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ABSTRACT

This report discusses a number of aspects of cost/benefit (C/B} analysis
for in~service inspection (ISI} of pressurized water reactor (PWR) steam gen-
erators (SGs) and identifies several problem areas that must be addressed prior
to a full C/B analysis capability.

Following a brief review of the impact of SG problems on the productivity
of PWR units and of the scope and variability of SG problems among U.S. PWRs,
various occupational implications of SG ISI are considered, namely manpower,
time, and rad exposure. The opportunities provided by refueling outages in
respect to ISI frequency and work time windows are reviewed. Indices for
characterizing the nondestructive testing {NDT} information, rad exposure, $
impact, and manpower and time attributes of single ISIs and a series of ISIs
over an arbitrary evaluation period are presented and calculated for a number
of IS1 cases using SG parameters for three typical PWR units.

A comparison of the $ impact of unscheduled outages attributable to SG
problems with the $ cost of ambitious ISI strategies indicates that the $ cost
is virtually negligible for well-planned ISIs. Considering the ALARA constraint
on occupational rad exposure, the skilled manpower pool for NDT work appears
to be the principal factor 1imiting ISI scope and frequency. Analysis of the
manpower and time requirements for inspection of a 40-unit PWR population indi-
cates, however, that an ISI strategy embodying two campaigns per year and a
total population inspection within a 2-year interval is not far beyond current
capabilities.
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INTRODUCTION

There is ample incentive for improvement of the unit-wide performance of
pressurized water reactor {PWR) steam generator (SG) tubing measured in terms
of energy productivity loss and the occupational rad exposure attending SG
inspection and requalification work.

Satisfactory resolution of the SG tubing degradation problem will require
improvement both in tubing surveillance and in the material and environmental
factors that affect tubing performance. The surveillance component of this
improvement is the focus of this report. Nondestructive surveillance or in-
service inspection {ISI) provides the principal measure of the tubing response
to the working environment and, therefore, the principal guide to improvements
in design, operation and maintenance practices that can optimize this response.
Surveillance, in conjunction with degradation limits (e.g., plugging limits)
on serviceability, also permits censoring of tubes that reach the "unaccept-
able" regime. Successive inspections provide a measure of the dynamics of the
degradation processes and enable progressive refinement of censoring limits
assuming reasonably steady-state working conditions,

The ability of an ISI program to satisfy the above functions is influenced
by a number of factors: the overlap between the tubing sample of the inspec-
tion and the actual/potential problem zones within the SGs; the sensitivity of
the nondestructive testing (NDT} technique to significant structural changes;
the frequency of the inspections; the degradation limits used for censoring
and the rate of the fastest degradation process; and the coordination of the
IST information with operation and maintenance details that could conceivably
impact SG tubing performance, particularly those pertaining to management of
the secondary water chemistry.

This report discusses a number of considerations that are preliminary to
a full cost/benefit (C/B) analysis of SG ISI strategies and identifies some of
the problem areas for further study toward development of a practicable C/B
analysis technique.






SUMMARY

The fundamental relationship in SG ISI C/B analysis is that between the
intensity {frequency, duration) of the unscheduled outages attributable to SG
problems ([USOSg]) and the intensity (information content on tubing inte~
grity) of the ISI program ([ISI]). A satisfactory quantification of this
relationship does not appear possible at present because of the sparsity of
unit-wide tube performance information and the compiex coupling among ISI
information, unit designfoperation/maintenance (D/0/M) practice that affects
tubing behavior, and the tubing response to D/O/M changes. It is reasonable,
however, to expect [USng] to decrease with more ISIs, assuming a conscien-
tious effort to coordinate [1SI] with unit D/O/M practice affecting the tubing.
Without the Tatter effort, persistent adverse working conditions for the SG
tubing could farce [USOSg] to the point of periodic SG replacement and even-
tually to economic defeat of the unit irrespective of the level of [ISI].

In the absence of predictable levels of [USOSg] as a guide for ISIs, it
is expected that consideration of occupational rad exposure, ISI manpower
availability, inspection time, and § costs of the ISI will be invoked to limit
inspections to the "maximum feasible" level. This is a somewhat subjective
criterion, but its [USOSg] basis would be expected to improve under careful
and comprehensive observation of tubing performance and correlation with rele-
vant unit 0/0/M practice.

To assist in the Tatter effort, several indices and relationships are sug-
gested in this report that attempt to quantify a number of aspects of SG ISI,
including: occupational rad exposure, § impact, manpower and time requirements
as a function of the ISI information index (Iisi}. The information index given
here considers scope (% of total tubes inspected}, sample distribution {(number
of SGs involved in inspection), and frequency of inspections over an arbitrary
evaluation period. This index does not take cognizance of the Timitations of
current NDT techniques in detecting significant changes in the tubing struc-
ture. While the information index would presumably be maximized by using
state-of-the-art NDT techniques, the discrimination ability between nominal and
unacceptable tubing structures represents an important and largely implicit



limitation on the significance of any ISI information index. Several composite
indices {comprised of two or more single indices) are also suggested for
assessment of ISI strategies. All of these indices are evaluated for 14 ISI
cases and for three typical PWR units (2, 3, and 4 SGs per unit). The 14 ISI
cases considered in this report range from the minimum inspection cases umder
Regulatory Guide 1.83 and ASTM Code XI rules to various arbitrary cases extend-
ing to 100% scope for each inspection over the evaluation period of 9 years.
The inspection frequency over this period for all ISI cases was determined by
average data for refueling outages of PWR units in the United States. Prelimi-
nary analysis of SG ISI requirements indicates that very conservative tubing
inspection programs can be accomplished when the basis frequency and work time
windows are controlled by the refueling outages. The refueling outage schedule
is therefore considered to be a natural basis for evaluation of the indices.
The 9-year evaluation period was chosen to accommodate up to a 3-year interval
between inspections. Each of the indices considered in this report has both

an individual inspection and an evaluation period counterpart. For illustra-
tion purposes, only the evaluation period index was computed although data for
computation of indices for individual inspections are given.

For all the units considered, the Cl composite index {information index
divided by rad exposure index) exhibits a near monotonically increasing beha-
vior with increase in the information index over the full range of the latter
index. The somewhat more comprehensive composite index C2 (information index
divided by the product of the rad exposure and § impact indices) exhibits
intermediate minima within the given information index range {see Figure 18,

p. 49). The latter index shows some promise as an indicator of practicable ISI
strategies, given input appropriate to individual units.

The manpower and time requirements for inspection of a 40-unit PWR popula-
tion are analyzed in this report using values obtained from our NDT contractor
consultants., Time and manpower estimates are given for various inspection
scopes and for various inspection campaigns involving different numbers of
units. Analysis of Nuclear Regulatory Commission (NRC) data revealed the
expected bimodal characteristic of the histogram of fuel outage calendar dates.
Qur data suggest that an ISI strategy comprised of two campaigns per year and



a complete 40-unit population inspection within a 2-year period is not far
removed from current or a reasonable extension of current SG NOT manpower cap-
ability under the ALARA (see Appendix A) constraint with respect to occupa-
tional rad exposure.

The § impact of USOSg for a 1000-MW(e)} unit is compared with the §
impact index of the most ambitious ISI strategy considered in this report {100%
scope for each inspection over the 9-year evaluation period) over a range of
the lost power cost factor (milis/kWh). Even under a fairly pessimistic
assumption as to the critical path interference of the SG ISI work, the cost
of the ISI work is much less than the unit-wide cost of USOSg based on 1976-
1978 outage information for PWR units in the United States. The cost of well-
planned (low-interference) ISI activity appears quite negligible compared to
current or near-term projected USOSg costs.,

Some of the problems associated with a probabilistic analysis of S5G tubing
performance and calculation of the conditional failure probability that is
related to specification of the interval between inspections are considered
briefly. The prospects for a significant {(probabilistic) tubing performance
component in the SG ISI C/B analysis would be enhanced by increasing the NDT
information content of inspections and better reporting of inspection findings.

An analysis of the costs and activities associated with the disposal of
solid wastes derived from SG tubing leakage events indicates that this aspect
of the SG tubing problem is negligible in respect of occupational exposure and
3 impact when compared to the SG inspection/requalification work and the down-
time costs assignabie to SG problems.

