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•!"«« I si* •£.£•!!! productivity, and have provided revised guidelines for CRDM
1 ? 1 ̂  s"'| » =1 I changeout selection. Highlights of this workshop and ongoing
s | • 2 o " 1 §1 « research on CRDM aging are presented in this paper.

Introduction

As part of its responsibilities to protect the health and safety of the public, the U. S.
Nuclear Regulatory Commission (USNRC) is concerned about the aging of the major components,
structures, and safety systems in nuclear power plants. The USNRC Office of Nuclear
Regulatory Research is sponsoring a Nuclear Plant Aging Research (NPAR) program at several
national laboratories, including the Oak Ridge National Laboratory (ORNL). One of the NPAR
program tasks is to understand the aging phenomena associated with BWR control rod drive
mechanisms (CRDMs) and to identify the unresolved technical issues associated with this
component's aging. This task also assesses the merits of various methods of "managing" this
aging, i.e., an evaluation of the various inspection, surveillance, and monitoring techniques
currently employed by utilities to detect and trend CRDM degradation.

In accordance with the goals of this study, an eight-page, NPAR questionnaire on BWR
CRDMs was prepared by ORNL and distributed to all 26 domestic BWR plants. In addition to
general CRDM component information, this questionnaire solicited site-specific data on CRDM
dagrJHtaticn and failure experiences, maintenance and aging interactions, and testing
procedures. Because each participating utility had a high level of interest in other BWR utility
responses to this questionnaire, ORNL recently sponsored a workshop to display and review the
overall results received from 21 olants. Additional preliminary findings were also presented
on concurrent research which evaluated NPRDS (Nuclear Plant Reliability Data System) CRDM
failure data. The workshop provided three days of discussions on CRDM and hydraulic control
unit (HCU) maintenance and aging history, and included presentations from utility, commercial
services, and vendor experts.

Based upon the consensus of the 40 CRDM workshop participants, specific components of
the CRDM and HCU were identified as primary contributors to operational problems. Methods of
selecting and prioritizing troublesome CRDMs for refurbishment were recommended. Various
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maintenance techniques and new, innovative tooling were presented and demonstrated. Also
discussed at the meeting were specific guidelines for CRDM maintenance practices that could
reduce the "human error" contribution to the extremely demanding maintenance tasks associated
with CRDM changeout and rebuilding. Existing CRDM testing procedures and acceptance criteria
were evaluated at the workshop to determine which tests revealed information that was more
indicative of CRDM operational health. Highlights from the workshop and the ongoing CRDM
aging research are presented in this paper.

CRDM Degradation: Causes and Corrective Actions

As a whole, the 21 nuclear plants that responded to the CRDM aging questionnaire
reported a good performance history for the BWR control rod drive mechanisms. The
participants were also asked to share their observations regarding the primary causes of CRDM
aging. In addition to normal service wear, the reported causes of CRDM degradation are
corrosion, embrittlement, fatigue fracture and thermal degradation of the Graphitar seals,
human errors made during drive changeout and rebuilding activities, and, to a lesser extent,
plastic deformation due to improper and/or insufficient storage support.

Water Chemistry and Corrosion

Poor plant water chemistry has been a primary contributor to corrosion and "crud"
formation (dirt particles, debris, and foreign materials that are found in varying amounts in
the coolant). Figure 1 (courtesy of the Toshiba Corporation) displays a CRDM and its many
components. Corrosion primarily occurs on the nitrided surfaces: the index tube, piston tube,
guide cap, and collet assembly. Debris becomes entrapped in the CRDM during normal
operations, and its accumulation augments corrosion activities by scarring metal surfaces and
defacing the Graphitar seals. As crud accumulates in the CRDM, stall flows may temporarily
decrease and drive temperatures increase, contributing to the thermal degradation of the seals.
After a scram, stall flows may increase and CRDM temperatures decrease because some of the
crud has been "shaken out" of the drive. To reduce the amount of crud that can become entrapped
in the CRDM, some utilities are vacuuming the bottom of the reactor vessel around the guide
tubes during outage operations. In addition, earlier-design CRDMs (models A, B, and C) had
problems with the cooling water orifices becoming plugged with crud, which caused increased
operating temperatures. Many utilities have retrofitted their older CRDMs with upgrade kits
that modified the design of the cooling water orifice to avoid this potential problem.

