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ABSTRACT

Deposits in the secondary side of nuclear steam generators (SG) may cause corrosion
and disruptions in steam flow. In the Bruce A reactors such deposits have resulted
in the derating of two of the units. Hydrolasing has been successful in removing
enough of the deposits to permit operation at 100% power, but a considerable
amount of deposit remains in physically inaccessible regions of the generators. The
only way to remove these deposits is through chemical cleaning. The EPRI/SGOG
process, which has been selected by Ontario Hydro for use at the Bruce A station, is
described. This process consists of alternating iron removal and copper removal
steps, the two metals which comprise the bulk of the deposit in the Bruce A SGs.
The iron removal solvent consists of ethylenediaminetetraacetic acid (EDTA),
hydrazine, ammonium hydroxide and a proprietary corrosion inhibitor CCI-801.
The copper removal solvent consists of EDTA, ethylene diamine and hydrogen
peroxide. Ontario Hydro proposes to dean a bank of four SGs in parallel employing
a total of six copper removal steps and four iron removal steps. Cleaning all eight
SGs in a single Bruce A unit will generate 2,200 n\3 of liquid waste which will be
treated by a wet air oxidation process. The iron and copper sludges will be buried in
a landfill site while the liquid waste will be further treated by the Bruce sewage
treatment plant. Some ammonia vapour will be generated through the wet air
oxidation process and will be vented through a stack on top of the high bay of the
spent solvent treatment plant. With the exception of the proprietary corrosion
inhibitor, all chemicals that will be employed in the cleaning and waste treatment
operations are standard industrial chemicals which are well characterized. No
extraordinary hazards are anticipated with their use as long as adequate safety
precautions are taken. All chemicals, including the inhibitor, will be handled in
closed systems throughout, minimizing potential exposure. The corrosion
characteristics of the EPRI/SGOG process are well defined. Corrosion to the SG
internals is small and within the available corrosion allowances for all materials
and components. Nevertheless, an extensive real-time corrosion monitoring
system will be in use throughout the cleaning operation.

RESUME

Des dépôts dans le côté du circuit secondaire des générateurs de vapeur des centrales
nucléaires peuvent provoquer la corrosion et perturber le débit de vapeur. Dans
les réacteurs de la centrale Bruce A, ces dépôts ont fait baisser la puissance de deux
des tranches. Bien que l'on ait réussi à enlever suffisamment de dépôts en utilisant
des hydrolases et à rétablir l'exploitation à la pleine puissance, de très importants
dépôts subsistent dans des endroits inaccessibles des générateurs. Le seul moyen de



les enlever est de recourir à des produits chimiques. Selon le procédé EPRI/SGOG
qu'Ontario Hydro a choisi d'utiliser à la centrale Bruce A et qui est expliqué dans le
présent document, on enlève en alternance les deux métaux qui forment la masse
principale des dépôts dans les générateurs de vapeur de la centrale, soit le fer et le
cuivre. Le solvant utilisé pour enlever le fer contient de l'acide éthylènediamine-
tétraacétique (EADT), de l'hydrazine, de l'hydroxyde d'ammonium et du CCI-801,
qui est un agent anticorrosif protégé. Le solvant utilisé pour enlever le cuivre
comprend de l'acide éthylènediaminetétraacétique (EDAT), de l'éthylènediamine
et du peroxyde d'hydrogène. Ontario Hydro propose de nettoyer une série de quatre
générateurs de vapeur en parallèle en réalisant six enlèvements de cuivre et quatre
enlèvements de fer. Le nettoyage des huit générateurs de vapeur d'une seule
tranche de Bruce A entraînera 2200 m3 de déchets liquides à traiter par oxydation.
Les boues de fer et de cuivre seront ensuite enfouies dans une décharge, tandis que
les déchets liquides seront acheminés vers l'usine de traitement des eaux usées de
Bruce. Des vapeurs d'ammoniac seront produites par oxydation et seront évacuées
par une cheminée au-dessus du bassin supérieur de l'usine de traitement des
solvants usés. Sauf dans le cas de l'agent anticorrosif, tous les produits chimiques
servant au nettoyage et au traitement des déchets sont des produits industriels
courants aux caractéristiques bien connues. Rien ne laisse prévoir de risque anormal
si les précautions appropriées sont prises. Tous les produits chimiques, y compris
l'agent anticorrosif, seront manipulés dans des circuits fermés tout au long du
nettoyage, minimisant ainsi les risques possibles d'exposition. Les caractéristiques
corrosives du procédé EPRI/SGOG sont bien connues. La corrosion des parties
internes des générateurs de vapeur est minime et tout à fait conforme aux marges
de corrosion admissibles de tous les matériaux et composants. Toutefois, on utilisera
un système élaboré de surveillance de la corrosion en temps réel tout au long des
travaux de nettoyage.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the
statements made or opinions expressed in this publication and neither the Board
nor the authors assume any liability with respect to any damages or loss incurred as
a result of the use made of the information contained in this publication.
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EVALUATION OF BOILER CHEMICAL CLEANING TECHNIQUES

1. INTRODUCTION

1.1 Background, Objectives and Scope

(a) Background

Corrosion products and impurities can accumulate in the secondary side of nuclear steam

generators, or boilers, and can lead to four major problems.

(1) Concentration of impurities in the crevice annuli between the boiler tubes and

the support plates can cause accelerated corrosion of the support plates. The

resulting corrosion product is almost pure magnetite, plus salts from the feed

water, which has a lower density than the base metal and thus takes up more

volume. As the amount of magnetite progressively increases, the crevice can

become blocked and deformation of the tubes <~an occur. This phenomenon is

referred to in the industry as denting. In extreme cases the tubes are deformed

beyond the yield point of the metal and cracking results. Denting has been a

major concern in American steam generator tube support plates with drilled

holes, such as those employed by Westinghouse and Combustion Engineering.

Similar problems have not occurred with the broached holes design employed

in CANDU reactors until recently when Bruce A experienced denting on its

steam generator tubes.

(2) A sludge pile of corrosion products may accumulate on the tube sheet in the

bottom of the generator. Since impurities such as Cl" tend to concentrate in the

sludge, accelerated corrosion of the tubes within the sludge pile may occur.

General corrosion (also known as wastage), pitting and intergranular attack

(which may lead to intergranular stress corrosion cracking) are three major

types of corrosion that can occur in sludge piles.
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(3) Corrosion products may accumulate in the flow holes in the support plates

resulting in disruptions to the steam flow. In recirculating steam generators

these disruptions may lead to oscillations in the liquid level within the boiler

and necessitate a reduction in the feedwater flow. This results in derating of

the reactor and a reduction in electrical output. This phenomenon has only

occurred in recirculating boilers with broached support plates where the flow

is adjacent to the boiler tube. In once-through steam generators (OTSG), the

same phenomenon has resulted in an increase in the boiler feedwater level.

Derating has been necessary to avoid flooding of the feedwater nozzle.

(4) Corrosion products may accumulate on the boiler tube heat transfer surfaces

and cause a reduction in the heat transfer coefficient. Although all boilers have

some excess capacity built in at the design stage, continued deposition on the

tubes may eventually result in a sufficient loss of heat transfer capability that

derating of the reactor becomes necessary. At the very least, such deposits will

result in increased temperature of the boiler tubes and possibly a reduction in

the lifetime of the tubes.

In the recirculating vertical U-tube steam generators used by Westinghouse and Combustion

Engineering, the major problems with crud deposition have been items (1) and (2). In the

OTSG design used by Babcock & Wilcox in their PWRs, item (3) has been the principal cause

for concern. In Canada, the use of tube support plates with a broached hole design instead

of separate holes for the tubes and steam (similar to the design of the OTSG support plates),

has also resulted in item (3) being the major problem. Item (2), sludge pile accumulation, is

also a concern. The fundamental differences between these two support plate designs are

illustrated in Figures 1 and 2. A diagram of a complete Bruce A boiler is shown in Figure 3.

(b) Objectives

The objective of this project was to acquire and present the knowledge that would bring the

AECB staff up-to-date on the advantages and disadvantages of boiler chemical cleaning
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processes. This would provide the AECB staff with the necessary information to make

informed licensing decisions.

(c) Scope

The scope of the investigation has been a review of the knowledge and experiences in boiler

chemical cleaning processes to identify safety and regulatory concerns relating to the chemical

process proposed for cleaning the Bruce A boilers. The investigation would identify potential

adverse effects on the equipment, the workers, the public and the environment, and other

problems that might arise from such a cleaning operation.

1.2 Techniques to Remove Deposits From Boilers

Several techniques have been developed to remove these unwanted corrosion products from

boilers. These techniques can be roughly classified into mechanical and chemical methods.

A brief description of some of these methods is given here. More details on chemical

cleaning, the primary emphasis of this report, are given in the following chapters.

1.2.1 Water Lancing

This technique is also referred to as water jetting or hydrolasing. It employs a narrow stream

of high pressure water (typically 2,000 -10,000 psi although pressures as high as 35,000 psi

have been used in some cases) to loosen the sludge and carry it from the boiler. [Ref. 1, 2]

Specially designed wands and lances are used horizontally to blast sludge from the tubesheet.

Access is from the perimeter of the tube bundle and from the tube-free lane in the centre of

the bundle. For deposits in support plate holes, water is discharged vertically at the blocked

hole from either above or below the support plate. Again access is from the perimeter of the

bundle or the tube-free lane. In either case entry to the bundle at the appropriate elevation

from outside the boiler must be obtained. This is accomplished by drilling holes through the

boiler walls since there are usually insufficient hand-hole entry points available.
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Primary Coolant Flow
Secondary Coolant

Flow Hole

Annular Crevice Inconel Tube

Figure 1

TUBE SUPPORT PLATE - DRILLED HOLE DESIGN

This technique is primarily used for removal of tubesheet deposits. Several vendors offer this

service on a commercial basis and it has been employed in hundreds of steam generators

world-wide. Typically several hundred to a few thousand pounds of sludge are removed

with each application. It can also be used successfully with deposits on tubes, on tube

support plates and in flow holes or tube holes in the support plates, but the major problem

is one of accessibility. It is not possible to reach all the surfaces because of limitations

resulting from the mechanical layout of the boilers.
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The greatest cause for concern with this process is the potential damage that may be caused

to the tubes by a misdirected jet of water. Pressures of 10,000 psi can damage tube surfaces

and pressures of >20,000 psi can cut the tubes. [Ref. 1, 2] This is why water lancing

applications are usually limited to pressures of <10,000 psi. Some sludges cannot be removed

at these pressures and this is the main reason this technique is sometimes only partially

successful.

Another limitation is the "shadow" behind tubes, where the deposit is inaccessible. Hence the

amount of deposit that can be removed is limited and varies according to the design of the

jets and the pitch of the tubes.

Inconel Tube

Primary Coolant
Flow

Support Plate
Land

Secondary Coolant
Flow Channel

Figure 2

TUBE SUPPORT PLATE - BROACHED HOLE DESIGN

1.2.2 Water Slap

This technique involves partially filling the steam generator with water and then injecting a

bubble of nitrogen under high pressure at the bottom of the generator. The bubble expands
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and forces the water upwards at high velocity. As the high velocity water passes through the

holes in the tube support plates, it strips away some of the accumulated deposit thus opening

the holes. It has been used with marginal success at the Oconee, TM1 and Crystal River

plants in the USA and at Bruce A in Canada. It is aimed primarily at opening partially

plugged holes in tube support plates. It has no effect on tubesheet deposits and only very

minimal effect on tube deposits.

The greatest cause for concern with this process is the possible mechanical damage that could

be caused to the boiler internals by a surge of high velocity water. Great care must be taken

to ensure that design stresses on the tube support plates, and other internals, are not

exceeded.

This technique is referred to by several names. The term Water Slap is proprietary to B&W.

Ontario Hydro uses the term Hydro Impact Cleaning Process. Both refer to the same

technique. Westinghouse uses the term Pressure Pulse Cleaning to describe a similar

procedure. The major difference with the Westinghouse method is that the water level is

maintained above the support plate that is being cleaned rather than below it as in the B&W

and Ontario Hydro method.

1.2.3 Chemical Cleaning

Chemical cleaning means the use of chemical solutions to dissolve the accumulated deposits

in the secondary side of steam generators. These solutions can be used just on the sludge pile

on the tubesheet by only partially rilling the generator, or on the entire tube bundle, including

the support plates, by completely filling the generator. Thus all four of the major problems

with crud accumulation in boilers identified in Section 1.1 can be addressed by chemical

cleaning.

The first reports of secondary side chemical cleaning deal with the Stade plant in Germany

where, in 1972, a solution of citric acid and hydrazine was used to remove a deposit

consisting mainly of magnetite. Approximately 60 kg of crud was removed from each of the

four steam generators. [Ref. 3, 4]
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In North America, chemical cleaning of the secondary side of nuclear steam generators was

initially studied by the Consolidated Edison Company of New York and the United States

Department of Energy. They were developing a solvent for the Indian Point 2 steam

generators to ameliorate severe denting problems. The solvent they developed was tested on

one of the Indian Point 1 generators in January 1978 where it removed 350 lb. of iron and 11

1b. of copper. [Ref. 5] The process is described in more detail in Chapter 4. However, it was

never applied to the Indian Point 2 steam generators because of concerns that removal of the

tightly packed deposits from crevices may do more harm than good. The support plates were

known to be cracked and there was concern that the cracked sections were held in place by

compressive forces due to magnetite in the cracks. Chemical cleaning would remove the

magnetite and could result in the support plates disintegrating.

The Electric Power Research Institute (EPRI) and the Steam Generator Owners Group (SGOG)

have been studying chemical cleaning since 1977. With funding from EPRI and SGOG, a

laboratory program resulted in the development of a multi-step process for chemically

removing deposits from steam generators. This process is referred to as the SGOG process.

Collaboration of the three pressurized water reactor (PWR) vendors Westinghouse,

Combustion Engineering and Babcock & Wilcox resulted in this process becoming

conceptually accepted (i.e. "qualified") for use on all designs of PWR steam generators.

However, site-specific qualification is still required on a case-by-case basis. Utilities in the

USA have determined that the SGOG chemical cleaning process does not constitute an

unreviewed safety item as defined by the U.S. Nuclear Regulatory Commission, so NRC

review and approval are not required. Nevertheless, utilities do keep the NRC informed

through technical presentations, etc. and do perform an in-house safety evaluation before each

application as defined in the US Code of Federal Regulations, 10 CFR 50.59.

The SGOG process consists of an iron removal solvent and a copper removal solvent. Two

fundamentally different steps are required since solubilization of iron-based deposits such as

magnetite, typically requires low pH, reducing conditions while solubilization of copper

requires high pH, oxidizing conditions. The iron removal step consists of a mixture of

ethylenediaminetetraacetic acid (EDTA), hydrazine, inhibitor and ammonium hydroxide. The

provision exists to add citric acid for pH adjustment, but this has rarely, if ever, been



required. The addition of citric acid is now considered obsolete technology and it is not

planned for the application at Bruce A. The solvent is applied at =90° to 95°C and a pH of

7.

The copper removal step consists of a solution of EDTA, ethylenediamine (EDA), ammonium

hydroxide and hydrogen peroxide. It is applied at =35°C or less, and a pH of 9.5. Several

applications of each type of solvent aie usually required to remove all the deposit. After

deposit dissolution is complete, a passivation step is performed to promote formation of a

protective film on the cleaned areas.

Additional details of this process, which is essentially identical to that proposed by Ontario

Hydro for use at the Bruce A station, are given in Chapter 5, Section 5.1. A detailed report

on the development of the SGOG process is available in the literature. [Ref. 6]

The major concern with chemical cleaning is the potential corrosion that may be caused to the

boiler internals by the chemicals. The SGOG process has been thoroughly evaluated for

corrosion and has been shown to not cause unacceptable corrosion damage. Nevertheless,

extensive corrosion monitoring during each application is an integral part of the process. A

corrosion inhibitor CCI-801 was specifically developed for use in the iron solvent (corrosion

is not a concern during the high pH copper removal step) and is an essential component of

that solvent.

The SGOG process has been applied several times in North America and Asia. The plants

that have been cleaned are listed below. Descriptions of these applications, and others using

different processes, are given in Chapter 2.

• Millstone Unit 2 (1985)

• Main Yankee (1987)

• Oconee 1 (1987)

• Oconee 2 (1988)

• Arkansas 1 (1990)

• Kori 1 (1990)
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• Three Mile Island 1 (planned for late 1991)

In addition to the SGOG process, Siemens/Kraftwerk Union (KWU), the major reactor

supplier in Germany, has developed a high temperature process that is applied as the reactor

is shutting down. The iron removal solvent is added when the steam generator has reached

about 200°C and is circulated for about 8 hours as the generator cools down. The copper

removal step is applied when the temperature reaches about 40 - 60°C. Only one application

of each step is required. Additional details of the KWU process are given in Chapter 4,

Section 4.3. [Ref. 11, 12, 13] The process was successfully applied on all three steam

generators of the Almaraz-1 plant in 1986. This application is described in Chapter 2, Section

2.7. It has also been applied at ASCO 1 & 2, Ringhals 3 & 4, Tihange 2 and Stade.

The major advantage of the process is time. Much less critical path time is required than for

the SGOG process. A disadvantage is the limited amount of deposit removed per application,

and the restriction of applying only one iron and one copper step at each outage. In addition,

the solvent loadings are typically much lower than those obtained with the SGOG process.

Hence the process has been applied several more times at Almaraz since 1986, removing

approximately the same amount of deposit with each application.

Although KWU claims the process results in only about the same amount of corrosion as does

the SGOG process, there are some reports of excessive corrosion being caused by the absence

of an inhibitor and the high temperature of application. To simplify the application, KWU

relies primarily upon laboratory corrosion data rather than in-situ, real-time field measure-

ments. These factors, and the success of the SGOG process, have precluded the use of this

process in North America.

In the USA, Pacific Nuclear Services (PNS) has developed a high temperature process based

on the SGOG iron solvent and the CCI-801 inhibitor. The lower temperature of application

of the PNS process relative to the KWU process (150°C vs 200°C) and the presence of the

proven inhibitor CCI-801, gives less concern regarding corrosion. This process has undergone

extensive trials and large demonstration tests, but has not yet been applied commercially.
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1.3 Techniques to Reduce Future Fouling

Dyck and Spekkens of Ontario Hydro, in collaboration with authors from Hydro Quebec and

New Brunswick Power, have reviewed the operational experience with steam generators in

Candu nuclear power stations operating within Canada. Their review was presented in a

paper at the Steam Generator & Heat Exchanger Conference, Toronto, 199O.[Ref. 54] They

indicate that all Candu operators have taken some measures to minimize the ingress of

corrosion products to the steam generator, and to remove deposits from the steam generator.

All stations have made revisions to their chemical specifications to minimize corrosion and

sludge generation. The feedwater pH has been revised upwards to >9.5 for all-ferrous plants,

hydrazine levels have been lowered at some ferrous/copper plants, and a minimum

morpholine specification has been imposed at most plants to control erosion/corrosion. At

Point Lepreau, iron levels in the HP heater and moisture separator drains have been reduced

to below 2 ppb following morpholine addition. There has been a general movement towards

lowering steam generator contaminant levels to the EPRI specifications. [Ref. 55] In addition,

considerable emphasis has been placed on upgrading station equipment for chemical

monitoring and control, and en improving the adherence to specifications and action levels.

They also noted that Point Lepreau found that the installation of a full flow condensate

polisher was apparently effective at reducing tube fouling.
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1. STEAM DRUM
2. STEAM GENERATOR
3. HEAVY WATER INLET
4. HEAVY WATER OUTLET
5. DOWNCOMERANNULUS
6. CYCLONE SEPARATORS
7. STEAM SCRUBBER
8. BLOW-DOWN PIPING
9. 16- MANWAY

10. FEEDWATER INLET
11. STEAMOUTLET
12. SAFETY VALVE NOZZLES
13. PREHEATER
14. STEAM GENERATOR SUPPORT
15. SUPPORT HANGERS
16. BOILER VAULT SEAL
17. ORUM SEISMIC RESTRAINTS
18. STEAM GENERATOR SEISMIC RESTRAINTS,
19. PENETRATION SEAL

Figure 3

CUT-AWAY DIAGRAM OF A BRUCE A STEAM GENERATOR
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2. EXPERIENCE WITH CHEMICAL CLEANING

As stated in Chapter 1, the SGOG process has been applied several times to steam generators

in North America and Asia. A brief review of these applications is given below. The NPD

application, while not a true SGOG process, is included in this review since it does represent

Ontario Hydro's first chemical cleaning project. In addition, the KWU high temperature

process has been applied several times in Europe. A brief description of one of these

applications (Almaraz 1 in 1986) is also g;ven.

2.1 Nuclear Power Demonstration (NPD)

The NPD reactor was a 25 MWe CANDU prototype that started up in 1962. In June of 1979

the gross power output of 25 MWe rapidly dropped to 18 MWe. The problem was traced to

extensive deposits on the secondary side of the boiler tubes in the steam generator that had

built up over a period of several years. The reason for the sudden drop in power in 1979 was

never clearly identified. Since the SGOG process was not fully developed at this time,

Ontario Hydro developed its own process specifically designed for the NPD deposits. The

process was a multistage process consisting of alternate copper removal stages and iron

removal stages. These were:

(1) A copper removal stage using 10% ammonia solution at 25 - 35°C, with air

sparging to provide oxidizing conditions and assist solvent circulation.

(2) An iron removal stage with a solution containing 8% EDTA, 2% citric acid,

0.4% hydrazine and 0.2% inhibitor (OSI-1) adjusted to pH 6.0 with ammonia.

It was applied at 90 - 95°C with nitrogen sparging to maintain deoxygenated

conditions and to assist solvent distribution throughout the boiler.

The process consisted of 10 stages; three copper stages, three iron stages, two copper stages,

one iron stage and one copper stage. Copper stages were applied initially since copper

interferes with the iron dissolution process. A copper stage was the final stage to ensure

minimum copper plateout which can exacerbate carbon steel corrosion.
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Temporarv equipment was connected to the boiler via hand holes. The volume of the boiler

plus the equipment was about 13,000 L (2,860 gallons). The ten process stages plus rinses

plus the passivation step resulted in the generation of about 200,000 L (44,000 gallons) of

liquid waste. Since the waste was of very low activity and the major chemicals were

nonaccumulative and biodegradable, a permit was obtained from the Ontario Ministry of the

Environment to discharge the waste to the Ottawa River.

A total of 900 kg of deposit was removed by the operation. The major constituents of the

deposit were magnetite (500 kg) and copper (200 kg). The boiler tubes were visually clean

at the end of the operation. The plant was shut down for 33 days for the chemical clean in

the period November/December 1979. When it restarted full power of 25 MWe was reached.

More comprehensive reports on this chemical cleaning project are available in the literature.

[Ref. 7,8]

The NPD chemical cleaning operation was considered very successful. However, because of

major design differences and much larger quantities of sludge in the Bruce A boilers, the

process used at NPD could not be successfully employed at Bruce A.

2.2 Millstone 2

Millstone 2 is a 900 MWe C-E PWR that went critical in 1975. By 1983 it was estimated that

approximately 1400 -1800 kg of crud had accumulated in each of the two steam generators.

Pitting was observed on some tubes in the sludge pile on the tubesheet. Sludge lancing in

1983 removed =350 kg from each generator. In 1985, just before the chemical cleaning,

another =150 kg was removed from each generator. The chemical cleaning operation was

performed in April 1985 and removed =150 kg of deposit from each generator. A post-clean

sludge lance removed a further 18 kg from generator 1 and 11 kg from generator 2. The total

amount removed from both generators over two years through a combination of sludge

lancing and chemical cleaning was «=1400 kg, about Vi the estimated amount."'

(1). Estimates of the amount of deposit are obtained by calculating the input amount with the feed
water and subtracting the amount removed by blowdown and carryover with the steam. Each
of the three concentrations is very small but the volumes are very large. Hence errors of 100%
or more in estimates of the amount of deposit are not uncommon.
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Each generator was cleaned separately. Each process started with an iron stage and then

progressed through alternating copper and iron stages. In generator 1 a total of six copper

stages and two iron stages were employed. In generator 2 a total of four copper stages and

two iron stages were employed. Each ended with a copper step followed by a passivr.tion

step.

