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ABSTRACT. Neutron irradiation affects the material properties and hence the structural
integrity of reactor pressure vessels in nuclear power plants. Mitigation of irradiation damage
is one of the major issues within the nuclear plant life management An overview is given on
the proposed and utilized mitigation methods.
Low leakage loading schemes are commonly used in PWRs to mitigate reactor
pressure vessel embrittlement. Dummy assemblies have been applied in W E R 440-type and in
some old western power plants, when exceptional fast embrittlement has been, encountered.
Shielding of the pressure vessel has been developed, but the method is not in. common use.
Prestressing of the pressure vessel has been proposed to be a potential method for preventing
PTS failures, but the applicability of the method for nuclear pressure vessels has not yet been
demonstrated. The large number of successful annealing treatments performed in W E R 440
type reactors as well as the intensive research and development work done in the methods and
effect of annealing treatments suggest that more applications will be seen in the near future also
in western PWRs. The emergency core cooling systems have been modified in W E R 440-type
reactors in connection with other mitigation measures. Efforts to extend the service life of
reactor pressure vessels further increase the weight of plant specific surveillance programs.
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Introduction
Reactor pressure vessel (RPV) integrity is assured by several arrangements
including the setting of operational limits for normal and different emergency
states, surveillance of irradiation embrittlement of beltline materials as well as inservice inspections and other maintenance procedures.
The pressurized thermal shock (PTS) is generally regarded as the most severe,
although very improbable loading situation for the RPVs. During a postulated PTS
the pressure vessel is subjected both to thermal stresses and those caused by the
repressurization.
The major reason for RPV embrittlement is the fast neutron flux from the core.
Besides neutron fluence embrittlement is a function of the impurity contents of
the RPV material. Different guides have been developed to evaluate the fluence
dependence of materials with certain impurity contents. The USNRC Regulatory
Guide 1.99 provides correlations for evaluating the nil-ductility transition temperature (RTNDT) shift and the upper shelf toughness change for different steels and
fluences [1]. However, most frequently RPV embrittlement is followed mainly by
the plant specific surveillance programs.
Some old PWR vessels (built in 1960-70) are particularly susceptible to embrittlement [2]. Typical reasons are as follows:
The design end-of-life (EoL) fluence of the RPV is high.
The steel composition, especially the contents of Cu, Ni and P, is unfavourable.
There are welds (circumferential and/or longitudinal) in high flux areas,
and welds are usually most susceptible to embrittlemenL
The effect of some of these factors on the 41 J transition temperature shift is
demonstrated in Fig. 1.
Measures to extend the RPV service life include those reducing the fast neutron
flux to the RPV, recovery annealing of the material, modification of the emergency core cooling system (ECC) and some other predictive procedures. A
literature review on the use and applicability of these measures is presented in this
paper.
Flux reduction techniques
There are two principles available to reduce the fast neutron flux to the RPV. The
core, i.e. the irradiation source, can be modified or reduced to give lower flux.
The second way is to place irradiation shields between the core and the RPV.
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Fig. 1. Effect of fluence reduction and material improvement on the transition
temperature shift [2].
Core modification and/or reduction
Neutron flux to the RPV can be reduced most efficiently by reducing power in
the critical peripheral fuel assemblies, i.e. in those which lie nearest the RPV
wall. About 85% of the fluence to the RPV is estimated to come from the core
peripheral assemblies [3]. Following procedures are applicable in reducing the
flux [2,4-6]:
1. Low leakage fuel management Some or ail of the peripheral fresh fuel assemblies are replaced by low reactivity fuel assemblies, i.e. those spent one to three
cycles in the reactor.
2. Some of the peripheral fuel assemblies are replaced by dummy assemblies,
which contain stainless steel or zirconium rods instead of UO 2 pellets. Either
partially or fully replaced assemblies can be used. Typically 5-10% of the fuel
assemblies need to be replaced to maintain circumferential symmetry.
3. Installation of neutron absorbing materials on the core periphery. For example
peripheral control rods or burnable absorber placed at critical locations can be
used to reduce the flux.
When power is reduced at the core periphery, power derating can be avoided
only, if power of the remaining assemblies is increased. Generally this means an

increase in power peaking and, if power is not reduced, a decrease in thermal
margin.
If there is no concern about RPV embrittlement, the normal loading scheme is the
out-in -pattern, where the fresh (most highly enriched) fuel is placed for its first
cycle on the core periphery and the exposed fuel in the interior. This .was previously the standard loading scheme also for PWRs. The disadvantage of this
scheme is a high neutron leakage from the core and a high neutron flux to the
RPV and hence, a loss of reactivity and fast embrittlement of the RPV.
However, the standard loading scheme leads to an even core power distribution,
i.e. minimum power peaking, and hence to maximum core power. Usually there
is also no must to use burnable absorber fuel to make the power distribution
more even in the beginning of the cycle [4,5].
The size and configuration of the core, as well as the location of the welds in the
RPV affect the applicability and benefits possible to be achieved by different low
leakage schemes. The increase in power peaking due to a certain low leakage
scheme is larger for small cores. In a large core there are also more low leakage
loading schemes available than in a small one. The critical location of the RPV
is often on the inside surface of a longitudinal weld, if existing. Flux reduction at
a fixed circumferential location (e.g. longitudinal weld) is generally more difficult
to be achieved than the same reduction in a circumferential flux peak [7].
The simplest way to reduce the flux locally would be to replace only the adjacent
fuel assemblies by assemblies with high burn-up (e.g. two cycles exposed). This,
so-called low fluence scheme, can be performed even without marked increase in
power peaking, if the number of replaced assemblies is small [5]. However, the
reduction in the overall neutron leakage remains small. The effect in RPV lifetime
may also remain smaller than expected, when another location becomes critical.
A flux reduction factor (FRF) of up to 2 with little or no increase in power
peaking (and without reducing power) seems to be achievable locally for most
PWRs, when fresh fuel is replaced by two cycles exposed fuel adjacent to the
critical locations. The overall neutron leakage reduction is slight [5].
Previously the main objective of the low leakage schemes was typically to
minimize the overall neutron leakage from the core, i.e. the motivation was to
improve fuel economy. Present low leakage loading schemes are often modified
to minimize the flux particularly at the critical location(s) of the RPV for mitigating irradiation erabrittlement, although this may increase somewhat the overall
neutron leakage from the core and thus increase fuel costs. About 30-40% local
reduction in the flux to the RPV and 1.2% reduction in the overall neutron
leakage (compared to the out-in -scheme) can be achieved with only slight
increase in power peaking (less than 3%) by following a modified low leakage
fuel management scheme, where one and two cycles exposed assemblies are
loaded in selected peripheral locations, while power of certain other assemblies is
increased to avoid reduction in the core power (CE 217 assembly core) [5], As a
consequence changes in assembly enrichments and the use of burnable absorber

fuel are required. Examples of different low leakage loading schemes (and the use
of them) are given in Table 1.
Table 1. Fuel vendor low-leakage management schemes [4].
VENDOR

NAME

PATTERN
TYPE

TYPICAL FLUX
REDUCTIONS®

Babcock & Wilcox

LBP™

IN-OUT-IN

30-40%

Combustion
Engineering

SAV-FUEL

IN-OUT-IN<4)
IN-IN-OUT

20%

Exxon

LRL(2)