IGSCC and Radiation Damage

Significant numbers of CRDMs have been retired from service due to collet housing
cracking. This intergranular stress corrosion cracking (IGSCC) phenomenon has been found in
the model A, B, and C drives that were originally installed in BWR-2, -3, -4, and -5 plants.
One utility had to replace 46 percent of the cylinder, tube, and flange assemblies in its CRDMs
due to this problem. Later CRDM designs (models D, E, and F) that were supplied in BWR-6
plants changed from a 304 to a 304L stainless steel, which has not experienced this degradation.
Utilities have either replaced affected CRDMs with the later model drives or improved the
earlier models with upgrade kits from the vendor.

The effects of radiation damage are largely manifested in the spud, the CRDM component
that engages the control rod blade via the uncoupling rod. There have been reports of the
"fingers" of this stainless steel component being easily bent due to the effects of prolonged
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radiation exposure in the reactor vessel. With this type of metallic degradation, spud fingers
can become damaged during recoupling operations which can result in the drive becoming
uncoupled with the control rod blade (see Figure 2). However, it should be recognized that this
is only one of several ways that the control rod can become uncoupled. The spud, like most
components in a CRDM, can be exchanged with a new spare part during rebuilding activities.

Nitrided Surface Degradation

Prolonged service times have also affected CRDM components with nitrided surfaces
(collet assembly, piston tube, index tube, and guide cap). Those drives located along the core
periphery may have a maintenance interval (service time in the reactor before needing
rebuilding) of 10 to 15 years. They do not experience the higher core fluxes or undergo as
many "feet of travel" as centrally located CRDMs, since their contribution to core power
shaping is limited. In some CRDMs which have seen continuous service for greater than 15
years, severe degradation of the nitriding has been observed to the extent that, in one case, the
unusually rough surface of an index tube could be easily scored with a piece of wood. This
particular type of nitrided surface degradation is probably due to a combination of causes:
radiation embrittlement, poor water chemistry, and variations in the case hardening from the
nitriding process.

CRDM Degradation in Storage

The 15-foot-long, 450-pound CRDM can be a challenge to store. Inadequate storage
support has been blamed for a few observed cases of CRDM "sagging", which were confirmed by
performing runout measurements along the length of the drive. Utilities store CRDMs in
shielded vaults, on specially built racks, and sometimes in their original shipping crates.
CRDM components can be damaged by laying drives on the floor with only the collet housing and
the flange end supporting the weight. CRDMs should not be stacked on top of each other,
separated by wooden blocks, which, in essence, transmits the weight of the stack to the lowest
drive. Heavy, lead shielding "pigs" are sometimes left hanging on the spud end of "hot" drives
for long periods of time, which places a moment on the collet housing. CRDMs should be stored
in racks or vaults with a minimum of 2 points of support located 24 inches from the flange end
and 54 inches from the spud end. An additional midspan support is recommended for long-term
storage.

Occasionally, CRDMs are stored wet in air for more than 30 days before they can be
rebuilt, usually due to strained outage schedules. The nitrided surfaces of the CRDMs begin to
corrode first, and the drive becomes excessively hard to disassemble for rebuilding. CRDM
components can be inadvertently damaged during a difficult disassembly process from
mishandling. One utility is currently employing a long-term storage technique which places its
"hot" CRDMs in an aqueous solution of triethanolamine, a corrosion inhibitor, so that they can
be rebuilt during the next outage, just prior to installation. Since there will be radioactive
decay during twelve to eighteen months storage, it is hoped that the doses obtained from
rebuilding these CRDMs will be lower than if they had been rebuilt soon after they were pulled
from the vessel. According to attendees at the workshop, this method of storage has been used
several times before without any noticeable deterioration.

