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INTRODUCT 10N

This report is based on information obtained during the actual
annealing of the reactor vessel in Novovoronezh Unit 3 in February and
March 1991. The purpose of our visit was to evaluate the Soviet
reactor vessel annealing technology and to determine its applicability
to PWR reactors in the U.S for the Nuclear Regulatory Commission’s
Office of Nuclear Regulatory Research.

There were two U.S. teams involved in witnessing the annealing at
Novovoronezh Unit 3. The first team was in the USSR from February 2
through the 24, 1991, and witnessed the operation starting with the
initial reactor vessel sample cutting, the setup and check-out of the
annealing apparatus and its control system, the installation of the
reactor vessel 0.D. thermocouples and the associated monitoring
station, the draining of the reactor vessel using the shielded cabin,
installation of the annealing apparatus into the reactor vessel and the
initial heat-up of the reactor vessel. The second team arrived after
completion of the annealing and reflooding of the vessel since the
cool-down occurred in about 2-1/2 days versus the ncrmal 6-1/2 days.
They reviewed the temperature traces during heat-up, annealing, and
cool-down and witnessed the post-annealing sampling operation, They
vere in the USSR from March 2 through 9, 1991. The members of each
‘eam are listed in Appendix A,

While copies of detailed drawings were not provided, the Soviet
personnel ora'ly provided the technical details requested and al)owed
us to review the pertinent drawings and procedures. Accordingly,
detailed dimensions and figures provided in this report should be taken
as approximate. Also, the procedural steps described in this report
are provided as an overall sequence and not as detailed step-by-stef
procedures. Further, this report does not attempt to cover the
metallurgy, irradiation damage, etc., or the basic science behind
reactor vessel annealings which has been previously supplied to the NRC
by the Soviets. Basically, the report covers only the operational
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aspects of conducting an annealing of a reactor vessel in a pressurized
water reactor plant. The Research Division of the NRC has indicated
that the Soviet’'s annealing of their reactor vessels at 460°C (minimum)
essentially removes 100% of the radiation damage and that re-
embrittlement due to subsequen‘ operation is reported to be no faster
than initially experienced.

The signed protocol memoranda between the NRC and the Kurchatov
Institute which summarizes the discussions and observations during
these visit to Novovoronezh are covered in the NRC reports of these
trips and are not duplicated herein.



I1. ORGANIZATIONAL STRUCTURE

The Soviet organizational structure for development and implementation
of reactor vessel annealings is based on the work of seven different
Soviet agencies that were formed into one association called the
"Annealing MOKHT."  (MOKHT is an abbreviation for Interbranch Economic
Association.) The agencies involvec in the MOKHT for the reactor
vessel annealing effort and their respective responsibilities are
described below:

Hydropress is the miin designer of the VVER nuclear systems and
establishes the desiyn criteria for the annealing apparatus. It
is in effect the overall project manager for the annealing
application. Its representative has overal)l charge of the
annealing at the site and in essence serves as the Site Project
Manager for the annealing effort.

Kurchatov Institute of Atomic Energy

The Kurchatov Institute performed the metallurgical research to
establish the bases for the annealing (time, temperature) and the
requirements for sampling, etc. In essence they provided the
science behind the Soviet annealing process. The metallurgical
samples removed from the Novovoronezh Unit 2 reactor vessel during
the February/March 1991 annealing will be evaluated at the
Kurchatov Institute.

This is the designer, manufacturer and operator of the annealing
apparatus and associated control equipment. Cniitmash p.rsonnel
also record and process the data (temperatures associated with the
annealing apparatus, power, etc.) from the apnaratus’ contro)
system at the plant site.
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1
VNI1AES performs the detailed heat transfer and stress analysis
for the annealing operation from which the allowable heat-up and
cool-down rates. as well as the allowable stress levels, were
established. VNIIAES also mans the thermocouples monitoring
station which records the temperature readings made on the outside
of the reactor vessel during the actual annealing operation.
Based on these readings they analyze and evaluate any unexpected
temperature/stress levels during the actual annealing operation
and, if necessary, would provide recommendations fur adjustment in
the heating parameters.

VNIIAES also developed the technique for hardness measurements and
produced the equipment for this measurement.

€. ISNIL KM "Prometei®”
This is a metallurgical laboratory in Leningrad which does

metallurgical sample evaluation. Its role in the Novovoronezh
Unit 3 annealing operation was not discussed.

F. PO "Izhorskyi Zaiod"

This is tue reactor vessel manufacturer.

