certain

signals relative to the beam position. [22]

An SEM uses an electron gun as source of electrons, which are accelerated though an anode

and controlled usingnagnetic lenses and apertur€ae beam of electrons bombard the
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sampe, and upon interaction generate various signals which can be processed to produce

information about the sample (i.e. images, chemical composition,[2&}.)

The elections incident on the sample can either partake in elastic or inelastic collidnons wit
the specimen. Elastic collisions are a result of interactions between electrons and the
nucleus of the atoms. The electron will effectively change its trajectory with very little
change in kineticenergyandis@a st i cal | y .fdhesedbick sdter alectroesr e d 0
can give insight into the composition of the specimEne intensity of back scatter
electrons produced can be directly related to the atomic weight of the sample for a given

incident beam intensity / energy level. [23]

Inelastic collisiongresult in the formation of secondary electrons andys, and cause
more significant decline in the kinegnerg of the incident electrorsecondary electrons
areproduced from inelastic collisiorthatresult inan electron losing its energirectly
from the collision eventor the ejection of an electron from an excited atom due to its
interaction with another electrosecondary electrons have significantly less energy than
back scatterlectrons, buthe flux of secondary electrons produced is afion of the
sampl eds s ur fTlredmage rodueed ftom their dlux intensities at givan x
positions on tB sample can mimic topograptecondary electron signals are insensitive
to atomic weight, but are very sensitive to surface tilt, winetke secondary electron

signals ideal for imaging topographygdadepth of field perceptiof23]
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3.6.2 Energy Dispersive Xay Spectroscopy

Characteristic xays can also be produced from inelastic collisions between electrons.
Characteristic xays are formewhen an inner shell ionization occurs, leaving the atom in

an excited state. To relax to ground state, an electron from an outer shell will drop into the
inner shell of the atom. The inner shells of atoms are often referred to as the K, L, M, & N
shells, a displayed in Figure-8. Upon the electron dropping into a lower energy shell, a
characteristic amount of energy is released in the fifram xray. The energy levels of
electrons in these orbitals are discrete, and characteristic to the elementrofheratom

makes up.

Ejected K-shell electron _

~’

Incident Radiation

L-shell electron
fills vacancy
Shells

K, x-ray

K, x-ray emitted

emitted

M-shell electron
fills vacancy

Figure 3-5: Characteristic X-ray Formation [23]

For example, the difference in energy of electrons between the K and L shell of an iron

(Fe) atom are different than those between tla& L shell of an oxygen atom, therefore
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the energy of the-ray produced from the L to K transition in iron is specific to iron and

likewise for oxygen. [23]

The characteristic-xay produced is named for the vacant shell that the electron entered to
produce said xay. For example, if the electron enters the K shell from the L sheltdne x

is refer-akedhéao, agl i&€rnatively, if the el ect
thexr ay is ref-eeraed. toheass dilde nue foieegronsy st em
entering the L shell from the N or M shells (i.e. an electron from the M shell would be

Atal phao) .

These characteristic-pays are quite valuable in determining not only what species are
present ira sample, but also can give quantitatianalysis The more of ajivenelement

that is present, the higher its charaster x-ray intensities will beTheenergy level of the
x-rays produced can be related to elemental composiéind the intensity dhex-rays at

a given energy leves indicative ofthe quantityof the given element presef23]

3.7 Hydrogen Peroxide Assay

Since hydrogen peroxide is a product of radiolysis, some measuremergstaken
following radiation experimentt gather insight as what its net radiolysis, steady state
concentration may be. No online measurements;@k Mere taken, and sampling during
tests presented difficulties due to the clek®ap nature of the system. However, at the end
of the tests, while the systamas still under net radiolytic conditions, Sales were taken

in order to conduct hydrogen peroxide assays using the Ghormieglitté method 24].

42



The absorbance (A) of a solution at a given wavelength is directly proportional to the

concentration of the absorbing species, which in this casetis-tbdide ion (k).

o - o (3-1)

The trriodide ion has a maximum absorbanceat a 350 nm wavelength of approximately
25,500 L/mol.cm25]. Since thesame cuvette is used in every analysis the path length of

the light (b) and the molar extinction coefficienf( can be | umped i nto

~

5 QO (3-2)

In this method he triiodide ion concentrationcan be taken asepresentative of the
corcentration of hydrogen peroxide.nder acidic conditions, iodide ions areadily
oxidized to triiodide by hydrogen peroxide in the presence of an ammonium molybdate

catalyst, ashown in reaction33) [24].

cO0 00 ¢O ©° 0 (00 (3-3)

Therefore, the concentration of hydrogen peroxide in a given sample at these conditions

can be easily determined by measg the absorbance of the-todide ion.

