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[57] ABSTRACT

Stress-corrosion damage is monitored in penetrations
traversing the wall of a vessel containing an electrolyte,
such as a nuclear reactor pressure vessel containing a
coolant. The vessel wall has tubular penetrations for
coupling external devices to internal structures of the
vessel while maintaining a pressure barrier, such as
control rod guides and sensor signal cables. The pene-
trations are subject to stress-corrosion damage, espe-
cially adjacent welds affixing the tubes to the vessel
head. One or more of the penetrations is provided with
a probe forming with the tube an electrochemical sen-
sor cell, including an electrode exposed to the electro-
lyte together with the surface of the penetration. The
electrode and the surface are otherwise insulated, and a
plurality of éelectrodes can be arrayed for monitoring
distinct localized areas. The electrodes are wired to a
detector circuit developing signals as a function of elec-
trochemical activity due to stress and corrosion, indica-
tive of corrosion of all the penetrations. Electrochemi-
cal potential, impedance, current, and particularly noise
levels in these signals are detected and read out for
assessing deterioration of the penetration surface as a
function of the electrochemical activity.

17 Claims, 2 Drawing Sheets
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ELECTROCHEMICAL MONITORING OF VESSEL
PENETRATIONS

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the field of corrosion assess-
ment in a metal by monitoring electrical activity be-
tween the metal and an electrode, both being subjected
to an electrolyte. More particularly, the invention con-
cerns monitoring localized corrosion of circular struc-
tural penetrations of vessels, for example the structures
penetrating the vessel of a nuclear reactor for coupling
control and sensing devices through a vessel wall.

2. Prior Art

There are various reasons for providing structures
penetrating vessels, such as a conduit attached to an
opening in the vessel at one or more welds. The conduit
may be arranged, for example, to provide a flow path,
to pass a mechanical device, or to couple electrical
conductors through a vessel wall. Where the vessel
contains an electrolyte and is subject to thermal and/or
mechanical stress, the penetration structure is subject to
corrosion. Where an asymmetric weld or similar struc-
ture affixes a penetration to a pressurized vessel contain-
ing an electrolyte, corrosion-stress cracking can be a
problem, particularly in the area of the attachment of
the penetration structure to the vessel.

A pressurized water nuclear reactor vessel is an ex-

ample. A pressurized water nuclear reactor comprises a 30

pressure vessel containing nuclear fuel and a conduit
system whereby a coolant such as water or water con-
taining cobalt is fed into and out of the vessel. The fuel
comprises a plurality of long vertical rods that are
closely spaced and interspersed with control rods that
are movable into the spaces between the fuel rods to
damp a selected proportion of nuclear flux and thereby
control the rate of nuclear decay of the fuel as well as
the amount of heat generated. The coolant is fed to the
bottom of the vessel, flows upwardly over the fuel rods
and exits at a level above the fuel rods, being heated in
the process. The coolant is heated to a high temperature
(e.g., 600° F.) and develops substantial pressure (e.g.,
2,200 psi).

Instrumentation and control devices are mounted in
and on the reactor vessel to ensure proper operation.
Although it is possible to provide penetrations of the
reactor vessel wall at various places to accommodate
the mechanical and electrical couplings needed for
these devices, it is preferable to place the penetrations at

the top of the vessel and thereby provide higher integ- .

rity at the bottom, for improved safety characteristics.
Typically, the reactor vessel comprises a generally cy-
lindrical hollow body of relatively thick steel (e.g.,
about 13 cm or 5 inches) with a lid or reactor vessel
head attached at the top to define a sealed pressure
vessel. Penetrations for mechanical and electrical cou-
plings across the pressure boundary are provided in the
form of fittings that extend through the head or lid of
the reactor vessel.

Penetrations of the vessel head are provided, for
example, to accommodate movable control rod guide
devices, and to pass conductors that couple electrically
to sensors located inside the vessel, such as temperature
and nuclear flux level sensors disposed in thimble tubes
interspersed among the fuel rods. The tubes or similar
structures penetrating the head may terminate flush
with the inside wall of the head or may protrude into
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the internal volume. They may also traverse the plane
of the head perpendicularly or at an angle. Typically,
the penetration tubes are aligned vertically, parallel to
one another and in alignment with the fuel rods. The

5 control rods, for example, can thereby be engaged by

actuators that are movable upwardly or downwardly in
the penetration tubes, to accomplish corresponding
displacement of the control rods relative to the fuel.
Whether movable or static, the structures passing
0 through the vessel head have associated penetration
tubes that are arranged to withstand the pressure devel-
oped by the coolant and to maintain a pressure bound-
ary. The penetration tubes extend through the vessel
head and include pressure fittings adapted to pass the

