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Introduction and Overview

Corrosion products in the secondary side of pressurized water reactor (PWR) steam generators (SGs) primarily
deposit on the SG tubes. These deposits can inhibit heat transfer, lead to thermal-hydraulic instabilities through
blockage of tube supports, and create occluded regions where corrosive species can concentrate along tubes
and in tube-to-tube support plate crevices. The performance of the SGs is compromised not only by formation
of an insulating scale, but by the removal of tubes from service due to corrosion.

Currently, there are two strategies employed by utilities for minimizing deposit formation on steam generator
internal surfaces. The first is to minimize the source term, i.e., reduce the amount of corrosion products in the
feedwater. Two methods are commonly used to accomplish this goal: chemistry optimization and plant
modifications. The first method uses alternate amines to control the at-temperature pH (pHT) in specific
locations of the secondary system, thereby minimizing the corrosion of balance of plant (BOP) metals. The
second method requires removal of metals from the secondary system that are a significant source of corrosion
products (e.g., replace 90/1 0 Cu/Ni condenser tubes with titanium). The second strategy for lowering deposit
loads utilizes chemical or mechanical means to remove existing deposits from the SGs (e.g., chemical cleaning
or sludge lancing). Many utilities have opted for a combination of these two strategies.

Athird-potential strategy for minimizing deposition of corrosion products on SG internal surfaces is to use an
online dispersant to help prevent the corrosion products from adhering to the steam generator surfaces. By
inhibiting the deposition of the corrosion products, the dispersant can facilitate more effective removal from the
SGs via blowdown. This type of strategy has been employed at fossil boilers for many decades. However, due
to the use of inorganic (sulfur and other impurities) polymerization initiators, polymeric dispersants had not been
utilized in the nuclear industry. Only recently has a polyacrylic acid dispersant, developed by BetzDearborn
(PAA), been available that meets the criteria for nuclear application.

This paper summarizes the results of the short-term PAA dispersant trial in Winter/Spring 2000. lasting
approximately 3 months, performed at Arkansas Nuclear One Unit 2 (ANO-2)-including the chronology of the
trial, the increase in blowdown iron removal efficiency with use of the dispersant, and observed effects on SG
performance. A more detailed assessment can be found in 11.

Pre-Trial Qualification

Injection of a polymeric dispersant into the secondary system of a nuclear power plant is a new strategy for SG
corrosion product deposit control. In assessing the qualification program, two groups of issues were identified.
The first group focused on the safe and continued operation of the plant and concerned issues such as
corrosion and plant chemistry. The second group was focused on the eff icacy of the dispersant in plant
conditions. Both groups have a direct impact on the ultimate success of dispersant usage. From this
assessment came a significant list



of issues for the qualification program. As a basis for developing the scope of the qualification program, the
draft EPRI report entitled "Qualification Requirements for New Secondary System Additives" 2l was
referenced. The relevant issues are identified in Table 1. A complete assessment of the qualification issues is
addressed in L3.

Table I
Qualification Issues Considered for ANO-2 Short-Term Trial

Topical Issue Item(s)

Selection of Polymer Dispersant Safe and Continuous Operation
Eff icacy

Effect of Dispersant on BOP Materials Resins
Elastomers

MSR Materials
Turbine Materials
Feedwater Piping

General Assessment of Metals

Effect of Dispersant on SG Materials Egg Crate FAC
Internals

Pressure Boundary
Tube Corrosion

Effect of Dispersant on Normal Dispersant Half-life
Chemistry pHT Effects

C02 Production
Organic Acid Production

Cation Conductivity
Aliphatic Decomposition Products

Crevice Chemistry
Increased Blowdown Iron

Analysis for dispersant concentration

Effect of Dispersant on Corrosion Adsorption Capacity
Product Deposition Deposition Rate under Flow Boiling Conditions

Effect of Dispersant on Crevice Sodium Chloride Hideout/Release
Hideout Crevice and Bulk ECP

Environmental Considerations Experience with polyacrylic acid in cooling water
State Environmental Authorization

Trial Preparation Trial scenarios and contingencies

Pre-Trial Plant Status

Plant Chemistry

Prior to the start of the PAA plant trial, ANO-2 was operating with 2 ppm ethanolamine (ETA) in the final
feedwater (FFW). Normal thermal decomposition processes led to a cation conductance of about 04 OS/cm in

the final feedwater.