6 @O0 (3-4)

The analysis is ewlucted by mixing two reagent solutions. The first containg 33
potassium iodide (KI), 1.@ of sodium hydroxide (NaOH), and OdlLof ammonium
molybdate (NH4)sM07024), diluted withDI water in a 500 mL volumetric flask. Sodium

hydroxide is added to é¢hsolution to produce alkaline conditions as to mitigate pre
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oxidation of the iodide. The second solution contains 10 g of potassium hydrogen phthalate
(CgHsKO4), this reagent drops the pH of the solution to promote reacd@®). (When
conducting the angsis, 10 mL of the first solution, followed by 10 mL of the second
solution, are pipetted into a 25 mL volumetric flask and swirled. An aliquot of the loop
sample (2 mL) was added to the mixtumethe volumetric flaskthen filled to the mark

with DI wate, and mixed. The absorbance of the mixture was then measured as to
determine the hydrogen peroxide content. A calibration curve was generated using samples

with known quantities of peroxide, and is displayed in Fig6e
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03 ¥ =30120x + 0.0674
R = 0.9853
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Figure 3-6: Hydrogen Peroxide Assay Calibration Curve
This renders a ¥%al al0Lih®lrandicdnde used im deteanmationi

of hydrogen peroxide concentrations at any value, although a blank absorbance

measurement te should also be included. This accounts for absorbance BAl tiwater
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with no hydrogen peroxide presenbjAvhich was measured to be 0.068. By incorporating

this term, equation3(4) can be written as displayed in equatigib).

0 ompes 00 T8t @ Y (3-5)

3.8 Pre-aging Carbon Steel Balls

In order to observdifferences in behavior betwedéresh carbon steel balls, and carbon
steel balls aged under reducing and oxidizing conditions, samples were aged in an
autoclaveprior to insertion into the test sectiomo produce a reducing environment,
carbon steel balls were placed into an autoclavie ®tmL of DI water. The carbon steel

balls were held above the water level using a specially designed mesh support3ssesket (
Figures A3 and A4). The autoclave was capped, and an argon flow was applied through
a stainless steel tube submerged intontater. The gas purged the system for a period of

4 hours to remove any oxygen present. All valves on the autoclave were then closed, and
the autoclave was heated to 38D and approximately 1200 gsiThe system was
maintained at these conditions for aipdrof 4 days. Carbon steel balls aged under
oxidizing conditions were processed using a similar procedure, whereby air replaced argon
as the purge gas. A detailettawing of the system configuratioms displayed in

AppendixA.

3.9 Loop Commissioning

Prior to undertaking any experimenal work, the system underwent a series of
commissioning tests to ensure dissolved gas concentrations and\steen parameters
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could be controlledand remaird stable (e.g. temperaturepH, flowrate, etc.).
Commissioning testsainonstrated that the loop was gight, however, the temperature

controller presented some issues

The temperature controller that was initially installed into the system was-aff type
controller. A differential gap is generally applied to theseesypf controllers to inhibit

rapid cycling, this causes the measured variable to oscillate above and below the set point
over longer periodsBecause the dissolved gas concentrations are temperature dependent,

this caused large fluctuations in t&s cogentration readings

To better control the system parameteasPID controller was installed into the loop.
Following the installation of this controll¢éhe system parameters were easily controlled

and maintained during loop operation
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4. Results

4.1 Corrosion Experiments

4.1.1 OnceThrough CorrosionOnly Tests

Corrosiononly experimens were performed to determine the effects of carbon steel
corrosionon dissolved gas concentratianghe absence of a radiation fieRreliminary
tests wee carried out in a oneiroughflow configuration, whereby water entering the
test section was fresh from the carboy, and upating the test section was sent to drain

after passing through the dissolved gas analyZEme results from a onehrough

corrosiononly test are diplayed in Figure4.
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Figure 4-1: Once-through Corrosion-Only Test
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Unfortunately, no measureable oxygen consumption or hydrogen evolution was observed
from theseexperimentsFurther testing was then dax out in a recirculating fashion, such

that once the experiment began no water entered or left the s¥segrecirculating,
corrosion only experiments exhibited oxygen ingress behavior, which was traced to the
systend sparge vessel. Thereforal subsequent experiments werarried out with the
sparge vessel valvealut. This effect was verified with a model and is described in

AppendixB.

4.1.2 Recirculating CorrosiorOnly Tests

The results produced fromracirculatingcorrosiononly test are displayeid Figure 42.
Oxygen consumption begarand was established at a rate of approximately
1100 >gOy/L.day (33 >molO./L.day) in the linear portion of the plofThe oxygen
consumption behaviowas relatively linear and seemingly independent of oxygen
concentration However when the oxygen concentratioiell below approximately
2.5 >molGy/L, thetrendwas no longer linearThe oxygen consumptiothat occured in

this testis completely attributed to corrosiarf the carbon steghs little to no oxygen

consumption occurred during loop commissioning avhe carbon steel was present.

