
Paper Reference n°... 159...

N PC» P2o'i

Primary Water Chemistry Control during a Planned Outage at Bruce Power
x
x

Guoping Ma (Bruce Power), Canada (guoping.ma@brucepower.com)
Rod Nashiem 

Shane Matheson 
Berman Yabar 

Bill Harper
John G. Roberts (CANTECH Associates Ltd.), Canada

x
x

ABSTRACT

Bruce Power has developed a comprehensive outage water chemistry program, which includes both primary and 
secondary chemistry requirements during planned outages. The purpose of the program is to emphasize the 
chemistry requirements during outages and subsequent start-ups in order to maintain the integrity of the systems, 
minimise activity transport and radiation fields, reduce the Carbon-14 release, and to ensure that the requirements 
are integrated with the outage management program.

Prior to a planned outage, Station Chemical Technical Sections identify outage chemistry requirements to 
Operations and Outage Planning and ensure that work necessary to correct system chemistry issues is within 
outage work scope. The outage water chemistry program provides direction for establishing alternative sampling 
locations as demanded by the system configuration during the outage and identifies outage prerequisites for 
nuclear system purification capabilities. These requirements are contained in an outage checklist.

The paper mainly highlights the primary water chemistry issues and chemistry control strategies during planned 
outages and discusses challenges and successes.
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1. INTRODUCTION

Bruce Power consists of eight CANDU® (CANada Deuterium Uranium) reactor units, and currently operates six 
CANDU® reactor units, which combine to produce more than 4,700 megawatts, while another two CANDU® reactor 
units (Units 1 & 2) are in the process of refurbishment and scheduled return to service during 2012. Once all eight 
units are running, Bruce Power will become the largest nuclear generating facility in the world and supply nearly 
6,300 megawatts to the Province of Ontario electrical grid.

The CANDU® reactor is an AECL (Atomic Energy of Canada Ltd.) designed pressurized heavy-water reactor 
(PHWR) with separate heavy water moderator and Primary Heat Transport (PHT) systems. This type of reactor 
uses natural uranium dioxide fuel loaded in horizontal pressure tubes and cooled by heavy water (D2O) coolant.
The pressure tubes are surrounded by a D2O moderator (shown in Figure 1). D20  is employed as both moderator 
and coolant in order to maximise efficient use of natural uranium fuel.

Figure 1 Scheme of CANDU Nuclear Systems

Moderator and PHT systems are two main nuclear systems of a CANDU reactor.

The purposes of the Moderator system are several:
to slow down (moderate) fast neutrons from uranium fission to thermal energies;
to serVe as a reactivity control medium;
to remove heat generated by the moderation process, and
to act as a heat sink in the event of a Loss of Coolant Accident (LOCA).

The functions of the PHT system are to circulate pressurized D20  (reactor coolant) to remove fission process heat 
from the fuel/reactor core and transport that heat to the steam generators.

Moderator chemistry control is aimed at maintaining the integrity of system components, minimising activity 
transport and radiation fields and minimizing the production of deuterium gas in the moderator water [1], Similarly 
PHT system chemistry is controlled to maintain system integrity whilst minimizing corrosion and degradation of 
system materials and activity transport and build up of radiation fields around the circuit [2],

In this paper, the nuclear water chemistry issues and chemistry control strategies during planned maintenance 
outages and subsequent start-up are described. Some operating experiences, including challenges and 
successes, are discussed.



2. MODERATOR AND PHT SYSTEM CHEMISTRY DURING OUTAGES

2.1. Moderator System

As described aloove, one purpose of the moderator system is to serve as a reactivity control medium. The primary 
function of this system during outages is to ensure the reactor remains in a Guaranteed Shutdown State (GSS). A 
guaranteed shutdown state is a state in which enough negative reactivity has been inserted into the reactor core to 
ensure sub-criticality in the event of any process failure; condition guarantees are in effect to prevent net removal 
of negative reactivity.

One of the GSSs often used during outages is the Over-Poisoned Guaranteed Shutdown State (OPGSS), under 
which, neutron absorbers (poisons) are dissolved in the moderator D20. The poison concentration is maintained 
at a level that guarantees that the reactor remains sub-critical. The preferred poison is gadolinium added as 
gadolinium nitrate hexahydrate acidified toward low pH, for OPGSS.