The total volume of liquid waste requiring processing was 64,000 L (14,000 gallons) containing

=5% dissolved solids. An attempt was made to volume-reduce and solidify the waste in

bitumen in a single step process through the use of a wiped film evaporator. Liquid bitumen

and waste solution were fed concurrently to the evaporator. However, rapid fouling of the

heat transfer surfaces by the bitumen occurred and the process had to be abandoned. The

same evaporator was used to volume-reduce the sludge by simple evaporation. The

evaporator performed well in this mode. The resulting concentrate (=20% solids) was

solidified in Envirostone, a gypsum cement, in 55 (US) gal. drums. This was used in

preference to Portland cement because interaction of the EDTA with the Portland cement

limited the loading to =10 gal. of concentrate per 55 gal drum, whereas with Envirostone

loadings of up to 20 gal. per drum were possible. Approximately 200 drums of solidified

waste were generated. The distillate was processed through ion exchange resin to remove the

final traces of radioactivity and then discharged to the ocean. The offgas was passed through

a wet scrubber (a mild solution of citric acid, pH =4) to remove traces of ammonia to below

the levels specified by the Environmental Protection Agency, and then released to the

atmosphere.

Post-clean inspections indicated that essentially all of the crud had been removed from the

tubesheets. Corrosion of the tubesheet and the secondary shell was in the range 2 - 6 mils

average base metal loss, whereas the qualification program had indicated that metal losses

in the range 6-20 mils should be expected. This difference is partly because the qualification

program assumed worst case conditions and partly because a fewer number of steps were

applied than in the qualification testing. This is because there was less deposit on the

tubesheet than had been predicted. The remaining deposit is assumed to be on the tubes and

support plates. The minimum corrosion allowance that was available was 90 mils on the
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secondary shell. All other components had higher corrosion allowances in the range 200 - 500

mils.

The chemical cleaning did not result in the formation of new defects on the heat transfer

tubing, nor did it result in aggravation of existing defects. Reports describing some features

of this cleaning are available in the literature. [Ref. 9,10]

2.3 Maine Yankee

Maine Yankee is a 790 MWe Combustion Engineering PWR that went critical in 1972. Its

three steam generators were chemically cleaned in 1987 by CE and PNS. The primary reason

for the cleaning was to remove a ring of copper that had formed on the outside of the tubes

under the tube sheet sludge. There was concern that it was causing localized corrosion. Thus

only the tubesheet was cleaned. The maximum solvent depth was =24 inches above the

tubesheet. The SGOG iron solvent and a CE modified copper solvent were used. The

modification consisted of removal of EDA and increasing the EDTA to 10%. This modification

is described further in Chapter 4, Section 4.5. The procedure for each generator consisted of

the following:

(1) initial sludge lancing,

(2) two iron steps then a rinse,

(3) two copper steps then a rinse,

(4) one iron step then a rinse,

(5) two copper steps then a rinse,

(6) passivation,

(7) final sludge lancing.

The amounts of impurities removed by the entire process are shown in Table 1. In addition

to these amounts, each steam generator was lanced in each of the three outages in the period

1982-1986. Approximately 500 lb. was removed from each generator each time. Thus 1500

lb. should be added to the quantities given in Table 1 to arrive at the total amount removed
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over a five year period. The utility estimated that approximately 30% of the original deposit

remained after this series of treatments.

The average metal losses due to corrosion are given in Table 2. These numbers are based on

side-stream monitoring only, not by probes or coupons actually in the generators. Recent

work by B&W and Ontario Hydro suggests that these numbers are probably low. Corrosion

rates inside the generator are usually greater than those measured in external side-streams.

See Chapter 5, Section 5.3.2.

The iron solvent was slightly radioactive (Co-60 concentration of 6 x 10~5 uCi/g), but

permission was obtained to discharge it to the ocean. The copper solvents and all rinses were

non-radioactive and were treated as industrial wastes. They were also discharged to the

ocean.

Table 1

AMOUNTS OF DEPOSITS REMOVED FROM MAINE YANKEE STEAM GENERATORS

Step

Initial lancing

Total iron (3 steps)

Total copper (4 steps)

Other metals

Final lancing

Total (lb.)

SGI

£lb. removed)

1038

501

131

141

201

2012

SG2

0b. removed)

436

508

116

112

118

1290

Ova 3

Ub. removed)

1078

555

147

170

155

2105
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Table 2

CORROSION DURING MAINE YANKEE CHEMICAL CLEANING

Material

516 Grade 70

533 Grade B

508 Class 2

Maximum Localized Attack

<mils)

2.9

30.7

4.8

Average Wall Loss

(mils)

1.5

3.5

2.0

Allowance

(mils)

31

31

125

2.4 Oconee 1 and 2

Oconee 1 and 2 are 900 MWe Babcock and Wilcox PWRs that went critical in 1973 and 1974,

respectively. Each unit has two once-through steam generators. The unit 1 generators were

chemically cleaned in November 1987 and the unit 2 generators in March 1988. The work was

performed by Duke Power and B&W.

It was estimated that each steam generator contained between 3,200 and 7,400 Ib. of

magnetite. The copper content was negligible so only iron steps were employed. The SGOG

iron solvent with an EDTA concentration of 15% was used. The solvent (=15,000 US gal.) was

prepared and heated to the desired temperature in a tank. It was then transferred to the

steam generator where it was allowed to "soak" the deposit for several hours. The generator

was filled approximately half way up to between the 7th and 9th support plates (out of 15).

There was no recirculation or heating while the solvent was in the generator. When the iron

concentration stopped increasing the solvent was pumped back to the tank and reheated. It

was also "replenished" by mixing with another 15,000 gal. of fresh solvent. One-half of the

30,000 gal. was pumped back to the generator for a second soak. When the temperature

dropped it was again returned to the tank for reheating and mixing with the remaining 15,000

gal. A total of six refills were required, but only one replenishment took place. This cleaning

operation is best described as a "fill/soak/drain" procedure.
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Following the cleaning two rinse steps of 25,000 gal each were applied. The volume was

greater than that of the cleaning solution to ensure that the elevation of the rinse steps was

higher than that of the -leaning steps. Thus the cleaning of each generator resulted in 30,000

gal. of concentrated chemical waste and 50,000 gal. of rinse solutions. The rinse solutions

were demineralized and released. 700 ft3 of ion exchange resins were required. The spent

iron solvent was treated using the Ecosafe® liquid volume reduction system supplied by B&W

Nuclear Services Company. It uses a submerged combustion evaporator employing an

air/propane mixture. Reduction factors of 85% were obtained. The residue was solidified

in 55 (US) gal. drums. After solidification the net volume reduction factor dropped to 80%.

Approximately 3,200 Ib. of sludge was removed from each generator in Unit 1 and 4,200 lb

from Unit 2. A post-clean sludge lancing removed an additional =200 lb from each generator.

2.5 Arkansas Nuclear 1

ANO 1 is a 880 MWe B&W unit similar to Oconee 1 and 2. It went critical in 1974. It also

has two once-through steam generators. Each generator has 15,000 5/8 inch diameter Inconel

600 tubes. The deposit in the generators is mainly magnetite, Fe3O4, containing 1-2% copper.

They were chemically cleaned by PNS in 1990 using the EPRI/SGOG process. The EDTA

concentration of the iron solvent was increased to 20% to increase the iron loading. Each

generator was cleaned to approximately one-half its height as at Oconee, but unlike Oconee

a recirculation method was employed. One iron step and one copper step were applied. Iron

and copper loadings of 25 g/L and 1 g/L, respectively, were obtained. A total of 5,250 lb. of

magnetite and 169 lb. of copper were removed from each generator. A post-clean lancing

removed and additional 400-500 lb. of sludge.

The chemical waste (=18,000 gal of iron solvent and 18,000 gal of copper solvent per

generator) was evaporated. The concentrate was solidified in cement while the distillate was

treated with ion exchange (IX) resin and discharged. The rinses («=50,000 gal per generator)

were treated with IX resin and discharged.
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2.6 Kori 1

Kori 1 is a 600 MWe Westinghouse PWR that went critical in 1977. It has two steam

generators, each with Inconel 600 tubes. By 1990 it was estimated that 400-800 lb. of sludge

had accumulated on the tubesheet in each generator. Deposit thickness was estimated at 3-4

inches. It was thought to have consisted of =50% copper metal, =40% magnetite, plus small

amounts of zinc, zinc oxide and nickel.

In November 1990, the generators were cleaned by PNS using the EPRI/SGOG process. In

generator A, the application sequence was four copper steps initially (five in generator B), a

rinse, one iron step, two rinses, two copper steps (three in generator B), two rinses and a

passivation step. The copper loading was 15 g/L in the first copper step (12 g/L in generator

B), dropping to 12 g/L in the second (10 g/1 in generator B). All subsequent copper steps had

loadings of <10 g/L. The iron loading was 9 g/L in generator A and 7 g/L in generator B.

A total of 430 lb of deposit was removed from generator A and 325 lb. from generator B as

soluble species. About 85% of the soluble deposit was copper. It is not clear why the fraction

of copper was so much higher than indicated by deposit analyses. Inline filters removed a

further 40 lb. in generator A and 85 lb. in generator B. The crud collected during the copper

steps consisted of a 50:50 mixture of iron and copper compounds, while that collected during

the iron step was =100% copper.

The waste consisting of 50,000 L of copper solvent, 7,500 L of iron solvent and 27,000 L of

rinses is currently being stored onsite pending selection of a disposal method. It is mildly

radioactive containing 10"6 - 10'7 uCi/kg of radionuclides.

A summary of the corrosion that occurred during the cleaning process is given in Table 3.

It is not clear why coupons from generator A showed twice the metal loss as those from

generator B. Here again the corrosion rates are based on side-stream monitors, not probes

and coupons installed in the generators.
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Table 3

CORROSION DURING KORI 1 CHEMICAL CLEANING

Material

Inconel 600

A 106 Grade B

A 285 Class C

A 533 Grade A

A 508 Class 2

Average Metal Loss

Generator A

(mils)

0

1.2

1.0

1.6

1.4

Average Metal Loss

Generator 8

(mils)

0

0.6

0.5

0.8

0.7

2.7 Almaraz 1

Almaraz 1 is a 900 MWe PWR built by Westinghouse. It went critical in 1981. In November

1986 all three steam generators were cleaned in parallel by the KWU high temperature process

over a 1 to 2 day period. The reactor was shut down and as it was cooling down the iron

removal process was initiated at a temperature of =200°C. A non-volatile chelating agent

(NTA) was injected into the secondary side along with a reducing agent (hydrazine). The pH

was in the range 5-10. The chemicals were circulated for 8 hours during which time they

dissolved a total of 1,400 kg of iron oxides and 1 kg of copper from all three generators.

During this time the temperature slowly dropped to about 175°C. The system was then

drained and refilled. A volatile amine and chelating agent (EDA) was added. Oxidizing

conditions were achieved through aeration. This solvent was circulated for 19 hours at a

temperature of 40 - 60°C. About 300 kg of copper was removed from all three generators

during this step. A more detailed description of the KWU high temperature process is given

in Chapter 4, Section 4.3, and is also available in the literature. (Ref. 11,12, 13]



- 21 -

Existing plant systems were used as much as possible. For example, the chemical feed system

was used for chemical addition and the sampling system was used for sample collection. The

only major pieces of additional equipment were waste holding tanks and the corrosion

monitoring equipment. Each step in each generator produced 50,000 L of waste for a total

of 300,000 L (66,000 gallons).
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3. DEPOSITS IN THE BRUCE A BOILERS

3.1 Introduction

In the mid 1980s level oscillations started to be observed in some of the boilers in the Bruce

A Units 1 and 2. Boiler 3 on Unit 2 was the worst and occasionally the oscillations would

cause the high level trip to activate resulting in reactor shutdown. To prevent this from

happening, these units were both derated. Unit 1 was derated to 70% of full power, and on

some occasions Unit 2 was derated to as little as 52% of full power. An investigation into the

problem suggested that blockage of the broached holes in the upper support plates could be

the cause of the level oscillations. Mathematical modelling indicated that a blockage level of

70 - 75% in the upper plates would result in level oscillations. Inspection of the boilers

revealed that in some cases up to 90% blockage existed in the top support plates.

Having discovered the cause of the level oscillations, Ontario Hydro embarked on a three

phase program to correct the situation. The three phases are:

(1) A short-term solution to get rid of the level oscillations and permit the units

to return to 100% power. Specifically this means removing the deposits from

the broached holes in the upper support plates of each boiler in each unit. The

methods employed in this phase were primarily mechanical in nature and did

not use chemicals.

(2) A longer term solution to chemically clean the boilers and remove the deposits

from all areas of the boilers, including heat transfer surfaces and the tubesheet.

(3) A final solution of improved secondary side chemistry, improved feedwater

quality and a larger, higher throughput water treatment plant which would

permit higher blowdown rates. Blowdown recovery is also being considered

to minimize efficiency loss (some of the heat would be recovered in the

feedwater system), and for environmental reasons (the blowdown is currently

discharged).
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Progress and plans for each of these phases are discussed in the following sections. This

multiphased approach should result in the removal of most of the existing deposits and

reduce subsequent deposition rates to a low enough level that chemical cleaning will not be

necessary again over the remaining plant lifetime.

The level oscillations did not appear to be damaging to the boilers (follow-up studies

confirmed this), but their presence did limit the steam flow and ultimately the power output

of the reactor. There are no indications that the situation would correct itself unless positive

action was taken to remove some or all of the deposits in the broached holes. For example,

improved water chemistry control coupled with a higher blowdown rate may reduce

deposition rates in the future, but* would have no effect on existing deposits. The situation

could only get worse, not better.

The average reactor inlet water temperature (i.e. boiler outlet temperature) had risen =3°C

over the last few years. One of the factors contributing to this increase is slow fouling of the

heat transfer surfaces.'2' Although this fouling is not yet sufficient to limit power output (as

it did at NPD), like blockages in broached holes it can only get worse, not better, without

some type of positive action. Since the short-term mechanical solution could not clean all of

the tubes and tube support plates, a full scale chemical cleaning program was thought

necessary.'3'

3.2 Composition of Deposits

3.2.1 Chemical Composition

Two types of samples have been taken from the Bruce A boilers - relatively loose, powdery

deposits that are removed by low pressure lancing and hard, fixed deposits that are found

(2). The Bruce A reactors are controlled on steam flow. Thus fouling of the heat transfer surfaces
results in an increase in the boiler outlet temperature to give the same quality steam.

(3). Primary side deposits would also reduce heat transfer and cause a rise in the inlet
temperature. However, studies indicate that these are very thin and most of the temperature
rise is due to secondary side deposits.
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on the heat transfer surfaces. The latter are usually removed in the form of flakes. Typical

compositions of each are given in Table 4. Only elements found in >1% concentration are

listed. The major form of copper was as copper metal. Very little, if any, copper oxides such

as CuO and CuO2 were observed. This indicates very low levels of oxygen in the feedwater

since copper oxides require free oxygen to form. The major form of iron was magnetite,

Fe3O4. Again this confirms very low dissolved oxygen levels since magnetite is only stable

in anaerobic environments. A variety of iron oxides, including hematite, Fe2O3, would form

in the presence of free oxygen.

Table 4

COMPOSITION OF DEPOSITS FOUND IN BRUCE UNIT 2 BOILERS

Element

Cu

Fe

Ni

Zn

Composition (percent)

Loose Deposit

28

41

1

4

Fixed Deposit

52

23

2

9

3.2.2 Physical Properties

The density of the flake deposits from Unit 2 is as great as 7 g/cm3. This is high for these

types of deposits which more typically are 4 - 6 g/cm3. The high density is attributed to the

presence of a large fraction of elemental copper (specific gravity 8.96) whereas deposits from

other plants have a larger fraction of copper oxides (specific gravity 6.0 - 6.5) and magnetite

(specific gravity 5.2). The porosity of the flake deposits was as low as 5% which is low for

the same reasons that the density is high.
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3.2.3 Radionuclide Content

The Bruce A secondary side deposits are expected to contain small amounts of Co-60 and

Cs-137. These species are present at very low concentrations in the sludge as a result of boiler

tube leaks from the primary to secondary side, and possibly as a result of removal of deposits

from the primary side of the tubes during past tube removal and sampling operations.

Actual measurements made on the secondary sludge removed during sludge lancing of the

Unit 2 boilers indicated that the sludge contains a total of approximately 100 uCi of Co-60.

Small amounts of Zn-65 and Sb-125 were also measured, however, it is expected that these

species will have almost completely decayed by 1994 when it is planned to clean the Unit 2

boilers. The samples did not contain any measurable Cs-137, possibly due to the method of

sample handling. However, it is anticipated that small amounts of Cs-137 will be present,

possibly at levels similar to that of Co-60 (i.e. a few hundred microCuries). These data are

summarized in Table 5.

Measurements made on the Unit 4 boilers have also suggested that low concentrations of

Co-60 and Cs-137 will be present in the sludge. No other radioactive species were observed

in these samples.

From a knowledge of the average primary to secondary side leak rate, and the average

radionuclide content of the primary water, it is possible to theoretically calculate the quantity

of radionuclides expected to be in the boiler deposits. Ontario Hydro has performed this

calculation for Unit 2 on a worst case basis (i.e. maximum boiler tube leakage just prior to the

outage). The results indicate a maximum of 20 mCi of Cs-137 and 40 mCi of H-3 distributed

among all 8 boilers. These are the only radionuclides of any significance routinely observed

in the heat transport system water. Based on an average of 5,000 kg of deposit per boiler (see

Section 3.3 below), the specific activity of Cs-137 will be a maximum of 0.5 nCi/g. H-3 will

remain with the water. These data are also presented in Table 5. The numbers calculated in

this manner are theoretical maximums based on worst case calculations and assumptions. In

practice, the amount of radioactivity in the deposits is expected to be very much less than

these values, as the measurements described above indicate.
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Table 5

RADIONUCLIDE CONTENT OF BRUCE UNIT 2 BOILER DEPOSITS

Radiomiclide

Co-60

Cs-137

H-3

Theoretical Amount per Unit

{uO in 8 boilers)

0

20,000

40,000

Measured Amount per

Unit

(uG in 8 boilers)

100

200 (est.)

0

3.3 Amount of Deposit

Ontario Hydro has made estimates of the amount of deposit in the boilers in Units 1 and 2

at Bruce A. Their estimates are that the Unit 1 boilers contain 50,000 kg of deposit with

individual boilers containing between 4,900 and 7,500 kg. The Unit 2 boilers contain a total

of 33,000 kg of deposit with individual boilers containing between 2,100 and 6,400 kg. These

data are summarized in Table 6. Amounts of deposits in the Unit 3 and 4 boilers have not

been estimated but are assumed to be in the same range as those in Units 1 and 2 for

planning and cost purposes.

Ontario Hydro has estimated that about 75% of the deposit inventory in each boiler resides

on the tubes. Since the tube surface area is =20,000 m2 (=2,500 m2 per boiler) and the deposit

density is =7 g/cm3, the thickness of deposit on the tubes is in the range 100 - 300 pm (4-12

mils). This is of sufficient thickness that it could result in the few degrees of temperature

increase reported in Section 1. These data are also presented in Table 6. The remaining 25%

of the deposit inventory is divided between the tube support plates (15%) and the sludge pile

(107c).
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Table 6

AMOUNTS OF DEPOSITS IN BRUCE A BOILERS

Unit

1

2

Total Amount per Unit

(kg in 8 boilers)

50,000

33,000

Amount per Boiler

(kg of deposit)

4,900 - 7,500

2,100 - 6,400

Tube Deposits

(pift)

210 - 320

90 - 270

Table 7 compares the amount of deposit in the Bruce A boilers with other types of pressurized

water reactors. These data show there is significantly more deposit per boiler in Bruce A

compared to most other PWRs. Since there are 8 boilers per unit at Bruce A compared to 2

or 3 at most other PWRs, the total amount of secondary side deposit in a Bruce A unit is

much larger than in other PWRs. The Bruce A deposit estimates are based on measurements

made in the generators while most other estimates are based on impurity input with the

feed water.

3.4 Removal of Deposits by Water Slap

As part of the short term solution to remove deposits from the broached holes and allow the

reactors to return to 100% power, Ontario Hydro investigated the use of the Water Slap

procedure on Boiler 3 in Unit 2. It is briefly described in Chapter 1, Section 1.2.2. In 1989

Babcock and Wilcox service personnel applied the procedure. Because of the design of the

Bruce A boilers, the pressure pulse that was found to be effective in U.S. PWRs (1,300 psi)

could not be used without potential damage to the boiler internals. Hydro engineers

determined that the maximum pressure pulse that could be safely used was 500 psi. Since

the Bruce A boilers are smaller than most U.S. PWR steam generators, this would result in

a water velocity similar to that obtained in a OTSG at 1,300 psi. The initial application was

at 300 psi. There was no effect whatsoever. The pressure was increased to the maximum

permissible with a "pulse" of nitrogen being release every 15 seconds. It was estimated that
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the velocity of the water through the broached holes was about 1 m/s. Marginal benefit was

observed. Some holes opened but others became more plugged. Because of this lack of

success and because of the positive results being obtained with sludge lancing, this technique

was abandoned. It was not attempted on any other boilers.

This experience is sin.ilar to that in U.S. PWRs. Although higher pressures are used, the

benefits are still marginal. There is some short term benefit but the returns are diminishing.

Less deposit is removed with each successive application. It was applied by B&W at Oconee,

Crystal River and TMI where some deposit removal occurred and temporary relief was

obtained. An analogous technique (Pressure Pulse Cleaning) has been applied by Westing-

house at Farley, Diablo Canyon and at several plants in Europe with similar results. Neither

is effective as a cleaning tool and cannot replace lancing or chemical cleaning.
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Table 7

BOILER DEPOSITS IN VARIOUS PWRS

Plant

NPD

Millstone 2

Maine Yankee

Oconee 1

Oconee 2

ANO 1

Almaraz 1

Kori 1

Bruce A Unit 1

Bruce A Unit 2

Number
of

Boilers

1

2

3

2

2

2

3

2

8

8

Estimated.
Deposit per
Boiler (kg)

1,600

2,200

1,500-3,000

1,500-3,000

180-360

6,250

4,125

Amount

Lancing

(kg)

550

1,200

90

90

200

Removed per Boiler By

Tubesheet
Cleaa (kg)

150

350

200

FuU-
Height

Clean (kg)

900

l,500(4)

l,900<4)

2,500<4)

1,700

3.5 Removal of Deposits by Sludge Lancing

Following the unsuccessful attempts at Water Slap, Ontario Hydro investigated the use of

sludge lancing to open the plugged broached holes. By drilling 5 cm holes on each side of

the shell about 18 cm below the tube support plate and by taking advantage of the tube-free

b n e , access can be obtained to about 60% of the holes. Using a specially designed lance,

B&W technicians were able to reduce 85% blockage to 40-45%. The accessible holes were

(4). Actually a Vi height clean. Level was between the 7"1 and 9'h support plates out of a total of 15.
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opened essentially 100% but the inaccessibility of 40% of the holes limited the amount of

improvement. In addition, some of the holes that were 100% blocked could not be opened

since this type of lancing is mainly effective only where an initial flow can be obtained.

Initially a pressure of 3,000 psi was employed. It was slowly increased to 10,000 psi in an

attempt to open the fully blocked holes. A compound consisting of long chain organic

molecules was added to produce what is known as "super water". It allows the water to be

focused in long parallel jets.(5) [Ref. 13] Despite these improvements fully blocked holes still

could not be opened.