Moisture carryover in the ANO-2 SGs was measured to be about % in 1999. This rather high value has
implications for the PAA trial. Since the blowdown flow rate is also on the order of %, the removal efficiencies
from blowdown and carryover prior to the trial were of comparable magnitude. As an upper limit, corrosion
products may be transported into the steam at about the same rate as those transported out via the blowdown.
This will not be a concern with new SGs or, for that matter, most other SGs with lower carryover values.



At the time of the trial in early 2000, the FFW iron concentration was well controlled by the secondary chemistry
control program, typically measuring 2 to 3 ppb during full-power operation. While this iron concentration is well
within industry norms, prior operation with less protective chemistry resulted in a significant inventory of iron and
copper on SG surfaces. About 90% of the transported iron (i.e., iron in the feedwater) was insoluble. Copper in
the feedwater ranged from 02 to 0.5 ppb. Most of the copper-containing components have been removed from
the secondary system at ANO-2. The copper present in the system primarily reflects transport of copper-
containing corrosion products produced during past operation with copper-bearing materials in the secondary
system.

SG Thermal Performance

One potential impact of dispersant use anticipated prior to the ANO-2 trial was an effect on SG thermal
performance. As even a small detrimental effect at ANO-2 could compromise generating capacity due to the
extremely low thermal margin available prior to the trial, evaluation of the performance level was done using the
global heat-transfer equation. Use of the global fouling factor associated with this equation has a number of
advantages over other methods, including accuracy, practicality, comparisons of plants, and comparisons with
deposit thermal properties. Development of the approach is described in detail in Section 4 of ]. For
convenience, the approach is briefly summarized below.

The performance of the SG as a whole can be expressed in a single equation that relates the total thermal
power Q to the mean temperature difference Tm, known as the overall heat-transfer equation:

Q = UAAT. - AAT.
R#

The symbol U represents the overall heat-transfer coefficient, a measure of the heat-exchanger efficiency,
and R" reflects the associated total thermal resistance to heat transfer. For a feedring-type SG such as the
original ANO-2 SGs, the mean temperature difference is reasonably approximated by the log-mean temperature
difference, meaning that Eq. (1) can be written in the form:

Q=UA T ' -Teo (2)
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The global fouling factor is then defined as the increase in the total resistance to heat transfer, i.e., R' - R or

1 / I , where the zero subscript reflects operation under new, clean conditions.

As described in Section 4 of Reference 41, the global fouling factor is a reasonable approximation of the spatial
average of local fouling factors within the SG tube bundle despite the small errors introduced by downcomer
subcooling (see Figure 41 in L]) and use of the log-mean temperature difference for a U-tube geometry (not
pure counterflow). The utility of the fouling factor method is that all the quantities which appear in Eq. 2) and in
the definition of the global fouling factor are normally tracked for PWR SGs, permitting calculation of SG
performance at many points throughout the operating history.

In order to evaluate the effects of a polymeric dispersant (in this case polyacrylic acid, or PAA) on fouling
behavior at ANO-2, the fouling factor was calculated for the entire operating history dating to 1980 using full-
power thermal-hydraulic data provided by Entergy. The key input parameters are:

• PLUGGED TUBES. Tubes taken out of service through plugging reduce the available heat-transfer
area. As the original ANO-2 SGs experienced substantial numbers of plugs >15%), this is an
important input.

• SG STEAM PRESSURE. Reported pressures from the SG steam dome are adjusted to account for
the pressure drop between the tube bundle and the measurement location.

• SECONDARY MASS FLOW RATE (FEEDWATER FLOW STEAM FLOW). Calculations using
both of these quantities help facilitate evaluation of the effects of venturi fouling.
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PRIMARY TEMPERATURES (THOT, TCOLD). Required for computing the log-mean temperature
difference, primary temperature measurements are critical for calculating an accurate fouling factor.
Narrow-range RTD readings, which provide the most accurate input, were available for operation
after 1995 while estimated values based on limited early 1980s readings had to be used for earlier
data sets.