Mixed

50% Locally

Westinghouse

L 3 Por
LLLP^

IN-OUT-IN

10% to 50%

(1)
(2)
(3)
(4)
(5)

LBP: Lumped Burnable Poison
LRL: Low Radial Leakage
LLLP: Low-Leakage Loading Pattern
SAV-FUEL was initially IN-OUT-IN but as IN-IN-OUT has become
attractive, it has been used as a general name for CE low-leakage plans.
These schemes are intended to improve fuel cycle economics. CE estimates that a scheme designed to improve economics and reduce flux at
vessel welds would reduce neutron flux at the vessel by 20 - 50 %

A flux reduction factor up to ca. 3-5 can generally be achieved (without need to
reduce power) by applying low leakage fuel management, if also part of the remaining peripheral assemblies at selected locations are replaced with dummy
stainless steel assemblies (with stainless steel rods instead of UO^, which not
only reduce the neutron production, but also to a some extent reflect neutrons
back to the core interior [5]. Need to use burnable absorber fuel and an increase
in power peaking is obvious, when dummy assemblies are used [5,8].
The calculated effect of flux reduction in a case where the implementation occurs
after 7 full power years (EFPY) is shown in Fig. 2. After that operation time most
of the expected transition temperature shift has already occurred. The EoL RT^m
shift for the 10:1 flux reduction scheme is about 45 °C. The horizontal lines show
the USNRC screening criteria for longitudinal welds (132 °C) and circumferential
welds (149 °C).
In some plants it has been possible to reduce the flux to the RPV even by a factor
of 10, when both low leakage fuel management and dummy assemblies have been
applied [2,4]. Generally flux reduction exceeding a factor of 5 is not possible
without power reducing [5]. In general, the maximum achievable and realistic flux
reduction depends on thermal margins.
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shift over time for a range of flux reduction schemes [4].

The selection of fuel designs for a low leakage scheme is based on the evaluation
of various parameters, which include cost, safety and impact on plant operations
[9]. The number of flux reduction assemblies depend on the number and location
of critical welds. The number of these assemblies will be larger, if core symmetry
has to be maintained. Assembly types used in fluence reduction programs supported or analyzed by Advanced Nuclear Fuel Co. are listed below [9]:
1. Assemblies with high burn-up (usually three cycles exposed).
2. Low enriched assemblies in which the bottom third of all the fuel rods
contain stainless steel.
3. Reconstituted assemblies with high burn-up and with multiple rows of
stainless steel rods.
4. Low enriched assemblies with multiple rows of stainless steel rods.
5. Assemblies with high burn-up and in which Hf inserts are placed in the
guide tubes.
6. Low enriched assemblies in which Hf inserts are placed in the guide
tubes.
Shielding of the pressure vessel
Neutron flux to the RPV can be reduced by fitting new materials between the
outer fuel elements and the RPV, because neutron diffusion depends on the

detailed neutron absorption and scattering cross-sections of the materials. In fact,
the use of dummy assemblies can also be regarded as shielding. One possibility
is to modify the core support barrel or the core shroud so that for instance
stainless steel shields (patches) can be attached to selected locations [5]. Also the
use of materials like tungsten or some metal hydrides have been considered [10].
For example, a 50 mm thick stainless steel patch is estimated to reduce the flux
to the RPV by a factor of ca. 1.5.
The modification costs of the core (including the loss in power production) may
be significant. A comprehensive coolant flow analysis is also necessary. Technical
solutions to make shielding possible have been developed [2,11]. There are
expected to be no applications in commercial PWRs.
Factors affecting flux reduction

In general, the aim of flux reducing procedures is to reduce the flux at critical
locations of the RPV without limiting too much the operational flexibility of the
reactor and, if possible, without reducing power. The minimum flux reduction
factor required for a certain design service life depends on
the design EoL fluence of the RPV,
the circumferential flux distribution and the initial value of flux,
composition of the RPV base metal and welds, i.e. the irradiation embrittlement sensitivity,
location and number of welds in the RPV,
years of operation before the intended flux reduction measures.
The restricting boundary conditions in applying different flux reduction schemes
are for example
the availability of thermal margins and the resulting possibility to increase
power peaking without operational restrictions and without reducing
power,
the operational margins (pressure-temperature windows),
reactivity margin, for example long cycle length (18 moths),
core configuration and size.
It is evident that the applicability of different flux reduction methods is very plant
specific. •
Modification of the emergency core cooling and other systems
The primary measures to mitigate RPV embrittlement in operating power plants
are those reducing the neutron flux to the RPV. As the most severe expectable
loading situation for RPVs is considered to be a PTS, extra safety margin can be
achieved also by changing the emergency cooling system so that the maximum
loading in the RPV during such events is reduced.

RPV failure risk can be reduced
by minimizing the probability of abnormal events such as PTS,
by minimizing the maximum expectable stress concentration in the RPV
during possible abnormal events.
Emergency core cooling systems can be modified in order to reduce stresses
during PTS
by increasing coolant temperature and/or mixing (for example the location
of coolant inlet(s) can be changed) in order to reduce thermal stresses,
by limiting the maximum pressure increase.
Pressure-temperature limiters together with programmable controllers are used to
protect RPVs against overpressure transients during heat-up and cooldown stages
[12].
Some applications of modified emergency cooling systems are presented afterwards.
Other mitigation methods
Prestressing
Prestressing of the RPV has been suggested to be a potential method for preventing PTS failures [13]. The stresses during postulated PTS events are lowered in
this method by prestressing the RPV with a memory alloy band wound on the
outside surface.
The predictions made for postulated (and somewhat simplified) PTS evens and
RPVs have shown that the increase in the RPV temperature margin due to prestressing could allow a significant service life extension without exceeding the
embrittlement criterion [13]. One prediction has been made for a RPV with
following dimensions:
inside radius
wall thickness
cladding
active core height
total RPV height

218 cm
216 mm
6.4 mm
483 cm
1245 cm

The RPV material was SA533 B Class 1 plate with RTp^ = 143 °C (exceeding
thus the USNRC screening criterion 132 °C for axial welds). Only an axial weld
(and crack) was considered. Prestressing was assumed to affect the stresses only
in the hoop direction. The prestress was induced by 100 mm thick rings put on
the beltline region of the RPV so that they covered most of the core region. The
heat transfer and elastic properties of the band were taken to be identical with
those of the RPV. The yield strength of the band was 483 MPa at 20 °C and 420
MPa at 316 °C. The resulting hoop prestress of 221 MPa was computed to induce
the prestress of 104 MPa in the RPV. The pressure in the postulated PTS was

assumed to drop quickly from a normal operation level to 6.9 MPa and remain
constant.
The stress intensity factor (Kr) for a 25 mm crack (in base material) with and
without the prestress and the Klc-curve for the RPV material are shown in Fig. 3.
The results demonstrate that at least 17 °C (30 °F) increase in the temperature
margin can be achieved by using prestressing. For a 50 mm crack this margin
was 28 °C, which suggest that larger margins could be obtained, if the analyses
were based on crack arrest.

