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"Assurance of the Pressure Vessel Integrity
'

with Respect to Irradiation Embrittlement"'

Activities in the Federal Republic of Germany (FRG)

K. Kussmaul, J. F6hl, T. Weissenberg

Abstract

Safety research of light water reactor pressure vessels in the Federal Republic
of Germany'is presently focussed on validation programs based on fracture
mechanics concepts, and which study irradiation embrittlement, pressurized
thermal shock and cyclic crack growth under operating conditions. Crack
initiation values derived from the J -curve could be confirmed as reliable

R
material property to enable transferability of results from small specimen
testing to complex structures.

For validation of irradiation surveillance practice trepans were taken from a
forged shell course of a commercial reactor pressure vessel wall to compare
material degradation of the wall with that of the surveillance specimens and
to establish properties through the thickness of the wall. The experimental!y
determined amount of reduction in toughness of the vessel wall depends
strongly on the orientation of the specimens with respect to the main forging
direction of the hot formed material. The degradation of the material with
respect to transition temperature shift and upper shelf energy drop in Charpy
impact tests could not be predicted conservatively on the basis of the existing t

trend curves in the US Code of Federal Register. On the other hand the degree
of embrittlement measured in short distances from the inner to the outer surface
of the vessel wall is much less and therefore less important than assessed in the
proposed revision of the US Code.

Archive material representing the shell course from which the trepans were taken
was irradiated in test reactors in the US and the UK. The irradiated archive
material shows a lower degradation than the vessel wall of the commercial reactor.

Key words

fracture mechanics, irradiation embrittloment, pressurized thermal shock, f
cyclic crack growth, neutron exposure, light water reactor, ferritic steel,
pressure vessel steel.
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introduction

The previously reported investigations on validation of the integrity of light
,

water reactor pressure vessels have been continued with enhanced efforts.
The validation principle relies on verification and validation of calculation

,

codes and mechanistic fracture mechanics, and probabilistic evaluation of
non-destructive examination methods. A challenging trial on in-service

degradation of pressure vessel wall material of a nuclear power plant is under
way. Trepans were taken from the Gundremmingen A (KRB-A) reactor pressure
vessel which was shut down in 1977 after 10 years of operation. Investigations
with this material and unirradiated reference material are being performed within

the scope of a cooperation program between the Staatliche Materialpr0fungsanstalt,
Universit&t Stuttgart (MPA), United States Nuclear Regulatory Commission (US NRC),
Materials Engineering Associates (MEA), USA, and Atomic Energy Research
Establishment Harwell ( AERE-Harwell), UK.

,

To evaluate component failure behavior over a wide toughness range, materials
have been selected and treated to achieve properties representlieg neutron

embrittled material state including "worst case" consideration. These, materials
are available in large quantitles and enable testing of large specimens with
complex stress fields with respect to initiation and arrest toughness even
under pressurized thermal shock condition. The experiments are aimed at
providing a general validation of the computational methods and the fracture
mechanics concepts on the basis of a modified J-Integral evaluation method and
to demonstrate the underlaying principle for transferability.

' With regard to irradiation and corrosion assisted crack growth a cyclic
experiment was carried out in the VAK power reactor (Boiling Water Reactor)
to apply all operational parameters coincidentally. At this time, however, only
preliminary results are available.

;

; Safety Assessment According to Presett-Approach
! .

i The safety assessment of a reactor pressure component is based on five

| princig s, which are quality through production, multiple parties testing,
,

worst case simulation in R & D programs, continuous in-service monitoring
,

| and documentation and validation of Codes, fracture mechanics and non-

destructive examinations /1/. The first principle is supported by the four'
,
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other principles which serve as independent redundancies. This strategy
provides a sufficiently large safety margin even if there is no guarantee
for a 100% effectiveness of each single redundancy.

The most common tests to determine material toughness in a wide temperature

range are the Charpy V-notch impact test and the drop-weight test. From these
two tests the brittle-ductile transition temperature RT is derived. With

NDT
the help of the experimentally evaluated fracture toughness reference curve

K /2, 3, 4/ a lower bound fracture toughness curve for brittle failure can
IR

be established, Fig.1. In comparison with the calculated loading situation
of the component in terms of stress intensity a quantitative safety margin with
respect to temperature and load can be given on this basis, however, only in
the linear-elastic fracture mechanics regime. World wide research work has
demonstrated the conservatism of this procedure. Extensive testing in the FRG

using CT-specimens up to 500 mm thickness has essentially confirmed the

K -curve as a lower bound even for degraded materials /5/.
IR

In the elastic-plastic regime the safety against ductile failure is judged
from the Charpy upper shelf energy only which does not give quantitative
fracture toughness properties and thus no quantitative safety margin against
ductile failure or stable crack growth. However, the required minimum upper
shelf energy of 68 J (50 f t-lb) has been developed from practical experience
in conventional power plant systems and chemical plants. Due to the complex

loading situation during pressurized thermal shock the necessity arose to
provide quantitative data also for this regime in order to verify the minimum
toughness requirements and to define lower bound values.

For design purposes a prediction of the degree of material toughness degra-
dation has to be made which has to be monitored during operation through

surveillance programs. The prediction is performed on the basis of trend
curves /6,1, 8/ for both the shif t in transition temperature ( 6T yg) and
the drop in Charpy upper shelf energy ( 8 USE) as indicated in Fig.1. With
this predicted material state an adjusted fracture toughness curve can be

assessed.

The main goal of all the irradiation programs is to either confirm these trend
curves for a wide range of materials or to establish modified curves as it is the
case with the proposed Rev. 2 of US Reg.Cuide 1.99 /8/.

l
,
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Fracture Mechanics Properties

The given limitations in specimen size for irradiation surveillance programs ,

have forced on the one hand to proceed with the development of quantitative

fracture toughness properties from Charpy testing and on the other hand ,

to focus on test and evaluation techniques using small fracture mechanics

specimens, e.g.10 mm thick compact tension specimen CT ,10 /9/.

The J-Integral has been proven to be a reliable measure to describe the material
behavior in the vicinity of the crack tip. Especially the stable extension of the'
crack beyond the initiation load can be quantifie as a function of the J-Integral.
From the most commonly used unloading compliarce test technique to establish
a crack resistance curve, crack initiation values are derived by means of
different evaluation methods. It becomes evident that the slope of the crack
resistance curve (J -curve) depends on specimen size and geometry, Fig. 2.

R
Using the ASTM procedure or recommended modifications of that /10,11/, crack

initiation (J 0,2) cannot be evaluated independently from specimen size0,15'

and geometry. If the blunting line, however, is evaluated on the basis of the
-curve is fitted by anexperimentally determined stretch zone and the JR

adequate polynomial, size and geometry independent crack initiation values J;
(physical initiation values) can be obtained /12,13/, Fig 3. In some cases

the electrical potential drop method leads to initiation values as low as J;,
whereas from the ASTM procedure values result which can be almost double

as high depending on material toughness and specimen geometry.

Transferability of Fracture Mechanics Results

Tremendous efforts have been made to demonstrate the transferability of

results for the prediction of component failure on the basis of results from small

specimen testing. Large scale specimen testing has been intensified in the past
at MPA using for example large scale Double Edge Notched Tension specimens
(DENT) of materials with different toughness levels. By comparing different
fracture toughness properties it becomes obvious that the crack initiation

toughness J; can be used as transferability criterion for materials in the toughness
range from 40 J to 200 J Charpy upper shelf energy. When the experimentally
determined J value of the DENT specimen reaches the level of J; obtained from
CT-specimens testing crack, initiation occurs in the large scale specimen

.
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experiment; this can be jetected by acoustic emission and electrical potential,

drop measurements aN be confirmed by fractography. The results thus

obtained show that J; determined with CT specimens is in good agreement with
the initiation value in the DENT specimen. Fig. 4, which is not the case if J lc

( ASTM procedure) or othar criteria are applied. The comparison of the
calculated load for the initiation point of the DENT specimen with the experimental

findings demonstrates that the applied 2 D elastic-plastic calculation of J (plain
strain) for the structure and the used fracture toughness value J; as well are
the reliable basis for an adequate fracture mechanics concept.