SG ISI C/B analysis will necessarily be a process of successive refinement
due to current limitations on the knowledge of tubing behavior as a function
of: (a) the as-installed state of the tubing; (b) the unit D/O/M practice per-
tinent to tubing performance. At the first Jevel, a C/B analysis code should
assist the unit manager in identifying his maximum feasible ISI intensity,
based on the financial situation, ISI manpower availability, and rad exposure
factors specific to his unit., This report has attempted to quantify some of
these factors and to obtain some measure of their importance to 56 ISI.



Successive levels of an SG ISI C/B code would represent progressive refinement
of the maximum feasible concept based on [USOSg] experience. For well man-
aged units, this refinement would be expected to result in some relaxation of
the ISI intensity.

Practicable C/B analysis codes could be exercised by the individual unit
managers at their discretion using local facilities or optionally a central
agency serving a number of units for data banking and computation. It would
appear feasible to incorporate many unit technical management functions within
the purview of such a central agency in addition to the 5G ISI service.



IMPACT OF STEAM GENERATOR PROBLEMS ON PROBUCTIVITY OF PWR UNITS

A number of criteria have been used and proposed to measure the impact of
various unit problems and operational functions on power production. The
capacity factor (CF, energy produced per year/maximum possible) has both sim-
plicity and minimum ambiguity to recommend it as a criterion and it will suf-
fice for the purposes of this report.

Recent Electric Power Research Institute (EPRI)-sponsored reports on the
2)

)-
outage picture for Tight water reactor {LWR) units(l’ summarize the distri-

bution of outage time between fuel and nonfuel gutages as follows:

Capacity
Total Factor
Qutage Time, % Loss, %
Refueling 41 11
Nonfuel {>100 hr) 40 11
Nonfuel {<100 hr) 19 5

From these studies, it was indicated that outages {fuel and nonfuel)
account for a CF loss of about 27% with nonfuel outages accounting for about
16%. The outages attributable to SG problems generally fall within the
>100-hour category as shown by the histogram of Figure 1. The modal value
{corresponding to the highest frequency) is near 150 hours while the mean value
is in excess of 500 hours. A measure of the contribution of SG problems to the
CF loss attributable to nonfuel outages is obtainabie from another recent EPRI-
sponsored report that analyzed outages for both fossil and nuclear units. In
(3) the CF loss attributable to SGs over the period from July 1976
to June 1978 is given below by the SG manufacturer:

this report,

Westinghouse (W) 3.9%
Babcock & Wilcox (B&MW) 4.8%
Combustion Engineering (CE) 1.3%

Composite 3.6%
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FIGURE 1. Histogram of Outages Involving Generators {>100 hr) (Reference 2)

Using the composite value of 3.6% for the SG impact on CF and the value
of 16% CF loss due to nonfuel outages, it is seen that SG problems account for
about 23% of the nonfuel outage time. From the relationship,(4) 1000 MW(e)
hr - 1500 barrels (bbl) 0il, the barrel of oil equivalent of a change in CF

can be estimated as follows:

CF(%) x [MW(e)] x 1500 x 365 x 24
100 x 1000

bbl/yr

s CF(%) x [Mé(e)] x 1.31 x 10°

where [MW(e)]is the unit rating and aCF is the incremental change in CF. For a
1000-MW({e) unit, a CF increment of 3.6% {given above as the composite value for

the SG impact) would be equivalent to:



bb1/yr = 3.6 x 1000 x 1.31 x 10% = 472,000
which is another rough measure of the impact of SG problems on nuclear units.

Detailed studies of the productivity of boiling water reactor (BWR) and
PWR units have been made that help to quantify the impact of particular problem
areas on unit productivity. Of the PWHR units, reports have been issued on
(7) The Turkey Point report
gives the productivity loss attributable to various critical path items over
the two years, 1975 and 1976. Using a base power level of 715 Md{e), the SG
tube problems accounted for a loss of 544,323 MWh(e) over the observation

Turkey Point 3,(5] Qconee 1,(6) and Maine Yankee.

period. In terms of CF loss this represents

544,323 x 100%
8CF = 71557 x 365 x 24 - 4-3%

In contrast, the Maine Yankee unit has reported no outage time attribut-
able to SG problems throughout its history (from December 1972 to the present)
although other heat exchangers (principally the main condenser) have been
troublesome. From a corrosion perspective, the Maine Yankee unit is of parti-
cular interest inasmuch as brackish (chloride-containing} water is used as the
condenser coolant.

As indicated above and in the following section there is a wide variation
among the nuclear units with respect to SG reliability and any generic indices
of SG performance must be so qualified. A somewhat more comprehensive indica-
tion of the various costs associated with SG tubing problems is given in the
following sections.

While, as noted above, the downtime associated with SG tubing problems is
a significant component of the CF loss for U.S. PWR units, it should be pointed
out that to date there has been no public hazard associated with SG problems.
This is indicated by the following data on the incidence of actual tube rup-

tures among the population of tubes plugged over the period 19?5-1980.(8’9’15)



Plugged Tubes Known Leakers Ruptures
10's of thousands 100's 5

Marsh(15)

flow capacity of the unit. None of the ruptures resulted in a significant off-

defines a rupture as a leak that is greater than the normal charging

site radiation dose.
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SCOPE ANO VARIABILITY OF STEAM GENERATOR TUBING PROBLEMS

In the readily accessible literature data on tubing performance are
exceedingly sparse. HWe refer to the service time corresponding to a particular
spectrum of tubing defect conditions for all the tubes of the unit. More spe-
cificailly, we refer to the number of operable tubes, the number of unfailed
plugged tubes and some measure of their residual 1ife expectancy at time of
plugging, and the number of failed tubes and their approximate failure time.

In most instances, the performance information appears to present quite a
limited perspective on the tubing behavior of the overall unit. Consequently,
we are at this time limited to rather crude indices of tubing performance.

The majority of work to date on the statistical analysis of the outage
data entailed investigating what data are available in what form. We talked
with people at the Nuclear Requlatory Commission {NRC)}, EPRI, Southwest
Research Institute (SWRI}, and a local nuclear power utility, Washington Public
Power Supply System {WPPSS}.

The NRC Gray Book computerized data base SISOR contains unscheduled outage
data going back to 1974, One problem is that the cause of the outage is not
always known at the time that the outage report is made so that there is a
major source of error for a statistical analysis. There are also some incon-
sistencies in the definition of some of the unit performance indices. The
advantage of this data base is that the raw data are made available for inde-
pendent analyses.

The Nuclear Plant Reliability Data System {NPRDS) data base being devel-
oped by SWRI contains more detailed engineering data than the SISQR data base.
Since participation is voluntary, the completeness of the information and con-
sistency of definition vary among the utilities. Combining data across plants
for statistical analyses becomes problematical, and obtaining the raw data for
our analyses appears to be a probiem.

Another source of outage data is Nuclear Power Experience, Inc. This is
perhaps the most complete and reliable source of outage data since incidence
reports are generally followed up. The cause of an outage is more accurately

11



known than the one given in the Gray Book data base. However, unlike the Gray
Book and NPRDS systems, the data are not computerized. Data are presented in
narrative form so the quantification of information for statistical analyses
is a sizable but not insurmountable task.

References 1, 2, and 3 are recent EPRI-sponsored analyses of outage trends
in LWRs. The data source for these documents is the Gray Books.

Reference 1 analyzes the length of outage time due to refueling as a func-
tion of plant life. Refueling is the major cause of outage time except in the
first year of reactor operation.

Reference 2 analyzes the causes of major (>100 hours) forced outages. SG
problems are ranked second behind problems with the steam system based on
arithmetic averages of outage times taken over plants with vastly different
operating experience. The hours of downtime associated with SG problems may
be rather imprecise due to the uncertainty in the cause of the outage, but the
ranking is probably reasonably accurate.

Reference 3 compares the various measures of the unit performance that are
provided in the Gray Books; examples are the Availability Factor {AF), Equiva-
lent Availability Factor (EAF), and Capacity Facter (CF). The major problem
in understanding the information contained in these data is that none of the
measures, individually, describe the complexity of reactor performance. There
is a good discussion of this in Section 2 of the cited report.(3)

From these reports we have the relative contribution of SG problems to
outage time and a feel for the inaccuracies in the data. Based on the informa-
tion decribed above, we obtained a data tape from NRC of all the unscheduled
outage data contained in the SISOR data base for use in statistical analysis
of SG-caused outages.