1/2
120 _MPam
.120
Fracture
toughness

u
>-

band

C«4

t^

80

—80

t/)

100°C
il

100

200

,

i

300

400

500

600

TEMPERATURE (°F)

Fig. 3. K, vs. temperature during a PTS transient (25 mm crack) with and without
the prestress band [13].
It is evident that the proposed prestressing alters significantly the stress and
temperature distributions in the RPV not only during PTS events but also under
cooldown and heat-up stages. These give subject for a comprehensive plant
specific evaluation, including at least analyses of different transients for each RPV
type, tensile stresses on the inside surface of the RPV during the cooldown stage
and the tensile stress peak in the RPV near the border of the band and RPV
contact region.
Other things to be examined are the long term thermal properties of the band
material and possible changes in properties (especially the memory effect) due to
irradiation, as well as the behaviour of the bound during different transients. Also
the problem how to determine the prestress should be solved.
Applications at some nuclear power plants
At the Loviisa NPP in Finland ( W E R 440,349 assembly positions) the first surveillance test results revealed unexpected fast embrittlement on the circumferential
weld. Neutron flux was retarded by replacing 36 peripheral fuel assemblies (ca.
10% of the core) by dummy stainless steel assemblies in 1980 after ca. three
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years (Lol) and one year (Lo2) of operation. Due to exceptional large margins
this could be performed without reducing power, even if the number of replaced
assemblies was large. In addition, the emergency injection water temperature was
raised. These measures were assumed to be sufficient for achieving the design
service life of the RPV [4,14].
Both low leakage fuel management schemes and dummy assemblies have been
applied to reduce flux in the old KWU plants [2]. At a 360 MWe power plant
(probably the Obrigheim plant) with the 121 fuel assembly core the water gap
between the core and the RPV was originally small and hence the neutron flux to
the RPV high (EoL fluence 7xlO19 cm*2) [2,4]. A local flux reduction factor of 10
was achieved (compared to the original out-in -scheme), when 12 fuel assemblies
were replaced after the ninth operating cycle by stainless steel dummy assemblies
(in addition, a change from out-in to in-out -scheme had been performed after five
operating cycles). The EoL fluence after these operations was reduced to 3xlO19
cm"2. Flux reduction was possible without power reduction.
A KWU 670 MWe power plant (probably the Stade plant) with the 157 fuel
assembly core also suffered from the high local neutron flux to the RPV [2,4].
The original EoL fluence of 4xlO19 cm'2 could be reduced to 2xlO19 cm"2 by
replacing 12 peripheral fuel assemblies with partially burnt-up fuel assemblies
after five operating cycles and later (after the seventh operating cycle) by inserting absorber rods into the replaced assembly positions. The total flux reduction
factor after these measures was 4. Also in this case power reduction was avoided.
At the Public Service Electric & Gas 1100 MWe power plant (RPV manufactured
by CE) in USA, 18 years extension in the service life of the RPV could be
achieved (corresponding EoL fluence 2xlO19 cm"2) by replacing eight corner fuel
assemblies with exposed ones [15]. The local flux reduction factor of 2 (50%)
was achieved by using this low leakage scheme.
At the Maine Yankee 855 MWe power plant (217 fuel assembly core, RPV manufactured by CE) in USA, the out-in -scheme was replaced by a low leakage
scheme, where one and two cycles exposed fuel assemblies were loaded at the
core periphery after six operating cycles in 1980 [16]. As a result the fluence at
expiration-of-license was reduced by 33%.
In VVER 440/230 type reactors the excessive embrittlement is mainly due to the
small water gap between the fuel and the RPV, as well as the impurity contents
of the weld material. Several remedial measures were proposed, when the first
surveillance tests revealed the higher than expected transition temperatures [17],
i.e.
modification of operation pressure-temperature limits,
low leakage fuel management and core reduction using dummy assemblies,
temperature increase in the emergency cooling tanks,
replacement of the injection pipes from the cold to the hot leg of main
circulation loop and installation of fast-closing valves in the main steam
system,
recovery annealing.
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At the Jaslovske Bohunice power plants in Czech Republic (four VVER 440/230
reactors in two units) the measures which have been or are to be implemented
consist of [18]
emergency coolant temperature increase from 20 °C to ca. 55 °C,
placement of 36 dummy assemblies on the core periphery,
installation of quick operating valves and a pressure-temperature limiter,
recovery annealing of the RPV.
The effect of the flux reduction measures and annealing treatments on the calculated critical RPV brittleness temperature (Tk) for the base material (BM) and weld
(WM) of two RPVs (Vl/1 and Vl/2) are shown in Fig. 4. The value of Tk is
determined by the impurity contents (only weld material) and neutron fluence for
both weld and base materials. Due to the core reduction performed in 1985 and
the planned annealing treatment in 1992 the allowable critical temperature of brittleness (Tk") for the defect size 16 ram (181 °C) is not expected to be exceeded in
the RPV of Vl/2 until the year 2002. In Vl/1 dummy elements are to be inserted
in 1992.
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Fig. 4. Flux reduction and recovery annealing scheme for two RPVs (Vl/1 and
Vl/2) of the Jaslovske Bohunice power plant Curves "WM" are for welds and
curves "BMW for base materials at two circumferential locations [18].
Annealing
Methods
The first RPV annealings were realized using primary coolant and nuclear heat
(US Army SM-1A) or pump heat (Belgian BR-3). The annealing temperatures
were about 80°C above the service temperature.The degree of recovery in these
cases was about 60 %. The planned annealing of the Yankee Rowe vessel was
estimated to give 45-55 % recovery when using the temperature of 343°C, which
is 83°C higher than the service temperature [19].
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In the "wet"-annealing method the maximum temperature will be limited to about
350°C. Hence it can be used only in reactors with a low service temperature. Due
to a rather limited recovery and a high re-embrittlement rate the wet annealing
method cannot be a solution for power reactors.
In dry annealing the RPVs have been heated by electric resistance heaters.
Proposals for using e.g. induction heating and superheated steam have also been
suggested.
Accomplished annealings
Up to autumn -93 some 14 thermal annealings in VVER 440 reactors (plus a
prototype annealing for decommissioned Novovoronezh 1- RPV) have been
carried out
Table 2. Annealings of VVER 440-type RPVs.
Reactor

Year

Novovoronezh 3
1987
1988
Armenia 1
1988
Greifswald 1
Kolal
1989
Kola 2
1989
1989
Kozloduy 1
Kozloduy 3
1989
1990
Greifswald 2
Greifswald 3
1990
Novovoronezh 3 (re-ann.) 1991
1992
Novovoronezh 4
1992
Kozloduy 2
J. Bohunice 2
1993
1993
J. Bohunice 1

Temperature/time (°C/h)
430 ±20°C / 150h
450 +50°C / 150h
475-10°C/150h
420-460°C / 150h
420-460°C / 150h

