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Abstract

The presence of high levels of iron in the final feedwater of nuclear plants is undesirable and can have a
significant contribution to plant Operations and Maintenance (O&M) costs. A number of options are available to
reduce the iron concentration, but tend to be expensive. Recently a method was developed to quantitatively
determine the contribution of each iron source, such that reduction options can be quantitatively compared. The
method is based on industry experience that the majority of iron has been released by flow-accelerated
corrosion (FAC). FAC is one of the most predictable forms of corrosion and a well-developed predictive model
has been developed and also encoded in the CHECWORKS.

A combination of CHECWORKS and supplemental calculations have been used to model the iron transport in a
number of US BWRs and PWRs. The iron generated by FAC in all the normally operating piping systems has
been calculated using the results of CHECWORKS predictions and a special post processor. The post
processor accounts for the differences between the maximum corrosion rate calculated by CHECWORKS and
the average corrosion (iron generation) rate for a pipefitting or length of pipe. It also calculates the amount of
iron generated withiln-fhe fitting or pipe. Supplemental calculations have been used to determine the iron
generation from the major, in-line components - high and low pressure turbines, moisture separators, feedwater
heaters and ?tO/condenser. All of the iron generation rates for the equipment and piping were appropriately
summed, iron concentrations estimated throughout the steam-feedwater system.

Predicted iron concentrations have agreed well with plant measurements. The availability of specific iron
generation rates allows plant management to make reasoned decisions about the countermeasures to deal with
iron generation and transport. The countermeasures that have been examined to reduce the amount of iron
transport include installing additional water treatment devices (i.e., filters), using more efficient demineralizer
resins, improving system water chemistry, and coating or replacing selected carbon steel components with
FAC-resistant material.

This paper will discuss the procedure used to estimate the iron generation rates for piping and for in-line
equipment. The paper will also present comparisons of measured versus predicted iron concentrations for
several plants we have analyzed. As far as possible, general conclusion regarding the sources of the iron and
the appropriate countermeasures will also be discussed.

' By "steam-feedwater system" we mean the secondary system of a PWR and the condensate, feedwater and related steam
systems of a BWR.



Introduction

The feedwater system of nuclear reactors invariably contains a small amount of iron. Although present at only
the part per billion levels, this iron can have deleterious effects on the downstream equipment. Problems with
the transported iron include:

deposits in steam generators of PWRs leading to corrosion and other wastage mechanisms,
increased dose in the steam systems of BWRs due to the presence of iron and other contaminants,
fouling of pumps and flow measurement devices
cost associated with maintaining the water cleanup systems.

It is generally accepted that flow-accelerated corrosion of piping and equipment is the largest contributor to the
iron that is transported in a nuclear power generation system. Flow-accelerated corrosion (FAC) is the process
by which the oxide layer on carbon steel dissolves away into a stream of flowing water or a flowing steam-water
mixture. In addition to contributing the iron found in the feedwater, FAC can cause serious wall loss of affected
components. Rates of wall loss as high as 0120 in/year 3 mm/year) have been measured in operating power
plants. Many ruptures and leaks of piping and vessels have been caused by FAC (Reference 1).

Fortunately, there are models that predict the rate of FAC with reasonable accuracy. This predictability of FAC
makes it a good candidate for use for quantitative comparisons such as the amount of iron released into the
various fluid streams.

In addition to FAC, there are several other iron sources. For convenience, these sources can be broken down
in to two categories - operating and shutdown. Operating sources of iron include FAC and other degradation
mechanisms that occur while the reactor is operating. These include - cavitation, droplet impingement, and
general corrosion. Experience has shown that these sources usually contribute a negligible amount of iron
compared to FAC. Shutdown sources are related to corrosion that occurs while the plant is in an outage.
General corrosion is believed to me the most important of these mechanisms. The contribution of the shutdown
sources to the total iron can be estimated by looking at the iron concentration in the final feedwater versus time
after startup. Usually, the iron concentration decays to a steady state value in a time on the order of a month.
The transient part of this curve represents the iron that was corroded during the shutdown being transported into
the fluid streams. The steady state portion of the curve reflects the contribution of the operating sources of iron.