Chemistry of the moderator system during OPGSS is controlled by maintaining the concentration of gadolinium 
(Gd) at a level that guarantees that the reactor remains sub-critical and ensuring that the pHa (the “apparent pH” of 
a D20  sample is measured at 25 °C with the pH electrode calibrated in H20) is less than 6.0 to avoid Gd 
precipitation. An alternate sampling location is ensured for the moderator system while in OPGSS should the usual 
sample location become unavailable.

Sometimes, the Drained Guaranteed Shutdown State (DGSS) is established for necessary maintenance by 
removing all of the D20  from the calandria and then guaranteeing that D20  can neither b>e added nor accumulate in 
the calandria. The main objective moderator chemistry control during a DGSS is to minimize air ingress into the 
calandria. This will limit the formation of ozone, NOx, and nitrous and nitric acids from NOx dissolving in water as 
either vapour or pockets of D20  in undrained portions of system pipework. At least two alternate sampling 
locations are ensured to b>e available for the moderator cover gas system if the moderator is to b>e drained.

2.2. PHT System

The objective of chemistry control of the PHT system during outages is to minimize corrosion. The chemistry is 
mainly to control pHa within the specification of 9.6 to 11.0 by minimising air ingress and using the PHT Purification 
system. The Purification System consists of filters and ion exchange (IX) resin columns and will remove insoluble 
and soluble contaminants including radioactive species. A well planned and executed outage will minimize 
corrosion and greatly reduce radiological hazards from this system.

3. MODERATOR AND PHT SYSTEM CHEMISTRY DURING STARTUP

3.1. Moderator System

A unit start-up with respect to the moderator system can be divided into two distinct stages: (a) the Approach to 
Critical (often referred to as Poison Pull); and (b>) Reactivity Shim. Approach to Critical occurs from the time that 
the Reactor Guarantee Shutdown States are released; moderator purification is put in-service to start removing the 
gadolinium poison from the core until criticality is achieved. Reactivity shim occurs from criticality until the unit 
achieves high power/normal operation.

The objectives of chemistry control of Moderator system during start-up are to efficiently remove gadolinium to 
achieve criticality whilst ensuring that gadolinium does not precipitate and that dissolved deuterium is maintained 
low. At Bruce B gadolinium sulphate is added for reactivity control to minimize the dissolved deuterium (DisD2) 
concentration.

Gadolinium nitrate poison, and other ionic impurities, are removed using mixed bed ion exchange (IX) resin 
columns. In order to ensure IX resin as nuclear grade, the mixed bed ion exchange (IX) resin is put through 
rigorous testing prior to release to the station. At the station the mixed bed resin is augmented in the column with 
strong acid cation to further reduce the probability of gadolinium precipitation.

3.2. PHT System

The objective of chemistry control of the PHT system during a unit start-up is to minimise corrosion. This is done 
by removing dissolved oxygen and establishing reducing conditions by adding hydrogen and degassing non- 
condensabile gases (i.e. nitrogen by air ingress); in addition the pHa is controlled between 9.6 and 10.4.



4.1. Moderator System

During OPGSS there is a licensing requirement to maintain the gadolinium concentration above a specified level. 
To confirm compliance with the specifications, frequent grab samples are analysed to monitoring the gadolinium 
and pHa values. Figures 2 and 3 are typical examples of gadolinium concentration and pHa measured during 
outages for Bruce A and Bruce B units, respectively. (Note: A841 means the first (1) planned maintenance outage 
of Unit 4 at Bruce A in 2008; F1042 means the second (2) Forced outage of Unit 4 in 2010; and VBO in Figure 5 
means Vacuum Building Outage).

4. DISCUSSION
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Figure 2 Gadolinium concentration and pHa control during A841 outage
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Figure 3 Gadolinium concentration and pHa control during B981 outage



It can loe seen from these graphs that gadolinium concentration and pHa were well controlled. Usually there is no 
difficulty keeping gadolinium concentration at the prescribed level during an outage.

During the DGSS the calandria is filled with helium gas. However, air will leak into the calandria during 
maintenance activities. There are some concerns about Cart>on-14 (denoted as 14C) releases during the draining 
process. Cart>on-14 can tie produced from Nitrogen-14 (denoted as 14N), Oxygen-17 (denoted as 170), and 
Carbon-13 (denoted as 13C).