In spite of these shortcomings, lancing appeared to be the only viable solution to remove

enough of the deposits from the broached holes to permit operation of the reactors at 100%

power while preparations were underway for a longer term solution. Thus lancing was

performed on the top three support plates in each boiler in units 1 and 2. Since each plate

required the drilling of two holes through the shell, each boiler in these units now has six

such holes. The campaign was successful in that blockage of most support plates was

reduced from 70 - 90% to the 40 - 50% range. One or two plates remain =60% plugged but

both units are able to operate at 100% power with no oscillations in level. The amount of

deposit removed from each boiler was estimated at 4 kg. Most of the loosened crud settled

because of the very low velocity. This was shown by the high crud levels on startup

following a lancing operation. Whereas typical crud levels are 50 - 100 ppb, following an

outage in which lancing was performed, startup crud levels were =1 ppm.

Lancing of the four lower plates of the Unit 1 and 2 boilers was not performed for two

reasons.

(1) Calculations indicated that there was much less deposit on these plates than

the top three.

(2) They are within the containment structure and almost inaccessible. There is

insufficient radial clearance for the equipment. See Figure 3.

(5). Super water is formed by the addition of 0.3 % of a linear, partially hydrogenated polyacrylamide
with a molecular weight in the range 14 x 106 to 18 x 10*. It aids in jet collimation and drag
reduction. The large molecules are fragmented during the application and cannot be reused. The
process is also referred to as macromolecular bombardment.
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The boilers in units 3 and 4 were not lanced and there are no plans to do so. The extent of

broached hole plugging in these units does not appear to be as extensive as in units 1 and 2

since level oscillations have not been observed to date. Reactor derating has not been

necessary.

3.6 Chemical Cleaning

Ontario Hydro proposes to use chemical cleaning in all 8 boilers in each of the four Bruce A

units as a preferred solution to deposit removal. Although plans are still being finalized, the

optimum approach appears to be to clean one bank of four boilers at a time. Thus there

would be eight major cleaning operations commencing in the fall of 1992 and extending

through 1995 or 1996, depending on future reactor outages. Although cleaning four boilers

in parallel obviously results in significant savings in critical path time, an operation of this

scale has never been undertaken before. In all previous applications each steam generator has

been cleaned individually. Sophisticated engineering controls will be required to ensure

proper level control in each boiler and equal flow to each boiler.

The proposed process is the SGOG process which has been briefly described in Chapter 2.

A more comprehensive description is given in Chapter 4. It is the most widely used and

tested process and appears to be a reasonable choice. Tests with Bruce A deposits in the

SGOG solvents have confirmed that >85% of the deposit will dissolve. A more comprehen-

sive overview of the entire chemical cleaning operation proposed for Bruce A is given in

Chapter 5.

3.7 Improved Feedwater Quality

To minimize future fouling of the boilers following the cleaning campaign, plans are being

developed to improve the quality of the secondary side water and to modify chemistry

control. These plans include:
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(a) A new water treatment plant with more trains, state-of-the-art water treatment

technology and a higher throughput. This will provide higher purity water

and will permit a higher blowdown rate.

(b) Reduced corrosion product transport by either full flow or partial flow

condensate filtration.

(c) Possible replacement of the copper alloy tubes in the condenser, low pressure

heaters and high pressure heaters with stainless steel. This will reduce the

amount of copper entering the boilers with the feedwater.

(d) Boiler blowdown recovery. It would be treated with ion exchange and filters

and returned to the condenser. This is more for environmental reasons (the

blowdown is currently discharged) than for boiler protection. In addition,

some of the heat would be recovered in the feedwater system to minimize loss

of efficiency.

(e) Changes to the water chemistry to bring about a reduction in the rate of

corrosion product transport. For example, current research indicates that

increasing the pH of the feedwater from the present range of 9.0 ± 0.1 to 9.3

±0.1 has the potential to reduce the corrosion product transport rate by up to

a factor of 4. [Ref 50] Such a change would not be desirable with copper in the

system since a high pH promotes copper corrosion and transport. However,

with the change to an all ferrous system (see item (c) above), an increase in the

pH would be most beneficial.



- 3 3 -

4. DESCRIPTIONS OF CHEMICAL CLEANING PROCESSES

Several different chemical cleaning processes have been developed over the last 20 years.

Brief descriptions of some of the more common ones will be given in this chapter. The SGOG

process will be described in detail since it is the process proposed for use in the Bruce A

boilers.

4.1 NPD Process [Ref. 7, 8]

This process was developed by Ontario Hydro and AECL in the late 1970s specifically to

remove the deposits from the NPD boiler. The SGOG process was not available at this time

so Hydro and AECL researchers had to develop a process in a short time based on general

industry knowledge about how boiler deposits are dissolved. They developed a multi-step

process based on alternative applications of iron and copper solvents. The actual solvents

used were:

(1) A copper removal stage using 10% ammonia solution at 25 - 35°C, with air

sparging to provide oxidizing conditions and assist solvent circulation.

(2) An iron removal stage with a solution containing 8% EDTA, 2% citric acid,

0.4% hydrazine and 0.2% inhibitor (OSI-1) adjusted to pH 6.0 with ammonia.

It was applied at 90 - 95°C with nitrogen sparging to maintain deoxygenated

conditions and to assist solvent circulation.

This process was successful in removing the deposits from the NPD boiler as explained in

Chapter 2, Section 2.1. Details of the application are given there. This particular combination

of solvents has not been used again and has been superseded by the SGOG process.
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4.2 Consolidated Edison/Department of Energy [Ref. 5]

Two processes were developed under this program. The first, and the one actually proposed

for the Indian Point 2 cleaning but which was never done for reasons discussed in Chapter

1, Section 1.2.3, consisted of the following four steps:

(1) Sludge removal by a solution of 4% EDTA plus 0.1 % inhibitor (OSI-1) at a pH

of 6 - 7 (with ammonium hydroxide) and a temperature of 200°F for =16 hours.

(2) Crevice corrosion product removal with a solution of 8% EDTA plus 4% citric

acid plus 0.6% inhibitor (OSI-1) at a pH of =4.2 (with ammonium hydroxide)

and a temperature of 200°F for up to six days.

(3) Copper removal with a 1% solution of sodium nitrite (NaNO2) at a pH of 9.5

(with ammonium hydroxide) plus air blow to provide oxidizing conditions.

(4) Passivation with 0.5% hydrazine at 200°R

An option that was proposed and actually tested at Indian Point 1 was to go directly from

Step 1 to Step 3 without draining. At the conclusion of the copper step, the system was

drained in preparation for the crevice step. Step 2. Draining, rinsing and passivation

followed.

The second process consisted of the following steps:

(1) Sludge removal by a solution of 7.5% citric acid plus 2.5% HEDTA at a pH of

3.5 to 3.7 (with ammonium hydroxide) and a temperature of 185°F for =13

hours.
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(2) Crevice corrosion product removal with a solution of 3% ascorbic acid plus 4%

citric acid plus 0.45% inhibitor'" at a pH of =3.5 (with ammonium hydroxide)

and a temperature of 185°F for up to 60 hours.

(3) Copper removal with a 1% solution of sodium nitrite (NaNO2) at a pH of 9.5

(with ammonium hydroxide) plus air blow to provide oxidizing conditions.

(4) Passivation with 0.5% hydrazine at 200°F.

Although this process performed as well as the first one in the dissolution of corrosion

products, a significant disadvantage of the citric/ascorbic mixture was the short usable life

of ascorbic acid, which broke down on extended use and left a black deposit on all surfaces

it contacted. This made it necessary to apply the solvent in two steps, which increased the

total amount of spent solvent to be disposed of after the cleaning.

4.3 Kraftwerk Union [Ref. 11,12,13]

KWU has developed a proprietary process for cleaning steam generators that is applied as the

plant is being shut down. When the steam generator has cooled to about 200°C, the iron

solvent, a mixture of a non-volatile chelating agent (nitrilotriacetic acid, NTA) and a reducing

agent (hydrazine), is added to the generator. Sufficient ammonium hydroxide is also added

so that the final pH is in the range 7-9. Slightly basic conditions are recommended to

minimize corrosion since a corrosion inhibitor is not employed. Concentrations of the

individual chemical constituents are not available. This solvent is circulated until iron

dissolution ceases. This typically takes 10-12 hours during which time the temperature may

drop to =175°C. At this point the generator is drained and refilled. The copper solvent, a

volatile chelating agent and amirte (EDA), is added and the solution aerated to provide

oxidizing conditions. A 1% solution of EDA usually results in a pH in the range 9.5 -11.5.

Ammonium carbonate (0.5%) is also added as an "accelerator". Residual heat in the metal is

usually sufficient to raise the temperature to •=60°C This solvent is circulated until copper

(6). 0.3% diethylthiourea + 0.05% Triton X-100 + 0.1% Chevron NI-W
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dissolution ceases, typically about 24 hours. During this period the temperature may drop

to =30°C

The chief advantage of this process is the savings in critical path time. Much of the

application is done during otherwise unuseful time. The number of steps (two) is also much

less than other processes (typically 6 to 10). The amount of additional equipment required

and the amount of waste generated are both lower than with the SGOG process because the

number of steps is less and the amount of deposit removed is smaller.

There are several disadvantages. First, the use of only two steps must limit the amount of

deposit that can be removed. Industry experience has shown that multiple alternating steps

are required to effectively remove most deposits. Although impressive numbers are reported

for total amount of deposit removed, it is not clear what fraction of the deposit these numbers

represent. Secondly there are some concerns with corrosion. Although KWU claims to have

qualified the process for Westinghouse PWRs, there are some reports of excessive general

corrosion rates of low alloy steels. Thirdly, the use of an initial iron step may result in

increased corrosivity of that solvent because of the presence of copper. There are several

reports in the literature of copper accelerating base metal corrosion during the iron step. [Ref.

7, 14, 26, 31] This is one of the major reasons why in the SGOG process a copper step is

applied first, and copper steps continue to be applied until copper removal is negligibly small.

Only then is an iron step applied. This third concern may not be serious in the case of Bruce

A since it is more of a concern when copper oxides are present. The chemical reactions that

occur are shown below.

(1) Dissolution of copper oxide by NT A during iron removal step

CuO + H+ + NTA3- > CuNTA+OH'

(2) Copper plate-out with corresponding base metal corrosion

CuNTA" + Fe° > Cu° + FeNTA'
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In the absence of copper oxide, these reactions do not usually occur since copper metal will

not dissolve in the iron solvent. However, if the hydrazine level becomes too low ferric ion

may exist in solution and may oxidize copper metal. Corrosion enhancement of the type

described here may thus occur even when only copper metal is present. It can be eliminated

(or at least minimized) by ensuring that adequate levels of hydrazine are maintained.

The second reaction is very low during the copper step for three reasons:

(1) The use of ethylene diamine results in a more stable copper complex (i.e. the

copper-EDA complex is "stronger" than the copper-NTA complex) with less

tendency to plate out.

(2) The lower temperature in the copper step reduces the rate of reaction 2.

(3) The higher pH in the copper step favours formation of a very strong Cu-EDA

complex.

4.4 Electricite de France [Ref. 13]

EdF has developed a pseudo one-step chemical cleaning process based on the use of gluconic

acid. A magnetite removal step consisting of 7.5% gluconic acid, 4.0% citric acid, 0.8%

inhibitor (P-6 from Somafer) and ammonia to pH 3.3 (=2%) is applied at 85°C for up to 170

hours. The copper removal phase is then initiated by adding additional ammonia to raise the

pH to 9.5 -10. The temperature is lowered to 50°C and oxidizing conditions are achieved by

bubbling air. There is no draining or rinsing upon going to the copper phase.

When copper removal is complete, a rinsing/passivation step is applied to remove any

sulphur residue from the inhibitor and to form a protective film. The gluconic acid based

solvent is drained and the system filled with a dilute solution of citric acid and monoethanol-

amine at a pH of ~3. This is circulated for a few hours to rinse the system then additional

monoethanolamine is added to raise the pH to 9.5 - 10. Air bubbling is initiated and the

temperature raised to =100°C for the passivation phase.
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A typical application of this process results in 2 - 4 mils (50 -100 um) of metal loss of A 285

and A 508, and immeasurably small loss of Inconel 600. The process has been applied at the

Tihange plant in Belgium and the Nogent plant in France. The advantages and disadvantages

of this process are very similar to those for the KWU process.

4.5 Combustion Engineering [Ref. 13]

CE personnel were actively involved in the chemical cleaning at Millstone 2. Based on tests

they conducted with Millstone sludge samples, they recommended a modification to the

SGOG copper step. This modification consisted of removal of the EDA and increasing the

EDTA concentration from 5% to 10%. This modification was done mainly because of

environmental and health concerns with the use of EDA. This aspect of the use of EDA is

discussed at greater length in Chapter 7, Section 7.2.2. The SGOG iron step was used without

modification.

CE has been involved in various capacities with recent chemical cleaning operations at

Oconee, ANO, Maine Yankee and Kori 1, but this modified copper step has not been applied

since. Given the success of the SGOG process and the important role that EDA is considered

to play in the SGOG copper step, it is unlikely that this modification will be used again. The

environmental and health effects of EDA are also now well understood and not considered

to be a cause for concern as long as reasonable precautions are taken.

4.6 Ontario Hydro [Ref. 14]

During Ontario Hydro's research into chemical cleaning solvents in the mid-1980s, a

modification to the SGOG copper solvent was proposed. The modification consisted of

elimination of ammonia and increasing the concentration of EDA to give the same final pH

(i.e. =9.5). This modification was proposed primarily to reduce the rate of decomposition of

hydrogen peroxide. Ontario Hydro found lower decomposition rates when ammonia was

eliminated from the formulation. Two other benefits were observed.
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(1) The copper-holding capacity of the solvent was increased. Tests by Ontario

Hydro indicated that a concentration of 15 g/L could be obtained with an

EDA-only solvent whereas the SGOG formula appeared to have a practical

upper limit of =10 g/L.

(2) A reduction in the tendency of the solvent to foam. Ontario Hydro found

much less foaming when ammonia was eliminated from the formulation.

However, upon further testing they decided to revert to the original SGOG formulation for

two main reasons.

(1) The practical differences in stability and effectiveness were not that significant.

(2) Elimination of ammonia requires the use of the acid form of EDTA rather than

the ammonium form. An aqueous solution of diammonium EDTA is

commercially available in bulk, but the acid form of EDTA has very limited

solubility*71 and is only available in powder form. Although a mixture of

EDTA and EDA is soluble, it would require a new commercial operation to

prepare it. EDTA and EDA are both on the toxic substances list in both

Canada and the USAI8) and can be shipped as individual chemicals provided

the appropriate precautions are taken. However, an aqueous mixture of EDA

and EDTA is not on either list and a major effort would be required to have it

listed. None of the manufacturers contacted by Hydro was interested in

undertaking such a task for the relatively small quantities involved. Dis-

solution of the EDTA just prior to the cleaning was considered but rejected

because of the costs involved. All other chemicals are liquid and a separate

chemical handling system would be required.

(7). Pure EDTA will dissolve only to the extent of 2 g/L at 20"C (0.2%), rising to 5 g/L at 80"C. The
ammonium salt will readily form a solution of several hundred grams per litre. A mixture of
EDTA and EDA has similarly high solubility.

(8). Domestic Substances List (DSL) in Canada and the Toxic Substances Control Act (TOSCA) in the
USA.
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A modification to the iron solvent was also proposed. This modification consisted of the

addition of citric acid since some studies have shown that it will accelerate magnetite

dissolution. JRef. 15,16,17] However, the benefit is most apparent at low pH (=4) but it also

results in increased base metal corrosion rate. At a pH of =7 there is negligible enhancement

of magnetite dissolution but there is still an increased corrosion rate. Since optimization

studies showed that a pH of =7 was the optimum at which to perform the iron dissolution

step, there was no advantage in retaining citric acid. Indeed, Ontario Hydro had eliminated

it from consideration even before the SGOG process was developed. Thus Ontario Hydro

abandoned its proposed modification and opted for the SGOG iron solvent.

4.7 Steam Generator Owners Group [Ref. 6,18,19]

In 1978 a major research program was initiated to develop a non-proprietary process to

chemically remove corrosion product deposits from the secondary side of PWR steam

generators. The research program was administered by the Electric Power Research Institute

(EPRI) and the PWR Steam Generator Owners Group (SGOG). Project participants were

Westinghouse, Combustion Engineering, Babcock & Wilcox, the Tetrolite Division of Petrolite

Corporation and UNC Nuclear Industries. The objective of the program was to define

solvents and application techniques required to successfully remove rubesheet sludge

deposits, tube deposits and tube support plate crevice deposits without corroding steam

generator materials of construction beyond acceptable levels. After evaluation of many

solvents and processes, a two step procedure consisting of alternate iron and copper solvents

was developed. This procedure has become known in the industry as the EPRI/SGOG

process, or simply the SGOG process. The composition of these solvents is given below.

Iron Solvent Copper Solvent

• 10%EDTA • 5%EDTA

• 1 % hydrazine • ammonium hydroxide to pH 7 (>=2%)

• ammonium hydroxide to pH 7 («3%) • ethylenediamine to pH 10 (=3.6%)

• 0.5 -1.0% CCI-801 inhibitor • 2-3% hydrogen peroxide

• applied at 90 - 95°C • applied at 30 - 40cC



-41 -

These solvents were found to be effective for dissolving the deposits on the tubesheet and on

the tubes, but in some cases were less effective for the tightly held deposits in the crevices

between the tubes and tube support plates. For more effective removal of those deposits a

more aggressive solvent was proposed. Its composition is given below.

Crevice Cleaning Solvent

• 20% EDTA

• ammonium hydroxide to pH 6 (=7.3%)

• 1.0% CCI-801 inhibitor

• applied at 120 - 125°C

This solvent would only be applied after the bulk of the deposit has been removed through

a series of iron and copper removal steps. Although developed and qualified, the crevice

cleaning step has not yet been applied in the field.

A thorough rinse is required when switching from a copper step to an iron step, and vice

versa. The recommended rinses are given below.

Iron Rinse Copper Rinse

• pH 10 ± 0.2 with NH4OH • 10 ± 5 ppm hydrazine

• Used for cooldown • pH 10 ± 0.2 with NH4OH

• Used for heatup

Two rinses (one partial volume and one full volume) are required after the iron step to reduce

the dissolved iron to as low a value as possible since residual iron promotes decomposition

of the hydrogen peroxide in the following copper step.

4.7.1 Chemistry of the Iron Solvent

The major iron compound in steam generator deposits is magnetite, Fe3O4. It dissolves in the

SGOG iron solvent by the following reaction:
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Fe,O4 + 3(NH4)3EDTA- + 4H2O > Fe(NH4)EDTA- + 2FeEDTA" + 8NH4OH

The ferric-EDTA produced by this reaction can cause corrosion of base metal iron, particularly

the iron in low alloy steels or carbon steels such as SA 516 or SA 533-B.

2FeEDTA" + Fe° > 2FeEDTA2- + Fe2+

However, the ferric-EDTA complexes will preferentially react with hydrazine, if it is present,

to produce ferrous-EDTA and nitrogen through a complex series of reactions. The overall

result of this series of reactions is shown below.

4FeEDTA" + N2H4 > 4FeEDTA2' + N2 + 4H+

This reaction is most effective at a pH of =7. It does not occur at pHs lower than 5. This is

the principal reason that the pH of the iron solvent is maintained in the range 6-8 . Although

magnetite dissolution is faster at lower pHs, ferric ion corrosion of low alloy steels is

excessively high.

Dissolved oxygen is to be avoided since it will convert ferrous-EDTA to ferric-EDTA, thus

potentially aggravating corrosion. Small amounts of dissolved oxygen will be removed

through reaction with hydrazine as shown below, but it is important that there not be a

continuous source of oxygen. A hydrazine concentration of 1% is expected to result in a

dissolved oxygen concentration of <10 ppb, at which level its effect will be negligible.

O2 + N2H4 > N2 + 2H2O

If insufficient hydrazine is maintained in solution, some of the iron may exist in the ferric

state, Fe3*. In addition to direct reaction with base metal as discussed above, it may also react

with copper metal to produce copper ions, as referred to in Section 3 of this chapter and as

shown in the reaction below. These copper ions may cause base metal attack, with ensuing

copper plate out, as shown below. These reactions can be minimized by ensuring that an

adequate concentration of hydrazine is maintained throughout the iron step.
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2Fe3* + Cu° > Cu2* + 2Fe2*

Cu2t + Fe° > Fe2t + Cu°

The corrosion inhibitor CCI-801 also helps to prevent base metal corrosion by a combination

of surface adsorption and formation of several molecular layers of a metal-inhibitor chelate

complex. CCI-801 is an alkylthiopolyiminoamide. Further discussion of the mechanism or

the role of the inhibitor is beyond the scope of this report. There are several references in the

literature which more fully explain the chemical reactions involved in all aspects of the iron

solvent. [Ref. 6, 19, 20, 21, 22, 23]

Since iron forms a 1:1 complex with EDTA, the maximum iron holding capacity of a 10%

(100 g/L) EDTA solution can be calculated as follows:

Molecular weight EDTA = 292 g/mole

Atomic weight of iron = 55.85

Maximum iron concentration = 100 g/L x 55.85 -f 292 = 19 g/L

Theoretical and actual iron concentrations for other concentrations of EDTA are given in

Table 8. The actual iron concentrations are based on the maximum values obtained during

the chemical cleanings listed in Chapter 2, although higher values have been obtained in the

laboratory.
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Table 8

IRON CONCENTRATIONS IN EPRI/SGOG IRON SOLVENTS

EDTA Concentration (%)

10

15

20

Theoretical Iron

Concentration (g/L)

19

29

38

Maximum Observed Iron

Concentration (g/L)

10

12

25

The proposed temperature for the iron solvent is a compromise between deposit dissolution

rate and base metal corrosion. At lower temperatures the rate of deposit dissolution drops

significantly, while at higher temperatures base metal corrosion may increase unless

compensating changes are made to the pH and inhibitor concentration. The PNS high-

temperature process referred to in Chapter 1, Section 1.2.3 operates at a slightly higher pH

and with a higher inhibitor concentration than the SGOG iron step with the net result that the

corrosion rates are about the same.

4.7.2 Chemistry of the Copper Solvent [Ref. 24, 25]

Copper is a major component of most boiler deposits where mixed metal feed trains are

employed. It can occur in any of three forms so the solvent designed to remove it must be

capable of dealing with all three. The three forms are copper metal (Cu), cuprous oxide

(Cu2O) and cupric oxide (CuO). The latter two are directly soluble in solutions of EDTA and

EDA as shown below. These reactions occur much more readily in the high pH range and

there is less tendency for copper to plate out. Experimentally, a pH of about 10 was

determined to be optimum.

CuO + EDTA4- + H+ > CuEDTA2" + OH"
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CuO + 2EDA + H* > Cu(EDA)2
2* + OH"

Copper metal, however, requires an oxidizing agent for solubilization. That is the major role

of hydrogen peroxide. It also converts Cu+ to Cu2+ which forms much stronger complexes

with EDTA and EDA than does Cu*. Many other oxidizing agents were tested during the

development of the copper solvent (e.g. sodium perborate, NaBO3, sodium nitrite, NaNO2,

ammonium persulfate, (NH4)2S2Og and air, O2), but hydrogen peroxide consistently gave the

best results.

Cu + H2O2 + 2EDA > Cu(EDA)2
2+ + 2OH"

The structure of the complex that EDA forms with the Cu2+ ion is shown in Figure 4.

The exact function of EDTA in the formulation is not clear. It is known that copper forms a

much stronger complex with EDA than it does with EDTA, particularly at high pH.

Therefore, unless the EDA becomes saturated, very little copper is expected to complex with

the EDTA. EDTA may play a role in holding in solution small amounts of iron that may be

released along with the copper. One theory is that the iron-EDTA complex acts as a catalyst

for oxidation of copper metal as shown by the following equations. [Ref. 25]

H2O2 + 2Fe(II)EDTA2- > 2Fe(III)EDTA- + 2OH"

2Fe(IH)EDTA- + 2EDA + Cu° > 2Fe(II)EDTA2- + Cu(EDA)2

Experimentally it has been shown that a combination of EDTA and EDA is a more effective

solvent than either one on its own. [Ref. 26]
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Figure 4

STRUCTURE OF THE COPPER-ETHYLENEDIAMINE COMPLEX

Corrosion during the copper stage is negligibly small compared to that during the iron stage.