6. YVO "Atomenergoexport”
This is the official USSR export organization.

The above description of each organization’s responsibilities and duties
differs somewhat from that described in our November 22, 1991 report. The
above is a more accurate description based on a better understanding of how
the Soviet organizations actually function.
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IV, BACKGROUND ON ANNEALING OF SOVIET REACTOR VESSELS

A. Both the VVER-440 ano VVER-1000 plants have reactor vessels made
from ring forgings and as such they only have one circumferential
weld in the active core zone, As a comparison, most U.S. reactor
vessels are made from rolled plate and, as such, have vertical and
circumferential welds in the active core zone. Most of the
VVER-440 reactor vessels, including Novovoronezh Unit 3, are
unclad. The VVER-1000 plants have clad reactor vessels.

B. Nine VVER-400 reactor vessels had been arnealed prior to the
annealing of the Novovoronezh Unit 3 reactor in February/March
1991. Seven of these vessels are unclad. Two weld-deposited clad
VVER-440 reactor vessels in fastern €urope have been annealed by
the Soviets,

C. No VVER-1000 reactor vessels have been annealed to date. The
Soviets indicated that they thought that these reactor v ssels
would only need annealing for life extension,

D. There have been three different time/temperature modes for reactor
vessel annealing used by the Soviets:

Mode 1:  (Used for the first annealing in 1987): Target
Temperature of 430°C +/-10° (806°F +/-18°) for 150 hcurs.

Mode 2: Temperature of 475°C +/- 15° (887°F +/- 27°) for
150 hours,

Mode 3:  Temperature of 475°C +/- 15° (887°F +/-27°) for
100 hours. (Used for the first time at Novovoronezh
Unit 3 in February/March 1991).

£. he Soviets indicated that had they used Mode 2 or Mode 3 for the
first annealing of Novovoronezh Unit 3 in 1987, they would not
have needed to re-anneal Unit 3 again {n 1991.



SITE PROJECT MANAGEMENT AND SCHEDULAR INFORMATION FOR THE ANNEAL ING
OPERATION

A.  The overall site project management set-up for the annealing
operation at Novovoronezh, as near as we can determine, 1s shown
in Figure 2.

B. The overall annealing sequence at Novovoronezh Unit 3 is shown on
Figure 3. This figure also shows the critical path portion of the
task for the annealing operations as well as support tasks.

C.  For purposes of scheduling annealing operations in the U.S., where
wall sampling and annealing operations would normally be done on a
24-hours a day, 7 days a week basis, the outage schedule shown on
Figure & appears reasonable. Obviously, the amount and type of
wall sampling can have 2 major impact on the schedule. [Note:

The sampling and annealing on Novovoronezh Unit 3 were not
critical path operations and as a result most of the operations
were conducted on a one-shift-per-day basis, except for the actua)
annealing.)

0. The Soviets provided the following information on set-up of the
annealing apparatus and its check-out:

Based on 3 shifts per day, they estimated it would take about 12
working days to:

1. Mechanically assemble the compunent and electrical parts of
the annealing apparatus and its controis.

2. Instail thermocouples on the apparatus, install movable
insulatine panels, caiibrate meters and set up the test rig.

3. Test the annealing apparatus (i.e., heat-up) in the test rig.



VI. OVERALL SEQUENCE FOR ANNEALING OPERATION IN NOVOVORONEZH UNIT 3

A.

Removal of Reactor Internals

The arrangemen 7 the reactor cavity and the refueling canal in
the VVER-440 reactor is suvch that the upper and lower internals
cannot be stored in the refueling canal such as in U.S. PWRs.
There is only a narrow canal (i.e., wide enough for one spent fuel
assembly) between the reactor vessel refueling cavity and fuel
storage area (see Figure 5). The VVER-440 reactor internals are
removed as follows.

1. Upper Internals Removal

The upper internals package is removed from the reactor
vessel in a cask which is also used to remove the lower core
barrel assembly (see Figures 1 and 6). The cask is used to
transport the upper internals to its special dry storage and
servicing pit in the operating deck. Once the upper
internals are in the pit, a shielded cap is installed with
small ports so that all of the incore thermocouple stalks can
protrude through the shielded cap for maintenance.

2. Lower Core Barrel Removal

The lower core barrel is removed and stored in a cask. The
combined weight of the lower core barrel and the cask is

277 U.S. tons (251,280 kg). The rated capacity of the crane
is 275 U.S, tons (250 metric tons). The measured radiation
'evel about 6 inches from the cask surface and near the core
center 1ine was 36 mr/hr. (See Figures 1 and 6 for a
depiction of this cask.) It should be noted that there is no
valve or gate at the bottom of the cask; however, there are
provisions for a bolted-on bottom cover and we believe that
the bottom cover and bolting can support the internals
weight. Also, supplemental temporary shield plates were
provided around the lower end of the cask in the thinly
shielded bottom section to reduce the radiation levels on the
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operating deck. The material of the lower core barrel
section is an austenitic stainless steel (18%Cr, 12%Ni, 1%Ti
.06%C) .