15 control rod mechanisms or electrical signal couplings,

respectively. The collection of penetrations and cou-
plings are known as the reactor vessel head adaptor.
All the tubing and conduits of the reactor which
carry the coolant are subject to corrosion over time.
O There are a number of reasons for such corrosion, in-
cluding chemical reaction with the coolant (which is an
electrolyte), the effect of nuclear radiation, mechanical
stresses due to temperature and pressure variations, etc.
Penetrations of the reactor vessel head are subject to
stress-corrosion cracking, leading to potential leakage.
The vessel head is dome shaped, as appropriate for
withstanding pressure. Whereas the penetrations typi-
cally are vertical and the head is a dome, those penetra-
tions which are radially spaced from the center of the
» dome pass through the dome at an angle relative to a
tangent to the dome surface. Welds which attach the
penetration tube to the vessel head are therefore not
placed at the same axial level on the penetration tube,

35 and/or are characterized by different sized weldments

on opposite sides of the tube. This is especially pro-
nounced at the penetrations located at the outer radius
of the vessel head. Thermal stresses are created by the
welds for this reason. The thermal stresses further sub-

40 Jject the penetration tubes to stress-corrosion cracking,

-@nd potential leakage of coolant as a result of through-
wall stress corrosion cracking of the tubes, particularly
in the area adjacent axially spaced or differently sized
welds.

It would be beneficial to monitor cracking at vulnera-
ble locations such as the vessel head penetrations in an
on-line and automated manner, to determine when ac-
tual crack propagation is taking place and to assess the
effectiveness of corrective measures taken to arrest

so corrosion of the reactor vessel. An on-line crack moni-

toring system could also provide information to evalu-
ate the relative severity of corrosion at different loca-
tions in the reactor head to help determine and correct
the root causes.

55  Electrochemical corrosion measurements have been

taken to generally monitor the level of corrosion of
metals that are exposed to an electrolyte. In high tem-
perature environments such as boilers, corrosion may
be encountered due to exposure to flue gases or to an

60 aqueous coolant. U.S. Pat. No. 4,575,678—HIladky dis-

closes a general method for analyzing deterioration of
metal structures carrying electrolytes, for example, a
pipe or conduit, a storage tank, process vessel, heat
exchanger, pump or valve. An electrochemical probe

65 intended for ongoing collection of corrosion data, that

protrudes from a vessel wall into the electrolyte, is
disclosed for example, in international application
PCT/GB87/00500—Cox et al. A probe that is struc-
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tured to form a section of conduit through which the
electrolyte passes is disclosed in U.S Pat. No.
4,426,618—Ronchetti et al. In each case, the probe
comprises a plurality of corrosion sensing electrodes
that are exposed to the electrolyte. The electrical poten-
tials of the electrodes and the current passing between
the electrodes is sensed and related to the extent of
chemical corrosion of the electrodes. Corrosion of the
electrodes is comparable to corrosion of the vessel,
conduit or other structure that holds the electrolyte.
Therefore, by sensing the level of corrosion of the elec-
trodes and integrating the results, the probe can be used
to estimate the instantaneous rate of corrosion of the
structure as a whole. Such information can be incorpo-
rated as a part of a maintenance program as disclosed in
U.S. Pat. No. 4,935,195—Palusamy et al.

Specific sensing and monitoring for electrochemical
resistance, galvanic current between electrodes, elec-
trochemical potential noise and electrochemical current
noise are disclosed for measuring the deterioration of a
combustion vesse! in “On-Line Materials Surveillance
for Improved Reliability in Power Generation Sys-
tems,” Paper No. 254, NACE Annual Conference and
Corrosion Show, March 1991. Electrode structures
which are useful for such monitoring are disclosed, for
example, in U.S. Pat. Nos. 3,504,323—Meany, Jr;
3,491,012—Winslow, Jr.; and 2,834,858—Schaschl
These teachings and these patents, and the foregoing
patents to Palusamy and Hladky, are hereby incorpo-
rated in their entireties.

The present invention is intended to apply the art of

electrochemical monitoring to the specific problems of

penetration structures traversing the walls of vessels,
and is particularly applicable to monitoring localized
corrosion of penetrations traversing a wall of a nuclear
reactor vessel. It has been discovered according to the
invention that by instrumenting a subset of a plurality of
penetrations of a vessel or similar electrolyte-heolding
structure, in particular the control and instrumentation
penetrations of a nuclear reactor vessel head, one can
assess the status of the penetrations generally, and
thereby obtain information on this critical area of the
reactor. Furthermore, the corrosion characteristics of
particular areas of the penetration tubes can be selec-
tively monitored, for distinguishing corrosion occur-
ring at different locations in the penetration tubes.