SS clad

no

no
no

no
no
no
yes

475-10°C/ 150h

no

475 ±15°C / lOOh

yes
no

472-503°C / 160h

no
no
yes
yes

The heat treatment in all the RPVs above had been focused for only one. circumferential seam weld in the core zone as seen in Fig 5. This makes it possible to
use a rather narrow heating zone. The width of the temperature zone has been
approximately 1.5 m or less. One of the most critical points in annealing is to
keep thermal stresses within acceptable values. In the realized dry annealings this
has been calculated to be possible when the heating-up and cooling-down rates
do not exceed 20°C/h and 30°C/h, respectively. The limits for temperature in
surrounding structures seemed not to be a critical issue.
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Fig 5. The annealing arrangements in Novovoronezh 3 [20].
In many reactors there have not been available actual archive material from the
RPV or surveillance test programs. Then the exact degree of embrittlement has
been unclear. For this reason it has been very important to make material testing,
e.g. chemical analysis and toughness tests with samples cut out from the pressure
vessel itself. For old W E R 440 reactors this has been possible also from inner
surface because they have not a stainless steel cladding. The boat samples have
been typically about 5 mm deep and the other dimensions have been a few
centimetres. The samples have been used for subsize impact specimens for evaluating the toughness before and after the anneal. Additionally milling chips for
chemical analysis has been removed. In cladded RPVs a material removing has
also been carried out The gap between the outer surface of the vessel and the
biological shield tank in the reactor cavity is sometimes only a few centimetres
which makes the removing of boat samples or chips as well as the hardness
measurement rather troublesome. In some reactors the surface beads have been
welded with a lower alloyed filler material which prevents the sampling of the
actual weld metal.
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In many old western RPVs ihe situation is much more complicated. They usually
have also axial weld seams which means that the entire core zone requires a
thermal treatment This brings difficulties in avoiding unacceptable high stresses
and residual strains [21,22]. The axial temperature gradient in the vessel may
produce a "coke bottle" shape and bends the primary piping at the vessel
nozzles. These problems seem not yet to be resolved for all types of vessel
constructions.
In addition to present guides and rules concerning thermal annealings (e.g.
ASTM E 509, 10 CFR Part 50 Appendix G & H) new regulatory documents are
being developed. A Regulatory Guide on "Form and content for thermal annealing RPVs" (Draft Guide 1-027) and a rule on thermal_annealing (anticipated
to be 10 CFR 50.66) are now under preparation and are planned to be completed
in 1994.
Recovery and re-embrittlement of WER 440 RPVs
High phosphorous and fairly high copper contents in weldments have caused a
serious radiation embrittlement problem in many W E R 440-type RPVs resulting
in 14 annealings until now. Problems with the base material have not been reported. The first in-service annealing was made at 430°C ( about 165^0 above
irradiation temperature), which was later found to be too low for an adequate
recovery and nowadays 475°C has been typically applied. Results from several
investigations done with base and weld materials, irradiated in research or
commercial power reactors are seen in Figs 6 and 7.
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The results reveal that the lower bound of the recovery percentage after annealing
at 475°C is about 80 %. It can also be found that after a slow irradiation rate
(e.g. RPV wall) the recovery is retarded. The content of phosphorus has a great
effect on the residual embrittlement A high annealing temperature is needed
especially with high P contents (Fig 8). A clear evidence of thermal ageing
(Ttnn< 475°C) during recovery annealings cannot be found in the literature but
investigations of the coarse grained HAZ have not been seen, too.
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Fig 8. The effect of phosphorus content and the annealing temperature on the
residual embrittlement of W E R 440 steels [25].

The investigations show that the re-embrittlement rate usually does not exceed,
that in the first irradiation. In Figs. 9-12 results of W E R 440 RPV steels after
various irradiations and heat treatments are shown.
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Fig 9. The shifts in transition temperatures of base metal (P=0.020%; Cu=0.11%)
of VVER 440 RPV after irradiations in W E R 440 reactor and thermal annealings [25].
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Recovery and re-embrittlement of western RPV steels
The irradiation embrittlement in western reactors has been mainly caused by a
high copper content in weldings. Because the older RPVs are usually constructed
of hot-rolled plates, they have also axial joints and then weld metal in all the
reactor core area. For limiting the risks originating from thermal stresses the
studied annealing temperatures have been chosen to be as low as possible. Then
the majority of test results are from 400°C annealings, which seems not to be
adequate for high copper welds. In Fig. 13 it can be seen the recoveries in the
transition temperature by 400°C and 455°C post irradiation heat treatments. The
fluence has been 1.4xlO19 n/cm2. The degree of recovery depends strongly on the
content of copper. Nickel and phosphorus have a smaller reducing effect on
recovery. The influence of impurities is similar in both base and weld metals
[26-29].
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[26].