Although the load at instability and the amount of stable crack growth /S,14/
depend on the ability of the materials to yield under the applied constraint,
failure (instability) of the DENT specimens occurred on a load at initiation
which is typical for deeply notched DENT specimens due to the constraint.
This behavior was observed for low as well as for high upper shelf Charpy

energy materials. Besides a limited amount of stable crack the remaining
fracture surface was of a macroscopically brittle appearence.

The largo amount of data from Charpy and fracture toughness testing of a
variety of materials has provided the basis for a correlation in the Charpy
upper shelf regime between upper shelf energy and crack initiation J;, Fig. 5.
This is especially useful for the assessment of fracture toughness properties
from surveillance programs where usually only Charpy specimens are available.

Validation of Surveillance Results

Surveillance programs to monitor the degradation of the reactor pressure
| vessel belt-line material due to neutron irradiation are being performed in

each commercial reactor. Irradiation takes place under elevated neutron flux
|

with a lead factor varying from about 2 to 10 or even 15 depending on the
| vessel design. This involves deviation from the parameters to which the vessel
| wall is subjected concerning flux density - time for damage and recovery and

thus the damage equilibrium - and the neutron energy spectrum.

To validate the surveillance practice according to ASTM E 185 and KT A 3203

a challenging trial was started in cooperation with US NRC, MEA, AERE-Harwell
and MPA Stuttgart. US NRC has managed and financed the removal of trepansI

of the base material (forging) from the reactor pressure vessel of the boiling
|

.

i
'
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" water reactor Gundremmingen unit A (KRB-A) in Germany, Fig. 6, and has
provided those trepans to MPA for investigation. In addition MPA has
arranged the removal of trepans from weld material of a near core and off -

core circumferential weld, Fig. 7. The reliability of surveillance practice will
be checked by comparing trepan material with the already existing surveillance -

results and surveillance specimens still untested and with archive material,
which was stored at General Electric Company (GE) - the designer of the plant -
and was provided by US NRC. In addition archive material is irradiated in test
reactors in the USA and UK so that a wide scenarium of methods is considered
in the validation program, Fig. B. However, the basis for comparison, is
rather limited at present since in the surveillance program of KRB-A only
Charpy specimens and tensile specimens (0 6 mm) from longitudinal direction
were investigated. Because of the importance of the results investigation are
under way to further confirm the authenticity of the archive material.

The plant KRB-A was designed for a power of 252 MW (el) and was taken out
of service after 10 years of operation in 1977. The vessel was fabricated of
seamless forged shells, chemical composition Tab.1, tensile properties, Tab. 2,
representing pressure vessel technology in Germany of the early 60's. Therefore
the chemical composition and the toughness properties do not exactly meet
today's requirements, but might be comparable to the older generation of plants.
From measurements of the water temperature and an assumed mixing effect

in the downcomer the vessel inner surface temperature during operation was

[ estimated to be in the range of 284 C including a temperature rise by 4 K due
to Y- heating.

l
' Besides the comparison of irradiated material and the unirradiated archive

material one of the aims of this work is directed to the change in properties
through the wall thickness, which will be investigated by means of Charpy,
tensile and compact tension specimens as well, Fig. 9. From several trepans
(diameter 107 mm) Charpy-V-notch specimens have been removed using

i electric discharge machining (EDM) to obtain as many specimens as possible
and to facilitate the handling of radioactive material. To establish full Charpy

'

energy / temper.ature curves longitudinal and transverse specimens from two

| trepans located adjacent to each' other in axial direction were combined, example
'

| for trepan C and C, Fig.10. A similar procedure is necessary to measure tensile
properties. For the machining of CT-25 and CT-10 compact tension specimens

I
!

|

|
-
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a bufficient number of trepans is available. From archive and trepan material a-

maximum number of 11 layers of Charpy specimens through the thickness could
be machined. The test results obtained at MEA /15,16/, AERE-Harwell /17/
and MPA for the unirradiated archive material are in good agreement, although

testing was performed according to ASTM (MEA, AERE-Harwell) and DIN (MPA)
respectively, Fig. 11. In the transverse (weak) direction (T-L) the upper shelf
amounts to about 105 ) (MPA), in the longitudinal (strong) direction (L-T) to

about 145 J.

The absolute neutron exposure (fluence) was calculated with the two-dimensional

transport code DOT 4.2 in combination with a (R,D)- and (R, Z)-model to obtain
three-dimensional information for the vessel wall /18/. All operating and stand-

still periods were considered and also the burn-up distribution of the fuel
elements at the beginning of each fuel loading cycle. The fission spectrum was
assumed to be of the Watt-type according to ENDF/B V for the whole core. The
nuclear cross sections were based on the ENDF/B IV library. The neutron

exposure was calculated for each trepan, example Fig.12. Measurements of
the Mn-54 activity on chips taken from several trepans /19/ were also used to
determine the absolute neutron exposure. Even after a decay time of about

9 years, the agreement between transport calculation and measurement was
within : 15%. However, the recent calculation leads to much lower neutron
exposure than reported earlier /20/ which is due to more advanced computer
codes and especially to the more accurate modelling of the 3 D geometry by the

application of large computer capacity.
i Charpy impact tests with trepan material show a very pronounced drop in

upper shelf energy (USE) and shift in transition temperature for the transverse
specimens (T-L), example Fig.13. Longitudinal specimens (L-T) are less
sensitive to neutron irradiation, Fig. 14. The low sensitiveness in upper
shelf reduction was already indicated by the surveillance specimens irradiated

to about 1 19 cm' /19/. The fluence level of the surveillance specimensI9

has to be reevaluated according to the present state of the art. Changes in

fluence as great as those found in the case of the vessel wall compared with
earlier results are not to be expected in this case since the evaluation of the

specimens is supported by dosimetry measurements. Compared with specimens
of the surveillance program exposed only to temperature but not to neutron
irradiation, these longitudinal specimens show a behavior very similar to the

8 ~

10 cm see Fig. 14.
- trepan material at the low fluence level of about 2,4 -

..-- . . . . . . . , .
_ _ _
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The'iower part of the two Charpy curves is almost identical. This implies that-

part of the material change is caused by temperature effects only. From the
compilation of Charpy results in layers through the thickness of the wal the
near surface quenching effect on transition temperature becomes obvious,
Fig.15 and 16. It is extended over the first 10 mm on both sides and is especially
pronounced for the transition temperature of the transverse specimens. The
upper shelf energy for archive material is uniform through the thickness and
doer not exhibit any quenching effects, Fig.17 and 18.

The compilation of results shows the gradient of material degradation by
neutron irradiation affecting transition temperature and upper shelf energy
of both directions (T-L and L-T), Fig.15 through 18.

The change in toughness of the transverse (T-L) specimens, Fig.17, is
significant even at the generally low fluence level. However, the longitudinal
specimens (L-T), Fig.18, are insensitive and become even tougher at the

18 -

outer surface where the fluence is in the range of 1 10 cm which can

be attributed to a kind of annealing effect at irradiation temperature and likely
insufficient heat treatment of the original material. The USE measured at the
outside of the vessel, Fig.17, gives no indication that the archive material
was not correctly identified.

The projection of the change of properties into the trend curves of Reg. Guide
1.99 Rev.1 /6/ shows that on the basis of the chemical composition (Cu and F)
and the calculated local fluence the material behavior cannot be predicted

conservatively, neither with respect to the transition shift nor to the drop in
upper shelf, Fig.19 and 20. More recently proposed trend curves (Reg. Guide 1.99

Rev. 2) /8/ which take Cu and Ni into account for the evaluation of shift of
transition temperature caused by neutron irradiation are in the same way non-

10conservative; however, at a fluence below 1 10 cm' both trend curves

converge. The prediction of upper shelf drop acc. to Rev. 2 remains unaffected

|
because it is still based on the isolated influence of copper.