No meaurable hydrogen evolution from corrosion occurred until all oxygen was removed
from the system, after which, there appears to be a transition period that lasts for
approximately 1000 minDuring this periogd unmeasurable quantities of oxygemre

likely removed and the dominating cathodic process wveldra transition from oxygen

reduction to proton reduction (hydrogen evolution). Once established, pextoation
48



resulted in an average hydrogen evolution rate approximately 26>gH./L.day

(13>molHz/L.day).
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Figure 4-2: Recirculating Corrosion-Only Experimental Results

Corrosion and penetration rates were inferred from these oxygen consumption and
hydrogen production rates simply through stoichiometrwas$ assumed that all oxygen
consumption and hydrogen production was due to the oxidation of F&'t@fe the loop
volume was approximately 1.2 [The corrosion and penetration rates from oxygen
consumption and hydgen production were estimatasR.20mg/dnt/day (10.2%m/year)

and 0.43mg/driday (2.0-m/year), respectivelyetailed calculations of the corrosion and

penetration rates are displayed in Appenlix
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4.2 Radiation Chemistry Tests

Radiation chemistry tests were carried out without the inserti@andion steel balls into
the test sectionThese tests were targeted at forming Haseresults for the effects of
radiation chemistry on dissolved gas concentrations in the absence of carbon steel

corrosion.

Results produced from a radiation chemidegt are displayed in Figure34 Thetest
section wasirradiated fromtime O min through to the end of the experiment at
approximately 100 min. Upon irradiation oxygen wammediately consumed at a slowing
rate until it reache a steady state coantraton of approximately 2G>mol/L at around
100 min. Hydrogen waimmediately produced at a wlimg rate until, it too, reacheal
steady state concentratiprst abovelO >mol/L. This test well represents the conditions
expected in net radiolysis, i.e. sificant, steady state concentrations of dissolved
hydrogen and oxygefll]. Although oxygen is generally anticipated to increase in
concentration under net radiolysis conditions, its consumpfiapproximately 5mol/L

upon irradiation of the test seatiavas attributed to the formation of hydrogen peroxide.

It should be noted that oxygen walsoconsumed at a very slow rateunéiert e ady st at
net radiolysisconditions; this is attributed titve consumption of oxidants (i.e..B2) on

the stainless stl surfaces of the loopo analyze for hydrogen peroxide content, samples

were taken following each experiment. Unfortunately, the sample assays rendered non
detectable concentrations of hydrogen peroxide. The reagent solutions used in the

Ghormley methd were down scaled in an attempt to raise the relative hydrogen peroxide
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concentrations in the final assay solutiohewever, nordetectablereadings were still
generatedThe limit of detection for this method is approximately?I0ol/L in the final

assy solution [24]. It is likely that the hydrogen peroxide concentration present in the
system, under steady state, net radiolysis conditions, was lower than anticipated due to its

consumption on the stainless steel surfaces within the loop.
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Figure 4-3: Net Radiolysis Experimental Results

4.3 Radiation Chemistry and Corrosion Tests

4.3.1 Corrosion of FreshCarbon Steel undehradiated Conditions

After forming a baseline for corrosion and radiation chemistry behaeparately (i.e.
how corrosion would affect the dissolved gas concentrations in the absence tdrradia

chemistry and viceersa),irradiation experiments were performed with carbon steel
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presenin the test sectiorlhe results acquired from the introdoct of freshcarbon steel

balls into the irradiated test section are displayed in Figndre
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Figure 4-4: Synergistic Effects between the Radiation Chemistry of Water and Corrosion of Fresh
Carbon Steel

Irradiation of the test section kmyat approximately 50 min, which resedtin an
immediate, consumption of oxygehhis rapid consumption of oxygen, which cahaé
around 100 minwas attributed to the formation of hydrogen peroxidde oxygen
concentréon then slightly rebounded. A decrease in oxygen concentration began around
200 minutes. This was due to oxygen consumption by corrosion of the carbon steel
overcoming the radiolytic oxidant production rate. Ultimately, the net oxygen consumption
rate wa nearlydouble that observed outside of the radiatiold f{Eigure 42) until all the

oxygen was consumedt this point the hydrogen concentration continued to decrease as
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the remaining hydrogen peroxide was consunadter which, the system reached net

radiolytic suppression

A replicae experiment was conducted and left to run beyond the attainment of net

radiolytic suppression; the results of this experiment are displayed in Figure 4

40 +

+ Hydrogen

] Average Oxygen
35 4 Consumption Rate =
1 2000 pg/'ke/day

Average Hydrogen
Production Rate =
45 pg/kg/day

-« »

W
(=1
P

(5]
th

Concentration (pmol/L)
— b2
¥ (=]
.