The recovery of Charpy V-notch upper shelf energies has been easier than the
most other properties (Fig. 14). The degree of recovery measured by fracture
toughness is much less than done by Charpy transition temperature [28,29]. As
seen in Fig. 14 the degree of the recovery of JIC may be less than a half of thaL
No explanations for this subject which is important for the evaluation of RPV
integrity has been reported.. More light in this respect can be expected from
Heavy-Section Steel Irradiation (HSSI) Program where fracture toughness specimens up to 4 inch size will be tested after irradiation, annealing and reirradiation
[30,31].
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The re-embrittlement rate after recovery anneal is usually equal or smaller than
in the first irradiation. The high annealing temperature is more favourable in this
respect In Figs. 15-16 results of welds having various Cu and Ni contents are
seen.
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The annealing process may also have detrimental effects on fracture toughness.
In the case of fine grained base metal the influence of thennal ageing will not be
large [33,34] unless the content of phosphorus is high, but in coarse grained HAZ
the situation will be different Already a fairly low content of phosphorus may
then due to the thennal ageing increase the ductile-brittle transition temperature
e.g. by 35°C when aged at 450°C for 100 hours [33] or 210°C when annealed at
450°C for 2000 hours [35]. Fortunately the prior ductility in the HAZ is usually
clearly higher than in the normal base metal which gives more margin for the
embrittlement (Fig. 17).
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Evaluation of mitigation methods in PWRs
LL fuel management schemes can be regarded as basic procedures to reduce the
flux to the RPV. Any low leakage fuel management scheme would probably be
an advantageous option for the utilizer, if it could be done without significantly
increasing (or even with decreasing) the fuel cycle cost and without need to
reduce power. It is expected that already in 1993 most PWRs follow some kind
of low leakage fuel management The new fuel designs have evidently enhanced
this trend.
The evaluation becomes much more complicated, when further flux reduction
procedures, for example combinations of low leakage loading and some other
method(s), are to be implemented in order to extend the RPV service life,
because there will usually be a marked increase in the fuel cycle and/or implementation costs. Up to now the installation of dummy assemblies has been
implemented only in few power plants. It should also be noted that flux reduction
measures are most effective when applied at an early stage of the plant history.
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In any case the measures should be implemented as early as possible. The
significance of the timing is demonstrated in Fig. 18. The decision on the method(s) should be made after the first or second fuel cycle [37]. It takes usually
two to three years to complete a change into a low leakage loading scheme.
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Fig. 18. Curves for evaluating the effect of different options (Zion Unit 1,
limiting circumferential weld) [36].
For U.S. nuclear plants the extension of the operating licenses from 40 years by
20 years is considered to be technically feasible. The 60 years service life is
already being pursued by the nuclear utility industry [15].
A lot of research have been done on the methods and parameters of different annealing heat treatments. It seems that annealing is becoming the most effective
means for extending the RPV service life in cases, where different low leakage
loading schemes are not sufficient. This is true especially for those RPVs which
do not have longitudinal welds. The modification of the emergency cooling
system and related measures are likely regarded as complementary rather than
primary methods in extending RPV service life.
A detailed plant specific analysis of different postulated PTS (and possibly some
other emergency) events is necessary before a final evaluation can be made on
the effect of the proposed prestressing procedure.
The management of RPV failure probability should include also other actions, for
example the reduction of uncertainties in the RPV embrittlement material data
and a coherent analysis of PTS events. Especially plant specific surveillance
programs are becoming more important both in defining the required mitigation
measures and in verifying the influence of implemented measures.
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Conclusions
1. Low leakage and low fluence fuel management schemes are commonly used
for PWRs to mitigate RPV embrittlemenL Special fuel assembly designs have
been provided in order to reduce the neutron flux at critical RPV locations with
minimum loss in power. When flux reduction measure(s) is adopted, the implementation should occur at a very early stage of the plant history.
2. Fuel assemblies have been replaced with dummies, when a large reduction in
the flux to the RPV has been required in order to achieve the design service life
of the RPV. A core reduction together with modifications in emergency cooling
systems has been a normal procedure to mitigate the exceptional fast RPV
embrittlement and to extend the service life in VVER 440-type reactors. The
number of applications in western PWRs is expected to be small.
3. Flux reduction by using shielding patches between the core and the RPV has
been designed but there are expected to be no applications in PWRs.
4. Numerous successful thermal annealings have been carried out in former
Soviet Union, East Germany, Bulgaria and Czechoslovakia. According to reports
the thermal stress limits have not been exceeded. All those reactor pressure
vessels have had only one circumferential weld to be annealed, which greatly
simplifies the procedures. In many cases the most problematic question has been
resolving reliably the actual chemical analysis and the state of embrittlemenL
These points are essential for evaluating the degree of recovery and the rate of
re-embrittlement.
The annealing treatment of the old western RPVs is more difficult because they
usually have axial welds to be treated, too. Hence, the high temperature zone
extends close to the thick nozzle course resulting in high thermal stresses. A
detailed plant specific thermal stress analysis must be done for the verification
that the heat treatment procedure is safe for the pressure vessel and piping.
Other open questions are the observed lesser recovery of J-R curves compared
with Charpy results and the possible embrittlement due to thermal ageing of
coarse grained HAZ during recovery anneal.
5. The significance of plant specific surveillance tests is emphasized. The scope
of surveillance test programs for evaluating the effect of implemented annealing
treatments should correspond to those required for the original PWRs.
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ABSTRACT. Light water reactor pressure vessel (RPV) material properties reduced by longterm exposure to neutron irradiation can be recovered through a thermal annealing treatment
This technique to extend RPV life provides a complementary approach to analytical
methodologies to evaluate RPV integrity. RPV annealing has been successfully demonstrated
in the former Soviet Union and on a limited basis by the U.S. (military applications only).
The process of demonstrating the technical feasibility of annealing commercial U.S. RPVs is
being pursued through a cooperative effort between the nuclear industry and the U.S.
Department of Energy (USDOE) Plant Lifetime Improvement (PLIM) Program. Presently,
two projects are under way through the USDOE PLJM Program to demonstrate the technical
feasibility of annealing commercial U.S. RPVs, (1) annealing re-embrittlement data base
development and (2) heat transfer boundary condition experiments.
Presently, limited information is available regarding the re-embrittlement behavior of typical
RPV plate and weld materials following a 454°C (850°F) anneal. This project involves a
series of test reactor irradiation-anneal-reirradiation experiments performed on RPV plate
(ASTM-type A302 Grade B and A533 Grade B) and weld (Linde 80) materials. The reembrittlement behavior of these materials is being studied as a function of fluence level,
annealing temperature, and time. Results from this study will help determine the proper
combination of annealing temperature and time to minimize the re-embrittlement rate and
maximize material property recovery. A summary description of the re-embrittlement data
base effort is presented.
The DOE PLIM Program is providing benchmark data for the evaluation of analytical models
used to characterize and predict RPV response (thermally induced stresses and strains) during
annealing. This project involves an experiment at Sandia National Laboratories' Radiant Heat
Facility to provide heat transfer boundary condition inputs to analytical models and a future
experiment to obtain strain measurements on RPV components during a simulated anneal.
The experiments include extensive characterization of material response during annealing
simulations performed on an unirradiated section of an RPV. The test apparatus also includes
a mock-up of the insulation surrounding the RPV and the reactor cavity wall. The
experimental setup is described.
Keywords: radiation embrittlement, nuclear reactor pressure vessel steels, thermal annealing,
re-embrittlement
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INTRODUCTION
The continued viability of the nuclear power option (i.e., life extension, or the next generation
of plants) is very dependent on the continued safe and economic operation of existing plants
without premature shutdown. The resolution of RPV neutron radiation embrittlement issues,
in a cost-effective manner without excessive conservatism due to a lack of clear scientific
information, is critical given the RPV's safety significance and high replacement cost.
Several options exist to manage the embrittlement of RPV materials. These options can be
grouped into four categories [1]:
1.
2.
3.
4.

demonstrating embrittlement susceptibility to be less than predicted,
reducing the embrittlement rate,
removing the embrittlement, and
demonstrating that plant-specific variables permit greater levels of acceptable
embrittlement.

Category 1 includes, for example, an enhanced surveillance program to obtain more
knowledge of the actual critical material irradiation exposure. This information could be used
to reduce uncertainty in subsequent analyses to predict embrittlement trends. Category 2
involves flux reduction techniques including fuel management, shielding and derating.
Category 3 includes thermal annealing, vessel weld replacement and vessel replacement
Category 4 includes techniques to demonstrate the benefit of particular plant conditions, i.e.
vessel weld sampling, analytical methods to demonstrate continued RPV integrity under
specified loading conditions.
Thermal annealing, as described in Category 3 above, is one possible means of RPV
embrittlement management that will result in the removal of neutron radiation damage. In
fact, it is the only mitigative measure that restores the mechanical properties of the RPV
materials. Thermal annealing, as applied to a commercial RPV would not be a traditional
"full" anneal. RPV annealing temperatures are expected to range from approximately 315480°C (600-900°F). The effectiveness of a thermal annealing treatment in recovering material
properties will depend upon the original RPV irradiation temperature, annealing temperature,
annealing time at temperature ("hold" time), original material chemistry and the degree of
embrittlement prior to annealing [2,3], A limited number of thermal anneals have been
performed, both in Europe [4j5] and by the U.S. for military reactors only [6].
The technical feasibility of annealing commercial U.S. vessels has been studied [3,7]. Based
on these preliminary studies, annealing of U.S. RPVs is technically viable. More recently,
thermal annealing has also been shown to be economically desirable under certain
embrittlement management scenarios [1], However, only limited detailed material
performance data and information characterizing the general response of the RPV and
surrounding components to the annealing treatment has been established to support these
preliminary studies. This suggests the need to perform additional confirmatory metallurgical
and material behavior research, develop an appropriate annealing process, and ultimately
demonstrate thermal annealing technology on a commercial U.S. RPV. The U.S. Department
of Energy (USDOE) Plant Lifetime Improvement (PLIM) Program is pursuing the technical