The invention is useful for assessing present corrosion
level, status and integrity of the vessel penetrations, and
for providing information whereby the useful life of
penetration structures can be decremented for planning
and executing required maintenance steps.

SUMMARY OF THE INVENTION

It is an cbject of the present invention to enable on-
line monitoring of stress-corrosion cracking associated
with vessel penetrations, i.e., structures that couple
through the wall of a vessel, conduit or similar structure
carrying an electrolyte.

It is a further object of the invention to use at least
one exemplary structure penetrating a vessel as one of
the electrodes of an electrochemical sensor, for asses-
sing deterioration of a plurality of such penetrating
structures due to chemical and mechanical stress on the
structures.

It is another object of the invention to sense for cor-
rosion at different locations on the inside or protruding
outside wall of a vessel penetration, for example at
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different axial positions and circumferential positions
around penetration having a circular cross section.

It is also an object of the invention to assess the dete-
rioration of vessel penetrations by electrochemical
monitoring of a subset of the penetrations using an on-
line data collection system.

It is another object of the invention to monitor the
penetrations of a nuclear reactor head adaptor at critical
or vulnerable locations, particularly by instrumenting
circular penetrations at and adjacent passage through a
vessel head structure at an angle relative to the plane of
the head.

These and other aspects are found in the stress-corro-
sion damage monitoring method and apparatus accord-
ing to the invention. Stress-corrosion damage is moni-
tored in the penetrations traversing the wall of a vessel
containing an electrolyte, such as the penetrations of the
head adaptor of a nuclear reactor vessel containing a
coolant and nuclear fuel. The vessel wall has a number
of tubular penetrations for coupling mechanical or elec-
trical external devices to internal structures of the vessel
while maintaining a pressure barrier, such as control rod
guides and sensor signal cables. The penetrations are
subject to stress-corrosion damage, especially at and
adjacent the passage through the head, where the pene-
trations may be welded or similarly attached to the
vessel head in a manner generating thermal stresses.
One or more of the penetrations is provided with at
least one, and preferably a plurality of electrodes that
define electrochemical sensor cells. A series of elec-
trode pairs detect corrosion activity on the surface of
the penetration tube material, primarily the areas most
nearly adjacent the respective electrodes of the probe,
making it possible to distinguish between corrosion
levels at different positions on the probe. The electrodes
of each pair represent a working electrode and a refer-
ence electrode. The corroding surface of the penetra-
tion tube nearby the pair represents another working
electrode. These electrodes are exposed to the electro-
lyte, as is the corroding wall of the penetration. The
electrodes and the corroding wall are otherwise electri-
cally insulated, and are wired to a detector circuit de-
veloping signals as a function of electrochemical activ-
ity due to stress and corrosion. Electrochemical poten-
tial, impedance, current, and particularly noise levels in
the potential and current signals are detected for each
pair of electrodes and each distinguishable monitored
area of the corroding tube. The signals are analyzed
and/or read out for assessing deterioration of the pene-
tration wall as a function of the electrochemical activ-
ity. In this manner, the condition of all the vessel pene-
trations is assessed in a manner that enables identifica-
tion of areas of the penetrations where corrosion is
occurring preferentially, facilitating appropriate correc-
tive action when necessary.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention can be appreciated with reference to
preferred embodiments and examples set forth in the
following discussion and shown in the drawings. It
should be appreciated, however, that the drawings and
the discussion are intended as exemplary rather than
limiting, and the invention is capable of variation within
the scope of the subject matter claimed. In the draw-
ings, :

FIG. 1 is a partial section view through a reactor
vessel head, showing a corrosion monitoring probe
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mounted in a penetration tube according to the inven-
tion;

FIG. 2 is a section view through the probe in the area
of the passage of the penetration through the reactor
vessel head, taken along lines 2—2 in FIG. 1, and show-
ing a circumferential distribution of paired electrodes;

FIG. 3 is a schematic electrical diagram illustrating
the input and outputs generated according to the inven-
tion for corrosion monitoring, showing only one set of
electrodes for purposes of simplicity; and,

FIG. 4 is a schematic elevation view illustrating in-
strumenting a reactor head package with a plurality of
corrosion monitoring prabes.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring to FIG. 1, a tubular conduit 32 traverses a
wall 40 of the reactor vessel of a nuclear reactor, and is
subject to stress-corrosion damage due to chemical
reaction with the coolant and due to mechanical stresses
caused by variations in thermal expansion and pressure.
The penetration 32 shown can be one of a plurality of
penetrations that traverse the reactor head package, and
define pressure fittings 42 whereby mechanical means
such as control rod guides and electrical means such as
signal lines pass through the pressure barrier between
the reactor vessel and the containment building (not
shown). The penetrations 32 to be monitored are the
conventional pressure sealing penetration tubes other-
wise used for the control rod guides, signal lines and the
like. At least one of the penetration tubes 32, and prefer-
ably a characteristic sample or subset of the penetration
tubes is instrumented as a means to assess corrosion of
the sample tubes, and also to estimate the corrosion of
comparable tubes which are not similarly instrumented.

