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INTRODUCTION
H.P. Aider
Head of the Department Nuclear Energy, ad interim
At the beginning of 1988 the Swiss Federal Institute for
Reactor Research (EIR) and the Swiss Institute for Nuclear Research (SIN) were merged to the Paul Scherrer
Institute (PSI). The new institute covers a broad range of
scientific activities: Nuclear and Particle Physics, Life
Sciences, Condensed Matter and Material Sciences, Energy Research and Engineering Sciences.
A principal task of the past year was the preparation
of a report for the Swiss government on the "Targets,
Organization and Medium-Term Planification" for the
new institute. It may be appropriate to quote from this
document since it will strongly influence the direction
and the scope of nuclear energy research in the coming
years.
The working philosophy at PSI is summarized as follows:
"PSI as a national research center concentrates on research tasks of medium- and long-range significance.
Special emphasis shall be placed on teaching and scientific formation".
Concerning energy research in general:

- "PSI shall provide essential elements for a coherent
long-range energy policy of the Confederation".
- "Energy research occupies an important position at
PSI. Approximately 40% of the PSI staff is allocated. Over the planning period equal weight shall
be placed on nuclear energy and non-nuclear energy research".
- "Research projects shall be undertaken in partnerships and with common financing with the energy
sector of the economy".

Finally to the role of nuclear energy:

- "PSI has to make an essential contribution to keep
the nuclear energy option open, as postulated by
Parliament and Government".

"PSI is a center competent in nuclear sciences and
technology. Nuclear energy research carries on the
basic functions of the former EIR, namely research,
development and formation. Focal poults of research are reactor safety, radioactive waste management and development of nuclear technology. For
a possible new start of nuclear energy exploitation
in Switzerland the know-how and the specialists
shall be available. To implement this task attractive research projects are a condition".

• "Over the planning period a reduction of the PSI
means by approximately 15% is foreseen. To preserve the substance certain measures of rationalisation and an increase in support from third parties are
required. In addition, based on the nuclear knowhow, new research topics shall be initialed which
are also of interest for activities outside the nuclear
field".

After these statements on PSI as a whole, energy research in general and nuclear energy in particular now
a few words to the report at hand.
The Annual Report of the institute can only provide
an overview and a few selected highlights of the past
year. Scientific publications on the other hand reach
selected communities through established channels. Between these two extremes a new way had to be found
to communicate scientific progress at PSI in the different fields of activities. The Annual Report therefore is
supplemented by an annex called Progress Report 1988
addressed to research institutes, governmental and international organizations, industry and last but not least to
interested individuals.
The progress report at hand deals with nuclear energy
research at PSI. The collection of articles covers a large
number of topics: Different reactor systems, part of the
fuel cycle, the behaviour of structural materials. Examples of the state of knowledge in different disciplines are
given: Reactor physics, thermal-hydraulics, heat transfer, fracture mechanics, instrumental analysis, mathematical modelling.

1

- The quality of work corresponds to international
standards and in selected areas is in the forefront

The purpose of this collection is to give a fair account
of nuclear energy research at PSI. It should demonstrate
that:

- Nuclear energy research is a central activity also in
the new institute
- The scientific basis for the continuing exploitation
of nucltar power in Switzerland is preserved
- Work has continued not only along established lines
but also new research topics were tackled

- The expertise acquired also finds application in
non-nuclear research tasks.
Should the reader arrive at the conclusion, that SO years
after the discovery of nuclear fission with several hundred reactors now in commercial operation exciting research and development work in the nuclear field is
still going on and needed, then this progress report has
achieved its purpose.
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Abstract

nuclear power, and partly to the high capital costs of
present liquid-metal fast breeder reactor designs.

The light water high conversion reactor (LWHCR), involving the use of PuO2AJO2-fueled tight-lattice cores,
is an extension of standard pressurized water reactor
technology aimed at improved fuel utilization. Experiments have been under way at the Paul Scherrer Institute, addressing the reactor physics and LOCA
thermal-hydraulics behaviour of such systems. With
the PROTEUS-LWHCR Phase H program, employing
LWHCR-representative fuel, a wide range of integral
data is being made available for testing physics design
tools. Reflooding and boil-off experiments using an
LWHCR fuel bundle simulator in the NEPTUN-III facility provide a similar basis for developing theoretical
models for the LOCA thermal-hydraulics. The investigations to date have indicated that a moderator-lo-fuel
ratio somewhat larger than that originally considered desirable, would be advantageous with respect to increased
safety margins.

In this context, a concept that has been receiving increasing attention is the light water high conversion reactor (LWHCR), involving the use of uranium/plutonium
fueled tight-pitch cores in pressurized water reactors
(PWRs) [1]. Several studies have indicated that it should
be possible to introduce PuO2AJO2-fueled systems with
moderator-to-fuel (M/F) volumetric ratios in the 0.5 to
1.0 range without altering existing PWR technology in
any major way. With the high conversion ratio (~ 0.9)
thus achieved, SO to 70 % reductions in fuel consumption would occur, compared to the once-through fuel cycle of present-day PWRs (having M/F ratios ~ 2.0 and
conversion ratios < 0.6). Emphasis is also being placed
on the viewpoint that such systems would provide an
effective mechanism for active storage of plutonium for
use in future breeders. In (he long term, they would
serve as a symbiosis partner for the breeder, enabling
achievement of optimal "mixed" electricity generation
costs.

1

Introduction

1.1 The LWHCR Concept
In spite of their relatively poor fuel utilization, light water reactors (LWRs) continue to dominate the world nuclear energy market. Although it is recognized that the
fast breeder reactor is necessary as a long-term solution
for nuclear fuel supply, its large-scale commercial deployment is not expected for several decades. This is
due partly to the lower projected growth rates for world

1.2 Research and Development Activities
atPSI
The technical feasibility of a given LWHCR core design rests on several key questions related to the reactor
physics and thermal-hydraulics behaviour under normal
and accident conditions. It was recognized as early as in
1980 at PSI (formerly EIR) that the reliability of calculational results, e.g. in the prediction of the void coefficient of reactivity, was totally inadequate in the absence
of an appropriate experimental data base. Parallel to a
theoretical study which considered alternative LWHCR

core designs [2], a series of integral reactor physics experiments - the first of its kind worldwide - was carried
oul in the PROTEUS zero-power facility during 1981-82
13,4], This so-called PROTEUS-LWHCR Phase 1 program aroused a great deal of international interest, and
a wide range of standard LWR methods and data sets
were applied in the analysis [5].

PSI experiments have, in effect, been instrumental in
arriving at a consensus on the reference LWHCR core
design to be pursued further, viz. with a moderator-tofuel ratio somewhat larger than that originally considered
desirable.

There have been, however, several aspects of the completed first phase of experiments in PROTEUS, which
prevent its serving as a sufficiently broad base for testing LWHCR physics design calculations. These include
the two-rod nature of the experimental lattices, the nonrepresentative plutonium enrichment and isotopics, as
also the fact that several important power reactor features could not be investigated in the time available.
With the above in mind, a comprehensive 5-year program of experiments (PROTEUS-LWHCR Phase II) has
been under way since summer 1985. Specially fabricated PuOj/UCK fuel, typical of a homogeneous-design
LWHCR, is being used. The principal investigations
include those for the void coefficient in terms of detailed neutron balance studies, the effects of changes in
moderator-to-fucl ratio (i.e. in lattice pitch), control rod
effectiveness and the influence of core heterogeneities
(hot-spot factors).

2 Reactor Physics Experiments in
PROTEUS

Another key area effecting the technical feasibility of
a given LWHCR core design is the thermal-hydraulics
behaviour in the context of coolability after a LOCA
(loss of coolant accident) event. The theoretical models commonly applied to standard LWRs do not permit
adequately reliable predictions to be made, uncertainties
being particularly large for the reflooding phase. This
follows from the current lack of appropriate experimental results for the tight, hexagonal-geometry fuel bundles
characteristic of LWHCRs. Accordingly, to help fill the
gap, a program of LWHCR-relevant thermal-hydraulics
experiments using an electrically heated 37-rod tightpitch bundle was launched in 1986 in the NEPTUN reflooding test facility at PSI. A wide parameter range
has been covered in a completed first series of bottom
forced-feed experiments simulating cold-leg injection,
and tests have been initiated for investigating the effects
of top and combined injection.
The development and testing of calculational codes and
data sets on the basis of the experimental results being generated for both the reactor physics and LOCA
thermal-hydraulics of LWHCRs is, of course, a parallel
activity. This is being carried out in a joint, co-operative
effort between PSI, Siemens (KWU), the Karlsruhe Nuclear Research Center and several Swiss and German
universities. The identification of shortcomings in the
LWHCR design tools being used by the individual cooperating partners has led to a much lower dispersion in
calculational results, e.g. for the void coefficient. The

Integral neutron physics measurements relevant to
homogenous-design LWHCRs were first carried out during 1981-82 at the PROTEUS zero-power reactor facility, and a new, more comprehensive program of experiments is currently under way. During the Phase I
program, two test lattice configurations with an average fissile-Pu enrichment of 6% (Cores 1 to 3) and 8%
(Cores 4 to 6), respectively, were investigated for three
different H2O-voidage stales, viz. 0%, 42.5% and 100%
void. The moderators used were H2O, Dowlherm (an organic liquid) and air (dry lattice), respectively. Each of
the test lattices was constructed using two different fuel
rod types, viz. 12% fissile-Pu mixed oxide and depleted
UO2, the plutonium in the mixed-oxide corresponding
to that from Magnox reactors.
In the Phase II program, which is currently in progress,
the isotopic composition of the pluiom'um corresponds
to that discharged from LWRs, and the fuel rod diameter is also more LWHCR-representative. The same three
moderator slates have been investigated as in Phase I,
but now in a clean single-rod lattice of 7.5% fissile-Pu
enrichment (Cores 7 to 9). In all the various PROTEUS
test lattices integral reaction rate ratios and other k^related parameters were measured. These measurements
led to the deduction of the clean-lattice kTO void coefficient, <*„ - net as well as in terms of its individual
components « v ; (due to changes in the reaction rate ratios Rj).
In an operating power reactor, however, further effects such as leakage, temperature and the presence of control
absorbers and/or fission products - influence the reactivity response on moderator voidage significantly. While
the applicability of a zero-power critical facility for the
investigation of such effects is naturally limited in certain respects, a special series of measurements has recently been carried out to provide an experimental basis
for one of these, viz. the effect on <*„ of the presence of
control absorbers in the core. This study involved the
consideration of test zones (again moderated with H 2 O,
Dowtherm and air, Cores 10 to 12) in which every 37"1
PuO2/UO2 fuel pin was substituted by a natural-B4C rod
of identical geometry.

An important aspect of the Phase II measurements has
been the improvement of experimental accuracies in the
neutron balance investigations. In this context, new experimental techniques have been developed and applied
- mainly for the determination of k^, but also in extending the earlier range of measured reaction rates. The
following sections describe the experimental procedures,
particularly those which have been newly developed,
and presents comparisons of calculational and experimental results for the clean (Cores 7 to 9) and B 4 Cpoisoncd (Cores 10 to 12) Phase II reference lattices
with H-jO, Dowthcrm and air. Two independent calculational routes have been applied in the various analyses,
viz. the U.K. lattice code, WIMS-D, and the German
cell codes, KARBUS (for clean lattices) and K.APER4
(for poisoned Cores).

2.1

The PROTEUS-LWHCR
Cores

Phase

II

The PROTEUS reactor (Fig.l) is a coupled system, in
which a central test zone is driven critical by thermal
driver zones. A natural uranium metal buffer, located
between the lest and driver regions, largely reduces the
effects of the mismatch between the thermal driver spectrum and the intermediate or fast spectrum in the lest
zone. Details of the reactor, as well as the LWHCR
test zone configurations and experimental results of the
Phase I program, are given in [3] and [4].

of these were replaced by natural-B4C rods of identical geometry. The rods are arranged hexagonally with
a pilch of 10.7 mm, resulting in a moderalor-io-fuel
volumetric ratio of 0.5 for the reference lattice. LWRdischarged plutonium was used in the fuel rod fabrication, the plutonium isoiopic composition being ~ 1 %
238
Pu, 64% 239Pu, 23% 240 Pu, 8% 541Pu and 4% 212 Pu.
The 7.5% fissile-Pu enrichment of the mixed oxide thus
corresponded to about 10.5% lotal-Pu.
As 'n Phase I the plulonium-containing part of ihc test
zone extends axially over 84 cm which, together with the
lop and bottom blanket regions of depleted UO;, results
in a total test-zone height of 140 cm. The LWHCR test
lattice is located in a cylindrical steel tank, containing
grid plates at appropriate levels in the axial direction.
Segmented steel rods are used for filling the outermost
radial positions of the grid plates, so that the quantity
of 'extra' moderator at the outer edge of the test zone is
minimized.

Inix<'<l uxiile rnrl
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TEST LATTICE
UO2 BLANKET
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Fig.2: Pattern of natural-B4C absorber rods in the poisoned test zones of PROTEUS-LWHCR Phase II ^ores
10 to 12

Fig. 1: Vertical cross-sectional view of the PROTEUS
reactor

The central test zone in the Phase II program has a diameter of 50 cm. In the clean experiments it consisted
of about 1900 fuel rods (d=8.46 mm), canned in steel
tubes of 9.57 mm o.d., while in the poisoned case 55

Fig. 2 indicates how a "quasi-homogeneous" poisoning
was achieved in Cores 10 to 12 with ihe lest zone effectively divided into small hexagonal subassemblies, each
containing an absorber rod in the center. The choice of
a 37-rod subassembly along with natural B4C as the absorber was dictated by several considerations, e.g. that
the kjo values for the moderated lattices were expected
lo be close to 1.0 (as in an operating power reactor) and
that B4C is a control material of primary interest for
LWHCR applications [6].

2.2

Experimental Techniques and Analysis

2.2.1 Reaction Rates
The measurement of core-center reaction rate ratios provides a valuable check on individual components of the
neutron balance in the test lattice. Experimental results,
corresponding to two different HUO-voidagc states, can
be combined to yield diagnostic information regarding
the reliability of void coefficient predictions. The reaction rales measured in the clean PROTEUS-LWHCR
Cores 7 to 9 (HoO-moderaled, dry and Dowthermmodcrated, respectively) were captures in 238 U (Cs)
and iVi Pu ( A ) , and fissions in 'i;i5U (F 5 ), 238 U (F 8 ),
-'^Pu (Fs) and 241 Pu (fi). Together these accounted
for 67% to 86% of calculated neutron absorptions in
the three different cases. Experimental evidence for the
non-measurable reaction rales was obtained indirectly
through the k ra measurements.
Central fission rates were measured using a demountable parallel-plate fission chamber, containing absolutely
calibrated fissile deposits and intercalibrated fissile foils
[7]. The chamber was located in a cavity near the core
center. By comparing the fission-product 7-activily of
foils irradiated in the fission chamber and in fuel rods at
the core center, count rates obtained from the calibrated
chamber could be converted to absolute fission rales in
the fuel.
C's was measured by activating 23SU foils in the fuel
rods and counting the 278 keV 7-activity of the activation product 239 Np. For the capture reaction in 242Pu
- an important reaction for the build-up of higher aclinides during burnup - 242Pu deposited as a layer of
0.2 mg/cm2 thickness on 0.1 mm-thick Al was used.
The deposits were simultaneously irradiated between
fuel pellets at the core center and in a demountable fission chamber in the PROTEUS thermal column. The
84 keV 7-ray peak of 243Pu was assayed, and the corecenter C2 value was obtained via the known 242 Pu thermal capture cross-section [7].
Experimental errors on the standard types of reaction
rate ratios measured in Cores 7 to 9 were between ±1.5
and ±2.0% (lir), as compared to ±2.0 to ±3.0% in
the Phase I experiments. For F\ and C 2 , as measured
with the specially developed techniques in Phase II, the
errors were larger than for the standard reaction rates,
viz. typically ±3%.
The calculated correction factors for converting corecenter reaction rate ratios in PROTEUS to the corresponding fundamental mode values [3,4] were significantly smaller in Phase n, due to the larger test zone
diameter. The effects of the outer reactor regions were

typically less than 1% for all configurations.