Because of time constraints, the statistical analyses have been guite
1imited to date. Some of these are summarized in Figures 2 and 3. The data
for plants with at least two calendar years of data were obtained from several

(8,9)

reports. The breakdown by manufacturer for the computerized analysis

is Westinghouse, 28; Combustion Engineering, 8; Babcock & Wilcox, 7; and
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COST OF DOWNTIME FOR NUCLEAR POWER PLANTS

The C/B analysis of increased inspection of SG tubes in nuclear power
plants must include an assessment of the cost of downtime of the power plant.
The downtime cost is the difference between meeting the same demand with
replacement power versus meeting it with electricity generated by the nuclear
power plant. The downtime cost can be separated into two parts. The first
part to be discussed will be the cost of replacement power. The second part
will be the cost or savings to the utility due to the forced outage. This
opportunity cost is an implicit cost as opposed to the explicit replacement
power cost.

The cost of replacement power is determined by the interaction among and
bDetween many factors. The following are some of the major factors causing the
replacement of power to vary. The mix or type of power plants that any one
utility system has will greatly affect the cost of replacement power. If a
system has more base-Toad power available rather than intermediate or peaking
load power, then the cost for replacement power will be less, all other factors
being held constant. WNot only the type of power plant but also the number
available to supply power when one unit goes down will determine the cost of
replacement power. If a utility system cannot obtain enough electricity from
its owh power plants or if the power can be purchased less expensively from
another utility system, then the electricity will be "wheeled" in to replace
the lost power. The price of this purchased power is also variable due to the
same factors as discussed here,

In addition to the utility mix and the wheeling of power factors, the fac-
tor of time is very important. The utilities' power costs vary seasonally and
diurnally. This can be seen in the company's load duration curve. The load
duration curve charts the daily and/or seasonally varying load for the utility.
At periods of high use of power, typically summer or winter depending on where
the utility system is located {see Figure 22, p. 63, where the time of fuel
outages is an inverse expression of this fact), the use of higher cost inter-
mediate power and, perhaps, even peaking power may be necessary. If the util-
ity is forced to purchase or produce power under these conditions, the price

31



will be much higher. Thus, the time of year and the time of the day will also
influence the cost of replacement power, The load duration curve is different
for each utility depending on location and uses of the power, This variation

again causes the replacement cost of power to vary considerably with different
regions of the country having quite different load duration curves and, conse-
quently, different costs.

In addition to the influence of the above factors on the cost of replace-
ment power, the amount of power needed or size of outage will also cause the
cost to vary. Even though a nuclear plant goes off-line the amount of replace-
ment power may be less because the nuclear plant may have been generating
excess power for whatever reason. Also, the amount of power may be altered by
actions the utility takes to reduce its load, i.e., stopping interruptible
power sales. The cost of power may vary due to the amount needed to be pur-
cthased. A large amount of power may be less expensive on a per unit basis than
a smaller amount, Thus, the firm's replacement power costs may vary consider-
ably depending on external circumstances beyond the control of the utility.

To determine the cost of replacement power, historical cost data will have
to be used. The reliability of these data is amother factor influencing the
cost of power. Given the rapid escalation in power costs over the past few
years, any use of prior-year figures must be suspect. An escalation rate to
adjust the cost of power leads to problems as to which rate to use and when to
apply it. This entire issue, the reliability of data, will cause long-range
forecasts of power costs to be much more suspect than at any time in the past.

All of the above factors interact with the others and make the estimation
of replacement power costs for a utility at any ome time in the future very
difficult. As mentioned previously, the regions of the country have similar
power costs due to the similarity of load duration curves and the fact that the
plant mix of most of the utilities within a region will be similar. The wheel-
ing of power between'uti]ities within a region will, of course, also cause the
replacement power costs to be the same. Usually a range of replacement power
costs can be obtained for a region rather than a single-point estimate for one
utility. This cost range would take into account all of the above factors;
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but, of course, the exact cost that any one utility would face at some point
in time in the future would be aimost impossible to estimate accurateily.

With the above factors in mind, the following overall range of replacement
costs were obtained from the Bonneville Power Administration (BPA) for electri-
city sold to utilities either within or out of their grid system. The overall
range was from 4.5-85 mills/kWh. The low end of the scale represents the use
of hydroelectric generation on a massive scale in the Northwest. The upper end
represents the use of gas/oil turbines of small capacity (=25 MW(e)}}. The BPA
has set a 1imit of 4.5-20 mills/kWh on the sale cost of hydroelectric power
from the Northwest dams. [In addition to the lower cost hydroelectric power
base-load plants and the expensive oil/gas turbine-produced power, the North-
west has two coal plants, Centralia and Boardman, that are or will he, respec-
tively, selling power in the 10-16 mills/kWh range. This intermediate range
of power costs makes the average range of power costs for the Northwest 15-30
mills/kWh.

The overall range of power costs (4.5-85 mills/kWh) is the same for
California. In California there is less of a hydroelectric base, which causes
the average power cost to be between 20-50 mills/kWh. This is due to the use
of more gasfoil turbines to generate electricity. The Northeast region of the
country would have approximately the same average power costs as California due
again to the reliance upon gas/oil-fired, electricity-generating units. The
average replacement power costs for the rest of the nation would fall between
the values for the Northwest and California. This is due to the use of coal-
fired units, which generate electricity that is priced less than the gas/oil
turbine derived power but more than the hydroelectric power.

To determine the downtime cost due to SG failure, a value for the utility's
added costs must be calculated. This cost consists of the replacement cost and
an adjustment to the replacement cost to account for any savings or expenses
due to the reactor being out of operation., When the reactor is operating, there
are two main costs being incurred. The first is the fixed costs, which have to
do with the investment of the capital; and the second is the variable costs,
which include some of the operations and maintenance costs and fuel costs.

When the reactor is not operating, the fixed costs are still being incurred but
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the variable costs are not. The difference between the costs when the reactor
is operating and the costs when it is down is due to the variable cost differ-
ences. In this case it was assumed that the maintenance and operating costs
would be the same and that the only difference would be the fuel costs. By not
operating the reactor the fuel costs are not incurred.

From the viewpoint of the utility, the fuel costs are "saved" and the
downtime cost is simply the replacement cost minus the fuel cost "“saved.* The
latest average fuel cost for nuclear reactors in the United States in 1979 is
5 milts/kWh, obtained from the EPRI Report PS-1201-SR, Technical Assessment
Guide July 1979. Thus, the cost of downtime is the cost over and above the

regular cost of producing power.

The downtime costs can now be calculated for nuclear power plants in var-
ious regions of the United States. The average value for downtime in the
Northwest is 17.5 mills/kWh (22.5-5)}. For California and the northeastern
United States, the average cost of downtime is 30 mills/kWh (35-5). For the
rest of the nation the average cost of downtime is 23.75 mills/kWh (28.75-5).
These figures are, of course, quite approximate and vary with the factors men-
tioned above for replacement power costs. The downtime costs do not include
the extra maintenance cost associated with increased inspection and repair of
SG tubes. The downtime costs, as mentioned above, are the costs over and above
the regular costs incurred in operating the nuclear power plant. The above
outage cost estimates are summarized below.

Approximate
Region OQutage Cost
Northwest 17.5 miTls/kWh
California and 30.0 mills/kkh
Northeast
Rest of Nation 23.8 milis/kWh

In the following section, very rough estimates are given of the $ cost

impact of various ISI strategies and of USO For the essentially illus-

sg*
trative purposes of these calculations a value of 21 mills/kWh was used for the
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lost power cost equivalent of outage time; for comparing the 3 impact of var-
ious ISI strategies with the cost of USOSgs of various degrees of severity,

a range of values of 15-27 mills/kWh was used. These values all fall within

or are close to the outage cost data band given above and are probably well
within this band considering possible uncertainties in the estimates. We
regard a comprehensive analysis of outage costs for units of various rating and
Tocation to be indispensable to a significant C/B anmalysis of SG ISI. Accor-
dingly, this phase of the work is highlighted in the concluding section an pro-
posed future work for this program.
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CHARACTERISTIC INDICES FOR IN-SERVICE INSPECTIONS AND THEIR APPLICATION

In this section several indices are suggested for characterization of
ISIs, and they are applied to a number of ISI cases for three types of units.
The indices can be used for individual inspections and for an ISI program
extending over an arbitrary evaluation period for a given unit. The latter
application is used in the present instance. For the purposes of this report,
the inspections coincide with the inspection opportunities presented by the
nominal fuel outages for PWR units. The section is concluded with a brief
comparison between the costs of unscheduled outages attributable to SG problems
(USOSg) and the costs of the most ambitious ISI case considered in this
report, namely 100% inspection scope over the evaluation period.