Graphitar Seal Degradation

Replacement of the Graphitar seals is a standard requirement during CRDM rebuilding
activities. An intact and correctly seated seal allows differential hydraulic pressures (upon
withdrawal, insert, and scram signals) to position the drive. As these seals degrade and become





less effective, i.e., become broken, scarred, or chipped due to numerous scram impacts, undergo
normal surface wear, and experience thermal degradation (caused by drive temperatures
greater than 350° F), stall flows increase and greater hydraulic pressures are required to
move the drive. All utilities move or "exercise" their CRDMs at least one notch on a regular
basis (weekly to monthly) to verify operability and loosen entrapped crud. Most utilities
routinely collect "withdrawal" stall flow data on their drives to determine Graphitar seal
degradation. CRDM stall flows over 5.0 gpm (not attributable to the valving configuration on
the HCU) are considered indicative of deteriorated seals that need to be replaced. Two BWR
vendors have developed improved Graphitar seals which are more durable than those currently
used in CRDMs, and in comparison, are expected to have a longer service life. New CRDMs are
fitted with these improved seals, but an improved replacement seal kit is currently not
available to utilities.

Selection Criteria for CRDM Changeout and Rebuilding

There is much debate regarding the criteria applied by utilities to select CRDMs for
changeout and rebuilding. Although there are many contributing factors that may vary the rate
and effects of CRDM aging, the historical recommended maintenance interval of a CRDM has been
ten years. With this figure in mind, many utilities have designed CRDM changeout schedules to
reflect a 100 percent rebuild of all CRDMs in the reactor every ten years. Other utilities, who
are rigorously and routinely monitoring and trending stall flow rates, operating temperatures,
and friction traces of their CRDMs, feel they can confidently assess the operability of their
CRDMs without scheduling drives for maintenance based solely on elapsed service time. The
workshop reviewed the CRDM changeout history for 20 BWR units. The data suggests that
centrally located drives undergo more maintenance than peripheral drives. Attendees at the
workshop stated that not all CRDMs that had been changed out exhibited operational problems,
and that, frequently, operational problems had been erroneously attributed to CRDMs that
should have really been directed at the companion HCU.

The selection of CRDMs to be rebuilt can be initiated by classifying drives into two
groups: PrioriPj 1 CRDMs, those drives which must be exchanged or rebuilt, and Priority 2
CRDMs, those drives which should be exchanged or rebuilt, and incorporated into the outage
schedule if at all possible. Attendees at the workshop agreed on the following operational
characteristics that would place suspect CRDMs into these two categories:

Table 1 - Characteristics of Priority 1 CRDMs -- Must be Exchanged or Rebuilt

1. Excessive scram times - violation of plant
technical specifications.

2. CRDM does not fully insert during a scram.

3. CRDM has a history of uncoupling.

4. CRDM will not go into position 48 (fully withdrawn).

5. CRDM consistently has a withdrawal stall flow
greater than 5.0 gpm.



Table 2 - Characteristics of Priority 2 CRDMs -- Should be Exchanged or Rebuilt

1. Consistently high temperatures throughout
length of travel (>350° F).

2. Unacceptable withdrawal or insertion times
that are unrelated to the HCU.

3. Repeated episodes of "double-notching" when
moving, or CRDMs that continually require increased
drive pressures to move (unrelated to the HCU).

4. CRDMs with high or abnormal friction traces
not attributable to misalignment with fuel
assemblies.

Attendees at the workshop also stated that when CRDMs began to display operational
problems, several of the anomalies listed in Tab'es 1 and 2 would usually be manifested
concurrently. For that reason, many utilities choose to rebuild CRDMs if they display any of the
operational characteristics mentioned in these categories, and might also include those drives
that have a continuous service time of ten years. Most CRDM operational problems, however, do
have a long lead time and will not suddenly occur without exhibiting these characteristic
warning signals.