1

0 500 1000 1500 2000 2500
Time (min)

Figure 4-5: Synergistic Effects between the Radiation Chemistry of Water and Corrosion of Fresh
Carbon Steelwith Hydrogen Evolution

The test sectiomas put into the radiation fielat time zero (t = 0 min), after which the
same behaviorwas observed. The average oryg corsumption ratewas about
2000 >g/kg/day, which isslightly largerthan the 1900>g/kg/day rate observed in the

results displayed in Figure4! It is approximately double the net oxygen consumption rate
observed incorrosionronly experiments These tests suggest thatidant consumption

from corrosion processes fresh carbon steelill dominate, and overcome the production
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rate from the net radiolytic breakdown of water, placing the system into a net radiolytic

suppression.

Onceall oxygenwas removed hydrogen generatioras a result of corrosigieganat
approximately 1400 min. The averagpgdrogen production rate was approximately
45 >g/kg/day (22.5>mol/L/day), which is approximately douktlee rateobserved outside

of the radiation fieldThe hydrogen production outside of the radiation field appeared to
occur at a slowing rate whereas in the radiation field it apdaaroccur at aslightly
increasing rateThis suggests that the radiation chemistry may affext the hydrogen
production mechanism from corrosion; though the radiolytically produced molecular
specieéconcentrations are negligible under net suppression, radicaéspecicentrations
(e.g. -H, -OH) are at a maximunT.hese radical species could indirectly affect corrosion

processethrough reactins with dissolved iron species.

4.3.2 Loop Contamination and Acid Washing

In preliminary stages of the project it was found thaierimentsubsequertb irradiated
corrosion testslisplayeda significantslowing of the oxygen consumption rate, as shown

in Figure 46. Many magnetite deposits were found throughout the system and the slowing
consumption ratevas attributed to some rim of iron contaminationFollowing several
attempts at procedures targeted at remedial actimasifound that rinsing the system with
acidic water at a pH of approximately 1 (adjusted wB@®&), prior to each testead to a
reversionto the initial béaavior observedThe acidic rinsing process was always followed

with several neutraDl waterrinses and an alkalinevaterrinse to ensure no acid was
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carried over tdhe subsequemixperimentsThe system pH and conductivity was regularly

monitored though the proess to ensurtis.

The oxygen consumption rates at the beginning of the project in a fresh, new system were
at the highest observed, however, the oxygen consumption rates following acid washes
appeared to remain relatively consistekithough the magnitude of consumption from
initial experiments was not achieved again, thediatiorcorrosion experiments
consistently remained at approximately doublertite observed igorrosiononly tests

following acid washes.

4000
] H R n Ch & Corrosion-Only Tests
3500
_ ] [
= ]
g 3000 System Acid Washes
2 ] ‘ T T
& ]
2 2500
2
2 ]
= ] ‘ | |
g 2 1 i | |
% 000 : . ! ‘.
£
a 4
£ 1500 - .
O ]
5 ] :
= 1000 R
» 4 i
o 1 i
500 -
[ | i
] e ¢ o :
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Subsequent Test Number

Figure 4-6: Loop Contamination and Subsequent Acid Washes
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4.3.3 In-situ Aging Effects on Carbon Steel Corrosion underadiated Conditions

In an attempt to age fresh steel balls in the systemsmmalate the effect of slowing
oxygen cosumption that occurred in the ESC systems of many CANDU reactors
extended experiment was carried out over the course of several. Waeksxperiment
began with the insertion of fresh carbon steel baltheirradiated test sectiofustasin

the experimentspreviously discussk howevey for this experimentthe system was
periodically dosed with hydrogen peroxide to maintain oxidizing conditions (i.e. net
radiolysis). The goal was to oxidize the carbon steel surfaces to the point whereby oxidant

production from radiolysis overcame consumption from corrosion.
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Figure 4-7: Slowing Oxygen Consumption Rates Following kD2 Injections

Hydrogen peroxide was injected into the system several times at vgoangjties before

a slowing oxygen consumption rate was observed. Once the oxygen consumption rate
56



began to slow, each subsequent injection lead to a measurably slower rate, as shown in
Figure 47. Figure 48 displaysan excerpt from the test showitigeec onsecut i ve 2C
injections of 30 wt.% KED», each followed byexjuentiallyslowing oxygen consumption

rates. Theseare likely indicative of steel passivami due to the buileup of corrosion

products onhe surfaces.

Figure 4-8: Varying OxygenConsumption RatesThrough Continual Oxidant Addition

Figure 49 displaysaf i n al 20 €L i nj@,cafter which tbef kineBid® wt %
associated with net radiolysis ovamee those from corrosion. To reach thandition, a
total of 9.31 mmol of KO, was injected into the system throughout the course of the

experiment
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