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K.A. Burrill

RÉSUMÉ

La corrosion accélérée par l'écoulement des grandes surfaces d'acier au carbone dans les différents
circuits des centrales CANDU produit des quantités importantes de produits de conosion. De
plus, la vitesse de corrosion relativement rapide peut causer des problèmes avec certains
composants. On a identifié trois types de problèmes dans les centrales et établi un modèle simple
de la corrosion de l'acier au carbone contrôlée par le transfert de masse pour ces types de
problèmes. Voici les résultats obtenus dans chacun des cas :

• La corrosion accélérée par l'écoulement d'un certain nombre de canalisations du circuit
d'eau d'alimentation produit des boues qui provoquent l'encrassement des générateurs de
vapeur. Les prévisions établies à la sortie du circuit d'eau d'alimentation en ce qui a trait
à la concentration d'équilibre en fer correspondent assez bien aux valeurs mesurées.

• Des tubes de liaison en acier au carbone relient le coeur du réacteur aux générateurs de
vapeur. C'est la corrosion accélérée par l'écoulement de la surface de ces tubes qui est
à l'origine du fer dissous qui encrasse le côté primaire des tubes des générateurs de vapeur
et peut conduire à une réduction des performances de la centrale; il peut aussi s'avérer
plus difficile de vérifier les tubes.

• Les plaques de partition compartimentées en acier au carbone dans les boîtes d'eau du
primaire des générateurs de vapeur fuient de plus en plus. L'importance de la fuite est
en grande partie fonction du serrage des joints en recouvrement qui sont à la longue
soumis à une corrosion accélérée par l'écoulement.
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ABSTRACT

Flow-accelerated corrosion (FAC) of large areas of carbon steel in various circuits of
CANDU plants generates significant quantities of corrosion products. As well, the relatively
rapid corrosion rate can lead to operating difficulties with some components. Three areas in
the plant are identified and a simple model of mass-transfer controlled corrosion of the carbon
steel is derived and applied to these areas. The areas and the significant finding for each are
given below:

• A number of lines in the feedwater system generate sludge by FAC, which causes steam
generator fouling. Prediction of the steady-state iron concentration at the feedtrain outlet
compares well with measured values.

• Carbon steel outlet feeders connect the reactor core with the steam generators. The feeder
surface provides the dissolved iron through FAC, which fouls the primary side of the
steam generator tubes, and can lead to derating of the plant and difficulty in tube
inspection.

• Segmented carbon steel divider plates in the steam generator primary head leak at an
increasing rate with time. The leakage rate is strongly dependent on the tightness of the
overlapping joints, which undergo FAC at an increasing rate with time.
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1. INTRODUCTION

Flow-accelerated corrosion (FAC) may be defined as corrosion enhanced by mass transfer
between a dissolving oxide film and a flowing water stream unsaturated in the dissolving
species. There are many locations in nuclear reactor water circuits where these conditions are
met. Often, the effects of rapid corrosion have been anticipated in plant design, and suitable
materials have been used to resist rapid oxide dissolution (e.g., >0.2 wt% Cr in carbon steel).
Sometimes, the FAC is slow and the materials, typically carbon steel, last the life of the plant
with little more than the design corrosion allowance removed. In a few instances, pipe and
fittings thin too rapidly and must be replaced. There are FAC effects other than those on
routine maintenance and surveillance, however, and they are the topic of this paper. Three
areas are discussed:

(1 ) Water highly unsaturated in dissolved iron is found in several locations in the feedtrain,
and generalized FAC over entire pipe lengths and localized FAC in regions of extreme
turbulence are expected. The former leads to large amounts of dissolved iron being
carried away from uie pipes by the feedwater, while the latter may lead to pipe fitting
penetration (e.g., at a reducer). The iron released by FAC is postulated to be the major
source of sludge on the secondary side of steam generators under steady-state operation.