Sampling Vessel Wall Prior to Annealing

Number of Samples

A total of six metallurgical samples were taken from the
reactor vessel prior to annealing. Three base metal samples
were taken near the core center line and at the high flux
points on the vessel circumference. One of these samples is
to be used to determine the original material properties
(after being given a 1 to 2 hour annea) at 650°C). The
second will be used to make impact specimens to determine the
“as-found" irradiated impact properties. The third sample is
to be held in reserve to help answer any questions that might
arise during the evaluation,

Three other samples were taken from the reactor vessel
circumferential geam weld in the active core zone region.
This is the area of concern from a radiation damage viewpoint
on these reactor vessels and the design of the annealing
apparatus is based on only needing to anneal this weld area.
These three weld samples serve the same purposes as the three
samples of base meta)l described above.

NOTE: There are no vertical seam welds in the core zones of
Soviet VVER reactor vessels as there are in most U.S.
PWRs .

sampling Machine

a. An EDM machine is used to cut the samples from the
reactor vessel wall. The EDM machine requires use of a
dielectric fluid bath for the electrodes (the fluid was
described as being similar to kerosene). The cutting
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electrodes were copper and the operation was performed
with the reactor vessel full of non-borated water (see
Figure 7 for an overview of the EDM cutting machine and
its cutting electrode arrangement). The dielectric
fluid 1s retained around the cutting electrode by means
of a box that seals against the wall of the reactor.
When adequate sealing *round the box is obtained, the
water 15 pumped out of the box and replaced with
dielectric flui#, This EDM process uses about 260 volts
(DC) and approxima‘ely 10 amps. On occasions when the
box seal did not properly seal, the dielectric fluid was
released into the reactor vessel. The Soviets indicated
that water in the reactor vessel is cleaned after
annealing to remove any residue from such spillages and
from the grinding operation involved with blending the
sample locations in the vessel wall.

The cutting times required per sample were about

12 hours for the base metal samples and about 30 hours
for the weld sample cuts. The overall cycle including:
replacement of electrode, positioning, setup, check-out
of the cutting rig, cutting the sample, removal of the
rig, troubleshooting and repair; resulted in an overall
average »f about 1 sample per 1-1.5 days for the base
metal samples and -2 days for the weld metal samples.
These cutting times were considerably longer than
expected based on work previously done in the
Novovoronezh Unit 2 vessel.

Circumferential Location of Samples

On VVER-440 reactors there are six local areas on the
circumference where the neutron flux is the highest. Both
base metal and weld metal samples were taken at these high
flux areas. The three base metal samples were taken at an
elevation near the core centerline and the three weld samples
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metal impact specimen size 1s 4 x 3 x 27 mm (standard size
used by tast Germany) and 12 specimens can be obtained from
each sample.

7. Size of Sample Removal Cavity Left in the Reactor Vessel Wall
Figure 12 shows the size of the cavity in the reactor .essel
wall as a result of removing the samples. After the post-
annealing samples are removed, the sample cavities are
blended by a remote-controlled yrinder to minimize the stress
concentration. (See Section of VI.F. below.)

C. Shielded Cabin - Hardness Testing and Draining of The Reactor
Yessel

1. Each plant site has its own shielded cabin to allow people to
work down inside the reactor vessel. (See Figure 13.) These
cabins are of varying design depending on the needs of the
individual plant sites. Normally to support the annealing
operation, the shielded cabins are used for making hardness
measurements in the active zone of the reactor vessel and for
drying and cleaning the bottom of the reictor vessel. The
cabin also s¢ 'es as 3 shield to limit radiation from the
reactor vessel when it is drained.

2. Also the shielded cabin at Novovoronezh Unit 3 has a
positioning mechanism for the hardness tester. This
mechanism was broken and the factory that builds replacement
parts for this mechanism was shut down (or at least could not
provide & renlacement part soon enough). Since the Soviets
were taking metallurgical samples from the vessel wall, they
skipped the hardness test in the vessel. The Soviets
indicated that they would be able to obtain the desired
hardness measurements on the samples removed from the reactor
vessel wall.
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To remove the water from the reactor vessel, a sump pump
(about 8" diameter and 1.5 ft long) with about a 3" diameter
hose was first lTowered to the bottom of the vessel. This
sump pump discharged water out of the reactor vessel as the
shielded cabin was lowered into the vessel and thus served as
a shield as the vessel was emptied. This sump pump removed
all but about a foot of water from the bottom of the ver 1,
At this point, the shielded cabin’s top cover rested on ~1 ft
high blocks on the reactor vessel flange; this allowed about
a 10" radial annulus for access to remove the 3" hose and the
first sump pump. After the first sump pump was removed, a
smaller sump pumy (~3" diameter and 9" long) with about 5/8'
hose was lowered down the annulus, formed by the 1.0. of the
reactor vessel and the shielded cabin, to pump out most of
the water remaining in the reactor vessel. After this small
pump removed all the water possible, the door in the bottom
of the sh 1ded cabin was opened and a man working with rags
and a bucke dried and cleaned the bottom of the vessel.