This is due to a combination of high pH, very low concentration of ferric ion and no reaction

of copper with the base metal due to the very stable Cu-EDA complex that is formed. An

inhibitor is not required.

Copper will form complexes with EDTA, EDA, and ammonia all of which are present in the

copper solvent. As explained above, unless the EDA becomes saturated the majority of the

copper will be complexed with it. Nevertheless it is instructive to calculate the theoretical

copper holding capacity of the copper solvent and to compare it with actual results obtained

in the field. The results of these calculations are shown in Table 9.
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Table 9

COPPER CONCENTRATIONS IN THE SGOG COPPER SOLVENT

L.iganci

EDA

EDTA

NH4OH

Total

Concentration

<g/L)

36

50

20

106

Complex

Formed With

Copper

<Cu:l)

1:2

1:1

1:4

Theoretical

Copper-Holding

Capacity

<g/L>

19

11

9

39

Maximum

Observed Copper

Concentration

(g/U

1 5 ( 9 )

It is not clear why the solvent appears to become saturated at well below the theoretical

capacity. It is not a case of lack of copper since the following copper steps (without an

intermediate iron step) dissolved additional amounts. It may be due to loss of H2O2 and the

inability to retain it in solution, despite repeated additions, because of decomposition which

is catalyzed by iron. Small concentrations of iron (i.e. 50 - 100 ppm) can promote peroxide

decomposition. [Ref. 14] Concentrations at least this high have been observed during copper

removal steps. The decomposition reaction of hydrogen peroxide is shown below. Loss of

EDTA and EDA through reaction with the peroxide may also be a factor. Measurements of

heat generation during the copper stage indicate more heat input (by about 60%) than can be

accounted for from peroxide decomposition alone. [Ref. 32] By inference, there must be some

decomposition of EDTA and EDA occurring. Whatever the reason, with the current

technology there is little that can be done about it other than to drain the system and refill

with fresh copper solvent.

(9). This was observed during the chemical clearing at Kori 1. The next copper step, which followed
immediately, gave a loading of 12 g/L indicating no shortage of available copper.
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2H2O2 > 2H2O + Oj

The temperature for the copper solvent is dictated by the loss of hydrogen peroxide. The

lower the temperature the slower the decomposition rate and the slower its reaction with

EDTA and EDA. Room temperature is preferred but realistically a temperature of <35°C is

acceptable without having to supply excessively large cooling capacity.

4.7.3 Passivation

Following the chemical cleaning, a final rinse followed by a passivation step are applied to

form a protective oxide coating on the mild steel components of the boiler before its return

to service. The SGOG rinse and passivation process is described below.

Final Rinse Passivation Step

• DI water • ammonium hydroxide to pH 10 0=20 ppm as NH3)

• used for final heatup • 300 ppm hydrazine

• N2 overpressure to exclude oxygen

• 90 - 95°C

• 8 hours

This process has been shown to result in a uniform dark film on several types of low alloy

steels including SA-516, the Bruce A tube support plate material. There was no evidence of

the formation of rust (i.e. hematite, Fe2O3) which is non-protective. [Ref. 6] This passivation

process has no significant effect on Inconel 600 or other austenitic alloys.

4.7.4 Corrosion

Hundreds of corrosion tests have been performed with the SGOG process on all materials

found in steam generators manufactured by the three major North American vendors. A

summary of the results is given in Table 10. All were obtained with the SGOG process in the

presence of actual or simulated sludge. More detailed results are available in the literature

[Ref. 6, 26, 27, 28J
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There is considerable scatter in the results since they were obtained by several different

vendors under different conditions with different equipment. The best that can be said is that

all rates are <1 mil per step so even if as many as three or four iron steps were performed,

the total penetration for most materials would still be 1 mil, or less. The copper steps

contribute a negligible amount to the total corrosion. Because of the large amount of scatter

in the data, it is imperative that a real-time materials monitoring system be available during

actual applications. Laboratory data should only be used as a guide. The corrosion

monitoring system proposed by Hydro (see Chapter 5, Section 5.2.2.3) is state-of-the-art and

is capable of providing the data required on a real time basis to ensure that excessive

corrosion rates are not encountered during the actual applications to Bruce A boilers.
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Table 10

SUMMARY OF CORROSION TESTING RESULTS WITH SGOG SOLVENTS"01

Material

A-36

A-105, Grade 2

A-106, Grade B

A-240, Type 405

A-285, Grade C

A-508, Class 2

A-515

A-516, Grade 70

A-533, Grade A

A-533, Grade B

SAE-iO18

Inconel 600

A-285/Inconel 600

A-508/Inconel

A-533/Inconel 600

SAE-1018/Inconel 600

Corrosion During Iron

Step (9 - 36 hrs)

(mils)

0.29

0.16

0.30

<0.1

0.28

0.37

0.19

0.18

0.34

0.20

0.25

<0.001

0.51

0.27

0.53

0.45

Corrosion During Copper

Step {9 <• 14 hrs)

(mils)

0.05

<0.01

<0.01

<0.01

<0.01

<0.07

<0.01

<0.01

=0.1

<0.01

=0.01

<0.001

=0.1

<0.01

0.08

0.12

(10). The corrosion rates in this table are typical, average values and should be used as a guide only. Rates
obtained in a specific test program or field application may differ from these values by a factor of two or
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5. DETAILS OF CHEMICAL CLEANING PROGRAM FOR BRUCE A BOILERS

Ontario Hydro has developed a comprehensive program for chemically cleaning all 32 boilers

at Bruce A commencing in the fall of 1992 and extending through 1996. The overall goal of

the program is to remove most of the deposits from the boilers so that 100% power can be

achieved on all units, and, in conjunction with improved feedwater quality, to never have to

chemically clean again. A complete review of that program is beyond the scope of this report

but critical features of the project will be described. The four categories that have been

selected for review are chemistry, corrosion, application technique and waste handling.

5.1 Proposed Chemical Process

Ontario Hydro proposes to use a modification of the EPRI/SGOG process to chemically clean

the Bruce A boilers. This process is described in detail in Chapter 4 but the basic formula-

tions of the two solvents are repeated here in Table 11 for convenience.

Table 11

COMPOSITION OF IRON AND COPPER SOLVENTS FOR BRUCE BOILER CLEANING

Iron Solvent

• 15 - 20% EDTA

(from 44% (NH4)2EDTA)

• 1 % hydrazine

• 1%CCI-8O1 inhibitor

• ammonium hydroxide to pH 7 («=3%)

• applied at 90 - 96°C

Cojsper Solvent

• 5-10% EDTA

(from 44% (NH^EDTA)

• ethylenediamine to pH 9.5 (=3%)

• 2 - 3% hydrogen peroxide

• applied at 25 - 35°C
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Where ranges are given it is because the exact concentration is still being optimized. The

higher concentrations of EDTA in the solvents, and other minor modifications, are being

considered to improve either solvent efficiency or solvent capacity. This is because of the

large amount of deposit in the Bruce A boilers and the desire to minimize the number of

process steps. This means that the large amount of corrosion testing already performed to

qualify the SGOG process will not necessarily apply to the modified process. As a result a

comprehensive qualification and testing program has been performed. The results of that

program are reviewed below in Section 5.2.

The steam generator chemical cleaning process will involve the application of a series of

copper and iron solvent cycles to each bank of four steam generators. A solvent cycle consists

of one or more solvent steps. A solvent step involves the following:

(1) Diluting the chemicals (and inhibitor for the iron steps) ahead of time in a

large tank to ensure complete mixing and uniform distribution. There are three

tanks available, each about 135,000 L (30,000 gallons); one for copper solvents,

one for iron solvents and one for rinse solutions. Each tank has heating and

recirculation capabilities.

(2) Analysis of the prepared solvent for all major components, including inhibitor,

to ensure that the mixture meets the chemical specifications.

(3) Transferring the prepared solvent to the steam generators.

(4) Recirculation in the boilers for maximum deposit dissolution, to prevent

localized solvent depletion and to maintain a uniform temperature.

(5) Transfer of the spent solvent to one of the interim waste storage tanks when

the step is complete.

The process will also include rinse cycles between the solvent cycles to reduce cross-

contamination between the two solvents. Temperature adjustment for the next cycle, either
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up or down, will be done during the rinse cycles. At the end of the cleaning sequence, there

will be a final rinse to remove all residual chemicals. The SGOG passivation step (or a

variation thereof) will then be applied. There are no plans to employ the crevice cleaning

solvent, which has never been field tested.

When a step is spent and another step of the same type is required, the system will be

drained as completely as possible and the chemicals for the next step added. However, when

there is a change from a copper cycle to an iron cycle, or vice versa, a more thorough rinsing

program is planned. After draining as completely as possible, a small volume of rinse water

sufficient to rinse the tubesheet will be added to each steam generator (approximately 10,000

L total). After an hour or two this fluid will be drained and sent to the interim waste storage

tank. After draining a second full-height rinse will then be recirculated within the steam

generator. The concentration of residual cleaning chemicals in this rinse is expected to be

very low and cleanup by ion exchange resin is proposed. This will be performed in situ. The

ion exchange system will be part of the chemical cleaning equipment.

Solvent tests have been conducted with actual Bruce A secondary side deposits. These studies

provided an indication of the overall effectiveness of the process, as well as a suggestion of

the optimum order of solvent steps. Based on the results of these tests, the process is

expected to consist of a maximum of three copper solvent cycles and two iron solvent cycles.

Dissolution of approximately 85% of the deposit is expected, leaving =15% insoluble particles.

Dissolution of this proportion of the deposit is considered satisfactory. This is similar to the

amount of dissolution observed at Kori 1 where 9% remained undissolved during the

generator A cleaning and 21% during the generator B cleaning. The insoluble particles are

expected to be kept in suspension during solvent recirculation and transferred to the waste

holding tank during draining. Some particles may remain in the boilers, but overall, no

problems are envisaged because of the particles. Filters, similar to those used at Kori 1, are

an option but are not presently being proposed.

The cleaning process will begin with a copper solvent cycle where it is expected that

approximately 70-75% of the total available copper will be removed by repeated solvent

applications. The removal of copper first is necessary to reduce the effect of copper on
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corrosion during the first iron solvent cycle. Following indications that copper is no longer

dissolving, the steam generators will be rinsed and gradually heated in preparation for the

first iron solvent cycle.

It is anticipated that 100% of the available magnetite could be dissolved in the first iron cycle

of two or more solvent steps. The need for further applications of copper and iron solvent

steps or cycles will be based on information obtained from solvent analyses and steam

generator inspections. The final stage of the process will consist of a copper cycle (possibly

one step) to remove all remaining available copper. This will be followed by the

rinse/cleanup/passivation cycle to prepare the steam generators for return to normal

operation. The sequence of events per bank of four boilers is summarized in Table 12.

Bruce A steam generator deposit loadings are currently estimated to be approximately 50,000

kg and 33,000 kg for Unit 1 and 2 boilers respectively. Little information is currently available

about the Unit 3 and 4 boiler deposits. However, the deposit loadings and compositions for

these units are expected to be similar to those for Unit 2.
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Table 12

SEQUENCE OF EVENTS FOR BRUCE BOILER CLEANING

Operation

Checkout rinse

Copper cycle 1

Rinse

Iron cycle 1

Rinse

Copper cycle 2
(possibly final
copper cycle)

Rinse

Iron cycle 2
(if required)

Rinse

Final copper
cycle

Final rinse

Passivation

Description

- check operation of equipment (leaks, heating, cooling, etc.)

- repeated application of copper solvent, as required
- removal of 70-75% of available copper

- low volume rinse followed by full volume rinse
- heatup to 90-96°C for iron solvent

- repeated application or iron solvent, as required
- removal of up to 100% of available magnetite

- low volume rinse followed by full volume rinse
- cooldown to 25-35°C for copper solvent

- repeated application of copper solvent, as required
- removal of up to 100% of total available copper
- could be final solvent cycle

- low volume rinse followed by full volume rinse
- heatup to 90-96°C for iron solvent (if required)

- repeated application or iron solvent, as required (maximum
one step expected)

- removal of 100% of available magnetite

- low volume rinse followed by full volume rinse
- cooldown to 25-35°C for final copper cycle

- removal of remaining available copper (possibly only one
step will be required)

- low volume rinse to remove residual chemicals
- full volume rinse with IX during recirculation for SG

cleanup

- following cleanup, addition of hydrazine

The composition of the deposits ranges from about 30-50% copper metal, 35-55% magnetite

(25-40% iron), 5-10% zinc and 1-3% nickel. The iron solvent conditions are suitable for the

dissolution of the Zn and Ni oxides, as well as the dissolution of magnetite. Therefore, the

Zn and Ni can be considered as part of the iron loading for estimating the total number of
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iron solvent steps. The average iron solvent loading that might be expected in the field based

on a 15% EDTA solvent formulation, is approximately 12-15 g/L, including Zn and Ni. Based

on a cleaning solution volume of 230,000 L (115,000 L in each bank of four boilers), the

estimated number of iron solvent steps is in the range 3 - 7 .

The estimate of the number of copper steps is more straight forward since the copper solvent

dissolves only copper. The average copper solvent loading that can be expected in the field,

based on a 5% EDTA solution, is estimated to be 8-10 g/L. Based on a system volume of

230,000 L, the estimated number of copper solvent steps is in the range 5 - 9 .

These data are summarized in Table 13. The estimates are thought to be conservative since

the insoluble fraction of the deposits has not been considered.

Table 13

ESTIMATED NUMBER OF SOLVENT STEPS DURING BRUCE A BOILER CLEANING

Solvent

Cu

Fe

Estimated Solvent

Loading

8 -10 g/L

12 -15 g/L

(Fe + Zn + Ni)

Estimated Deposit

Loadtog

30 - 50%

10,000 -16,700 kg

31 - 53%

10,400 -17,700 kg

(Fe + Zn + Ni)

Estimated Namiaer

of Solvent Sfeeps

5 - 9

(in each bank of 4)

3 - 7

(in each bank of 4)

The chemical cleaning process will be executed according to a predetermined logic scheme.

This scheme will be based on criteria stemming from corrosion concerns, waste volume

considerations, laboratory testing and past field experience. The decision to terminate a

solvent step, a solvent cycle, or the entire process will be based primarily on the consideration

of boiler materials corrosion and secondly on solvent chemistry.
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The application time to a bank of four boilers is estimated at seven days. This is chemical

processing time only and does not include equipment setup, etc. Individual iron steps are

expected to take from 5 to 40 hours with the longer times occurring during the early steps

when the bulk of the deposit is being dissolved. Individual copper steps are expected to take

about 5 to 10 hours.

5.2 Corrosion Qualification and Monitoring Program

5.2.1 Phase 1 - Materials Survey

A comprehensive materials and weldment survey of the Bruce A boilers was performed by

B&W. The materials and weldments were compared with the EPRI/SGOG database and

those materials and material combinations not previously tested were identified. The

reference SGOG iron solvent uses 10% EDTA but Ontario Hydro is proposing to use up to

20% EDTA for the Bruce A cleanings. Some SGOG testing was done at 20% EDTA, but if the

material had only been previously tested at 10% EDTA it was deemed to have not been

qualified and was identified as requiring further testing and qualification.

This phase of the work is complete and a preliminary report has been prepared by B&W. It

is still in draft form and undergoing review by Ontario Hydro.

5.2.2 Phase 2 - Process Qualification

Ontario Hydro awarded a three-part contract to B&W to qualify the SGOG process for use in

the Bruce A boilers. Each of the three parts is briefly reviewed below. This phase of the

work is still ongoing so in some cases final results and conclusions are not yet available.

5.2.2.1 Solvent Application

Using actual samples of the Bruce A boiler deposits, B&W is determining such things as:

- will the deposit actually dissolve in the SGOG solvents?
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- what is the dissolution rate?

- what are the optimum temperatures and concentrations?

- how many steps of each solvent are required?

- what is the optimum sequence of steps?

- what are the termination criteria for a step and for the process?

Using recommendations from B&W as a guideline, Ontario Hydro, in conjunction with its

application vendor Pacific Nuclear, will prepare a detailed process specification (i.e.

procedure). This specification is being prepared as of this writing.

5.2.2.2 Corrosion Testing

Using the materials identified in Phase 1, B&W is performing comprehensive corrosion

testing. Where weldments are being tested, great care is being taken to ensure that the

samples are as representative as possible of those in the boilers. Material specifications,

welding techniques, heat treatments, etc. employed during construction at Bruce A have been

studied and duplicated as closely as possible in the laboratory. This program is still ongoing

but preliminary results with weldments indicate that galvanic corrosion will account for 90%

of the metal loss and general corrosion only 10%. This is generally in agreement with results

from other programs of this type. [Ref. 29]

All previously untested materials have now been tested and preliminary results indicate that

they are qualified. The corrosion response of these materials falls within the bounds of other

materials. There was no excessive localized attack. Ontario Hydro now knows what to

expect in the way of corrosion response from all materials and weldments in the Bruce A

boilers. They are currently preparing an estimate of the total corrosion expected on the most

critical material, carbon steel SA-516. This information will be available before any cleaning

takes place.
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5.2.2.3 Corrosion Monitoring

As part of the BNGS-A Chemical Cleaning Qualification Program with B & W, Ontario Hydro

has purchased a corrosion monitoring system to monitor corrosion rates of critical and

susceptible materials/welds during application of the process in order to verify that the

process is performing as expected. Techniques that are being proposed are briefly described

below. Probes and coupons will be installed in each generator. They will not simply monitor

an external common line as has been done in most other applications to date.

(1) The use of zero resistance ammeter (ZRA) probes to measure the current

between galvanically coupled materials. These probes will be inserted in holes

into the boilers to measure galvanic corrosion in close proximity to the tubes

since corrosion effects of this type can be quite local. Of particular concern is

the galvanic couple created between the Inconel 600 tubes and the carbon steel

support plate. The latter is more anodic and susceptible to galvanic attack in

the presence of an electrolyte such as the iron solvent. Readings from these

probes will provide instantaneous galvanic corrosion rates. These data will be

used for process control. In addition, the probes will be weighed before and

after the clean to obtain an estimate of the overall corrosion.

(2) Use of linear polarization (LP) probes to monitor free (i.e. general) corrosion.

This technique is not as geometry dependent as ZRA so it may be possible to

place these probes in the process outlet line, but Hydro prefers to place them

in the generator itself if they can be accommodated. Readings from these

probes will provide instantaneous general corrosion rates. Empirically it has

been found that this rate must be added to the galvanic corrosion rate to obtain

an overall corrosion rate for each material. In conjunction with data from item

(1), these readings will be used for process control. In addition, the galvanic

corrosion probes and coupons will be weighed before and after the clean to

obtain an estimate of the overall general corrosion.
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(3) General corrosion coupons and specially designed galvanic coupons to simulate

land area corrosion of the broached holes will be placed inside each boiler

being cleaned. Weight losses of these coupons will be determined after the

clean and they will be examined metallographically. In addition, these

coupons will be available for removal during the cleaning operation if

conflicting information is being obtained from other sources. The weight losses

experienced by these coupons will be used to assign corrosion losses as a result

of the chemical cleaning to each of the materials .

ZRA, LP and corrosion coupons are generally accepted and recommended methods of

monitoring corrosion during chemical cleaning operations. [Ref. 29,30] ZRA and LP probes

provide instantaneous information on corrosion rates in real time while the corrosion coupons

provide an indication of the overall corrosion losses at the completion of the chemical

cleaning process. Initial versus final weight of the ZRA probes will also provide evidence of

overall corrosion losses after the fact. Provided each boiler is monitored individually when

four are cleaned in parallel, these methods should provide adequate information for those in

charge to monitor and control the process.

5.2.2.4 Cleanine Assessment Inspection

A detailed inspection program is planned for before and after chemical cleaning, as well as

at interim points in the process. The objectives of the program are to verify the effects of

chemical cleaning on steam generator materials and to assess the cleaning effectiveness. The

full program is still being discussed within Hydro, but three of the proposed techniques are

described below.

(1) Eddy current inspections will be performed before and after the cleaning.

Removal of the copper from the tube surfaces may give an increased eddy

current response [Ref. 19], so interpretation of the data will have to be carefully

reviewed. It is possible that existing cracks and wastage are being masked by

the deposits and will become detectable only after deposit removal. An
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increased eddy current response does not necessarily mean that corrosion was

caused by the cleaning process.

Ultrasonic testing may be used to measure the deposit thickness before and

after the cleaning to give a qualitative assessment of the process effectiveness.

This technique is still being developed by Ontario Hydro.

(3) Visual inspections of the U-bend area and broached holes will be performed

on each boiler before the chemical cleaning program commences and again

after the chemical cleaning process has been concluded.

5.3 Application Technique

A brief overview of the application technique proposed by Ontario Hydro and its sub-

contractors is given in this section. A complete description and review is beyond the scope

of this project so generally only those features relating to safety are discussed.

5.3.1 System Flowpath

A solvent recirculation system (SRS) will be constructed outside of the main reactor buildings.

It will be used to draw the prepared solvents from the iron or copper solvent preparation

tank, fill each of the four boilers, and maintain circulation within the boilers for the prescribed

period of time. The time will be dependent upon chemical and corrosion data. Flow

measuring devices will be installed to ensure that each of the four boilers receives equal flow.

The SRS will then be employed to transfer the spent solvents to the interim waste storage

tank. The SRS contains a heater (required during iron stages to maintain the correct

temperature), a cooler (required during copper stages to remove heat generated by decomp-

osition of the hydrogen peroxide)/ and an ion exchange system to clean up the rinse water.

The actual flowpath within a single generator is shown in Figure 5. Solvent inlet will be

through a hole which will be cut into the boiler in the "neck" region just above the U-bends.
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A spray header will be installed to ensure uniform flow distribution over the U-bend region.

About 10 - 15% of the flow will be injected into the downcomer to ensure circulation within

the downcomer. Fluid level will be maintained above this spray header to minimize foaming.

For the boilers that already have holes from the sludge lancing operation, an additional

injection point may be through one of the holes just below the top support plate. Flow will

be directed upwards by a spray header to ensure maximum turbulence and solvent contact

with the broached holes in this support plate. Solvent outlet will be from the 12 peripheral

blowdown lines which lead into the ringheader. For the boilers that already have holes, an

additional outlet point may be from the downcomer through one of the holes at the level of

the third support plate. This would ensure solvent circulation (and removal) within the

downcomer. Some of these details are shown in Figure 5.

Liquid Level

Top Support Plot*

Solvent Inlot

Solvent OutletPoriphorol Blow-
Down Lines &
Ringheoder

Tuba Shoot

Figure 5

CONNECTIONS TO A BRUCE A BOILER FOR CHEMICAL CLEANING

5.3.2 Boiler Isolation

The main feedwater lines will be isolated by closing the feedwater valves to ensure that

solvents do not enter the feedwater system. The four 24-inch main steam lines from the top
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of the steam drum will be plugged with temporary seals to ensure that vapours and nitrogen

do not enter other parts of the system (e.g. the turbines) where people may be working.

These seals have a design pressure rating of 250 psi. The maximum pressure expected during

the operation is 50 psi. The actual working pressure is expected to be =15 psig to maintain

the minimum required net positive suction head (NPSH) of the main recirculation pump.

The steam drum internals will be exposed to the solvent vapours and any foaming which may

occur. Vapours in the steam drum will contain negligible amounts of chemicals so corrosion

resulting from their condensation will be insignificant. Any foam which enters the steam

drum will "condense" and find its way into the downcomer. Foam will contain chemicals and

inhibitors in the same concentration as the bulk fluid so, in theory, corrosion of the steam

drum internals could occur at the same rate as in the steam generator. However, in practice,

the rate is expected to be very much less since only a thin film of fluid will be present and

the temperature will be much lower. In addition, there is about 7-8 feet of freeboard above

the maximum expected liquid level and the top of the shroud, so foam in the steam drum is

considered highly unlikely. Nevertheless, the tee junctures are in the direct flow path of

condensed foam returning to the downcomers and since these are critical items (see Chapter

5, Section 5.3.5, System Operating Diagram), it is recommended that a hazards analysis be

performed to evaluate the possible effect of corrosion from condensed foam on their integrity.