ALARA Reduction During CRDM Changeout and Rebuilding

Workshop attendees commented that CRDM changeout and rebuilding is one of the highest
dose, most physically demanding, and complicated maintenance activities routinely accomplished
by BWR utilities. In the 30 years since the BWR design concept for commercial nuclear power
production was first successfully demonstrated, there nave been many enhancements in the
maintenance techniques used to pull and refurbish CRDMs. However, many utilities have not
taken advantage of new tooling and continue to use outdated maintenance equipment, which still
adequately performs the task, yet inevitably results in higher doses delivered to the nuclear
worker. According to questionnaire responses and nuclear commercial services input,
substantial ALARA reduction can be realized by focusing improvements in three key areas
associated with CRDM maintenance work: CRDM handling and exchange tools, worker comfort
and environment, and worker training.

CRDM Handling and Exchange Tools

There are currently five different companies offering pneumatically or hydraulically
operated devices which can be placed in existing BWR undervessel work platforms to assist
CRDM personnel with changeout activities. They replace conventional, electrically driven
winch systems supplied with the plants and require only two technicians for equipment opera-
tion. More than half of the sites responding to the questionnaire stated that they had either pur-
chased or used this type of device in their CRDM changeout work, and also verified that it had
significantly improved CRDM job performance. Most further stated that this type of device had
reduced job-related exposures, with two plants reporting exposure reductions of 38 and 56
percent.



CRDM Worker Comfort and Environment

The CRDM Aging Questionnaire asked utilities to indicate which conditions during CRDM
changeout had the most influence toward improper CRDM maintenance. High temperatures were
recognized by 65 percent of those participants as having the biggest negative impact on worker
performance. In addition, high radiation levels (creating, in some cases, a false sense of
urgency in workers not accustomed to this type of work), extremely cramped working
conditions (a person works "hunched over" for long periods of time during changeout
operations), poor vision (obstructed from instrumentation cabling and hampered by
insufficient lighting), and inadequate communication were prevalent conditions that further
complicate an already complex task. Other job location factors contributing to mishandling
errors were disorientation, remoteness, cumbersome protection clothing, and visual
impairment during CRDM "rainshowers" (the normal 2 to 3 gpm leak of reactor water when
drives are removed from the vessel).

There are several utilities which have invested much time and money into developing
improved maintenance conditions for CRDM changeout work. Some plants have revised and
streamlined procedures, while others are testing new designs of radiation protection clothing
and portable air conditioning apparatus, installing temporary lighting, and developing
specialized tools for these tasks. The overall consensus of the workshop attendees was that any
utility which sought ways to improve worker comfort during the^e activities would realize
benefits not only in ALARA reduction but also in fewer maintenance errors.

CRDM Worker Training

CRDM worker training, particularly with undervessel mockups, improves crew
performance and helps expedite tight outage schedules. "Full-rad dress" rehearsals are
particularly valuable in acquainting technicians with working under restrained conditions.
Both the CRDM changeout and rebuild crews should receive specialized training to correctly
perform these tasks. More than half of the participants responding to the questionnaire either
trained their own crews on mockup assemblies or employed contractors that had completed
similar training. Many of the utilities provide three to five days of training to crews involved
in changeout and rebuilding activities. In some cases, shortened "refresher" courses are
provided to those personnel with previous experience. Several utilities stated that the training
also involved individual testing. All of those utilities providing training or using specialized
crews verified that these activities yielded improvements in job performance. Other benefits
mentioned were reductions in radiation doses, increased worker safety, improved worker
attitude, and fewer rebuild errors.

Other modifications made by utilities to reduce radiation exposures acquired during
CRDM changeout and rebuilding activities include:

• Inner and outer filters were discarded as waste rather
than cleaned.

• Shielded inner and outer filter removal tools were used.

• Flush tanks were used during CRDM rebuilding activities.



• Installed ALARA shielding achieved reductions at several
sites that have historically "hot" drives.

• Shielded storage racks and/or customized concrete vaults
have been built into CRDM rebuilding rooms.

9 Remote cameras installed under the vessel and in the
rebuild room have helped to better coordinate activities,
save time, and reduce exposures.