When the shielded cabin was in this position, its body
shielded the active zone of the reactor vessel and thus
permitted access t¢ the bottom of the vessel for about 15
minutes. (See Figure 13 for shielded cabin in reactor vessel
and resulting radiation levels.)

The shielded cabin comes with various types of work sections
and with a stack up of two different sections, depending on
the tasks to be performed in the reactor vesse)l. Even the
side panels of the shielded cabin can be changed to handle
different tasks and toolings. Apparently these cabins have
been used over the years for many types of inspections and
repairs, (e.g., liquid penetrant testing of nozzles, repair
welding of a lower core barrel guide, etc.). A complete
shielded cabin assembly weighs in the order of 140 to 110
metric tons, depending on the number of shielded cabin
sections and tooling being used.
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Annealing Equipment and Operation

1. History of Annealing Apparatus Design and Use

4.

Initially, an annealing apparatus was designed with an
annealing zone of 3 meters. The "annealing zone" is the
height of vesse) where the wall temperature is held at a
uniform annealing temperature. This design had seven
layers of heaters stacked vertically as opposed to the
three layers in current designs. When it was determined
that only the one circumferential weld required
annealing, an anrealing apparatus with a l-meter
annealing zone was designed and built, The 3-meter
annealing apparatus was never constructed.

The first annealing apparatus with a 1-meter annealing
zone was used for the first five annealing operations.

A second annealing apparatus with a l-meter annealing
zone was built because it appeared that more than one
plant would need to be annealed simultaneously. This
second unit’s design incorporated lessons learned from
experience with the first assembly. The second unit is
simpler to use (fewer moving parts, a simpler mechanism
for depioyment »f thermocouples, improved maintenance
arrangement f‘r heaters, etc.). This second annealing
apparatus has been used for four annealings prior to its
use for the current annealing at Novovoronezh Unit 3 in
February/March 1991].
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Mechanical Description of Annealing Apparatus
The annealing equipment consists of the following major
components:

annealing apparatus

electrical transformers, and

control cabinets,

a.
b.
c.

These components are described below.

Annealing Apparatys:

The annealing apparatus which has a tota) weight of
28.7 tons (26 metric tons) consists of the following
subcomponents and features (<ee General Arrangement, on
Figure 14).

top shield plate

center 1ifting column

1ift shaft

heater panels

retractable thermocouples

iasulation panels

transportation of annealing apparatus
mounting stand

Each of these is described below:

(1

(2)

The top shield plate weighs 17.6 tons (16 metric
tons). The functions of the plate are to support
the full weight of the annealing apparatus on the
reactor vessel flange, to center the heater in the
vessel, and to radiologically shield workers from
the dry reactor vessel. There are six centering
blocks which are bolted to the reactor vesse)
flange (using the existing tapped holes in the
flange) to provide guiding for the heater when it
is seated on the vessel flange.

The center 1ifting column is a stainless stee) pipe
that connects the heater assembly with the top
shield plate. This pipe houses the movable 1ift
shaft and provides structural attachment points for
supports for the electrical bus bars, and for
framing that extends outward to the radius of the
ring in the reactor vessel that separates the inlet
and outlet nozzle elevations.
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(3)

(4)

(5)

The movable ajzz shaft has a 1ifting eye welded to
its upper end and runs through the center 1ifting
column. The functions of the 11ft shaft are to
support the annealing apparatus whenever it is
lifted by a crane, and to retract and extend the
thermocouples and insulation paneis when the
annealing apparatus is 1ifted and placed in
position, respectively.

There are 54 heater ﬂ;ng[;. each about 24 inches
high by about 18 inches wide. The panels are
rouped into three elevations (unper, middle, and
owe ) end three 120° sectors, so that there are
nine individually controllable groups with six
heater panels in each group. Each of the nine
groups 1s supplied with electrical power from a
transformer (nine transformers total). The heater
panels are fixed in position about eight inches
(200 mm) away from the reactor vessel surface. The
anels consist of a backing plate, an insulation
ayer, and a series of heater bars facin? the
reactor vessel surface., Panels are easily
replaceable by threaded fasteners.