Plugged tubes within the steam generator are unlikely to become filled with cleaning solvents

during the chemical cleaning process. In the event that the plugged tubes have significant

holes or cracks, then they will already be filled with boiler feed water when the steam

generator is taken out of service and drained. If the plugged tubes do not drain during the

shut down, they will remain full of boiler feed water during the cleaning cycle and there will

be minimal exchange of boiler feed water inside the tubes with cleaning solvent outside the

tubes during each cleaning cycle. On the other hand, the cracks may be sufficiently large that

the plugged tubes will drain during shut down, or they may become enlarged sufficiently as

deposits are removed in the cleaning process that they drain at some point between one of

the cleaning cycles. In this event, the tube will drain to the height of the crack or hole and

thereafter contain a trapped air column above the height of the crack. During subsequent

filling cycles the trapped air column in the tube will prevent complete refilling of the plugged
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tubes. Therefore, only minor amounts of cleaning solvent will enter the plugged tubes during

the cleaning process. However, any chemicals trapped within the plugged tubes at the

completion of the chemical cleaning and rinse cycles would break down very quickly into

non-corrosive byproducts under the high operating temperatures once the steam generator

was returned to service.

The peripheral blowdown line from the ringheader will be cut and capped, as will the

diametral blowdown lines from the box header. A temporary connection will be made to the

ringheader for solvent outflow as shown in Figure 5. A temporary connect will be made to

one of the box header lines (i.e. the diametral blowdown lines) for nitrogen injection as

explained in Section 5.3.3 below.

There are several 4-inch and 6-inch lines leading from the steam drum (drains, vents, pressure

relief, etc.). Each of these will be checked to ensure that it is isolated. One vent will remain

open for gas purging and another will be used for nitrogen addition to the cover gas as

explained in Section 5.3.4 below.

5.3.3 Nitrogen Pulse

Nitrogen gas will be periodically added to the bottom of the boiler through the diametral

blowdown boxheader. The main purpose of the nitrogen is to reduce gas blanketing of some

of the tube support plates due to totally blocked broached holes."" The turbulence caused

by a nitrogen pulse will assist in removing these gas blankets and allowing contact of the

solvent with the broach deposit. This addition may be done in short pulses or a continuous

low flow purge. Hydro is still studying both options.

(11). Oxygen is formed during the copper stage by decomposition of hydrogen peroxide.
2H2O, > O2 + 2H2O

Hydrogen is formed during the iron stage by corrosion of base metal.
2H* + Fe > Fe2- + H2
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5.3.4 Nitrogen Cover Gas

Nitrogen will be added constantly to the cover gas in the steam drum for dilution of the

hydrogen'11' and to prevent oxygen ingress during the iron steps. Gas will be vented from

the top of the steam drum to the plant stack. The concentration of hydrogen during the iron

stage will be monitored. If the lower explosive limit of 4.65% (by volume) is approached

(<2% is expected), the flow of nitrogen will be increased. Maximum nitrogen flow is

14 mVmin which is thought to be adequate to maintain the hydrogen concentration well

below the lower explosive limit in the worst case scenario.

5.3.5 System Operating Diagram

The operation of the Bruce A boilers is governed by the System Operating Diagram (SOD).

This is a monitoring system and an associated analysis which has been developed to ensure

that the stresses in the tee junctures and heat transport system (HTS) piping remain within

ASME code specifications when the units are operating. The SOD limits, amongst other

parameters, the steam drum top-to-bottom temperature differential, the boiler inlet to outlet

temperature differential, and the steam drum to HTS pump suction temperature differential.

The initial review by Ontario Hydro of the temperature differentials between the header and

boiler during the chemical cleaning indicated that the safe margin between the expected

stresses and the SOD limits was small. As a result, the decision has been made by Ontario

Hydro to modify the inlet header tie line in order to reduce its stiffness.

The modified design has recently been analysed by Ontario Hydro staff and the results

reportedly indicate that the stress levels during cleaning are well below the SOD limits.

Monserco have not reviewed this analysis but it is our understanding that it is to be sent to

the AECB as part of the Bruce A Chemical Cleaning Program submission [Ref. 51].
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5.3.6 Connecting Lines

Most interconnecting lines will be hard piped. Schedule 10 6-inch and 4-inch lines are

planned. In a few locations armoured stainless steel hose will be employed to accommodate

directional changes and allow for thermal expansion/contraction. Final connections to the

steam generators will be with reinforced rubber hose. Hoses of these types have pressure

ratings of several hundred psi and are certainly adequate for the conditions proposed for this

project.

5.3.7 Containment Penetration

Penetration of the containment structures will not be necessary for this project. The majority

of the equipment will be located just outside the power house in a specially constructed

building. The main lines will be placed on an existing bridge to gain access to the power

house at the 639 ft. elevation. There they will be run in a corridor outside the individual

containment structures to the unit being cleaned.<12) They will then be run up an equipment

hatch to the 678 ft. elevation where the boiler rooms are located. Just outside the boiler room

two headers will be installed. The inlet header will distribute flow to each of the four boilers

being cleaned and the outlet header will receive flow from each boiler. The upper portion of

the boilers where the connections will be made are located outside containment but are in two

confinement rooms, four boilers to a room. Access to a room will be via existing personnel

doors which will either have to be propped open during the operation or modified to permit

the passage of eight 4-inch hoses or pipes (e.g. the bottom 12 inches could be cut off). Each

bank of four boilers in one confinement room will be cleaned simultaneously as explained in

Chapter 3, Section 3.6.

(12). This is the same corridor used by the emergency coolant injection (ECI) system. Periodic checks
should be made to ensure that fittings and welds are not leaking or spraying potentially corrosive
liquids onto the ECI piping.
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5.3.8 Preheaters

Each set of four boilers has two preheaters. One is shown in Figure 3. It is not clear that they

require chemical cleaning since visual inspections of two cf them (one each in Units 1 and 2)

have indicated very little, if any, deposit. This is as expected since there is no phase change

in the preheaters and thus no mechanism for concentration of impurities. However, there has

been some increase in the inlet header temperature in Unit 4 which could be due to fouling

in the preheaters. Since it is relatively easy to clean them once the equipment is in place for

cleaning the boilers, Hydro is considering whether or not to do so. If they are cleaned, they

will de done two at a time in parallel. The volume of such a system would be -16 m3

compared to =115 m3 for four boilers.

The same chemical processes would be employed as for the boilers, but the number of steps

would be less. The proposed number of steps is three; copper, iron, copper, with appropriate

rinses. The waste would be combined with the waste from the boiler cleanings. Corrosion

monitoring would be similar to that employed in the boilers, but on a smaller scale. There

would be fewer probes and specimens, and fewer materials.

Two options are being considered for cleaning the preheaters. The first is a fill/soak/drain

procedure which would use the VA" drain hole on the bottom of each preheater. This option

involves very few modifications to the preheaters, but there is difficulty in reaching and

maintaining the correct temperature. The second is a recirculation procedure that would

require penetration of the feedwater lines to obtain a flow path. This option would

undoubtedly give a much better result but may be more costly to implement. Hydro has not

yet decided which option to pursue or indeed whether or not to do any cleaning of the

preheaters at all. These decisions will be made within the next few months.
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6. WASTE PROCESSING

6.1 Waste Treatment

Totals of approximately 1,300,000 L (275,000 gal) of spent copper solvent (based on 6 steps)

and 900,000 L (190,000 gal) of spent iron solvent (based on 4 steps) are expected from the

cleaning of all eight boilers on Bruce A Unit 2. As these spent solvents accumulate in the

interim waste storage tanks, they will be transferred by tankers (four are proposed, each of

30,000 L capacity) to the spent solvent treatment facility located several hundred metres away

on the Bruce site. This facility consists of four large holding tanks and a building containing

the actual waste processing equipment. Each holding tank is approximately 650,000 L for a

total capacity of 2,600,000 L. This is sufficient for a total of 11 process steps. Two of the

tanks will be used for each solvent type. Hydro is planning on keeping the solvents separate

but if more than six copper steps are required, some mixing of the solvents will be

unavoidable.

The wastes will be treated by wet air oxidation (the Kenox method), supplemented with

addition of hydrogen peroxide. This process converts organic compounds found in the

chemical cleaning wastes to carbon dioxide, CO2, nitrogen, N2, and water, H2O. In addition

ammonia will be present since it is employed in both the copper and iron stages. The

inorganic compounds, principally iron and copper, will form a sludge which will be removed

by filtration. The final volume of the sludge from Unit 2 is expected to be about 88,000 L

which represents a volume reduction factor of 25. The sludge will be collected on filters,

pressed to remove as much liquid as possible, and then transported to a licensed landfill site

for disposal. The sludge is expected to meet all regulations regarding heavy metal content,

radionuclide content (see Section 6.2 below), etc. for disposal in such a site.

The liquid effluent from the Kenox process will contain small amounts of low molecular

weight organic compounds such as amines. Total organic carbon concentrations of up to

7,000 ppm (0.7%) are expected, based on tests with simulated wastes. It will be transferred

to the Bruce sewage treatment plant (STP) for additional processing. In the STP the liquid

effluent will be combined with other site wastes and subjected to biological degradation. It
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is expected to meet all MOE discharge requirements with respect to BOD, COD, TOC, pH, etc.

Further testing with simulated waste is being conducted by Ontario Hydro to confirm that

the requirements will be met.

6.2 Radionuclide Content of Wastes

Based on the radionuclide content of the deposits given in Chapter 3, Section 3.2.3, the

radionuclide content oi the spent solvent is expected to be very low. Assuming six copper

solvent steps and four iron solvent steps for Unit 2 (approximately 2,200,000 L total volume),

the concentrations of Co-60 and Cs-137 in the spent cleaning solvents will be about 45 pCi/L

and 90 pCi/L, respectively. Ontario Hydro has arbitrarily increased these estimates to

120 pCi/L and 180 pCi/L, respectively, because of uncertainties in the measurements and an

allowance for the incorporation of additional activity between the time the measurements

were made and the time the cleaning will take place.

It is anticipated that during the waste treatment process, about 80% of the Co-60 and 20% of

the Cs-137 will remain in the sludge. Based on a volume reduction factor of 25 and Hydro's

estimates for the concentrations in the waste solvent, the concentrations in the sludge will be

2.4 nCi/L and 0.9 nCi/L for Co-60 and Cs-137, respectively. If the sludge has a specific

gravity of 3, the concentrations will be 0.8 and 0.3 nCi/kg, respectively. The concentration

of Cs-137 could increase by a factor of 100 if a boiler leak occurs immediately prior to a unit

shutdown for chemical cleaning, as explained in Chapter 3, Section 3.2.3. None of these

concentrations exceeds the AECB regulations for disposal in a licensed landfill site.

In addition, a contribution from tritium is expected due to the use of station steam in

preparing the iron solvent batches. A maximum of 15 mCi per 115,000 L batch is expected.

The total amount of tritium present in the wastes will depend on the number of iron solvent

steps required but is expected to be no greater than 150 mCi, assuming a maximum of 5 iron

solvent steps in each bank of four boilers. In the event that a boiler leak occurs immediately

prior to a unit shutdown for chemical cleaning, an additional 40 mCi of tritium could be

added to the copper solvent wastes (a copper step is applied first), as explained in Chapter

3, Section 3.2.3. Therefore, it is estimated that in the worst case, a total of 190 mCi of tritium
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could be present in the cleaning wastes. Essentially all of the tritium is expected to stay with

the liquid and be processed though the Bruce sewage treatment facility. Averaged over the

total waste volume of 2,200 m3, the maximum tritium concentration will be 90 nCi/L. The

maximum concentration in the iron solvent is 170 nCi/L while in the copper solvent it is

30 nCi/L. Cs-137 will also be present at a concentration of 72 pCi/L, or 7.2 nCi/L if there is

a boiler leak immediately prior to the shutdown. Calculations of potential doses based upon

these preliminary estimates have already been conducted by Ontario Hydro staff [Ref. 52].

In their formal submission to the AECB, Ontario Hydro intends to show with detailed

calculations that such traces of radioactive materials will not result in exceeding the de

minimis dose regulations of the AECB as put forth in document R-85 [Ref. 53].

7. OCCUPATIONAL AND ENVIRONMENTAL REVIEW

7.1 Chemicals Inventory

As indicated previously (Chapter 5, Section 5.1) Ontario Hydro proposes to use a modified

version of the SGOG process to chemically clean the Bruce A boilers. The formulation of the

two solvents proposed for use has been adjusted from that of the SGOG process based upon

Hydro's unique needs (large deposit inventory in Bruce A boilers) and their own research and

development findings. The higher chemical concentrations presently proposed by Ontario

Hydro have been identified previously and are repeated here for convenience.

Table 14

PROPOSED CHEMICAL CLEANING SOLVENTS COMPOSITION

Iron Solvent

15 - 20% EDTA

1% Hydrazine

Ammonium Hydroxide to pH

1%CCI-8O1 Inhibitor

7 (-3%)

Copper Solvent

5 -10% EDTA

Ethylene Diamine to pH 9.5-10

2 - 3 % Hydrogen Peroxide

(-3%)
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Each of the chemicals for the two solvents will be received in bulk form in either tanker

trucks, totes or barrel containers. The solvents will be prepared on-site at the Solvent

Preparation and Injection System (SPIS) site. Therefore chemical handling at this site will

involve the following bulk chemicals as well as the actual iron and copper solvents.

• -35% Hydrogen Peroxide (probably by tank truck)

• 44% Di-Ammonium EDTA (probably by tank truck)

• 100% Ethylene Diamine (EDA) (probably by tank truck or tote)

• 100% CCI-801 Inhibitor (probably drums or totes)

• 35% Hydrazine (probably totes)

• 30% Aqueous Ammonia (probably totes)

Based upcn the composition of the iron and copper solvents, the estimated number of steps

for iron and copper removal (see Chapter 5, Section 5.1), the volume of the cleaning solvent

required per step to ean the four boilers in parallel and the strength of commercially

available chemical solutions (see above), an estimate can be made of the total volume of each

chemical required for one boiler cleaning operation. The assumptions and a typical

calculation are given below.

• Volume of solvent required per step = 115,000 L

• Number of copper removal steps = 6 steps in each bank of 4 boilers

• Number of iron removal steps = 4 steps in each bank of 4 boilers

• Composition of chemical cleaning solvents

Copper Solvent Iron Solvent

100 g/L (10%) EDTA 200 g/L (20%) EDTA

30 g/L (3.0%) EDA 30 g/L (3%) Ammonia

30 g/ L (3%) Peroxide 10 g/L (1 %) Hydrazine

10 g/L (1%) CCI-801 Inhibitor

• Strength of commercially available bulk chemical feed stocks (see above)

Using these assumptions the volume of EDTA, for example, is:

Copper Removal - (6 steps X 115,000 L/step X 100 g EDTA/U •*• 440 g EDTA/L bulk - 157,000 L

Iron Removal - (4 steps X 115,000 L/step X 200 g EDTA/L) * 440 g EDTA/L bulk - 209,000 L

Total Volume of 44% EDTA Bulk Liquid Required per Boiler Clean - 366,000 L
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In addition to the chemicals used at the Solvent Preparation and Injection System however

there will be additional chemical useage at the Spent Solvent Treatment System (SSTS)

building located remote from the main reactor building. Chemicals used at this site will

include the following:

• 75% Phosphoric Acid (H3PO4) for pH adjustment

• 50% (w) Sodium Hydroxide (NaOH), for ammonia stabilization

• Hydrogen Peroxide (H2O2), for additional oxidation potential in the wet air oxidation

process reactors

• Sodium Sulphide (Na2S), for final copper removal as copper sulphide from the spent

solvent

• Polyelectrolyte Polymer, for coagulation

Estimated monthly consumption of chemicals based on a spent solvent processing rate of

2,700 litres/hour (10 IGPM) and operation of the Spent Solvent Treatment System 24

hours/day, 30 days/month would be:

Sodium Hydroxide 600 litres/month

Hydrogen Peroxide 600 litres/month

Phosphoric Acid 26,000 litres /month

Sodium Sulphide (Powder) 20,500 Kg/month (Cu) & 4,100 Kg/month (Fe)

Polymer 300 litres/month
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7.2 Toxicoloev of Process Chemicals

7.2.1 Ammonia & Ammonium Hydroxide

LDM- Oral (Rat): 350 mg/kg LQc- Inhalation (Mouse): 4,837 ppm/1 »-••
2,419 ppm/4 nr

Occupational Exposure Limits: 25 ppm TWAEV t
35ppmSTEV t

t - 8 hr Time-Weighted Average Exposure Value
X -15 minute Short-Term Exposure Value

Environmental Air Quality Criteria: Point of Impingement 3,600 ug/M3 (5.1 ppm)
Ambient Air Quality Standard 3,600 ug/M3 (5.1 ppm)

Ammonia is a gas at normal temperature and pressure but may be liquified under moderate

pressure and thus handled as a pressurized liquid (anhydrous liquid ammonia). It is also

extremely soluble in water, forming ammonium hydroxide solutions. Therefore, exposure to

ammonia may take place as either the gas, the anhydrous refrigerated liquid, the aqueous

solution or any combination of these forms depending upon the nature of the use. However,

in any of these forms, ammonia is potentially a severe irritant to the eyes, respiratory tract

and skin.

Ammonia is a classic example of an irritant gas. Bronchoconstriction occurs immediately on

exposure. Dyspnea (the feeling of inability to breathe) probably results from the individual's

inability to breathe rapidly and deeply enough to satisfy the respiratory system's demands.

Ammonia is highly water soluble and therefore primarily removed by the upper airways so

that it does not reach the alveolar air spaces unless the concentration overwhelms the upper

airways. The acute effects do not result in chronic residual pulmonary change unless

extremely high exposures sufficient to cause death are experienced.[Ref. 33]

Exposure to and inhalation of concentrations of 2500 to 6500 ppm, as in accidental release of

an ammonia cloud, cause severe corneal irritation, dyspnea, bronchospasm, chest pain and

pulmonary edema, which may be fatal. In a human experimental study which exposed 10

subjects to various vapour concentrations for five minutes, 134 ppm caused irritation of the
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eyes, nose and throat in most subjects and one person experienced chest irritation; at 72 ppm

several reported the same symptoms; at 50 ppm two reported nasal dryness and at 32 ppm

only one reported nasal dryness. [Ref. 34] Tolerance to usually irritating concentrations of

ammonia may be acquired by adaptation, a phenomenon frequently observed amongst

workers who become inured to the effects of exposure over a period of time. However this

phenomenon should not be used as a justification for lessening efforts to minimize exposure.

Liquid anhydrous ammonia in contact with the eyes may cause serious eye injury or blindness

if not treated immediately. At concentrations of 700 ppm, ammonia vapour is immediately

irritating to the eyes. [Ref. 35] On the skin it causes first and second degree chemical burns,

which are often severe and, if extensive, may be fatal. Even vapour exposures of 10,000 ppm

are mildly irritating to the moist skin while 30,000 ppm or greater may cause a stinging

sensation and may produce skin burns and vesiculation.

7.2.2 Ethylene Diamine

LD50- Oral (Rat): 1160 mg/kg LC50- Inhalation (Mouse): 120 ppm/? hr
LDso- Oral (Guinea Pig): 470 mg/kg LC100- Inhalation (Rat): 4,000 ppm/8 hr

LDM- Dermal (Rabbit): 650 mg/kg LQ,- Inhalation (Rat): 2,000 ppm/8 hr

Occupational Exposure Limit: 10 ppm TWAEV

Environmental Air Quality Criteria: - None Specified

Ethylene diamine (EDA) is highly alkaline and freely soluble in water giving a strong basic

reaction. A 25% solution in water has a pH of 11.9 at 25°C. Undiluted EDA is corrosive to

rabbit skin, causing complete tissue destruction in 6 to 12 minutes. A 10% solution was

moderately irritating, a 1% solution produced slight irritation and a 0.1% solution had no

effect on the rabbit's skin. [Ref. 36] EDA liquid or mist is similarly irritating to human skin,

with symptoms such as redness and pain. Severe exposures may result in serious skin burns.

Absorption of EDA has also been reported to take place through the intact skin. [Ref. 37]

Although ethylene diamine has been shown to be a potent skin sensitizer, industrial exposure

generally has not led to a significant incidence of sensitization and dermatitis because
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exposure is not prolonged or intimate and because EDA is usually required in only very low

concentrations in typical applications, (which is not the case in the present situation however).

Also, normal healthy skin is more resistant to EDA than is damaged skin where most of the

experience with pharmaceutical topical applications of Mycolog"* cream containing EDA have

resulted in many cases of sensitization. [Ref. 34]

The material is similarly damaging to the eye, producing permanent damage when applied

undiluted and causing corneal damage as a 15% solution while a 5% solution produced only

minor injury. [Ref. 36] Low vapour concentrations of EDA and many other amines can cause

a visual disturbance commonly known as "blue haze" or "halo vision" wherein vision becomes

foggy or blurred, objects may appear bluish and there may be halos around lights. The effect

normally clears up within a day of ceasing exposure and causes no eye discomfort or

permanent injury but is nevertheless a serious effect.

Ethylene diamine is also an example of a chemical compound that induces allergic reactions

in humans. This is reported to be an anaphylactic type (Type I) allergy causing an immediate

hypersensitivity reaction (examples of this type of allergic reaction include asthma, atopic

dermatitis and other histamine-releasing reactions. [Ref. 33] Sensitized people can react to

low levels of airborne EDA that have no effect upon unsensitized people. Symptoms can

resemble a cold, flu, mild hay fever or asthma. Effects commonly include difficulty in

breathing, chest tightness, wheezing, sore throat, runny nose and coughing. Both allergy-

prone and none-allergy-prone people can become sensitized to EDA. In one workplace, an

increased incidence of sensitization was seen in areas where EDA concentrations commonly

exceeded 1 ppm. [Ref. 37]

Human exposures of non-sensitized volunteers to high concentrations (100-400 ppm) in air

for very brief periods has caused irritation of the face and nasal passages in as little as 5-10

seconds. A 100 ppm EDA concentration did not cause irritation but at 200 ppm there were

slight tingling sensations of the face and slight nasal irritation while at 400 ppm the vapour

was intolerably irritating. [Ref. 37] However, these concentrations would be very high in

comparison with general industrial experience. Rats exposed by inhalation to 484 ppm for

30 days did not survive the exposure and post-mortem examination revealed injury to the
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lungs, liver and kidneys. [Ref. 34] Experimental animal exposures to both the liquid and the

5% solution have produced irritation and damage to both the eye and the skin thus

confirming the human experience.

The dihydrochloride salt of EDA has little or no effect upon the skin and eyes, in contrast to

the free base, but the oral toxicity was not significantly altered. [Ref. 36] EDA and EDA

dihydrochloride were not carcinogenic, nor were they teratogenic or embryotoxic at doses that

did not affect the exposed mothers. [Ref. 37]

The occupational exposure limit value for EDA is 10 ppm as a time-weighted average

exposure value (TWAEV) over an 8 hour workday and 40 hour workweek, which should

provide protection from both toxic and irritation effects. However, as the odour threshold

is reported to be 1 -11 ppm, EDA may still be subjectively detectable even at concentrations

below the TWAEV. [Ref. 36]

7.2.3 EDTA and Disodium EDTA

LDJO- Oral (Rat): 2,000 mg/kg

Occupational Exposure Limit: Not Established

Environmental Air Quality Criteria: None Specified

Ethylenediaminetetraacetic acid (EDTA), a substituted ethylene diamine, has been used

extensively in medicine for a number of years as a chelating agent for the removal of toxic

heavy metals, usually in the form of the calcium disodium salt. Large or repeated doses to

patients have caused kidney injury. Gastrointestinal lesions, fever, muscle cramps, and

histamine-like reactions (sneezing, lacrimation, nasal congestion) have been reported.