In CANDU reactors, the moderator is the most significant source of 14C production [3], The primary production 
mode for 14C in the moderator is 170(n,a)14C. The other production mode 14N(n,p)14C results from dissolved air in 
heavy water transferred into the moderator and air in-leakage into the moderator cover gas, Much of the 14C 
produced in the moderator will become chemically hound as carbonate/bicart>onate which is removed from the 
system by ion exchange resin in the purification system during reactor normal operation.

The chemical form of the 14C is carbonic acid/bicart>onate in moderator water and is 14C 02 in the cover gas. The 
quantity of carbonate species among H2C03, HC03' and C032' are distributed dependent on pH (see Figure 4 [4]):

UC 0 2 (gas) <=> UC 0 2 ( a q )+ D 20  <=> D 2u C 0 3 <=> D u C O f  + D + <=> UC 0 32~ +2D +

Figure 4 Forms of carbonate species vs. solution pH [4]

The equilibrium will he shifted to the left if moderator system is made acidic. The moderator purification system is 
designed to remove ionic contaminants using IX resins. The IX resins used in moderator purification are mixed 
strong-anion/strong-cation resins with sufficient exchange capacity to remove carbonate species. Over 90% of the 
14C produced in the moderator is retained on the IX resin [5], If moderator purification IX resin used for normal 
operation and loaded with 14C carbonate is not allowed to he used for an Approach to Critical (ATC), the nitrate 
(from the gadolinium nitrate added to establish OPGSS) will displace 14C032' from the resin as 14C032' which will 
form 14C02 due to the moderator pH. The 14C 02 will enter the cover gas and b>e released to the environment when 
the cover gas is purged.

Historical 14C emissions to the environment from Bruce A and Bruce B are shown in Figures 5 and 6. From Figure 
6, it can be seen that there were spikes for 14C emissions during moderator Drained Guaranteed Shutdown States 
(B681 and B761) and high 14C emissions occurred during unit start-up.

During 2006, a root cause investigation was performed as a result of high 14C releases. Historically, most CANDU 
stations changed their moderator IX columns on a time biased frequency. Bruce Power Chemistry had historically 
changed moderator IX columns based on a conductivity administrative limit for the main system and/or purification 
outlet. However, neither of these methodologies had given consideration to 14C inventory in the moderator and 
carbonate breakthrough the IX column.



Therefore, Outage Chemistry Program [6] added the requirement in 2008 that one moderator column containing 
fresh resin shall be put in-service two weeks prior to unit shutdown in addition that during a start-up sufficient 
moderator columns containing fresh resin must be available (Bruce B - four columns, Bruce A - three columns) to 
reduce the 14C emissions to the environment.
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Figure 5 Bruce A Weekly Airborne Cart>on-14 Emissions during 2005-2010
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Figure 6 Bruce B Weekly Airborne Cart>on-14 Emissions during 2005-2010

The resin strategies have shown success in reduction of 14C emissions. High 14C emissions were minimized by 
placing a fresh Moderator IX Column in service to remove more carbonate/bicart>onate ions prior to planned outage 
as well as by placing fresh Moderator IX Columns in service during start-up including Reactivity Shim to avoid 
eluting of 14C032' from the resin by nitrate into an acidic moderator system.



During outages, especially when the PHT system is in the Low Level Drain State (LLDS) for inspection and 
maintenance of components and equipment, ingress of air, will cause pHa to drop. The pHa depression is caused 
by dissolved carbon dioxide (C02) and nitrates (produced by the radiolysis of dissolved nitrogen). This pHa 
depression can tie minimized by excluding air (i.e., using bungs) and the continual removal of anionic contaminants 
such as carbonate and nitrate by ion exchange resin columns.

When the PHT system is in a LLDS, close monitoring of Purification outlet chemistry will help identify, in a timely 
manner, when the resin in the Purification system is nearing exhaustion. The spending IX resin columns will tie 
removed from service and IX columns containing fresh resin will tie put into service to maintain the chemistry within 
specification. Figure 7 shows that a purification hank with fresh resin restored pHa, removed Co-60 and St>-124 
radionuclides effectively. However, removal of St>-124 is more challenging.

4.2. PHT System

Bruce B Unit 8 PHT Chemistry during B981 Outage
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Figure 7 pHa and Major Radionuclides in PHT System during B981 Outage

The Outage Chemistry Program [6] requires that one PHT purification hank containing fresh resin must tie put in- 
service prior to the outage and maintained during the outage. Completion of resin changes must tie given high 
priority with resources duly allocated for prompt completion of the task. In addition, FME covers and/or bungs are 
installed to minimise air in-leakage through opening in the PHT systems.

