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Background

Zinc injection to the reactor coolant system (RCS) of PWRs holds the promise to alleviate two key challenges
facing PWR plant operators: (1) reducing degradation of coolant system materials, including nickel-base alloy
tubing and lower alloy penetrations due to stress corrosion cracking, and 2) lowering shutdown dose rates.
Primary water stress corrosion cracking (PWSCC) is a dominant tube failure mode at many plants. This paper
summarizes recent observations from U. S. and international PWRs that have implemented zinc injection,
focusing primarily on coolant chemistry and dose rate issues. It also provides a look at the future direction of
EPRI-sponsored projects on this topic.

Initial observations reported by Esposito et al. 1] showed that zinc injection at 50 ppb reduced PWSCC based
on the response of reverse U-bend specimens exposed in simulated PWR primary coolant chemistry
environments. Zinc additions were found to increase the time to crack initiation and reduce the severity of
cracks once they formed. Measurements also were performed of general corrosion and metal release rates of
PWR structural alloys in the presence and absence of zinc. Zinc was found to reduce these rates by about a
factor of three in 300 series stainless steels, the Ni-base Alloys 600 and 690, and the Co-base Stellite 6TM

hardfacing alloys, suggesting that zinc addition to the primary coolant could also lower shutdown dose rates.
Additionally, the Nuclear Power Engineering Corporation (NUPEC) in Japan is completing their own testing of
zinc primary chemistry effects on crack initiation of 600MA steam generator tubing. This study is expected to be
completed during the first quarter of 2002. Calculations by Miller 0 of site preference energies of transition
metal ions in spinel lattices show that Zn is favored over Co. Thus, the addition of Zn to the coolant should also
serve to decrease the incorporation of Co. Indeed, out-reactor loop experiments reported by Lister and Godin
[3] showed that dissolved zinc at the 1 0 to 40 ppb level lowered 60CO pickup by both nconel 600 and Type 304
stainless steel by about a factor of 8 to 1 0 and led to the formation of thinner oxide films.

Plant Experience

PWR zinc injection was implemented at Farley 2 in 1994 over a period of 9 months during the latter part of cycle
1 0 at a nominal RCS coolant concentration of 40 ppb. Zinc was not injected in cycle 1 1 partly because thin dark
deposits were found on fuel rod surfaces at the end of cycle 10 which required further assessment. Detailed
characterization showed these deposits were very thin and would have little or no impact on fuel performance.
These deposits have not been observed in PWRs where zinc concentrations are maintained at the to 1 0 ppb
level. Zinc injection resumed at Farley 2 for a limited part of cycle 12 and most of cycles 13 and 14. Zinc has
been used at Farley over most of cycles 16 and 17. Diablo Canyon and 2 have both injected zinc over the
latter parts of cycles 9 and 1 0. Both Farley and Diablo Canyon inject zinc at the higher concentrations for both
PWSCC mitigation and dose rate control. Palisades implemented zinc injection (using depleted zinc acetate) at
the end of cycle 14 and continued its use over the latter part of cycle 15. Palisades was motivated by the desire
to arrest the steadily increasing trend in shutdown dose rates that was observed after steam generators were
replaced at the end of cycle 8. Staff at the Siemens-designed PWRs has injected low levels of zinc at
Obrigheim, Biblis A and B. Depleted zinc acetate injection at Obrigheim was initiated early in 1998. Zinc
injection levels there ranged from to 1 0 ppb, with a target value of 5 ppb.

There is a significant experience base on zinc addition in BWR reactor coolant from which we can benefit 41,
although this experience is only at the lowest zinc levels used in PWRs (i.e., -5 ppb). This experience shows a
definite benefit of zinc in dose rate field reduction in recirculation piping, the use of depleted zinc oxide (DZO to
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eliminate 65 Zn production, and the combined use of zinc and noble metal chemical addition (INIMCA) to further
reduce dose rates. This combined effect has been observed at the Duane Arnold Energy Center, and studies at
other plants are underway through the BWR Vessel nternals Project (BWRVIP). Finally, selected examinations
of fuel indicate no aberrant deposits related to zinc that may accelerate fuel clad corrosion.

Primary Coolant Chemistry and Radiochemistry

Introduction and control of zinc into PWR coolant is easily and efficiently achieved. Zinc is added as an
aqueous solution of zinc acetate, usually into the suction of the CVCS charging pump downstream of the
volume control tank (VCT), which avoids the use of a high-pressure safety-related line. The net mass of zinc
introduced into PWRs has ranged from about kg to more than kg in any given cycle. Plants aiming to
achieve PWSCC mitigation have injected natural zinc acetate with a nominal target of 20 to 40 ppb zinc. Plants
injecting zinc solely to reduce shutdown dose rates have injected zinc at about ppb, and some have used
depleted (in 64 Zn) zinc acetate to avoid the production of 65 Zn.