Concentrated vapours produced no deaths in rats following 8 hours exposure. [Ref. 18]

However, the concentration of the vapours was not measured or reported. Since the salt is

essentially non-volatile, inhalation exposure would only occur through inhalation of mists and

aerosols containing EDTA.
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7.2.4 Hydrazine

LDso- Oral (Mouse): 59 mg/kg
LDso- Skin (Rabbit): 91 mg/kg

Occupational Exposure Limit:

LCso- Inhalation (Mouse):
LQo- Inhalation (Rat):

0.1 ppm (skin) TWAEV
no STEV given

Environmental Air Quality Criteria: None Specified

252
570

ppm/4
ppm/4

hr
hr

Hydrazine is a severe skin and mucous membrane irritant in humans. In animals, it is also

a convulsant and a carcinogen. Hydrazine may be absorbed through all routes of exposure,

including the intact skin. It is tumorigenic and is mutagenic in phage, bacteria, higher plants,

Drosophila and mammalian test systems.

In humans, the vapour is immediately irritating to the nose and throat, and causes dizziness

and nausea, itching, burning and swelling of the eyes develop over a period of several hours.

Severe exposure of the eyes to the vapour causes temporary blindness lasting about 24 hours.

Liquid contact with the eyes or the skin causes severe burns. Recurrent exposure to

hydrazine hydrate has been reported to cause contact dermatitis of the hand.; without

systemic intoxication. Chemical burns can result from skin contact with 100% hydrazine

liquid.

In humans, hydrazine is absorbed through the skin, by inhalation and orally; systemic effects

include weakness, weight loss, vomiting, excited behaviour, and convulsions. The chief

histological findings are fatty degeneration of the liver and nephritis. Animal studies have

indicated that hydrazine can induce convulsions, red blood cell haemolysis and nephrotoxicity

in high doses but the primary organotoxic response appears to be hepatotoxicity. In dogs,

it causes haemolysis after intravenous injection, but this does not occur from inhalation of the

vapour. Inhalation by animals results in bronchitis, pulmonary edema, and damage to the

liver and kidneys. Haun and Kinkead exposed mice, rats, dogs and monkeys to hydrazine

for six months at levels of 1.0 and 5.0 ppm continuously. The hepatotoxic response in mice

and the anaemia and weight loss in dogs resulting from exposure to the lower concentrations
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indicated that the then current occupational exposure limit of 1.0 ppm may have been too

high.

Hydrazines as a class have been shown to have carcinogenic effects as well as effects on both

male and female reproductive capacity. [Ref. 33] Hydrazine and its sulphate salt have been

demonstrated to be oncogenic in mice when administered orally or intraperitoneally in

relatively large doses. It has also been shown to be oncogenic by inhalation producing dose-

related statistically significant increases in nasal tumours and thyroid adenocarcinoma in

Fisher 344 rats as well as an increase in lung adenomas in mice. A complete and thorough

epidemiological study of occupationally exposed worker populations has not been completed.

However, one study of a worker population exposed between 1945 and 1970 at a hydrazine

manufacturing facility has reported no increase in tumour incidence [Ref. 36] Both the

American Conference of Governmental Industrial Hygienists (ACGIH) and the International

Agency for Research on Cancer (IARC) have listed hydrazine as potentially carcinogenic to

man. IARC lists hydrazine as a 2B chemical under their classification scheme, that is a

chemical with suspect human carcinogenic potential based on inadequate evidence in humans

but sufficient evidence in experimental animals. (Ref. 39] The ACGIH lists hydrazine as an

A2 chemical, that is a suspect human carcinogen. [Ref. 40]

The occupational exposure limit of 0.1 ppm is set at a level to prevent systemic toxicity. Most

of the injurious effects in man have been reported by chemists and have been limited to

prompt eye and upper respiratory tract irritation after vapour inhalation, severe eye and skin

damage after direct liquid contact and sensitization-type dermatitis iRef. 38]

7.2.5 Hydrogen Peroxide

LDW- Oral (Mouse): 2000 mg/kg LQo- Inhalation (Rat): 1440 ppm/4 hr (90%)
LDso- Oral (Rat): 1518 mg/kg (30%)
LDso- Skin (Rat): 4060 mg/kg (90%)
LDso- Skin (Rabbit): 9200 mg/kg (70%)

Occupational Exposure Limit: 1 ppm TWAEV (as 90% H2O2)
no STEV given

Environmental Air Quality Criteria: Point of Impingement 90 ug/M3 (0.06 ppm)
Ambient Air Quality Criteria 30 pg/M3 (0.02 ppm)
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Because of its instability and consequent explosion risk in the pure anhydrous state, hydrogen

peroxide is usually handled in an aqueous solution state, containing 90% hydrogen peroxide

or less. Occupational exposures to hydrogen peroxide have occurred in the textiles, pulp and

paper, hair dressing and food and beverages industries. However there is generally little

information available in the literature on observed effects of occupational exposure on

humans in industrial settings. The present occupational exposure limit of 1 ppm (1.5 mg/M3)

as a time-weighted average concentration over an eight hour work day and forty hour work

week was set on the basis of animal experiments with dogs and rabbits. Hydrogen peroxide

in strengths of 30% or greater is a strong oxidant and can cause chemical burns to the skin

and mucous membranes. [Ref. 45] Skin contact with the liquid for a short time will cause

a temporary whitening and bleaching of the skin if splashes on the skin are not removed

promptly. Inhalation vapour or mist may cause symptoms ranging from mild irritation and

bronchitis at low concentrations of hydrogen peroxide to extreme irritation and inflammation

of the nose and throat and possibly fluid in the lungs (pulmonary edema) in severe cases at

high concentrations. [Ref. 41] Exposure for a short period to hydrogen peroxide mist or spray

may cause stinging of the eyes and lacrimation. Concentrated vapour or mist causes stinging,

watering, reddening and inflammation which may result in severe eye injury and possible

blindness. Splashes of 3% solution in the eye cause pain but no damage. Splashes of more

concentrated solution can cause severe damage including ulceration of the cornea. There may

be a delayed appearance of damage to the eye, and corneal ulceration has, on rare occasions,

appeared even a week or more after exposure. [Ref. 34]

Dogs exposed to an average vapour concentration of 7 ppm for 6 hours/day, 5 days/week

for a total of six months developed external body irritation, sneezing, lacrimation, and

bleaching of the hair as well as thickened skin but there was no hair follicle destruction. The

lungs were found to be irritated but no significant changes in blood or urinary constituents

were observed. Rabbits exposed daily to 22 ppm H2O2 showed bleaching of the hair and

irritation around the nose after three months exposure although no eye injury was reported.

[Ref. 36]
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7.2.6 Sodium Hydroxide

LDso- Oral (Rat): 140-340 mg/kg LCM- Inhalation: no information available

LDLo- Oral (Rabbit): 500 mg/kg (10% Solution) LDM- Skin (Rabbit): 1350 mg/kg

Occupational Exposure Limit: 2 mg/M3 CEV t

+ CEV = Ceiling Exposure Value

Environmnetal Air Quality Criteria: Point of Impingment 20 pg/M3

Ambient Air Quality Criterion 10 pg/M3

This strong alkali is irritating to all tissues and requires extensive washing to remove it. Eye

splashes are especially serious hazards since these tissues are the most susceptible to rapid,

severe and often irreversible damage. Accidental entry into the eyes by way of splashes of

solid or liquid solutions should be prevented by means of eye protection covering all angles

of entry. Facilities should be available for immediate and prolonged washing of the eyes with

water wherever there is an opportunity for such accidents to occur.

Contact of sodium hydroxide with the skin or respiratory tract may result in irritation,

corrosion or erosion. It reacts with tissue proteins to form albuminates and gelatinized

tissues, resulting in deep injury. Even dilute solutions of sodium hydroxide can cause

irritation of the skin on prolonged contact. A 5% aqueous solution of NaOH produced severe

necrosis when applied to the skin of rabbits for 40 hours. Human volunteers having IN

NaOH applied to their arms for 15 to 180 minutes showed progressive changes beginning

with dissolution of the cells in the horny layer and progressing through edema to total

destruction of the epidermis in 60 minutes.

When inhaled in any form, either dust or mist, sodium hydroxide is strongly irritating to the

upper respiratory tract. Severe injury is usually avoided by the self-limiting sneezing ,

coughing and discomfort. In one animal experiment rats were exposed for 30 minutes twice

a week to an aerosol of 40% aqueous sodium hydroxide whose particles were less than 1 um

in diameter. After three weeks 2 of the 10 had died of pulmonary complications. [Ref. 38]
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7.2.7 Phosphoric Acid

LDJO- Oral (Rat): 1530 mg/kg LD^- Skin (Rabbit): 2740 mg/kg

Occupational Exposure Limit: 1 mg/M3 TWAEV
3 mg/M3 STEV

Environmental Air Quality Criterion: Point of Impingement 100 ug/M3

Ambient Air Quality Criteria: 120 ug/M3

Phosphoric acid mist is a mild irritant to the eyes, upper respiratory tract and skin. Fumes

of phosphorus pentoxide (the anhydride of phosphoric acid) at concentrations ranging from

0.8 to 5.4 mg/M3 were noticeable but not uncomfortable and concentrations between 3.6 and

11.3 mg/M3 caused coughing amongst the inexperienced, but could be tolerated. Concentra-

tions of 100 mg/M3 were unendurable, except to hardened workers.

There is no evidence that phosphorus poisoning can result from contact with phosphoric acid.

The risk of pulmonary edema resulting from the inhalation of mist or spray is remote. A

dilute solution of phosphoric acid buffered to pH 2.5 caused a moderate stinging sensation

but no injury when dropped in the human eye. A 75% solution will cause severe skin burns.

The occupational limit has been set below the concentration that causes throat irritation

amongst unacclimated workers and well below that which is well tolerated by acclimated

workers.

7.2.8 Sodium Sulphide

LDJO- Oral (Rat): 200 mg/kg LDW- Dermal (Rabbit): >200 mg/kg

LCH- NO information available

Occupational Exposure Limit: Not Established

Environmental Air Quality Criteria: 30 ug/M3 (0.02 ppm) for HjS (No NajS Criteria)
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Inhalation of sodium sulphide dust can cause sore throat, coughing and shortness of breath.

Very high or very prolonged exposures could lead to a build-up of fluid in the lungs

(pulmonary edema) and possibly death. Solid sodium sulphide can react with moisture in

the air to form very toxic hydrogen sulphide gas (H2S). Low concentrations of H~S (50 ppm)

can cause dryness and irritation of the nose and throat, runny nose, cough and shortness of

breath. Higher concentrations (200 to 250 ppm) cause severe irritation, as well as headache,

nausea, vomiting and dizziness. Prolonged exposure can cause pulmonary edema. Extremely

high concentrations (500 ppm) rapidly cause unconsciousness and death. Severe exposures

which do not result in death may cause long-term symptoms such as memory loss, paralysis

of facial muscles and nerve damage. [Ref. 43] Contact with acids will immediately generate

large volumes of HjS and this reaction must therefore be avoided at all costs.

Splashes of sodium sulphide into the eyes may cause redness, pain, blurred vision and burns

which are slow to heal. In severe cases, blindness may result. It may also release HjS gas

which can cause inflammation and irritation of the eyes at low concentrations(sometimes less

than 10 ppm). Prolonged exposure may result in symptoms such as scratchiness, irritation,

tearing and burning. Higher concentrations (50 ppm) cause intense tearing, blurring of vision,

pain when looking at lights and the perception of rings around lights. Most symptoms

disappear when exposure stops but in severe cases permanent damage may result.

Sodium sulphide solutions are strongly alkaline and therefore corrosive to the skin. They can

cause severe skin irritation and burns if not removed promptly.

7.2.9 CCI-801 Inhibitor

LDM- No LDso or LQo values are available for this product

Occupational Exposure Limit: Not Established

Environmental Air Quality Criteria: Methanol
Point of Impingment - 84,000 ug/M3 (63 ppm)

Ambient Air Quality Criteria - 28,000 ug/M3 (21 ppm)
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This is a proprietary material produced by the Petrolite Corporation of St. Louis, MO. It

contains a long chain sulphur-containing polyamide and a carboxyJic acid/polyamine reaction

product in an aqueous solution containing approximately 3% methanol as well. It is an amber

coloured liquid at room temperature with an amine-like odour. Being a specially synthesized

chemical blend, it has not been subjected to extensive toxicological testing on experimental

animals and human exposure data is lacking as well. The Environmental Information Sheet

provided by the manufacturer indicates only that the acute oral LD ĵ for rats is <5 g/kg.

However, because the active ingredients are relatively high molecular weight oligomeric or

polymeric materials with relatively low vapour pressure, the principal volatile material in the

CCI-801 concentrate would be the methanol and the principal inhalation hazard would be

expected to be the that due to the methanol vapours. The Material Safety Data Sheet (MSDS)

indicates that prolonged or excessive exposure by inhalation may result in respiratory

irritation, headache, and nausea. In extreme cases it might cause central nervous system

(CNS) depression leading to dizziness, drowsiness and narcosis. All of these symptoms are

consistent with exposure to methanol vapour.

Intermittent, brief skin contact may result in mild irritation. Prolonged contact with the skin

may cause moderate to severe irritation resulting in rashes and dermatitis. Due to the amine

content of the material, sensitization in also a potential risk from skin contact.

Direct contact with the eyes will cause moderate to severe irritation and may produce

moderate but reversible eye damage according to the MSDS. Therefore all potential contact

with the skin and eyes should be avoided by use of proper personal protective equipment.

No pertinent information is available on long term chronic toxicity nor on such other effects

as carcinogenicity. liov, _>ver, it is apparent that considerable apprehension has developed

amongst some parties concerning the health effects of this additive. It appears that this

apprehension has been largely engendered by the unknown nature of the basic building

blocks of this additive and the speculation that these might be coal tar distillate based. The

extensive and comprehensive disclaimer that the manufacturer has provided to Ontario Hydro

concerning the use of this product and the manufacturer's liability therefrom has also

apparently enhanced speculation and apprehension about the product. The manufacturer.
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however, is primarily a supplier to the petroleum industry and for their part, appear to be

somewhat apprehensive about dealing with the nuclear industry.

The Petrolite Industrial Chemicals Group has recently confirmed in writing that no coal tar

derivatives are contained in the CCI-801 corrosion inhibitor. A copy of their letter is attached

as Appendix A to this report. However, given the unknown nature of the starting material

for this product and the lack of experimental or human experience with the product, it would

still be prudent at this point to consider it as a material with some unknown degree of toxicity

and to avoid skin and eye contact particularly.

7.3 Occupational Issues

As the detailed planning for this project is still under way within Ontario Hydro and also

with the chemical cleaning contractor, a thorough review of all occupational health aspects

of the project is not possible at this time and is, in any case, considered by Monserco Limited

to be beyond the scope of this chemical cleaning review.

Conceptual design planning at this stage suggests that the chemical cleaning system will be

based upon a modular design concept, with various modules located at two separate sites,

the BNGS-A generator station and the remote waste storage and treatment facility located

adjacent to the existing Bruce sewage treatment plant. The facilities at the generator station

will probably consist of the following five units; the bulk chemical handling system (BCHS),

the solvent preparation and injection system (SPIS), the solvent recirculation system (SRS), the

interim waste storage tanks (IWST) and the spent solvent transfer system (SSTS). The BCHS,

SPIS and SRS modules are anticipated to be located side by side immediately to the north of

the generator station. The thinking at the time of the field visit to Bruce was that the BCHS

module would be located on the grassed area immediately in front of the Ancillary Services

Building K-11 and the SPIS and SRS modules immediately in front of the Accumulator

Building K-10. The IWS tanks would probably be located behind the Accumulator Building

and the tank truck loading racks for the SSTS will likely be located in the open area just

outside the fence to the north of the IWS tanks.
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It is evident that very large volumes of the individual chemical ingredients as well as the iron

and copper solvents themselves will be handled during this process. As has already been

highlighted, most of the chemicals to be handled are moderate to severe skin and eye irritants.

In addition, hydrazine and the CCI-801 inhibitor should be treated as suspect carcinogens,

while hydrazine may also be absorbed through the intact skin and the EDA is a sensitizer and

allergen. Pure ethylene diamine is also a flammable liquid with a flash point of 38°C (100°F)

and the risk of ignition would therefore be a factor of importance in the bulk chemical

handling system until the EDA is diluted with water. Personal protective equipment in the

form of chemical resistant gloves, suits, rubber boots, goggles, etc will therefore be necessary

in handling virtually all of these chemicals in order avoid both skin and eye contact.

In general terms, the greatest potential for occupational exposure to chemicals during the

chemical cleaning program would appear to be from accidental exposures through spills or

breaks during receiving, transport and handling of the bulk chemicals themselves. Certainly

the chemical handling systems and procedures proposed at the time of this review would

prevent any occupational exposure during normal handling procedures. The chemicals will

all be handled in closed systems with no open transfer points, thus minimizing the potential

for human exposure. Chemical cleaning solvent preparation, mixing and recirculation will

also be done within completely enclosed systems using metering pumps and closed tanks or

vessels to prepare the solvents and permanent hard-piped headers and lines to transfer the

solvents to and from the steam generators. Short lengths of flexible stainless steel pressure-

rated hose may be necessary to make certain connections within the system but these will be

minimized.

Both the iron and the copper solvent would be irritating to the eyes and skin on prolonged

or repeated contact and could potentially cause some temporary tissue damage in the event

of a splash in the eyes, although this damage would not be expected to be permanent. The

spent solvents should not differ significantly in toxicity from the fresh solvent.

Other occupational health issues which should be addressed in more detail as planning

develops include the following:
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Complete segregation of the hydrogen peroxide storage and handling facilities from

other organic chemicals and particularly from the hydrazine handling facilities because

of the vigorous exothermic reaction that would take place between hydrogen peroxide

and hydrazine.

Provision for emergency pressure relief valves and /or rupture discs on systems

handling hydrogen peroxide in the chemical mixing and solvent preparation circuits

where the potential for accidental contact with organic liquids could generate oxygen

causing pressures which could potentially rupture piping.

Adequate isolation of the sodium sulphide handling system from the phosphoric acid

system at the SSTS in order to minimize potential for accidental HjS release.

Use of rigid, fixed piping systems, preferably with welded joints , to transfer bulk

chemicals and the cleaning solvents in all cases.

Minimum use of flexible hoses or rubber hoses and couplings only where absolutely

necessary.

Exhaust ventilation of all enclosed structures and /or trailers

Venting of all storage tanks, holding tanks, mixing tanks, etc outside of enclosed

buildings and /or trailers.

Handling of all chemicals within totally closed systems, no open mixing or handling

of chemicals.

Adequate respiratory protection and assured supply of compressed breathing air of

acceptable quality.

Eye wash and safety showers at both the BCHS/SPIS/SRS modules and the SSTS

module as well as at the SSTS loading racks because of their remote location outside

the fence.

Adequate and secure means of communication between the SPIS module, the BCHS

module, the SRS module, the staff at the boiler being cleaned and the generating
station control room.

Adequate lighting of all chemical cleaning modules and storage tank areas.

Provision of signs and suitable barriers to the modules as necessary to deter access to

the chemical cleaning systems areas for all non-authorized personnel.
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Provision of health and safety training to operators regarding the health effects and

first aid procedures for all chemicals to be handled as well as access to emergency

medical treatment at all hours.

7.4 Environmental Issues

As mentioned previously, much of the detailed planning for the boiler chemical cleaning

program had not yet been completed at the time this review was in preparation. Therefore,

many details on the expected concentration of chemicals and metals in the various process

and waste streams were still sketchy and subject to frequent change. Therefore, some of the

environmental aspects which should also be reviewed more completely at the detailed

planning stage include the following:

The diking of all storage and transfer tanks to hold more than the capacity of the

largest tank within the dike.

Sealing of inside surfaces of diked areas to retain spills and prevent absorption into

the ground.

Methods of collecting and handling storm water runoff from dikes and other potential

spill site areas such as the loading and unloading areas for the bulk chemical receiving

and spent solvent transfer tankers.

• Methods of collecting leaks, drips, minor spills etc at each of the BCHS, SPIS, SRS,

IWST, SSTS and WSTS.

Atmospheric emissions from the bulk chemical storage tanks and interim waste storage

and transfer systems.

• Availability of sorbent pads, booms etc at the BCHS for spill control during chemical

transfers.

• Contingency plans to block off storm sewers on the main service road behind the

generator station and possibly to block off the road to all traffic in the event of a major

spill at any of the chemical cleaning modules.

• Availability of sorbant pads, booms etc for spill containment and control at the truck

loading and unloading sites for the spent solvent transfer system
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Leachability of final filter cake from the iron solvent waste treatment process and from

the copper solvent waste treatment process to determine if they would pass the

leachate toxicity tests under the Ontario Ministry of Environment Regulation 309 or

would need to be registered as Hazardous or Liquid Industrial Wastes.

Acceptability of the filtrate from the each of the iron and copper solvent treatment

processes for discharge into the existing sewage disposal system at Bruce.

Temporary sealing of the inspection ports for the fuel transport tunnel between the

primary irradiated fuel bay and the ancillary fuel bay which are located in front of the

accumulator building as the SPIS modules will be located in this same area and any

uncontained spill could potentially enter the fuel transport tunnel through openings

in these inspection ports.

Ammonia will be the only major contaminant released from the SSTS through the stack

on top of the high bay of the building. The anticipated levels of ammonia release and

the ground level concentration at point of impingment under a variety of meteorologi-

cal conditions should be evaluated further as sufficient detail on the waste solvent

stream composition becomes established.

It should be noted that, in discussions with Ontario Hydro staff at various locations and

times, it was evident that virtually all of the foregoing items have already been identified by

Hydro and are being taken into consideration during the ongoing planning process for this

steam generator chemical cleaning program.

8. POSSIBLE EFFECTS OF CORROSION

8.1 Introduction

In this section the possible effects of chemical cleaning on the boiler structure are assessed.

The review covers the following areas.

1. Loss of material and increase in membrane stress.

2. Tube vibration changes.

3. Loose dirt after cleaning.

4. Stress corrosion.
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8.2 Membrane Stress Changes

The effect of chemical cleaning will mean removal of some of the metal inside the generator

as well as the crud build up. The previous sections have shown the expected range of

corrosion. Based on the results in Table 10 and the four iron steps and six copper steps the

general corrosion on the A-516 Gr 70 shell would be of the order of (4 x 0.18) + (6 x 0.01) =

0.78 mils. The Inconel tubes are expected to have corrosion levels in iron solvent about 1%

of the shell material.

In the weld regions galvanic corrosion could be considerably more that the average for the

shell. Ontario Hydro are preparing more detailed information on this. Tests have been

carried out by B&W as discussed in Section 5.3 above. Since the final report was not finished

it was not possible to review the report and make an estimate of the maximum expected

corrosion. For comparison to the actual thickness it must be assumed that the local corrosion

will exceed the average by some factor. The importance of the maximum corrosion can be

estimated from the margin on membrane stress that is available in the boiler as designed.

In order to assess the possible excess material in the pressure containing walls of the boiler,

design of vessel shell was reviewed using the COMPRESS computer code. This code performs

Section VIII calculations so it is not directly applicable since the boiler is a Qass 1 Section III

vessel. However if the Class I allowable stresses for the shell material are used in place of

the Section VIII values the results are close enough to indicate the margins available. The

thickness required in the wall of the various sections of the boiler that would be required to

have the membrane stress equal to the allowable stress of 1 Sm is shown in Table 15.
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TABLE 15

MINIMUM THICKNESSES IN THE

PRESSURE CONTAINING COMPONENTS IN THE BOILER

COMPONENT

LOWER SHELL

CONE

UPPER SHELL

TUBE

TUBE SHEET

DESIGN

MINIMUM THICKNESS

(inches)

1.967

2.099

1.468

0.044

14.375

THICKNESS0*

STRESS* ALLOWABLE

(inches)

1.525

1.711

1.181

0.024

SEE (1)

EXCESS WALL

FOR CORROSION

(inches)

0.442

0.388

0.287

0.020

Notes 1. The tube sheet thickness was not computed.

2. 1/16" corrosion included on shell sections

It can be seen that for the main components that are exposed to the solvent and also contain

the pressure, there is an adequate wall thickness compared to the expected corrosion. The

tubes are made from a high alloy steel and the expected corrosion of the tube wall would be

about 1 % of the mild steel walls of the stream generator. The minimum thickness of the

tubesheet has not been computed but a 1% loss in thickness would be far in excess of the

expected corrosion and it would have little effect on the stress levels.

