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ABSTRACT

This report addresses the early detection of small steam generator tube leaks in
pressurized water reactors. It identifies physical parameters, establishes instrument
ation performance goals, and specifies sensor types and locations. It presents a simple
algorithm that yields the leak rate as a function v« known or measurable quantities
Leak rates of less than one-tenth gram per second should be detectable with existing

instrumentiation

FIN No. A6380—Diagnostic Instrumentation Evaluation
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DETECTION OF STEAM GENERATOR TUBE
LEAKS IN PRESSURIZED WATER REACTORS

PREVIOUS WORK

During the first year of the project (reported in
Reference 1), event tree analysis was used to assess
anticipatory measurement requirements for nuclear
power plants. Events studied were those that could
lead to breach of cladding, breach of pressure bound-
ary, and breach of containment. Several hundred
events were identified; from the analysis a list of fifty-
one useful anticipatory measurements was developed,
covering potential problems in reactor power, core
heat removal, secondary side heat removal, primary
pressure boundary integrity, and containment inte-
grity, Diagnostic instrument performance character-
istics for these measurements were then developed and
lisied. The report concluded with recommendations
for future work in three areas:

® Valve status monitoring by acoustic
analysis

® Leak detection and location by acoustic
analysis

® [nstrument integrity methodology develop-
ment (self-test capability).

During the second year of the project (reported
in Reference 2), the potentially useful anticipatory
measurements identified during the first year’s work
were ranked in importance according to the
expected frequency of occurrence of the accidents
that the measurement might prevent or mitigate.
Development and implementation costs were also
estimated. Cost and benefit were then combined to
arrive at a qualitative estimate of the cost/benefit
ratio for each measurement. Several types of
measurements were recommended for implementa-
tion and/or further investigation. Three major areas
were suggested: acoustic techniques, instrument per-
formance diagnostics, and general signature
analysis. Several specific tasks were also suggested:

* Flow rate pressure drop for pumps

¢ Lateral shaft motion detection

* Secondary coolant monitoring to detect
steam generator tube leaks.

DIAGNOSTIC INSTRUMENTATION EVALUATION TASK FOR FY 1984

The broad, nonspecific natuie of this project dur-
ing the first two vears, FY 1982 and FY 1983,
changed considerably for FY 1984, One of the
recommended areas of work in the final report for
FY 1983 was to examine methods for the early
detection of steam generator tube leaks in pressur-
ized water reactors. This task was drafted into a
statement of work, which is included as Appen-
dix A.

A literature survey showed that some work had
been done on steam tube leak location after reac-
tor shutdown? and a mathematically oriented
sludy“ had been done in which loop equations were
developed for radiation levels in the PWR secon-
dary. But no reference was found which specifically
addressed the tasks given in the statement of work.

Monitoring of the secondary to detect steam tube
leaks is done at many, if not all, operating PWRs
and is described in varying detail in plant Final
Safety Analysis Reports (FSARs).

Task 2.1.1: Physical
Parameter Identificaticn

Task 2.1.1 of the Statement of Work became a
search to determine what physical parameters indi-
cate onset of steam generator tube leaks, since there
appeared to be no way to determine an impending
leak condition. Further, very small ieaks are prob-
ably difficult, if not impossible, to detect through
any of the coolant parameters such as pressure,
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noncondensable gases and water occurs at the con-
denser, the gases then proceeding to the steam
generator air ejector. The air ejector location for
a radiation monitor is acceptable since expected
radiation background is low. Finally, some existing
plants have air ejector monitors already in place.

The detection of noble gases at the air ejector
appears to be the best method to use to detect =arly
onset of steam generator tube leaks. This selection
is based on the foliowing facts:

* Noble gases leaving the steam generator are
totally discharged via the air ejector; none
arz returned to the steam generator

® The transit time from steam tube leak to
air ejector is less than two minutes

® The air ejector is located in an acceptable
environment from a sensor point of view,

Task 2.1.2: Establish
Performance Goals

This task, the establisnment of performance goals
for diagnostic instruments being evaluated, was
closely tied to the actual selection of the instrumen-
tation, Task 2.1.3. In order to define performance
goals in a quantitative sense, it was felt that some
small but realistic radiation level in the secondarz
must be assumed. An American National Standard
has addressed the problem of source term specifica-
tions for both PWRs and Boiling Water Reactors
(BWRs). In particular, numerical examples are
given in the report for both primary and secondary
radiation levels in a PWR, assuming nominal radia-
tion buildup mechanisms in the primary and a small
(0.4-g/s) leak in the steam generator tubes. Since
this document, now in a draft stage, should soon
be available as a national standard, the calculated
radiation levels in Reference 6, assuming a 0.4-g/s
leak rate, are used here to establish performance
goals for diagnostic instrumentation.