Based on historical thermal-hydraulic instrument data (and estimates of associated uncertainty) and an
evaluation of tube scale cross sections, the ANO-2 secondary tube deposits present at the start of the
dispersant trial were:

• An average of to 6 mils (0.005 to 0006 inches) in thickness, composed primarily of magnetite 70
to 80%) and metallic copper (1 5 to 20%), and characterized by a denser inner layer adjacent to the
tube wall and a more porous outer layer to 2 mils in thickness.

• Responsible for a modest thermal resistance of 23 Oh-ft2-OF/Btu, subject to an uncertainty of ±25
D h-ft2-'F/Btu. This is equivalent to a steam pressure decrease of about 0±1 psi.

Trial Results and Discussion

The full scale PAA trial at ANO-2 began at 1315 on February 8, 2000, with the injection of a I% solution (1 0
gallons of 1 0% PAA and 90 gallons of water) at 1 0 ccpm flow rate via each of two injection pumps. This
corresponded to about 2 ppb PAA in the final feedwater. The plant was at 1 00% power. The injections were
made into the two final feedwater lines, downstream of the final feedwater heater, at the location previously
used for boric acid injection. No immediate results were evident. A summary of the trial chronology is given in
Table 2.

Table 2
Trial Chronology

Date FFW PAA, ppb Comments
Feb. 2 Trial Started

Feb. 12 Secured FFW Fe > 5 ppb
Feb. 21 0.5 PAA re-initiated
Mar. 7 1

Mar. 14 2
Mar. 21 4
Mar. 27 2
Mar. 28 4
Apr. 6
May 9
May 16 12
May 8 Secured TrialEnded

Chemistry Results

An enhanced chemistry monitoring schedule was employed to improve data collection. This schedule increased
the frequency and scope of monitoring several parameters including corrosion products and total organic carbon
(TOC). In addition, a monitoring technique was developed as part of the qualification work to monitor PAA
concentrations. For more information on this technique, see References r1] and 3l.

No chemistry changes were observed through the first day of operation. As indicated in Table 3 blowdown iron
concentrations increased significantly within 2 days of dispersant injection. However, FFW iron concentrations
also increased. Before the start of the trial, the iron concentrations in the blowdown matched those in the final
feedwater. Sincetheblowdownflowrateisaboutl%ofthefeedwaterflowrate,onlyaboutl%oftheinfluent
iron was being removed via blowdown. After the initial injection of PAA, the iron concentration in the blowdown
increased by roughly two orders of magnitude, raising the fraction of the influent iron being removed by
blowdown to about 30%.
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Table 3
Iron, Copper and Lead Results from Early Trial Composite Samples

February 7 2000
(Prior to PAA Trial) Fe, ppb Cu, ppb Pb, ppb

FFW A 2.27 0.08
FFW B 2.19 0.42

SGA 3.47 0.07 0.07
SGB 2.63 0.18 1 0.07

February 10, 2000
(After Start of PAA Trial)

FFW A 3.72 0.17 0.01
FFW B 9.99 0.27 0.01

SGA 147.7 0.34 0.1
SGB 390.3 1.68 0.1

Injection of PAA resulted in a rapid and sustained increase in the concentration of corrosion products in the
blowdown streams from both steam generators. Tables 4 and show the log mean averages of the iron in the
blowdown from SGs A and B, respectively. Log mean averages are used because data of this sort is more
likely to be distributed in a log normal distribution, with large extremes present in the database. Using log
means prevents these extremes from overly dominating the averages. Figure shows the time response of the
corrosion product data from feedwater and steam generator blowdown composite samples from the A and 
trains, respectively.

Table 4
Log Mean Averages of Iron in Steam Generator A, ppb

Time Period Ins. Fe Sol. Fe Total Fe
Before PAA 2.08 0.81 3.35
During PAA 73.52 1.09 77.52
After PAA 2.87 0.64 3.52
Combined Before/After 2.29 0.76 3.40
Ratio (During/Combined) 32 1.41 231

Table 
Log Mean Average of Iron in Steam Generator 13, ppb

Time Period Ins. Fe Sol. Fe Total Fe
'gefore PAA 3.40 2.42 5.32
During PAA 29.25 3.69 40.64
After PAA 0.96 1.38 2.44
Combined Before/After 2.02 1.98 4.90
Ratio (During/Combined) 14 1.91 8.3