demonstration of annealing commercial U.S. RPVs through a cooperative effort with the
nuclear industry. Activities are presently under way through the USDOE PLIM Program to
perform confirmatory metallurgical and general material behavior research in support of U.S.
nuclear industry efforts to ultimately demonstrate thermal annealing technology on a
commercial U.S. RPV. Specifically, these efforts involve preliminary development of a reembrittlement data base for RPV materials following an anneal and providing benchmark data
for the evaluation of analytical models used to characterize and predict RPV response
(thermally induced stresses and strains) during an annealing treatment
RE-EMBRITTLEMENT DATA BASE DEVELOPMENT
One important aspect of a successful annealing demonstration program is the proper
characterization of RPV material properties before and after an anneal. A limited amount of
metallurgical research has been performed regarding the amount of material property recovery
(Charpy impact and tensile properties) anticipated following an annealing treatment [3].
These studies focused on determining the optimum annealing time and temperature, and the
amount of anticipated property recovery. Little effort has been put forth to investigate the
rate at which RPV materials may re-embrittle following an anneal, i.e., the embrittlement rate
of RPV materials following annealing compared to the rate of embrittlement prior to anneal.
The determination of RPV material re-embrittlement rates is critical if the economic viability
of annealing is to be evaluated for U.S. commercial pressure vessels.
Test Plan
The USDOE PLIM Program is pursuing initial development of a re-embrittlement data base
through an irradiation-anneal-reirradiation (IAR) project involving typical U.S. RPV materials
(base plate and weld). The plate materials under study include two types, American Society
for Testing and Materials (ASTM) type A 533 Grade B and type A 302 Grade B. These
materials are representative of those used in the fabrication of commercial U.S. RPVs. The
weld being studied is a low Charpy upper-shelf impact energy material fabricated with Linde
80 flux. This particular flux was chosen for weld fabrication of several early vintage U.S.
RPVs because it resulted in very small, finely dispersed nonmetallic inclusions that resulted in
fewer required weld repairs. Unfortunately, the fineness of the inclusions, as a result of the
Linde 80 flux, led to a relatively low Charpy upper-shelf impact energy. Therefore, this weld
material would be more adversely affected by exposure to neutron radiation. Due to its
sensitivity to neutron irradiation, Linde 80 weld material was included in the project and is
expected to provide bounding information for typical RPV weld materials. The chemistries of
the materials being studied under this project are given in Table 1.
The complete test matrix for the materials included in this study is shown in Table 2. The
IAR project consists of two separate sample capsules containing standard Charpy V-notch and
tensile test specimens. Charpy V-notch samples will be used to determine the radiationinduced changes in the ductile-to-brittle transition temperature and upper-shelf energy.
Tensile samples are included to characterize changes in yield and tensile strengths due to
neutron radiation. Results obtained through the irradiation, annealing, and reirradiation
activities of this study will be compared with previously published testing results regarding
unirradiated material properties of the identical materials [8J to determine the amount of

Table 1. IAR Test Project Material Chemistries

Cu

Ni

C

Mn

Si

Mo

S

P

Fe

Plate Material
(A 533B)

0.24

0.62

0.25

1.40

0.23

0.59

0.011

0.008

Rem

Plate Material
(A 302B)

0.24

0.19

0.17

1.28

0.22

0.50

0.022

0.026

Rem

Weld Material
(Linde 80)

0.30

1.00

0.08

i.39

0.89

0.50

0.015

0.015

Rem

material property recovery due to annealing and the re-embrittlement rate during subsequent
reirradiation.
As shown in Table 2, the test plan involves the simultaneous irradiation of the two sample
capsules to a fluence of approximately 3 x 1019 n/cm2, E > 1 MeV at a target irradiation
temperature of 288°C (550°F). Following initial irradiation, one-half the contents of capsule
A will be removed and tested to obtain as-irradiated data. The remaining samples in Capsule
A will be annealed at 454°C (850°F) for 168 hours (one week) and tested. Results will be
compared with previous mechanical property tests (performed on the same testing equipment)
on unirradiated samples from the same material piece [8] to obtain annealing recovery data.
The second capsule (Capsule B) will be annealed intact with the samples from Capsule A and
reinserted into the test reactor to obtain re-embrittlement data at a single target fluence level
of 1 x 1019 n/cm2, E > 1 MeV. Initial irradiations are under way on the two capsules and
should be completed in November 1993. The anneal of Capsule B and half the Capsule A
samples will be performed by the end of 1993. Reirradiation of the annealed samples,
mechanical testing and project completion is anticipated by mid-1994.

Table 2. IAR Project Test Matrix
Capsule A - Part I, Irradiation Only (As-irradiated condition)
Target Fluence - 3 x 1019 n/cm2, E > 1 MeV
Irradiation Temperature - 288°C (550°F)
Material

Type 1

Samples

Weld (Linde 80)

Charpy

9

Plate (A 533B)

Charpy

8

Plate (A 302B)

Charpy

8

Plate (A 302B)

Tensile

2

Total - Capsule A, Part I

27

Capsule A - Part II, Irradiation-Anneal (As-annealed condition)
Annealing Temperature - 454°C (850°F), 168 hrs.
Weld (Linde 80)

Charpy

9

Plate (A 533B)

Charpy

8

Plate (A 302B)

Charpy

8

Plate (A 302B)

Tensile

2

Total - Capsule A, Part II

27

Capsule B - IAR (Re-embrittled condition)
Irradiated, annealed with Capsule A, Part II
Reirradiated target fluence - 1 x 1019 n/cm2, E > 1 MeV
Weld (Linde 80)

Charpy

14

Plate (A 533B)

Charpy

12

Plate (A 533B)

Tensile

2

Plate (A 302B - Surface*)

Charpy

8

Plate (A 302B - Surface*)

Tensile

2

Plate (A 302B)

Charpy

8

Plate (A 302B)

Tensile

2

Total - Capsule B

48

Total Samples Tested

102

Microstructure characteristic of RPV inside surface, i.e., finer
grain size.

HEAT TRANSFER BOUNDARY CONDITION EXPERIMENTS
Accurate prediction of material behavior for the RPV, including the nozzle and flange
regions, via thermal/stress computer models is also an important element of successful
demonstration of thermal annealing technology on U.S. commercial RPVs. Validation and
verification of annealing computer model(s) is an important step in that accurate prediction.
The following sections describe a set of 1-dimensional (1-D) experiments designed to provide
heat transfer boundary condition and RPV material temperature response data to help
benchmark thermal/stress finite-element annealing computer model(s). Heat transfer data
generated can be used to verify the thermal boundary conditions used as model inputs.
The experiments subjected an RPV test specimen to a linear temperature rise from ambient to
454°C (850°F) at two rise rates, namely 14°C/hr (25°F) and 28°C/hr (50°F/hr). After thermal
equilibrium was reached, the temperature was reduced to ambient at approximately the same
rate as the rise. For redundancy, two tests were performed at each rise rate.
Test Setup
A 1.2 m x 1.2 m x 17.1 cm thick (4 ft x 4 ft x 6.75 in) piece of the Phipps Bend RPV
(Boiling Water Reactor) was obtained from the Electric Power Research Institute NonDestructive Evaluation Center. The base material is ASTM A 533 Grade B with a 3.24.8 mm (0.13-0.19 in) thick stainless steel (SS) cladding on the concave (inside) surface.
Figure 1 shows a side view of the test setup (not to scale). The RPV test specimen and
heater assembly were mounted on individual supporting frames. The heater assembly

5.1 an (2 in) gap between concrete
wall ana insulation
Concrete walI to simulate
RFY cavity 2.1 in x 2.1 m x 25 an
(7 f t x 7 f t x t ) In)
3.8 an {1.5 In) thick
insulation
— —
Instrumentation on
heated face, unheated
face, and on concrete
wall
Figure 1.