Depending on the initial injection rate, zinc is first detected after about a 10 to 20 day injection period. PWR
operators have demonstrated efficient management of RCS zinc concentrations from to 40 ppb. Analyses to
determine the zinc concentration are performed by either atomic absorption (reliable for zinc concentrations of
10 ppb or higher) or by secondary ion mass spectroscopy (SIMS) (which provides an analytical sensitivity of
about 0.8 ppb) of acidified grab samples taken on about a daily basis.

Zinc additions increase radioactivity concentrations in the coolant. The increase in cobalt activity after zinc
injection can be attributed to release of cobalt (and nickel) from surface deposits as a result of displacement by
zinc and reduced incorporation of activity into these deposits. The radiocobalt concentrations of 'Co and 60CO

typically exhibit an increase after zinc addition starts, and level off or increase slightly for the remainder of the
fuel cycle. Radiocobalt levels tend to decrease during periods of no zinc addition, and then abruptly increase
when zinc injection is restarted. The relative increase in reactor coolant cobalt activity tends to decrease during
subsequent cycles of zinc chemistry. The data suggest that the "equilibrium" radiocobalt concentrations in the
coolant at Diablo Canyon and Farley 2 tend to be lower after additional cycles of zinc addition. This supports
the view that the ex-core corrosion films are becoming fully conditioned with zinc, resulting in lower amounts of
nickel and cobalt being exchanged. The ultimate "equilibrium" activity concentrations that are attained appear to
be plant-specific and depend on the pre-zinc values. The factor of increase in the pre-zinc to post-zinc values
appears to depend on the average zinc concentration in the coolant. Generally, increases in the 58Co activity
are somewhat greater than increases in the 60CO activity, suggesting that zinc may be causing greater release
of nickel than cobalt from the ex-core corrosion films. Figures and 2 show 58Co soluble and insoluble activity
at Farley 2 cycles 12 and 13 and Diablo Canyon cycle 9 respectively [5].

Partitioning of radiocobalt activity between soluble and insoluble fractions was found to be different at Farley
and Diablo Canyon. At Farley, most of the radiocobalt activity is insoluble (particulates) but at Diablo Canyon,
it's mainly soluble. However, no correlation with zinc chemistry is inferred from this observation that may simply
be related to the different sampling and analytical practices used at the plants. In the case of Zn activity, all
Westinghouse plants report that the soluble activity dominates. The additional zinc, the increased radiocobalt,
6'5Zn (for plants injecting natural zinc acetate), and nickel concentrations in the coolant following the injection of
zinc, do not significantly affect the performance of the CVCS dernineralizer or filters. A recent evaluation of
Diablo Canyon chemistry with zinc addition n noted that although the Unit 2 cycle 1058Cofto activity ratio for

the unfiltered reactor coolant increased by approximately 25% for periods during zinc injection compared to
periods prior to zinc injection, the filtered activity ratio remained essentially unchanged. This contrast suggests
a potential stabilization of core deposits during the second cycle of zinc addition. However, few data points
were available for the stable period prior to zinc addition, so meaningful trends for filtered crud are not yet

established.
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Figure 1
Soluble and Insoluble 58Co Activity in Farley 2 Cycles 12 and 13
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Figure 2
Soluble and nsoluble'58Co Activity in Diablo Canyon Unit I Cycle 9

Refueling Shutdown Chemistry and Radlochemistry

Following addition of zinc only over part of a fuel cycle (up to 10 months), significant increases have been
observed in the release and removal of 5CO, 60CO , and nickel in subsequent refueling/maintenance shutdowns.
Relatively substantial releases of 6Zn are also observed in plants using natural zinc acetate. The 58Co specific
activity (i.e., Ci 58Co/gm Ni) increases slightly after cycles with zinc injection, suggesting an increase in the core
residence time for nickel. The release of Ni is enhanced by the incorporation of zinc into the ex-core corrosion
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films, which increase both the RCS Ni concentrations and the activity concentration of 58CO . The general trend
is that zinc addition increases the amount of radiocobalt activity and nickel that are released during shutdown.

The 65Zn activity released and removed during shutdowns is directly related to the use of natural zinc. Low
values seen for cycle 12 at Farley 2 and at cycle 14 at Palisades reflect the use of depleted zinc acetate.