The NDT Information Index (Iisi)

An NDT information index is defined as follows for the individual and
evaluation period ISI cases:

individual ISI:

o (scope)i x U, S: x U,
lisix 100 = 100 (1)

evaluation period:

Iisi = Z m—i—e—ev (H_)_l (1a)

- . {number of tubes inspected} x 100 (%)
where (scope); = S, “(total unit tubes)

U1 = the distribution factor (a measure of the size of the
samp;e space available for selecting tubes for inspec-
tion

no, of SGs involved in inspection
no. of SGs in unit

"i/ng
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[}

ev

—
]

evaluation period.

evaluation period (yr) > 1 yr

summation index over all inspections performed during

The range of the Iisi* and Iisi indices is indicated by the following minimum

and maximum inspection cases:

Iisi*:

lisi:

Minimum

Maximum

3% scope; 1x4 SGs inspected

- 3 x1
Jisi* = (4 x 100

) = 0.0075

3% scope all inspections

1x4 SGs inspected each inspection
1 inspection every 3 years

9-year evaluation period

.. 1 I x1
[isi = ) [_TTTI"TGU) ]

Iisi = 0.0025 yr~t

100% scope; 4x4 SGs inspected

Iisi* =

100 x 4)

Tx100) = 1O

100% scope all inspections

4x4 SGs inspected each inspection

1 inspection every year
9-year evaluation period

... . 1]/100 x 4
Hisi = §[(ﬁ—1c‘ro—) x 9]

Iisi = 1.0 yr !

The distribution factor {U) defined here gives no "information" credit for

rotation of the SGs on successive partial (scope <100%) inspections.

While

such rotation does improve the information somewhat, this increment becomes

less significant the longer the interval between inspections.

Rotation credit

was considered an unnecessary elaboration for this preliminary analysis. For

the ISI cases considered later in this section for three types of PWR units (2,

3, and 4 SGs),

about 220.

Rad Exposure Index {MAN-REM)

the Iisi index ranges from 0.004 to 0.89--a max/min ratijo of

A rad exposure index (MAN-REM) is defined as follows for individual and

evaluation period ISI cases:

individual ISI:

MAN-REM* =

{MR) xn, + (MR)ti X ti

nti 1
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evaluation period:

MAN-REM =_§:(MR)nt1 xn, o+ > (M t (man-rem} {2a)
i i
or MAN-REM = (MR) . b (M), 2ty (2b)
i i
if average values of (MR)nti and (MR)ti are used over Oay
where (MR)nti = aggregate rad exposure for nontesting phases of inspection
(i) (NDT equipment setup and removal) (man-rem)
n; = number of SGs involved in inspection (i)
(I'-'IR)ti = aggregate rad exposure per tube for the testing phase of
inspection (i) {man-rem)
t. = no, of tubes involved in inspection (i}

i

j summation index over o

il

ev’

For the ISI cases, unit types, and rad field cases considered later in this
section, the rad exposure index for the 9-year evaluation period ranges from
7.5 to 780 man-rem, giving a max/min ratio of about 100.

§ Impact Index (§isi)

A § impact index ($isi) is defined as follows for individual and evalua-
tion period ISI cases:

individual ISI:

01 ———

Fisi* = (S/tube)i X ti + Fi X 8, X $ . (10

evaluation period:

$isi

Z: (S/tube)i Xt + E; Fi X 8, X 3 3) (3a)
1 ki

o1

(8/tube) E: £+ Fx§ EZ o

it

or $isi

if average values of (S/tube)i, Fi» and 3 . are used over e, and where
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(8/tube); = the total cost of the inspection (i) on a per tube tested
basis (106$ltube)
t; = tubes tested during inspection (i)
Fi = the interference factor, which with 9, gives the critical
path time assignable to a given inspection (i)
8; = the nominal work time window for inspection (i) (day)
§ . = the cost per day of outage at time of inspection (i) (;gfg)

—
W

summation index over Gay"

For the ISI cases, unit types, interference factors, inspection costs, work
time windows, and outage costs considered later in this section, the $isi index
for the 9-year evaluation period ranges from 3.7 x 10_2 to 23 {millions of §),
giving a max/min ratio of about 620.

Composite Indices (Cl and Czl

Several combinations of the above indices may have some utility as mea-
sures of the incentive for individual ISIs at given times and of the merit of
various ISI strategies over an evaluation period. The C1 index is defined
as follows:

for individual ISI:

C*; = Tisi*/(MAN-REM)* (man-rem) ™" (4)
evaluation period:
C; = Iisi/(MAN-REM) (yr x rnan—rem)'1 (4a)

where, as noted, the Iisi and MAN-REM indices appropriate to the individual or
evaluation period ISI cases are used.

For the various ISI cases considered in this section over a 9-year evalua-
% t0 9.9 x 1073

tion period, the Cl index ranges from 1.0 x 10°
(yr x man-rem)"l, giving a max/min ratio of about 99.

Cl units

The C2 index is defined as follows:
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for individual ISI:

C*, = TMEN:R%%§;j§fST§T* (man-rem x 1063)‘1 (5)

evaluation period:

Iisi

2 = THAR-RER) X 3757 (man-rem x yr x 1065’:)'1 (5a)

C

again using the indices appropriate to the ISI case.

In the following analysis for a 9-year evaluation period, the value of the
% to 5.1 x 1073
giving a max/min ratio of about 5.

C, units (yr x man-rem x 106$)_1,

C2 index ranges from 9.6 x 10~
Values of the above indices have been calculated for a number of ISI cases
using the ground rules given in Table 10. The ISI cases are defined in Table 11.
The values of the various parameters involved in calculation of the indices are
given in Table 12. The various cases considered in the calculation are given
in Table 13. Data from the calculation are given in Appendix B, Obviously,
there is ngot necessarily a one-to-one relationship between the Iisi index and
the other indices. The given value couplings between these indices result from
the application of the arbitrary rules given in Table 10, A more general
analysis of the functional relationship among these indices would be interest-
ing but outside the scope of this report.

The MAN-REM index is given as a function of the lisi index in Figures 13
and 14 for the high rad field and "zero T" cases, respectively (see Table 13).
The average MAN-REM/Iisi characteristics for the high field case all display a
monotonical increase with Iisi, with magnitude of the MAN-REM index decreasing
with unit type in the order: 2 SG, 4 SG, 3 SG, for a given Iisi value above
about 0.03. Below this Ilisi value (in the regime of the A and B ISI cases, see
Table 11} no distinction is made among the three unit types. The MAN-REM/Iisi
characteristics for the zero T case (Figure 14} all display a plateau over an
Iisi range of about 0.01 to 0.1. The characteristics for individual units are
not well distinguished on this plot until the lisi index reaches a value of
about 0.1. Above this Iisi value, the MAN-REM index decreases with unit type
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TABLE 10. Ground Rules for Calculation of ISI indices

The evaluation period is 9 years and starts with the beginning of commer-
cial operation.

The timing of the inspection opportunities is as follows:

1st opportunity: 2 years from date of commercial operation
2nd opportunity: 3 years from date of commercial operation
3rd opportunity: 4 years from date of commercial operation
4th opportunity: 5 years from date of commercial operation
5th opportunity: 6 years from date of commercial operation
6th opportunity: 7 years from date of commercial operation
7th opportunity: 8 years from date of commercial operation
8th opportunity: 9 years from date of commercial operation

Indices are calculated for the following units:

4 SG unit: wusing Westinghouse SGs of 3,260 tubes/SG

3 SG unit: wusing Westinghouse SGs of 3260 tubes/SG

2 SG unit: wusing Babcock & Wilcox SGs of 15,531 tubes/SG

Indices are calculated for 14 ISI cases; three representing minimum
inspection under Regulatory Guide 1.83 rules (A cases}, two representing
minimum inspection under ASME Code XI rules (B cases), and nine represent-
ing arbitrary cases over a wide range of inspection scope (C cases).

The distribution of the inspection samples among the unit SGs is deter-
mined by Regulatory Guide 1.83 and Code XI rules for the A and B cases,
respectively; for the C cases, the number of SGs involved in a given
inspection is determined as follows: ny = (scope)i X ng x 1/100

{see nomenclature sheet, Appendix A)}. For noninteger values of ny, use
next highest integer; for the first inspection only for 4 and 3 5G units,
the minimum value of n, is 2.