2.2.2

Multiplication Factor kcc

The experiments in clean lattices have been aimed at the
determination of the reaction rate balance from activation measurements, supplemented by the measurement
of radial and axial bucklings for the evaluation of t M .
koo is defined here as the ratio of neutron productions to
neutron absorptions in the fundamental mode spectrum.
From k^ and the measured reaction rate ratios integral
results pertaining to the non-measurable reaction rates
can be deduced.
For a verification of the k^ measurements via bucklings,
which for dry lattices is particularly difficult to apply
due to the larger perturbations of the test zone by the
outer reactor regions, an independent method (cell worth
method) for the determination of the related quantity,
ifc+, the ratio of importance-weighted neutron production
to removal, was developed.
After a thorough comparison of the two methods in the
clean lattices the cell-worth method was also applied
in the poisoned configurations, where the experimental
program was limited to the determination of the kx values for the 37-rod "supercells" (see Fig. 2). This - in
conjunction with the k M results for the clean lattices enabled an evaluation of the reactivity effect of the control absorber under normal operating conditions, as well
as of the influence on the oid coefficient for full and
partial voidage.
Buckling Method
The approach developed for the wet lattices in the
PROTEUS-LWHCR Phase I program was applied to the
clean Phase II Cores 7 to 9, as well as the moderated
poisoned Cores 10 and 12. k ^ was deduced from measurements of material buckling fljj, and calculated values for the migration area M 2 :

(1)
By measuring axial and radial reaction rate traverses
across the test zone, the corresponding components of
the material buckling can be obtained. For the axial traverses, miniature fission chambers were used, whereas
the radial traverses were measured by foil activation.
In both cases the traverses were measured through the
central pan of the test zone, in which the fundamental mode specdum is expected to be nearly established.
The measured reaction rate distributions were fitted to
cosine and Bessel functions, so that the axial (a;n) and

radial (/3;n) components of the material buckling could
be determined after applying appropriate corrections [6],
giving

(2)
With the material buckling B^ thus experimentally deduced, calculated values of the migration area in the
respective lattices were obtained from appropriate cell
calculations. An error of less than ±5% was estimated
for the calculated A/2-value in each case.

In order to make possible the removal of complete lattice cells over a given height at the core center, the
fuel pins used in this region were divided into two axial
sections. By raising the upper section a space without
fuel was created at the core center. In a dry lattice this
corresponded directly to removing one or more lattice
cells. In the moderated lattices hexagonal thin-walled
boxes, made of glass fibre and epoxy resin, were made
to occupy the space created (Fig.3).

The migration area was about a factor of 4 greater in the
case of the dry cores. A given absolute error in Bj, thus
results in a correspondingly greater k M error for the dry
lattice. This, of course, is an important consideration
which weakens the applicability of the buckling method
to dry cores.
Cell Reactivity Method
The cell worth technique (PCTR-method [8]) was formerly applied in graphite-moderated and fast reactor lattices. It is based on the argument that, for a lattice with
neutron productions equal to neutron absorptions, i.e.
with koo=l, a unit cell can be removed from the center
without changing the reactivity of the assembly. If there
is a finite reactivity change pc connected with such a removal, it can be used as a measure of the deviation of
k M from unity.

Several methods exist for the normalization of such reactivity measurements. We have adopted the normalization
used by Redman and Brctschcr [9] in their experiments
for the determination of the 236U capture-to-fission ratio
in fast reactors. The reactivity worth p, of neutrons from
the spontaneous fission of 252Cf is measured at several
power levels. In addition the fission rate Rj at each
power level is determined by foil activation. With the
known value of the source strength S of the calibrated
252
Cf source the ratio of measurable quantities becomes

(3)

i/ (the average number of neutrons emitted per fission),
<t>+xfi)>+ (the ratio of importance of fission neutrons
generated in the fuel to the importance of 252Cf source
neutrons) and the relation between k+ and k^, (which
differ in the weighting functions used in their definition)
need to be deduced from calculations, the latter two ratios being close to unity.

Fig. 3: Photograph showing the insertion of a "void
box" into the H 2 O moderated PROTEUS-LWHCR lest
zone

Only relative measurements of reactivity are needed with
the currently developed method. These were carried out
by determining the insertion depth of a wedge-shaped
servo-rod required for compensating a given reactivity
change. For obtaining adequate accuracy in the measurements all changes were made v ithout shutdown of
the reactor.
Fission rates were determined by ictivation measurements (cf. Section 2.2.1). The sm.ll contribution to

Table 1: Principal Quantities Measured in the it + Experiments in the Water-Moderated Lattices

Con; 12
poisoned

Core 7
clean
Measured Data:
Pc (r/cm3)
P, (rf)
source strength (1/s)
fission rate (l/(fcm 3 s))

1.34
1.48 109
6.87 106
23.8- io- 3

0.07
± 3%
± 3%
± 2%

0.034
5.73 108
5.2010 6
9.1S10- 3

± 0.020
± 3%
± 3%
db 5%

Note:
All uncertainties are Iff. r and f are measures of reactivity and neutron flux in units based on the
PROTEUS instrumentation. The absolute values cancel in the determination of k+.

Rj of fissions in 240 Pu and 243Pii which are not separately measured, wa :•-•- ' <-.-- . filiations. In the
poisoned lattices oniy the c " ; ' • :«u, of 239 Pu was measured, and the total fission rate was deduced from calculated fission rate ratios.
In the dry clean lattice the normalization via 252 Cf neutron worth and fission rate was compared with an independent procedure involving the measurement of reactivity worths and absolute capture and fission rates of
small reference samples. These experiments provided a
useful confirmation of the 252Cf-method in dry lattices.
In moderated lattices the reference-sample normalization
procedure was not easily applicable because of difficulties arising in its interpretation.
For illustration of the k+ measurement technique via
252
Cf normalization, Table 1 gives the experimental values and accuracies of the various individual quantities
measured in the clean and poisoned water-moderated lattices. The resulting lcr error for k^ itself is between 0.5
and 0.8% for the various PROTEUS-LWHCR Phase II
lattices investigated and analysed to date (Cores 7 to 12).

2.3

Experimental Results and Comparison
with Calculations

2.3.1 Cell Codes and Nuclear Data Tested
Whereas the clean lattice experiments have been analysed using a variety of codes and cross-section libraries
U0],[l 1], only two complete sets of calculational results
are available to date for the poisoned lattices [12]. The
following discussion of calculau'on-lo-experiment (C/E)
values relates mainly to results obtained using those
two codes which have been employed throughout the

Phase II experimental period, viz. W1MS-D wilh its
'1981' data library [13,14] and the German code system
KARBUS with its associated 69-group library based on
KEDAFM data [15].

The WIMS-D code, though in principle applicable to a
wide range of reactor types and neutron energy spectra, has been applied and validated mainly for uraniumfueled thermal reactors. While the cell calculational procedures in WIMS-D have remained largely unchanged
over the years, successive data library adjustments have
been made for the principal nuclides - the 1981 library
representing a recent set of changes. WIMS-D calculations for the PROTEUS-LWHCR Phase I experiments
were originally reported based on the older 'standard'
dala library [3], and [4]includes a discussion of the effects on the results of changing over to the 1981 library.
It should be mentioned that data for 238 Pu, 2 4 2 Pu, 2 4 1 Am
and Mo currently used in the WIMS-D calculations were
generated separately from ENDF/B-IV files at PSI.
KARBUS contains special calculational procedures to
deal with some of the LWHCR-specific features which
cannot be satisfactory treated by standard thermal and
fast reactor codes. Thus, while containing methods for
adequate treatment of an operating LWHCR wilh emphasis on the resolved resonance region, KARBUS also
permits a more accurate calculation for the fully voided
core for which fast reactor methods would normally be
required.
The dala base chosen for the current KARBUS analysis
of the PROTEUS-LWHCR experiments was a 69-group
cross-section set with energy boundaries corresponding to that of the WIMS library. Microscopic crosssections and shielding factors contained in this data set,
069COLD, were directly derived from the Karlsruhe

Table 2: Calculation/Experiment (C/E) Values for k«, and Reaction Rale Ratios Measured in Cores 7 to 12

Moderator

H2O

Cs/F9
Fi/Fa
Fs/F9

0.982
1.030
0.995
1.054
1.729

Fi/Fs
C.JFg
kco

1.012

kM

1.018

WIMS-D, 1981
Dowlherm
Single Rod
0.970
1.019
0.998
1.065
1.650

Air
H2O
LatLice, 7.5% Pu,i,,
1.007
1.036
1.026
1.024
1.012
1.013
1.152
1.008
0.962
1.552

KARBUS"1, KEDAK-*
Dowihcrm
Air

1.035
1.037
0.986
B,,C-Poisoned Lattice"1, 7.5% Pujis,
1.037

1.046

1.001

1.052
1.037
1.021
0.990
1.487

1.082
1.047
1.006
0.967
1.138

0.991

0.984

1.006

1.002

°' KAPER4 results prescnled for the poisoned latlices instead of KARBUS

daia file KEDAK-4.
Analysis of the natural-B.,C poisoned lattices requires
special calculational procedures to treat the absorber "supercells" properly. While the WIMS code contains two
options to deal with this (cluster, multicell), the neccessary calculational algorithms have not yet been fully
implemented in KARBUS. Therefore, instead of KARBUS values, results of the German cell code KAPER4
[16] are presented lor Cores 10 to 12, the data library
G69CT005 of which is an updated version of the abovementioned KARBUS data seL
While the WIMS and KARBUS results discussed below represent the state of code development towards the
end of 1985, considerable improvements in calculations
models and/or nuclear data sets have been implemented
since ihen - following the availability of the Phase II
experiments. As an example of these improvements calculational results obtained at PSI, using the AARE code
system with its JEF-1 based cross-section libraries, are
discussed in Section 2.3.4.

2.3.2

and Reaction Rale Ratios

Table 2 gives calculated/experimental (C/E) values for
reaction rate ratios (measured only in the clean lattice
PROTEUS-LWHCR Phase II Cores 7 to 9) and k ^ values for Cores 7 to 12. Bearing in mind the experimenial
errors discussed in Sections 2.2.1 and 2.2.2, the following observations may be made :

For the moderated reference lattices (both clean and
poisoned) the WIMS results for k M are too high,
whereas ihe KARBUS results for ihe clean lattices
appear somewhat low. For the dry Cores, WIMS
k ^ values are markedly overpredicted, while the
KARBUS result for the clean lattice is low by an
amount similar to those for the moderated lattices.
The KAPER4 Y^ values for the poisoned cores,
on the other hand, appear satisfactorily predicted
for all voidagc stales.
i For the standard types of reaction rale ratios measured in the clean lattices, viz. Ca/Fs, F&/Fg and
F5/F9, results are seen to be broadly consistent
with findings of the Phase I program [6]. Thus,
WIMS/1981 predictions appear quite satisfactory
in all Cores, whereas KARBUS overestimates the
measured values significantly in several cases. The
latter observation applies particularly to Cs/F 9 , ihe
most important single reaction rate ratio measured.
Several contradictory trends between Ihe C/E values Ca/Fg and those for k M can be observed with
both WIMS and KARBUS, particularly for the dry
lattices.
• For the additional reaction rates measured in
Cores 7 to 9, viz. F,/F9 and C 2 /F 9 , the C/E
values arc generally much poorer - especially for
C2/F9 in the moderated lattices where both WIMS
and KARBUS overestimate the experimenial results by 50 to 70%. H was realized that this large
discrepancy is mainly Ihe result of the resonance
treatment and energy group structure (common to
both codes in 1985) in which Ihe self-shielding of
the dominant 2.7eV capture resonance is neglected.
When using the new library G69CT005 and an im-

Table 3: The k M Void Coefficient a . and Its Components Between 0 and 100% Void for the Various Types of Test
Uttices Investigated in PROTEUS-LWHCR Phase II (Units: 10-"/%)

Calculation
WIMS-D, 1981 KARBUS, KEDAK-4
Single Rod Lattice, 7.5% Pu / i l a
-22.5
-23.7
-21.5 ± 0 . 9
+6.0
+5.7 ± 0.3
+5.5
+0.5
+0.5
+0.5 ± 0 . 1
-1.5
-0.7
-1.3 ± 0 . 2
+1.9
+1.2 ± 0.1
+2.3
+20.8
+21.6
+19.6 ± 1.3")
Experiment

l*vi[C'&/Fi)
"vi(FA/F<i)

avi(Fs/F<,)
aVi(F\/F*)
avl(C* 1 Fc,)b)
nlt ('others')
Net o«

Net QV

+4.2 ± 0.8
+6.7
B4C-Poisoned Lattice'', 7.5% Pu
+4.7 ± 0.8

+7.5

+4.0
iss

+4.9

"' Difference of experimental net av and sum of measured »„•'!
61
The usual Afi; definition [3] in this deduction was found inadequate, and Eqn. A.3 in [4] was applied
a)
KAPER4 results presented instead of KARBUS

proved resonance treatment methodology, the modified KARBUS results for C2/Fg are quite satisfactory, e.g. a C/E-value of 0.988 is obtained for the
H>O-moderated Core 7.

2.3.3

Void Coefficient

The kco void coefficient between voidage states v\ and
uj % can be considered as 16]:

(4)

Table 3 shows the measured kMvoid coefficient between
0% and 100% void for the clean reference lattice net, as well as in terms of its individual components
- together with the corresponding calculational results.
While in the Phase I lattices [3,4] »„ was confirmed to be
strongly negative for the 6% fissile-Pu case and slightly
negative for the 8% case, the positive experimental »„
value in the clean 7.5% fissile-Pu Phase II lattice would,
at first sight, appear to be contradictory. It is, however,
important to bear in mind that the Phase II fuel differs
from that used in Phase I in several ways other than
just the effective enrichment, viz. its single-rod nature,
the more representative plutonium isotopic composition
with the larger fraction of higher plutonium isotopes and
10

the larger (LWHCR-specific) fuel rod diameter [6].
The most important single effect which causes the k m
void coefficient to be positive in the Phase II reference
lattice is the significantly smaller absolute value of the
important negative component due to d/F9 (cf. values
in [3] and [4]. Also important is the increased positive
contribution of the non-measurable reaction rate ratios
(involving mainly captures in 239 Pu and 240 Pu). The
significant positive contribution of 242 Pu capture, which
was almost negligibly small in the Phase I lattices, is still
another factor - resulting from the more representative
plutonium isotopic composition in Phase II.
As regards comparison of the experimental results
with calculations, KARBUS is seen to yield satisfactory agreement for the net k M void coefficient, while
WIMS/1981 gives too positive a value. Compensating
errors in the individual components, however, are clearly
indicated for both cell codes. This is, of course, consistent with the partly contradictory trends noted earlier for
the C/E values for k ^ and reaction rate ratios (Section
2.3.2).
Table 3 also gives results for the net k ^ void coefficient
in the poisoned reference lattice, thus providing direct
information on the effect of B4C-poisoning on the moderator void coefficient. Here one sees that'
(i) within the experimental accuracies achieved the «„

values between 0 and 100% void are almost the
same in the clean and poisoned lattices
(ii) the reactivity changes associated with 100% moderator voidage are reasonably well predicted for
both types of lattices with the KEDAK.-4 employing codes KARBUS and KAPER4, whereas in
the WIMS calculations o, is significantly overestimated for both lattice types.
Similar considerations to the above can be made for the
kco void coefficient over the partial voidage ranges, 0 to
42.5% and 42.5 to 100% void - by using results from
the Dowtherm-moderated Cores. This is important since
<>„ can have a marked dependence on the voidage range
over which it is considered, making it insufficient to
refer simply to the mean value over 0 to 100% voidage.

2.3.4 Improvements in Calculational Results using
the AARE System
As mentioned earlier the calculational results discussed
in Sections 2.3.2 and 2.3.3 reflect the state of code development towards the end of 1985. With more and
more experimental results from the PROTEUS-LWHCR
Phase II program becoming available to the individual
partners of the Swiss/German agreement on LWHCRrelated R & D activities, considerable improvements in
both calculational algorithms and nuclear data libraries
have been implemented since then. An example of these
efforts has been the development and application at PSl
of the AARE (Advanced Analysis for Reactor Engineering) code system with its JEF-1 (Joint Evaluated File)
based nuclear data libraries [17].
The main methods improvement provided as options
within the AARE system are [18]:
- shielding of resonance cross-sections over the entire
energy range (IR-melhod)
- iteration of a cell-flux weighted fission neutron
spectrum

Table 4: C/E Values for k^, and Reaction Rate Ratios
in the Clean Lattices Obtained using the AARE Code
System
Moderator
Number of Groups
Ca/F9
Fe/F9
F5/F9
F1/F9
C2/Fs

Air
70
308
0.997 1.003
0.975 0.988
1.003 1.003
0.998 1.010
1.246 1.256

0.995

0.995

0.999

0.998

options in use. It is seen that the overall consistency
of the results is much better than was the case with
WIMS/1981 and KARBUS (cf. Table 2). Increasing
the number of energy groups from 70 to 308 and thus,
providing a better description of thermal resonances,
does improve the calculaiional results somewhat, e.g.
for C2/F9 in Core 7. Certain discrepancies - such as
for F5/F9 in Core 7 and C2/Fg in Core 8 - remain,
however, suggesting that the JEF-1 data, though considerably better on the whole than older files, may still
need significant improvements.
A comparison of calculated values for the k M void coefficient between 0 and 100% void, including the previously discussed WIMS/1981 value, is shown in Table 5.
From the two WIMS results, obtained using the 1981
as well as a separate JEF-1 based library generated at
PSl, the influence of the more recent JEF-1 data file is
clearly seen. The av prediction with the AARE system
is found 10 be in excellent agreement with experiment
for the cases of 193 and 308 neutron energy groups.
(The ±0.9 • 10"''/% error should, of course, be borne in
mind). The same accuracy can be achieved with the 70group library when the elastic removal correction is applied. The difference between the two 70-group AARE
Table 5: k,*, Void Coefficient av Between 0 and 100%
Void for the Clean PROTEUS-LWHCR Phase II Test
Lattice (Units lQ- 4 /%)
Library

Number
of
groups

k ^ void
coefficient
av (10-7%)
+4.2 ± 0.9

W1MS-D

1981
JEF-1

69
69

+6.7
+5.7

AARE

JEF-1

- possibility to apply an elastic removal correction
to reduce the effects of using a constant weighting
spectrum in the generation of few-group libraries

Code

- resonance shielding of structural material crosssections
Table 4 presents calculation/experiment values for the
clean H2O-moderated and dry reference lattices (Cores 7
and 8), obtained using AARE with its 70 and 308-group
JEF-1 based libraries and with all the above-mentioned

H, 0
70
308
1.004 1.000
1.008 1.020
1.016 1.037
1.036 1.028
0.953 0.987

Experiment

•7Ario e/.r c
•jnwith

ct.r.c,

193
308

+5.3
+4.2
+4.3
+4.1
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results underlines Ihc necessity of employing this option
when a relatively small number of groups is used in void
coefficient assessments.