Data, labeled as "Before PAX are for the blowdown iron concentrations from about January 1, 2000 to the start
of injection on February 8, 2000. Data taken during the trial, February 8 through May 18, 2000, are included in
the row labeled "During PAA." Data collected after securing PAA injection are so labeled. Since only a limited
amount of data are available, the "before" and "after" data sets were combined and the combined data reported
in the tables in the next row. Insoluble iron is the iron that was collected on the 0.45 Om Millipore filter. The
column labeled "Sol. Fe" is the iron that passed through the Millipore filter and was collected on one of the Toray
ion exchange papers. The total iron column is the log mean average of the sum of all four analyses. (Note that
it is not the same as the "sum of the means," i.e., the first column plus the second column is only approximately
equal to the third column).

As shown in the tables, the SG blowdown iron concentrations increased by a factor of 8 to 23 during PAA
injection, as reflected by the increase in the log mean average taken over the full duration of the trial. If only the
insoluble iron data are used, the increase is by a factor of 14 to 32. Without PAA injection, the blowdown
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concentration was only slightly greater than the feedwater concentration. Most of the increase is due to the
increase in the insoluble iron. Without the injection of PAA, about 25% of the iron in Blowdown A was soluble or
small enough to pass through the Millipore filter. The soluble fraction for Blowdown B was somewhat higher at
about 50%. During PAA injection the fraction of soluble iron dropped to about 1.5% and 1 respectively.
Although the concentration of soluble iron increased during PAA injection, this increase was somewhat
expected, consistent with results from BetzDearborn testing on particle size in the presence of PAA (see
Appendix of Reference []). The dispersant properties prevent agglomeration of the iron particles. This
results in a smaller particle size and a larger fraction of apparent soluble iron. The smaller particles are more
likely to pass through the 045 Om filter and collect on the ion exchange papers, to be counted as soluble
material.

Tables 6 and 7 show the log mean averages of iron in the two final feedwater sample points for the time periods
of the trial. During PAA injection, the apparent total iron concentrations increased slightly, from 27 ppb to 3.0-
3.4 ppb.

Table 6
Log Mean Average of Iron in Final Feedwater A, ppb

Time Period Ins. Fe Sol. Fe Total Fe
Before PAA 2.18 0.24 2.68
During PAA 2.91 0.43 3.44
After PAA 1.60 0.20 1.86
Combined Before/After 0.23 2.33
Ratio (During/Combined) 1.51 1.9 1.5

Table 7
Log Mean Average of Iron in Final Feedwater 13, ppb

Time Period Ins. Fe Sol. Fe Total Fe
9efore PAA 2.41 0.19 2.72
During PAA 2.59 0.35 3.04
After PAA 1.78 0.22 2.10
Combined Before/After 2.15 0.20 2.47
Ratio (During/Combined) 1.2 1.7 1.2

Both the soluble and the insoluble values increased. This increase was probably due either to re-suspension of
iron in the feedwater train by residual PAA or the recycle of iron from the blowdown system. Laboratory tests
suggest that the corrosion products rapidly consume the PAA in the system, leaving low levels of residual PAA.
A small concentration of PAA, however, may persist, leading to possible re-suspension of iron deposited in the
condenser, condensate system, or feedwater system. However, all PAA measurements, other than limited
samples in the blowdown system, were at or below detection limits.

In order to recycle iron from the blowdown system back to the final feedwater point, the iron had to pass through
the blowdown filter and the blowdown demineralizer before entering the hotwell for recycle into the condensate
and feedwater train. To preclude this, smaller mesh size filter elements may be necessary.

The "soluble" iron also increased during the trial. Both the concentration and the relative fraction of soluble iron
increased. This is almost certainly due to the smaller particle sizes that are expected to be encountered with
dispersant chemistry. The smaller particles are more likely to pass through the 045 m filters and be counted
in the soluble fraction.

Figure shows the relationship between the log mean average blowdown iron and the PAA concentration. To
create this plot, the blowdown iron data for each concentration of PAA were averaged (log mean averaged) to
produce the single data point for each PAA concentration for each SG. The lines shown are simple least square
linear fits, forced through the data point at zero PAA. This zero point is the log mean average for the combined
before and after databases in Tables 3 and 4 3.4 and 49 ppb, respectively, for SGs A and B).