Air flow upwards between concrete
wall and RPV wall. Velocity
between 204 m/min (670 ft/inin)
and 1,135 m/rain (3724 ft/mm).
Insulated enclosure
1.9 an (0 J5 In) air gap
Heater elements in a
3 x 3 array configuration
\1 ra x \2 n x 17.1 an
(4 f t x 4 f t x 6.75 in)
thick RFY wal I section

Mounting structure

Side View of 1-Dimensional Heat Transfer Boundary Condition Experiments

consisted of 9 individual heaters each 0.6 m x 0.6 m (2 ft x 2 ft) square in a 3 x 3 array
configuration. Each heater is capable of 3.1 W/cm2 (2.7 Btu/f^-sec) heat flux output, and
they are collectively referred to as "infrared panel heaters". This type of heater was chosen
because of its similarity to that used by the former Soviet Union to anneal their RPVs. See
Reference [5] for a description of the Russian heater hardware.
Figure 2 shows a top view of the setup. The curvature is exaggerated but shows that the
heaters were contoured to match the curvature of the RPV wall section. The radius of
curvature of the RPV is 2.8 m (110 in).

Typical "Infrared panel heater"
0.6 n x 0.6 in (2 ft x 2 f t ) , *
3.1 W/sq an (2.7 Btu/sq ft-sec)

1.2 n x 1.2 n x 17.1 an
(4 ft x 4 ft x 6JB") thick
A533B RPV wall section,
with 3.2-4.8 m (0.13-0.19 In)
thick stainless steel cladding

2,8 m (1t) In) radius

9 heaters total
3 x 3 array
arrangement
Figure 2.

in

Top View of 1-Dimensional Annealing Thermal Model Benchmarking
Experiments

The total heater assembly is 1.8 m (6 ft) squaret whereas the test specimen is 1.2 m (4 ft)
square. The overlap ensures heating uniformity on the RPV test specimen and more nearly
simulates 1-D conditions. The 9 total heater panels are controlled by 3 power channels, i.e., 3
heaters controlled per channel. Each set of 3 heater panels oriented horizontally are
connected to a single channel to avoid convective effects on heater control. Automatic,
precise temperature profile control will be achieved with programmable power channels.
All edges of the RPV wall section were insulated with a ceramic-fiber type of insulation.
This type of high temperature insulation has very good insulating properties (i.e., very low
thermal conductivity). The top, bottom and sides between the heater assembly and the RPV
test specimen were enclosed with insulation to simulate anticipated in-situ RPV annealing
conditions.
The space between the unheated side of the RPV test specimen and the concrete wall
simulating the reactor cavity was also insulated. Typical U.S. commercial RPVs are insulated
with 7.6 cm (3 in) of "mirror" insulation made of SS sheets with an aluminum foil filler. The

thermal conductivity of this type of insulation is about twice that of the ceramic-fiber type
insulation described above and is much more expensive. Therefore, approximately 3.8 cm
(1.5 in) of the ceramic-fiber insulation was substituted for the mirror type insulation and
placed between two aluminum sheets that simulate the thermal heat transfer properties of
stainless steel. The insulation was placed 1.9 cm (0.75 in) away from the unheated side of
the RPV wall section.
A concrete wall was placed 5.1 cm (2 in) behind the insulated, unheated side of the RPV test
specimen to simulate the reactor cavity. This wall is solid concrete, 2.1 m x 2.1 m x 25.4 cm
(7 ft x 7 ft x 10 in) thick. For ease of fabrication purposes, the concrete wall did not possess
a curvature matching that of the RPV test specimen, i.e., the concrete wall was flat
However, based on the size of the RPV test specimen and the overall objectives of this
experiment, a flat wall was assumed a reasonable approximation.
Typical specifications call for maximum air flow of about 736,000 1/min (26,000 cubic feet
per minute (CFM)) to a minimum of 130,000 1/min (4600 CFM) at 38°C (100°F). Assuming
a 5.1 cm (2 in) gap surrounding a 4.1 m (160 in) diameter RPV, the velocity through the gap
would range from about 1,135 m/min to 204 m/min (3724 ft/min to 670 ft/min). Fans and
ductwork will be used to simulate upward-directed flow at typical flow rates through the 5.1
cm (2 in) space between the insulation and the concrete wall at the test setup. Air flow will
be measured once per test at the top of the RPV section using a velometer (air flow velocity
meter) located between the insulation and the RPV test specimen.
Instrumentation/Measurements
Figure 3 shows the instrumentation layout on the heated side of the RPV wall. The bulk of
the instrumentation are type K (chromel-alumel) thermocouples (TCs), 1.6 mm (0.13 in)
0.6 n (2 ft) typical

M m x \ 2 a x 17.1 cm
(4 ft x 4 ft x 6.8 in)
thick RPV wall section
Outline of heater
elements

Thermocouple locations: 32
side (circles)

Heat flux cages, 3
locations (poxes),
'tyrhel ianeters"

Figure 3.

Beltline weld: 31.8 an
(12.5 in) front bottom
face
Note: 3 TCs on bottom row
mounted about 2J5 an (1 in)
below edge of weldj material

Instrumentation Layout, Heated Side of RPV Wall Section

diameter and inconel sheathed. The TCs used in this study are accurate to ± 0.75% of the
reading, which is sufficiently accurate for the purposes of these experiments. Therefore,
calibration was performed only at a single temperature, not throughout the entire temperature
range. All thermocouples were within the ± 0.75% limits. They were attached to the RPV
test specimen via nichrome strips tack welded to the surface. The TCs were bonded to the
concrete wall with cement
Three "pyrheliomcters" (heat flux gages) will be used to measure heat flux incident on the
heated RPV wall surface. This type of gage.is typically used for solar energy applications to
measure radiative heat flux, but were configured to measure total heat flux (radiative +
convective) in these experiments.
As Figure 3 shows, 32 TCs were mounted on the heated surface of the RPV test specimen.
The bulk of the TCs were concentrated in the center where the heat transfer was closest to 1dimensional (to minimize "edge" effects). The heat; flux gages were mounted to obtain (2point) vertical and horizontal profiles of the heat flux. A TC was mounted in near proximity
to each heat flux gage and will be used to estimate the total (convective + radiative) absorbed
flux. Each heat flux gage will be used to measure the total incident flux. Power to each of
the heater elements is recorded to provide a further estimation of the heat flux.
The TC layout on the unheated side was identical to that on the heated side. Heat flux gages
were not mounted on the unheated side. Nine TCs were mounted on the concrete wall to
determine concrete face temperature. The air temperature in the gap between the insulation
and the concrete wall will not be measured.
Temperature Profile Imposed on RPV Wall Section Heated Surface
A maximum temperature rise rate of approximately 14°C/hr (25°F/hr) will be utilized [9J.
Assuming an initial ambient temperature of 21°C (70°F) and a maximum experiment
temperature of 454°C (850°F), the AT is 416°C (780°F). At 14°C/hr (25°F/hr), the rise time to
maximum temperature is about 31.2 hrs. Preliminary modelling showed that, at this very
slow rise rate, the temperature gradient through the thickness of the RPV wall section would
be small, less than 5°C (10°F). Therefore, once the maximum temperature of 454°C (850°F)
is reached, the test specimen should be very close to equilibrium, and it will not be necessary
to hold the maximum temperature for a long time (greater than 1 hr). The temperature will
then reduced to ambient at approximately the same rate as the rise, 14°C/hr (25°F/hr). The
test time for a typical test will be about 63-64 hours using a 14°C/hr (25°F/hr) rise rate. This
profile will be programmed into the power controllers. The power system typically controls
to within ± 3°C (± 5°F) or better.
A total of four tests will be performed. The principal test conditions are as follows:
Two tests @ 14°C/hr (25°F/hr) rise rate on the heated surface (two for redundancy).
Two tests <S> 28°C/hr (50°F/hr) rise rate on the heated surface (two for redundancy).
The 28°C/hr rise rate was proposed in order to examine a larger through-wall temperature
difference.