2.4

Physics Conclusions

Experimental and calculational results have been presented and discussed for the PROTEUS-LWHCR
Phase II reference lattice (M/F ~ 0.5) with H 2 O,
Dowlherm and air, both for clean test-zone conditions
(Cores 7 to 9) and for B4C,la, -absorber-rod poisoned
configurations (Cores 10 to 12). These new experiments
have been found to be more representative and accurate
than the earlier Phase I series of measurements. This
has resulted from (a) the use of PuQj/UQj fuel rods
specially fabricated to LWHCR specifications and (b)
the development and application of new, improved experimental techniques for kc,5 and reaction rate measurements.
The Phase II experiments are, as such, of greater value
in identifying specific shortcomings in the standard calculational methods/data commonly applied to LWHCR
design. This has been currently discussed in the context of calculational results obtained using the WIMS-D
code with its so-called 1981 library and the KARBUS
system with its KEDAK-4 based data set. Thus, analysis of the koc and reaction rate ratio measurements in
the clean LWHCR test lattices have pointed out the need
for several individual methods, as well as data, improvements in the two code systems. The Phase II measurements in poisoned LWHCR test lattices have provided
a valuable extension of the experimental basis for code
development, with power reactor conditions having been
simulated more closely in certain respects.
The knj void coefficient » „ between 0 and 100% void,
has been found to be positive for both the clean and
poisoned Phase II reference lattices. The absolute values are about the same, i.e. within the experimental
error of about ± 0.810~ 4 /%. While the av predictions with the KEDAK-4-based KARBUS and KAPER4
codes appear satisfactory, WIMS-D/198I overestimates
the coefficients for both clean and poisoned conditions
significantly.
With more and more experimental results being made
available from the PROTEUS-LWHCR Phase II program, a considerable amount of theoretical code development work has been carried out in parallel by the individual partners of the Swiss/German LWHCR research
agreement. The implementation of more sophisticated
calculalional schemes and/or the use of more recently
evaluated nuclear data files has curently been exemplified by the improved calculations accuracies achieved
at PSI with the AARE code system and its JEF-1 based
data libraries.
12

Besides providing a broad experimental data base for the
development and validation of calculational tools, results
from the PROTEUS-LWHCR Phase II experiments (especially in the context of the void coefficient investigations) have been instrumental in redefining the reference
LWHCR core design to be pursued further. Although a
very tight lattice - even with a positive koo void coefficient, as investigated in PROTEUS-LWHCR Cores 7 to
12 - may still be technically feasible, it has been agreed
that a core design with an M/F-value somewhat larger
than that originally considered desirable, should be the
first development step.
The experiments currently in progress in the PROTEUSLWHCR Phase II program are accordingly for a widerspaced lest lattice with an M/F-ralio of — 1.0. Neutron
balance investigations (k ro and reaction rate ratio measurements) are being carried out - once again with H 2 O,
Dowlherm and air (Cores 13 to 15). An LWHCR design aspect which is being given much greater emphasis
in the course of these experiments is the investigation
of core heterogeneities, e.g. the measurement of reaction rate distributions in the vicinity of control rods
and/or moderator-filled guide tubes [19]. This should
broaden the experimental data base for the qualification
of LWHCR design tools beyond the level of just cell
codes, providing checks on the accuracy of calculated
power distributions and hot-spot factors.

LOCA Thermal-Hydraulics Experiments in NEPTUN
Apart from the reactor physics another key area effecting
safety, and hence technical feasibility, is the thermalhydraulics behaviour of an LWHCR. This is particularly true with regard to the question of coolability of
an LWHCR core after a LOCA (loss of coolant accident) event. The existing thermal-hydraulics calculational models and data base do not permit adequately
reliable predictions to be made, uncertainties being particularly large for the reflooding phase. This follows
from the current lack of appropriate experimental results
for the tight, hexagonal-geometry fuel bundles characteristic of LWHCRs.
The NEPTUN reflooding test facility at the Paul Scherrer Institute (PSI) was modified during 1985 to enable
a program of LWHCR-relevant experiments to be conducted using an electrically heated, 37-rod tight-pitch
bundle. The following sections, in addition to describing the test facility and the experimental procedures being employed, presents some results from the bottom
forced feed reflooding tests as also some boil-off experiments that were carried out to provide supplementary
information.

Comparisons of the experimental results have been made
with RELAP5/MOD2 calculations, and these illustrate
the need for developing some LWHCR-spcdfic models
and correlations for an adequate treatment of reflooding phenomena in tight lattices. This should be pursued
as part of the general effort for improving the predicting capabilities of current-day thermal-hydraulics codes
which, in many cases, cannot predict key parameters of
separate effect reflooding tests even in standard-L WR
geometries.

3.1

3.1.2 Main Test Loop
This consists of the test section, the exhaust steam line
and the liquid carryover tank.
Fig. 4 shows a horizontal cross-section of the NEPTUNIII test section, which consists of 37 electrically heated rods and a low heat-capacity housing in hexagonal
geometry. There are five spacer grids, equally spaced,
the axial positions of which are indicated in the vertical
sectional view of Fig. 5.

Description of the NEPTUN-III Facility

The NEPTUN test facility was originally designed and
constructed for studying reflooding heat transfer and
two-phase flow behaviour in simulated standard-PWRgeomelry fuel bundles [20]. The facility can also be used
for carrying out low pressure boil-off experiments. Because of the different thermal behaviour of the electrical
rod simulators and actual fuel rods, the NEPTUN results
cannot be directly applied to a power reactor core. However, it is only on the basis of such tests - conducted
over a broad enough range of experimental parameters that the calculation^ tools necessary for treating reflooding phenomena can be developed and validated.
The standard-PWR-geometry test section in NEPTUN
was replaced during 1985 by an LWHCR-representative,
hexagonal-geometry test section [21]. A description of
the principal parts of the modified test facility, NEPTUN-III, as well as the main measurement systems, is
given in the following.
3.1.1

Fig. 4: Horizontal cross-section of the NEPTUN-m test
section, showing the thermocouple positions

General

Table 6 lists the general characteristics of the NEPTUN
test facility. There are three principal parts of the facility, viz. the main test loop (Section 3.1.2), the coolant
water loop and the auxiliary systems. The coolant water
loop performs two essential functions: the treatment of
coolant water so that it is sufficiently pure for use in the
test section and the conditioning of this water ID meet the desired initial conditions.
Table 6: General Characteristics of the NEPTUN-in
Test Facility
Maximum bundle power
Maximum coolant flow rate
Maximum flooding velocity
System pressure
Max. cladding temperature

132 kW
0.65 kg/s
40 cm/s
1 to 5 bar
900 °C

iiuirr

Fig. 5: Vertical sectional view of the NEPTUN-III lest
bundle, showing the spacers and the various measurement levels
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Each heater rod is instrumented with eight, inconel
sheathed, chromel-alumel thermocouples. The thermocouples are placed at a depth of 0.47 mm from the heater
rod surface. The azimuthal and axial positions of the
thermocouples which are connected to the data acquisition system are indicated in Figs. 4 and 5, respectively.

Cross sectional
8.4 diam

The power supply for each of the heater rods contains
a current measuring, precision resistance. Current and
voltage information is fed into the data acquisition system to yield the rod power, the bundle power being
deduced from the measurements for three representative
rods. Although it is possible to simulate a radial power
distribution across the bundle, as well as a given decay
heat curve, the experiments to date have been conducted
with equal and constant power values for each rod.

Fig. 6: Horizontal cross-section of the NEPTUN heater
rod

The heater rod outer diameter is 10.72 mm and the pitch
is 12.12 mm, giving a pitch-to-diameter ratio of 1.131
and an LWHCR-specific hydraulic diameter of 4.4 mm.
The total length of each rod is 1940 mm, of which
1680 mm are electrically heated with a chopped-cosineshaped power distribution giving an axial peaking factor
of 1.58. This length is quite representative of the reduced core height (relative to standard PWRs) envisaged
for an LWHCR. Table 7 gives the main specifications
and Fig. 6 indicates some constructional details for the
NEPTUN heater rods.

Table 7: Main Specifications for the NEPTUN Electrical Heater Rods
Outer diameter
Heated length
Power distribution
Max. rod power
Average heal flux
Peak heat flux
Peak linear heat rating
Axial peaking factor
14

10.72
1680
Chopped
4.0
7.0
11.0
37.6
1.58

mm

The test section housing is thermally insulated on the
outside. Twenty thermocouples arc located at various azimuthal and axial positions on the outer housing surface
to provide information regarding the finite heat fluxes
to and from the housing. At each of the eight measurement levels 1-8 (Fig. 5), two tubes displaced by 180
degrees are welded onlo the housing and connected with
the lest space through borings of 2 mm diameter. These
lubes are used to measure pressure differences and fluid
temperatures, respectively. The radial position of the
fluid thermocouples, specially designed for fast response
times (tip diameter 0.2 mm), is indicated in Fig. 4.
The two-phase mixture which is expelled from the test
section is separated into steam and water by using a
diverting plate directly above the test section, a large
cross-section gravity separator and a wire mesh separator located before the entrance to the exhaust steam line.
The separated water flows down the carryover tank, the
carryover rate being deduced from a pressure, difference
measurement The steam, after leaving the wire mesh
separator, is superheated and its flow rate determined via
pressure, temperature and turbine flow-meter measurements.
In order to keep the system pressure constant during the
experiments, a pressure regulating unit is also built into
the exhaust steam line. The actual system pressure is
supplied into the regulating unit from the steam/water
separator.
3.1.3 Data Acquisition System

mm
cosine
kW
W/cm'2
W/cm2
W/cm

The data acquisition system consists of an HP-1000
computer, an HP-2250 digital voltmeter and a prescanner with 300 analog input channels. A special control
panel allows each of the available sensors in the test facility to be connected to a given input channel, thereby
providing flexibility in the choice of sensors (up to a total

of 300) effectively employed in a given experiment. The
data acquisition system digitalizes the basic experimental data and writes it onto a magnetic tape. Subsequent
treatment of these data (transformation to physical units,
data reduction, generation of the data base for code assessment, etc.) is carried out on the CDC computer
systems available at PSI.

3.2 Reflooding Experiments
3.2.1 Test Matrix
There have been four main considerations in defining
the test matrix, i.e. the range of test parameters to be
investigated in the NEPTUN-III reflooding experiments:
1. In principle, integral system calculations should be
able to provide information regarding the initial
conditions appropriate for investigating reflooding
phenomena in a power reactor. Such predictions for
an LWHCR using current-day codes, however, are
somewhat uncertain. Thus, while the system pressure, the flooding water subcooiing and the mean
rod power can be specified reliably, this is not the
case for the initial rod temperature. Even less certain are predictions for the flooding velocity.
2. In order to provide direct comparisons of NEPTUN experimental results in LWHCR geometry
with those obtained earlier for standard-LWR geometry, some of the parameter values in the lest
matrix should be identical to values in the LWR
case.
3. The NEPTUN experiments are aimed at the development of appropriate calculational models for
rcflooding phenomena and, as such, are conducted
under forced flooding conditions. A broad enough
variation of experimental parameters is, in any case,
necessary for such model development and validation.
4. Due to the differences between the electrical heater
rods used in NEPTUN and an actual reactor fuel
rod, the experimental results obtained in NEPTUN
cannot be directly applied to a power reactor.
The changing conditions which effect quenchfront propagation during the reflooding phase in
NEPTUN are different from those in an actual core.
This again calls for a wide enough variation of initial parameters in the experimental program.
With the above considerations in view, the general test
matrix shown in Table 8 has been defined for the NEPTUN-III reflooding experiments in LWHCR geometry.

Table 8: General Test Matrix for the NEPTUNMI Reflooding Experiments
Bundle
pressure
Flooding water subcooiing
Flooding
velocity
Mean linear
rod power
Initial rod
temperature

1.0

2.5

4.5

477

4.1

5.0

bar

10

80

°C

10.0

15.0

cm/s

7.1

14.6

W/cm

597

757

°C

A series of bottom flooding experiments covering the
full test matrix (cf. Table 9) has been recently completed. In each case, forced flooding conditions were
applied with the coolant water entering the test section
at the bottom (simulating cold-leg injection) [22]. Some
results of these reflooding tests are discussed in Sections
3.2.2 and 3.2.3.
Modification of the NEPTUN-III facility is currently under way to enable the investigation of top (hot-leg) flooding phenomena. Some combined injection effects will
also be investigated. Thus, for example, a series of measurements is planned simulating stagnant flooding water
in the upper plenum of a reactor during cold-leg injection.
Results from the bottom flooding experiments are presented in the following for the center of the NEPTUNIII test bundle, the experimental data shown having been
obtained from either the central rod or one of the rods
in the innermost ring.

3.2.2 Direct LWHCR and Standard-LWR Geometry Comparison
Fig. 7 presents a comparison - in terms of quench-fronl
location versus time - of the results from two NEPTUN
experiments performed under identical conditions, except that the bundle was of standard-LWR geometry in
one case and of LWHCR geometry in the other. The
rod power (2.45 kW) was determined by the earlier conducted standard-LWR experiment For the LWHCR case
in particular, use of this value is equivalent to carrying
out a hot-channel investigation, since the effective mean
rod power during reflooding in an actual reactor would
be considerably lower, viz. about 1.2 kW.

Due to the different flow areas in the two test sections,
the common value of 10 cm/s for the flooding rate in the
15

Table 9: NEPTUN-III Bottom Reflooding Tests: Test Parameter Values and Corresponding Experiment Numbers

Rod power

[kW]

Pressure

[bar]

Flooding rale

lcm/sl

2.4;i

1.19
1.0

4.1
1.5

10.0 15.0

2.5

4.5

10.0

2.5

4.5

10.0 15.0

6115=

6112

6077 6071 6134 6136 6082 6074 6068

6113

6078 6072 6135 6116 6083 6075 6069 6100 6102 6103 6109 6106 6107

2.5

4.5

5.0
2.5

4.5

10.0

Subcooling 10 °C
Initial

477

Cladding

597

6 1 1 4 " 6110 6073

Temperature [°C| 757

6101

6104

6137 6084 6076 6070

Subcooling 80 °C
Initial

477

Cladding

597

Temperature [°C] 757

6121

6120

6118 6029 6140 6122 6019 6009 6011

6017

6005 6030 6141 6143 6020 6006 6012 6149 6046 6044 6123 6050 6042

6045

6049

6119" 6004 6032 6142 6144 6026 6008 6027

~ Automatic Power Shul-Off due to reaching rod surface temperature limit of 900 °C
~ Termination of the experiment due to a stationary quench-front

3.2-3 Parametric Studies

1

V
y

_^_
Hooding waler lubcoal.
QO'C
Flooding rate
10 cm/*
Iniliiil rod temperttura
737*C
•
LWR jftomelry
p/d=1.33
O UHCR foomatry p/d=l.l3

Fig. 7: Direct comparison of NEPTUN results for
LWHCR and standard-LWR geometries

two experiments corresponds to the mass flow rate being
nearly a factor of 3 lower for the LWHCR bundle. Considering the experimental results which, for the given
conditions, yielded quench times about 3 times longer
for the LWHCR bundle, one may infer that quench times
would be of similar magnitude for the two geometries
for the same value of flooding water mass flow rate (see
also Section 3.2.3).
The maximum temperatures during the reflooding were
only about 30 °C higher in the NEPTUN-LWHCR experiment.
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Parametric studies, and the conclusions drawn from
them, are generally dependent on the actual values of the
parameters investigated. Thus, for example, each type of
parameter can appear to play a dominant role if the general conditions for the experiment (i.e. the parameter set
as a whole) are such that rewetting is just possible. The
range of parameter values investigated needs, therefore,
to be around a realistic set of conditions representative
of a LOCA. As mentioned in Section 3.2.1, such a parameter set is not easy to define at the current stage. The
mean values of the parameters in the NEPTUN-III studies conducted to date do, however, represent a certain
"best choice" based on LWR/LWHCR system considerations. Experimental results are presented here for the
effects of varying initial rod temperature, rod power and
flooding rate - the lest section pressure and coolant water subcooling being kept constant at 4.1 bars and 80 °C,
respectively.
The effect of initial rod temperature, with other parameters kept constant, is shown in Fig. 8. The maximum temperature during the reflooding phase (turnaround temperature) for the three experiments - conducted with 477, 597 and 757 °C initial rod temperature - was 510, 630 and 770 °C, respectively. The
increase in temperature after the start of flooding was
thus, for the given set of conditions, lower for the high-
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The effect of rod power on quench-front propagation is
displayed separately in Fig. 9. The maximum temperatures for these two experiments conducted with 1.19 kW
and 2.45 kW rod power were 630 and 830 °C, respectively. For the higher rod-power case, the temperature
increase was thus about seven times greater than for the
lower rod power. The relative effect of rod power on
quench time was found to be smaller for higher initial
rod temperatures and, again, for higher flooding rates.

