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par
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RÉSUMÉ

Dans le présent exposé on fait état d'un certain nombre de données sur les dépôts des produits
de corrosion qui se manifestent sur les gaines de combustible dans diverses conditions
d'exploitation et de chimie de l'eau :

- eau bouillante et non bouillante;
- flux thermique surfacique;
- pH, concentration d'hydrogène dissous.

Le comportement des produits de corrosion dans le coeur du réacteur peut être interprété en
fonction de la solubilité de la magnetite et de la manière dont celle-ci varie selon la
température et la chimie de l'eau. Une hypothèse avancée au cours des années 1970 décrit les
mécanismes de formation des dépôts et de libération des particules et fait appel à un
processus de dépôt des particules sur les gaines puis de dissolution dans l'eau chaude sous
l'effet des rayonnements. Certaines des données sur les dépôts peuvent être interprétées à
l'aide d'un modèle représentant ces mécanismes.

Cet exposé a fait l'objet d'une communication présentée au Symposium on Activity Transport
in Water-Cooled Nuclear Reactors qui a eu lieu à Ottawa du 24 au 26 octobre 1994.
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ABSTRACT

Data on corrosion product deposits on fuel sheaths are presented for a variety of operating
conditions and water chemistries:

- boiling and non-boiling water;
- surface heat flux;
- pH, dissolved hydrogen concentration.

Corrosion product behaviour in-core may be interpreted in terms of the solubility of magnetite
and how it changes with water chemistry and temperature. A hypothesis of the deposition
and release mechanisms was proposed in the 1970s in which particles deposited onto the
sheath and subsequently dissolved in the heated water while being irradiated. Some of the
deposition data may be interpreted using a model of these mechanisms.

Paper presented at International Symposium on Activity Transport in Water-Cooled Nuclear
Reactors, Ottawa, 1994 October 24-26.
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VALUES AND IMPLICATIONS

The X-3 series of in-reactor loop water chemistry experiments in the 1970s proved
invaluable in guiding CANDU water chemistry specifications and in providing understanding
of activity transport mechanisms. Selected experiments have been reviewed here to examine
the effects of three operating variables: boiling or non-boiling water, surface heat flux, and
the dissolved hydrogen concentration on the corrosion product deposits on the fuel sheaths in
the loop core. While the first two variables could be shown to have clear effects, the effect
of dissolved hydrogen concentration could not be isolated.

Dissolved hydrogen in the coolant should be kept high enough in concentration to suppress
radiolysis in the core, yet low enough that it does not contribute significantly to pressure tube
hydriding. It doss not seem to have a strong effect on corrosion product deposition on the
fuel sheaths.
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1. INTRODUCTION

Gamma radiation fields increase on the out-core piping of all water-cooled nuclear reactors.
This phenomenon has been studied for many years with the hope of finding ways of reducing
the rate of growth. The major contributor to these fields is almost always Co-60. Field
reduction is especially important for plant operators, with the growing international pressure
to reduce radiation exposure to humans. Removal of cobalt alloys from contact with the
primary coolant and the reduction of cobalt impurity in the materials of construction exposed
to primary coolant are solutions adopted at the design stage. Operators can insure compliance
with the recommended chemistry specifications and can decontaminate whole systems or sub-
systems to reduce fields before maintenance.

Mathematical modelling of radiation field growth can be used to identify other solutions to
control radiation fields. In CANDU, this could take the form of a preferred direction of
refuelling if the inlet fuel bundle is predicted to have heavy deposits of metal oxides, such as
magnetite. Control of the quantity of magnetite deposited inside the tubes in the steam
generators may control the rate of deposition of Co-60. This indicates that the suspected
source of the iron (the outlet feeder and header) could be reduced with minor amounts of Cr
in the carbon steel or operation of the coolant pH at the lower end of the specified range.
Finally, precipitation fouling of the fuel sheaths which is observed at low coolant pH must be
avoided and this means the minimum pH of the coolant at which it begins must be known for
both pressurized and boiling water operation.