There are areas in the shell of the boiler were the stress levels are higher than 1 Sm. This

would be at discontinuities and penetrations. The significant penetrations are given in Table

13. The required and available areas of reinforcement are again from COMPRESS and are not

directly applicable to a Class 1 vessel but the excess material margins are demonstrated.
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TABLE 16

REINFORCEMENT AREAS

PENETRATION

INSPECTION PORT

BLOWDOWN PORT

NEW 2W NOZZLE

AREA REQUIRED

£in>l

6.736

1.525

4.089

AREA AVAILABLE

r«*j

18.572

2.838

3.980

The Inspection Port reinforcement figures -'re approximate since COMPRESS does not treat

an inclined nozzle. However the available area is much larger than required. The new 2W

nozzles cut in the side of the boiler for lancing and inspection have insufficient reinforcing

and a separate analysis was done to show that 0.09375" corrosion is acceptable. [Ref. 46]

Basically there is more than sufficient material in the pressure containing walls of the steam

generator for the proposed chemical cleaning and an increase in membrane stress due to loss

of material would not be a problem.

A much more detailed and conservative analysis of the material available for corrosion has

been carried out by B & W. [Ref. 47] Basically they looked at the design corrosion allowance

and deduced from the amount of actual normal corrosion that was expected, the remaining

material that could be removed during the chemical cleaning process. This in fact assumed

the membrane stress in a fully corroded condition equals the code limit, which is not the case.

As shown above there is some over design.

8.3 Tube Vibration Effects.

When the tube support plates become packed with crud, they can act as a restraint to the

lateral movement of the tubes and the recirculating flow is reduced. It is possible that when
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the crud is removed the amplitude of the tube response to flow induced vibration will

increase because of either a flow increase or a reduction in tube restraint and this could lead

to failure by fretting.

The effect of the change in restraint can be best understood by looking at the potential

deflections of the tubes under the estimated fluid drag forces. In the critical U-bend region

it appears that the tubes deform sufficiently under these loads [Ref. 47] to remove all possible

clearances between the tube and its supports. This means that if the support clearances are

increased due to crud removal, fluid forces on the tube will close the gap so that as far as the

U-tube supports are concerned the crud build-up will not affect the vibrations. Therefore,

chemical cleaning may result in larger clearances, but according to Ontario Hydro the tubes

will jam in tightly whether the clearance is large or small.

Since the crud in the gap between the broached plate and the tube has a lower density than

the base metal it expands in the gap and it can put radial pressure on the tube. Subsequent

heating and cooling with the crud in place could cause a region of high residual stress. This

on its own might be acceptable, however the reason for cleaning in the first place was to

improve the flow conditions in the boiler. The increased flow could cause an increase in the

tube vibrations. The local high stress region could then become susceptible to fatigue.

Something similar to this is postulated for tube failures at Mihama-2 [Ref. 47], but this is not

related to cleaning. It occurred just due to a manufacturing error that put anti-vibration bars

at the wrong location.

Problems with tube vibrations in the Bruce A boiler have been present since the start up of

the plant. In the first five years about 8 leaking tubes were detected and about 15 were

plugged. These failures were suspected to be due to high cycle low stress fatigue. This

means it was basically a flow induced vibration problem. There were few if any failures after

the first years until the water lancing was done. Since then about 6 tube failures have

occurred in units 1 and 2. Ontario Hydro are currently studying the problem. It appears that

tube failures and boiler cleaning are not connected in any plant in the US. Additional review

of the situation by Monserco is considered to be outside the scope of the chemical cleaning

review.
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8.4 Loose Dirt After Cleaning

When the cleaning is complete and the boiler is brought back into operation, it is possible that

some of the crud that has remained in the boiler will break loose and move around in the

recirculating flow. This is not likely to be a cause for much concern. Any piece would be

small and it would probably break up rapidly. On the original water lancing trials on the

boiler there was an increased crud level in the boiler water after start up but no problems

were reported due to this effect.

8.5 Stress Corrosion

During the cleaning operation, the pressure in the boiler will not exceed 50 psi, with normal

operating pressure expected to be about 15 psi. The stress levels would in general be small.

Stress corrosion can occur when there is a local high stress area in a corrosive environment.

Except for any residual stresses that could be present at discontinuities, the stress levels will

be low at the time of cleaning. Any solvent that is left in the boiler at the time of start up will

break down under the operating temperature. Hence stress corrosion is not expected to cause

any problems. Intergranular cracking is a problem only with stainless steel so it is not a

consideration here.

9. SUMMARY AND CONCLUSIONS

Deposits on the secondary side of nuclear steam generators (or boilers) may cause problems

with corrosion and result in disruptions to the steam flow. In the Bruce A reactors such

deposits have resulted in derating of two of the units. Mechanical cleaning techniques such

as hydrolasing were successful in removing enough of the deposits to permit 100% full power

operation, but it is known that a considerable amount of deposit remains in each boiler in

physically inaccessible areas. The Unit 1 boilers are estimated to contain a total of 50,000 kg

of deposit and the Unit 2 boilers 33,000 kg. These deposits consist of approximately 50%

magnetite, 40% copper metal and smaller amounts of zinc and nickel. The only way UL.

remove such deposits is through chemical cleaning. Several different process and application

techniques have been developed throughout the world. Some of these are briefly described.
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The EPRI/SGOG process is described in detail since it is the process which has been selected

by Ontario Hydro for use at Bruce A.

The EPRI/SGOG process consists of alternating iron removal and copper removal steps. The

dissolution of iron-based deposits such as magnetite requires low pH, reducing conditions

while the dissolution of copper metal and copper oxides requires high pH, oxidizing

conditions. The iron solvent consists of 20% EDTA, 1% hydrazine, 1% of a proprietary

corrosion inhibitor CCI-801 plus 6% ammonium hydroxide. The final pH is about 7. The

copper solvent consists of 5% EDTA, 2% ammonium hydroxide, 4% ethylene diamine (EDA)

and 2% hydrogen peroxide. The final pH is about 10. The EPRI/SGOG process has been

used successfully several times in North America and Asia. It appears to be a reasonable

choice for the application at Bruce A.

Ontario Hydro plans on cleaning a bank of four boilers in parallel in a single operation. The

volume of such a system is about 115,000 L. This will be the largest operation of its type ever

conducted since all previous cleaning operations have involved only single boilers.

Approximately six copper removal steps and four iron removal steps will be required in each

bank. These will be applied over a seven day period. This time is chemical processing time

only; it does not include equipment setup time which will be several weeks.

Application of the process requires filling each generator to the neck region between the top

of the tube bundle and the steam drum. This will result in stress differentials that exceed the

limits currently imposed by the System Operating Diagram (SOD). Modifications to the heat

transport system pump balance line will be required to reduce stresses in the tee junctures

which will permit the SOD to be expanded to include the stress ranges anticipated during the

cleaning operation.

The total volume of waste resulting from cleaning of all eight boilers in a single unit is about

2,200 m3. This waste will be treated by the Kenox wet air oxidation process which will

convert most of the organic compounds to CO2, N2, and H2O with some ammonia released

from the process as well. The metals will be precipitated as sludges which will be collected

on filters and dried. A volume reduction factor of at least 25 is expected so the final volume
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of the sludge will be about 88 m3. It will be disposed at a landfill site after measurements and

analyses indicate that it meets all requirements with respect to heavy metal content,

radioactivity, etc. The liquid effluent will be sent to the Bruce sewage treatment plant where

residual organic compounds will be destroyed by biological degradation. Once the effluent

meets MOE specifications, it will be discharged along with other treated sewage.

A comprehensive corrosion evaluation of the EPRI/SGOG process and its application to Bruce

A boilers has been performed. This evaluation indicates that the available corrosion

allowances of all components are one or two orders of magnitude greater than the corrosion

expected as a result of the chemical cleaning operation. Nevertheless a sophisticated, real-

time corrosion monitoring system consisting of zero resistance ammeter probes to monitor

galvanic corrosion and linear polarization probes to monitor general corrosion will be

installed in each boiler. In addition, general corrosion coupons of all materials found in the

boilers will be installed in the system and their weight loss will be determined. These

coupons will be used to assign thickness losses to each material. This combination of

corrosion monitoring devices represents state-of-the-art technology and will be capable of

providing all the information necessary to monitor and control the process and to ensure that

unacceptable corrosion is not occurring.

The steam drum internals will be exposed to solvent vapours but direct contact with the

cleaning solvents is not expected. However, if unexpected foaming occurs, some solvent

could enter the steam drum. Any corrosion which occurs should be much less than in the

boiler because only a thin film of liquid is expected and the temperature will be lower.

Vapours and foam which condense in the steam drum will eventually find their way back to

the boilers via the downcomer annulus. In the process they will traverse the tee juncture,

which has been identified as a critical item. We recommend that the effect of potential

corrosion by foam and vapours on the tee juncture weld be examined in a hazards analysis.

With the exception of the proprietary inhibitor CCI-801, all chemicals that will be employed

in the cleaning and waste processing operations are standard industrial chemicals which are

widely used in industry. These chemicals will be received in bulk shipments and handled in

totally enclosed systems, segregated where necessary to keep incompatible materials separated
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(e.g. hydrogen peroxide separated from organics). No extraordinary hazards are expected

with their use as long as proper safety practices are observed. All workers should receive

training in the use and hazards of the chemicals they will be dealing with. The proprietary

inhibitor CCI-801, as received in concentrated form, will be irritating to the eyes and skin.

Long term chronic toxicity is unknown at this time. However, the material will be handled

in a closed system and the active ingredient is a relatively non-volatile high molecular weight

polymer which would have minimal vapour pressure. Therefore, the principal hazards would

be associated with skin and eye contact, not inhalation.
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Appendix A

Petroiite Industrial Chemicals Group
369 Marshall Avenue • St. Louis. Missouri 63119
314 961-3500 • Telex: 193164

October 10,1991 ', " ' ^ •

'• ' OCT 1 8 1891

Mr. Gerald Saunders u u u ^ f;; T..T
Monserco Ltd.
6620 Kitimat
Mississauga, ONT
L5N 2B8

Dear Jerry,

The purpose of this letter is to confirm our conversation earlier this week
regarding the composition of CCI-801 manufactured by Petroiite. You stated that
some concern was expressed about the chemical constituents of CCI-801,
specifically in regard to the presence of coal tar derivatives. After consulting with
the appropriate research personnel, I can assure you that no coal tar derivatives
are contained in CCI-801. Due to the confidential nature of the formulation of
CCI-801, I cannot reveal the exact constituents of the product; however, the
Material Safety Data contains a general description, and all SARA Title III, Section
313 reportable substances are also listed.

If you have any additional questions, please do not hesitate to bring them to my
attention.

Best regards,

Douglas G. King
Project Manager

DGKrjkc
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List of Acronyms

ACGIH
AECB
AECL
ANO
ASME
BCHS
BNGS-A
BOD
B&W
CANDU
C-E
CEV
CNS
COD
DI Water
DSL
ECI
EDA
EdF
EDTA
EPRI
HEDTA
HTS
IARC
IWST
IX
KWU
LC0

LC•so

LC100

- American Conference of Governmental Industrial Hygienists
- Atomic Energy Control Board
- Atomic Energy of Canada Limited
- Arkansas Nuclear One power generating station
- American Society of Mechanical Engineers
- bulk chemical handling system
- Bruce A Nuclear Generating Station
- biological oxygen demand
- Babcock & Wilcox
- Canadian Deuterium Uranium reactor(s)
- Combustion Engineering
- ceiling exposure value
- central nervous system
- chemical oxygen demand
- deionized water
- Domestic Substances List (Canada)
• emergency coolant injection system
• ethylenediamine
• Electricite de France
• ethylenediaminetetraacetic Acid
• Electric Power Research Institute

hydroxyethylethylenediaminetetraacetic acid
heat transport system
International Agency for Research on Cancer
interim waste storage tanks
ion exchange
Kraftwerk Union
Lethal Concentration 0. The concentration of a material in air
that, on the basis of laboratory tests by the inhalation route,
causes the death of none of a group of test animals when
administered in a single exposure over a specific period of
time, usually 1 or 4 hrs.
Lethal Concentration 50. The concentration of a material in air
that, on the basis of laboratory tests by the inhalation route,
causes the death of 50% of a group of test animals when
administered in a single exposure over a specific period of
time, usually 1 or 4 hrs.
Lethal Concentration 100. The concentration of a material in air
that, on the basis of laboratory tests by the inhalation route,
causes the death of 100% of a group of test animals when
administered in a single exposure over a specific period of
time, usually 1 or 4 hrs.
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List of Acronyms (con,o

LDL

LP
MOE
MSDS
MWe
NPD
NPSH
NRC
NTA
OTSG
PNS
PPM

PWR
SG
SGOG
SOD
SPIS
SRS
SSTS
STEV

STP
TMI
TOC
TOSCA
TWAEV

WSTS
ZRA

- Lethal Dose low. The lowest dose (other than LDM) of a
substance introduced by any route, other than inhalation, over
any period of time in one or more divided portions and
reported to have caused death in humans or animals.

- Lethal Dose 50. The dose of a substance that causes the death
of 50% of an animal population from exposure to a substance
by any route other than inhalation when given all in a single
dose. It is usually expressed as mg or g of material per kg of
animal weight.

- linear polarization
- Ontario Ministry of Environment
- material safety data sheet(s)
- megawatts of electrical power
- Nuclear Power Demonstration project
- net positive suction head
- US Nuclear Regulatory Commission
- nitrilotriacetic acid
- once-through steam generator(s)
- Pacific Nuclear Services
- parts per million (by volume) in air for airborne gases and

vapours
- parts per million (weight per volume) for water borne

contaminants
- pressurized water reactor
- steam generators)
- Steam Generator Owners Group
- system operating diagram
- solvent preparation and injection system
- solvent recirculation system
- spent solvent treatment system
- short term exposure value over any 15 minute period during

the work day
- sewage treatment plant
- Three Mile Island nuclear generating station
- total organic carbon
- Toxic Substances Control Act (USA)
- time weighted average exposure value over an 8 hr work day

and 40 hr work week
- waste solvent treatment system
- zero resistance ammeter
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INSTRUMENTS TO DETECT AND MEASURE TOXIC GAS EMISSIONS

DURING THE KENOX TREATMENT OF SPENT CHEMICAL CLEANING SOLVENTS

1. BACKGROUND

Nuclear steam generators accumulate metallic deposits. These deposits cause disruptions in the

steam flow and have resulted in the derating of two units at the Bruce A Nuclear Generating

Station.

Ontario Hydro has selected the EPRI/SGOG deposit removal process for use at the Bruce A

station. The process consists of removing iron and copper in alternating steps. These two metals

form the bulk of the deposit in the Bruce A steam generators. The iron removal solvent is a

mixture of EDTA, hydrazine, ammonium hydroxide and a proprietary corrosion inhibitor known

as CCI-801. Copper removal uses a solvent mixture consisting of EDTA, ethylene diamine, and

hydrogen peroxide.

Ontario Hydro intends to clean all of the steam generators at Bruce A which would generate an

estimated 2200 cubic metres of liquid waste [Ref. 1]. This waste will be treated by a wet air

oxidation technique using the patented Kenox process. In this process organic contaminants are

oxidized to water, carbon dioxide and low molecular weight organic species which are

biodegradable. The conventional sewage treatment plant at the Bruce site will be used to treat

the biodegradable portions of the waste.

Ammonia will be one of the oxidation products of the waste treatment. Ammonia must be

stripped prior to directing effluent to the sewage processing plant for biological treatment.

Stripping is accomplished in a counter-current air stripper. This stripping is also likely to remove

a small amount of lower molecular weight amines [Ref. 2].

According to previous reports on the spent solvent treatment process, ammonia concentration

in the oxidized liquor ranges from around 4,000 ppm in the copper solvent to 7,000 ppm in the

iron solvent [Ref. 2]. Before this effluent can be treated in the sewage processing plant, ammonia

concentrations must be reduced to 300 ppm. Air stripping and directing ammonia up the stack

apparently results in an acceptable concentration in the effluent stream. Dispersion modelling

indicates ammonia concentrations downwind of the stack will be within the regulatory limits of
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3600 ug/m3 at the point of impingement. To monitor ammonia emissions Ontario Hydro plans

to install an on-line ammonia analyzer after the ammonia stripper. The purpose of this

supplementary report is as follows:

• To list and briefly describe the instrumentation available in the province of Ontario to

detect and measure the toxic gases likely to be released from installations using the Kenox

process.

• To assess the performance of the identified equipment to properly detect and measure such

toxic gases, especially at the concentrations that are likely to occur from use of the Kenox

method.

2. METHODS

The following methods were used to gather information to meet the objectives of the project:

• To assess the toxic gases likely to be released, reports on the Kenox process were reviewed

and a qualified chemist was consulted.

• To determine the specifications needed for the equipment, phone interviews were

conducted with staff from Ontario Hydro.

• To determine what technology and equipment was available, product information from

equipment vendors was collected and evaluated.

• To obtain additional information on equipment, a computerized data base search was

performed. Databases accessed were the library holdings of the National Institute of

Occupational Safety and Health, and the CIS data base of the International Labour Office

in Geneva.
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3. RESULTS

3.1 Toxic Gases

Two major reports were reviewed to determine the nature of toxic gas emissions from the Kenox

process [Ref. 1,2]. The reports indicate that ammonia will be the major toxic gas of concern [Ref.

3]. This was confirmed by consultation with a qualified chemist.' In addition there may be small

quantities of amines released. The identities of the amines are unknown, but are likely to be

lower molecular weight species such as ethylene diamine, ethylamine and methylamine. There

are no techniques for continuous, on-line monitoring of these specific amines. A few collection

and analysis methods exist for amines as a group; almost all such techniques list ammonia as

an interfering agent.

The presence of the propriety agent CCI-801 is a confounding factor. Correspondence from the

manufacturer indicates it is not a coal tar derivative [Ref. 4]. Material safety data sheets state

it is a mixture of methylated polyamines and sulphur containing polyamides. It is likely that

any breakdown in CCI-801 during the Kenox process would release ammonia, amines and small

quantities of organic sulphur compounds. Given that CCI-801 is present only in small amounts

in the fresh solvent and that this amount will be significantly lower in the spent solvent, it is

unlikely that any degradation products from it would be present in sufficient quantities to pose

hazards.

3.2 Specifications for Measuring Equipment

Phone interviews with Ontario Hydro staff revealed considerable variance in the specifications

considered necessary for the ammonia detection equipment. This variance most likely reflects

uncertainties about the Kenox process and how it will perform and operate under field

conditions. However all staff interviewed agreed with the following principles:

• The equipment should be automated.

' Dr. Allan Clark, CIC, Clark and Associates, Oakville, Ontario.
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• It should operate on a continuous mode.

• It should be relatively maintenance free requiring littie or no attention while in operation.

• It should be resistant to excesses of heat and vibration.

• For convenience it should give direct readouts in parts per million.

3.3 Technology and Equipment Available

Contact with equipment vendors and computerized literature searching revealed two main

technologies commercially available to measure gaseous ammonia in a continuous, automated

mode. Other technologies exist but either have not been commercialized [Ref. 5], or are not

suitable for the rugged application needed.

The two main technologies are:

• infrared absorption

• ammonia absorption in dilute sulphuric acid, liberation with sodium hydroxide and

measurement of released ammonia by either a selective gas sensing electro-chemical probe

or the intensity of colour produced through a chemical reaction of ammonia with a colour

forming reagent (modified Berthelot reagent).

Both approaches have advantages and disadvantages. Details of equipment available for

continuous mode automated sampling are given in Table 1-1. Table 1-2 contains details of

equipment suitable for spot measurements. Such equipment might be appropriate for backup

purposes or to check the accuracy and effectiveness of the continuous sampling equipment. A

comparison of infrared absorption and ammonia absorption in sulphuric acid is given in Table

2.
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TABLE 1-1

AUTOMATED, CONTINUOUS AMMONIA GAS ANALYSERS

Model/
Manufacturer

GHU-2
Analytical
Development Co.
Ltd.

SAM 1 and LAN
series

Series U
CEA Instruments
Inc.

Ammonia Gas
Analyzer
Severn Science
Instruments Lui

TGM555
CEA Instruments
Inc.

Distributor

Nortech Control
Equipment
Etobkoke, Ontario

GAC General
Analysis Corp.
South Norwalk, Ct.

SSCAN-Grodyne
Richmond Hill,
Ontario

Robertson White
Engineering Ltd.
Toronto, Ontario

SSCAN-Grodyne
Richmond Hill,
Ontario

Principle o! Operation

Non-dispersive infrared
absorption with gas sensitized
detector. Double beam in space.

Non-dispersive infrared absorption
with optical detection system, dual
wavelength design.

Not specified. Proprietary solid
state diffusion type detection
system?

Absorption in sulphuric acid,
released with sodium hydroxide
and detection by selective gas
sensing electro- chemical probe.

Ammonia scrubbed continuously
from air stream, reacted with
modified Berthelot reagent,
resultant colour intensity
measured.

Measuring
Limits {ppm)

0-100

10-50

0-250

0.5-500

0-10
(adjustable to 0 - 50)

Evaluation

Continuous sampling. Can operate up
to 50°C . Can sample up to 24 lines
sequentially. Presence of water
vapour can interfere with NH3
reading. Sensor cell can be heated to
prevent vapour interference. Other
corrective measures are available.
Relatively insensitive to vibration and
temperatuie variation. Designed to
operate in harsh environments. Read
out in ppm.

As above but can operate up to 60°C .
Sample lines can be heated to prevent
moisture condensation.

Continuous sampling.
Multichannel. No other data available.

Continuous sampling. Sensitive to
heat and vibration. Needs attention at
least once every 4 hours. Probe and
filter must be maintained at 300°C .
Read out in ppm.

Continuous sampling on AC, 12 hrs
sampling on internal DC. 0-1 V
recorder output. Useable at 5 to 45°C
& 5-95% humidity. Long lag time (8V4
minutes) and rise/fall times (416
minutes) due to principle of
measurement.
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TABLE 1-2

MANUAL SPOT SAMPLERS FOR AMMONIA GAS

Model/
Manufacturer

TGA-2400 KA.
CEA Instruments Inc.

Gastech NH-275

TG-2400 KA.
CEA Instruments Inc.

Distributor

SSCAN-Grodyne
Richmond Hill, Ontario

Levitt Safety Ltd.
Oakville, Ontario

SSCAN-Grodyne
Richmond Hill, Ontario

Principle of Operation

Newly developed gas
membrane galvanic cell
sensor.

Electrochemical sensor.

Newly developed gas
membrane galvanic cell
sensor.

Measuring
Limits (ppm)

0-75
and

0 - 500 ppm

0 -150 ppm

0 - 200 ppm

Evaluation

Not continuous. Manual spot
sampler. Portable,
lightweight. Reported to be
sensitive to amines as well.
AC operated.

Not continuous. Manual spot
sampler. Portable,
lightweight unit, readout in
ppm. AC/DC operation.

Not continuous. Manual spot
sampler. Portable,
lightweight. Sensor may be
detached from instrument
and moved about by means
of an extension probe.
AC/DC operation. Digital
readout in ppm.

NOTE: Minimum resolution for all equipment in Tables 1-1 & 1-2 is 0.5 to 1.0 ppm.
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Table 2

COMPARISON OF AVAILABLE TECHNOLOGIES TO MEASURE AMMONIA GAS

Infrared Absorption

- Several models available from
different manufacturers.

- Automated continuous mode of
operation

- Maintenance schedule unknown.
Field tests not available.

- Resistant to heat and vibration but
susceptible to water vapour.

- Can use heated sample lines,
counter-current flow and permeation
drying devices to remove water
vapour or mist interference. Also a
heated read out cell is available.

- Direct read out in parts per million.

Ammonia Absorption

- Only one model available and from
a single manufacturer.

- Automated continuous mode
operation.

- Needs careful maintenance. Field
trials suggest frequent checking
needed during operation.