(2) The carbon steel outlet feeders in CANDU* plants carry highly unsaturated water to the
steam generators, and the feeders undergo FAC. While the corrosion rates are low,
significant dissolved iron is added to the coolant, and this precipitates as magnetite
inside the steam generator tubes. The deposits impede tube inspection by eddy-current
probe, for example, reduce heat transfer, and accumulate Co-60, which gives significant
boiler radiation fields.

(3) The segmented divider plates used in most steam generators in CANDU plants permit
slight leakage of highly unsaturated water from one side of the plate to the other. This
leakage gradually accelerates over many years, until the flow in the overlapping gaps of
the plates becomes turbulent, and FAC becomes evident in a few years. The effect of
such leakage is to reduce the apparent heat transfer efficiency of the steam generator.

A simple FAC model is derived from chemical engineering principles, and applied to each of
the three areas identified above.

2. SIMPLE FLOW-ACCELERATED CORROSION MODEL

Three partial differential equations (PDEs) will be derived and solved for both steady-state
and transient conditions.

2.1 Derivation of Equations

To derive the equations, mass balances for dissolved species in the bulk water flow, the wall
layer of water, and dissolved species generated by the corrosion film are carried out.

CANDU: CANada Deuterium Uranium; registered trademark.
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Equations (l)-(3) are three equations in three unknowns: C, Cw, and m as functions of x and
0. They may be solved once the corrosion rate, m', is defined in terms of oxide deposit mass.
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2.2 Steady-State Solution

The pseudo-steady-state assumption permits time rates of change to be eliminated when the
variable changes very quickly with time to reach essentially a steady-state value. In this case,
both C and Cw will adjust their values almost instantly to accommodate the corrosion rate,
which is changing much more slowly. Steps in the solution are given below.
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(i) The equations at steady-state may be written

Q̂= k ( C w - C ) (la)

= k(S C ) (2a)

^ - kd(S - Cw) = k(Cw - C) (3a)

(ii) Eliminate m' from (2a) and (3a) and solve for Cw to give:

2kd(S - Cw) = k(Cw - C)

or

w (k + 2kd) (k + 2kd) *• ;

(iii) Substitute into Equation (la) to get

2kkd k

s

dx (k + 2kd) Q (k + 2kj) Q

or

^ = a S - o C
dx

(iv) Solve with the boundary condition: C = Co at x = 0 to get

C = S - (S - C0)e-"x (5)



where

C = dissolved iron concentration at a distance x from the pipe inJet, g/g
S = solubility of the iron oxide on the metal surface, g/g
Co = inlet dissolved iron concentration
x = distance from pipe inlet, cm
a = 2(X/Q)kdk/(2kd +k)
?i = pipe surface area per unit length, cm2/cm
Q = water mass flow rate, g/s
kd = dissolution rate constant for iron oxide of interest, g/cm2s
k = mass transfer rate of dissolved iron from the wall to the bulk water, g/cm2s

(v) Equation (5) may be used in Equation (4) to get Cw, and then Equation (2a) used with
this expression to get m'/2. Since m' = b/m for parabolic kinetics, m(x) can be found.

Thus

2 k d S + k S -
w (k

and so

m / ( S - C 0 ) e - «

• i) ( 6 )

This is identical to the Berge model (Berge and Khan, 1982) but with the extra factor e'°
describing m" as a function of x.

or

'« - C0)e-«
m = . - .

fj_ i) (6a)

2kd k

2.3 Transient Solution

Equation (5) is an exact solution to the steady-state problem. Here, a transient solution is
sought which may have less exactness, but will approach Equation (5) in the limit 6 —> °°.