The reactor vessel, which is not shown in detail, is
arranged to enclose a quantity of nuclear fuel and a
coolant to pass over the fuel for carrying away heat.
The coolant normally is water, forming an electrolyte
50 with various ions in solution. The penetrations 32
define conduits subject to stress-corrosion damage due
to operation of the nuclear reactor. Although the pene-
trations 32 are partly exterior to the reactor vessel, they
are subjected to chemical action from the coolant or
electrolyte 50 as well as stress due to temperature and
pressure conditions.

Like most metals subjected to such conditions, the
walls of the penetrations corrode and can become
cracked over time. According to the invention, the
ongoing extent of such corrosion is assessed. Informa-
tion gathered in this manner can be used to track the
accumulated corrosion of the penetration tube walls for
planning maintenance, and also is useful for detecting
conditions of increased stress and corrosion, especially
at distinct areas which are vulnerable due to the tech-
niques by which the penetration tubes are attached to
the reactor vessel head. As appropriate, the results of
the monitoring may involve taking actions to decrease
the rate at which the corrosion occurs, e.g., adjusting
the chemical makeup of the coolant, or actions to re-
place or repair penetration tubes which are failing or
subject to impending failure.

For assessing corrosion, the chemical reactions af-
fecting the penetration wall are detected electrically. At
least one electrochemical sensor arrangement or cell 60,
and preferably an array 64 of sensors, is mounted in at
least one of the penetrations 32 traversing the reactor
wall 40. Each sensor cell 60 has a working electrode 72
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and a reference electrode 74, insulated from one another
and from the wall 82 of the respective penetration tube
32. The working electrode 72 and the reference elec-
trode 74 are placed immediately adjacent an area of the
penetration wall 82 to be monitored, the respective cell
responding substantially to corrosion in that area. The
penetration wall 82 and the electrodes 72, 74 are ex-
posed commonly to the electrolyte 50 during operation
of the nuclear reactor.

In the preferred embodiment, separately wired elec-
trodes are positioned at different places on the surface
of the sensor probe, for monitoring corrosion at a plu-
rality of distinct areas. Axially spaced groups 86 of
circumferentially spaced electrode arrays 88 allow sep-
arate monitoring of areas around the sensor probe. For
example, for monitoring corrosion in the area of passage
through the" vessel head, which is about 13 cm or §
inches thick, three to five axially spaced sets of eight
circumferentially spaced sensing electrodes can be pro-
vided. This arrangement provides for 24 to 40 sepa-
rately distinguishable corrosion monitoring areas on the
internal wall of the penetration tube. It would also be
possible to mount an array of sensing electrodes so as to
encompass the outer surface of a penetration tube that
protrudes into the reactor vessel. However, the exem-
plary embodiments shown are arranged to monitor
corrosion from the inside of the penetration tube, specif-
ically in the area of its attachment to the vessel head,
where stresses on the penetration tube make corrosion a
problem.

The respective electrodes are coupled via signal lines
92 to instrumentation as shown in FIG. 3 for capturing
potential and current information and analyzing the
data to determine the extent of potential and current
noise. The signal lines 92 are routed out of the penetra-
tion via a standard pressure fitting 42 operable to main-
tain the pressure boundary. The signal conductors 92
couple to a detector circuit 94 the voltage and current
signals developed at the electrodes 72, 74. The penetra-
tion wall 82 is also coupled to the detector circuit for
coupling the wall as a working electrode to the detec-
tor. The voltage and current signals vary as a function
of electrochemical activity leading to stress-corrosion
damage of the penetration wall. The extent of corrosion
is a function of exchange currents that pass between the
electrodes and the electrolyte and produce current and
voltage signals between the respective sections of the
penetration wall and the electrodes associated there-
with.

The detector circuit 94 is coupled to the signal con-
ductors 92 and is operable to encode data representing
at least one of electrochemical potential, electrochemi-
cal impedance, and current passing through the electro-
lyte between the electrodes and the wall 82. Preferably,
the current and voltage noise levels in these signals are
assessed. The data thereby developed is read out for
assessing deterioration of the penetration wall as a func-
tion of the electrochemical activity.