A series of experiments conducted in the X-3 loop in the NRX reactor at Chalk River
Laboratories(CRL) was run from 1973 to 1980 and the early results published (1) and
discussed at the first British Nuclear Energy Society Water Chemistry Conference (BNES)
in 1977. All but the last experiment are summarized (2) in an Atomic Energy of Canada
(AECL) report in 1980. This paper will highlight some of the water chemistry issues from
this work and discuss the two fouling mechanisms for nuclear fuel: particulate fouling and
precipitation fouling. An hypothesis and mathematical model of particulate fouling (3)
proposed almost twenty years ago still seems valid. This model can predict the rate of field
growth on CANDU steam generators. Precipitation fouling may be common in Pressurized
Water Reactors (PWRs) and is discussed here.

2. EV-REACTOR LOOP EXPERIMENTS

Figure 1 shows a schematic drawing of the water flow in the X-3 in-reactor loop at CRL.
Details on the loop operation are given in references 1 and 2. Figure 2 shows the geometry
of the fuel assembly that was used. The fuel elements were identical to those used in
CANDU fuel bundles with three different heat fluxes depending on the fuel used: steel rod,
natural UO2, enriched UO2. All three fuels were used in each bundle to enable local deposits
to form under the same water conditions of flow, steam quality, chemistry, and temperature
so the effect of hrat flux could be isolated easily. A dummy fuel bundle downstream from
the fuelled assembly was used to detect any effect of reactor radiation on deposition.



The loop was operated either in pressurized water with no boiling or with bulk boiling
beginning on the second fuel bundle from the inlet.

3. FOULING MECHANISMS

Table 1 lists the six fouling mechanisms proposed by N. Epstein (4). The last four can be
neglected in most cases of fouling of fuel sheaths.

Table 1: The Six Fouling Mechanisms (réf. 4).

1. Particles
2. Precipitation (crystal growth)
3. Polymerization (chemical reaction fouling)
4. Biological growth
5. Corrosion
6 Freezing

One special test was run in which the outcore bundle was replaced by three electric heaters
sheathed in Zircaloy-4. Each heater was run at a fixed power to mimic the in-core fuel
elements at zero power, intermediate power, and high power. Figure 3 shows photographs
from this test with particles on the sheaths for the dummy and low heat flux sheaths. The
particles are typically 1-10 Jim in diameter. Deposit weights of iron were measured by
dissolving the iron oxide deposit in HC1 and then analyzing the acid. Deposit weights for this
test are typical of those from tests with water chemistries which do not promote crystal
growth on the fuel sheaths and of those found on CANDU fuel bundles of about
10-50 mg Fe/m2.

Precipitation fouling is easily provoked by operation in pressurized or boiling water at a low
pH, typically below pH 9 (measured at 25°C). Figure 4 shows precipitation fouling in boiling
water at pH 8 to give magnetite deposits in one test done with LiOH to control pH, and with
11 mg NH3/kg to control pH in another test where the major iron oxide was hematite.
Visually, precipitation fouling is easily identified on the fuel sheaths where the shiny, black
ZrO2 layer on the sheath is obscured by a dull deposit. Figure 5 shows the SEM photos
obtained for each of these deposits. The deposits have grown from solution. The appearance
of hematite may indicate oxidation of magnetite once it has grown from solution and does not
necessarily mean hematite growth from solution. Deposit weights on the fuel sheaths exceed
100 mg Fe/m2 for precipitation fouling, as will be discussed in the next section.

4. EXPERIMENTAL RESULTS

A major difficulty with experiments like those discussed here is the high cost. A problem
that involves reproducibility cannot be explored. Cost precludes the option of performing
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several years' work to control all the loop variables (many, like reactor trips, cannot be
controlled anyway). The experimenter must be content to look for large effects from which
conclusions can be drawn.

Table 2 examines experiment reproducibility as well as the effect of crud level on deposit
weights.

Table 2: Effect of Crud Level on Deposit Weight in Pressurized Water Tests
(pH 10.2 ± 0.1 with LiOH)

Test

2

5

7

Coolant Crud
Level

(Hg/kg H20)

2.5

22

20

Deposit Weight of Iron
(mg/m2)

In-Core Dummy

9.2

20.4

52.1

Natural

20.2

19.7

47.9

Enriched

10.3

17.8

37.5

(Note: Test numbers are those used in reference 2.)