Preventing air from getting into the PHT system when in a LLDS (e.g., installing bungs in the PHT pipe nozzles) is 
extremely beneficial in helping maintain the chemistry within specification. This results in reduced resin use during 
outages which reduces the volume of radioactive waste (i.e., spent resin) generated.

Main challenges to chemistry control during an outage are maintenance activities which remove the PHT 
purification system from service for more than 12 hours and simultaneously steam generator and/or preheater PHT 
pipe nozzles are left open without an air prevention device (FME cover or Steam Generator/Preheater bungs) for a 
long period of time.



Air enters and is dissolved into the PHT system during an LLDS and is trapped in steam generator tubes when the 
PHT is filled. One mechanism for initiating cracking of outlet feeder pipes is believed to he the presence of 
oxidizing species. These can tie formed from radiolytic breakdown of D20  if there is insufficient dissolved 
deuterium (DisD2). On-line measurement of dissolved oxygen is unavailable. It is difficult to obtain a representative 
measurement of dissolved oxygen in PHT water since oxygen reacts with surfaces in the sample lines. For this 
reason, an indirect approach has been taken to control oxygen levels by setting a DisD2 specification.

By having excess DisD2 in PHT system, the radiolytic formation of deuterium peroxide and oxygen is suppressed 
and there is no net radiolysis of D20. If the PHT coolant following an outage is returned to a fully radiolysis 
suppressed mode (i.e., no production of radiolytic oxygen), the hematite on PHT surfaces will be reduced to 
magnetite. The minimum amount of DisD2 that is needed to suppress the radiolytic formation of oxygen and 
peroxide is defined as the Critical Deuterium Concentration (CDC). The CDC, if there is no boiling in the core, has 
been measured to he 1.3 mL/kg at Bruce B in March 1995 [7],

During a unit start-up, especially, one returning from a LLDS outage with PHT maintenance activities, the quantity 
of oxidizing species produced can be minimised by, raising DisD2 above 3.0 mL/kg as soon as possible, through 
adding hydrogen at a maximum flowrate as soon as main the PHT pumps have been started and degassing Bleed 
Condenser as soon as Zero Power Hot is achieved. Reactor power operation above 30% is not permitted until 
DisD2 is > 1.3 mL/kg.

There are many factors that affect how quickly 3.0 mL/kg of DisD2 can b>e reached after LLDS. These include when 
H2 addition is placed in service, the availability or functionality of H2 addition system, pH excursion during outage 
activities.

For example, the DisD2 level after A531 outage (LLDS without pH excursion), when H2 addition was placed in- 
service at the flow rate of ~2.7 l/min, was above 1.3 mL/kg after 15 hours (about 1 hour after Zero Power Hot was 
achieved). In contrast, the DisD2 for the first sample after A631 outage (LLDS without pH excursion) was only ~0.6 
mL/kg (taken about 6 hours after Zero Power Hot was achieved), even though the H2 addition system had already 
been put in service for 27 hours (at the flowrate of 1.5-1.9 l/min).

It takes longer to reach above 1.3 mL/kg DisD2 level at Bruce Bthan at Bruce A, because normally H2 addition 
rates at Bruce A are significantly higher.

pH excursion is another factor. For example, it took 96 hours for the DisD2 levels to reach the 1.3 cc/kg limit after 
the B761 outage (LLDS and pH excursion) and 83 hours after the B461 outage (LLDS and pH excursion), 
compared them with the B981 outage which took 38 hours for LLDS lout without pH excursion.

Operating experience shows that it is necessary to communicate with Outage Operations, Outage maintenance, 
outage window coordinators at Outage Control Centre, and Authorized staff in control room on the importance of 
improved chemistry control during outages and equipment functionality and reliability during start-up, it will help 
minimize time to meet Chemistry hold points.

5. CONCLUSION

Outage chemistry program plays an important role in meeting the regulator’s requirement to control reactor poison 
concentrations and 14C emissions, and the utility’s requirements to minimise PHT corrosion, radiation fields, and 
minimise start-up delays.

The key to good chemistry control during outages is good communication, by Chemistry Technicals, during 
planning phases with those involved in outage planning and execution. This ensures that equipment functionality 
and reliability issues are integrated into the outage scope and the execution plan. The result is improved outage 
and start-up chemistry.
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