Since the feedwater flow rate is more than 1 00 times the blowdown flow rate, this corresponded to only slightly
greater than 1 of the mass flow rate of the iron. Without PAA, the blowdown removed only about 1.5% of the
influent iron. Other than a small amount of material carried over with the steam, nearly all of the influent
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corrosion products are deposited in the SGs, as is typical for PWRs. The bulk of the iron, influent with the final
feedwater, remains in the steam generators. Figure 2 shows the same data as Figure 1, but plotted as the
percent of influent iron removed via blowdown.
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Figure I
Log Mean Average Blowdown Iron vs. PAA

As shown in Figure 2, only about 1.5% of the iron in the feedwater is removed via blowdown under normal
chemistry conditions (O ppb PAA). With increasing concentration of PAA, the removal efficiency rapidly
increases. For example, the trend lines indicate that at ppb PAA approximately 5-1 0% of the incoming
feedwater iron is removed via blowdown, while at 1 0 ppb PAA approximately 20-90% of the incoming feedwater
iron is removed via blowdown. One data point shows an efficiency of greater than 100%. The individual data
points that contribute to the averages plotted often included values greater than 1 00%, particularly during the
first sample period of an increased PAA concentration. This implies that iron from the accumulated SG deposit
inventory (an estimated 20,000 pounds) was being re-suspended and removed via blowdown. Such re-
suspension may have affected the performance of the SGs in the latter part of the trial as discussed later. The
deposit inventory present at the outset of the trial, and its possible influence on the trial, were major
considerations for this pilot program and should be considered in any application in SGs that are not clean.

Significant differences appear between the two steam generators. The effectiveness of the PAA in promoting
blowdown iron removal efficiency is significantly larger in Steam Generator A than in Steam Generator B.
However, differences between steam generators are commonly observed in chemistry measurements such as
hideout return or routine chemistry. The cation conductance at ANO-2 of Steam Generator A routinely
exceeded that of Steam Generator B by about 0.08 OS/cm (0.70 vs 0.62 OS/cm). Higher cation conductance is
consistent with a higher loading of corrosion products, again consistent with higher levels of iron in the
blowdown of SG A during the trial. The PAA measured in the SG A was also lower than that in SG B, indicating
that there was less iron to adsorb PAA in SG B and hence more residual PAA in the blowdown.
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Figure 2
Log Mean Iron Removal Efficiency vs. AA Concentration in Feedwater

The ratio of iron to copper abruptly increased at the start of PAA injection. The SG A ratio increased from a log
mean average of 20 before the inception of PAA chemistry to 133 during the times of injection. The ratio
returned to 20 after the PAA trial. The ratio for SG B increased from 20 to 90 and back to 3 after the trial.
These data are summarized in Tables 8 and 9 for SGs A and B, respectively. These data are consistent with
two possibilities: 1) the dispersant may have primarily complexed with the iron in the feedwater, as opposed to
the iron in the existing sludge pile and SG tube deposits, or 2) the dispersant may have reacted primarily with
the feedwater iron and to some extent with the iron in the outer tube deposit layers, which were notably lower in
copper than the inner part of the scale layers [fl. The former possibility is the desired effect of the dispersant
such that incoming iron is removed via blowdo)ivn rather than deposited in the steam generator. However,
liberation of a fraction of the outer tube scale layer may have contributed to the slight decrease in SG thermal
performance noted toward the end of the trial (at FFW PAA concentrations of > 6 ppb)as discussed later.

Table 8
Log Mean Average of I ron/Copper Ratio in Steam Generator A, ppb

Total
Time Period Ins. Fe/Cu Sol. Fe/Cu Fe/Cu
Before PAA 18.6 18.3 20.4
During PAA 135.5 53.0 133.7
After PAA 35.7 8.1 19.7
Combined Before/After 22.8 14.1 20.1
Ratio (During/Combined) 5.9 3.8 6.6



Table 9
Log Mean Average of Iron/Copper Ratio in Steam Generator B, ppb

Total
Time Period Ins. Fe/Cu Sol. Fe/Cu Fe/Cu
'gefore PAA 13.7 28.3 19.7
During PAA 77.8 86.4 90.3
After PAA 12.6 2.1 3.4
Combined Before/After 13.4 9.01 10.1
Ratio (During/Combined) 5.8 9.7 8.9

Other chemistry parameters, such as cation conductivity, total organic carbon and blowdown Ca, Mg and Al
were also monitored and assessed. Such assessments would give indication of potential effects of the PAA on
normal secondary chemistry. No detectable changes in these parameters were observed as a consequence of
PAA injection.