Finally, Fig. 10 shows the quench-front propagation
curves for three different flooding rates, with all other
conditions kept constant. In the context of the range
of variation currently considered for each of the parameters (initial rod temperature, rod power and flooding
rate), one may conclude that it is the last-mentioned,
viz. flooding rale, which has the most important influence on quench-front propagation. To bear in mind is
the fact that, in an actual LWHCR core, the gravitydriven flooding rate which occurs at a given point in
time would be determined by integral system considerations and, as such, would vary significantly during the
LOCA transient.
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4.5 c m / i
mperftturo
5B?'C
Rod power 1.19 lcW

3.3 Comparisons with RELAP5/MOD2
Calculations
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Reflooding Experiments

A number of the NEPTUN-LWHCR reflooding experiments described in Section 3.2 were analyzed with the
RELAP5/MOD2/CY36.02 code [23]. This analysis revealed, in general, that RELAP5 is not able to predict
key parameters in these experiments. In particular,

4. 1 bar

ao-c

1. B lcW

Plaodinf r»lo 4.5 o m / i
Flooding rftto 10.0 c m / i '
Flooding r«to lft.0 o m / i

1. The liquid carryover is overpredicted.
2. The cooling rate of the rods is overestimated.
3. The predicted quench temperatures are too low.

Timo [B]

Fig. 10: Effect of flooding rate on quench-front propagation

est initial-rod-temperature case. Inspection of the results
from similar experiments conducted for other parameter
values showed that the relative spread in quench times
as a function of initial rod temperature becomes smaller
(compared to that indicated in Fig. 8) for higher flooding
rates, as well as for higher rod powers.

Although a large effort is being spent for further clarifying and - if possible - eliminating the aforementioned discrepancies (and considerable improvements of
the code have already been reported [24,25]), it is felt
that the currently "frozen" version, RELAP5/MOD2/CY36.02, cannot satisfactorily predict key parameters
in reflooding separate effect tests. Since this is so
even in the case of standard-LWR geometries, it is inevitable that the code will perform more poorly when
one employs it for analyzing reflooding experiments in
LWHCR-geometry bundles.
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Table 10: NEFTUN-LWHCR Boil-Off Tests: Test Parameter
Values and Corresponding Experiment Numbers

3.3.2 Boil-Off Experiments
Low pressure boil-off experiments are a useful tool
for checking some of the thermal-hydraulics phenomena which occur during the reflooding phase, under better defined boundary conditions. Boil-off experiments
performed for the standard-LWR geometry NEPTUN
test bundle were analyzed in the past [25,26] both by
TRAC-BD1/MOD1 and by RELAP5/MOD2/CY36.02.
As a result of this work, it was clearly demonstrated that
both codes overpredict the liquid carryover and, consequently, predict an earlier critical heat flux (CHF) at
different axial elevations than that indicated by the experiments. The reason for this discrepancy was traced
back 10 the interfacial shear correlations for bubbly/slug
flow used in these codes, which result in a loo high inlerfacial shear force per unit volume. These correlations
seem to be appropriate for tubes but not for rod bundles,
as was recently demonstrated by Bestion [27] who developed an interfacial shear correlation for bubbly/slug
flow in bundles. A slightly modified version of this
correlation was implemented in TRAC-BD1/MOD1 [28]
andalsoinRELAP5/MOD2/CY36.02 [24,25]. Analysis
of the slandard-LWR geometry NEPTUN boil-off tests
with these new versions of the codes showed excellent
agreement between measurements and predictions.
The new intcrfacial shear correlation reads [24,25,26]:

(5)
where a is the void fraction, Vg and \) the steam and
liquid velocities respectively, ps the vapour density,
Co = 1.2, DH the hydraulic diameter,
_

1-aCo
1- a

(6)

and a value of 65 was choosen for the constant A'.
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RELAP5/MOD2 calculations were first performed with
the frozen version of the code, and comparisions between measured and predicted results for liquid carryover histories are shown in Fig. 11. As expected, the
standard RELAP5/MOD2/CY36.02 version overpredicts
the amount of water expelled (by approximately 100%)
and, hence, predicts an earlier CHF (by about 50 s).
Also shown on the same figure are predictions obtained
by using RELAP5/MOD2 with the new bubbly/slug interfacial shear correlation (cf. Equation 5; UPD 86). It
can be seen that although, as might be expected, there
is a significant improvement in the predictions, the liquid carryover is still overpredicled and hence, the code
still predicts an earlier CHF. This is in contrast to the
results for the slandard-LWR geometry boil-off tests, in
which excellent agreement was obtained between measurements and predictions.

In view of the above, it was felt that the analysis of
boil-off experiments in LWHCR geometry would provide a valuable check on the applicability of Equation 5
to bundles with much smaller hydraulic diameters than
those represented in the standard-LWR cases considered
to date. Although Equation 5 is explicitly a function of
DH, it was expected that the value of 65 for the constant
A' would change for LWHCR-representative bundles.
Two experiments from the NEPTUN-III boil-off lest matrix (cf. Table 10) were analyzed with the frozen version
of RELAP5/MOD2 and, subsequently, the applicability
of Equation 5 was investigated as discussed below.
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The first boil-off experiment analyzed was performed at
a test section pressure of 4.1 bars, initial water temperature of 100 °C and a bundle power of 44 kW. The
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Fig. 11: NEPTUN-LWHCR boil-off experiment; comparison of measured and calculated test-section entrainment (44 kW bundle power)

Subsequently, the value of the constant A* in Equation 5 was set to 20, and the LWHCR-geometry boil-off
experiment was analyzed again with this new version
(UPD 87). The results are also shown in Fig. 11. There
is now very good agreement between experimental and
calculational results, indicating that for LWHCR lattices,
the bubbly/slug interfacial shear should be set to values
lower than the ones applicable for standard-LWR hydraulic diameters.
The second boil-off experiment analyzed was one performed with a total bundle power of 90 kW, the test
section pressure and the initial water temperature having the same values as earlier. Unfortunately, both new
versions of RELAP5/MOD2 were found to overpredicl
the liquid carryover for this case, indicating that for
small hydraulic diameters there may also be other effects which, under certain conditions, play a dominant
role. In actual fact, it has already been shown by Beslion
[27] that even in standard-LWR rod bundles the classical
notion of bubbly/slug flow is misleading. In LWHCR
lattices with much smaller hydraulic diameters, this will
certainly be the case. For a definite answer to all these
questions, a careful analysis of a number of boil-off experiments is required in conjunction with, if possible,
simple flow visualization experiments.

3.3.3

General Findings

Clearly, satisfactory predictions for low-pressure boiloff experiments do not guarantee an adequate treatment
of reflooding phenomena. They can, however, be construed as a useful first step towards the validation of appropriate, sufficiently comprehensive calculational tools.
Viewed in this more general context, the above discussed RELAP5/MOD2 investigations serve to illustrate
the need for developing some LWHCR-specific models
and correlations for adequate prediction of reflooding in
tight-lattice bundles.

3.4 LOCA Thermal-Hydraulics Conclusions
Experimental results from reflooding and boil-off investigations with an LWHCR-representative, tight-lattice
fuel bundle simulator in the NEPTUN-III test facility
have been presented and discussed. A direct comparison with standard-LWR geometry reflooding experiments has indicated thai, for a common set of experimental parameters, quench times are qualitatively similar in the two cases, if the same flooding water mass
flow rate can be assumed available. Parametric studies for the LWHCR geometry bundle have been carried

out for a range of values of flooding rate, rod power
and initial rod temperature. Rewctting was found to be
possible in each of the cases investigated.
Although experimental results of the type currently discussed cannot be directly applied to a power reactor,
it is only on such an experimental basis that appropriate calculational tools can be developed and tested. In
any case, the correct prediction of separate effect tests
by thermal-hydraulics codes is a necessary requirement
if one is to use them for calculating the power reactor system behaviour satisfactorily. Analysis of some of
the NEPTUN-Ul experiments with RELAP5/MOD2 has
served to illustrate the inadequacies of current-day codes
for predicting key parameters of reflooding separate effect tests in LWHCR geometry. While certain discrepancies appear to be of a similar nature to effects observed
in the analysis of standard-LWR-geometry tests, it has
been shown, in the context of predictions for the boiloff experiments, that some LWHCR-specific models and
correlations need to be developed.
A considerably broader range of reflooding experiments
than carried out to date is planned in the NEPTUNLWHCR program. These will include the investigation
of alternative flooding models (simulating top and combined injection), as well as experiments with a widerspaced test bundle corresponding to the recently redefined LWHCR reference design (see Section 2.4). Together with the complementary investigations being carried out at Karlsruhe [29] in the framework of the
Swiss/German LWHCR research agreement, the full
range of NEPTUN experiments should ultimately provide the detailed data base necessary for the development and validation of appropriate analytical tools for
the LOCA thermal-hydraulics of LWHCR cores.
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Abstract

2 The AARE Modules

The AARE modular code system for physics analysis of
a wide range of reactor systems, including fusion blankets and shielding, is being developed jointly between
PSI and the Los Alamos National Laboratory.

Currently AARE consists of five modules, applied nuclear data, neutronics, material depletion, sensitivity and
a general purpose module. The thermohydraulics module is under preparation. A block diagram is given in
Fig. 1.

In the present work, a general description of the system, its philosophy and capabilities, together with a
brief summary of its modules and data libraries, is
given. The cross-section shielding and reformatting
code, TRAMIX, is described in more detail.

1

Introduction

AARE (Advanced Analysis for Reactor Engineering) is
a modular code system for physics calculations of a
wide range of reactor systems including LWR's, HTR's,
FBR's and fusion blankets. Lattice cell, whole reactor as
well as shielding, activation and transmutation calculations can be performed. The system is being developed
jointly between PSI and the Los Alamos National Laboratory.
It is based on the DANDE (Applied Nuclear Data, Core
Neutronics and Depletion) code system[l] which was
developed primarily for use in the analysis of advanced
Liquid Metal Fast Breeder Reactor (LMFBR) concepts.
The philosophy of AARE is the same as that of DANDE
- namely the use of standard, validated codes, files and
data libraries, linking them and guiding their interaction
with a locally written controller. Data is transferred between the codes using CCCC[2] or CCCC-like files [3].
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3 Applied Nuclear Data Module
The Applied Nuclear Data Module consists of the crosssection shielding, coupling and reformatting program
TRAMIX, a PSI update of the TRANSX-CTR code[4]
and the cross-section shielding cell code MICROX-2[5).
TRAMIX operates on a fine-group library in MATXS
format, generated by the NJOY code system [6], from
the basic ENDF/B nuclear data file. TRAMIX is able
to shield resonance data in the whole energy range
using the intermediate resonance absorption shielding
method, (IR method)[7,8], by calculating energy and
isotope dependent Goldstein-Cohen A factors and energy
dependent Dancoff corrections. Both background crosssections and Dancoff corrections are calculated using the
collision probability method. An extensive tabulation of
the escape and transmission probabilities is used. For
a more accurate interpolation, both are represented by
augments to their rational representation. Slab, spherical, cylindrical, pebble-bed, double heterogeneity grain
and cluster geometries are all included. The method
allows shielding of all zones in the system. Using the
balance equation the average fluxes are determined in all
the regions, inclusive the grains and their coatings. Using the rational expression for the flux, the background
cross-section is determined for each region of the spatial
system.

NUCLEAR DATA

SENSITIVITY

TRAMIX
MICROX-3

PERTV
SENSIBL

NEUTRONICS

GENERAL PURPOSE

ONEDANT
TWODANT
TaiSM
FINELM
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'•

CINDER3
RE AC 2

•

RCEDIT
MAPLUX
MIX
MIXIT

THERMÔHYDRÂÛLÏCS
THERMIX

•
|

Fig. 1: Block Diagram of the AARE System

The density dependent IR method is based on the reconstruction of the effective single-resonance parameters
for each energy group and isotope from the background
cross-section dependent total and absorption multi-group
cross-section tables. Having those resonance parameters, the Goldstein-Cohen method[7,8] is used to calculate the IR-parametcrs.
TRAMIX computes accurately fission spectra from fission matrices, corrects self-scatter and the first outscatter terms of the elastic scattering matrices for differences between actual flux and library weighting flux,
and produces a variety of library formats which can be
used in most transport and diffusion codes. Additionally
the code contains options for adjoint tables, mixtures,
Doppler corrections, group collapsing, cell homogenization, thermal upscatter, prompt or steady-state fission,
transport corrections and flexible response function edits.
IR Method. Each multigroup cross-section library is too
coarse with respect to the resonance structure in many
isotopes, even if it has over 1000 energy groups. Therefore the exact solution of the energy dependent slow-

ing down equations for resonance material diluted in an
non-absorbing medium leads to sharp dips at each resonance. The reaction rate is thus reduced. The size of
this reduction is related to the dilution. Clearly, if the
resonance absorber is infinitely diluted, the flux has (he
form 1/E and the reaction rate will reach its maximum.
Correspondingly, the groupwise cross-sections will depend on the dilution defined by the so-called background
cross-section, aQ. The magnitude of the self-shielding
effect is in general a complicated function of geometry
and interference effects between admixed resonance absorbers. However it was shown that the so-called background cross-section method [9] leads to very good results. The idea is to calculate for each energy group, the
cross-section of the single resonance absorber admixed
in non-resonant and non-absorbing materials, and to tabulate them for different values of the <r0 cross-section of
the admixed material.
MATXS libraries contain such tables for total, capture,
fission, as well as clastic scattering cross-sections and for
neutron fluxes for different temperalures and <r0 values.
These tables were generated using the GROUPR module from the NJOY system. In the case of the JEF/EFF
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libraries, (see MATXS section below), the flux calculator was used in the whole resolved resonance range. In
this way, the interference effects and absorption probability was taken into account and TRAMIX produces
exact shielded groupwise cross-sections by interpolation
of the tables in the case of single or dominating resonance absorber in a non- or weakly-absorbing medium.
This is mostly the case for 2 3 8 U in low enriched systems.

Neutronics Module
The codes currently being used in the Core Neutronics Module include ONEDANT[3], a one-dimensiona!
finite difference Sjv transport code for slab, spherical and cylindrical geometries, TWODANT[10], a twodimensional finite difference SJV transport code, for x-y,
r-z and r-9 geometries, TRISM[11], a two-dimensional
finite element Sjv transport code for x-y, r-9 and toroidal
geometries using triangular elements, and FINELM[12],
a three-dimensional finite element diffusion code for
x-y, r-:, r-9, x-y-z and r-9-z geometries using triangular or rectangular elements.
In addition to the aforementioned codes, the code
SOLVERB, based on the coupled P ^ / B w method[13],
was included in the neutronics module. Eigenvalue, k^R
or buckling search can be performed.
All the cross-sections are first homogenized over
the spatial system using flux moments generated by
ONEDANT. Solving iteratively the energy group fluxes
and currents, the streaming correction is applied to the
transport cross-section obtained from the Pjv solution
and for consistency, to the Pi-scattering in each energy
group. In this way, consistent cross-section tables are
generated for the following multi-dimensional calculation with diffusion as well as transport codes.