An important issue is the attenuation of irradiation damage through the wall,
^

Fig. 21. Relative to the inner surface (ferrite / cladding interface) transition

| temperature the attenuation through the wall is covered conservatively by the
Reg. Guide curves Rev. 1 and proposed Rev. 2 when the local fluence is used

| to determine the shift at any depth. Extremely conservative is the equation

.

1
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proposed in Rev. 2 which assumes a very flat gradient through the wall. This is
not in accordance with the measurements obtained from the trepans.

Several questions about material behavior under service conditions in comparison
with trend curves or irradiation experiments in test reactors have been raised,
since results of irradiation in the United States at MEA /21/ and United Kingdom

'

at AERE-Harwell /17/ indicate less sensitiveness of the archive material (identical
chemical composition) even at a neutron exposure three times as high as the

trepans, Fig. 22. The continuation of the research work including fracture
mechanics testing, metallurgical investigations and annealing studies will give
more insight in the prevailing mechanisms and responsible parameters.

With respect to the validation of surveillance results it is necessary that
transverse specimens from trepans with the high degradation are directly
compared with surveillance specimens. Since only longitudinal specimens were
used in the surveillance program of KP.B-A, the feasibility of reconstitution of

specimens using EB weld technique v,as checked. From pieces of the archive
material as small as 10 x 10 x 10 mra3 Charpy compound specimen were produced.

The temperature measurement ir. the specimen center was below irradiation

temperature so that annealing of irradiation damage can be excluded. Obviously
the residual stresses do not affect the Charpy results inadmissibly as can be seen

from the energy / temperature curve in comparision with conventionel Charpy

specimens, Fig. 23.

Validation of Fracture Mechanics Concepts under Extreme Loading Situation

The most complex loading situation in a component is acting during pressurized
thermal shock. The stress field results from internal pressure and temperature

gradients. A large program was started some years ago and is now being
completed in which advanced computational methods are used to describe the
time dependent stress / strain field in a component-like large specimen under PTS
conditions. The fracture mechanics analysis is performed on the basis of K, and
J /22, 23/. For the verification of the calculation tests were performed applying
PTS conditions to thick-walled ho!!ow cylinders (ID = 400 mm, OD = 800 mm,

length = 1100 mm, circumferential crack), Fig. 24.

A major issue of the experimental investigations was the use of materials with
different toughness levels to cover a wide range of materials representingI

.

m--
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' optimized RPV steels (NKS I and 2), minimum requirements (NKS 3) and lower
bound state according to possible end-of-life degradation including worst case
consideration (NKS 4), Fig. 25. Tremendous efforts had to be undertaken .

to provide these materials matching in both upper shelf Charpy energy and
transition temperature. This could only be achieved by combination of selected
chemical composition, melting and forging procedure and heat treatment,

in addition to the internal pressure a tension load of up to 100 MN was applied

to generate a stress field similar to the real component. During the cool-down
phase, as shown for. example in the Temperature / Time curve Fig. 26, starting
at 300*C (inner surface) the internal pressure and the axial load remained
constant. The J-Integral of the specimen was computed on-line during the test
based upon the instantaneous test conditions (temperature, pressure, tension

load) / 24/ . ;

1

IFor the assessment of crack extension in the PTS experiment it is assumed
Ithat the crack extension characteristics of CT specimens can be applied to the

component as well, Fig. 27. This indeed is the case because of the fact that
the constraint calculated for the CT-Specimen used to determine the JR-curve

is almost identical with the constraint in the PTS test specimen. The crack

l extension derived from this comparison is in good agreement with the crack
extension determined by ultrasonic testing and fractographical investigation,i

example Fig. 28. This confirms the reliability of the J calculation of the component
and the fracture mechanics concept. The NKS 4 test with an upper shelf energy

of about 70 J is presently being evaluated. Other tests will concentrate on a

very low upper shelf energy of about 40 J.:

, On the basis of a validated fracture mechanics concept the safety of a reactor

pressure vessel can be assessed quantitatively also for PTS as demonstrated|
|

in a parametric study for the nuclear power plant Obrigheim in Germany /25/.

l During a PTS transient the maximum load occurs when the temperature of the
material at the crack tip is still elevated, i.e. in the upper shelf regime of the

Charpy energy / temperature curve, if crack initiation takes place, it will be
by a duct,ile mechanism causing crack tip blunting and subsequent stable crack
extension depending on the applied energy (J-integral). After reaching maximum

;

I stress intensity or J-integral, respectively, the transient load decreases and
the crack tip region is not forced to respond with plastic deformation under

! tension anymore. Therefore decreasing temperature in combination with decreasing
|
|

|
,

. - ._ _ . . -
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stress intensity cannot cause the specimen to fait even when the load path is'

intercepting the K failure curve or failure band, respectively /26, 27/. In
ic

simulation tests using 50 mm thick CT specimens with 20% side groves, specimens
were overstressed in the ductile regime (starting point) and then subjected to
different load paths during cool-do.wn including constant load (1), partial (2),
total (3) and steady (4) unloading as indicated in Fig. 29 /27/. When the load

scatter band of the material (determined acc. topath intercepted the K ic
ASTM E 399) in none of the cases did failure occur. Only when the specimens
were reloaded at low temperature, for which brittle failure has to be expected,

did the specimens fall out then only at significantly higher load than that
applicable to those specimens which had not been overstressed in the upper
shelf regime. Failure of the specimens basically occurred at a level above the

scatter band. The so-called "warm prestress effect"upper bound of the K ic
is explained by means of a strip yield model which describes the plastic zone
at the crack tip and the resulting rei,idual compression forces when unloaded.

Supplementary to the validation of the J concept, even for superimposed
mechanical and thermal stresses, credit can be taken from the "warm prestress
effect" in the safety analysis. This model has been adopted in the safety
assessment of the Stade RPV /27/. In addition to the provision of the fracture
mechanics assessment, the injection of cooling water into the hot leg during

':3 ,an important measure to mitigate the PTS situation in the RPiECC t
which has been realized according to requirements of the German Reacto-

Safety Commission (RSK) .

In-Service Crack Growth

in a safety case assessment a postulated crack in the RPV is assumed penetrating
into the cladding at the vessel inner surface so that water has access to the
ferritic material. In combination with cyclic loading, temperature, neutron and

,

Y- irradiation changes in the materials as well as the flaw state have to be
considered according to different mechanisms in consequence of the postulated

crack, Fig. 30. The simultaneous action of these different parameters can only
be studied in the real environment of a power reactor.

Within the German FKS R & D program an experiment was initiated by the MPA

and performed in cooperation with CKSS and the Versuchsatomkraftwerk Kahl
(VAK) as reported earlier /28, 29/. Compact tension specimens (CT 40 mm) were

._ _ .__ .
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' loaded cyclically (1 cycle per minute) in an open loop in the VAK power reactor
(BWR water chemistry with about 0,4 ppm oxygen) and the crack advancement ,

determined by measuring the crack opening displacement of each specimen.
-

Preliminary evaluation of the measurements by CKSS give no indication of

synergistic effects due to the combination of all acting operating parameters.
Final results will be reported shortly /30/.

Conclusion

Ongoing R & D programs in the Federal Republic of Germany are focussed on
the validation of the existing concepts for stress-strain calculation (computer
codes), determination of reliable fracture mechanics material properties, the
time-dependent material state as it degrades by operational parameters, and
validation of non-destructive examination. Challenging trials in this context
are the investigations directed to pressurized thermal shock (PTS) and
especially to the investigation of trepans removed from a commercial reactor
pressure vessel with respect to Code verification.