(i) Write the partial differential equations at pseudo-steady-state as

k(Cw - C) - ^ = 0 (7)



5L + kd(S - Cw) - k(Cw - C) = 0 (8)

(9)

(ii) Eliminate m'/2 from (8) and (9) by subtracting the two equations and use Equation (7)
so that:

A ax at)

Write (7) so that

(11)
dx

and substitute into (10) so that

s - c - -SLiSl - QdÇ . . E s
w d x A<u de

or

-*» = 2kd(S - C) - Q f c
d6 d M k Jdx

(iii) Since C = C(x) only by the pseudo-steady-state assumption, integrate Equation (12) to
get

2k.cs - oe - f

where the boundary condition was evaluated with m = rr^ at 0 = 0.
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(iv) Rearrange Equation (13) in terms of C to get
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(v) Equation (13a) may be integrated if (-mo + m)*m(x). Assume this to be an
approximation, and integrate with C = Co and x = 0 to find

C = S - (S - q,)e"M + ( - ^ + "0 ( 1 _ e-BX)
2kd6

Equation (14) has the necessary form of Equation (5) and shows that as 9—><» Equation
(14) approaches equation (5).

If the oxide must become thicker (m >m0), then the solute concentration C will be
higher than C. from Equation (5). If the oxide must become thinner because the initial
oxide layer rrio was too thick, then C will be smaller than CM, but increasing with time.

(vi) One suggested approach to using Equation (14) is to use the steady-state value for m
found from Equation (6a). That is:

m , jb (S -

or

(2kd * k)

2kdk ( S - C o )

where the exponential term has been neglected.



3. SLUDGE TRANSPORT MODEL

This section describes the application of the FAC model to the Gentilly-2 Nuclear Generating
Station. This is a CANDU-6 plant located near Trois Rivières, Quebec. The plant uses all-
volatile treatment (AVT) chemistry with morpholine alone. Corrosion product transport
measurements at steady-state operation of the plant have been made. The measurements
involve cold filtration of about 1 m3 of sample to obtain a residue, which is weighed to
determine the sludge concentration. Here, calculated results are compared with average
values based on measurements over a period of more than one year.

3.1 Modeling Details

The FAC model is used to calculate local generation of sludge around the secondary side of
the plant, based on local water chemistry and hydrodynamic conditions. The calculation was
performed to test the predictive capabilities of the FAC model; hence no attempt was made to
determine the generation or deposition of sludge in process units such as the heaters or the
deaerator. In the flow sheet for the plant, these units simply establish connections between
lines. However, these various units will contribute either positively or negatively to the
sludge inventory in a final sludge transport model.

A simplified flow sheet for the plant, containing 29 lines, was made, based on design
drawings of the plant. Each line was assigned a flow rate, diameter, length, water
temperature and steam quality. Flow-accelerated corrosion was assumed to occur only in
carbon steel lines containing water, or a mixture of steam and water.

The water chemistry of the plant was calculated by performing a mass balance around the
flow sheet, taking into account the vapour-liquid partitioning of the morpholine. The change
in the dissociation and partitioning characteristics of the system with temperature were also
included in the calculations. The dissolved oxygen concentration around the cycle was
calculated based on a similar mass balance, with vapour-liquid partitioning.

To calculate the FAC rate, the values of the mass transfer coefficient and oxide dissolution
rate constant are required. Due to a paucity of data, the value of the dissolution rate constant
used was 0.05 g cm2 s"1, a number calculated from the results of experiments conducted at
Chalk River Laboratories in the 1970s, involving the solubility and dissolution of magnetite in
water containing hydrogen at 300°C (Balakrishnan, 1977). The mass transfer coefficient was
calculated from a dimensionless correlation (Berger and Hau, 1977) for the flow of turbulent
single phase water, taking into account the change in the physical properties of water with
temperature. This correlation was used in both the single- and the two-phase lines, although
it is recognized that a different relation may exist in the water-steam lines.

The solubility of dissolved iron was assumed to be controlled by hydrated ferric oxide and
by Fe3O4. The solubilities of these oxides were calculated using a Russian database with
MULTEQ, and were correlated with temperature using simple mathematical functions.
Figure 1 shows the calculated solubilities.
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3.2 Calculation Results

The calculated iron concentrations are shown in Figure 2. The calculated concentrations are
based on the assumption that all the iron oxide on the pipes with high temperature fluids
(>125°C) is magnetite. The model predicts the sludge level fairly accurately. There are two
regions in which the model significantly under-predicts the amount of sludge: the low
temperature line (A) leaving the condenser, and the high temperature, high pressure heater
drain line (B). The model predicts the final feedwater sludge concentration to within 25% of
the measured value.