The designers of the anrealing apparatus
(Cniitmash) said that the heating unit is designed
to operate at up to 1,200 kW, but that the maximum
power level ever used is about 750 kW [Note: The
power ratings of the transformers powering the
heater would 1imit the power to about 800 kW].
Dur!n? heat-up for annealing, about 225 kW is
actually used and only about 150 ki is used while
holding the vessel at the steady state annealing
temperature.

There are nine thermocouple mechanisms, one at

‘he center of each of the nine heater groups.

Tie function of the mechanisms is to press

the ‘mocouples ajainst the inside surface of the
reacior vessel in order to measure the vessel
temper ature during heat up, annealing, and cool
down. At each mechanism, two metal rods, about

3/8 inchis in diameter, and about 12 inches long,
with a 1/¢ inch (approximate) spherical ball end,
are clamped into the mechanism. The thermocouple
is encased ‘n the spherical ball end. The
mechanism uses a weight and lever arrangement to
rotate the thermocouple rod outward from the heater
assembly such that the bal)l end rests against the
vessel. The thermocouple rods are rotated up to
their retracted position when the movable 1ift
shaft is pulled upward by the 1ifting eye, and they
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(6)

(7)

(8)

rotate to their extended positions by the force of
th: individual weights (one al each mechanism) when
the 1ifting eye is released ard the 1ift shaft
moves duwnward. Each of the nine mechanisms can
rotate outward independently to ensure contact is
made with the vessel surface. Within a given
mechanism, the two thermocouple rods move together,
since they are clamped to a common block.

The thermal 1n;y1¢112n_glnglg are located just
above the upper elevation of heater panels. Their
function is to restrict the flow of heated air up
along the annular gap between the heaters and
vessel. The insulation panels are segmented
radially to permit them to move during installation
and removal of the hoating rig. They are pulled in
toward the center of the heating rig to provide
clearance during installation and removal, and are
rotateu down into place against the vessel wall
during vessel annealing. Like the thermocouple
rods, the motion of the insulation flaps is driven
by the movable 1ift shaft.

The ;:an;?nrglzjgn of the annealing ln?lrliut
between plant sites is by truck or rail. The

heater assemblies are unbolted as 120° segments,
which are each laid onto shipping cradles. The
center 1ifting column and 1iftshaft are shipped as
one integral piece. The top shield plate is
separated into three slabs for transportation.

The mounting stand is transported by truck to the
plant and assembled in the reactor hall. The
annealing apparatus is assembled on the stand and
tested prior to installation in the reactor vessel.
The stand provides a lower, middie, and upper deck
from which workers can access the annealing
apparatus. Segments of the middle and upper decks
are removed to allow the annealing apparatus to be
lifted and translated horizontally away from the
mounting stand. While in the mounting stand, the
a?nea1ing apparatus is supported at the top shield
plate.
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b. Electrical Transfermers:
A single 1000 kVA transformer (cabinet size
approximately 4’ x 6’ x 6') was provided to step down
the plant’s 6,000 VAC, 50 HZ power to 380 VAC for use by
the annealing equipment. The 380 VAC power is then
stepped down to less than 100 VAC by nine 90 kVA
transformers powering the nine groups of heater panels.
The cabinet size for these transformers is about
2" x 3 x &',

¢. Control Cabinets:
Six cabinets, each about 30" wide, 24" deep, and 72"
tall, house the strip chart recorders, gages and
controllers for me-itoring and controlling the annealing

apparatus.

Electrical and Control Aspects of Annealing Apparatus

a. The electrical and control systems are shown
schematically in Figure 15. The Soviets take 6,000 VAC
power from a source that is tied into the power
station’'s emergency diesel generators. A reliable power
source is important since some power is needed to
prevent the 30°C/hour (54°F/hour) cool-down 1imit from
being exceeded for the portion of the cool-down between
475°C (887°F) and 300°C (572°F). For example, during an
annealing operation at an Armenian plant, power was lost
momentarily during a lightning storm, and the station’s
diesel generators provided back-up power.

b. There are two thermocouples in each 120° sector at each
elevation. One thermocouple is used for temperature
control and the other is a back-up. The thermocouple
signal is plotted oa a strip chart recorder and is input
to @ microprocessor based controller, which in turn
drives thyristors controlling the voltage to the primary

18
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Initial Heat-up of tne React.r Vessel

a. After the annealing apparatus is installed in the
re ~tor vessel and .« thermocouples (TCs) and the
insulation pcnels are moved out to con.act the [.D. of
the reactor vessel, the heat-up is initiated. The hezt-
up rate as measured by all 18 TCs on the annealing
apparatus that contact the 1D of the reactor vesse) in
the zone to be cnnealed are limited to 20°C (36°F) per
hour.

b. A1l 18 of these same TCs on the I.D. of the reactor
vessel must be within 50°C (90°F) of each other (the
difference between the highest and lowest of the
temperature readings must be less than 50°C). Normally,
there is less than 2.°C (36°F) difference between these
TCs. These 18 TCs are input to the annealing apparatus
control panels for control and recording purposes. The
annealing apparatus controls are operated and monitored
by Cniitmash personnel throughout the annealing
uperation.