The main results of the research work in the Federal Republic of Germany

up to now including evaluation of internatioral programs can be summarized

as follows

- J integral and an assessment of crack initiation J; (which differs
from the ASTM procedure) is a reliable tool to evaluate onset of
crack extension in complex geometries and loading situations even
for the combination of mechanical and thermal stresses as acting

during PTS

- The amount of stable crack extension depends on the Charpy-V

notch upper shelf energy (USE), the existing constraint and the
severity of the transient.

For deep cracks (21/4 T) the growing crack does not penetrate
through the wall even for low USE materials and severe transients.
This is due to the gradient of temperature and the resulting stress
decreasing in thickness direction, in case of shallow cracks, which
can initiate in a brittle mode, further investigations are under
consideration with respect to crack arrest and PTS behavior.

'

.
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- Investigations of trepans from the Gundremmingen reactor pressure

vessel in combination with extensive neutron field calculation in-
dicate a strong conservatism of the Code (US NRC Reg. Guide 1.99
proposed Rev. 2) presently in preparation with respect to attenuation
of material degradation through the thickness of the vessel wall.

- The material of the Gundremmingen vessel exhibits directionality
effects in the initial state and differences in sensitivity against
neutron irradiation depending on specimen orientation relative
to the main working direction of the forging. Transverse specimens
are more sensitive with respect to both upper shelf drop and
transition temperature shift. The material degradation of these
transverse specimens could not be predicted conservatively by the
existing trend curves of the Code.

- The irradiation response of the Gundremmingen reactor pressure
vessel material during operation is not in accordance with recently
obtained results from irradiation experiments performed with the
corresponding archive material in test reactors. The experiments
recently performed in the USA and UK show less degradation than

a specimens taken from the vessel wall. Reasons might be attributed
to the neutron flux level which is about 100 times higher in
the test reactor than at the RPV wall and differences in neutron
energy distribution.

In the Federal Republic of Germany a safety strategy has been developed on
a theoretical and experimental basis including plant specific surveillance
programs for monitoring material degradation through irradiation. In combi-

- nation with operational changes, e.g. reduction of DLT fluence and mitigation
of PTS by hot leg water injection, irradiation embrittlement is not considered
an aspect that requires restictions for the LWR plants.

.

S
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Yleld Ultimate Elongation Reductton of
.

- Strength Strength Area

2A) Zoy ou
MPa MPa % %

i

i axial
1)

| ortentatton 460 620 35 60

T
*

Ctrcumferenttal
1) 475 625 40 70ortentatIon

,

j (main working direction)

| L

II acc. to vessel axis
i

'

2) 5,74 nm, 1/d = 2,212,7 nm, dI ==
g g

.

I

.

Table 2: Tensile properties at room temperature
of archive material CEB-1, acc. to MEA
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' Chemical Composition (Wt - %)

base materials weld material
20 NIMcCr 36

Archive Trepan G sample from vessel

material head flange

GEB 1-1-
-

C 0'.23 0.22 0.05-

S1 0.23 0.22 0.17

Mn 0.71 0.71 1.45

P 0.013 0.013 0.009

S 0.012 0.012 0,005

Cr 0.38 0.38 0.10

Mo 0.65 0.62 0.51

N1 0.75 0.75 0.25

Cu 0.16 0.16 0.28

.

|

Table 1: Chemical composition of trepan and archive material 20 NiMoCr 36

similar to A 508 Cl 2
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1 INTRODUCTION, ,

To determine neutron exposure of several trepans taken from the

pressure vessel of the nuclear power plant Gundremmingen Block A
(KRB-A) a three-dimensional neutron spectrum analysis is performed
by IKE (Institut fur Kernenergetik und Energiesysteme, University
Stuttgart). The work, funded by US-NRC, is part of the KRB-A pro-
gram analysing through vessel wall embrittlement of a real reactor

vessel at the end of operation.

The Boiling Water Reactor KRB-A has a nominal thermal power of
'

801 MW (250 MW electrical). The reactor was put in operation in

November 1966 and, until the last shutdown on January 13th, 1977,
generated a total of about 16 TWh of electrical power, with an

average availability of 75 %.

After decomissioning, 15 trepans have been taken at different axial

and azimuthal positions within the 90 to 135 degree octant of the

reactor. The axial and azimuthal positions of the trepans named

A,B,C,0,E,F,G,K,L,M,N,P,Q,R,T can be nen in Figure 1 4. J 2. To get

accurate assessments of the absolute magnitude of the interested

exposure parameters such as fast fluence (E> 1.0 Mev), fluence

(E > 0.1 MeV) or dpa (displacements per atom in iron) the thrse-

dimensional flux distribution has to be calculated using the 00T4.2

/1/ code. This code solves the Boltzmann transport equation in

two-dimensional geometry using the discrete ordinates method. Com-

bining the results of a (R,0)-and (RZ)-model of the reactor the
"

neutron spectrum is defined with sufficient accuracy /2/. To per-

form the transport calculations on an absolute scale a complete
'

analysis of the reactor power-time history and of the three-dimen-

sional burnup di st ribution s a t' start and end of each of the reactor

cycles has been performed.

!

|
t This report describes the method used, summarizes important in-

| put data and gives the .esults of fast fluence (E > 1.0 MeV,*

!

|
E > 0.1 Mev), displacements per atom in iron (dpa) and total and

thermal (E < 0.414 eV) fluences for all trepans.

1

-

- - _ _
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The real attenuation within the vessel wall is discussed in context, ,

with fonmjlae proposed in Regulatory Guide 1.99 Revision 1 and 2.

To confirm the results of the transport calculations calculated and
measured Mn-54 activities of the trepans have been comparea. Addi-

tionally dosimetry results from surveillance capsule 128 have been
analysed. Since a surveillance capsule is not modeled in the trans-
port calculation this comparison can only be a rough estimate. A
detailed analysis of the capsule perturbation effects should fol-

.
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, .

2 METH00 OF ANALYSIS AND INPUT DATA

21 30-Reactor Physics Calculation

In the analysis of the neutron environment outside the reactor core

the three-dimensional flux distribution has been calculated with
the help of a flux synthesis for each energy group G of the form

0 0 (R,Z)4 (R,0,Z) 4 (R,0) F= -

0 ef(R,Z) / 60 (R)F (R,Z)- =

where

4 (R,0,Z) neutron fluence at point R,Z,0 for energy....

group G

4 (R,0) solution of (R,0)-calculation....

4 (R,Z) solution of (R,Z)-calculation....

6 (R) solution of one-dimensional axial infinite....

(R)-calculation

( 6 and 6 have been calculated with the 00T4.2 /1/ code apply-,

ing $/ appr ximati n. In the (R,0)-model shown in Figure 2 the8 3

neutron source is calculated from axial averaged burnup distribu-

tions. In the (R,Z)-model axial variation.of the burnup as well as-

moderator density is taken into account. In the (R,Z) analysis the

reactor core is treated as an equivalent volume cylinder with,

'

137,4 cm radius (Fig. 2). To obtain the relative axial variation

F0(R,Z) the radial-axial neutron flux distribution 6 (R,Z) must be

devided by the one-dimensional axial-infinite solution 6 (R).

The perturbation of the neutron field by surveillance capsules is

not taken into account. Neutron fluxes have been stored at appro-

|

3

t
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priate R-boundaries for detailed surveillance capsule analysis in, ,

the future.

2.2 Material Data

Specific material data for KRB-A are given in Table 1. The atomic
compositions of material zones modeled in the transport calculetion

are summarized in Table 2. For the water zones in the downcomer and
Ireflector in front of the trepans a temperature of 279 'C was

assumed. The inlet temperature into the rtactor core is 265,6 'C.