Depletion Module
The Depletion Module presently consists of CINDER-3
[1] with PSI updates, and REAC-2 [14]. The CINDER-3
code is an enhanced version of CINDER-2. It uses
explicit cross-sections from the GOXS file produced
from TRAMIX, its own non-explicit cross-section library AFEW and the RZFLUX file produced by the
core neutronics module. A total of 233 fission-products
and 46 actinides in 186 chains are currently used in the
CINDER-3 calculation.
For detailed material activation and transmutation calculations or fusion reactors, the depletion module REAC-2
was included into the scheme. This code presently uses
the Hanford cross-section library of over 300 isotopes
and 6500 reactions. AH materials between Z=l and 84
are present. The current decay library consists of over
1200 isotopes. This scope of data allows transmutation
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calculations without reverting to chaining specifications.

4

Sensitivity Module

The Sensitivity Module presently consists of the twodimensional perturbation theory code PERTV [15] and
the one- and two-dimensional sensitivity and crosssection uncertainty code SENSIBL [16].
PERTV is a two-dimensional perturbation theory code.
It computes reactivity coefficient traverses using firstorder perturbation theory, effective delayed neutron fraction, neutron generation time, the inhour/<5t conversion
factor and activity traverses. It is a modified version
of the PERT-V code developed at HEDL. In contrast to
PERT-V, the input was greatly reduced due to the use
of CCCC files.
SENSIBL, an improved and accelerated version of
SENSIT-2D, is a code based on first-order generalized pertubation theory. SENSIBL has the capability for cross-section sensitivity and uncertainty analysis,
secondary-energy-distribulion (SED) sensitivity and uncertainty analysis, and design sensitivity analysis. The
code allows slab, spherical, cylindrical, x-y or r-B geometries and accepts group dependent quadrature sets.
The data linkage between ONEDANT, TRISM, and
SENSIBL is primarily via CCCC and CCCC-like data
files.
COVFILS-2, a 74-group library of neutron crosssections, scattering matrices, and covariances, is the
data source for SENSIBL. 14 structural materials are
currently available. COVFTLS-2 was produced using
the NJOY nuclear data processing system and is generally based on data evaluations from ENDF/B-V. The
74-group structure is a subset of the 187-group structure.

General Purpose Module
At present eight codes are included here. They are
mainly used for data management cross-section mixing
and collapsing.

5
5.1

Some MATXS Libraries
ENDF/B-V based MATXS libraries

Four MATXS libraries based on the ENDF/B-V evaluation were generated at Los Alamos using the NJOY

nuclear data processing system [6] and are only available
within the USA. These are 30n/127 group MATXS5,69n
group MATXS7, 80n/124 7 group MATXS6, 187n/247
group MATXS8 and are described in reference [4].

5.2

JEF/EFF based MATXS libraries

Five additional libraries based on the JEF/EFF evaluations [17,18] were generated at PS1 [19], also using the
NJOY nuclear data processing system [6]. These are
70n group MAT70, 86n group MAT86,175n/427 group
MAT175, 187n group MAT187, 308n group MAT308
and are described below.
MAT7Q. This is a 70-group neutron library, based on
JEF-1 (Joint European File), in the standard WIMS energy structure, including an additional fast energy group
reaching form 10 to 14.918 MeV. The group structure
together with the use of the WIMS-D weighting sprectra
make MAT070 a good choice for all the thermal reactor applications. Scattering anisotropy is limited to Pi.
The library includes self-shielded cross-sections for most
actinides and structural material isotopes, temperatures
ranging from 296 K to 900 K (and to 1200 K for fuel
isotopes). Thermal scattering data in 42 energy groups
below 4.6 eV is given for all materials except the fission product isotopes. Data for 80 isotopes are presently
available.
MAT86. This 86-group library is a subset of the 308
fine-group library described below. The energy structure chosen gives a good representation of Hf and 338 U
resonances in the range 2-10 eV and includes 37 thermal
energy groups below 4.6 eV. The weighting spectrum is
typical for HTGR applications. Anisotropy, temperatures and background cross-sections considered are the
same as for the 308-group library.
MAT175. This Vitamin-J structured coupled neutronphoton library in 175 x 42 groups, based on JEF-1 and
the European Fusion File EFF-1, was prepared using
the Vilamin-E weighting spectrum suitable for shielding
and fusion blanket analysis. Photon data were taken
from the ENDF/B-V DLC-99/HUGO file. Anisotropy
of scattering is limited to P6. Only 11 thermal energy
groups below 4.6 eV are considered. Cross-sections are
self-shielded for isotopes with Z > 12 in the same <r0
grid as in MAT3O8. The cross-sections are given for the
same temperatures as in MATX70. The library presently
contains data for 92 isotopes.
MAT187. The library includes vectors for all reaction
types, matrices for reactions producing neutrons, including fission, and mixed data pertaining to fission yields
of prompt and delayed neutrons. Furthermore, different.

kinds of gamma production matrices, excitation reaction
cross-sections, as well as heating and damage data were
also processed. The CLAW-V weighting spectrum was
used and a P 5 order of scattering was included. The only
temperature considered was 296 K. The most important
resonances were shielded using the Bondarenko method.
The library presently contains data for 83 isotopes.
MAT308. This 308 fine energy group neutron library,
based on JEF-1, may be used for thermal as well as fast
reactor analysis. All nuclidcs contain thermal scattering
data in 108 energy groups below 4.6 eV. The temperatures considered cover a wide range from 296 K to as
high as 3000 K for some fuel isotopes (see reference
[?]). Anisotropy of scattering is limited to P 4 . Crosssections of isotopes with Z > 12 are energy-selfshielded
with a0 values: 10 10 , 104, 103, 100, 10, 1 bams. Data
for 56 isotopes are presently available.
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Synthetic S 2 and Double-Pjw Acceleration Schemes for Inner SN Iterations
for Boltzmann and Fokker-Planck Transport Equations
J . Stepanek, D.M. Davierwalla
Laboratory for Reactor Physics and Systems Technology

Abstract
Synthetic acceleration methods solve a lower order approximation, with correction terms, so as to make the solution consistent with that of the higher order S,\. equation to be solved. The use of S 2 or the double P ^
equation, instead of diffusion, permits moments of order higher than the zeroeth (scalar flux) to be accelerated
and provides compatibility with any spatial discretization of the Sjy transport equation such as discontinuous
triangular finite elements.
S2, DP 0 and DPM schemes are investigated. Three test
problems with P o and higher order approximation with
highly anisotropic Fokker-Planck scattering show that
DP A/ acceleration methods even with M=0 to be highly
efficient. Even a DP0 [1] scheme gave a reduction of
the numbers of iterations by a factor of about two hundred. Only the results of the highly anisotropic Fokker
Planck problem [2] are presented. For simplicity, only
slab geometry is considered. In principle the method
remains unchanged in two dimensions except the sweep
which is performed in a radically different way. The
two dimensional situation is presented in section 3, 4
and 5.

1

General Formulations

at each inner iteration. The superscripts associated
with the fluxes are the iteration indices. The superscripts on the cross-sections indicate the degree of
anisotropy. Small case letters have been used for the
macroscopic cross-sections to avoid confusion with summations. Q 9i ;(x) is the group source, which remains
unchanged during the inner iterations for the particular
group. It comprises of in- and out-scatter and fission
computed using the Legendre moments from the previous outer iteration, plus any inhomogeneous external
source. The Legendre flux moments are computed by
*',<*+l/2)(l)

(2)

=

Using the discrete ordinates approximation
pression is reduced to

(3)
where /<„ and w n are the Gaussian directions and
weights. The angular fluxes V' c t + 1 / 2 1 ( I .Cn) are calculated for each fi = /in using Eq(l). The superscript
(k+1/2) is used 10 emphasize that if the iterative process is accelerated the moments * j * , + 1 ' 2 ' are not used
directly on the right hand side of Eq(l) in the next iteration cycle. In fact the acceleration method provides a relationship between <t(i,t,+ 1 / 2 ' ( i ) and 4 ( J *, +1) (i). Hence,
if the process is not accelerated
(4)

's,i

We first consider the discrete ordinates equations for inner iterations in group g with anisotropic scatter of order
L. The basic equation is:

(1)
In Eq(l) i>t(x,n) is the group g angular flux, whereas
$s,i(x) is the /"" angular flux moment, assumed known

this ex-

The iterative process defined by Eq(I) converges in one
iteration if the self-scattering (r'3^g(x) = 0 but converges slowly if ffQj_j, the isotropic component of the
self scatter tends to ag(x), the total cross section, i.e.
the non removal or near non removal case.
If we replace the superscripts k + 1/2 and k by k + 1
in Eq(l) multiply it by P m (IH) a""1 integrate over the
angular ranges 0 < // < 1 and -1< /i < 0 and denote
these ranges by (+) and ( - ) respectively we get
m

dx [2m + 1

V

/ 1

2m+ 1
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Substituting this expression into the second expression
of Eq(7) leads to
N/2-X

(5)
k=0
where the flux moment "

is given by

«.*•**(*>

for N/2 < / < N - 1, where
N/2

and the group source contribution comprising of external source, if any, plus up and down scatter from other
groups by Q ^ , + 1 ) ( i ) . In Eq(5) P m ,, and * ± , denote

(10)

Bl,k =
n=l

Expression (9) can also be obtained using the expansion
N l

~ Ik

N/2

+1

* 9 (x,/iJ = £ — — Pk(»n)*a,k

(11)

4=0
and then eliminating the flux moments $>g k(x)
Eq(6).

and
JV/3

using

(7)
respectively, considering/;„ in range 0 < /*„ < 1. Eq(5)
has the form of a D P ^ approximation. It is exact but
can be solved only after introducing some additional approximations. The efficiency of the acceleration depends
on these approximations and how these corrections are
refined during the iteration process.

2 DPM Acceleration Schemes
Leakage Correction Scheme LCS
This scheme uses the ideas from the DP 0 [1] scheme
with the difference that the order of the Eq(5) is now
extended to M, where M can have any value between 0
and N/2-1.
For values of M less than N/2-1 Eqs(5) can be solved
if they are complimented by additional approximative
conditions for the flux moments * * M + I ( Z ) . We simply scale the flux moments * * M + l ( x ) by the ratio

For M = N/2 -1 the Eqs(5) may be solved exactly, if
they are complimented by an additional exact equation
for * * M + l ( x ) . Then the solution is equvalent to the SN
solution. This equation can be found if we realize that
the angular fluxes in the / j n directions can be expressed
exactly in terms of the first N/2 angular moments by
inverting Eq(6) for n = I, N/2 and k = 0, N/2-1:
(V/2-1

This scheme accelerates first 2M+2 and rebalances all
higher angular flux moments.

The Two Dimensional Problem
with Triangular Finite Element
TRISM uses triangular disconnected elements with a linear flux approximation over the element Furthermore,
the triangles are arranged in horizontal bands with alternating up- and down-pointing triangles. The angular
flux is discontinuous across the sides of the triangle. We
denote by ¥ „ , , ( £ „ , yn) and * m B i ( i n , y n ) the angular
fluxes for triangle "i" for a SN direction fim, defined by
0*m, 1m) that obtain just inside (just outside) side n respectively. The tilde indicate that x and y are restricted
to side n.
The jump or discontinuity across side r. is

*m.(Xn,y n )-*mB,(in,!/ n )

Denoting the group source by S, the transport equation
may be written as
(13)
R, the algebraic residue is identically zero, throughout
the domain if * is the exact solution. With a linear
flux variation over the triangle this is seldom true. After
performing the differentiation WJ.L X and y.
R

(8)

=

dx
- «mi(i,»)] 6{x
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(12)

-

73/Jm

- j/l)

- fc)
+

«r ( *m.-(i,y)-5 m (i,!/)

- Sfa)
(14)

-,j is a logical variable with value unity if there is a
neutron in-flow across side j of the triangle. For outflow 7j = 0. The delta distributions arise from the
derivative of the discontinuity.

4 Method of solution
The three equations for the fluxes at the vertices of the
triangle are solved using the method of weighted residuals (MWR). The residual, R, is multiplied by three linearly independant functions, Wi = 1, Wi = (x - x) and
W3 = (y-y) that span the space of polynomials of degree less than equal to unity. After introducing simplex
coordinates, the result is integrated over the triangle or
2-simpIex. The terms involving the Dirac deltas reduce
to line integrals over the sides or 1-simplexes.

5 The Sweep
The sweep in two dimensions is radically different from
that in one dimension. In slab geometry the sweep procedes from one interval to an adjacent inlcrval from left
to right or vice versa. In two dimensions the sweep (solution process) precedes from band to band. Within a
band, a triangle can be solved only if the flux just outside an in-flow side is already known. Fig. 1 depicts the
topmost band of an assembly viewed from a direction
Qm defined by fim = r)m = -(1/V3). Vacuum boundary conditions imply no incoming neutrons hence 7 = 0
for those sides subject to these boundary conditions. At
most two sides of a triangle are visible from a given SN
direction fim and hence may be candidates for inflow.
Clearly triangle KGH can be solved because all three
7's are zero. Triangle FHG cannot be solved because
both sides HG and GF are in-flow sides but the flux just
outside side GF is not as yet known. For triangle GEF,
the flux just outside side the inflow side EF is unknown
so it cannot be solved. Triangle DFE cannot be solved
because side ED is inflow but the flux just exterior to
this side is still unknown. Triangle ECD can be solved
because all three sides have 7 = 0. Knowing the solution along side DE for triangle ECD permits the solution

of triangle DFE. This in turn leads to a solution of triangle GEF which subsequently permits triangle FHG 10
be solved. Triangle BDC has both sides DC and CB
as inflow sides and cannot be solved until triangle CAB
which has all three 7's zero is solved.

6 An Example
We consider a homogeneous slab [2] 10 m.f.p thick with
vacuum boundary conditions at both ends. High order
anisoiropic Fokker-Planck scattering expansions of 3rd,
7th and 15lh degree are used in conjunction with Gauss
quadrature of 4th, 8th and 16th order. The high order
scattering cross-sections were assumed to be given by
the formula

so that the £-th moment is zero. The average scattering
cosine is 0.8333, 0.9643 and 0.9917, rspectively.
Table 1: Iteration Count for ihe Example
UN

< ii >

< <r/i >

3/4

0.8333

2.00

Scheme

P

Unacceieraled
Rebalanced

0.9961
0.9607
0.5956
0.0063

Number of
Itcra ions
SN
M'.\l
2168
_
234
f.1
9
1
50

0.9991
0.9910
0.8861
0.2972
0.0213

11011
1036
44
5
1

_
_
164
54
53

0.9998
0.9979
0.9733
0.8644
0.5416
0.0411

43315
4388
192
20
2
1

_
_
486
89
67
63

DP0
DP,
Unacccleraled
Rebalanced

7/8

0.9643

9.33

DP0
DP,
DP3
L'naccdcralcd
Rebalanced
DPo

15/16

0.9917

40.0

DP,
DP3
DP7

If a relative error of 10~4 is used as a stopping criterion,
the relative deviation of the converged result from the
exact solution may still be much larger than 10~ 4 . The
reason lies in a high spectral radius, p. Therefore, a
convergence criterion of (1 - p)10~4 was used. This
leads to an increase of unaccelerated SN sweeps and
10 an increase of DP.w iterations but to a decrease of
SN sweeps if the DP*/ acceleration is used. We used
following definition of spectral radius:

p -

^E,!*!*-11

-*r 2i i

(16)
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where <t\k) is point flux at i after the k-lh iteration.
The number of iterations required to converge each calculation using the scheme DP A/ -SCS is displayed in Table 1.
The number of S,v sweep increase with increasing L/N
but the number of iterations even for DP 0 is not excessive. Comparing the number of total D P M iterations and
considering the costs it seems that DP t scheme is most
preferable. The results are displayed in the Table 1.
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Assessment and Application of LWR Safety Thermal-Hydraulic Transient
Analysis Computer Codes
S.N. Aksan, G.Th. Analytis, D. Lubbesmeyer
Laboratory for Thermal-Hydraulics

Abstract
Within the framework of the International Code Assessment Program (ICAP) of the US.NRC, independent code
assessment analyses at PSI have been performed using
the RELAP5/MOD2 and TRAC-BDl/Modl thermalhydraulic transient codes as part of the agreement. The
assessment cases selected include both separate effects
and integral tests, e.g. PSI-NEPTUN reflooding and
boil-off experiments, FLECHT-SEASET reflooding experiments, OECD/LOFT LP-SB-3 (small break LOCA),
LP-LB-1 and LP-02-6 (large break LOCA) experiments and two Leibstadt (BWR-6 plant) startup transient
tests.