There are a number of specific components of electri-
cal activity that can be used to reflect the extent of
corrosion of a metal in an electrolyte, and reference can
be made to the disclosures mentioned in the foregoing
prior art section of the Specification for specific exam-
ples, which are hereby incorporated in their entireties.
Briefly, the signal conductors 92 are preferably coupled
to measurement circuits operable to amplify and encode
the electrical potential levels and current dissipation
through the wall, the electrode and the electrolyte,
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which signals are representative of the level of corro-
sion and the extent of stress-corrosion damage which is
accumulating. Some parameters which can be moni-
tored include electrochemical impedance as a function
of frequency, galvanic current between the electrode
and the wall, electrochemical potential noise and elec-
trochemical current noise.

Electrochemical impedance is measured by analyzing
the response of the corrosion interface to an applied
sinusoidal potential waveform over a range of frequen-
cies, e.g. 0.1 Hz to 10 KHz. This gives information on
the resistance/capacitance characteristics of the corrod-
ing surface. At the higher frequencies, the impedance
can be related to the solution resistance of the electro-
lyte in the circuit including the penetration wall and the
electrode, and can also be related to the extent of accu-
mulated scale and/or similar deposits that are present.
The response at lower frequencies can be related to the
polarization resistance (or DC impedance value) of the
sensor circuit. By subtracting the solution resistance, an
accurate representation of the resistance to charge
transfer at the corrosion interface can be determined. A
lower charge transfer resistance indicates a higher rate
of corrosion, and vice versa.

Zero resistance ammetry can be used to determine
the galvanic current between two electrodes, in this
case between the penetration wall and the electrode
therein. Normally, the penetration wail and the elec-
trode are of dissimilar metals, which inherently produce
a galvanic current when coupled as a cell. This tech-
nique can also determine the galvanic current between
nominally identical electrodes, which typically are at
least different enough to take up slightly different po-
tentials. When the penetration wall and the electrode
are coupled via a zero-resistance ammeter, a measurable
current flows. The DC value of the coupling current
during active corrosion is proportional to the level of
corrosion activity then in progress on the electrodes.

Electrochemical potential noise is a low level random
fluctuation of the electrochemical corrosion potential.
The fluctuation is typically of a low amplitude (e.g., less
than a millivolt), and a low frequency (e.g., 1 Hz and
lower). By measuring the low frequency variation in the
electrochemical potential, a time varying signal can be
developed that can be correlated against the mode of
corrosion attack. For example, pitting corrosion and
crevice attack produce clearly distinct signatures in
measured electrochemical potential noise.

Electrochemical current noise can also be measured.
The current noise is similar to the potential noise, except
that fluctuations in the coupling current between similar
electrodes are recorded and analyzed. An estimate of
the overall rate of corrosion can be made from the
electrochemical current noise output signal after cali-
brating the sensor cell empirically, using controlled
weight loss exposure measurements.

The penetration tube 32 comprises a tubular conduit
traversing a wall defined by the head structure 40 of the
reactor pressure vessel. The conduit is circular in cross
section and is fitted closely into a bore 98 in the vessel
head 40. The vessel head is dome shaped. However, the
penetration tubes 32 are parallel to one another. As a
result, the longitudinal axes of the penetration tubes are
disposed at an angle relative to the plane of the wall of
the head structure 40 at the penetration 32. As shown in
FIG. 1, a result is that the welds 102 which attach the
penetration tube 32 to the vessel head 40 are of different
sizes and are disposed at different axial positions along
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the penetration tube 32. The penetration tube 32 can
protrude inwardly of the vessel wall, as also shown in
FIG. 1. As a result of this mounting arrangement, the
penetration tube 32 is especially subject to stress-corro-
sion cracking adjacent the welds 102, namely in the area
where the penetration tube 32 traverses the vessel head
40. The electrodes 72, 74 of the sensing cells 60 are
preferably located in this area, where the penetration
tube is vulnerable.

The penetration 32 used for corrosion monitoring is
similar to the other penetrations in the head structure 40
of the reactor pressure vessel. As a result, corrosion of
the penetrations generally can be assessed by measuring
the corrosion occurring at the instrumented penetra-
tion. At least one penetration is instrumented; however
it is also possible to instrument a plurality of penetra-
tions as shown in FIG. 4, for separately assessing corro-
sion at different positions of the vessel head. For exam-
ple, the instrumented penetrations can be disposed dia-
metrically opposite one another or otherwise spaced
around the circumference of the head package, and/or
placed at different radial distances from the centerline
of the reactor vessel. The instrumented penetrations are
provided with pressure fittings 42 in the same manner as
the penetrations used for control rod guides or signal
lines for other sensors, such as temperature, pressure,
nuclear flux and the like.