¢.  VNIIAES personne’ attend the recording station for the
thr mocouples on the outside of tne reactor vessel.
This thermocouple recording station is narate and is
not a part of the control system of tue annealing
apparatus provided and monitored by Cniitmash. As the
reactor vessel is heated or cooled, VNIIAES personnel
make real-time evaluations of the actual 0.D.
thermecouple readings versus the predicted temperatures.
The 0.D. thermocouples at any one eievation must be
within 50°C (90°F). If thermocouple readings vary from
the predicted or deviate from the 50°C limit for one
elevation, VNII'ES personnel use a personal computer at
the site to make real-time analyses to confirm that the
specific deviation from expected temperative pai.erns
are within acczptable stress limits.
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VII. APPLICATION OF SOVIET ANNEALING TECHNOLOGY TO U.S. REACTOR VESSELS

A. Sumnary of Areas Requiring Changes. Investigations, or
Modifications to Apply Soviet Annealing Techniques to U.S.
Reactor Vessels

The following is a summary of the four key areas requiring
investigations and/or modifications to apply the Soviet annealing
technology to U.S. PWRs.

1. Annealing Apparatus
The existing Soviet annealing apparatus, due to its size, is
not directly usable in the U.S. plants. Accordingly, both
the diameter and height of the apparatus’ annealing zone,
will need to be changed to accommodate U.S. reactor vessels
with both circumferential and vertical seam welds. However,
rescaling of the Soviet annealing apparatus appears to be a
straightforward task,

2. Stress Analysis to Support the Annealing Operation
The heat transfer and stress analysis for support of an
annealing operation will be significantly more involved in
the U.S. plants than in Soviet plants since the annealing
zone will cover a greater height, p~ sibly approaching
12 feet in most U.S. plants. This longer annealing zone is
due to the vertical weld seams in U.S, vessel . Tne Soviets
only need to anneal one circumferential seam weld (i.e.,
Soviet vessels de not have vertical seam welds). As a
result of the lonyer annealing zones, U.S. plants will most
likely experience much steeper thermal gradients (thus high
stress levels) through the vessel nozzle areas and the core
barrel guide lug regions of the vessel wall. If resulting
stresses are too high, it may be necessary to cut the
reactor coolant pipe, free up the bottom incore instrument
piping, etc., to accommodate the thermal movement and thus
~educe the thermal stresses. Another alternative mav be to
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reduce the annealing zone height and therefore not fully
anneal the entire active zone. [Note: Thic might require
more frequent annealing operations.] It is our opinion that
the first effort which shovld be undertaken to determine how
to appiy the Soviet annealing technology to U.S. nlants is
to perform a stress analysis using the longer annealing zone
required in U.S. plants. Such analysis will probably be
required for eacn type of U.S. reactor. Once such an
analysis has been conducted, then evaluations can be made as
to what actions must be taken to accommodate the resulting
stress levels. In making such a scoping analy:is we would
suggest using the Soviet annealing temperatire used for
Novovoronezh Unit 3 in 1991, (i.e., ~887°F) The final
annealing temperature for U.S. vessels may be somewhat
different, but this should be a reasonable starting point.

[Note: As an indication of the increased stress levels
that can be encountered with a longer annealing
zone, see Figure 21 which shows that the stress
Tevels increased by over a factor 2 when going
from a I-meter to a 3-meter annealing zone in a
VVER-440 Reactor Vessel.)

Draining of Reactor Vessel with Reactor Internals Removed

a. A system must be developed to allow the reactor
internals in U.S. PWRs to be removed and stored and at
the séme time permit draining of the reactor vessel so
it can be annealed (see Section VII.B below for further
discus: ion of this issue).

b. Highe radiation levels expected with the clad U.S.
reac.. vessels may require some different sequences
*2d shielding devices during draining than those used
by the Soviets. Based on the increased nickel content
in the ciad, the radiation levels could be up to ten
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times higher in U.S. plants than for an unclad Soviet
vessel as shown on Figure 17. We believe that these
projected higher radiation levels will need to be
addressed but will not have major impact on applying
the Soviet annealing technology to U S. plants.