Plant management interested in this problem to control Operations and Maintenance (O&M) costs. Clearly, the
presence of iron adds to the O&M costs and it is desirable for a number of other reasons to reduce the
concentration of iron present. On the other hand the methods to reduce the amount of iron are expensive, so
clearly a balance should be made of the cost of the reducing the iron level versus the keeping the plant running
in the status quo.

To make this balance the plant management must have knowledge of the sources of the iron. Without this
knowledge, less than optimum results would be achieved.

There are four basic methods that may be employed to reduce the operating iron in the system. These are:

I Improve the existing water purification system. The use of improved dernineralizer resins would
be an example of this approach.

2. Add new water cleanup devices. Adding filters or pre-filters before the polishers would be an
example.

3. Reduce the rate of FAC. This can be done globally by improving the water chemistry or locally by
replacing (or coating) susceptible materials with resistant materials. Austenitic stainless steels and
chromium-molybdenum steels are commonly used, FAC resistant, piping materials. (See
Reference 1). In addition to having the desired results of reducing the amount of iron being
transported, this option will also extend the life of the prefilters and demineralizer resins, and reduce
the amount of piping and equipment that needs to be inspected during outage periods and reducing
associated inspection costs.

4. Change the system design. This can be done by improving the moisture separation efficiency of
the moisture separators by redesign or adding additional separators, or by decreasing the amount
of oxygen vented out of the feedwater heaters and the reheaters of BWR plants.
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It is not cost effective to embark on a wholesale implementation of the above. These should be prioritized
considering both the iron reductions to be realized versus the costs and impact to plant operations. The first step in
this process is to quantify the sources of the hotwell and feedwater iron. The quantification of the sources of iron is
the main topic of this paper.

Calculation of Iron Transport

CHECWORKS was used to calculate the contribution from piping components. CHEMORKS is a computer
program used to predict the rate of FAC in a piping system (Reference 2 To do this, it contains the features
necessary to compute the local water chemistry and the local fluid conditions. Normally, utility engineers use
CHECWORKS to predict the wall thickness of piping components in order to optimize their inspection programs.

In this work, CHECWORKS was used in a non-traditional way. CHECWORKS was used together with a post-
processing program to:

Calculate the rate of FAC for all of the susceptible fittings in the piping systems being considered.
Write this information together with related geometric and flow information to an external file.
Use a post-processor program to read the information, and then compute the total generation of
iron (i.e., weight loss) per unit time per component.
Sum the component contributions to get the contribution of all of the components in the line being
considered.

4' Divide the amount of iron produced per unit time by the flow rate to get the iron concentration.

Note that this post processor has not been released for external use, but it has been used on an in-house basis
for doing these calculations.

Once the iron generated in each major line was calculated, the iron levels were summed at the main nodal
points in the system (e.g., the return of the high-pressure drains to the condensate).

Note that the CHECWORKS corrosion rate is the maximum corrosion rate predicted to occur within the
component. This maximum rate had to be converted to the average corrosion rate experienced by the fitting.
This was done using factors developed by comparing the average corrosion rates found in fittings with the
maximum corrosion rates experienced. Additionally, it should be noted that for components with inspection data
available, the total amount of material loss was based on the data as the FAC predictions were adjusted to
match the plant inspection results.

In addition to the piping, FAC in in-line components such as feedwater heaters, condensers, moisture separator
shells, and turbine casings are large sources of iron. Usually, these components are large sources of iron not
because the corrosion rates are high, but rather because they have a very large amount of wetted surface area.

The following procedure was adopted to model these components:
• the velocity through the component was calculated. If insufficient information was available then a

best estimate velocity was used and adjusted as necessary to best match plant iron measurement
data.