Data Analysis
Table 3 gives an overview of the a) measurements to be made, b) data reduction plan and c)
final output Details are given below.
The TC measurements will provide a large amount of data to analyze the heat transfer to the
RPV wall section and determine the impact of annealing on the concrete wall. The following
data will be provided:
1.
2.
3.
4.
5.
6.
7.

Heated surface temperature vs. time at a maximum of 32 locations (Multiple traces
on a single plot).
Unheated surface temperature vs. time at a maximum of 32 locations (Multiple
traces on a single plot).
Temperature difference (from heated and unheated side data) through the RPV wall
thickness vs. time at a maximum of 32 locations (Multiple traces on a single plot).
Temperature "maps" on the heated face to check for "hot" and "cold" spots at a
maximum of 32 locations and specified times.
Temperature at weld location vs. time, to compare with.temperature at non-weld
locations vs. time. (3 locations).
Concrete surface temperature vs. time at a maximum of 9 locations (Multiple traces
on a single plot).
Temperature "maps" on the concrete surface (specific form of output to be
determined).

The TC measurements, in conjunction with a Sandia National Laboratories developed
computer code, "SODDIT (Sandia One-Dimensional Direct and Inverse Thermal) [10],
will be used to predict the heat flux actually absorbed into the heated surface vs. time (sum of
radiative and convective parts). As a result, wherever a TC is located, absorbed heat flux will
be determined. The following heat flux data will be available:
1.
2.
3.
4.
5.

Absorbed heat flux vs. time on the heated surface from heated surface TCs
(maximum of 32 locations).
Absorbed heat flux vs. time on the heated surface from unheated surface TCs
(maximum of 32 locations).
Absorbed heat flux map on the heated surface at specified times from heated surface
TCs (maximum of 32 locations).1
Absorbed heat flux map on the heated surface at specified times from unheated
surface TCs (32 locations).
Absorbed heat flux on the concrete surface (specific form of output to be
determined).

Considerable redundancy will be maintained during measurements. This is intentional, as it
allows comparison of data from the heated and unheated sides and provides backup data to
check for anomalies. Under ideal conditions, only the heated side TCs would be used to

Data from selected locations depending on the results.
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Table 3. Data Analysis/Data Reduction Plan

Transducer/Measurement

Data Reduction

Final Output

TC/heated face temperature
(total - 32 TCs)

Use TC data from heated face as input to
SODDIT1 which calculates heat flux absorbed
into heated face of RPV test specimen

Plots of temperature vs. time at 32 locations
on heated face. Plots of absorbed heat flux
vs. time for 32 locations on heated surface.

TC/unheated face temperature
(total - 32 TCs)

Use TC data from unheated face as input to
SODDIT to estimate absorbed heat flux on
heated face.

Plots of unheated face temperature vs. time
for 32 locations on unheated face. Plots of
absorbed heat flux on heated face vs. time
for 32 locations, used as backup for heat
flux data from heated face TCs.

PyrheliometerVheat flux
(total - 3 heat flux gages)

Direct measure of incident heat flux on
heated surface. Compare with absorbed flux
at same locations.

Plots of incident heat flux on heated surface
for 3 locations. Will be used to compare
with absorbed heat flux at same locations to
check efficiency of overall heat transfer.

TCs on heated/unheated faces

Use tmheated face TC measurements as
inputs to SODDIT to estimate the
temperature profile through the thickness.
Compare with heated and unheated face TC
measurements.

Plots of temperature profile through the wall
thickness as estimated by SODDIT and
those measured from the heated and
unheated face TCs.

TC/concrete wall temperature
(total - 9 TCs)

Direct measure of concrete wall temperature.

Plots of temperature vs. time for 9 locations
on concrete wall, including air flow.

Power to heaters

With known heater area, estimate maximum
heat output.

Power used by heaters vs. time. Compare
with heat flux incident on test specimen.

Velometer/air flow
(9 vclonicter • total)

One-time, direct measurement of air flow in
gup between Insulation uiuS concrete.

Comparison of concrete tempcrnturc/nir flow
with anticipate plant conditions.

1
2

SODDIT « Sandia One Dimensional Direct and Inverse Thermal computer code.
Pyrheliometer = heat flux gage that can measure low values of heat flux typical of these experiments (0-1 Btu/ftJ-sec).

C

estimate absorbed heat flux on the inside surface of the RPV test specimen. However,
because the heated side TCs are mounted on top of the surface (rather than flush with the
surface) they will indicate a higher temperature than the actual surface temperature of the
RPV test specimen. This will result in estimated heat flux values higher than actual.
Comparisons of the absorbed flux estimated from both the heated and unheated side TCs will
be made to determine the "best" values.
Pyrheliometers will be used to measure total incident heat flux to the heated surface. This
allows comparison with the total absorbed heat flux to determine the amount of heater energy
actually absorbed by the RPV waU section. The expected incident flux level for the 14°C
(25°F) rise rate is about 0.24 w/cm2 (0.21 Btu/ft*-sec). In a completely enclosed setup, such
as this study, virtually all of the heater energy should be absorbed by the RPV wall.
Output Data for Thermal/Stress Modelling Efforts
To achieve the goals of providing boundary condition data for subsequent modeling efforts,
the following information will be provided:
1.
2.
3.
4.
5.

Temperature vs. time on the heated surface of the RPV wall section.
Temperature map of heated surface at selected times during heat-up and cool-down.
Heat flux absorbed into the surface vs. time, including the sum of the radiative and
convectiv'c parts (maximum of 32 locations).
Incident heat flux on the heated surface vs. time, including the sum of the radiative
and convective parts (3 locations).
Other data as required

The following additional information to be provided will assist in further code benchmarking
efforts:
1.
2.
3.
4.
5.
6.
7.

Temperature profiles through the thickness vs. time from measured data, (front and
back sides).
Temperature profiles through the thickness vs. time from predicted data (SODDIT)Temperature on beltline weld material, compared with that on the base metal,
Temperature on the concrete wall behind the RPV wall section.
Temperature vs. time on the heated surface of the RPV wall section.
Temperature map of heated surface at selected times during the heat up and cool
down.
Other data as required.

At time of preparation, experiments at the Sandia National Laboratories Radiant Heat Facility
were under way. Data reduction and analysis will be completed at the conclusion of the
experiments.
CONCLUSIONS
The USDOE PLIM Program, through the individual projects described above, is pursuing its
objective of demonstrating the technical feasibility of annealing commercial U.S. RPVs.
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Efforts are under way to (1) begin development of an annealing re-embrittlement data base
and (2) provide benchmark data for the evaluation of analytical models used to characterize
and predict RPV response (thermally induced stresses and strains) during an annealing
treatment Future efforts may include additional experiments to measure strains induced in
RPV components during an annealing treatment, establishment of the technical basis for RPV
requalification following an anneal, and additional re-embrittlement data base activities to
optimize the amount of material property recovery and re-cmbrittlemcnt rate of RPV
materials. By working cooperatively with the U.S. nuclear industry, the USDOE is
contributing to the technology and information needed to establish the technical groundwork
for a successful demonstration of annealing technology in the U.S.
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