4. CANDU OUTLET FEEDER MODEL

While it has been known for many years that the CANDU outlet feeders are exposed to water
unsaturated in dissolved iron, the correlation of iron released from this area, because of FAC
with reduced heat transfer in the steam generators through primary side fouling, is relatively
new (Burrill and Turner, 1994). The simple FAC model developed in section 2 has proven
useful in assessing the impact of various design and operating parameters on this fouling
through their impact on iron release by FAC. Parameters to be discussed here are water pH,
magnetite dissolution rate constant, inlet dissolved iron concentration, and dissolved oxygen
concentration. Each are discussed in turn.

4.1 Coolant pH and Deposition in the Steam Generator

The coolant pH affects the solubility versus temperature behaviour of magnetite which is the
protective iron oxide on carbon steel under primary circuit conditions. The solubility curves
of Sweeton and Baes (1970) are the basis for the work described. Figure 3 shows smoothed
curves for pH 10.0, 10.3, and 10.6, with additional curves added by interpolation. All
calculations given are with the curve for pH 10.3, unless noted otherwise. As well, the water
is assumed to be saturated with dissolved iron at the reactor inlet temperature, and to pick up
no dissolved iron in the core: this establishes the inlet dissolved iron concentration for the
outlet feeder.

Before the effect of the various parameters on FAC in the outlet feeder is demonstrated, the
importance of deposit data from the steam generator will be discussed, because these data
determine the accuracy of the FAC calculation.

Figure 4 shows deposit data for magnetite from the inside of U-bend steam generator tubing
removed from Bruce-2. A simple heat transfer model for the steam generator was made, and
the deposition rate of magnetite from the water in the tubes was calculated as described in
Burrill and Turner (1994). The deposition rate was assumed to be limited by the mass
transfer rate of iron from the bulk flow of water to the tube wall, where magnetite crystals
grew. The curves in Figure 4 show how sensitive the predicted deposit weight profiles are to
the dissolved iron concentration at the steam generator inlet. Thus, the FAC model for the
outlet feeders must predict this value of dissolved iron accurately. Table 1 shows how well
the FAC model predicts the dissolved iron concentration needed to explain the deposit data
from various CANDU plants.
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Table 1 : Comparison of Dissolved Iron Concentration from the Flow-Accelerated
Corrosion Model of Outlet Feeders with that from Fitting Boiler Deposit Data

Plant

Pickering-1
Bruce-2

Gentilly-2

Dissolved Iron Concentration at Boiler Inlet, |J,g Fe/kg

FAC model

6.55
7.28 (OZ), 6.69 (IZ)

7.12

Fitting boiler data

7.0-7.5
7.4-7.6

8.3

Note: Crystal growth rate constant kd = 0.05 g H2O/cm2.s for these calculations.
OZ = outer zone, IZ= inner zone.

The FAC model underestimates the correct or implied dissolved iron concentration by
0.5-1.0 ng Fe/kg. Since mass transfer is fixed by the design and operating conditions, one
correction to make in the FAC model is to raise the dissolution rate constant (kd) of magnetite
from its current value of 0.05 g/cm2s, to raise the dissolved iron values. Table 2 shows the
suggested dissolved iron concentrations from the FAC model with a larger value of kd.

Table 2: Effect of Magnetite Dissolution Rate Constant on FAC Model

Plant

Pickering-1
Bruce-2

Gentilly-2

FAC model with krf = 0.5 g/cm2s

7.18 jig Fe/kg
8.03 (OZ), 7.62 (IZ) p.g Fe/kg

7.96 M-g Fe/kg

With the larger value of kd, mass transfer now controls the FAC rate, rather than the
dissolution rate of the magnetite. The resulting dissolved iron concentrations are now much
closer to the required values. A minor change in the solubility curve, such as using the one
for pH 10.4, would raise the FAC rate for the Gentilly-2 case.