Dose Rates and Component Activities

At Westinghouse-designed PWRs shutdown dose rates are routinely measured at the following locations: the
middle of the SG channel head, which has been an historical survey point; the RCS piping, which represents
deposition on stainless steel piping; and the exterior of the SG tube bundle, which represents deposition on Ni-
base Alloy 600 or 690 tubing.

Dose rate ratios for these locations at Farley 2 were compared to those at the end of cycle 9 (the last cycle prior
to zinc addition). The calculated ratios (current cycle/cycle 9 before peroxide addition are 082 083, 0.81, and
0.58 for cycles 10, 11, 12, and 13, respectively. The calculated ratios after peroxide addition are 073 073,
0.62, and 047. Overall, the dose rates decreased by about a factor of two from cycle 9 through 13. The
negligible change in cycle 1 1 reflects the absence of zinc injection during this cycle. Average dose rates are
lower by 12% after hydrogen peroxide addition compared to the pre-peroxide dose rates, indicating removal of
out-of-core activity during the shutdown process. This value is greater than the value of -5% found in plants not
operating on zinc, suggesting that zinc affects corrosion film activity so that it is more easily removed after
hydrogen peroxide addition. Measurements after cycle 14 show a reduction of 35% and after peroxide addition
of 56% compared with cycle 9 values.

At Diablo Canyon 1, zinc addition that began in cycle 9 and other operational practices led to an average
reduction in component dose rates of 17% before peroxide addition compared to dose rates measured at the
end of cycle (the last cycle prior to zinc addition). Shutdown chemistry practices resulted in an additional 12%
reduction in component dose rates based on measurements following peroxide addition. The shutdown
chemistry reduction is equal to that calculated for Farley 2 Measurements taken after cycle 10 show a
reduction in dose rates of 29% before peroxide addition and of 48% after peroxide addition compared with cycle
8 values. Gamma spectroscopy results show that the radiocobalt concentration in ex-core component deposits
decrease after one cycle of zinc addition. Results from Diablo Canyon show radiocobalt decreases are
greater than would be expected from decay only, suggesting that zinc exchanges with cobalt in the fuel
deposits.

Comparable values for Diablo Canyon 2 are a 19% reduction in shutdown dose rates before peroxide addition
when one compares results from cycle 9 (the first cycle on zinc addition) to values measured at the end of cycle
8. Shutdown chemistry practices at this plant resulted in an additional 9 reduction in shutdown dose rates.
The cycle 1 0 to cycle ratios after peroxide addition show a 32% reduction; no data were taken before peroxide
addition. Averaged steam generator bowl rates are shown in Figure 3 clearly indicating reduced dose rates
with zinc injection.

Channel head dose rate trends for Palisades following low levels of zinc injection for two cycles 14 and 15) are
shown in Figure 4 Zinc injection (using depleted zinc acetate) has proven to be a cost effective technique for
lowering shutdown dose rates at Palisades. Costs for the second cycle of zinc injection at Palisades were about
10-1 5% of the cost for the first year of zinc injection (which included a 0 CFR 50.59 evaluation and collection
and analysis of fuel scraping). Fuel scraping that followed the first and second cycles on zinc chemistry at near
1 ppm silica indicated no significant detrimental deposits of zinc or silicates on the fuel M. Palisades plans to
continue operating with depleted zinc acetate injection during cycle 16.
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Average Steam Generator Bowl Dose Rates at Diablo Canyon 2
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Juergensen et al. L8] reported that at Obrigheim Co-58 and Co-60 activity concentrations in the coolant
increased immediately after the start of zinc injection and became higher when the quantity of zinc being
injected was increased. Gamma flux measurements taken at the pipe between the reactor coolant pump and
the steam generator, at the hot leg, and at the cold leg showed the reduction in dose rates in these areas to be
- 40%. They noted their less accurate dose rate measurements provided less conclusive results about the
benefits of zinc injection.

The results from all sites provide compelling evidence that lower shutdown dose rates and deposited
radionuclide activities follow the addition of zinc to the reactor coolant. A factor of two reduction was realized
over the last four cycles of zinc injection at Farley 2 although zinc was added for less than half of any given
cycle. Dose rate reductions achieved at Diablo Canyon and 2 following zinc injection are similar. Dose rate
reductions are similar at the Palisades and German PWRs where zinc concentrations are in the to 10 ppb
range, suggesting that the lower injection levels are adequate to realize dose savings. Gold et al. suggest
that the percent reduction in dose rate correlates with the zinc exposure (measured as the product of zinc
concentration and exposure time).