- Sensitive to heat and vibration.
Much less susceptible to the effects
of water vapour or mist since the
entire gas stream is drawn through
sulphuric acid solution.

- Temperature of the probe and filter
are maintained at 300°C to avoid
forming ammonium chloride and
ammonium bisulphite which
reduces the amount of ammonia gas
absorbed by the acid.

- Direct read out in parts per million.
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4. DISCUSSION

The project concludes that ammonia is the only toxic gas of immediate concern emitted from the

Kenox process. Other emissions will include low molecular weight amines and trace quantities

of organic sulphur compounds. The low molecular weight amines should be collected with grab

samples and characterized using GC/MS or other appropriate analytical method. Quantitation

of the amines may be necessary once they have been characterized. It is likely that sulphur

compounds will only be present at or below the threshold of detection of most field instruments.

Characterization of organic sulphur compounds and subsequent quantification is not likely to

be practical or necessary.

Ontario Hydro has a requirement for automated equipment that will monitor ammonia

emissions continuously. The equipment should be maintenance free, resistant to excesses of heat

and vibration and preferably give direct read outs in parts per million. This report notes that

only two technologies are appropriate; non-dispersive infrared absorption and a chemical

approach involving absorption with sulphuric acid and sensing with a gas sensing ammonia

electrode or colour forming chemical reaction.

Discussions with Ontario Hydro staff and with equipment vendors suggest that both

technologies might serve the required purpose but that each has disadvantages.

Ontario Hydro already has considerable field experience with the Severn Science Instrument

Ammonia Gas Analyzer which uses the sulphuric acid absorption technique. There was no

indication within Ontario Hydro that infrared absorption techniques had been used for ammonia

analysis. Equipment vendors could not give references to other corporations using the ammonia

gas analyzer or using infrared technology for ammonia detection. However, Mr. Klaus Elsaesser

of Nortech Control Equipment, Etobicoke related that a major Ontario brewery is likely to

purchase a multi-channel infrared detection system to monitor ammonia and other emissions

into the environment. Mr. Elsaesser was one of the few equipment vendors who displayed

considerable technical knowledge of the infrared absorption technique and will likely prove a

good resource if Ontario Hydro chooses to field test infrared detection technology.
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Further details of equipment specifications and vendors are attached in the Appendix.

5. RECOMMENDATIONS

• Field test both infrared and sulphuric acid absorbing techniques during the startup phases

of the Kenox process and select the equipment which best operates under field conditions.

• Contact Mr. Klaus ELsaesser of Nortech Control Equipment, Etobicoke and discuss the

possibility of cooperative field testing of the infrared system with the Ontario Brewery

which he has as a client.

• Purchase one or more lightweight portable devices for measuring ammonia gas. These will

serve as backups and checks for the continuous ammonia monitors.

• Obtain grab samples released from the Kenox process and conduct GC/MS analysis to

identify amines, organo sulphur compounds and any other species which might be released

during the Kenox process but has not been predicted from theoretical considerations.

• Quantitate low molecular weight amines, organo sulphur compounds or any other species

if they are likely to pose health or environmental hazards.
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APPENDIX 1

VENDORS CONTACTED IN THE COURSE OF RESEARCH

Nortech Control Equipment
Etobicoke, Ontario

General Analysis Corp.

SSCAN-Grodyne
Richmond Hill, Ontario
Division of Safety Supply

Robertson White Engineering Ltd.
Toronto, Ontario
Distributors for Severn Science
Instruments Ltd.

Integra Environmental Inc.
Burlington, Ontario
Distributor of SKC equipment

Applied Research Products Ltd.
Montreal, Quebec

Safety Instruments Ltd.
Calgary, Alberta

Levitt Safety Ltd.
Oakville, Ontario

Klaus Elsaesser
(416) 622-7820

Don Lavery
(203) 852-8999

Pierre Khoury
(416) 731-8975

Jim White
(416) 236-2788

Bob Stevens
(416) 336-2096

Name not specified.
(514) 334-5030

Tim Robinson
(403) 438-3028

Paul Cronin
(416) 829-3292

Sent information on ADC infrared
analysis equipment.

Information received on SAM + LAN
series.

Sent information on electrochemical
ammonia monitors.

Sent details of SSI ammonia gas analyzer.

Sent only information on personnel
ammonia samplers and batch sampling
techniques. No pertinent data received.

No response received.

No response received.

Sent information on portable Gastech
equipment.
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TECHNICAL PERSONNEL CONTACTED

Within Ontario Hydro
Steve Kazera
Brent Cutforth
Morad Solaimani
Pat Me Neill

Within the AECB
Frank Caiger-Watson
Ricardo Gerdingh
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Applications
O Assessment of nitrogen oxides (NOX)

removal processes involving ammonia
and its derivatives.

O Measurement of 'ammonia slip' in NOX
removal processes.

O Study of reaction mechanisms involving
ammonia and its derivatives.

ROBERTSON WHITE
ENGINEERING LTD.

3300 BLOOR ST. WEST
SUITE 3100

TORONTO, ONTARIO M8X 2X3
Telephone: (416) 236-2788

TELEX: 06-984794/FAX: (416) 239-9526



O AMMONIA (NH3) GAS ANALYSER
Background
In order to meet limitations on the emission of
nitrogen oxides (NO,) from fossil fuelled plant, it
has become the practice in several countries to
install post combustion treatment systems.
Ammonia, or one of its derivatives, is injected
into the flue gas where it reacts with NO, to
form nitrogen and water. Sufficient ammonia
has to be used to react with all of the NO,, but if
any unreacted ammonia remains, often referred
to as ammonia slip, then operational problems
can occur. For example, the excess ammonia
can react with other constituents in the flue gas
to form ammonium salts which deposit on air
pre-heaters: fly ash can also become
contaminated, atlectmg its precipitability. These
problems can lead to load factor reductions and
increased operational and maintenance costs. It
is essential therefore, to be able to monitor the
concentratiion of unreacted ammonia in flue gas
where such post combustion treatments for
NO, removal are used. The ammonia analyser
manufactured by Severn Science is based on
work undertaken in the laboratories of
PowerGen pic and is made under licence.

Principle
The gas sample is extracted continuously
through a heated probe unit and absorbed into
dilute sulphuric acid. This removes ammonia
from the gas stream as ammonium sulphate.
The gas and liquid are transferred to the
analyser, where they are separated. Sodium
hydroxide solution is then added to the liquid
stream and the ammonia liberated is measured
by a selective gas sensing electrochemical
probe. From a knowledge of the gas and liquid
flow rates and the response of the
electrochemical cell, the concentration of
ammonia in the flue gas is calculated.

Description
Probe Unit
The flue gas is sampled by inserting a heated
probe unit into the duct and extracting the gas
at a preset flow rate (usually in the range 0.5 -
2 litre/mm) through a silica tube. Solids in the
gas are removed by a replaceable silica wool
filler before the gas is mixed with a dilute
solution of sulphuric acid in a glass contactor.
The temperature of the probe and filter are
maintained at approximately 300'C to avoid
forming ammonium chloride and ammonium
bisulphate which could reduce the
concentration of ammonia gas absorbed by the
acid and could block the sample lines.

The standard probe unit is
1.2 metres long and 25mm
in diameter: probes in the
range of 0.3 metres to 2.5
metres can be supplied to
special order.
An umbilical is used to
transfer the solution and
solution/gas mixture
between the analyser and
the probe unit: it also
provides the electrical
inter-connections between
the units.

Analyser
The analyser is housed in
an aluminium case having
a removable top panel
allowing ready access to
components. The gas
sample is drawn
continuously into the
analyser by a diaphragm
pump; the flow rate is 5<x

adjusted by a needle valve
and measured on a scaled flowmeter. A lour
channel peristaltic pump is used tor liquid
transference to and from the probe unit and for
transferring the sodium hydroxide and
ammonium chloride calibration solution. The
ammonia gas sensing electrode is housed in an
enclosure controlled to + 0.1 °C and the data
obtained is converted into a digital display on
the output meter in concentration terms of parts
per million by volume.

The analyser is calibrated either by injecting
gas samples of known concentration into the
unit, measuring the response and making
appropriate adjustments, or by using standard
ammonium chloride solutions. In this latter
mode, the ammonium chloride solution is
contacted with the sodium hydroxide solution
while the sulphuric acid stream is diverted to
waste.

GLASS CONTACTOT

> • • - - . - ,

Specification
Analyser
Case
Painted instrument case with handles, top panel
removable.

Overall dimensions
320mm high x 525mm wide x 720mm deep

Overall weight
55kg
Terminations
All electrical sockets supplied with mating plugs,
gas and liquid lines - 6mm PTFE stub pipes.

Ambient temperature
Upto35*C.
System accuracy
Approximately ± 5 % of reading.

Power requirement
110V 50/60HZ single phase AC. 850W
maximum tor analyser. Additional power

supplied Irom analyser to probe - up to about
1500W required depending on length of probe.

Calibration
Injection of either dilute solutions of ammonium
chloride or gas mixtures of known concentration
from gas blender.

Display
Three-digit LED display showing concentration
of ammonia in the sample gas in parts per
million by volume.

Range
Two selectable ranges with adjustable span,
providing overall measuring range 0.5ppm -
500ppm.

Recorder output
Normal 0-1VDC into a high impedance
recorder.

Probe output
110VAC fused 13 amps supplied via umbilical to
sampling probe.

Instrument salety
Auto shutdown in case ot liquid leak.

Probe
Case
Aluminium case lined with ceramic fibre. Sides
removable for access to internals: carrying
handle and transit cover.

Overall dimensions
225mm high x 175mm wide x 150mm deep.
Standard sample tube 1.2m long: other lengths
to special order.

Weight
4.5kg, depending on length.

Operating temperature
300°C

Umbilical
2mm bore silicone rubber tubes for solution flow
and return lines and power supply cable to
probe. All surrounded by PVC outer sheath.

Severn Science (Instruments) Limited
Unit 4, Short Way, Thornbury Industrial Estate, Thornbury, BRISTOL BS12 2UT, England
Tel: Thornbury (0454) 414723 Facsimile: (0454) 417101



TOXIC GAS MONITOR

MODEL TGM 555

FEATURES

TRULY PORTABLE
CONTINUOUS ON-SITE READOUT
HIGH SENSITIVITY
USES STANDARD CHEMICAL PROCEDURES
PORTABLE AC/DC
OR PERMANENT RACK MOUNTING
LIGHTWEIGHT
RUGGED FOR USE ANYWHERE
COMPLETELY SELF CONTAINED
RECORDER OUTPUT
EASILY CONVERTED TO OTHER ANALYSES
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MODELS AVAILABLE FOR NH3, Cl2, FORMALDEHYDE, N2H4, HCI, HCN, HF, H2O2,
MERCAPTANS, NO2, NOX, PHENOL, PHOSGENE, SO2,TOx,
NICOTINE, TOTAL ALDEHYDES among others

The interchangeable TGM 555 air monitor weighs only 30 pounds and measures 20" x 16" x 7". That's
ultra portability. It is a rechargeable battery operated unit that can provide over 12 hours of independent
DC operation. It can also run on AC for laboratory operations for indefinite periods.
The TGM 555 can be taken into places completely inaccessible to other analyzers. It was designed to
be hand carried into the field, into the plant, as well as used in stationary installations, even in moving
vehicles.
The TGM 555 is truly flexible and easliy interchanged. All that is required is to change reagent(s), and
in some cases, to change the analytical module tray which contains the necessary glassware. The unit
is extremely sensitive and for many of the analyses can operate over a range of maximum sensitivity of
0-0.25 ppm full scale, detecting as minute a quantity as 0.005 ppm or 5 ppb of the gas to be measured,
adjustable to a full scale range of more than 10 ppm. Yet it is significantly lower in cost than other air
pollution data acquistion systems you can buy.
The TGM 555 is extremely precise, quick to respond, simple to operate, and utilizes, where possible,
techniques in accordance with the latest EPA reference methods and NIOSH publications.

( A A ) CEA Instruments, Int.



FORMALDEHYDE ANALYZER
TYPICAL PERFORMANCE SPECIFICATIONS
Standard Range

Low Level Range
Reproducibitity
Minimum Detection

Nonlinearity
Zero Drift
Span Drift
Aid low Drift

Zero Noise
Lag Time
Rise Time
Fall Time
Air Sample Flow Rate
Optimum
Temperature Range
Relative
Humidity Range
Dimensions
Weight
Power Requirements

Operating Period
Recorder Output

0-2 ppm (adjustable from 0-0.5 up to
0-10 ppm full scale)
0-500 ppb
1%
0.005 ppm {5 ppb) at 0-0.5 ppm full
scale or 1% of full scale
Less than 2% up to 2.5 ppm
Less than 2% per 24 hours
Less than 2% per 24 hours
Less than 1% per 24 hours
±0.3%
8V> Minutes
(90%) 4-'/? minutes
(90%) 4-V? minutes

0.5 liters per minute

60° to 80°F. Usable at 40° to 120°F

5 to 95%

20 L x 16"H x 7"D
30 pounds
12V DC unregulated, 4 watts,
175/230 VAC, 50/60 Hz (specify)
12 hours, fully charged internal batteries
0-1V2K impedence

PRINCIPLE OF OPERATION
The TGM 555 contains a rechargeable battery and a con-
stant volume adjustable air pump. An air sample is con-
tinuously drawn into the unit and any formaldehyde pre-
sent is scrubbed with a sodium tetrachloromercurate sol-
ution that contains a fixed quantity of sodium sulfite,
Acid bleached pararosaniline is added and the intensity
of the resultant color is measured at 550 nm by a col-
orimeter and displayed on a digital readout. A recorder
output is also provided and both formaldehyde in air and
liquid samples can be analyzed.

AVAILABLE ANALYSES
PARAMETER

Ammonia
Chlorine
Ethylene Glycol
Formaldehyde
Hydrazine
Hydrogen Chloride
Hydrogen Cyanide
Hydrogen Fluoride
Hydrogen Peroxide
Hydrogen Sulfide
Mercaptans
Nicotine
Nitrogen Dioxide
Oxides of Nitrogen
Phenol
Phosgene
Sulfur Dioxide
Total Aldehydes
Total Oxidants

NH3

Cl,
MEG
HCHO
N,H4

HCI
HCN
HF

H?O2
H2S
RSH
NIC
NO,
NOx

CsH60H
COCI2
SO2

TA
TOx

METHODOLOGY

Modified Berthelot
DPD Procedure
Na Paraperiodate
Pararosaniline
p-DMAB
Thiocyanate Method
Chloramine T/Pyr-Barb
Zirconium-SPADNS
KI/Mo/DPD
Methylene Blue
PAMA/FeCI3
CNBr-Aniline
Mod. Griess-Saltzman
CrO3 Oxidation
4-Aminoantipyrine
NBP/PBA
West-Gaeke
MBTH
KI/DPD

FULL SCALE RANGES*

0-10 ppm adj up to 0-50 ppm
0-0.25 ppm adj up to 0-5 ppm
0-0.5 ppm adj up to 0-50 ppm
0-0.5 ppm adj up to 0-10 ppm
0-2.5 ppm adj up to 0-20 ppm
0-10 ppm adj up to 0-50 ppm
0-0.25 ppm adj up to 0-1 ppm
0-1.0 ppm adj up to 0-10 ppm
0-0.25 ppm adj up to 0-5 ppm
0-0.5 ppm adj up to 0-20 ppm
0-1.0 ppm adj up to 0-20 ppm
0-0.5 ppm adj up to 0-10 ppm
0-0.25 ppm adj up to 0-10 ppm
0-0.25 ppm adj up to 0-10 ppm
0-0.5 ppm adj up to 0-10 ppm
0-0.25 ppm adj up to 0-5 ppm
0-0.25 ppm adj up to 0-10 ppm
0-0.1 ppm adj up to 0-10 ppm
0-0.25 ppm adj up to 0-5 ppm

•With optional stream splitters all ranges can be multiplied by a factor of 10 or 100.

{Specifications subject to change without notice.)

SSCAN-CROOVNE

90 West Beaver Creek Road. Richmond Hill. Ontario UB 1E7
Tel: 1416) 711-8975 - Fax: (416) 731-9677
A DIVISION OF SAFETY SUPPLY CANADA



FORMALDEHYDE
IN AIR

MONITOR
WITH

UNBELIEVABLE SENSITIVITY
RECOh. ' RELIABLY AND CONTINUOUSLY FROM 0-0.2 PPM FULL SCALE UP TO 0-10 PPM FULL SCALE

DETECTING AS LITTLE AS 2 PPB
CORRELATES WITH NIOSH CHROMOTROPIC ACID TEST

TGM 555 TOXIC GAS MONITOR

FEATURES
- CONTINUOUS ON-SITE READOUT
~ 2 ppb SENSITIVITY
- INTERFERENCE FREE
- CORRELATES WITH CHROMOTROPIC ACID TEST
- PORTABLE AC/DC OPERATION

OR PERMANENT RACK MOUNTING
~ LIGHTWEIGHT
- RUGGED AND DEPENDABLE
" RECORDER OUTPUT
- EASILY CONVERTED TO OTHER ANALYSIS

The TGM 555 Toxic Gas Monitor is the successor to the world renown CEA 555 and uses the same accepted chemical procedure
for formaldehyde analysis. The TGM 555 is an automated wet chemical, colorimetric analyzer utilizing the pararosaniline procedure,
for which no known interferences have been found. It can reliably and continuously monitor formaldehyde levels below 1ppm in
ambient air and workplace atmospheres. Typical full scale range of the analyzer is 0-5 ppm, adjustable from 0-0.2 ppm. detecting
as low as 2 ppb, up to 0-10 ppm full scale. The unit has been shown to correlate with the NIOSH chrqmotropicacid technique within
±3%. The TGM 555 is applicable in the manufacturing of particle board, plywood, building materials, permanent press clothing,
dyes, photographic film, various plastics and other industries where formaldehyde may be present.

INTERFERENCES
An independent study by an industrial firm has demonstrated no effects from the presence of methyl alcohol, acetaldehyde, acetone,
MEK and other organics. No interferences have been found for the pararosaniline procedure that is utilized on the 555.

CHROMOTROPIC ACID CORRELATION
Another industrial company has confirmed that the formaldehyde concentrations measured by the 555 Air Monitor were equivalent
and within 3% of those obtained by the Chromotropic Acid technique. The testing was conducted over a period of 100days. Typical
results in ppm are as follows.

Field Measurement**
CEA 555 Chromotropic CEA 555 Chromotropic Reference

Air Monitor Add Test Air Monitor Add Test Sampler CEA 555
PPB

3.70 3.65
3.40 3.24
3.05 3.30
2.95 2.99
2.75 2.62
2.45 2.51
2.00 2.04

Hundreds of users around the world in the chemical industry, research and consulting organizations, local and federal governments,
as well as the textile and woodworking industries have recognized that the 555 is the instrument of choice for interference-free,
accurate measurements of formaldehyde below 3 ppm.

•J.APCA 31: 1183 (1981)

CEA 555
Air Monitor

1.95
1.90
0.95
0.86
0.80
0.75
0.60

Chromotropic
Add Test

2.16
1.93
0.92
0.84
0.76
0.70
0.59

25 ±
73 +

107 +

3
5
7

24 + 2
7 4 + 4

100 + 9



PRINCIPLES OF OPERATION
The TGM 555 contains a rechargeable battery and a constant
volume adjustable air pump. An air sample is continuously
drawn into the unit and any formaldehyde present is scrubbed
with a sodium telrachloromercurate solution that contains
a fixed quantity of sodium sulfite. Acid bleached pararosaniline
is added and the intensity of the resultant color is measured
at 550 nm by a colorimeter and displayed on a digital readout.
A recorder output is also provided and both formaldehyde
in air and liquid samples can be analyzed.

The TGM 555 consists of the following components:

SIMPLER DESIGN, LOWER COST
The TGM 555 has fewer parts, less circuitry. Through the
use of a patented optical system, there are no mirrors, prisms,
or light choppers to go out of critical alignment. Because it
has fewer mechanical parts, maintenance costs are minimal.
You will save many man-hours with the 555 too, because it
will operate unattended for extended periods. The 555 is
precise, quick to respond and simple to operate, even an
unskilled assistant can learn its operation. Changing analysis
is as easy as changing a tray.

TYPICAL PERFORMANCE SPECIFICATIONS
Standard Range: 0-5 ppm (adjustable from 0-0.15 up to

0-10 ppm full scale)
Low Level Range: 0-250 ppb
Reproducibility: 1%
Minimum Detection; 0.00,2 ppm (2 ppb) at 0-0.15 ppm full

scale or 1% of full scale
Nonlinearity: Less than 2% up to 2.5 ppm
Zero Drift: Less than 2% per 24 hours
Span Drift: Less than 2% per 24 hours
Airflow Drift: Less than 1% per 24 hours
Zero Noise: ± 0.3%
Lag Time: 4-1/2 minutes (STD), 8-1/2 minutes

(low level)
Rise Time: (90%) 4-1/2 minutes (STD), 2-1/2

minutes (low level)
Fall Time: (90%) 4-1/2 minutes (STD), 3 minutes

(low level)
Air Sample Flow Rate:0.5 liters per minute
Optimum
Temperature Range: 60° to 60°F. Usable at 40° to 120°F
Relative
Humidity Range: 5 to 95%
Dimensions: 20"L x 16"H x 7"D
Weight: 30 pounds
Power Requirements: 12V DC unregulated, 4 watts,

115/230V AC, 50/60 Hz (specify)
Operating Period: 12 hours, fully charged internal batteries
Recorder Output: 0-1V 2K impedence

SSCAN-GRODYNE

'10 West Beaver Creek Road. Richmond Hill. Ontario MB TU
16 Tel: (416) 731-8975- Fax: (416) 731-9677

Pf A DIVISION OF SAFETY SUPPLY CANADA

A. Air sample inlet
B. Air sample flow control
C. Air sample vacuum pump
0. Readout and control panel
E. AC power input
F. Continuous dual beam

colorimeter

G. Peristaltic pump for the transfer
of liquid to the scrubber and
to the reaction and detection
systems.

H. Analytical module tray
consisting of vertical gas
absorption coil, liquid-air
separator and time delay coil.

I. Hinged door behind which
reagent containers are stored.

OTHER AVAILABLE ANALYSIS

The 555 is truly flexible and easily interchanged. Changing chemistries is as
easy as changing a tray. All that is then required is to change reagent(s). The
techniques utilized, where possible, are in accordance with the latest EPA
reference methods and NIOSH publications.

PARAMETER

Ammonia

Chlorine

Ethylene Oxide

Hydrazine

Hydrogen Chloride

Hydrogen Cyanide

Hydrogen Fluoride

Hydrogen Sulfide

Nitrogen Dioxide

Oxides of Nitrogen

Phenol

Sulfur Dioxide

Total Oxidants

NH3

Cl2

E(0
N2H,

HCI

HCN

HF

H2S

N02

NOx

C6H50H

S02

TOx

METHODOLOGY

Modified Berthelot

DPD Procedure

Periodate/PRA

p-DMAB

Tniocyanale Mcllmrt

ChloraminE T/Pyr-Barb

Zirconium- SPADNS

Methylene Blue

Mod. Griess-Saltzman

CrO3 Oxidation

4-Aminoantipyrine

West-Gaeke

KI/DPD

TYPICAL

FULL SCALE RANGES1

0-1.0 ppm adj up to 0-50 ppm

0-0.25 ppm adj up to 0-5 ppm

0-1.0 ppm adj up to 0-25 ppm

0-0.5 ppm adj up to 0-20 ppm

0-2.5 ppm adj up to 0-100 ppm

0-0.25 ppm adj up to 0-1 ppm

0-1.0 ppm adj up to 0-10 ppm

0-0.25 ppm adj up to 0-1O ppm

0-0.25 ppm adj up to 0-10 ppm

0-0 25 ppm adj up too-10 ppm

0-0.1 ppm adj up to 0-10 ppm

0-0.25 ppm adj up to 0-10 ppm

0-0 2b ppm adj up to 0-5 opm

...and more coming

< With optional stream slitters all ranges can be multiplied by a factor of 10 or 100.
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