Referring to FIGS. 1 and 2, a plurality of paired
electrodes 72, 74 are arranged around the circumfer-
ence of the probe at axially spaced levels 86. The two
electrodes 72, 74 of each pair 110 interact through the
electrolyte 50 primarily with the nearest portion of the
wall of the penetration tube 32, allowing the arrayed
electrodes to develop signals specific to distinct areas.
Electrical insulators ¥12 are interspersed between the
electrodes in the probe, the electrodes and insulators
being mounted on a supporting post 120 or spring
mounting, for example as in the probe of international
patent application PCT/GB87/00500.

Accordingly, the penetration tube 32 is used-as one of
the working electrodes for each measurement. The two
counter electrodes 72, 74 are positioned along the tube
in the vicinity of the potential cracking site, preferably
where stresses are highest, e.g., due to the mounting of
the penetration tube. As shown schematically in FIG. 3,
the current signal is sensed between one electrode 124
and the penetration wall to obtain the coupling current
and current noise signals. The voltage signal is sensed
between the other electrode 126 and the penetration
wall as the other electrode to develop the potential
reference signal and potential noise signal. These signals
are coupled to digitizing means 130 operable to sample
the data, and to a processor 132 that analyzes the sample
data numerically.

The electrodes used for voltage and current measure-
ments can be fabricated from the same material as the
tube. Muitiple electrodes can be installed within the
penetration tube for any or all of the measurements,
e.g., with electrode sets 110 disposed 180° apart around
the circumference or spaced by 45° as shown, to detect
variations in the corrosion conditions around the inside
circumference of the tube, and/or at different axial
positions. The specific arrangement of the electrode
pairs can be varied with the type and dimensions of the
penetration, and with the extent of local area monitor-
ing desired. Similarly, one or a plurality of penetration
tubes 32 traversing the vessel head can be instrumented



5,323,429

9

in this manner as shown in FIG. 4, to obtain complete
data respecting corrosion of the penetration tubes.

Using electrochemical noise measurement to assess
stress-corrosion cracking and similar corrosion of the
reactor vessel penetrations has several advantages. The
probe design can be extremely simple and rugged.
Therefore, the probe readily qualifies as safe in the
severe environment of the reactor vessel, and reliable
long-term measurements can be expected.

The electrochemical noise measurement technique is
also quite accurate, being capable of detecting crack
initiation before visually detectable damage can occur.
The technique also detects crack propagation, enabling
estimates of crack depth. Since analyzing the noise
signal effectively measures the free corrosion potential
of the penetration wall and the electrode(s), no polariza-
tion of the specimens is required, which could poten-
tially accelerate the corrosion process by providing
energy for ion exchange. Analysis of the noise signals
not only allows the level of corrosion to be assessed, but
also helps to identify the fundamental electrochemical
and corrosion processes at work. This information, is
critical for root cause analyses and failure studies. Fi-
nally the technique is excellent for monitoring complex
localized corrosion events such as the typical stress-cor-
rosion cracking experienced in reactor vessel penetra-
tions 32 in the area of the reactor vessel wall 40.

The circuitry needed to capture and analyze the sig-
nals developed from the sensors can include high input
impedance amplifiers coupled to data processing means
operable to analyze the data for frequency specific data.
Preferably, the outputs of the device are coupled to
suitable display and/or readout devices for graphic,
tabular, summary reporting, and potentially for the
triggering of maintenance alarms. The data is also
stored for reference, and can be communicated re-
motely via modem or other communication means. An
integrated package of circuitry specifically for electro-
chemical noise analysis that can be applied to the mea-
surements taken according to the invention is available
from CAPCIS MARCH, Limited (CML), Manchester,
UK, under the product name DENIS (an acronym for
Digital Electrochemical Noise Integrated System).

The probe is coupled to the data acquisition and anal-
ysis circuitry in the same manner as other process moni-
toring variables generally. Various intermediate and
ultimate elements such as sampling analog to digital
converters, multiplexers, cables and other signal lines,
data acquisition equipment, and electrochemical noise
analyzers can be provided. Preferably, electrochemical
noise analysis is employed via software running on a
processor coupled to process the data, and the software
can include maintenance predictive functions for esti-
mating the remaining useful life of the penetration
tubes.