The work time windows for the inspection opportunities are as follows:
first: 13 weeks (91 days}; second: 9 weeks (63 days); subsequent:
7.5 weeks (53 days).
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TABLE 11.

Definition of ISI Cases

S6s Invelved Each Inspection

(a)

Description
No. Insp. (%) Intervals (¥r) Tst
ISI Case Over 9 ¥r Tst —Znd Subs, Ist 2nd  Subs. AW 3W  ZBW
A-1 8 3 3 3 2 1 1 2 2 1
A-2 5 3 3 3 2 1 2 2 2 1
A-3 4 3 3 3 2 1 3 2 2 1
B-1 8 3 1. 1. by 1 1 4 3 2
B-2 4 3 1. 1. 2 1 1 q 3 Z
Cc-1 8 160 100 100 2 1 1 4 3 2
c-2 8 100 100 50 2 1 1 4 3 2
c-3 8 100 50 R0 2 1 1 4 3 2
-4 B 100 33. a3, 2 1 1 - 3 -
C-5 8 100 25 25 2 1 1 4 3 2
C-6 8 33. 33. 33. 2 1 2 - 2 -
c-7 8 50 25 25 2 1 1 2 2 1
C-8 8 25 25 25 i 1 1 2z 2 1
c-9 8 10 10 10 2 1 1 2 2 1
{a) Where less than 100% scope is involved, SGs are rotated for subsequent

inspections to improve information for given scope limitation,

¢nd
W3 2B
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
4 3 2
4 3 2
2 2 1
- 1 -
1 1 1
- 1 -
1 1 1
1 1 1
1 1 1

et e

—

NN s

—

—

e ek e e = P DY L

Subs.



TABLE 12, Parameter Values Used for Calculation of Indices

Index Parameter Values
Iisi ;v see Table 11
;1 see Table 11; Us = ni’”sg
gev: 9 years (see Table 10); for number of inspections and
inspection interval, see Table 11
MAN-REM (I‘-‘R)nt high field case = 9.8 man-rem/SG (see Table 8)
(MR)nt: Tow field case = 1.3 man-rem/SG (see Table 8)
(MR)nt: avérage case = 5.6 man-rem/{SG (see Table 8)
(M), : high field case = 2.5 x 107> man-rem/tube (see Table 5)
(MR)t: low field case = 8.3 x 10_4 man-rem/tube (see Table 5)
(MR)t: average case = 1.7 x 10_3 man-rem/tube (see Table 5)
$ist (S/tube)i: = see Figure 5
ti: = {scope)x({tubes/SG)x(SGs/unit)x(1/100)
= Si x 130.4 for 4 5G unit
= Si x 97.80 for 3 SG unit
= Si x 310.6 for 2 SG unit (see Tables 10 and 11)
Fi: values of 0 and F = 0.1 x {Iisi) are used
8;r 8y = 91 days; 9, = 63 days; subsequent = 53 days
SO = Soi: value equivalent to a lost power cost of
21.00 milis/kWh is used for a unit of 1000-MW(e)
rating ($500,000 per day)
time (MH)nt: 315 man-hour per SG (see Table 3)

(MH)t: 2.9 x 10—1 man-hr per tube (from plot of data for man-
hour for testing versus sample size given in Figures 4A
and 4B)
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plotting of the cumulative failure rate function is reported by Nelson and

(13)

Hendrickson. The elements of this technique are outlined in Appendix C.

The limits of application of the above technique to the SG tubing data
situation remain to be studied theoretically and by some application of the
technique to tubing data from several units. Any practicable technique should
be capable of accommodating both the long-term tubing performance history as
well as recent trends in performance within some arbitrary evaluation period.
It should also be readily assimilated into an overall SG ISI C/B code for
analystis of the ISI.frequency factor, along with the various costs of 151
strategies discussed previously in this report.

A useful quantification of the fundamental relationship (1) appears to be
largely inaccessible at this time considering its complexity and the limited
scope of information pertaining to the two ISI influences noted on p. 65.
Knowledge of this relationship will be served by good reporting of comprehen-
sive ISI strategies and careful correlation of this ISI information with unit
D/0/M practice that affects SG tubing performance.
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ESTIMATED COSTS FOR DISPOSAL OF SOLID WASTES ASSOCIATED WITH
PRIMARY TO SECONDARY LEAKAGE IN PWR STEAM GENERATORS

Leaks in the SG tubing of a PWR result in the transfer of radionuclides
in the primary coolant to the secondary system water. When the radionuclide
7ucifml, it
is necessary to treat this water if it is removed for discharge to the environ-

content of the secondary system water exceeds a value of 1 x 1D

ment. In order to maintain a high level of water quality in the SG, a portion
of this water is normally removed continuously as a blowdown stream. When the
radionuclide content exceeds the discharge 1imit, the blowdown stream is typi-
cally routed through an ion exchange treatment system. When the ion exchange
capacity of the resin is exhausted, the spent resin is removed and discarded
as solid waste. Until recently, it has been common practice to decant as much
water from the spent resin as possible and package the resin with some free
water remaining for disposal. A new regulatory stance will regquire complete
removal of any free water from the resin before shipment and disposal. This
may be accomplished by various fixation technigques such as the cement silicate
system.

The conventional approach to jon exchange treatment of the SG blowdown has
involved a deep bed of mixed cation and anion exchange resins. There are no
firm data available on the quantity of this resin discarded as waste per unit
of reactor operating time, although it has been estimated to be about 4500 ft3

per year for a typical PWR.

An alternate approach to treatment of SG blowdown involves the use of
full-flow condensate treatment with Powdex” ion exchange resins. This approach
is expected to keep secondary system water pure enough to avoid blowdown from
the SG. One operating reactor reported that a retrofit Powdex system for PWR
condensate incliuded blending of the blowdown with the condensate before treat-
ment, thereby avoiding discharge of the blowdown. The Powdex resin is disposed
of as radicactive waste and is estimated to be about the same order of magni-
tude as the volume given above.

®Graver Water Conditioning Co., Division of Ecodyne Corporation, Union,
New Jersey.
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The volume of spent Powdex resin is normally not related to the radionu-
clide content of the secondary system condensate or blowdown. The resin is
used for both ion exchange and filtration, and it is the latter (high-pressure
differential buildup} that determines the 1life of the resin and, therefore, the
volume of resin used.

The cost of disposing spent ion exchange resin from SG blowdown and/or
condensate treatment can vary widely depending principaily on whether or not
it is considered radioactive. The Jowest cost was estimated for unrestricted
release of the resin for disposal to a local sanitary landfill ($15,000 annu-
ally). The highest cost was estimated for disposal as solidified waste to a
radwaste burial site located 1000 mites from the reactor ($164,000 annually).
ATl cost figures were based on January 1980 prices. The following text exam-
ines the costs associated with treatment of water contaminated by primary to
secondary leaks. Results are placed into a matrix that lists costs as a func-
tion of leakage activity.

The following economic analysis evaluates the costs associated with treat-
ment of radwastes from the secondary heat exchange fluid loop. This fluid is
periodically contaminated by primary fluid passing through breaks in the tubes
of the SG heat exchanger.

The basis of the analysis is from an interoffice memorandum (IOM) from the
Washington Public Power Supply System (by Steen} dated April 5, 1979. The IOM
reports on the costs associated with various treatment methods for secondary
fluids in the SG. It was recommended that the standard ureaformaldehyde {UF)
radwaste solidification system be replaced by a more efficient and less expen-
sive cement-sodium silicate system. This report will assume use of the cement-
sodium solicate system and will, as the reference report did, assume retrofit
capital costs for the conversion of the UF system to the cement-sodium silicate
system. Qata used from the IOM are extrapolated to reflect on the treatment
of radwastes associated with SG leakage. The analysis results in a range of
values (§/yr) associated with treatment of secondary rad-contaminated waters
from nuclear SGs.

The assumptions used in this analysis are presented below. Facility life
expectancy is 15 years and the interest rate used is 10%. The burial site used

72



is Hanford, Washington, except for Cases A and K (see Table 20). It was calcu-
lated that 45% of the spent resin generated in the reference study (5300 ft3
by volume) was due to SG leakage. This fact was verified in a de minimus

study

(14) that estimated the quantity of spent resin at 4500 ft3/yr.

Therefore, the analysis shouid be conservative.

Assumptions

1.

9.
10,
il.