• CHECWORKS was used to estimate the corrosion rate using a geometry suitable for the condition
being modeled

• with the corrosion rate, the iron generated was calculated using the area of the component and the
corrosion rate.

• in doing these steps it was often necessary to break up a component into a number of zones to
ensure that the conditions were not varying too greatly within a calculation zone. The use of
calculation zones was especially important in analyzing turbines because of the large property
variation from inlet to exhaust.

In addition to modeling the iron generated, the removal of iron by the water treatment equipment was
considered. To do this, appropriate amounts of iron removal by the deminieralizers, filters, etc. were based on
design and operating data.

Finally, the contributions of lines not modeled in CHECWORKS were also considered by estimating the iron
generated by FAC in each line not modeled in CHECWORKS and believed to be reasonably susceptible to
FAC. These calculations were based on best estimates of operating conditions, any inspection data that is
available, and the CHECWORKS wear rate model.

3



To illustrate the procedure for determining the contributions to iron transport three examples will now be
presented. The first example is a Boiling Water Reactor (BWR) with a very simple heat balance. This example
will be followed by a brief discussion of a more complicated BWR. Finally, a Pressurized Water Reactor (PWR)
with a heat balance typical of larger plants will be discussed.

BWR Example Calculation

The plant considered for this example is shown in schematic form in Figure 1. As can be seen in this figure,
there are no crossflows between the steam system and the feedwater. Thus, all of the fluid that leaves the
condenser is pumped forward through the reactor vessel, and returns to the condenser either through the
turbines or through the extraction and drain lines. This approach was taken in various BWRs, especially early
models, to ensure that all of the water that enters the reactor passes through the water treatment system.

High Pressure Turbine Low Pressure Turbine

Condenser

Vessel

Figure - Simplified Heat Balance Diagram of the First BWR Considered

Management at this plant was concerned about what they felt to be excessive iron concentration at the entrance
to the reactor (final feedwater). This value was running about ppb and they wished to reduce this value to be
within the range of - 2 ppb. In order to evaluate their options, the utility contracted EPRI to make a study of
where the iron was coming from and to determine the effectiveness of the various options to reduce the amount
iron transported.

In BWRs high amount of iron entering the reactor are undesirable because of the increased radiation dosage
around the steam system and the cost of regenerating the dernineralizers. Fuel damage is also possible if the
iron levels are very high.

CHECWORKS and the modeling approach described above were used to evaluate the amount of iron
generated by this plant. A 75% iron removal rate was assumed to represent the efficiency of the dernineralizers
standard using the standard resins. With these assumptions the feedwater iron was calculated to be 6.5 ppb
versus the 5 ppb measured in the plant. This case is called the "baseline case" and the relative magnitudes of
the sources of iron generated are presented in Figure 2.
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Figure 2 - Iron Sources for the Baseline Case

Figure 2 shows quite clearly that 82% of the iron generated comes from three main sources - the condenser,
the low-pressure turbine casing, and the crossunder piping. All other components and piping contribute 18%.
The results of the calculation for the baseline case show where the emphasis in reducing iron should be placed.

Once the baseline calculation was performed the effectiveness of various actions to reduce the amount of iron
transported could be evaluated. In this study, we considered several remedial actions. These actions, together
with the reduction of transported iron will now be discussed.

For this example, a total of 14 options were considered including installing prefilters, changing the dernineralizer
resins, and flamespraying (i.e., applying a thin coating of FAC resistant material) portions of the carbon steel
piping and equipment. These options together with the calculated feedwater iron concentration are presented in
Table .