Raising the crud level eight-fold has perhaps increased deposit weights a factor of two to five,
although the effect is not uniform for all fuel elements. One difficulty with the comparison is
the need to give one number for deposit weight when there are four deposit weights for each
heat flux: one poor number can make the average less representative. As well, the
composition of the crud has changed from that typical of a stainless steel loop in test 2 to
artificial crud formed from ferrous hydroxide injection or from corrosion of a carbon steel foil
put in the loop autoclave for tests 5 and 7.

In CANDU, the primary coolant chemistry is controlled by LiOH addition and by H2 addition.
These are the major ways that the operator has to influence activity transport. Table 3
examines the effect of dissolved hydrogen on fuel sheath deposits, with all other variables
held approximately the same.

Dissolved hydrogen does not seem to affect the deposit weight of iron oxide on the fuel
sheath, but it does seem to affect the specific activity of the deposit for Fe-59. This could
mean that the deposit formed early in test 6 and that there was no further deposition or
release compared to the particulate fouling model applied with release by dissolution for tests
5 and 7, to be discussed shortly. Perhaps the magnetite particles are depositing in test 6, but
being oxidized on their surface immediately to hematite with its much lower solubility. If
this were the case, then the deposits should continue to grow heavier with time until another
release process such as erosion began. For an experiment time of about 40 days, none of
these hypotheses can be tested with the data given here. Mathematical modelling of the
hypotheses may be useful to permit quantative comparison with the data and perhaps allow
selection of the correct hypothesis.



Table 4 shows data for the effect of dissolved hydrogen in boiling water. The deposit weight
of iron seems much lighter on the natural and enriched fuel sheaths with no hydrogen in the
water, which means deposition has been slowed down or that release is faster than with

Table 3: Effect of Dissolved Hydrogen on Deposit Weight in Pressurized Water Tests
(pH 10.2 ±0.1 withLiOH)

Test

5

6

7

Dissolved Hydrogen
Concentration

(cm3 H2/kg H2O)

10

<1

12

Deposit Weight of Iron
(mg/m2)

In-Core
Dummy

20.4

45.6

52.1

Natural

19.7

28.6

47.9

Enriched

17.8

27.4

37.5

Deposit Specific Activity
(GBq Fe-59/g Fe)

In-Core

0.22

1.08

0.08

Natural

0.13

0.52

0.07

Enriched

0.13

0.73

0.02

Table 4: Effect of Dissolved Hydrogen on Deposit Weight in Boiling Water Tests
(pH 10.2 ±0.1 WITHLiOH)

Test

16

21

Dissolved Hydrogen
Concentration

(cm3 H2/kg H,O)

7.5

0.5

Deposit Weight of Iron
(mg/m2)

In-Core
Dummy

9.3

5.6

Natural

27.8

4.6

Enriched

36.2

9.8

Deposit Specific Activity
(GBq Fe-59/g Fe)

In-Core
Dummy

0.09

0.68

Natural

0.12

0.64

Enriched

0.23

0.49

hydrogen. The specific activity data for Fe-59 indicate much higher activity for the no-
hydrogen case which suggests slower deposition and longer residence time. Again,
hypotheses are needed and mathematical modelling required to examine them. The light
deposit weights suggest particulate fouling only.

Table 5 examines the effect of the pH additive: none, LiOH, or NH3. Clearly, precipitation
fouling is evident at pH 9.3 in pressurized water with LiOH. At pH 9.7 the dissolution rate
of deposited particles will be small because of the small slope of the solubility curve with
temperature. Operation with ammonia avoids precipitation fouling. Operation at pH 7 with
no additive gives very heavy deposits and must be avoided. No nuclear plant operates this
way, although the Saxton PWR did operate with neutral water at some point.

Table 6 shows the effect of pH and pH additive for operation in boiling water. Only
operation with LiOH at pH 10.2 with or without ammonia is capable of avoiding precipitation
fouling.