For the homogenized core zone data in Table 2, saturated water with

285,8 'C has been assumed. These core data are only used in the
(R,0)- calculations. In the (R,Z)-model 16 core zones with axial

increasing void content have been tak.en into account.

2.3 Determination of the Neut*on Source

The whole time-power history as well as burnup distributions per

fuel element at start and end of each cycle are available for the

KRB-A reactor. On the basis of these data total neutron source den-
'ities have been calculated taking into account burnup dependent.

energy and number of neutrons per fission. Since the burnup tables

are only available per fuel elements, the shape of the power di-

stribution within the outer fuel elements has been determined by

means of theoretical curves. The calculated source densities have
been transformed finally to the (R,0) space mesh (shown in .

Figure 1) conserving number of neutrons.

.

For the (R,Z)-transport calculations, the axial-radial dependent

source densities have been obtained from axial burnuo given at
,

12 axial modes of the fuel elements around the 120 degree Theta

direction. An energy spectrum for thermal fission of U235 (Watt-

type, ENOF/BV) has been assumed for the whole core. Only few Pluto-

nium fuel elements situated at inner positions have been used

during the whole reactor operation time.

<

'

4
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2.4 Cross-section Data Used. .,

For the two-dimensional transport calculation a special library
with 35 neutron energy groups has been generated. Energy boundaries
are given in Table 3. Group cross-section weighting has been per-

formed with fine group spectra calculated for KRB-A in one-dimen*
sional geometry.

The fine group library is based on ENOF/B IV data /3/ and has beenI

compared with the VITAMIN /C /4/ library giving equivalent results
/2/.

.

With this procedure higher accuracy can be achieved compared to the
use of more general libraries like CASK /5/ or SAILOR /6/. The
SAILOR library is specially designed for large Light Water power
reactors of the 1000 MW -class. Nevertheless, differences should,)

be small if correct treatment of the resonance region especially in
iron and temperature corrected thermal cross-section are quaran-
teed.

.,

G

1
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3 RESULTS OF TRANSPORT CALCULATIONS

Using the flux synthesis method described in Chapter 2 the neutron
spectra is defined at each space mesh point of our KRS-A-model.

18The maximum fluence value at the OT vessel position is 5,96=10
neutrons /cm8 near the axial midplane of KRB/A at Z = 130 cm and 90
degree Theta direction.

'.

The azimuthal variation of the fluence (E> 1 MeV) is within
55 percent of the maximum fluence value as it can be seen in Fi- -

gure 3.

The axial shape function as a ratio of the two-dimensional (R,Z)-
and the one-dimensional (R)-calculation is shown in Figure 4.

The neutron energy spectra in 35 energy group structure defined in
Table 3 are given at the OT, 1/4 T, 1/2 T, 3/4 T and 1 T positions
of the pressure vessel in Tables 4 to 7. Each table represents one

Theta direction (see Figure 2). The values must still be multiplied
with appropriate axial form factors from Figure 4 to get absolute
values for each trepan.

3.1 Trecan Fluences E > 1 MeV and E > 0.1 MeV

The axial variation of the fast fluences E> 1 and E > 0.1 MeV; -

within the cylindrical trepans, which is equivalent to attenuation

of the fast neutrons through vessel wall, is shown in Figures 5 to .

8. Each figure compares the fluences of trepans of the same axial,

'
level in the vessel. Z and 0 coordinated can be found in Figures 1

1

and 2. The radial variation of neutron exposure within one trepan
(radius 5.35 cm) can be neglected.=

From the curves a maximum E> 1 MeV fluence value of about
18

4.3 x 10 neutrons /cm' can be seen at the inner vessel surface.
E > 0.1 MeV fluence at that location is a factor of two higher. For
the attenuation through the vessel one gets a fluence ratio of

6

4

__ _ .. . . . - _ , , - - - --,r - - - - - - - - - - -



I

about 5.6 for E> 1 MeV and 2.5 for E > 0.1 MeV. The ratio of the, ,

two exposure quantities within the vessel is plotted in Figure 9.

In all figures the curves start at 180 cm radius to give first

estimates also for the surveillance position nearest to the vessel

(capsules 126, 127, 128 and 129). I

:

3.2 Displacements per Atom in fron*

t

To calculate total displacements per atom in iron the ASTM E693

cross-section has been used. The 35 energy group values are listed

in Table 8.

The resulting dpa exoosure values for the fifteen trepans are shown

in Figures 10 to 13. The increase of the dpa to E > 1 MeV fluence

ratio within the vessel is demonstrated in Figure 14.

3.3 total and Thermal Fluences

Finally the total and thermal (E < 0.414 e v) fluences have been

calculated and plotted for all trepans in Figures 15 - 18. The

thermal fluence fall off very strongly in the iron vessel down to a
17minimum of about 10 neutron /cm'. After 1/2 7 depth it rises again *

! due to the hig8 thermal flux level in the concrete shield. The ;

ratios of total to thermal and thermal to E > 1 MeV fluence are
,

given in Figures 19 and 20.

.

3.4 Comoarison of through Vessel Wall A t t e n u a t i o ,n,.
,

The attenuation of the different neutron exposure quantities within

the pressure vessel together with the material property changes is

| of primary interest in the KRB/A trepan investigation, in Figure 21

; tne fluence E> 1 MeV and E > 0.1 MeV and opa are compared with two
i

pure exponential functions proposed in U.S. NRC Regulatory Guide
I1.99, Revision 1 and 2.

7
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The Rev. 1 curve. .

f exp(-0.33f = x)-
surface ,

where x is the wall depth in inches fits well the E> 1 MeV fluence-

curve. The 'dpa equivalent' attenuation formula with an-exponent

factor 0.24 proposed in Revision 2 seems to be too conservative for

the small KRB/A reactor with only a 5 in thick vessel wall.

'
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4 COMPARISON OF CALCULATED AND MEASURED ACTIVITIES

4.1 Mn-54 Activity of Trepans

Two independent measurements of the Manganese-54 activity one on
1st May 1984, the other on 22nd January 1986 have been made by KfA
Julich /7/. The measured activities of drillings taken from trepan

A (1984) and trepan A, D, G, L. P (1986) are listed in Table 9
'

together with their radial position in the vessel measured from the

vessel- clad interface.
.

The calculated specific activity A is determined using the rela-

tionship

n -A T -At
E P,(1-e *)(e *),A = A,, .

m=1

where

P,= fractional power for the operating period m,

decay constant for the activation product [d' ]A =

-3A= 2,218 x 10 for Mn-54,

T,= number of operating days for period m,

t, = decay time after operating period m in days.

The saturated activity A is determined by the macroscopic
3

' Fe-54(n p)Mn-54 reaction cross-section and by the neutron flux

spectra at appropriate space mesh intervalls.
.

|

| Table 10 summarizes parameters for 14 operation time periods. For

the activity calculations monthly averaged data have been used.

Considering the high statistical errors especially for the second

measurement the agreement between calculated and measured

activities is reasonably well.
,

,

9



4.2 Surveillance Capsule 120 DosiQetry Results
, ,

1

|

In the KRB-A surveillance program ten capsules have been irradiated j

at various locations within the vessel which can be seen in Fi- 1

gure 22. For the trepan investigation capsule 128 is the most ade-

quate for comparison with the theoretical analysis. These capsule

installed at an azimuthal position 0 = 140' and a radius R 183 cm=

at the-core midp;ane was irradiated during the whole time of reac-

tor operation. The dimensions of the capsule which has the form of

a basket are 5/8 x 6 7/8 x 10 1/8 in. For dosimetry purpose iron, *

nickel and copper wires have been irradiated together with the

samples. The activation monitors as well as the Mn-54 activity of

the material samples have been measured independently from two

laboratories /8/. The measured Co-60 from the Cu-63(n,a)-reaction

and Mn-54-activities from Fe-54(n.p) are summarized in Table 11.