Feedwater
Options Iron, p b

Base case (normal resins) 6.5
High efficiency demineralizer resins 4.0
Prefilters + normal resins 1.8
Flamespray crossunder + normal resins 5.3
Flamespray crossunder + high efficiency resins 3.4
Flamespray crossunder + prefilters 1.7
Flarriespray MSR shell standard resins 6.1
Flamespray MSR shell high efficiency resins 3.8
Flamespray MSR shell prefilters 1.7
Flamespray portion of LP turbine normal resins 5.2
Flamespray portion of LP turbine high efficiency resins 3.3
Flarriespray portion of LP turbine + prefilters 1.7
Flamespray crossunder + MSR shell LP turbine +Std. Resins 3.6
Flamespray crossunder + MSR shell LP turbine + high efficiency resins 2.5
Flamespray crossunder + MSR shell LP turbine + prefilters 1.5

Table I - Remedial Options for the Simple BWR Case

Examining Table 1, one can see that there are several approaches to control the feedwater iron even for the
simple case arrangement considered here. Note also that the case of flamespraying the condenser was not
considered because of the very large area involved. Using the information in Table the utility can make
informed decisions regarding plant modifications to control the feedwater iron.



In addition to the options discussed above, one additional option was considered. In order to reduce the iron
generated in the condensate and feedwater systems; injection of oxygen into the condensate was considered.
If the oxygen level in the condensate system were increased from the current value of 30 ppb to 50 ppb, the iron
generated in the feedtrain would be reduced by about 40%. This would reduce the steady state, final feedwater
iron concentration by 0.5 ppb.

Note that this plant has a relatively simple heat balance diagram. Since all of the water entering the reactor
passes through the water treatment plant, it is easy to sum up the quantities of iron generated and compute the
iron concentration throughout the plant. Further, it is relatively simple matters to design countermeasures once
the sources of the iron are determined.

This approach was at the same time applied to a more complicated BWR A heat balance diagram of this plant
is presented in Figure 3 Note the presence of reheaters, and the cross flow from the high-pressure extractions
and the IVISR drains into the condensate system.

This plant was analyzed in the same way as the plant discussed above. Additionally, for this plant was a
change from normal water chemistry to hydrogen water chemistry was included in the options considered.
No further discussion of this plant will be made here.

Figure 3 - Simplified Heat Balance of Second BWR Considered

PWR Example Calculation

The plant considered in this example is shown in schematic form in Figure 4 As can be seen in this figure, this
is a reasonably standard layout for a large PWR. Note that there is a major cross flow from the moisture
separator drain tank into the feedtrain.

As was true in the BWR examples, plant management wanted to ascertain where the iron was coming from
before embarking on a program to upgrade the water chemistry and to attempt to reduce the amount of iron
entering the steam generator. This plant had been operating about 62 ppb feedwater iron, and plant
management wanted to reduce this value to be within the range of - 2 ppb. It was felt that iron levels in this
range minimize the harmful sludge deposits in the steam generators.



Figure 4 - Simplified Heat Balance Diagram of the PWR Considered

As was done in the first BWR case, a combination of CHECWORKS, the postprocessor, and supplemental
calculations was used to calculate the source of the iron in the baseline case. The sources of iron entering the
condenser hotwell are presented in graphical fashion in Figure .

As in the BWR case, almost two-thirds of the iron entering the hotwell is generated in the condenser and the low
pressure turbine casing. Again, piping, other than the crossover piping, generates a small amount of iron
compared to the other sources.

This case differs from the BWR case in that crossflows, particularly the high-pressure extraction lines, and the
moisture separator reheater drains must be considered. This makes the evaluation of remedial options both
more difficult, and much less obvious. The options that were consider in the analysis include:

• Adding prefilters before the dernineralizers. It was assumed that these filters would remove 98 of
the entering iron.

• Replace all of the high pressure extraction lines with a FAC resistant material
• Coat the HP turbine casing with a FAC resistant material
• Coat the IVISR shell with a FAC resistant material
• Combinations of above.

HP Turbine
Others 6% Crossunder
1 50/ 6%

MS Shell
7%

LP Turbine
17%

HE

Conde
49%

Figure 5 - Baseline Calculation for Iron Entering the Condenser Hotwell



The results of these options are presented in Table 2 together with the baseline results. Note that we are
considering here the iron present in the final feedwater, not at the hotwell. Also, note that we did not consider
any changes to the water chemistry even though this is often done in an iron transport analysis of a PWR.