Liners(a) used by the plants under construction {(WNP 1/4) will accommo-
date waste of the following radiation ranges:

a} 20% of the wastes will have been contaminated to 1-5 rem/hour
b}  35% of the wastes will have been contaminated to 200 mrem-1 rem/hour
c} 45% of the wastes will have been contaminated to 0-200 mrem/hour.

Liners of lOO-ft3 capacity will be used for solidification of wastes.
Approximately 8,400 ft3/yr of waste must be solidified per facility.
Shipping charges are 95¢/mile or $100/shipment, whichever is higher.
Liners cost $650 each.

Liners with dose rates 1-5 rem/hour are shipped one per truck; all others
are shipped two per truck.

Burial charges for secure radwaste burial are based upon Nuciear Engineer-
ing Companies, Hanford, Washington, charge-out rates (see attachment).

Modification capital and instaliation cost for cement-sodium silicate sys-
tem will be $1,050,000. Keeping the old UF system will have no capital
costs (basis, July 1978).

Interest rate on capital costs is 10%/yr.
Life expectancy of solidification process is 15 years.

Cost data basis: July 1978 and January 1980.

(a) Liner is the container for the waste, exclusive of shielding.
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TABLE 20. Summary of Annual Cperating Costs

Case A B C D E F G H I J K

Cost 40,660 83,115 83,390 84,065 86,990 87,865 88,440 100,280 100,665 101,230
$/yr {45,540) {93,090} (93,400) (94,150) (97,430) (98,410} (99,050} (112,310} (112,740} (113,380) (14,850}

Case

A Radwaste at 0-0.005 remfhour, buried onsite (negligible burial costs).

B Radwaste at 0-0.200 rem/hour, buried at Hanford, Washington, travel distance maximum of 50 miles.

C Radwaste at 0-0.200 rem/hour, buried at Hanford, Washington, travel distance maximum of 500 miles.
0 Radwaste at 0-0.200 rem/hour, buried at Hanford, Washington, travel distance maximum of 1000 miles.
£ Radwaste at 0.200-1 rem/hour, buried at Hanford, Washington, travel distance maximum of 50 miles.

F Radwaste at 0.200-1 remfhour, buried at Hanford, Washington, travel distance maximum cf 500 miles.
G Radwaste at 0.200-1 rem/hour, buried at Hanford, Washingten, travel distance maximum of 1000 miles.
H Radwaste at 1-5 rem/hour, buried at Hanford, Washington, travel distance maximum of 500 miles.

I Radwaste at 1-5 rem/hour, buried at Hanford, Washington, travel distance maximum of 500 miies.

J Radwaste at 1-5 rem/hour, buried at Hanford, Washington, travel distance maximum of 1000 miles.

K Radwaste below de minimus levels, buried in sanitary landfill, travel distance maximum of 50 miles.

= basis July 1978

n
{n) = basis January 1980



Table 20 presents jnitial operating costs for operating this facility
under a variety of conditions (cases A through K). Conditions varied including
transportation charges {mileage to secure radwaste site) and levels of radwaste
contamination. Initial operating costs varied from $15.8K to $101.2K. The
charge associated with initial capital expenditure is $69.6K over the 15-year
lifetime of the facility (see Table 21).

Table 22 presents a breakdown of the total cumulative costs of the various
options over the lifetime of the plant. A 10% annual inflation rate on annpual
operating costs is included in the computation, and a sample calculation is
provided. '

TABLE 21. Capital Costs {January 1980 Basis)

Cost of Equipment and Installation:  $1,050,000 -- July 1978 Basis
($1,176,000) -- January 1980 Basis

Assume Facilities Life Span of 15 Years, No Salvage Value.
Assume Interest Rate of 10%.
Capital Costs/yr i(1+1)"
of Operation = ($1,176,000) ‘L__"%?T Lapital Recovery
{1+1) Factor (n)

($1,176,000) (0.13147)
$155,000/yr for Entire Facilities Wastes
5 300)

($155,000) (TIléﬁﬁ

= $69,600/yr for
Steam Generator
Waste Solidification

Next, it was necessary to determine which of the options (A-K} reflect
both the actual state-of-the-art operating conditions and the projected operat-
ing conditions. To obtain these data, several organizations were contacted,
including the Washington Public Power Supply System, Trojan Power reactor of
Pacific Gas and Electric {PGE), and NRC. A de minimus study on wastes from
Powdex systems {which are commonly used for secondary, SG, and waste water
treatment) was also referenced. Results from these sources were two-fold.
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TABLE 22.

Total Costs Associated with Oecontamination of

Steam Generator Water (January 1980 Basis}

Case
Total Cost of
System up to
X Years (%) A B ¢ 0 E F
1 115,140 162,690 163,000 163,750 167,030 168,010
2 234,830 334,690 335,340 336,920 343,800 345,860
5 626,020 916,310 918,210 922,790 942,810 948,790
10 1,421,770 2,179,580 2,184,520 2,196,470 2,248,740 2,264,360
15 2,490,900 4,001,660 4,011,500 4,035,330 4,134,670 4,170,680
G H [ J K
1 168,650 181,910 182,340 182,980 15,840
2 347,210 375,050 375,950 377,300 33,260
5 952,700 1,033,650 1,036,280 1,040,180 96,700
10 2,274,560 2,485,880 2,492,740 2,502,940 252,440
15 4,191,020 4,612,310 4,625,980 4,646,310 503,270

EX: Year 2, Case A

Total Cost =
= 0.1

n=2; i

n(69,600) + [(

i

){45,540)] = 234,830

First, the utilities expect the resin will normally be low enough in radwaste

contamination that it could be sent to sanitary landfills.

In the worst case,

contaminated resin would have to be taken to a secure radwaste landfill, with-

out contamination penalties.

However, apparently many utilities will send

these spent resins to secure radwaste disposal facilities due to public pres-

sure.

costs expected.

Therefore, cases A, B, C, D, and K reflect the situations and ranges of

First-year total costs ranged from $15.8K to $163.7K and
increase substantially if the contaminated resin must be solidified due to

capital costs associated with sglidification equipment.

Cost data are given

in Appendix D, which also gives calculations of the annual operating costs

presented in this section.
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Possible costs associated with storage of solid wastes pending offsite
shipping arrangements wouild be quite site-specific and were not considered at
this stage of the C/B analysis.
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FURTHER COST/BENEFIT ANALYSIS OBJECTIVES

A practicabile C/B analysis technique for SG ISI will require a synthesis
of many technical, personnel, and § cost factors, some of which have been given
only a very cursory review in this report. Several further work areas for the
subject program are briefly discussed here,

Analysis of Outage Costs for PWR Units

The critical path time cost for large nuclear units is a strong constraint
on the scope and frequency parameters of [SI strategies. Some of the factors
affecting this cost were discussed briefly in this report. A C/B analysis
technique for appraising SG ISIs, both individual inspections and an inspection
program over an evaluation period, must be able to accommodate the complex of
outage cost factors specific to a given unit at a given time. The purpose of
this task is to perform an in-depth analysis of outage cost factors of PWR
units and to evolve a technique for incorporating successively refined elements
of this analysis into an overall C/B code.

Analysis of SG Tubing Performance

The success of any C/B analysis code for SG ISI will be measured by the
service it can render to units on a nationwide basis. Accordingly, a practi-
cable code must accommodate a wide range of tubing performance, considering
both overall and recent trend behavior. Ultimately, the purview of the C/B
code could conceivably include the influence of various D/0/M factors on tubing
performance. The current state of the information on tubing performance (i.e.,
the accessibility, the quality and scope of the data, and its relationship to
pertinent unit D/O/M factors) does not appear adequate for the tubing reliabil-
ity analysis needed for prudent specification of inspection intervals for
specific units. This task would have several concomitant efforts: 1) parti-
cipation with the cognizant public and private organizations in improving the
scope, codification, and dissemination of performance data for PWR 5G tubes and
2) study of the current tubing data bank with the objective of identifying
practicable techniques for probabilistic analysis of tubing performance. In
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accordance with progress in the latter phase of this task, the probabilistic
component {as related to tubing performance} would be incorporated in the over-
all C/B analysis code.