The probe is preferably dimensioned and arranged to
be compatible with an existing type of reactor head
adaptor tube, and preferably is a unitary structure that
can simply be inserted in the penetration 32, sealed by
the pressure fitting 42 and wired to the detector circuits
94 for operation. The electrode array placed within the
tube can be located in the tube internal diameter near
the location where cracking has been observed in pene-
tration tubes of this type, namely in the area adjacent
the junction with the reactor walls. The probe pressure
boundary qualification is also an important concern.
Preferably, an end cap design or similar configuration
similar to the pressure closures used with existing sens-
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10
ing cable arrangements is employed. The probe is fabri-
cated in accordance with applicable regulatory Code
requirements and using Code materials as applicable.

The probe is a durable device, comprised substan-
tially of solid metal materials for the support and the
electrodes, coupled via electrical insulation 112 so as to
maintain electrical isolation of the tube 32 and the elec-
trodes except via ionic current flow through the elec-
trolyte 50. As installed in the head adaptor tube and
utilizing suitably durable materials for the probe, its
insulating materials and pressure fittings, the probe does
not compromise plant safety margins with respect to
loads such as pressure, temperature, seismic shock, flow
vibration, etc. Thus the probe can be arranged to sur-
vive the effects of radiation exposure over a design life
that at least exceeds the specifications applicable to the
respective penetration tube 32.

Preferably, the monitoring system is operated on a
continuous basis during normal operation of the plant.
Data analysis software provides a continuous on-line
indication of corrosion activity for operation monitor-
ing and for maintenance planning purposes.

The invention having been disclosed, vartations will
now be apparent to persons skilled in the art. Whereas
the invention is intended to encompass not only the
foregoing specific embodiments but a range of equiva-
lent variations as well, reference should be made to the
appended claims rather than the foregoing examples, in
order to assess the scope of the invention in which
exclusive rights are claimed.

We claim:

1. A method for assessing deterioration of penetra-
tions traversing a vessel wall of a nuclear reactor pres-
sure vessel defining an enclosure’ for an electrolyte,
comprising the steps of:

instrumenting at least one of the penetrations by in-

stalling a probe, the probe having a plurality of
electrodes disposed in an array and positioned adja-
cent and electrically insulated from metal defining
. a penetration wall, the probe including conductors
coupled individually to respective ones of the elec-
trodes and a conductor coupled to the metal defin-
ing the penetration wall such that the penetration
wall functions as a working electrode at distinct
positions adjacent the respective electrodes;

exposing both the electrode and the penetration wall
to the electrolyte in the enclosure;

monitoring electrical activity between the electrode

and the penetration wall to develop a signal repre-
senting at least one of electrochemical potential,
electrochemical impedance, and current passing
through the electrolyte between the electrodes and
the penetration wall, said electrical activity vary-
ing with corrosion of the penetration wall at said
distinct positions; and,

assessing deterioration of the penetration wall as a

function of the electrical activity.

2. The method according to claim 1, wherein said
electrical activity is monitored during operation of the
nuclear reactor pressure vessel.

3. The method according to claim 1, wherein the
reactor pressure vessel has a plurality of said penetra-
tions traversing the vessel wall and further comprising
selecting from the plurality of penetrations said at least
one penetration that is instrumented and estimating
corrosion in at least one other of the penetrations from
deterioration of the penetration wall adjacent the elec-
trodes.
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4. The method according to claim 2, wherein the
penetration traverse the reactor pressure vessel at an
angle relative to a plane of the reactor pressure vessel at
the penetration, whereby the penetration is vuinerable
to stress corrosion cracking at an area adjacent the
reactor vessel, and further comprising placing the elec-
trodes at least in said area.

5. The method according to claim 1, wherein the
penetration comprises a tube attached to the reactor
pressure vessel at a substantially circular opening
through the vessel wall, and further comprising placing
a plurality of electrodes at various positions adjacent
discrete areas on at least at one of an internal surface
and an external surface of the penetration tube.

6. The method according to claim 5, wherein the tube
protrudes internally from the vessel wall and is attached
to the vessel wall by welds, and wherein the electrodes
are placed in the tube adjacent the welds.

7. The method according to claim 1, further compris-
ing analyzing the signal for a level of electrochemical
noise by monitoring for variations in at least one of
electrochemical potential and electrochemical current
at a range of frequencies.

8. The method according to claim 7, comprising plac-
ing at least two said electrodes as a pair in the penetra-
tion wall, one of said pair functioning as a reference
electrode, and monitoring for variations in said electro-
chemical potential and said electrochemical current
using said at least two electrodes.

9. The method according to claim 1, comprising in-
strumenting the at least one penetration with an inserted
probe having a plurality of electrode pairs, the elec-
trodes in each pair being positioned adjacent one an-
other and close to a distinct area of the penetration wall,
each of said electrodes and the penetration wall forming
a cell comprising a reference electrode and two work-
ing electrodes, and wherein said monitoring and asses-
sing steps include separately monitoring and assessing
corrosion in respective distinct aréas for each of the
cells.