Sejvar 91 reports the results of activity transport calculations for Diablo Canyon using the CORA code. The
prediction takes into account both zinc chemistry and ultrasonic cleaning of reload fuel. These calculations
suggest that after addition of zinc to the coolant for 3 to 4 fuel cycles, plant shutdown dose rates are expected to
reach an equilibrium value that is about half that of the level found before zinc addition began. About half of the
savings is realized from the ultrasonic cleaning of reload fuel and the other half from zinc injection.

PWRs planning to replace steam generators should consider implementing zinc injection in the cycle prior to the
actual replacement. Zinc injection is expected to lower corrosion product release from the new alloy 690 tubing
surfaces, thereby lowering the potential for the axial offset anomaly (AOA) in subsequent cycles by reducing the
available crud inventory for deposition onto the fuel. However, it is unclear to what extent zinc will affect the
release rate. Zinc injection, together with electropolishing of the replacement steam generator channel heads,
has led to a very low channel head dose rate of 062 R/hr at Farley 2 Channel head dose rates at PWRs that
have electropolished the channel heads, but have not added zinc, are typically about 2 R/hr.

Zinc Solubility

136n6zeth et al. [101 have recently completed an investigation of zinc solubility as part of a jointly funded
EPRI/Department Of Energy effort through the Nuclear Energy Plant Optimization (NEPO) Program. The
results are of significant importance to those units using zinc injection for PWSCC mitigation. Zinc oxide
solubility was measured at temperatures ranging from 1500C to near fuel rod clad temperatures of 3500C,
including pHT values found in the primary circuit of a PWR. These investigators found the solubility of n at
relevant pH conditions is between 104 and 220 ppb total dissolved zinc at temperatures of 150 to 3500C, which
contrasts with the previous estimate of 50 ppb based on extrapolation from lower temperature data. The key
conclusion is that zinc solubility at PWR operating conditions is at least four times larger than that observed to
be effective in inhibiting PWSCC cracking based on lab studies conducted at PWR temperatures.

Unresolved Issues and Future Plans

Although laboratory data provide strong evidence that zinc injection mitigates PWSCC crack initiation, field
experience is far more ambiguous. Evidence from eddy current inspections at some units that implemented
zinc injection suggests that fewer tubes have to be plugged. However, a number of other confounding factors,
such as changes in inspection techniques, make it difficult to unequivocally attribute the improved performance
to zinc. A further PWSCC mitigation issue that needs to be resolved is the effect of zinc injection on crack
growth rates. EPRI has initiated a project that will address this issue. On a similar note, the Westinghouse
Owners Group (WOG) has begun a laboratory evaluation of the impact of increased lithium concentration (and
thus increased pH) on primary system material corrosion. This work will provide important data on expected
corrosion rates as the industry investigates going to higher primary system pH, especially during BOC. The
effect that zinc may have on mitigating corrosion in this chemistry is yet to be determined.

The ability of zinc injection to lower shutdown dose rates has clearly been demonstrated, but additional details
about the relevant mechanisms are desired. EPRI is compiling information about experience with zinc injection
at the Siemens-designed plants injecting zinc at low levels and is comparing this information with that from U.S.
PWRs operating on zinc. Additional information will be gathered about the effect of zinc addition on fuel
performance, initially relying on crud scrape data from Diablo Canyon 1. Recall that recent Diablo Canyon
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shutdown results after the second cycle on zinc chemistry are consistent with potential stabilization of the fuel
deposits. This may affect possible shutdown options (i.e., in certain cases ultrasonic fuel cleaning may be a
viable option for significant crud removal). Additionally, hot leg particulate sampling at Diablo Canyon will
provide further information on corrosion product release and transport. Vogtle, Wolf Creek and Callaway are
evaluating zinc injection. If any of these high duty plants decides to inject zinc, opportunities for a crud scrape
will be pursued. Crud scrape information would be valuable is establishing that zinc reduces corrosion product
transport to fuel surfaces. The restructuring of fuel rod crud and ex-core oxides that occur immediately following
zinc injection may lead to transient higher releases of nickel to the coolant. The possible subsequent increased
incorporation of nickel into fuel rod crud, thereby increasing the potential for the axial offset anomaly (AOA)
under these circumstances, needs to be addressed. However, the lower general corrosion rate of primary
system alloys following the introduction of zinc will serve to counteract this adverse effect, as well as the
subsequent reduction in nickel concentrations with further cycles of zinc injection. Ultimately, zinc injection
should result in a net benefit, mitigating the crud loading on fuel that contributes to AOA.
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