Analysis of Foreign SG ISI Strategies and Related PWR SG Performance

While the focus of this program is on PWR units in the United States, it
is expected that much valuable information on ISI strategies and the related
PWR SG tubing experience could be obtained from foreign sources. The purpose
of this task is to review relevant foreign SG ISI practice and the related SG
tubing performance. Coordination of this work with the parent U.S. program
would be expected to add both scope and authority to recommendations forthcom-

ing from the program.
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APPENDIX A

NOMENCLATURE

Symbol Identification Units
ALARA as lTow as reasonably achievabtle
o time efficiency factor for given inspection phase
CF capacity factor
CTFI cumulative tube failure index (SG EFPY)-1
€y composite index for evaluation period [Iisi/(MAN-REM)} {yr man-rem)~l
C1 composite index for individual inspection [Iisi*/{MAN-REM*)] (man-rem)-1
Co composite index for evaluation period [Iisi/{MAN-REM $isi)] (yr man—remx106§)-1
Co composite index for individual inspection [Iisi*/(MAN-REM* $isi*)] {(man-remx106§)
Ct nominal crew size for testing phase of inspection
Cnt nominal crew size for nontesting phase of inspection
D symbol of degradation state of 5G tubing
D rate of change of 0
$isi $ impact index for evaluation period (100%)
gisix $ impact index for individual inspection (106%)
%01 outgage cost per day for unit at time of inspection (i) (106%/day)



A

Symbol Identification Units
($/tube); total cost of ISI on a per tube inspected basis (106%/ tube)
BUSOsq § impact of unscheduled outage attributable to SG problems (106%)

EFPY effective full power year

f number of tubes failed (plugged)

Fj time interference factor for inspection (i)

f(e) probability density for tube failure

F{e) cumulative failure probability

i summation index over inspections for given unit

ISI in-service inspection

[ISI] intensity of an in-service inspection program

Iisi NDT information index for evaluation period for given unit (yr)-1

Iisi* information index for individual inspection

a(e) tube failure rate

A{o) cumulative tube failure rate

(MR} aggregate rad exposure for testing phase per tube tested (man-rem/tube)
(MR)nt aggregate rad exposure for nontesting phase per SG involved {man-rem/SG)
MAN-REM rad exposure index for evaluation period (man-rem)
MAN—REM* rad exposure index for individual inspection {man-rem}



ey

Symbol Identification Units
(Men)t crew needed for testing phase
(Men)nt crew needed for nontesting phase
NDT nondestructive testing
Nsg number of 5Gs per unit
ni number of SGs involved in the ith inspection of unit
Ny number of SGs involved in inspection campaign for given type unit
P{e+ae/e) conditional probability of tubing failure within interval ae
R* maximui permissible occupational rad exposure per man per year (man-rem})
S inspection scope [{tubes inspected/total unit tubes) x 100] (%)
Su inspection scope common to units of given type for inspection campaign (%)
) duration or endurance variable (day, yr, EFPY}
ey length of evaluation period (yr)
9op interval between inspections {month, yr)
ts tubes involved in inspection (i)
tsq tubes per 5G
{Time)+ time to perform testing phase of inspection (hr, week)
{Time)nt time to perform nontesting phase of inspection
u summation index over the units involved in inspection campaign



Py

Symbol

identification Units

unit
USOSg

[USOggq]

distribution factor (SGs involved in inspection/total SGs in unit)

a PWR power plant in present context

unscheduled outage attributable to SG problem(s) {day)
intensity of unscheduled outages attributable to SG problems

number of units of given type involved in inspection campaign



APPENDIX B

DATA FOR CHARACTERIZATION INDICES




TASLE B.1. Values of Indices for ISI Cases

1'8

4-56 Unit
$isi (a) (b}
MAN-REM MAN-REM MAN-REM  $isi  Proportional F  C1 C2
I1SI Case Iisi {(High) (Low) (T =0) (F=0) (Fmax = 0.1) (yrxMR)-1 (yrxMRx106%)-1
(Yr-1) (man-rem) (106%)

A-1 7.5(-3)(c) 96 14 50 1.4(-1)  2.9(-1) 1.5(-4) 1.1(-3)
A-2 5.0(-3) 64 9.4 34 9.0(~2)  1.7(-1) 1.5(-4) 1.6(-3)
A-3 4.2(-3) 53 7.8 28 7.2(=2)  1.4(-1) 1.5(-4) 2.1(-3)
B-1 6.3(-3) 112 16 62 8.4(~2)  1.6(-1) .0(-4) 1.2(-3)
B-2 4.6(-3) 71 9.9 39 4.6(~-2)  7.8(-2) 1.2(-4) 2.6(-3)
c-1 8.9(-1) 574 129 179 1.5 2.1(+1) 5.0{-3) 3.3(-3)
C-2 3.9(-1) 359 80 112 1.2 8.3 3.5(-3) 2.9(-3)
c-3 3.1(-1) 323 72 101 .1 5.9 3.1(-3) 2.8(-3}
c-4
-5 1.6(-1) 198 44 62 8.0(-1) 2.0 2.6{(-3) 3.2(-3)
C-6
c-7 7.6(-2) 161 36 50 7.5(-1) 2.0 1.5(-3) 2.0(~-3)
C-8 6.3(-2) 153 34 50 7.0{(-1) 1.9 1.3{-3) 1.8(-3)
c-9 2.5(-2) 114 21 50 3.9(-1)  8.7(-1) 5.0({-4) 1.3{-3)

= lisi/MAN-REM, T = 0 case
= lisi/ (MAN-REMx$isi); T = O for MAN-REM, F = 0 for $isi
5(-3) = 7.5 x 10-3, etc.
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APPENDIX C

A RELIABILITY ANALYSIS TECHNIQUE

The failure rate a{e) is a prominent element of current reliability analy-
sis. It is a conditional failure probability defined as:

where f(e) is the probability density for failure at time e and F(8) is the
cumulative failure probability at time a. i{e) is, therefore, a measure of the
probability of failure at time 8 given that a component has survived up to

time 8 . The cumulative failure rate A(e} is the integral of i(e) over the
period of interest:

0
A (e) = J x(e) de (2)

0

Substituting the above definition of a{e) into Equation (2):

A {e) = -In[1 ~ F(e}] (3)

Hence,

F(e) = 1 - eA®) (3a)

Relationship {3a) between F(e) and A{e} is independent of an assumption as to
the statistical model of failure (exponential, lognormal, Weibull, etc.).

The conditional probability of failure of a component within an arbitrary
interval, given survival up to the interval, is a statistical finding of imme-
diate interest to the steam generator (SG) in-service inspection (ISI) problem.
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This probability is a measure of the safety of a given interval between inspec-
tions, assuming the statistical analysis is appropriate to the current tube
fajilure situation for the unit under study. This conditional probability may
be expressed:

P(o + sof0) = 1 - 1=flog0) (4)
Substituting for F({e) from Equation (3a}
P(o + nafe) = 1 — e-[Ale * se) - A{e}] (4a)

W. B, He]son(lz)

Equation (4a}, and Nelson and Hendrickson(13) discussed a time-sharing com-

has discussed a graphical procedure for evaluating

puter program for deriving the cumulative failure rate function from multiple
time—censored failure data and computing the statistical values of interest.
The problem of analyzing existing SG tubing data was discussed briefly in the
text of this report. While it appears that some of the statistical prerequi-
sites for applying the technique discussed by Nelson may not be satisfied by
the current SG tubing data bank, it is of some interest to demonstrate this
technique using very limited data for the Palisades pressurized water reactor
(PWR) obtained from References 8 and 9. For this jllustration, the effective
fuel power year (EFPY) is used for the endurance variable (&) (see Table C.1).
1n Table C.2 the data are restated together with the number of tubes surviving
at a given cumulative EFPY level. The failure rate at a given EFPY Jevel is:

tubes faijling at EFPY leve] x 100 (5)

A(EFPY) = tubes surviving

The failure rate (r») and the cumulative failure rate (A) data are given in
Table C.2. Failure plotting paper is available for a number of failure statis-
tical models (normal, exponential, lognormal, Weibull, extreme value, etc.).
The basic characteristics of these papers are: 1) a plot of the endurance
variable (e.g., EFPY} versus the cumulative failure function (A) will yield a
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e calculate aA =.A{e * a8} - a(e}

e enter plot at aA and read the cumulative failure probability (F) on
the upper scale, which is the desired conditional failure probability.

For example, using the characteristic line of Figure C.1:
A at a life of 1 EFPY = ~16%

A at 1 EFPY + a 1-EFPY interval = ~28%

ah = ~12%

F(EFPY) from upper scale = ~13%.

Hence, according to this analysis there is a conditional probability of tubing
failure of about 13% within the next 1 EFPY past a tube life of 1 EFPY. One
interpretation of this is that about 2,200 out of 17,038 tubes would be
expected to fail within a 1-EFPY interval after a life of 1 EFPY.