Any measurable increases in the organic acid concentration in the system caused by the PAA or the
decomposition products of the PAA should manifest themselves in increases in the cation conductivity. Since
the PAA was added at a very low concentration relative to the other organic additives, only a very small change
was expected. At the normal blowdown concentration of acetic acid (1 00 ppb), the cation conductivity will be
about 06 OS/cm. With this background conductivity, no noticeable changes were expected for the planned
addition of PAA.

No changes in the cation conductance or specific conductance were detected throughout the trial that may have
been aributed to PAA. While changes were observed in the measured parameters, they were aributable to
changes in the other chemical additives or to operational changes. For example, observed large changes did
occur in the ETA and cation conductance, but they generally tracked each other with no observable changes in
cation conductivity with changes in PAA injection rate.

Like cation conductance, organic carbon measurements were made to insure sufficient monitoring of progress
of the PAA trial. Since PAA is 50% carbon, it can be quantified using total organic carbon JOC)
measurements. However, the ETA used for corrosion control is 40% carbon and is present at concentrations
much higher than those expected for PAA. Other components such as organic acids, oil, and grease also
contribute to the TOC. Nevertheless, since non-ionic impurities are not removed from the system by the normal
ion exchange processes, the TOC measurement is an important tool for insuring that non-ionic impurities do not
build up within the system. Assessment of the data indicate a linear increase in TOC with increasing ETA
concentrations, with no observable effect of PAA on TOC.

Addition of a dispersant in steam water systems may increase the concentration of water-borne impurities.
Fossil plants that have added dispersant chemicals (albeit at concentrations of more than 100 to 1000 times
injected at ANO-2) have observed increases in calcium, magnesium, and aluminum. To insure that significant
increases in these materials would be detected at ANO-2, samples of feedwater, blowdown, and heater drains
were analyzed. Sample sets included samples taken before the PAA injection and throughout the trial. No
elevated concentrations of calcium, magnesium, or aluminum were measured that could be attributed to PAA
injection. All results were near or below detection limits.

To process the higher corrosion product loading in the blowdown stream, a three-element blowdown filter was
installed. This filter helped to protect the blowdown ion exchanger from being fouled and also minimized
corrosion product transport to the condenser and subsequent potential recycle to the SGs. The filter elements
were changed once during the PAA trial after about 65 days of PAA operation. The pressure drop increased
with time in the expected manner. The filter elements accumulated roughly 50 pounds of corrosion products (as
iron) before the pressure drop increased to the administrative limit. This value is in reasonable agreement with
the design basis for the elements 20 lb/element).



One concern with the use of a dispersant in the secondary cycle is the potential effect it may have on the ion
exchange resins that are used to purify the water in the condensate and blowdown systems. Therefore, two
basic tests were performed as part of the qualification work. First, bench scale testing to determine the effect of
PAA exposure on the sulfate kinetics of the ion exchange process was completed. Second, testing to determine
the effect of PAA on possible sodium leakage after regeneration was carried out. The testing and results are
discussed in Reference 1`31. None of this testing revealed any adverse effects from PAA or from PAA that had
been heat-treated in the laboratory. The laboratory tests showed no effects on resin kinetics. The laboratory
tests also showed no evidence of sodium throw by the resins. It was concluded that no evidence of resin fouling
was apparent from this testing.

The ion exchange resin bed for the trial at ANO-2 operated downstream of the blowdown filter. The first bed ran
for 52 days before being replaced, verifying both the performance of the resins and the performance of the low-
flow laterals, installed to prevent flow channeling. Resin samples taken from the two beds used during the trial
showed no evidence of kinetic impairment. The mass transfer coefficients for sulfate were unchanged. No
increases in sodium concentration in the system were noted.