1

Introduction

The research program in the field of thermal-hydraulic
transient analysis for the Light Water Reactor (LWR)
Safety at the Paul Scherrer Institute (PSI, formerly EIR)
is conducted partly in accordance with the bilateral
agreement between the United States Nuclear Regulatory Commission (US.NRC) and the Swiss Federal Office of Energy (BEW). PSI has been acting as the executing agent of BEW. From the Swiss side, the purpose of this research is to obtain and to maintain the
know-how at PSI for computing and analysing nuclear
power plant transients (ranging from operating transients to accidental transients up to severe core degradation) with best-estimate thermal-hydraulic transient
computer codes such as RELAP5 and TRAC. Additional
to the mentioned purpose, the Swiss participation in the
ICAP is also to contribute to establishing internationally assessed and approved computer codes for thermalhydraulic transient analysis of Light Water Reactors. PSI
obtains access to these codes in exchange for contributions as defined in the bilateral agreement.

(1)

computer code assessment,

(2)

analytical model development using data from reflooding experiments, and

(3)

work in experimental facilities.

In this report the main results of the computer code assessment activities using RELAP5/Mod2 and TRACBDl/Modl will be summarized. The experience gained
from the code assessment work is utilized to perform
safety analysis and calculations for thermal-hydraulics
transients and breaks specific to the Swiss PWR and
BWR plants, using RELAP5/Mod2 and TRAC-BF1, respectively.

2 PSI-Independent Code Assessment Matrix
The PSI independent code assessment matrix shown in
Fig. 1 has been, established through discussions with the
NRC. In this matrix, there are twenty assessment cases.
Fifteen of the assessment cases are devoted to separateeffects tests e.g. boil-off and reflooding experiments in
the NEPTUN test facility [3] and five of them to integral
system tests and plant start-up transients. The assessment calculations are performed using the frozen versions of RELAP5/Mod2 (36.02) and TRAC-BDl/Modl
[1];[2] as indicated in Fig. 1. All code assessment cases
have been completed with the exception of two BWR6
plant calculations for which the TRAC-BD1 code has
been used for input preparation.

The PSI research program consists of three main tasks:
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Code RELAP5/MOD2
Boil-Off Experiments A: NEPTUN
Exp. Nr.
5002
5006
5007
5011

Pressure
(bar)

Subcooling

(K)
0
12
12
39

1
5
5
5

Bundle Power
(KW)
24.6
42.1
24.6
75.1

Reflooding Experimeni B: NEPTUN
Exp. Nr.

5036
5052
5051
5025
5050
5049
5056

Pressure
(bar)

Flooding water
Velocity Subcooling
(cm/s)
(°C)

4.1

1.5
2.5
4.5
10
15
2.5
2.5

i
1
1

1

1.0
4.1

Single rod power
(KW)

Initial cludd. temp.

2.45

757

11
78

1
1
1
1
I

1
I
1
1
1

CQ
867

1

757
867

4.19

1
1

Single rod power
(KW)

Initial cladd. temp.
(°C)

2.45

757
757
867

Integral system tests:
• OECD/LOFT L P - S B - 3
• OECD/LOFT LP-02-6
• OECD/LOFT LP-LB-1
Code TRAC-BD I/MOD 1
Boil-Off Experiment A: NEPTUN
Exp. Nr.
5002
5006
5007
5008
5011

Pressure
(bar)

1

5
5
5
5

Subcooling

(K)
0
12
12
12
39

Bundle Power
(KW)
24.6
42.1
24.6
10.5
75.1

Rcflooding Experimcn B: NEPTUN
Exp. Nr.

Pressure
(bar)

5036
5025
5050

4.1

1
1

Hood ng water
Velocity Subcooling
(cm/s)
CO
1.5
11
10
78
15
78

I
1

G: BWR 6
2 Start-up transients of Lcibsladt NP (BWR 6)
(1) Main Slam Isolation Valve (MSIV) closure
(2) toial loss of fecdwater

Fig. 1: Cases to be calculated with RELAP5/MOD2 and TRAC-BDl/Modl codes, as defined in the ICAP code
assessment matrix
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Assessment of
TRAC-BD1/M0D1

TRAC-BD1 prediction
Experimental level

Five of the NEPTUN boil-off experiments have been
utilized for assessing the predicting capabilities of
the thermal-hydraulics transient analysis code TRACBDl/Modl (frozen version 22). The results of these
assessment calculations have already been reported in
the literature [4][5];[6], In this report, a short outline of
the findings and resulting improvements implemented in
Modi will be presented. One of these improvements is
already included in the TRAC-BF1 version of the code,
released in 1987.

100 200 300 400

1200
. TRAC-BD1 component
2 ROD GROUP 1 NODE 7
Experimental rod
data TRS-946

1000
TRAC-BD1 prediction
Experimental [ovel

500 600 700 800 900

Time, s

800
600

0

100 200 300 400 500 600 700 BOO 900
Time, s

0

100

ZOO 300 400 500 600

700 800 900

Fig. 3: Comparison of measured and calculated collapsed liquid level and peak axial power level rod surface temperature histories, using modified version of
TRAC-BD1 for NEPTUN boil-off experiment 5007.

Time, s

TRAC-BD1 component
2 ROD GROUP 1 NODE 7
Experimental rod
data TRS-946
S

000

B

(a)

TRAC-BDl/Modl underpredicts the collapsed
liquid level histories and hence, predicts an earlier CHF (critical heat flux) lhan the measurements show. Clearly, the code overpredicis the
amount of water expelled from ihe test section.
These differences are more pronounced for the
1 bar experiment.

(b)

Generally, as mentioned above, TRAC-BD1 predicts an earlier CHF than the measurements actually show; hence as a result, the sudden expulsion of water from Ihe test section is predicted
to occur earlier. Also, the predicted rod surface
temperatures during nucleate boiling are 8-15 K
below the measured ones.

(c)

H was noticed that after the rod power was turned
off, the slopes of the predicted and measured
rod surface temperatures were different, indicating that the calculated steam cooling heat transfer
coefficient in this region was overpredicted. This
can be seen in Fig. 2.

/

800

600

/

0

100

200 300 400 500 600 700 800

900

Time, s

Fig. 2: Comparison of measured and calculated collapsed liquid level and peak axial power level rod
surface temperature histories, using frozen version of
TRAC-BD1 for NEPTUN boil-off experiment 5007.

The comparison of measured and calculated collapsed
liquid level and the rod surface temperature histories at
the peak axial power level for one of the typical experimental cases is shown in Fig. 2, as an example.
The conclusions regarding the predicting capabilities of
the frozen version of the code can be drawn from the
analysis of the five boil-off assessment cases as follows:

To improve the prediction capability of TRAC33

BDl/Modl, the following main modifications were introduced. The resulting comparison of experimental and
calculated data shown in Fig. 3:

(1) Main Sleam Isolation Valve
(MSIV) closure
(2) Total loss of feedwater

•

An alternative bubbly/slug inlerfacial shear correlation based on the work of BESTION [7]
more appropriate for bundles and used in the
CATHARE code, is implemented in the code. As
a result of this change, the collapsed liquid level
histories are correctly predicted by decreasing the
interfacial friction in this flow regime.

The first stage of the work, namely the data collection
related to the geometrical and functional characteristics
of the plant system that play a major role during the
transients considered is nearly completed. The prepared
input deck for the first of the two start-up transients has
been tested with TRAC-BDl/Modl.

•

The steam cooling heat transfer logic used in
TRAC-BD1 version 12 is re-introduced in Modi,
specifically to eliminate the differences during the
steam cooling phase after the power was turned
off [4],

4 Assessment of RELAP5/MOD2

Three NEPTUN reflooding experiments were selected
for the assessment of TRAC-BDl/Modl as shown in
Fig. 1. [4] and [5] give the details of the frozen version code assessment calculations. The results of these
calculations indicated that:
(a)

There are numerical oscillations on the predicted
collapsed liquid level,

(b)

for high nooding rale cases, the predicted quench
temperatures are lower than the measured data
and the predicted quench times are always later
than the measurements show.

(c)

Calculations for low flooding rates show large
differences between measurements and predictions.

(d)

The numerical problems seem to dominate the
code predictions especially for the low flooding
rate cases. The origin of the oscillations observed
on temperature and level calculations was traced
back to large steam velocity spikes which result
in 'numerical carry-over'.

A number of modifications have been tried in TRACBD1 in order to bring improvement to reflooding calculations. As a result of these modifications, the calculations were much more stable and most of the unwanted
steam velocity spikes were eliminated. Even so, it seems
that there were still some inherent stability problems
whose exact origin could not be traced. Considering
these findings, further reflooding assessment calculations
were not performed with TRAC-BDl/Modl.
The code assessment analysis of two start-up transients
of the Leibstadt nuclear power plant (KKL-BWR6) is
in progress. These transients are :

34

A limited number of boil-off assessment calculations
were also executed with RELAP5/Mod2 [5]. The results of the calculations for one of the cases are shown
in Figs. 4 and S. As it can be seen from these figures, the amount of water expelled is overpredicted and
consequently, the collapsed liquid level is strongly underprcdicted. Dry-out occurs 200 s earlier than in the
experiments at the peak axial power level, and as a result the cladding surface temperatures of the rods start
increasing earlier, causing a maximum temperature difference between measurements and predictions of 350 K.
TRAC-BDl/Modl code calculations of NEPTUN boiloff tests already indicated, as mentioned in section 3, that
the intcrfacial friction correlation in the bubbly and slug
flow regimes is one of the main reasons for the deviation
between calculations and experimental data. Based on
this experience, the bubbly and slug flow regime interfacial friction correlation used in the CATHARE code
for bundle geometries [7] was implemented into RELAP5/Mod2. As it can be seen from Figs. 4 and 5,
the results of calculated entrained water, collapsed liquid level and cladding surface temperature compare very
well with the experimental data.
All seven NEPTUN reflooding experiments, shown in
Fig. 1 were calculated and analyzed by using RELAP5/Mod2 (frozen version 36.02). Detailed calculations and tests were performed for different nodalization
schemes and variation of fine mesh sizes [5]. On the
basis of these studies, the nodalization scheme was established and base case calculations with frozen version
of the code were performed for the seven NEPTUN reflooding experiments. The results of these calculations
can be summarized for three different flow rate groups:
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Fig. 4: Water entrainment in NEPTUN boil-off experiment 5007, calculated by RELAP5/MOD2, with and
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Bestion correlation for the interfacial friction in bubbly
and slug flow
•

For high and medium flooding rate (15-4.5 cm/s)
experiments, the code overpredicts the heat transfer for film boiling.

•

For almost all cases, RELAP5/Mod2 underpredicts the quench temperatures, sometimes by as
much as 150 K.

•

For the low flooding rate NEPTUN experiments
(2.5-1.5 cm/s), the agreement between calculated and measured surface temperature histories
is very good until the measured turnaround temperature point; later on, they deviate considerably. During both dispersed film boiling and
film boiling, the calculated heat transfer is lower
than in the experiment. Consequently the turnaround-points are calculated at higher temperatures and turnaround-times occur later. Calculated and experimental temperatures differ by as
much as 300 K before the quench. The predicted quench-times deviate from the measured
ones within a factor of 2.

•

The code strongly overpredicts the amount of water expelled and consequently underprcdicts the
collapsed liquid level (Fig. 6). Due to numerical
instabilities, steam velocity spikes are produced
and these are reflected on entrained water and collapsed liquid level as step increase and decrease,
respectively.

•

The calculations also show that unrealistic void
fraction oscillations are occurring and especially
void fraction discontinuities near the quench from
are noticeable. The spikes in void fraction histories were flow regime dependent and mainly due
to transition from one regime to another one.

As mentioned above, most of the discrepancies between
calculations and measurements are more pronounced in
low flooding rate cases. An extensive study has been
initiated at PSI to improve the predictive capability of
RELAP5/Mod2 for low-flooding rate conditions. Some
of the details of this work have already been given in
[5];[8];[9]. The important modifications implemented in
the frozen version of RELAP5/Mod2 can be summarized
as follows:
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temperature histories by standard RELAP5/MOD2 (left)
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The bubbly/slug interfacial shear correlation
(used in the CATHARE code) suitable for rod
bundles, was implemented in the code. This improves the liquid carry-over predictions both in
boil-off and low flooding rate experiments (Fig.
7).
The Bromley correlation was brought back to its
original form; also, the Forslund-Rohsenow correlation was implemented for a > 0.8, and the
logic of the reflooding wall heat transfer subroutine was modified. As a result, the film boiling
heat transfer of high flooding rate experiments
was correctly predicted and steam velocity oscillations in low flooding rate experiments were
eliminated.
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•

Void fraction discontinuities around the quench
time were suppressed by modifying the criterion
of the code for selection of pre-dry out interfacial
shear correlations.

•

The Wcissmann transition boiling correlation was
modified [8]; as a result, very good agreement
between measured and predicted quench temperatures was achieved for all rcflooding experiments.

The results of the modifications for both low and high
rcflooding cases can be seen in Figs. 8 and 9, where the
36
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Fig. 9: Exp. 5050: Measured and predicted rod surface
temperature histories by standard RFXAP5/MOD2 (left)
and by RELAP5/MOD2 + UPD.83 (right)
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Fig. 10: Typical thermal-hydraulic parameter results for OECD/LOFT lest LP-SB-3
comparison of measured and calculated data are presented for both the frozen and modified version of RELAP5/Mod2.
In addition to the NEPTUN cases, two FLECHT tests
were also selected from RELAP5 developmental code
assessment cases, one being a high flooding rate case
(31701), and the other a low flooding rate case (34006).
Calculations were performed both with the frozen version of RELAP5 and the version with the modifications
mentioned above, in order to check their general applicability. The comparison of these calculations also
indicated improvement for these cases.

4.1 OECD/LOFT TEST LP-SB-03
The LOFT test LP-SB-03 simulated a small break
loss-of-coolant accident (LOCA) which resulted from
a 4.67 cm diameter (0.4%) single-ended break in the
cold leg of a large commercial PWR with a failure of
high pressure emergency core coolant injection capability. Cooldown was achieved by feed and bleed of the
secondary system, which was initiated after core uncovering.
This test was calculated by PSI using basically RE-

LAP5/Mod2 (36.01). The details of this calculation are
given in [10]. The calculation employed a model of
the LOFT facility consisting of 132 fluid cells for the
vessel and the rest of the systems. The input deck was
developed from an earlier RELAP5/Modl model of the
LOFT facility.
This calculation showed that many major system variables calculated by RELAP5/Mod2 were in very good
agreement with the experimental data, such as primary
and secondary system pressures, densities and break
flow. Additionally the liming of the draining of the
legs, reflux condensation in the steam generator tubes
and uncovering of the core were calculated with good
accuracy. Typical results are shown in Fig. 10. The
major problem was encountered in calculating the core
thermal behavior. An error was observed in the heat-up
rate of the fuel cladding as seen in Fig. 10. Also, the
dry-out time was calculated later than in the experiment.
This could be due to poor prediction of CHF occurance
at high pressure boil-off conditions. The heat-up rate
in the calculation was controlled by enhanced cooling,
which was due to prediction of Oninback of condensate
from the hot-legs into the corf. This drainback may
also have occurred in the test, but is likely to have influenced only the cooling of the peripheral rods in the
core. The non-homogeneous liquid distribution in the
upper plenum and its asymmetrical fall back iino the
37

core could not be properly modeled with one dimensional code.
The calculation was executed at an average CPU-time
to real time ratio of 5 on a CDC-176 computer. Considerable improvements could be seen in comparison to
a previous PSI calculation of the same test with RELAP5/Modl, in respect to stability, mass error, capturing
the main phenomena observed in the test, and execution
speed [11].
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4.2 OECD/LOFT TEST LP-02-6
LOFT experiment LP-02-6 was a cold leg double-ended
break loss-of-coolani accident experiment. The initial
conditions for this experiment were representative of
US.NRC licensing limits in commercial PWR and included loss of offsite power coincident with LOCA initiation and minimum emergency core coolant injection as
defined by criteria. The assessment calculations of this
experiment at PSI were performed by using the frozen
version of RELAP5/Mod2 (version 36.02). The details
of the calculations are presented in [12];[13].
For modeling the LOFT facility by RELAP5/Mod2, a
total of 101 volumes, 103 junctions, and 24 heal structures were used. The nodalization scheme developed at
EG&G for the calculation of LOFT small break cases
was taken as basis. Main modifications were introduced
for the core region, which was modeled by using two
channels: a "hot" channel with 219 pins and an "average" channel with 1081 pins: 16% of the flow goes to
the hot channel; 79% to the average; and 5% to the bypass. The hot channel was divided into 13 axial nodes
of unequal lengths, the smaller ones (0.088 m) in the
central region and the larger ones (0.265 to 0.21 m)
at the bottom and top, respectively. For the average
channel, 5 axial nodes were used. Analysis of the calculations has shown that most of the thermal-hydraulic
parameters of the experiment e.g. pressure, broken loop
mass flow, etc., are well predicted within an accuracy
of approximately ± 20% with respect to experimental
data. Though this was not the case for the blowdown
phase early quench behavior of the rods, observed after
the mass flow into the core becomes positive ai about
5.5 s after the break opens. Consequently, the subsequent heat-up, before the reflooding is initiated, is not
predicted at all. Comparisons of the calculated with the
measured cladding surface temperature histories in the
hot channel at axial elevations of 0.69 m and 0.79 m are
shown in Fig. 11.
Further calculations were performed to investigate the
sensitivity of the results to the nodalization scheme.
The number of volumes and junctions were reduced
especially in the pressurizer, the steam generator sec38
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Fig. 11: Comparison of measured and predicted (-.-.frozen code; — modified code) cladding surface temperature history in hot channel ai axial elevations of 0.69
m and 0.79 m for the OECD/LOFT test LP-02-6

ondary side and in the intact loop. Total of nine different nodalization schemes were calculated and the deviations between the results of the different calculations
under investigation remain relatively small, with ihe exception that the significant differences can be observed
for cladding surface temperatures.
The blowdown phase quench encountered in LOFT L B 02-6 experiment (and also in other similar LOFT large
break experiments) is a very interesting and important
phenomenon for the large break LOCA due to its effect on transient severity. Since the frozen version of
RELAP5/Mod2 could not predict early quench, further
investigations were performed at PSI in this respect [16].
In Particular, the blowdown heat transfer package in RELAPS was critically examined and it was observed that
the return to nucleate and transition boiling is restricted,
once the heat transfer regime goes into film boiling (see
Fig. 11). In the wall heat transfer subroutines of the
frozen version of RELAP5/Mod2, the following modifications were made:

(1)

The logic forces the code to slay in film boiling and prevents it from returning into transition
boiling if Tw > 1350 - T, ot . This restriction was
removed.