The cross-sections for Cu-63(n,a) and Mn-54(n,p) are given in

| Table 8.

|

Since the surveillance capsule is not modeled in the transport

calculation caution should be exercised in comparing the measured

and calculated activities which have been summarized also in

Table 11. Nevertheless, one can assume that the capsule perturba-

tion effect should rather improve the C/E-values.

There are plans for a detailed analysis of the perturbation effect

together with a reevaluation of all the other capsules.

.

i
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Table 1: Material data, ,

Zone Shield thickness Density Comment

[cm] [g/cm']

core

reflector 20.1 *) 0.753 water

barrel 2.54 7.86 ASTM-A240,

Typ 304

X5CrNi189

downcomer 25.36 0.753 water

clading 0.8 7.8

vessel 12.7 7.86 20NiMoCr26

reactor cavity 21.1

liner O.3 7.85 St34

concrete 129.7

.

.

*) equivalent core radius is 137.4 cm

12
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Table 3: 35 group energy structure

Nr NrEnergy boundaries Energy boundaries

1 10.000 14.917 MeV 18 183.16 301.97 kev- -

'

2 8.187 10.000 MeV 19 111.09 183.16 kev- -

8.187 MeV 20 52.475 - 111.09 kev3 6.703 -

4 6.065 6.703 MeV - 21 31.829 52.475 kev'- -

5 4.966 6.065 MeV 22 26.050 31.829 kev- -

6 3.679 4.966 MeV 23 24.788 26.050 kev- -

7 3.011 3.679 MeV 24 15.034 24.788 kev- -

8 2.466 3.011 MeV 25 5.531 15.034 kev- -

9 2.346 2.466 MeV 26 1.585 5.531 kev- -

10 2.231 2.346 MeV 27 0.454 1.585 Kev- -

11 1.653 2.231 MeV 28 101.3 454.0 eV- -

12 1.353 1.653 MeV 29 37.267 - 101.3 eV-

13 1.003 1.353 MeV 30 10.677 - 37.267 eV-

14 0.748 1.003 MeV 31 5.044 - 10.677 eV-

15 550.23 747.74 kev 32 1.855 5.044 eV- -

16 368.83 550.23 kev 33 0.625 1.855 eV -- -

17 301.97 368.83 kev 34 0.414 0.625 eV- -

-535 10 g,434 ,y,

i

|

i
|

14

. _ _ _



_ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ .__

. , , .

. .

Table 4: Calculated neutron spectra [n/cm'] in KRB-A vessel,
(R,9)-model, 0 = 111.4*

Energy OT 1/4 T 1/2 T 3/4 T 1 T

Group '

1 2.41768E+16 1.43527E+16 8 38085E+15 4.88476E+15 3.08149E+152 5.62619E+16 3.30369E+16 1.89338E+16 1.08325E+16 6.78702Et15t
3 1 10246E+17 6.32407E+16 3.52255E+16 1.96076E+16 1 21180E+164 9.92484E+16 5.58647E+16 3.04234E+16 1.65725Et16 1.01098E+165 2.10192E+17 1.15203E+17 6.16436E+16 3.31748F+16 2.03497F+166 3.3928?E+17 1 86751E+17 1.00426E+17 7.iS103E+16 3.40013E+16

-

7 2.17273E+17 1.28243E+17 7.30518E+16 4 .15 4 3 P.E + 16 2.64497E+168 3 10179E+17 1.96755E+17 1.16720E+17 6.82597E+16 4.36974E+169 1.00749E+17 6.62852E+16 4.02394E+16 2.39138F+16 1.53463E+1610 9.8975?E+16 4.87723E+16 4.3220GE+16 2.62453E+16 1.66785E+1611 4.90015E+17 3.76694F+17 2.54545Ef17 1 61530E+17 1.0173BE+1712 3.37462E+17 2.78920E+17 1.98786E+17 1 31830E+17 8.70057E+1613 5.06696E+17 4.80317E+17 3.82142E+17 2.74386F+17 1.86695E+1714 4.90634E+17 4.84540E+17 4 08514E+17 3.16911E+17 2.42286E+1715 6 14426E+17 6.96054E+17 6.37209E+17 5.18860E+17 3 87985E+1716 5.30812E+17 5.74140E+17 5.18347E+17 4.17060E+17 3.10754E+1717 3.22621E+17 3.84789E+17 3.65565E+17 3 05860E+17 2.31745E+1718 5.34131E+17 4 23447E+17 6.11933E+17 5.36628E+17 4.40809E+1719 4.28984E+17 4.70318E+17 4.50478E+17 4.01038E+17 3.43745E+1720 4.35521Et17 5.03736E+17 4.89237E+17 4.34632E+17 3.64917E+17
21 2. 0708 9E i l 7 1.89201E+17 1.75132E+17 1.59594F+17 1.52231F+1722 5.24154E+16 0.16577F+16 1.85767F+16 1.72208E+16 3.05688F+161.' 3 6.^5682E+16 7.34628E+16 6.87382E+16 6.17854E+16 5.18504E+1624 2.36961E+17 2.55189F+17 2.50693E+17 2.32096F+17 2.06234E+1725 2.90592E+17 1.87602E+17 1.49569E+17 1.49043E+17 1.89050E+1726 4.11806E+17 3.32365F+17 2.84175E+17 2.59541E+17 2.56399E+1727 3.65412E+17 2.71778E+17 2.27399E+17 2.07795E+17 2.14629E+1728 4.31474E+17 2.86123E+17 2.20362E+17 2.00766E+17 2.18479E+1729 2.99563E+17 2.10059E+17 1.59433E+17 1.39029E+17 1.39693E+1730 3.60056E+17 2.43072E+17 1.79262E+17 1.52125E+17 1.54803E+17

-

31 2.09619E+17 1.35310E+17 9.74863E+16 8.14947E+16 8.39453E+1632 2.64431E+17 1.53175E+17 1.02667E+17 8.70480F+16 9.72583E+1633 2.57275E+17 1.21847E+17 7.26021E+16 6.34031E+16 8.47533E+16
.

34 8.77455E+16 3.47868E+16 1.88619E+16 1.70732E+16 2.67774F+16| 35 5.22009E+18 7.53018E+17 1.19058E+17 1.39774E+17 6.81937E+17

|

|
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Table 5: Calculated neutron spectra (n/cm'] in KR8-A vessel,
(R,0)-model, 0= 117.1'