5. DISCUSSION

The magnetite solubility curves of Sweeton and Baes (5) may be used to explain much of the
deposit data found here. Figure 6 shows curves for pH 9.3, 9.7, and 10.2 which apply to
operation in pressurized water. Clearly, operation with an inverse solubility of magnetite with

Table 5: Effect of pH and pH Additive on Deposit Weight in Pressurized Water Tests

Test*1'

2
i

14

11

10

pH Additive

pH @ 25°C
with LiOH

10.3

9.3

9.7

~

~

PH@
25°C with

no
additive

—
--

--

7.3

—

NH4OH
(mg NH3/kg

H20)

0

0

0

0

50(2)

Deposit Weight of Iron (mg/m2)

In-Core
Dummy

9.2

89.0

91.7

1284.

20.7

Natural

20.2

159.4

79.6

1590.

22.5

Enriched

10.3

360.0

121.1

1326.

17.3

NOTE:

(1) Dissolved H, cone. 12 ± 3 cm3H2/kg for all five tests.
(2) 50 mg NH3/icg H,0 gives the same pH at 250°C as a LiOH solution with

pH 9.7 @ 25°C. "

Table 6: Effect of pH and pH Additive on Deposit Weight in Boiling Water Tests

Test

16

17

23

19

20

22

pH and pH Additive

pH @25°C

10.5

8.4

7.4

9.9

10.2

10.6

LiOH
mg Li/kgH2O

1.10

0.02

0

0.10

1.10

0

NH4OH (mg
NH3/kg H20)

0

0

0

11

10

150

Deposit Weight of Iron
(mg/m2)

In-Core
Dummy

9.3

3063

1694

1910

4.9

186

Natural
UO2

27.8

14725

5025

5765

7.1

701

Enriched
U02

36.2

36275

7496

13910

2.1

1707



temperature will provoke precipitation fouling. Operation at pH 10.2 means that the water
becomes unsaturated in dissolved iron as it flows over the fuel sheaths and this provides a
mechanism for release of deposited particles by dissolution. The dissolved hydrogen
concentration may only affect the magnitude of the solubility and thus alter the driving force
for dissolution or precipitation fouling without altering the critical pH at which fouling
switches from one mechanism to another.

Figure 7 shows Sweeton and Baes (5) magnetite solubility curves drawn for fixed water
temperature, but with different pH. These curves do show that if the pH at the fuel sheath
surface is raised by boiling, then operation with an inverse solubility curve with respect to pH
will cause magnetite to precipitate. Operation above pH 9.3, for example at 300°C, will
allow an increase in solubility with an increase in pH, so magnetite will not precipitate.

These curves do seem to predict observed behaviour correctly, but detailed mathematical
modelling of this effect will show that the increase in solubility at pH 10, for example, is not
enough to hold all the dissolved iron in solution when it also becomes concentrated.

Table 6: Effect of pH and pH Additive on Deposit Weight in Boiling Water Tests

Test

16

17

23

19

20

22

pH and pH Additive

pH @25°C

10.5

8.4

7.4

9.9

10.2

10.6

LiOH
mg Li/kgH2O

1.10

0.02

0

0.10

1.10

0

NH4OH (mg
NH3/kg H20)

0

0

0

11

10

150

Deposit Weight of Iron
(mg/nr)

In-Core
Dummy

9.3

3063

1694

1910

4.9

186

Natural
UO2

27.8

14725

5025

5765

7.1

701

Enriched
U02

36.2

36275

7496

13910

2.1

1707

6. CONCLUSIONS

The intent of the paper has been to examine the chemistry conditions under which
precipitation fouling dominates the deposition process. Otherwise, particulate fouling is
proposed to account for the very light deposits found on fuel sheaths. Operation at or above
pH 9.7 @25°C with LiOH is necessary in pressurized water to avoid precipitation fouling.
Operation at pH 10.2 @25°C with LiOH in boiling water avoids precipitation fouling. The
threshold pH for boiling water conditions was not determined.
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Figure 1 : Schematic Diagram of X-3 Loop.
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Figure 2: Geometry and Location of Standard Fuel String in X-3 Loop.
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Figure 3a: SEM Photograph of Typical Area of Out-core "Dummy" Electrically Heated
Element Showing Deposit Crystals.
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Figure 3b: Typical Area on "Low Heat Flux" Electrically Heated Element.
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Figure 4: Effect of pH Additive on Deposit Composition and Appearance in Boiling Water.
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Figure 5: SEM Photographs of Deposits Formed with Different pH Additions in Boiling
Water.
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