Monitoring of Thermal Stresses during the
Annealing Operation in U.S. plants

Schemes for installing the thermocouples (TCs) on the
outside of the U.S. reactor vessel to monitor the
thermal gradient (i.e., to allow calculating thermal
stresses) during the annealing operation will need to
be daveloped. Such TC installations will most likely
be unigue to each U.S. plant because the reactor vessel
insulation, the reactor vessel cavity arrangement, and
physical access are very different from plant to plant.
wWhile such thermocouples can be installed in L.S.
plants, we believe it will require more o an
engineering effort due to:

. The higher thermal stress ‘evels that will most
likely be encountered in annealing U.S. plants may
require more exact locations of TC's.

. More limited physical access to areas of interest
in U.S. reactor vessel cavities for locating TCs
to nonitor points of nighest stress level during
annealing operation.

. Higher radiat: and contamination levels in areas
where TCs need be installed on the outside of
the reactor vessel. [Note: Leakage of U.S.
refueling cavity seals may have contaminated areas
around the reactor vessel and its insulation where
TCs need to be installed; Soviet plants, on the
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other hand, have welded bellows for the refueling
cavity seal and thus have not experienced such
leakage and contamination around the reactor
vessel and its insulation where they install TCs.)

b. Since the thermal stress levels during heat-up, steady
state annezling, and cool-down of U.S. reactor vessels
will most 1ikely be closer to allowable stress limits
than experienced in the Soviet annealing (i.e.,
principally due to longer annealing zones in U.S.
vessels), thermal stress monitoring operations and the
capavility to perform stress analysis during actual on-
site annealing operations will probably need to be more
extensive than for the Soviet piants.

While the above four areas of concern will require more effort in
the U.S. plants, they should not be considered “"show stoppers" in
applying the Soviet annealing technology. The reasons the Soviet
plants have not had to face these problems to the same degree are
as follows:

. Their vessels do not have vertical weld seams and thus
require a short annealing zone.

. Soviet reactor vessels have about 9" to 12" further
distance between the top of the active core and the
nozzles than do U.S. vessels, thus providing more
distance petwean the annealing zone and the nozzles.

. The Soviet plants annealed to date are basically one
stardardized design. while each U.S. plant tends to be
unique.

. The reactor vessel in Soviet plants can be readily
drained when the reactor internals are removed, whereas
this is not true for most U.Z. PWRs.

. The outside surface of the Soviet reactor vessel has
fairly good access for inctalling 77¢ to monitor the
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annealing operation, and it has minimum contamination
and radiation levels in the reactor vessel cavity wnere
the TCs need to be installed.

B. Possible Concepts to Allow Draining of Reactor Vessel in U.S.
PYR’s

1. Storage of Reactor Internals during Annealing
Both the Soviet VVER-440 and the VVER-1000 PWRs have
features which allow the reactor vessels to be readily
drained when the reactor internals are removed and stored.
These features greatly facilitate annealing the Soviet
reactor vessels. In the VVER-440 the internals are handled
by a combination of a shielded cask and a separate dry
storage pit. (See Section VI.A and Figures 1, 5 and 6).
The VVER-1000 refueling cavity is similar to the U.S. PWRs
cavity but these Soviet plants have a gate which allows
separation of the reactor internal storage area and the
reactor vessel (See Figure 5).

In U.S. PWRs, when the reactor internals are removed and
stered in the deep end of the refueling cavity, the cavity
normally cannot be drained in the area immediately around
the reactor vessel. To allow draining of the reactor
vessel, a large diameter cofferdam (14’ to 16’ diameter and
about 25’ to 27’ lonc) could be made which bolts and seals
to where the present refueling plate seals on the refueling
cavity liner. Once the cofferdam is in place, it will
retain water for shielding in the portion of the refueling
cavity where the reactor internals are stored and still
z1low the reactor vessel to be drained.

[Note: This will require some special design features to
allow the refueling seal plate tc remain in place
until the cofferdam is in place and sealed. After
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water in the vessel. Llong handled tools could then be
used through a small port in the shielded deck plate
for final drying of the vessel. The shielded deck
plate could be removed just before the annealing
apparatus is installed in the vessn),

b. Another draining approach is to provide a sump pump
Just beneath the annealing apparatus. The reactor
vessel could be pumped dry as the annealing apparatus
is Towered. This is similar to the scheme the Soviets
use when installing the shielded inspection cabin. In
such a conceptual arrangement, the shielding provided
by the annealing apparatus should reduce the radiation
levels during its installation. Specifically, its top
cover section (see Figure 14) should minimize any
concern about rudiation levels when the apparatus is
completely installed in the reactor vessel. Such an
approach would require some additional modifications to
the Soviet annealing apparatus, (e.q., the inciusion oy
special ports in the top shield cover to allow access
to the bottom of the vessel for final drying of the
vessel and removal of pumps and hoses beiore the
heaters are turned on).