In the following development, expressions are
derived for the buildup of noble gases in the steam
generator secondary after leak onset; for the noble
gas arrival rate, in uCi/s, at the steam generator air
ejector; and for the primary-to-secondary leak rate.
These expressions are then used in a sample calcula-
tion that shows what activity might be expected at
the air ejector in a typical PWR with a small steam

tube leak. Performance goals are then given for the
required monitoring systems. Several assumptions
are made:

¢ The noble gas activity in the primary
coolant is in equilibrium or a slowly vary-
ing function of time

®  The half-lives of the most abundant noble
gas isotopes are long compared to both the
transit time of steam from the steam
generator to the air ejector and the cycle
time from steam generator through the tur-
bines and condenser and return to the
steam generator, the latter time being of the
order of two minutes or less for a typical
PWR

*  Complete mixing of the noble gases with
the seconda. v coolant occurs in times much
less than the steam generator cycle time.

The time rate of increase of total noble gas activ-
ity in the steam generator secondary coolant after
leak onset is

dAs(t) -
aeniasie. e . !
at Cp MAsm‘ (1)
where
Ag(t) = the total nobie gas, in uCi, in the
steam generator secondary at time t
C P = the primary coolant noble gas activ-
iy, in uCi/g
{ = leak rate, primary to secondary, g/s
m = mass of water per second converted
to steam
M = mass of water in steam generator,

Equation (1) assumes steady-state conditions in
the primary coolant and for the leak rate. The tran-
sient case, where either or both f and Cp are time
dependent, is not treated here.

Solving Equation (1) for Ag(t),

m
M - =t
AW =1C m(l-e M), (2)
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Table 2. Representative source terms (uCi/g)

Secondary Qoohntb

Reactor?
Nuclide N Coolant Water¢. Steam
85Smg, 4.5h 1.6 E-01 0 3.4 E-O8
85Kr 10.7 yr 4.3 E-01 0 8.9 E-08
87K+ 76 min 1.5 E-01 0 3.0 E-08
88k, 28h 2.8 E-01 0 5.9 E-08
13imye 12 day 7.3 E-01 0 1.5 E07
13mye 2.2 day 7.0 E-02 0 1.5 E-08
133xe 5.2 day 2.6 E-00 0 5.4 E07
135mye 15.3 min 1.3 E-01 0 2.7 E-08
135xe 9.1 h 8.5 E-01 0 1.8 E-07
137xe 3.8 min 3.4 E-02 0 7.1 E-09
138x¢ 14.1 min 1.2 E-01 0 2.5 E-08
131 8 day 4.5 E-02 1.8 E-06 1.8 E-08
132 2h 2.0 E-01 2.9 E-06 2.9 E-08
133 20 h 1.4 E-01 4.8 E-06 4.8 E-08
134 53 min 3.4 E-01 2.5 E-06 2.5 E-08
135y 6.7h 2.6 E-01 6.6 E-06 6.6 E-08
H 12.7 yr 1.0 E-00 1.0 E-03 1.0 E-03
16N 7s 40E+01 1.0 E-06 1.0 E-07
24N, 15 h 4.7 E-02 1.5 E-06 7.6 E-09

a. Coolant entering letdown line.

b. Primary-to-secondary leakage rate of 0.4 g/s (75 Ib/day).

¢. Water in steam generator.

d. Steam leaving steam generator,

The minimum detectable limit of the monitor for
Xe-133 in a | mr/h background at a 95% con-
fidence level is 1 x 10°6 y(‘i/cm3. based on a sam-
ple flow rate of | scfm and a one-half minute
counting time. The response of the detector is at
least three times the square root of the background
above background.

Specification for Primary Coolant Monitor. The
primary coolant menitor will be a single-stage liquid
monitor consisting of a gamma sensitive scintilla-
tion detector, coupled to a photomultiplier tube that
is protected by an electromagnetic shield. The
minimum detection limit of the monitor for Cs-137
ina | mr/h background of Co-60 gamma radiation
at a 95% confidence level is 1 x 10°6 u(‘i/cm3 for

a one minute counting time. The resolution of the
detector is < 10% Full Width at Half Maximum
(FWHM) at 0.662 MeV (Cs-137).