An important conclusion from the analysis is that general FAC is capable of explaining the
observed deposit weights of iron as magnetite in CANDU steam generators, provided the
dissolution rate constant or the proper solubility curve is used.

4.2 The Possible Impact of Dissolved Oxygen on FAC of an Outlet Feeder

The mechanism that could protect an outlet feeder from FAC is the formation of a thin
hematite layer during a brief exposure to oxygen, as observed at Bruce-6 during refuelling of
a channel. The sequence of events could be:

(i) FAC stops because the solubility of hematite is very low. Mass transfer calculations for
oxygen show that this effect will extend over the entire feeder length.
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(ii) Immediately following the oxidation, the feeder continues to corrode quickly, because
the protective oxide layer of magnetite/hematite is so thin. Thus, the inner oxide layer
increases in thickness, with half of the corroded iron still being released to the water.
The corrosion rate gradually decreases.

(iii) Once reducing chemistry is restored, the hematite slowly begins to convert back to
magnetite. This reduction process is orders-of-magnitude slower than the oxidation
process to hematite.

(iv) As soon as a thin layer of magnetite forms on the hematite surface, it dissolves. This
means that the kinetics of the reduction process will be controlled just by the chemical
reaction, and not by diffusion of the Dz through magnetite.

(v) Once the hematite film on the inner layer is reduced and dissolved completely, FAC
accelerates, because the inner oxide layer is dissolving faster than it forms.

Mathematical models of these various steps are explored here.

4.2.1 Oxidation of Magnetite

Magnetite is not thermodynamically stable in the presence of dissolved oxygen in water.
Work with magnetite and hematite pellets (Allsop, 1995) explored the kinetics of the
oxidation and reduction reactions over a 576 h period under primary coolant conditions of
temperature and water chemistry (300°C, pH 10.5 with LiOH, 15 cm3 H?/kg). The magnetite
pellet changed from 85 mole% magnetite to about 20 mole% magnetite in less than
144 hours, with virtually no further oxidation beyond this time.

A limiting case for oxidation will be used here. The oxidation rate will be assumed to be
controlled by the mass transfer rate of dissolved oxygen, from the bulk flow of water to the
carbon steel wall covered by magnetite. There will be no kinetic limitation to oxidation once
the oxygen is in the magnetite film, and oxidation will begin at the outer magnetite surface
and proceed inward as magnetite is oxidized. Table 3 gives the predicted hematite layer
thickness versus dissolved oxygen concentration for CANDU-6 outlet feeders.

TaWe 3: Oxidation of Magnetite Layer to Hematite

Oxygen Concentration (|ig O2/kg)

0.25
0.5
1.0
5
10
60

Hematite Thickness (|im)

0.0164
0.0328
0.0655
0.328
0.655
3.93

Notes: Exposure time one hour with location chosen to be feeder inlet. Values of 5-10 (j.g
O2/kg measured at Bruce-6 during refuelling. Mass transfer coefficient for O2 is
0.316 g/cm2s in feeder diameter 7.37 cm, 20 kg/s flow rate, 310°C.
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4.2.2 Magnetite Laver Thickness

At steady-state, the corrosion rate due to FAC is given by

m'

where

m' = corrosion rate of outlet feeder, g/cm2s
kd = dissolution rate constant for magnetite, g/cm2s
km = mass transfer coefficient for ferrous species, g/cm2s
S = solubility of dissolved iron at channel outlet, g Fe/g
C = dissolved iron concentration at channel inlet, g Fe/g

This has been evaluated for a range of values for the dissolution rate constant at the feeder
inlet. The parabolic rate law for corrosion was assumed in Table 4 to give the magnetite
layer thickness at the inlet to an outlet feeder.