Thermal Hydraulic Impact

The last six weeks of the ANO-2 trial (operation at 6 ppb of PAA) resulted in a slight thermal performance
decline in the SGs, as reflected by a fouling factor increase of 14 ohft2_ 'F/Btu. Upon cessation of PAA
injection, the fouling factor immediately began to decline, falling by about Dhft2_ OF/Btu over the succeeding
two months. Although the total magnitude of the fouling factor increase observed during the trial 14 llhft2_

'F/Btu) was not very large, the rapid rate of increase and the apparently clear connection with dispersant use
raised the question as to the underlying cause, particularly in view of future dispersant applications. A detailed
evaluation of the most likely root causes was completed and is documented in Reference [11. A brief summary
highlighting the key results of that investigation is presented here.

A preliminary assessment identified a number of potential root causes for the fouling factor increase during the
trial:

• Venturi Fouling
• Changes in Moisture Carryover (MCO)
• Chemical Effects on SG Tube Scale and Boiling Heat Transfer
• Tube Support Fouling
• SG Moisture Separator Fouling
• Loss of Enhancement in SG Tube Scale Outer Layers

Thefirstfourcausesweredeterminedtobeunlikely(seeReference[Ilformorediscussion). nfactthereis
evidence that the feedwater venturis were actually de-fouled with dispersant use. The last two possibilities, in
bold, are believed to be the most likely explanations for the observed fouling factor increase. A brief
assessment of each is summarized below.

One of the two viable root causes for explaining the fouling factor increase observed during the dispersant trial
is rapid fouling of the moisture separators with magnetite transported through the SGs. In this scenario, such
fouling would result in deposit layers on the separator surfaces capable of increasing the pressure drop between
the liquid-steam mixture at top of the tube bundle and the exiting steam in the dome above the separator deck
plate. Such a pressure decrease would have the same apparent effect on SG performance as a decrease in
the tube bundle heat-transfer coefficient-i.e., an increase in the calculated fouling factor. Reference [11
includes the complete root-cause evaluation of this candidate cause. In this paper, only the key results are
summarized.

The pressure drop associated with the mass deposited on the separators during the dispersant trial was
estimated using the pressure-drop calculation method discussed in detail in Reference 1]. An engineering
assessment of the complex flow field characteristics associated with the primary moisture separator geometry in
conjunction with field experience associated with Calvert Cliffs (similar SG design compared to ANO-2) from the
mid-1990's was the basis for the following conclusions.

The results show that a significant pressure drop is predicted to occur 2a[yj the depositing mass and the mass
required for blocking separator holes are at their respective upper- and lower-bound values (a very low
probability bounding scenario). The required pressure drop equivalent to the observed ANO-2 fouling factor
increase is 6 psi. Even a moderately high deposit mass 313 pounds) and a moderately low required mass for
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separator blockage 560 pounds) result in a very small additional pressure drop (-0.2 psi) due to the nature of
pressure drop variation with blockage. The best estimate values indicate that this scenario would not cause a
noticeable increase in pressure drop. In summary, the calculated values suggest that separator hole blockage
is an improbable explanation for the fouling factor increase observed during the trial.

A second possible mechanism that can explain the modest ANO-2 fouling factor increase seen during the trial is
a decrease in the enhancement associated with the outer deposit layers present on the SG tube surfaces. As
explained in Reference L], the outer portion of tube deposits-the part farthest from the tube wall-can result in
a significant heat-transfer improvement, or "enhancement". Removal of even a part of this enhancing outer
layer deposit material could, contrary to intuition, actually result in a decrease in secondary heat-transfer
coefficient and hence an increase in the fouling factor. The analyses performed to evaluate this root cause are
presented in complete form in Reference 11. A summary of the key results is provided here.