Option Case Feedwater Iron - ppb
Base case 6.1

1 Add prefilters with an assumed efficiency of 98% 3.0
2 Replace all HP extraction lines with resistant material 5.2
3 Coat HP Turbine with FAC resistant material 5.6
4 Coat IVISR shell with FAC resistant material 5.8

1 2 Prefilters replace HP extraction lines 2.0
2 3 4 Replace all HP extraction lines, and coat HP turbine & IVISIR shell 4.3

Table 2 Options for the PWR Case

Table 2 shows that adding prefilters reduces the iron levels at final feedwater in half (Option 1). They do not do
more because of the iron coming from the high-pressure drains. Options 24 are directed at the high-pressure
drains. Note that they did not reduce the iron to as small a value as Option 1. The most effective approach
considered is the combination of options 2 This combination reduces both the iron coming from the
condensate and from the high-pressure extraction lines.

Discussion
These sample calculations illustrate a procedure that has been done for a number of US nuclear reactors. In
virtually all cases, the motivation of plant management was to explore ways of determining the benefit of various
iron reduction strategies before committing to the purchase and installation of hardware, or the replacement of
large amounts of carbon steel pipe with resistant material.

We will now discuss some of the generalized results of these assessments.

Accuracy. In general we have achieved good to excellent agreement with the measured iron concentrations.
Obviously, the more iron measurements available the more accurate the model should be as the model can be
tuned, to some extent, to match the plant measurements. Further, the accuracy of our calculations depends
upon the accuracy of the local operating conditions and the amount of inspection data available. However, the
calculated results should be sufficiently accurate to allow plant management to make decisions concerning iron
removal strategies.

It is recognized that while the equipment represents the largest source of iron, it is not being modeled with
utmost precision. The flow conditions and the geometry have been approximated. However, the results that
have been achieved indicate that reasonably accurate descriptions of the plant equipment have been made.

Iron Sources. In other plants, we have reached similar results to those discussed above, namely that most of
the iron comes from the major equipment, and that conversely relatively little iron comes from the piping system.
This is a surprising result in light of the numerous piping failures that have been caused by FAC. But the
numerical results are very clear in this regard. In many cases the iron contributions of piping (other than
perhaps crossunder piping) is small, often negligible, compared to other iron sources.

This conclusion is a manifestation of the fact that although most FAC failures occur in piping with a relatively few
occurring in equipment such as feedwater heater shells, the equipment represents a much larger wetted area
than piping. Further, equipment is often made intentionally thick to avoid corrosion problems. Piping on the
other hand is often highly stressed and at or near its design thickness. Therefore, any thinning may lead to a
catastrophic failure,

Magnitude Of Other Iron Sources. In addition to FAC, there are other sources of iron, which may contribute to
the total amount of iron transported. These sources can be subdivided into steady state sources, and sources
generated during shutdowns.

Steady state sources include other corrosion and erosion mechanisms such as general corrosion, cavitation,
droplet impingement, and solid particle erosion. General corrosion may be important, particularly in the



condenser, for some water chemistries. It is believed that these other, secondary mechanisms contribute a very
small amount to the total iron generated.

Shutdown iron sources consist primarily of general corrosion that occurs during shutdown. The contribution of
this source to the total can be estimated by looking at the iron concentration in the final feedwater versus time
after startup. The usually, the iron levels are high after startup and decay down to a more or less steady state
level. This steady state level is assumed to represent the iron generated during operation. This assumption is
obviously a simplification in that clearly some of the iron generated during operation "hides-out" in various
locations. But, the assumption stands as the best way to handle the problem of assigning sources to the iron.

Conclusions
The results of the studies reported here, as well as other similar studies we have performed, demonstrate that
the combination of CHECWORKS, the post-processor, and the calculation approach form an effective tool to
perform calculations of iron generated by FAC. Further, these studies provide quantitative information to plant
management to allow them to make cost effective solutions to the problem of high iron levels.
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