Conclusions

As a whole, BWR control rod drive mechanisms have a good service record at U. S.
nuclear plants. The later model designs (D, E, & F) have incorporated modifications that have
eliminated problems experienced by earlier CRDM designs (A, B, & C). The primary causes of
aging of these devices are corrosion, embrittlement, fatigue fracture and thermal degradation of
the Graphitar seals, mishandling and rebuilding errors occurring during CRDM maintenance,
and plastic deformation due to improper support during storage. CRDM changeout and rebuild-
ing activities occur at all BWR nuclear plants, but with varying amounts of worker exposures
and time expended on the removal and refurbishment of drives. Many utilities are seeking ways
to improve their overall CRDM maintenance processes. Some plants are aggressively pursuing
ways to reduce radiation exposures acquired during CRDM maintenance by installing state-of-
the-art tooling, improving worker comfort, and increasing maintenance training.
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USNRC NPAR Program Research
on BWR CRDMs

• Identify CRDM failure modes

• Identify CRDM failure causes due to
aging and service wear degradation

• Review current inspection & surveillance
methods used to determine CRDM degradation

• Recommend improved maintenance methods
and/or surveillance techniques to mitigate
CRDM aging
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CRDM Research Boundaries

• Control Rod Drive Mechanism

• Hydraulic Control Unit (valves, electrical
components, tubing)

• Associated system equipment (pumps,
valves, etc. in piping)
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(show figure of BWR CRDM

and figure of HCU)
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Information Sources for Research

• Literature survey - GE SILs, GE Maintenance
Manuals (CRD & HCU), NUREG/CR-4731,
NUREG/CR-5555, EPRI NP-5836M

• NPRDS Data Research & Review (2735 cases)

» NPAR Questionnaire on BWR CRDMs

• ORNL Workshop on 'Managing the Aging
of BWR CRDMs"

• Personal contact with utility, commercial,
and vendor experts
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Current Status of CRDM Research

• Review of NPRDS data - 50 % complete

• Questionnaires received from 74% of BWR
sites (20 of 27)

• ORNL CRDM workshop completed - 77 % of
BWR utilities represented at meeting (21 of 27)

• Nuclear Plant Journal article (May-June 91 issue)

• Publishing BWR CRDM fina! report:
NUREG/CR-6666 September 1991
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Purpose of the CRD System

CROMs position control rods in the reactor
core to control reactor power levels by:

-- shaping the axial and radial flux profiles
to achieve optimum core performance
and fuel utilization.

-- providing adequate excess negative
reactivity to shutdown the reactor in
normal operating or accident conditions.
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(show slide of CRDMs in

the bottom of the

BWR reactor

vessel)
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CRDM Problems Can Affect
Plant Operation

• Inoperable and disarmed CRDMs affect
optimum fuel cycle efficiency and require
changes in control rod sequences.

• Depending on location and quantity, inoperable
CRDMs could also result in limiting the conditions
defined by plant technical specifications for safe:

-- startup
- normal operation
- shutdown

- ANS Maintenance Mtg. ^

Preliminary Results - Failure Modes

• Excessive scram time - violation of tech specs

• CRDMs that do not fully insert during a scram

• CRDMs with a history of uncoupling

• CRDMs that will not go into position 48
(fully withdrawn)

• CRDMs that consistently have > 5.0 gpm
withdrawal stall flows ,
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/Preliminary Results - Failure Modesy

si? m

CRDMs with consistently high temperatures
throughout length of travel (>350° F)

CRDMs with unacceptable withdrawal or
insertion times (unrelated to HCU)

CRDMs that exhibit "double-notching" when
moving or consistently need increased drive
pressure to move (unrelated to HCU)

CRDMs with high friction traces not attributable
to misalignment with fuel assemblies J
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Preliminary Results - Failure Causes

Corrosion - IGSCC

Embrittlement - IASCC

Fatigue fracture

Thermal degradation

Improper storage support

Human error - changeout mishandling
and rebuilding errors

ANS Maintenance Mtg. '
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Contributions to CRDM Corrosion

• Poor water chemistry (some plants adding hydrogen)

• Entrapped debris (crud, design changes, vacuuming)

• Improper storage (stored wet in air > 30 days)

Components affected:

• Nitrided surfaces (collet assembly, piston tube,
index tube, guide cap), HCU accumulators