The heat-transfer enhancement provided by the ANO-2 outer deposit layers, based on ANO-2 data, industry
experience and laboratory testing, is estimated to have been 40 Dhft2 -OF/Btu. This enhancement can be
decreased if the outer deposit layers that produce it are partially or completely removed. It is assumed that the
impact of outer-layer removal on the fouling factor is proportional to the mass that is removed. This assumption
would be a very good one to the extent that the complete outer layer were removed over a fraction of the tube
surface area. However, during the trial it is considered more likely that a fraction of the outer layer would have
been removed over the entire tube surface area. It is less clear in this latter scenario that the reduction in
enhancement would be proportional to mass removal, as the precise nature of the enhancement phenomenon
is not well understood. Nonetheless, it is considered the most reasonable assumption in the absence of data to
the contrary. Best estimate calculations indicate that removal of outer-layer deposits as a result of dispersant
usage was most likely to increase the fouling factor by nearly 4 Dhft2 -OF/Btu, or 25% of the increase noted
during the trial. Lower-probability input values suggest that an increase of 1 0 hft2 -OF/Btu-about 70% of the
observed increase-is plausible.

As mentioned previously, immediately upon cessation of dispersant injection on May 18, 2000, the fouling factor
stopped increasing and began to decline, falling at least Ohft2 -OF/Btu prior to the mid-cycle outage in July
2000. This behavior raises the question as to whether the fouling factor decrease is consistent with the
hypothesis that the outer layer was partially removed. For best-estimate deposit masses, a re-deposition of 320
pounds would be required to restore an enhancement of Dhft2 -OF/Btu-assuming that the enhancement of
the newly depositing layer is proportional to its mass.

It is judged reasonable that re-deposition of a mass in the vicinity of the above calculated value could have
occurred in the two months following the conclusion of the trial, particularly in light of the following
considerations: 1) the iron incoming in the feedwater during this period would have been approximately two-
thirds of the iron ingress during the trial, 2) re-entrainment of particles from the moisture separators could have
provided additional deposit mass, and 3 reestablishment of the outer-layer enhancement may have proceeded
more rapidly than would be inferred by assuming a linear relationship with deposit mass. Additional discussion
on these three items is provided in Reference 1].

Thermal Hydraulic Summary

In summary, it is believed that the small fouling factor decrease observed after the conclusion of the trial is
consistent with outer-layer reestablishment. Further, this possibility is judged to be as probable as the original
root cause-that a significant fraction of the fouling factor increase was the result of deposit outer-layer removal.

Trial Summary

Iron concentrations increased markedly in the blowdown with application of PAA. Blowdown iron removal
efficiencies significantly increased from pre-trial values of 1-2% to nominal values ranging from 20-60% even at
the lower PAA concentrations < 6 ppb). Iron concentrations slightly increased in the feedwater, particularly
immediately following the stepwise increases in PAA concentration. Some evidence exists that the corrosion
product particle size may have decreased in the blowdown, but definitive measurements were not made. No
unexpected changes were observed in the secondary plant chemistry during any period of PAA injection,
covering feedwater concentrations ranging from 0.5 to 12 ppb. Total organic carbon and cation conductivity
were closely monitored and exhibited no changes attributable to the PAA.

During the first month of the trial, the feedwater venturis experienced notable de-fouling (roughly 1% for Loop
13), reducing the full-power flow rate indication below that recorded at the start of the cycle when the venturis
were cleaned. This result may indicate that PAA in very low feedwater concentrations can act to effectively



clean venturi surfaces during normal operation. In contrast, the steam venturis appear to have fouled slightly
during the trial 0.2%). However, a similar level of fouling also took place during the three-month period prior to
the trial. This suggests that the presence of dispersant in the secondary system was not causally linked to the
steam venturi fouling that occurred during the trial.

During the first month of the trial, dispersant use in concentrations up to and including 4 ppb produced no
noticeable impact on SG heat-transfer efficiency as measured by the global fouling factor. However, during
operation with dispersant concentrations of 6 to 12 ppb in the final feedwater (the last six weeks of the trial), the
SG fouling factor increased by a small amount, but at a very rapid rate. Upon the conclusion of the trial, the
decreasing trend in performance ceased immediately, and the net reduction was partially recovered during
subsequent months - indicating that the fouling factor increase was linked to dispersant usage. Investigations of
possible root causes prompted detailed consideration of the two most likely candidates: 1) deposit fouling of the
moisture separator flow paths, and 2 partial removal of the performance-enhancing outer portions of the
existing tube scale layers. Evaluations of these candidate causes led to the conclusion that separator fouling is
an unlikely root cause, but that partial outer-layer removal is a much more likely root cause.
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