10. A stress-corrosion monitoring apparatus for a
nuclear reactor, comprising:

a reactor vessel arranged to enclose a quantity of
nuclear fuel and a coolant forming an electrolyte,
the reactor vessel having at least one wall traversed
by a plurality of penetrations for coupling external
devices to internal structures of the reactor vessel,
the penetrations defining conduits and being sub-
jected to stress-corrosion damage due to operation
of the nuclear reactor;

an array comprising a plurality of electrochemical
sensors mounted in at least one of the penetrations,
the electrochemical sensors each having an elec-
trode insulated from a surface of the at least one of
the penetrations and being exposed together with
said surface to the electrolyte during operation of
the nuclear reactor, said surface and said electrode
forming an electrochemical sensing cell wherein
said surface functions as a working electrode at a
distant area of the surface cooperating with said
electrode of the respective electrochemical sensor
such that each said electrochemical cell is respon-

20

25

35

45

50

55

60

65

12

sive to localized corrosion of the surface at the
distinct area;

signal conductors coupled to the electrode and to the
surface of said at least one of the penetrations, the
signal conductors developing voltage and current
signals as a function of electrochemical activity
leading to the stress-corrosion damage;

a detector circuit coupled to the signal conductors
and being operable to encode data representing at
least one of electrochemical potential, electro-
chemical impedance, and current passing through
the electrolyte between the electrode and the sur-
face with said localized corrosion of the surface;
and,

means for reading out said data for assessing deterio-
ration of the penetration wall as a function of the
electrochemical activity.

11. The stress-corrosion monitoring apparatus ac-
cording to claim 10, wherein the at least one penetration
traverses a head structure of the reactor pressure vessel.

12. The stress-corrosion monitoring apparatus ac-
cording to claim 11, wherein the penetration comprises
a tubular conduit traversing a wall defined by the head
structure of the reactor pressure vessel, the tubular
conduit having a longitudinal axis disposed at an acute
angle relative to a plane of the wall of the head structure
at the penetration, and is attached to the wall of the
head structure adjacent an internal end of the penetra-
tion, and wherein the array encompasses an area of the
tubular conduit at the head structure.

13. The stress-corrosion monitoring apparatus ac-
cording to claim 12, wherein the penetration is one of a
plurality of penetrations of the head structure of the
reactor pressure vessel, the penetrations coupling at
least one of a control rod positioning mechanism and a
sensor signal cable through the head structure to inter-
nal structures of the reactor pressure vessel.

14. The stress-corrosion monitoring apparatus ac-
cording to claim 10, wherein each of the cells comprises
a reference electrode and two working electrodes de-
fined by the penetration surface and two said elec-
trodes, positioned to interact through the electrolyte
with each said distinct area.

15. The stress-corrosion monitoring apparatus ac-
cording to claim 14, wherein the electrodes for the
respective distinct areas are spaced circumferentially
around a sensor probe inserted into the penetration,
whereby the sensor signals represent circumferentially
spaced areas of the penetration surface.

16. The stress-corrosion monitoring apparatus ac-
cording to claim 15, wherein the electrodes for the
respective distinct areas also are spaced axially on the
sensor probe.

17. The stress-corrosion monitoring apparatus ac-
cording to claim 14, wherein the detector circuit is
operable to develop potential noise data from a poten-
tial between the penetration surface and one of the
electrodes, and current noise data from a current be-
tween the penetration surface and another of the elec-

trodes.
* * * * *



	Bibliographic data
	Abstract
	Drawings
	Description
	Claims
	unprotected-pdfdoc.pdf
	Bibliographic data
	Abstract
	Drawings
	Description
	Claims

	unprotected-pdfdoc.pdf
	Bibliographic data
	Abstract
	Drawings
	Description
	Claims

	unprotected-pdfdoc.pdf
	Bibliographic data
	Abstract
	Drawings
	Description
	Claims

	unprotected-pdfdoc.pdf
	Bibliographic data
	Abstract
	Drawings
	Description
	Claims

	unprotected-pdfdoc.pdf
	Bibliographic data
	Abstract
	Drawings
	Description
	Claims

	unprotected-pdfdoc.pdf
	Bibliographic data
	Abstract
	Drawings
	Description
	Claims

	unprotected-pdfdoc.pdf
	Bibliographic data
	Abstract
	Drawings
	Description
	Claims

	unprotected-pdfdoc.pdf
	Bibliographic data
	Abstract
	Drawings
	Description
	Claims