Energy OT 1/4 T 1/2 T 3/4 T 1 T
Group

1 2.36707E+16 1.40815E+16 8.23095E+15 4.79855E+15 3.02542E+152 5.48520E+16 3.22704E+16 1.85056E+16 1.03845Ef16 4.62477E+15
3 1.06906E+17 6.14298E+16 3.42243E+16 1 90376E+16 1.17514E+16
4 9.59955E+16 5.41162E+16 2. 9 4 723E F 16 1 60416E+16 9.77419E+155 2.00897E+17 1.10179E+17 5 89474E+16 3.17112E+16 1.94525E+16
6 3.19834E+17 1.75946E+17 9.46263E+16 5.13886E+16 3.21286E+167 2.03027E+17 1.19980E+17 6 83596E+16 3.89528E+16 2.48825E+168 2.88757E+17 1.83485E+17 1.08891E+17 6.37980E+16 4.10184E+169 9.35957E+16 6.16894E+16 3 74725E+16 2 23092E+16 1.43846E+1610 9.18727E+16 4.39470Et16 4.02084E+16 2.44620E+16 1.56146E+1611 4.54114E+17 3.50095E+17 2 36666E+17 1 50590E+17 9.52271E+1612 3.12185E+17 2.59128E+17 1 84670E+17 1.22906E+17 8.14737E+1613 4.68780E+17 4.46233E+17 3.54887E+17 2.55838E+17 1.7484?F+1714 4.54140Ett7 4.50282E+17 3.79398E+17 2.95725E+17 2.27762E+1715 5.69504E+17 6.46951E+17 5 92412E+17 4.84415E+17 3.64518F+1716 4.90700Et17 3.32947E+17 4 82447E+17 3.90040E+17 2.93118E+1717 2.98768E+17 3.57598F+17 3.40482E+17 2.86096E+17 2.184?OE+1718 4.94695E+17 S.79749E+17 3.71276E+17 S.03501E+17 4.17676E+1710 3.97203E+17 4.38216E+17 4 21445E+17 3.77195E+17 3.26383E+1720 4.22293Et17 4.69443E+17 4 58378E+17 4 09507E+17 3.47247E+1721 1 916 4 c.E + 17 1.76295E+17 1 64056E+17 1.50696E+17 1.45323E+1722 4.84653Et16 2.01694E+16 1 73796E+16 1.62832E+16 2.92685Et1623 6 18905E+16 6 85764E+16 6 44557E+16 5.82216E+16 4.91177E+1624 2.20444E+17 2.38R57E+17 2.35320E+17 2.19253E+17 1.96238E+1725 2.68652E+17 1.74728E+17 1 39740E+17 1.41503E+17 1.81366E+1726 3.80192E+.17 3.0906?E+17 2 65292E+17 2.46254E+17 2.45670E+1727 3.36519E+17 2.52413E+17 2 11779E+17 1.97544E+17 2.05758E+1728 3.93783E+17 2.63767E+17 2.04795E+17 1.90945E+17 2.09452E+1729 2.73164E+17 1.93594E+17 1 47948E+17 1.3224SE+17 1.33857E+17 -

30 3.29815E+17 2.25203E+17 1.66299E+17 1.44647E+17 1.48321E+1731 1.92475E+17 1 25523E+17 8 99631E+16 7.75309E+16 8.07077E+1632 2.43331E+17 1.11187E+17 9.56125E+16 8.27251E+16 9.3500SE+1633 2.35886E+17 1.12130E+17 6 76681E+16 6.03733E+16 8.00635E+16
.

34 8.02721Et16 3.19043E+16 1.76278E+16 1.62828E+16 2.59090E+1635 4.74429E+18 6.75047E+17 1.09130E+17 1.34128F+17 6 64038E+17
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Table 6: Calculated neutron spectra [n/cm2] in KRB-A vessel,
(R,0)-model, 0= 122.9*

Energy OT 1/4 T 1/2 T 3/4 T 1T
Group

1 2.42230Et16 1.43294E+16 8 32906E+15 4 83026E+15 3.03044E+15( 2 5.67713E+16 3.32187E+16 1.89454E+16 1 07790E+16 6.71087E+15
3 1.12256E+17 6.41765E+16 3.555/4E+16 1.96690E+16 1.20609E+164 1.01272Et17 5.68311E+16 3.07877E+16 1 66663E+16 1.00807F+165 2.15998E+17 1.18085E+17 6.28431E+16 3 35988E+16 2.03929E+16

.

6 3.51515E+17 1.92838E+17 1.03091E+17 5.55D80F+16 3.41928Et167 2.25836E+17 1.32640E+17 7.50143E+16 4 23596E+16 2.65740E+168 3.24350E+17 2.04565E+17 1.20360F+17 6.97978E+16 4.39844E+169 1.05598E+17 6.90249E+16 4.15484E+16 2.44788E+16 1.54637E+1610 1.03667E+17 7.15373E+16 4.45785F+16 2 68471F+16 1 68137F+1611 5.10980E+17 3.89984E+17 2.61281E+17 1.64633E+17 1.02285E+1712 3.50862E+17 2.88036E+17 2.03538F+17 1.34056E+17 8 71063E+1613 5.23348Et17 4.92793E+17 3.88574E+17 2.77476E+17 1 86354E+1714 5.04994E+17 4.94943E+17 4 1298?E+17 3.18244E+17 ?.39844E+17
15 6.27697E+17 7.04879E+17 6.39571E+17 3.17785E+17 3.83078E+1716 5.41596E+17 5.82153F+17 5.20763F+17 4 15875F+17 3 05464Ef1717 3.27256Et17 3.8759+E+17 3.65266E+17 3.03693E+17 2.27718E+17
18 5.41082E+17 6.26676t+17 6 09370E+17 5.30210E+17 4 30786/+1719 4.34528E+17 4.70988E+17 4.46683E+17 3.94683E+17 3 34919E+1720 4.63619E+17 5.03736E+17 4 84887E+17 4.26832E+17 3 55015E+17
21 2.12428E+17 1.90464E+17 1.74064E+17 1.56484E+17 1 47530E+1722 5.40266E+16 2.17967E+16 1.84842E+16 1.68771E+16 2 95047E+1623 6.73913E+16 7.34348E+16 6.80493E+16 6.06196E+16 5.04780E+1624 2.38611E+17 2.53440E+17 2.46829E+17 2.26881E+17 2.00247E+1725 2.98328Et17 1.89696E+17 1.48074E+17 1.45315E+17 1.82369E+1726 4.22865E+17 3.36299E417 2.82331E+17 2.54427E+17 2.47687E+17
27 3.77676E+17 2.75923E+17 2.26340E+17 2.03990E+17 2.07215E+17,

; 28 4.48193E+17 2.91072E+17 2 20346E+17 1.97113E+17 2.10790E+1729 3.11801E+17 2.14201E+17 1.59737E+17 1.36895E+17 1.34869E+17,

30 3.76289E+17 2.48405E+17 1 80026E+17 1.50393E+17 1 49480F+17
j 31 2.19234E+17 1.38569E+17 9.76873E+16 8.05767E+16 8.12420E+16
' 32 2.74915E+17 1.56952E+17 1 03925F+17 8.59208E+16 9.40134E+16*

33 2.67688E+17 1.25420E+17 7 35681E+16 4.23211E+16 8.20858E+16
34 9.14943E+16 3.58580C+16 1 91996E+16 1.68168E+16 2.5Y160E+1635 5.48344E+18 7.80187E+17 1 22005E+17 1.37523E+17 6.61608E+17

|

l
|

|

|

|

|
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Table 7: Calculated neutron spectra [n/cm 8] in KRB-A vessel,
(R.0)-model, 0= 128.6'

Energy OT 1/4 T 1/2 T 3/4 T 1 T
Group

1 2.60094E+16 1.54349E+16 8.98264F+15 5.20993E+15 3.26161E+15 ,2 6.14715E+16 3.60861E+16 2.06053E+16 1.17212E+16 7.27043E+15
3 1.22867E+17 7.04700E+16 3.90824E+16 2.16031E+16 1 31700F + 16
4 1.11182E+17 6 25919E+16 3.39382E+16 1.83538E+16 1 10261E+16
5 2.40182E+17 1.31543F+17 6.99714E+16 3.73183E+16 2.24126E+16
6 3.97460Et17 2 17951E+17 1.16255E+17 6.23655E+16 3.77914E+16
7 2.57876E+17 1 50841E+17 8.49759E+16 4.76864E+16 2.93841E+16
8 3.72461E+17 2 34065E+17 1.37107E+17 7.89549E+16 4.88031E+169 1.21632E+17 7 91851E+16 4.74387E+16 2.77496E+16 1.71903E+1610 1.19468E+17 8 20756E+16 5.08985E+16 2.04375E+16 1.87183E+1611 5.89280E+17 4 46634E417 2.975SBE+17 1.R6140E+17 1.13645E+1712 4.04996E+17 3.29852C+17 2.31626E+17 1.51264Et17 9.63023E+1613 6.00347E+17 5.61680E+17 4.40037E+17 3.11573E+17 2.05513E+1714 5.77234E+17 5.61735E+17 4.65030E+17 3.54430E+17 2.61216E+1715 7.12568E+17 7.93542E+17 7.14360F+17 5.77563E+17 4.16083E+1716 6.16042E+17 6.56884E+17 5.81038E+17 4.58541E+17 3.28678E+1717 3 69653E+17 4.3370?E+17 4.05080E+17 3.33172E+17 2.45142E+1718 6.10524E+17 6 99216E+17 6.71003E+17 5.76503E+17 4.57692E+1719 4 88261E+17 5 22693E+17 4.89171E+17 4.26080Et17 3.53333E+17l 20 5.21583E+17 3.58087E+17 5.28193E+17 4.58890E+17 3.71748E+1721 2.40392E+17 2.12034F+17 1.89853F+17 1.67459E+17 1 52770E+1722 6 15953E+16 2.42650E+16 2.02189E+16 1.80640E+16 3.02675E+1623 7 53943E+16 8.10866F+16 7.40847F+16 6.50146E+16 5.33418E+1624 2.65270E+17 2.77153E+17 2.66094E+17 2.41527Et17 2.09386E+1725 3.39467E+17 0.11623E+17 1.61776E+17 1.5363BE+17 1 86751E+1726 4.81343E+17 3.75272E+17 3.09267E+17 2.69837E+17 2.54744E+1727 4.30504E+17 3.08756E+17 2.48601E+17 2.16045E+17 2.12945E+1728 5.13032E+17 3.26946E+17 2.41684E+17 2.08622E+17 2.15920E+1729 3.57026E+17 2.40701E+17 1.75719E+17 1.45114E+17 1.38605E+17 *