Sizes of Typical U.S5. PWR Rexctor Vessels

For information on the sizes of typical U.S. PWR reactor vessels
see Figure 22. For intormation or the Yankee Rowe reactor, which
the NRC indicates may be an early candidate for annealing, see
Figure 23. For comparison with the Soviet VVER-440 reactor
vessels see Figure 16, With regard to comparing these vessels,
remember that the UL.S. vessels have both a circumferential and
vertical seam welus which will most likely require an annealing
zone covering mwst of the active core height. The Soviets only
need tc anneal one circumferential weld seam in their vessels and
as a result they have a nuch shorter annealing zone.
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VIIL.

A.

SUMMARY AND CONCLUSIONS

summary

1.

During February and March 1991, two U.S. teams witnessed the
successful annealing of the reactor vessel in the
Novovoronezh Unit 3, which is a VVER-440 class pressurized
water reactor plant. The Soviets were open and helpful in
assisting the U.5. team in witnessing and understanding what
was actualiy involved in conducting an annealing operation
in their power plant. Further the U.S. personnel were given
unrestricted access for photographing and video taping the
annealing operation.

The following briefly summarizes the differences between
Soviet and U.S. PWR's from the standpoint of an annealing
operation. Each of these makes annealing of U.S. PWRs
somewhat different.

. The Soviet annealing apparatus has a
zone since their reactor vessels only have a
circumferential weld in the core sone which requires
annealing; whereas our reactor vessels have both
circumferential and vertical welds and thus require a
much longer annealing zone.

. The Soviet plants have lower stress levels during
annealing due to the shorter annealing zone. The short
annealing zone avoids effecting the vessel nozzle and
core barrel guide block regions. In the U.S. plants
these regions will be effected by the longer annealing
zone and as a result will experience higher stress
levels during annealings.

B The Soviet plants have features which allow reactor

vessels to b

i . In U.S. PWR's, the water cannot
normally be drained from the reactor vessel when the
internals are removed, since the water is required to
shie}d the internals which are stored in the refueling
canal.

. In Soviet plants, cavities surrounding the reactor
vessel are reasonably accessible and have
and contamination levels in the areas where special
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thermocouples are installed to allow evaluation of
annealing induced stresses. In most U.S. plants, these
cavities are less accessible and more contaminated due
to leaking refueling cavity seals.

o  The Soviet plants generally have lower radiation levels
on key components and lower radiation levels from a dry
reactor vessel since their vessels are unclad.

. The Soviet plants being annealed are a_standardized
which results in a common time-temperature
requirement for annealing, one basic annealing
apparatus, one basic stress analysis, one basic stress
monitoring technique, and same basic procedures for all
plants. Most of these areas will probably have to be
custom tailored for each U.S. plant.

Conclusions

The Soviet annealing equipment is rugged, simple, easily
maintainable and appears quite reliable. Its control system
is straightforward and has considerable redundancy.

The annealing operation used by the Soviets on the VVER-440
reactor vessels has been basically developed to the point
where it is a routine maintenance operation.

The basic Soviet anneaiing technology appears applicable to
U.S. PWR’s.

The following is a summary of the key areas requiring
investigation and/or modification to confirm the applicable
of Soviet annealing technology to U.S. PWR's.

. Perform a stress analysis on U.S. vessels to determine

the impact of a longer annealing zone which is needed
to cover the vertical seam welds in U.S. vessels.

« Develop techniques to aliow draining of U.S. reactor
yg;sg]g when reactor internals have been removed and to

deal with the expected higher radiation levels from a

clad reactor vessel.

o« Develop a practical means of monitoring of thermal
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ring annealing; this will ba more involved

and extensive on U.S. reactor vessels since annealing.
in our plants will require operating closer to the
allowable stress limits.

Develop a design of an annealing apparatus for U.S.
reactor vessels which have different diameters and
annealing zone lengths than the Soviet vessels.

While the above four areas will reguire somewhat different
approaches and/or techniques to resclve, in our judgement
they should not be "show storpers" in applying the basic
Soviet annealing technology to U.S. PWR’s. These issues are
discussed in further detail in Section VII of this report.

Noman M. Cole, Jr.
MPR Associates, Inc.
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Nosovsky, Alexander A.

YNIIAES Global (Contractor for EDM
sample Cutting)
Moyeseitsev, * Veselovsky, Oleg 1.

Kirilov, Valeri B.
Taborko, Irene N.
Romanyk, V.I.

Atomenergoproekt

Komarev, Gennady P. *

Ministry of Atomic Power and Industry
Lelekhin, Alexander 0. *

Iranslator Novovoronezh Training Center
Kavkovski, Victor I. Lvov, N.K.

* Attended meetings at Kurchatov Institute only.
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