• CRDM cap screws (GE SSL #019)

• Control rod drive insert / withdrawal piping (SIL #052)
sv ANS Maintenance Mtg. '
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(photos of CRDM

corrosion

included here in presentation)
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Contributions to CRDM Embrittiement

• Prolonged exposure to core fluxes before
maintenance (periphery CRDMs)

• Core location - higher fluxes toward core
center. In genera!, core periphery has
radial peaking factors two or three times
less than center core location, at both
BOL and EOL

Components most affected:

• Spud, collet housing, nitrided surfaces

• May need CRDM rotation scheme -- see CRDM
changeout histories

, ANS Maintenance Mtg.
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(photos of CRDM

embrittiement

included here in

presentation followed by

several changeout

history diagrams)
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Thermal Degradation Contributions

• Water temperatures > 250° F shortens graphitar
seal life; > 350° - 500° F significantly reduces
strength properties of the graphitar seals

• "Hot scrams" induce extreme thermal
transients and expose seals and collet
housing to high temperatures (550° F)

• Measureable delays in scram times seen in
CRDM temperatures > 350° F (however,
still meets tech specs)

- ANS Maintenance Mtg. ^
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(photos and

seal location

drawing included

here in

presentation)
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Fatigue Fracture Contributions

Broken, chipped stop and drive piston seals

Broken seals result from excessive scrams
and thermal degradation

. ANS Maintenance Mtg.

Improper CRDM Storage Support

• Plastic deformation caused by inadequate
support during storage between outages.
Utilities use 2, 3, and 4 points of support.

• During rebuilding, lead pigs may be
left on improperly supported CRDMs
during layup before they are rebuilt
and are subsequently bent.

• Sagging CRDMs become misaligned
during operation and cause greater
surface wear of metallic and graphitar
components.

_ _ _ _ _ _ - _ _ _ _ _ _ ^ _ _ - _ _ _ _ s _ _ « « ANS Maintenance Mtg.
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(sketch of

sagging CRDM

on improper support

included here

in presentation)

, ANS Maintenance Mtg.

Human Error Contributions

CRDM changeout mishandling, recoupling
installation errors, stroke test errors.

CRDM rebuilding errors - seals in backwards,
spring washers in backwards, disengaged
inner filters, misevaluation of serviceability
of CRDM components.

Both tasks are very complex and must be
performed under extreme, physically chal-
lenging, and somewhat harsh environments.
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(Show photos of

CRDM Removal and

Rebuilding Activities)
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Preliminary Recommendations

To mitigate effects of embrittfement, develop
a simple, swapping scheme for CRDM place-
ment in the core -- put periphery CRDMs in
central locations and vice-versa.

GE and Toshiba have designed a longer-life
graphitar seal that can withstand higher
temperatures and has greater strength, if
available, its use should extend CRDM
maintenance life and hence, reduce ALARA.

Utilities should use a minimum of 3 points
of support in CRDM storage schemes. Where
practical, rotate CRDM 180° every 4 - 6 months. .

_ _ _ _ _ _ _ _ _ _ » _ _ _ _ _ _ _ _ _ _ _ _ ANS Maintenance Mtg. ^

Page 12



r ami.

Preliminary Recommendations

Where CRDM crud is a problem, utilities
should consider vacuuming the vessel
around the guide tubes during outages.

Design change is needed to reduce
installation errors in inner filter attachment.

Utilities should take steps to increase
worker comfort during changeout and
rebuilding activities. Special suits, AC
packs, increased lighting,mock-up training,
and full-rad dress rehearsals wilJ decrease
human errors.

. ANS Maintenance Mig.

f /-»OCRDM Aging Research Summary

Nitrided surface corrosion, graphitar seal
degradation, and human error are the
primary causes of CRDM degradation.

Industry is developing new maintenance
techniques to mitigate corrosion and
stronger graphitar seals that should
extend CRDM maintenance life.

Human error contribution to CRDM failure
can be reduced by increasing worker com-
fort and improving maintenance training
through mock-ups and dress rehearsals.
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