(2)

In the subroutine calling the Post or Pre-Dry out
subroutines, the code is also prevented from reluming to nucleate boiling, if Tw > 1350 - T l a t ;
this restriction was also removed.

(3)

The Chen transition boiling heat transfer correlation was decreased. This is along the lines of the
RELAP5/MOD2 quality assurance report 114] according to which this correlation was developed
by assuming the modified Zuber correlation for
the CHF. When the Biasi CHF correlation is used
(as is the case during the blowdown phase), the
Chen correlation will most likely over-predict the
transition boiling heat transfer.

(4)

The film boiling logic was modified in the same
way as in the heat transfer subroutine used when
the reflood trip is switched on.

of the accumulator volume and 50% of the pumped ECC
injection of that used in the LP-02-6 experiment which
represented the U.S. licensing limits. An early rapid
primary coolant pump coastdown was included to attain
maximum cladding temperatures by suppression of the
blowdown phase quench phenomena. The assessment
calculations of this experiment at PSI were performed
by using the frozen version of RELAP5/Mod2 (version
36.02). The details of the calculations are presented in
[15].
The same nodalizalion scheme used for Uie calculation
of the LOFT LP-02-6 experiment was applied to the
LP-LB-1 calculations. Analysis of the calculations has
shown that, in general, thermal-hydraulic behavior of
the experiment was predicted satisfactorily, although it
failed in describing the top-down quenching which occured between 15 and 20 s at the upper pan of ihe core.
As can be seen from Fig. 12, the cladding surface temperatures were undcrpredicted at least about 150 K at the
hot spot which during this experiment reached a peak
temperature of 1260 K.
1200 -

With the above modifications, the LP-02-6 large break
LOCA lest was recalculated using the same nodalization scheme as for the frozen version calculations. The
predicted rod surface temperature histories are shown in
Fig. 11 and are compared to the results of the frozen
version calculations. The predictions obtained by introducing the modifications in the blowdown heat transfer
package are clearly in very good agreement with the experimental data. It can be seen that both the blowdown
phase quench and the subsequent heat-up are predicted
along the axial length of the hot channel. It should
be noted, however, that the frozen version of the code
predicts no blowdown phase quench of the central high
power regions under the same hydraulic conditions and
hence, overpredicts the temperatures reached during the
second heat-up phase by as much as 300 K. Here we
have a typical case in which the code predictions arc
dominated by the logic which connects the heat transfer
correlations rather than the correlations themselves.

4.3 OECD/LOFT TEST LP-LB-1
LOFT experiment LP-LB-1 simulated a double ended
offset shear of one inlet pipe in a four loop PWR. The
experiment was initiated from conditions representative
of a PWR operating near its licensing limits. The boundary conditions for this experiment were set to simulate
loss of offsite power coincident with LOCA initiation
and United Kingdom minimum safeguard emergency
core coolant injection (no high pressure injection system). These assumptions resulted in utilization of 70%
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Fig. 12: Calculated hot channel cladding surface
temperature histories using frozen version of RELAP5/MOD2 compared with experimental data at the
elevation of 0.69 m (OECD/LOFT test LP-LB-1)
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Detailed nodalization studies were done by reducing the
number of volumes and junctions. Reduction of volumes
and junctions did not mean that faster computer runs
were obiained. Numerical instabilities were encountered
due lo increase in the volume sizes.
The code modifications applied to LOFT LP-02-6 experiment, as mentioned above, were tested for analyzing the LP-LB-1 experiment. The modified code also
showed no early rewetting as in the experiment case.
The predicted rod surface temperature histories around
the peak axial power level were in good agreement with
the measurements.

5 Conclusions
The frozen version of the RELAP5/Mod2 (36.02) code
has been assessed at PS1 against a number of separateeffects and integral system experiments as defined in
the PS1-ICAP assessment matrix. The frozen version of
TRAC-BDl/Modl has also been assessed at PSI (only
against boil-off and reflooding separate-effect tests) and
the assessment using two siart-up transient tests of the
Leibstadt nuclear power plant (KKL) is in progress.
Some of the characteristic results and specific findings
from the code assessment work at PSI have already been
mentioned in the text of this paper. Further details of
these assessment analyses can be found in the references
slated at the end of this paper.
A large number of rellooding experiments in NEPTUN
and FLECHT-SEASET and some boil-off experiments
in NEPTUN have been analyzed via RELAP5/Mod236.02 (frozen version) calculations. Based on the results
obtained from "die assessment work, specific flow and
heat transfer regimes were examined in detail. This led
lo a number of modifications in the intcrfacial shear and
reflooding heat transfer models of RELAP5/MOD2, so
new models have been implemented, resulting in better
agreement between measured data and code calculations.
The calculations for two LOFT large break tests (LP02-6 and LP-LB-1) using RELAP5/Mod2-36.02 were
extended to analyze the sensivity of the results to different nodalizalions. Eventhough the cladding temperature results, are not very sensitive to different nodalizations, the other calculated parameters given in [12];[15]
showed clearly the need for optimizing the nodalization
schemes which are used for the calculations. In respect
to integral system calculations performed so far, it has
been found that RELAP5/Mod2 is a major improvement
over RELAP5/Modl in terms of execution speed, stability, mass error and accuracy. RELAP5/Mod2 has calculated the general thermal-hydraulic behavior of these
experiments (also the LOFT small break lest LP-SB40

3) satisfactorily, although failing to predict some of the
specific phenomena, e.g. post-CHF heat transfer, early
quenching during the blowdown phase and lop-down
quenching and boil-off at high pressures. But our recent
work at PSI summarized in section 4 presents some improvements in predicting LOFT test LP-02-6 blowdown
phase quench by changing the selection logic related to
nucleate, transition and film boiling in RELAPS/Mod2.
However, it should be noted that extensive validation
of this modification has not been done in order lo draw
more general conclusions.
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Abstract
The out-of pile test-rig SONACO contains a sodiumcooled 37-pin bundle, grid-spaced and electrically
heated. Experiments are being performed at decay heat
power levels with the aim of contributing to a better
understanding of natural- and mixed-convection effects
in subassemblies with low flow or stagnant sodium, and
providing data for code validation. Special emphasis is
put on instrumentation. An extensive number of standard nickel/nickel-chromium thermocouples and special
permanent magnet probes to measure local velocities are
used. Experiments are compared with results of computer code calculations.

1

Introduction

is therefore necessary for code validation, as well as for a
better understanding of the basic phenomena. For both
purposes, various experiments in the forced-, mixedand natural-convection regimes have been performed in
the SONACO (Sodium Natural Convection) test-section
(Fig. la,b).
The objectives of the SONACO experiments are: (1) To
provide experimental data which can be used as a basis
for quantifying the effectiveness of natural convection
in removing decay heal from a rod bundle, either laterally or axially, (2) to characterize possible flow patterns occurring under the above-mentioned flow regimes
(forced, mixed and natural convection), and, (3) to provide data for the validation of computer codes for fullscale LMR subassembly calculations. These codes will
then be used in system codes for the overall description
of plant thermohydraulic behaviour.

In order to ensure the reliability of decay heat removal systems, the safety-oriented design of liquidmetal cooled reactors has focusscd to a great extent on
natural convection heat transfer [1], which is strongly
influenced by the low Prandll number of liquid metals [2]. Recirculation within a subassembly occurs for
small or vanishing net coolant flows. In the situation of
a subassembly inlet blockage, recirculation enhances the
transfer of decay heat to the iniersubassembly gap and to
the neighbouring subassemblies and hence may prevent
fuel melting. A different situation arises in some accidental transients in which flow stagnation in the whole
core may occur, at least temporarily. In this case, and
for subassemblies with sufficient flow restrictions at the
outlet, Webster [3] has predicted ihcrmosyphonic interaction between the subassemblies and the reactor plenum
above, for pool-type reactors.

2 The Sonaco Experiment

Analytical tools and advanced computer codes to predict and analyse natural convection flows in the complex geometries of reactor fuel assemblies are still under development worldwide. Experimental information

The subassembly allows testing of flow patterns with
three different cooling modes (Fig. la): a) Forced- and
mixed- convection cooling of the bundle, b) a lateral
cooling-mode, when sodium coolant passes through an
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Design
Designed as a general "Benchmark" experiment for flow
pattern analysis and code validation, SONACO contains
electrically heated rods in a hexagonal can similar to
typical LMFBR fuel pins, but not corresponding exactly
to a specific existing or planned reactor. Table 1 gives
basic parameters from SONACO, Super Phenix and the
UKAEA Prototype Fast Reactor (PFR) subassemblies.
The SONACO pins are grid spaced, as are the fuel subassemblies of PFR, with an axial pitch of 200 mm. The
coolant is liquid sodium in all cases.

Table 1: Design parameters of PFR and Super Phenix
Fuel subassemblies and SONACO
Parameter

PFR

Rod diameter, d
Rod pitch, p
Ratio p/d
Rods in bundle
Heated
section
(or fissile zone)
Axial power profile
Rod surface flux

Sodium bundle
temp. (Max.)

SONACO

5.84 mm
7.4 mm
1.27

Super
Phenix
8.5 mm
9.69 mm
1.14

325

271

37

914 mm

1000 mm

500 mm

Cosine

Cosine

Flat

7.4

5.2

6.0

W/cm2

W/cm3

Insulations

8.6 mm
10.92 mm
1.27

(5%

(5%

W/cm2
(30 kW)

power)
690°C

power)
700°C

400°C

annular gap surrounding the hexcan and extracts the heat
radially, and c) an axial cooling-mode, in which the heat
is extracted through a coil inserted into the top of the
test-section. The configurations b) and c) are analysed
with either very low bundle flowrate or blocked bundle
inlet. All three cooling modes can easily be combined
and for analysing pure natural convection the subassembly inlet is blocked.
The pins of the test-section are instrumented at 8 different levels (Fig. la) with 96 nickel/riickel-chromium
insulated-junction thermocouples. Additional thermocouples are mounted on the inner and outer hexcans and
in the insulation of the test-section. Fixed and mobile
permanent-magnet velocity probes, working on the basis of the Faraday effect [4], are installed at three different levels. Four static velocity probes are built into
the unheaied upper end of four pins, 25 mm below the
end (level IX). Two mobile velocity probes at each of
two planes, 11 (level X) and 111 mm (level XI) downstream of the end of the bundle, allow velocity profiles
to be measured across the corners and flats of the bundle
wrapper (Fig. lb).

Guard heaters
(8 sections)
Measurement levels;
XI

Fig. la: Schematic vertical cut of the sodium-cooled
37-pin bundle SONACO (not to scale).

LEVEL IX
1100 mm from EO

Axis ol Probe 2 and 4
'llevel X and XI)

hot
side

3 Mixed Convection
Various experiments in the mixed-convection range
have been performed with either constant, ringwise or
row-wise power distributions. The experimental results
(Fig. 2) show that with non-symmetric power distribution and bundle flowraies between 0.2 and 0.5 1/s (cor-

Fig. lb: Bundle cross-section at level IX with fixed
velocity probes
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4.1 Uniform power input
For uniform power input, three natural circulation flow
patterns are superimposed on each other.
a) Local or intra-grid natural circulation rolls seem
to establish between the spacer grids S3, S4 and S5.
The measured temperatures are constant in time. We
conclude, therefore, that these intra-grid rolls are stable. The radial temperature profiles below and above
the spacer grids show different gradients. Just below
the grids the heat is transported convectively towards
the hexcan wall and supports the conductive transport.
Above the spacer grid, cold fluid from the hexcan wall is
convected towards the centre of the bundle, opposite to
the conductive transport. The enhanced flow resistance
in the spacer grids is the reason for the development of
the local circulation rolls.
/
.

a /

/
/
/

C92

C91

r r r : EXPERIMENTS
P=30kW
row-wiso heating
2:1:0

C94

C93

b) An unstable, antisymmetric natural convection roll
develops in the bundle above spacer S5 and in the lower
part of the upper plenum [9]. From level VI upwards,
pronounced intermittency and anticyclic behaviour of
measured temperatures on opposite sides in the hexcan
are observed. At level XI, however, the intermittent
component of the fluctuations seems to have died away.
This unstable natural circulation is induced by the relatively cold fluid above the pin bundle.

Transverse position
Fig. 2: Axial velocities for mixed convection with
row-wise power distribution at level IX. Transverse pin
power ratios 2:1:0

responding to average velocities of 10 to 30 cm/s), the
temperature and velocity profiles are strongly affected
by the buoyancy. Reducing the flowrates below 0.2 1/s,
stagnation and (low rccirculau'on occur on the cold side
of the hexagonal bundle. A criterion for the onset of
mixed convection based on a two channel analysis [5],
can also predict flow recirculation and agrees well with
the results from SONACO experiments [6].

4

Radial Heat Extraction

In studies on the radial heat extraction of the SONACO
experiment [7], a non-linear dependence of the peak
temperature on the power input was found. This is due
to the influence of natural convection. The decrease
of the peak temperature rise to power ratio for a uniform power distribution is about 10% for the 30 kW
case compared to the 10 kW case. Detailed analysis
and comparisons with numerical code calculations have
already been reported [7];[8].
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c) An overall, stable and axisymmetric naturalcirculation roll, transporting hot fluid from the heated
part of the bundle to the upper unheated part and to the
upper plenum, is superimposed on the two other (a,b)
flow patterns. In the case with uniform power input,
the interaction between the heated bundle and the upper
plenum is mainly contained in the antisymmetric roll (b),
and no significant axisymmetric plume has been found.
Currently, axisymmelric versions of the codes used to
predict the temperature and flow distributions in the
case with radial cooling (BACCHUS [10], INCA [11],
THEBES [12], cannot predict the circulation mode (b).
An enhanced turbulent diffusivity has been used to increase the radial heat transport in the upper plenum, and
with this modification it was possible to obtain good
agreement between experimental and numerical temperature data in this part of the bundle.

4.2 Non-uniform, ringwise heating
In the case with only the central 7 pins heated, the axial
temperature distribution along the centre-line and the
transverse temperature profiles at level X are stable in
time. In comparison with the uniformly heated case, the
temperature decay along the axis in the upper plenum is
much slower and the axisymmetric plume at level X is
much more pronounced (Fig. 3).

BACCHUS

Exp.

7 central pins heated: 10kW
uniform heating:
30 kW

5 Axial Cooling
Experiments with cooling only by the coil in the upper
plenum have been performed at various power levels
and power density distributions [91.