Table 4: Magnetite Layer Thickness due to FAC on Outlet Feeder

Dissolution rate constant kd

(g H2O/cm\s)

0.05
0.075
0.1
1.0

Corrosion rate m1

(g Fe/cm2.s)

1.86 e-10
2.30 "
2.61 "
4.08 "

Magnetite layer thickness
(Jim)

1.28
1.04

0.914
0.584

Since the magnetite layer is expected to be between 0.6-1.3 |j.m thick, based on equating the
FAC rate from the above equation to the corrosion rate from the parabolic rate law, this limits
the hematite layer thickness that could form in one hour during refuelling.

4.2.3 Hematite Reduction

Reduction of the hematite pellet converted it from 25 mole% magnetite to 37 mole%
magnetite in 576 hours, with 17 cm3 H2/kg in the water, 300°C, BET surface area 10.06 m2/g
pellet. The rate constant may be calculated from these data, assuming a constant reaction rate
over this period, to give k,. = 7.61 X 10*9 gmol hematite.cm/(gmol H2.s) for the reaction:

hematite + H2 = magnetite + water

In a CANDU-6 with 5 cm3 D2/kg, the reaction rate will be 1.18 X 10"15 gmol hematite./cm2s.
For a 0.01 p.m thick hematite film, the complete reduction will take 0.88 years.
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4.2.4 Assessment of the Model

The apparent longevity of hematite films in reducing conditions is supported by Bouchacourt's
observation (1992) that any oxygen in the water stopped FAC completely, and that it could
not be restarted despite weeks of running with reducing chemistry and with the oxygen
concentration at non-detectable values.

If this happens in a CANDU reactor, then FAC in individual channels should be stopped once
they are refuelled. However, this conclusion must be reconciled with the quantity of iron
found in CANDU boilers. Thus, the possible roles of oxygen and hematite reduction are
discussed further:

(i) The mass transfer of oxygen to the feeder surface may not determine the reaction rate.
The kinetics of the oxidation process may be controlled by diffusion of oxygen through
the pores in the magnetite film, and through the layer of hematite that forms on the
magnetite crystals.

Therefore, the hematite film may be orders of magnitude thinner than estimated here. If
the rest of the process outlined here is correct, then hematite does form and it does
protect the magnetite from FAC, but its reduction back to magnetite is relatively short,
because the hematite film is very thin.

(ii) When the hematite forms and protects the thin magnetite film, the corrosion process
continues, with half of the corroded iron being released and the remaining iron being
used to thicken the magnetite film. It takes 10 years to form a 20 (im thick magnetite
layer on an inlet feeder. Thus, considerable iron is being released from a hematite-
coated outlet feeder as the magnetite film grows from the very small values dictated by
FAC.

(iii) The hematite reduction process is almost negligibly slow compared to the oxidation rate
of magnetite. The growth of the magnetite film underneath the protective hematite layer
may disrupt the hematite layer in some way so that its protective coverage is lost.

5. DIVIDER PLATE LEAKAGE AND FAC

The torispherical head on recirculating steam generators used in CANDU plants is divided
into entrance and exit regions by a divider plate, as shown in Figure 5. In most units, the
one-inch-thick carbon steel plate is divided into segments that overlap for reasons of thermal
expansion. This design is postulated to be susceptible to FAC at the overlapping joints,
despite small clearances, which should limit leakage. The consequence of flow through these
joints is increased leakage with time, and an eventual rise in the reactor inlet header
temperature because of significant bypassing of the steam generator tubes.

Five equations are needed to solve for the change in gap thickness with time since there are
five variables: pressure, thickness, velocity, corrosion rate, and dissolved iron concentration
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as a function of distance from the flow inlet to the joint or gap. A detailed analysis is not
given here, but the approach needed for either laminar or turbulent flow in the gap is
outlined.