30 4.28737E+17 2.79586E+17 1.98750Ef17 1.59941E+17 1.53428E+1731 2.51229E+17 1.55983E+17 1.08242E+17 8.56882E+16 8 32569E+1632 3.14983E+17 1. 7 7 6 67;E + 17 1.14737E+17 9.14001E+16 9 59391E+16 *

33 3.07335E+17 1.42819E+17 8.14279F+16 6.63271F+16 8.34136E+1634 1.05167E+17 4.09181E+16 2.12340E+16 1.77864E+16 2.62928E+1635 6.39590E+18 9.03400E+17,1.40627E+17 1.43300E+17 6.65654F+17

18
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Table 8: dpa, Fe-54(n.p) and Cu-63(n,a) cross-sections (barn]

Energy dpa Fe-54(n.p) Cu-63(n,a)

Group

1 0.2457Ef04 0.4626E+00 0.5206E-01
'

2 0.2195E+04 0.4771E+00 0 3499E-01
3 0.2025E+04 0.4728Et00 0.1429E-01
4 0.1910E+04 0.4669E+00 0.7690E-02
5 0.1785E+04 0.4263E+00 0.3108E-02.

6 0.1588E+04 0.3107E+00 0.56?OE-03
7 0.1369E+04 0.1985E+00 0.4137E-04
8 0.1273E+04 0.1073E+00 0.5129E-05
9 0.1159E+04 0.5623E-01 0.8647E-06

10 0.1041E+04 0.4575E-01 0.6338E-06
11 0.9229E+03 0.1956E-01 0.1236E-06
12 0.8085E+03 0.2815E-02 0.0000E+00
13 0.5591E+03 0.4977E-03 0.0000E+00
14 0.4366E+03 0.3308E-04 0.0000E+00
15 0.3283E+03 0.5158E-06 0.0000E+00
16 0.3758E+03 0.2073E-07 0.0000E+00
17 0.2112E+03 0.1273E-07 0.0000E+00
18 0.1975E+03 0.9138E-08 0.0000E+00
19 0.1422E+03 0.5528E-08 0.0000E+00
20 0 1097E+03 0.3027E-08 0.0000E+00
21 0.7174E+02 0.1588E-08 0.0000E+00
22 0.2839E+03 0.1101E-08 0.0000E+00
23 0.2929E+02 0.9659E-09 0.0000E+00
24 0.7096E+01 0.7486E-09 0.0000E+00
25 0.1738E+02 0.3659E-09 0.0000E+00
26 0.4702E+01 0.1210E-09 0.0000E+00
27 0.1749E+01 0.3464E-10 0.0000E+00
28 0.1207E+00 0.8983E-11 0.0000E+00
29 0.2223E+00 0.2452E-11 0.0000E+00-

30 0.3903E+00 0.8194E-12 0.0000E+00
31 0.6349E+00 0.2916E-12 0.0000E+00
32 0.9846E+00 0.1249F-12 0.0000E+00.

33 0.1653E+01 0.4455E-13 0.0000E+00
34 0.2406E+01 0.1988E-13 0.0000E+00
35 0.4033E+0* 0.9450E-14 0.0000E+00

i
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Table 9: Comparison of measured and calculated Mn 54 activities
of trepans

Trepan Date of Distance Spec. activity (Bq/g) C/E
measurement [cm] from

vessel-
clad in- measured calcu-
terface lated

A 1.5.1984 0.30 2035 2586.2 1.27

A 22.1.1986 0.65 568.8128.8% 578.4 1.02

D ' O.55 403.2136.3% 493.6 1.22

G ' O.80 405.3136.0% 437.8 1.08

L ' O.80 440.2 41,1 % 470.6 1.07

P ' O.60 429.1 36.5 % 406.8 0.95

.

.

!

I

i
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Table 10: Parameters used for activity calculation, ,

*IOperation period T* t Fractional*
t power

1 15.11.66-15.07.67 242 6132 0.403
,

2 15.09.67-15.01.68 123 5948 0.826
| 3 15,02.68-15.05.68 90 5827 0.859

4 01.06.68-30.09.68 122 5689 0.506

5 25.11.68-31.05.69 188 5447 0.559

6 25.08.69-31.05.70 280 5082 0.969

7 27.07.70-15.06.71 324 4702 0.986

8 15.07.71-30.04.72 290 4383 0.987

9 01.07.72-05.05.73 309 4013 0.988

10 15.06.73-15.10.73 123 3850 0.974

11 15.11.73-04.05.74 171 3649 0.962

12 15.06.74-11.05.75 331 3277 0.971

13 15.06.75-07.05.76 327 2915 0.955,

14 02.10.76-13.01.77 104 2664 0.952
.

*) for date of measurement 1st May, 1984
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Table 11: Comparison with dosimetry results from surveillance. . .

Capsule 128

Date of Spec. activity [Bq/g] C/Emeasure-
ment measured calculated

Co-60 in 1. 1.82 ') 81 400 95 056 1.168
copper wire '

(Cu-63(n,a)) 22.12.81 8) 88 800 95 336 1.074

Mn-54 in 1. 1.82 5) 15 540 25 534 1.643
fron wire

(Fe-54(n a)) 22.12.81 2) 24 420 26 162 1.071

Mn-54 in

material 1. 1.82 ') 22 500 25 534 1.135
sampel

8) measurement performed by Bundesgesundheitsamt, Institut fur "

Strahlenhygiene, 0-8042 Neuherberr

8) measurement performed by KRB-Gundremmingen

l

i
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To determine neutron exposure of several trepans taken from the pressure vessel of the
nuclear power plant Gundremmingen Block A (KRB/A) a three-dimensional neutron spectrum

i analysis has been performed.
| The trepans have been taken at different axial and azimuthal positions within the
' 90 - 135 degree octant of the vessel. To define neutron exposure after a more than ten

years' operation-time a complete analysis of the reactor power-time history and of the
three-dimensional burnup distributions at the begin and the end of each reactor cycle
had to be performed. Neutron exposure parameters such as fast fluence (E > 1.0 and
E > 0.1 MeV) and dpa have been calculated using the DOT 4.2 code.t

j To confirm the results of the transport calculations, calculated and measured Mn-54
activities of the trepans have been compared. Additionally dosimetry results from,

surveillance capsules have been analysed.
The attenuation of neutron exposure within the KRB/A vessel wall is discussed in'

context with the formulas proposed in Regulatory Guide 1.99 Revision 1 and 2.,
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