Existing Ge(l.1) gamma ray pulse height analyzers
have sensitivities exceeding those in the above
specification by several orders of magnitude and
typically can resolve !- to 2-keV peaks at several
MeV energy. Such a primary coolant monitor
should be able to resolve the noble gas phot  peaks
at a 95% or greater confidence level,

Self-test capability for the systems described in
Appendix B is provided by means of a built-in, pop-
up source, remotely or manually operated. A self-
test capability, which tests everything except the
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CONCLUSION

This study has examined the early detection of
onset of steam tube leaks in pressurized water reac-
tors. It has identified which physical parameters in
an operating reactor may be used in identifying a
steam tube leak condition, has established per-
formance goals required for detection of small
leaks, has defined monitoring instruments and their
locations for detection of early onset of a leak con-
dition, and has discussed requirements for data
processing and display. Steam tube leaks of
<0.1 g/s should be detectable with existing
instrumentation at existing sensor locations, i.¢., the
combination of a gross beta detection system for

noble gases at the steam generator air ejector,
installed at some operating plants, and a high
resoluiion gamma ray spectrometer for a detection
of noble gas activity in the primary coolant, also
a part of some plants’ instrumentation inventory.

Close monitoring of a steam generator tube leak
could allow a scheduled shutdown of the reactor
for steam tube repair, with attendant savings. Com-
plete tube rupture could possibly be averted by
instrumenting the derivative of the leak rate and
providing the necessary alarms.
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APPENDIX B .
EXCERPT FROM THE FINAL SAFETY ANALYSIS REPORT

Radiation Detectors

Condenser Air Ejector Monitor

Single-Stage Liquid Monitor

Calibration and Inspection

Single-Stage Gaseous Monitor




Further isotopic calibrations are not required,
since the geometry cannot be altered significantly
within the sampler. Calibration of samplers is then
performed, based on a known correlation between
the detector responses and field calibration
standards.

This single-point calibration confirms the detec-
tor sensitivity. The field calibration is performed
by removing the detector and placing the calibra-
tion source on the sensitive area of the detector.

The radiation monitoring channels are checked
and inspected in accordance with the Technical
Specifications. Grab samples are collected for
isotopic analysis weekly as described in the subse-
quent sections. Set point adjustment and functional
testing are done on a monthly basis, and calibra-
tion is performed at each refueling shutdown or
indication of equipment malfunction.

Controls and Alarms

All monitors are provided with either a local con-
trol and display unit located near the monitor or
a portable indicator control box capable of access-
ing the monitor control features and data base.
Either of the two units provide information relating
to operational mode, alarm status and data output.
Purging, check source actuation, valve and pump
control, and various test mode actuations may be
done locally and with the exception of valve con-
trol, within the cabinets at the various operator's
terminals.

16

The digital information from all channels is
stored by the redundant computer and displayed at
the three operator consoles on cathode-ray tube
(CRT) displays. If an alarm condition is detected,
a status change occurs at each of the three CRTs
and logging of the alarm occurs automatically.
Monitor status, radiation level, and alarm status are
displayed. Alarms include two up-scale trips to
indicate high radiation levels and one downscale trip
to indicate instrument trouble. For those channels
designated as safety related, data displays and strip-
chart recorders are also present in a safety related
nanel in the control room.

For those channels which perform control action,
any one of the following automatically sends an
isolation signal 'o the valve located on the
monitored line to prevent further flow; radionuclide
concentrations above the preset *“*high'' radiation
trip point, failure of the detector or sample pump,
or loss of flow to the sampling chamber.

Alarm set points are variables over the entire
dynamic range and are set from the control room.
Alarm set points may be introduced or changed
from the following locations: (a) for safety related
monitors; from the individual channel control and -
display units located in the control room safciy
cabinets, and (b) for non-safety related monitors;
from any of the three CRTs, locally by means of
the local control unit. All alarm set points are
protected and changed only by means of proper
access identification. Exact set point depends on
backgiound and plant conditions. For effluent
monitors, high-high alarms indicate before
10 CFR 20 limits are reached.

A-2361