5.1 Laminar Flow in the Gap

Laminar flow is expected for gaps <12 Jim thick. This case can be complex without some
simplifying assumptions to decouple the velocity and solute concentration variables. To start,
Reynolds' equation is used to relate the local velocity in the gap to a location 'y1 measured
from the gap centreline and distance 'z' from the gap inlet. Rather than consider variations in
velocity and concentration with gap thickness, an average velocity V at position 'z' is used for
a gap of thickness t:

V=(ll2\x)(dpldz)(-t2l6)

where V = average water velocity at location z
|i = water viscosity
dp/dz = pressure gradient at location z
t = gap thickness at location z

Mass balances may be done for the solution, solute, and metal, to give three more equations.
The dissolution rate equation adds the fifth equation needed:

dt/dd=4kjLS-C)lPm

where 0 = time since exposure began
kd = dissolution rate constant for magnetite
S = magnetite solubility
C = dissolved iron concentration at location z
Qm = metal density

While molecular diffusion is the only mass transfer mechanism operating in laminar flow, the
velocity and solute variables are decoupled by assuming that diffusion across the thin gap is
fast, so that no concentration gradient exists.

The solute mass balance and its solution yields the familiar result:

This may be used in the equation for dt/d0 and integrated with time, with the assumption that
the solution flow rate, Q, is independent of time, to give:
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where

Pm

T = initial gap thickness.

This equation shows that the gap changes most at the inlet with an exponential decay in the
effect of z. Figure 6 shows this more clearly for a detailed solution using numerical
integration, where the change in flow rate through the gap with time was included. The
equation shows that the local film thickness will change linearly with time, with most change
at the inlet.

5.2 Turbulent Flow in the Gap

The same approach as above for the description of the change in local gap thickness with
time may be made for turbulent flow in the gap. The results show that the flow is so fast
(e.g., velocity of m/s), that there is negligible change in the dissolved iron concentration as
the water flows through the gap. The mass transfer coefficient is also much larger than the
dissolution rate constant so the latter controls the FAC rate of the gap surfaces and the
corrosion rate is constant at all locations in the gap, independent of time. The change in gap
thickness with time may be of the order of 50 u\m/a. Clearly, a solution to divider plate
leakage is to maintain flow in the laminar region, which will require machining of gap
surfaces to give <l2\im gap thicknesses when new plates are installed.

5.3 Effect of Divider Plate Leakage on Boiler Efficiency

A simple heat balance was done around the steam generator head for a Pickering unit, to
establish the effect of divider plate leakage on the rise in inlet temperature to the reactor core.
The results are listed in Table 5:

Table 5: Effect of Divider Plate Leakage on RIHT for a Pickering Unit

Percentage
leakage at divider

plate

0
1
2
4
8

Temperature (°C)

Boiler tube exit

247.815
247.790
247.763
247.712
247.609

RIHT

247.815
248.033
248.249
248.686
249.566

ARIHT

0
0.218
0.434
0.871
1.751

While less water flows through the tubes and therefore exits the tubes cooler than when there
is no leakage, the net effect of leakage is to raise the reactor inlet header temperature (RIHT).
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6. SUMMARY

FAC will be observed whenever flowing water unsaturated in dissolved iron contacts carbon
steel. A knowledge of the solubility-temperature behaviour of the various iron oxides, and
how the solubility changes with water chemistry, will identify areas in nuclear-power stations
that are susceptible to FAC. Three such areas have been examined using the simple mass
balance approach. The results are summarized below:

(i) Feedwater systems supply enough dissolved iron by general FAC of carbon steel piping
to account for the observed steady-state concentrations measured at the steam generator
inlet in CANDU plants.

(ii) CANDU outlet feeders experience general FAC and supply dissolved iron, which
precipitates in the steam generator tubes. An operating change that may reduce FAC is
periodic oxidation of the thin magnetite layer on the feeders, to produce insoluble ferric
oxide.

(iii) Segmented divider plates on steam generator heads in the primary circuit will experience
FAC of their overlapping surfaces. The extent of corrosion depends strongly on the
initial gap thickness, which determines whether the gap is exposed to coolant in laminar
or turbulent flow.
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Figure 2: Predicted Dissolved Iron Concentrations from Sludge Transport Model Applied to Gentilly NGS.
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