Fortunately, the early Palisades data used for this illustration represent
a very extreme case of poor tubing performance and are far from representative
of current general tubing performance. Providing reasonably good applicability
to current, or obtainable, tubing data can be demonstrated, the computer-
assisted technique outlined here may prove a useful step toward incorporating
probabilistic analysis of tubing performance into overall cost/benefit (C/B)
analysis of SG ISI.
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TABLE 0.1. Cost Oata from IOM Report'?)

Efficiency (waste-to-agent ratio) 2.5:1 1.5:1
70% 60%

Number of Liners per Year 118 140
Chemical Cost {8/1b) 30.035(3)
Chemical Cost/yr $ 11,178 $ 19,529
Costs of Liners/yr
$650/Liner £ 76,700 § 91,000
Burial Cost/yr g 80,365 $ 95,235

1-5 rem $16,800 $19,600

200 mrem-1 rem 22,140 26,460

0-200 mrem 25,175 29,925

Cask Handling 16,250 19,250

Total $80,365 $95,235
Shipping Cost/yr $ 7,100 § 8,400
Total $175,883 £214,164
Average Annual Cost $195,025

(a) Cement = $0.03/1b
Sodium silicate = $0.035/1b

Calculations to Approximate Percent of Total Radwaste
Oecontamination Costs Oue to Steam Generator Leakages

8400 2.5

3 _ vy _ 8400 _
1) 8400 ft° = unsolidified waste/yr = ~ = 3.5%
= 11,760 ft3 of "Solidified Waste per year
2) X, = cubic feet of 0.00-0.2 rem/hour material (cost $4.75/ft%)
Xy = cubic feet of 0.201-1.0 rem/hour material {cost $5.20/ft3)
X3 = cubic feet of 1-5 rem/hour material (cost 37.10}ft3)
3
X+ X, + Xy = 11,760 ft
(X[)(34.75) = $25,175 X, = 5,300 ft3
(X,)(85.20) = 522,140 X, ~ 4,260 ft’
(X3)($7.20) = $16,800 X, = 2,330 ft°

11,800 ~ 11,760 ft3 as expected

(a) Interoffice memorandum from Washington Public Power Supply System (by
Steen), April 5, 1979,

0.1



TABLE 0.1. (contd)

3) Assuming that the (Xl} component comes from the steam generator, the
figure of 5300 ft°
maximum waste/yr/reactor to be expected.

should be conservative. In other words, this is a

4} Generate annual operating costs (AOC) based upon this figure (i.e., ratio
of volumes for associated costs):

306 = 0-45

Cases
A} Radwaste at 0-0.005 rem/hour, buried onsite--minimum.
B} Radwaste at 0-0.200 rem/hour, buried <50 miles away.
C} Radwaste at 0-0.200 rem/hour, buried 200-500 miles away.
0) Radwaste at 0-0.200 rem/hour, buried ~1000 miles away.
E) Radwaste at 0.2-1 rem/hour, buried <50 miles away.
F) Radwaste at 0.2-1 rem/hour, buried ~500 miles away.
G} Radwaste at 0.2-1 rem/hour, buried ~1000 miles away.
H) Radwaste at 1-5 rem/hour, buried <50 miles away.
I} Radwaste at 1-5 rem/hour, buried 500 miles away.
J) Radwaste at 1-5 rem/hour, buried 1000 miles away.
K) Disposal to municipal landfill.

A1l calculations assume 45% of given total volume = (11,800 ft3/yr or
14,000 ft37yr).
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TABLE D.2. Calculations for Annual Operating Costs {AQC)

CASE A
Efficiency 2.5:1 1.5:1
a) Number of Liners 53 63
b) Chemical Cost, $/yr 5,030 8,790
¢} Cost of Liners, $/yr 34,500 41,000
d) Burial Cost, $/yr 0 0
e} Shipping Cost, $/yr 0 0
Total Cost, $/yr 39,530 49,790
Average AQC $40,660
(a) X = (0.45)})y
X1 = {0.45)(118) = 53
X = (0.45)(140) = 63
{b) 0.45 of reference studies
{c) 0.45 of reference
(d) Onsite burial, assume no cost
CASE B
Efficiency 2.5:1 1.5:1
a} Number of Liners 53 63

b) Chemical Cost, $/yr 5,030 8,790
¢} Cost of Liners, $/yr 34,500 41,000

d) Burial Cost, $/yr 32,500 38,600

e} Shipping Cost, $/yr 2,660 3,150
Total Cost, $/yr 74,690 91,540
Average AQC $83,115

(a-c) Same as Case A
(d} Fraction (0.45) of original; for example,
2.5:1 = 25,175 + (0.45){(16,250} = 32,500
(e) Shipping Costs: 37.5% due to X
39.0% due to Xo
33.0% due to X3
Only have type one for Case B.
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TABLE D.2, ({contd)
CASE C
Efficiency 2.5:1 1.5:1
a) Number of Liners 53 63
b) Chemical Cost, $/yr 5,030 8,790
c) Cost of Liners, $/yr 34,500 41,000
d) Burial Cost, $/yr 32,500 38,600
g) Shipping Cost, $/yr 3,135 3,425
Total Cost, $/yr 74,965 91,815
Average AQC $383,390
(a~d) Same as for Case B
{e) Add cost of 95¢/mile at 500 miles
CASE D
Efficiency 2.5:1 1.5:1
a) Number of Liners 53 63
b) Chemical Cost, $/yr 5,030 8,790
¢} Cost of Liners, $/yr 34,500 41,000
d} Burial Cost, $/yr 32,500 38,600
e) Shipping Cost, $/yr 3,610 4,100
Total Cost, $/yr 75,640 92,490
Average AQC $84,065
(a-d) Same as for Case B
(e} Add cost of 95¢/mile at 1000 miles
CASE E
Efficiency 2.5:1 1.5:1
a) Number of Liners 53 63
b) Chemical Cost, $/yr 5,030 8,790
¢) Cost of Liners, $/yr 34,500 41,000
d) Burijal Cost, $/yr 36,500 43,350
e) Shipping Cost, $/yr 2,660 3,150
Total Cost, $/yr 79,165 96,565
Average AGC $86,990
(a-c) Same as for Case B
(d) (5,300 ft3)($5.20/Ft3) + (0.55)(16,250) = $36,500
(6,300 ft3)($5.20/Ft3) + (0.55)(19,250) = $43,350
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TABLE 0.2. (contd)

CASE F
Efficiency 2.5:1 1.5:1
a) Number of Liners 53 63
b} Chemical Cost, $/yr 5,030 8,790
c¢) Cost of Liners, $/yr 34,500 471,000
d) Burial Cost, $/yr 36,500 43,350
e} Shipping Cost, $/yr 3,135 3,425
Total Cost, $/yr 79,165 96,565
Average ADC $87,865
{a-d) Same as for Case E
{e) Add cost of 95¢/mile at 500 miles
CASE G
Efficiency 2.5:1 1.5:1
a) Number of Liners 53 63
b) Chemical Cost, $/yr 5,030 8,790
¢} Cost of Liners, $/yr 34,500 41,000
d) Burial Cost, §/yr 36,500 43,350
e) Shipping Cost, &/yr 3,610 4,100
Total Cost, §/yr s
Average AQC 188,440
{a-d) Same as for Case E
(e) Add cost of 95¢/mile at 1000 miles
CASE H
Efficiency 2.5:1 1.5:1
a) Number of Liners 53 63
b) Chemical Cost, $/yr 5,030 8,790
c) Cost of Liners, $/yr 34,500 41,000
d} Burial Cost, $/yr 48,190 57,240
e} Shipping Cost, §/yr 2,660 3,150
Total $/yr 90,380 110,180
Average §/yr $100,280
(a-c)} Same as for Case 8
{d) (5,300 ft3)(%7.10/ft3) + (0.65)(16,250) = $48,190
(6,300 ft3)(87.10/ft3) + (0.65)(19,250) = $57,240
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calculated for a number of ISI cases using SG parameters for three typical PWR units.

A comparison of the § impact of unscheduled outages attributable to SG problems
with the $ cost of ambitious ISI strategies indicated that the $ cost is a virtually
negligible consideration for well planned 1SIs. Considering the ALARA constraint
on occupational rad exposure, the skilled manpower pool for NDT work appears to be
the principal factor Timiting ISI scope and frequency. Analysis of the manpower and

time requirements for inrspection of a 40-unit PWR population indicates, however, that
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