3.0

The axial distribution of time- and level-averaged temperatures in Fig. S exhibits a maximum at level III near
the lower end of the heated section. Most of the heat
is transported to the coil by natural convection, which
is reflected by the irregular decrease of the temperature
towards the top of the bundle with steeper temperature
gradients across the spacers.
30

20

10

0

10

Transverse Position

Fig. 3: Comparison of experiment with BACCHUS calculated temperature profiles at level X. Lateral cooling
mode with uniform and ringwise (central 7 pins) healing.
16
14 •
E
o
„-

Level X

^2 -

Fig. 6 shows the fluctuations of lhe temperature signals
of two pin thermocouples situated on the same level but
on opposite sides of the bundle. The intermittent and
anticyclic course of the two traces is especially noteworthy. They give indication of the time-dependent orientation of the natural convection modes. Analysis of
(he evolution of the temperature field in (he bundle in
an experiment with uniform heating shows that coherent rotation at all levels can alternate with anticlockwise
rotation at levels VI through VIII and rotation in oppo-
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E

S

~
o
•2

6

'

4-

2-

0

0

3
X
<

-4

-s
-8

Transverse Position
Fig. 4: Comparison of experiment with BACCHUS
calculated velocity profiles at level X. Lateral cooling
mode with central 7 pins heated (10 kW).

Fig. S: Time and level averaged temperatures versus
bundle height for an axially cooled lest with total power
of 5 kW, uniformly heated, coil flowrate 0.1 1/s.

4.3 Code Calculations
A comparison of axial centre-line velocities for the
uniformly and ringwise heated cases obtained with
THEBES [7] shows, that the overall circulation is more
important for the case with only the seven central pins
heated than for the case with uniform heating. Comparisons between experimental velocity and temperature
data and calculations with BACCHUS are given in Figs.
3 and 4. The code results seem to overpredict the axial
transport In order to get correct results for the temperature distributions in the bundle, transverse conduction
within the heater rods had to be accounted for in the
porous-media codes BACCHUS and INCA.

Fig. 6: Temperature versus time for an axially cooled
test with total power of 5 kW, transverse pin power ratios
2:1.5:1, coil (lowrate 0.1 1/s. (Test duration: 3600s).
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site direction at level IV and V at the same lime. The
strong temperature fluctuations prevented us from measuring velocity components with sufficient accuray to
prove the coherence of temperature and velocity fields.
A number of experiments have been performed to investigate whether lilted power distributions or the concentration of the healing near the axis of the bundle can stabilize the now. These attempts proved in part successful,
but only for the lower levels, li was, however, not possible to establish axisymmetric plume-like convection
dominating over the whole length of the bundle by heating only its central part. In all cases with nonuniform
power distribution, the peak temperature in the bundle
depended essentially only on the total power but not on
its transverse distribution [13]. This also points to a heat
removal mechanism which is only weakly dependent on
the heating pattern.

Code Calculations
Experimental results and calculations with ASTEC have
revealed that the dominant contribution to natural convection heat transport is provided by antisymmetrical
convcclion modes with upflow on one side of the bundle
and downflow on the opposite. The convection pattern
varies wilh lime and helical movements may occur. Antisymmclric modes arc also responsible for the onset of
Rayleigh-Einard convcclion in a vertical cylinder with
hcight-to-radius ratio larger than one [14].

6 Conclusions
The SONACO test rig has proved to be a valuable expcrimenuil facility for analyzing natural convection flow
patlems within a pin bundle at either low flowraies or
blocked bundle inlet, al decay heat power levels. In
mixed convection experiments wilh strong power tilts,
it has been shown ihat flow recirculation appears within
the bundle. For the cases with radial cooling, it has been
found that three different convection flow patterns are
superimposed on each other: a stable convection mode
between spacer grids, an unstable convection roll in the
upper unheated part of the pins, and an overall antisymmetric convection flow transporting heat from the heated
to the unheated part of the bundle. With non-uniform
axisymmetric power input, it is possible to stabilize the
flow patterns. Axial cooling of the bundle has resulted
in an unstable, non-symmetric thermosyphon, and 3D
calculations are necessary to describe properly the flow
patterns which occur. Tilted power distribution could
only stabilize the convection in the lower part of the
bundle.
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PIREX II Sample Cooling, an Entrance Region Affected Heat Transfer
Problem
M. Huggenberger, H. Nothiger
Laboratory for Thermal-Hydraulics

Abstract
Experiments were carried out to investigate the axial
distribution of the heat transfer coefficient downstream
of a flow channel geometry change in the form of a
backward-facing step situated directly at the beginning
of the heated section. The turbulent gas flow arriving at
the step was hydrodynamically undeveloped and isothermal. Downstream of the step, the Nusselt number increased rapidly, attained a sharp maximum, and then decreased monotonically to a fully developed value. Based
on the experimental data, correlations were developed to
predict the entrance region affected turbulent heat transfer in a specific geometry with various step heights.

1

Introduction

In the proton irradiation experiment PIREX II [1] for
simulating radiation damage in candidate fusion reactor first wall materials, cooling and temperature control
of the highly heat loaded lest samples represents a key
problem. The PIREX experimental facility is a targeting
arrangement which allows for irradiation of lest samples
in the PSI medium-energy accelerator. A temperature
control system using closed-loop pressurized helium gas
to extract the heat deposited in the sample by the 600
MeV proton beam is a main part of the PIREX facility.
Because the temperatures of the beam-exposed samples
cannot be measured by usual techniques, they will be
determined by the measured helium coolant temperature
plus the calculated sample-to-fluid temperature drop. In
the geometrically complex test region, the conveclive
heat transfer is affected by hydrodynamic and thermal
entrance effects. The hydrodynamic entrance effect is a
result of the undeveloped flow velocity profile. Depending on the flow channel geometry, either a reduction or
an improvement in heat transfer is possible. The thermal
entrance effect, which leads to an increased heat transfer, is a consequence of the radial temperature profile
(isothermal flow) at the beginning of a heated section

48

not being established. The superposition of both effects
leads to the overall entrance effect. Studies of now and
heat transfer in the entrance region of simple channel
geometries (e.g. tube [2] and annulus [3] have been the
subject of considerable interest. A special experimental
investigation is, however, necessary to create the data
base for the specific PIREX geometrical and thermalhydraulic parameter range.
The local sample surface temperature T, at the axial
position £ will be calculated by

?"r • dh

TtT =

The coolan' temperature TH,, is based on the measured
inlet and outlet fluid temperatures by considering the axial heat input distribution. The sample surface to-fluid
temperature drop is represented by the second term of
the equation. The surface heat flux q" x can be determined from the measured beam power and the power
distribution. The Nusselt number ratio

£x =

NuI/NuDB

represents the entrance effect, where Afu, is the real local Nussclt number in the sample test region and NUQB
is the Nusseli number for fully developed turbulent flow
through a smooth tube for the same equivalent diameter
rfh, calculated by the Dittus - Boeller correlation [4]

NuDB

= 0,023 •

All the fluid properties are taken at bulk temperatures.
Based on the experimental data, correlations for e will
be developed to predict and finally control the PIREX
sample temperatures. Extensive information on the subject is given in [5].

2 The Entrance Effect Experiment

3 Results

In Fig. 1 the PIREX sample test section and its simulation in the Entrance Effect Experiment are shown.
Because of geometrical and thermalhydraulic symmetry,
only half of the PIREX cross-section is simulated. Typically, after an inlet length of the order of 20 hydraulic
diameters, the entrance effects have mostly disappeared.
Therefore a similar length has been chosen for the electrically heated zone, which is about seven times longer
than the irradiated (heated) region of PIREX. The step
height at the beginning of the uniformly heated section
depends on the PIREX sample thickness in the test region. The influence of two different step heights on the
downstream heat transfer coefficient will be investigated
by exchanging the inlet piece (see Fig. 1). Air at a maximum pressure of 3 bar is used as the coolant. To avoid
compressibility effects due to high air velociues in the
Reynolds number range of interest, the Entrance Effect
Experiment is built to a scale of 2:1. The temperatures
of the coolant and the heating plate are measured by
thermocouples (TC).

The test mairix contains 84 test runs which cover the
geometrical and thcrmohydraulic parameter range of interest. The results of one test run are presented in Figs.
2 to 4. The measured surface temperature distribution
over the heated length (x/dh), together wilh the coolant
inlet and outlet temperatures, are shown in Fig. 2. The
Nusselt number distribution is given in Fig. 3, and the
Nusselt number ratio (the entrance effect) in Fig. 4.
Downstream of the flow channel step, the entrance effect increases rapidly and reaches its sharp maximum, at
approximately r/dh = 1. With increasing downstream
distance, the effect decreases monotonically, to finally
reach a constant value. This typical behaviour can be explained by the sequence of flow separation (at the step),
then the rcaiiachmcnt to the healed wall and ultimately
the development to the fully established regime [6]. As
demonstrated in Fig. 5, no systematic influence of the
surface heat flux on the entrance effect has been found.
On the other hand, a clear Reynolds number dependency
is shown in Fig. 6. With increasing Re number the Nu
ratio drops. For higher Re numbers the f-values lend
to unity downstream, at about x/dh = 20. This implies
that the heat transfer approaches the values for fully developed flow in a smooth tube of the same equivalent
diameter. Besides the r/<4 and Re dependences of the
entrance effect, the experimental results show clearly the
geometrical influence of the step height. From Fig.7 it
can be seen that the f-values as well as the development
length become larger wilh increasing step height. The
peak heat transfer is reached after an entrance length of
5 lo 6 limes the step height.

PIREX test section

Entrance Effect Experiment

3.1 Correlations for the entrance effect
TC
inlet piece

back
plate

LflOw
tube

air flow
channel
' healing pl&te

Fig. 1: PIREX test section and its simulation in the
Entrance Effect Experiment

3.1.1

The entrance efrect correlations (1) and (2) presented
below are restricted lo the PIREX sample test section
geometry. To calculate the Nusselt number distribution
they have to be used in combination wilh the Ditlus Boelter correlation. The other restrictions are:
-

Coolant flow rate, pressure and heating power are also
measured. The heat losses to ambient air and the thermal conduction effects within the test section are kept
small by appropriate design and materials selection. The
main characteristics of the PIREX test section and the
Entrance Effect Experiment are summarized in Table 1.

Correlation range

-

Prandtl number
Pr = 0,7
Reynolds number range
Re = 8 • 103 ... 8 • 104
Dimensionless step height
hjd = 0 ... 0,14

The type of equation has been selected only to obtain
the best fit to the experimental data.
49

•

N

It

^ 100

•

«

«

•

"

4

f
OS

10

19

20

25

Dimensionleu heated length z/dk

Fig. 2: Measured surface (*) and coolant (+) temperatures over the heated length. Geometry l, Re=7,2 • 104.
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Table 1: Main characteristics of the PIREX and Entrance Effect Experiment
Experiment
Coolant
Coolant pressure p m a i
Coolant temperature range T
Reynolds number range Re
Surface heat flux g" m a i
Flow tube diameter d
Hydraulic diameter dh
Heated (irradiated) length L
Dimensionless heated length L/d>,
Sample width w
Sample thickness a
Step height h
Dimensionless step height h/d
•Geometry 1 **Geometry 2
3.1.2

bar
°C
W/cm2

mm
mm
mm
mm
mm
mm
-

Entrance
Effect

PIREX

air

3
20 - 160

helium
50
20 - 450

8 • 1 0 3 - 8 • 10"

8 • 103 - 8 -10"

10
12,0
7.33
150
20.5
12,0
0,5* / 2,0**
1,5* /0**
0,125* / 0 "

120
6,5
3,2 - 3,9
9,0
2,3 - 2,8
6,0
0 , 2 - 1,0
0,5 - 0,9
0,08 - 0,14

a
6

Correlation 1

=
=

9,724/Je-0112
-0,02 -fle 0 ' 251

Range of entrance length:
0,4 < x/dh < 3 , 0

and for geometry 2

e = a(ln xldhf + bln

x/dh+c

a
6

=
=

27,72-fle- 0 ' 2 7 2
-5,526- 10- 3 • fl

where for geometry 1
(dimensionless step height h/d = 0,125)
a
b
c

=
=
=

-8,559 • 10" 3 • fle0'308
-1,831 + 0,171 In Re
20,72-fle- 0 ' 201

(dimensionless step height h/d = 0)

3.1.3

=
=
=

3

-1,239 • 10" -1,249-He" 0 ' 1
24,57fle-OM9

Correlation 2

Range of entrance length:
3,0 <x/dh<

15,0

Correlation accuracy

The prediction error for an individual data point is

E = {TP-Te)/Te

and for geometry 2

a
b
c

3.1.4

The RMS error for a number of points
(n= 1176) is

For the whole correlation range the RMS error - the
main index of performance - is 1,8%.
A comparison of the results predicted by the correlations with the experimental data is given in Fig. 6 for
geometry 1. The predictions for a constant Re number, but various geometries, are shown in Fig 7. For
step heights which are different from the two geometries investigated, the e-curves were calculated by linear
interpolation.

where for geometry 1
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3.2 Concluding remarks
In the experimental setup the isothermal and hydrodynamically undeveloped flow enters the heated test section at a backward-facing step. The downstream heat
transfer distribution was measured as a function of the
step height and the Reynolds number. The results are
in general agreement with similar previous experiments.
Based on the 84 test runs, two empirical correlations for
predicting the entrance region heat transfer have been
developed. These could also be used to verify numerical fluid flow and heat transfer computer models which
are able to handle flow separation and reaUachment in
geometrically complex entrance regions. The RMS error of the correlations, when applied to all experimental
data points, is 1,8%. For the PIREX parameter range
of interest, the convective heat transfer rate is enhanced
by a factor of about two, compared to the situation of
fully-established flow through a smooth tube which has
the same equivalent diameter.

3.3 Nomenclature
(I

m

d

m

E
h
L

m
m

n

m
-

P
Pr

bar
-

AMI

<l"

Re
R.MS
T
w
X

W/m2
-

°C

m
m

e

A
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W/mK

sample thickness in the test region
diameter of the flow tube
hydraulic diameter
error
step height
heated length
Nusselt number
number of data points
coolant pressure
Prandtl number
surface heat flux
Reynolds number
root mean square error
temperature
sample width
downstream distance (from beginning of the heated section)
Nussclt number ratio (entrance
effect)
thermal conductivity

3.4 Subscripts
DB
e
He
p
s

Dittus - Boelter correlation
experiment
helium
prediction
surface
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AC-3: Completion of a Multi-Year Irradiation Test Programme on an
Advanced Nuclear Fuel in the Fast Flux Test Facility, October 1988
R.W. Stratum, H.P. Alder, G. Ledergerber
Laboratory for Materials Technology and Nuclear Processes

Abstract
Over the last thirteen years the work of the EIR/PSI
fuels programme has been strongly involved in preparing
and realising an irradiation test of its advanced fuel in
the US Fast Flux Test Facility. A report on the events
leading up to the delivery of the test fuel to the USA,
the experiment concept, the irradiation test itself and the
post-irradiation-examinations planned, is given. Some
comments are also provided on the experience to date on
carbide fuel irradiation performance. In preparing this
review article use was also made of references [1,2,3].

1

Introduction

In a letter to EIR ' dated 14 May 1976, Westinghouse
Advanced Reactors Division (W-ARD) of Madison,
Pittsburgh, USA, acting for the Energy Research and
Development Administration (ERDA)1 enquired about
the availability of 5-10 kg of uranium-plutonium mixed
carbide, (UPu)C fuel microspheres for testing as an advanced fast reactor fuel. Such material and its method
of production using a gelation process was a speciality
of the Institute's fuels laboratory.
On October 16, 1988 the test (called AC-3) on this fuel
came to an end in the "Fast Flux Test Facility" (FFTF)
in the United States. There still remains some two and
a half years of intensive work on examining and evaluating the fuel pins, which successfully reached a bum
up of some 85 megawatt-days per kilogramme of fuel
(MWd/kg).
What happened in the intervening twelve and a half
years? What does the programme mean to PSI? What
are the potential benefits?
Firstly it must be said that any large scale fuel irradiation experiment aimed to demonstrate the performance
'The historical names are being used where appropriate

of a new fuel concept may easily take more than a
decade from conception to examination of the final results. Added to this, in the case of the AC-3 test, were
the additional complications of the international aspects
(communication, standards, transports), and the 'politics' prevailing and changing in the intervening years
(changes in the US administration, personnel changes,
new organisations etc).
This article attempts to give an idea of the work done in
these years and the background. In particular it shows
the time-consuming steps necessary to prepare for a fuels test in which data collection on all aspects of the
fuel fabrication, characterisation of the materials and test
conditions, and post irradiation examination are of prime
importance. It also shows the need to have the back-up
of a steady and consistent management (policies, patience and mutual trust) and loyal co-workers over a
long period.

Reasons for the US Interest in the
EIR (PSI) Fuel
By May 1976, the time of the US enquiry, EIR had
already been at work for seven years developing the
gelation (wet process) for nuclear fuel fabrication. The
application of this special process to an advanced fuel
for the fast reactor provided a unique R&D opportunity,
using the ceramic carbide (in place of the more usual
oxide) and the EIR facilities for working with plutonium.
The Fast Breeder Reactor (FBR) itself was a major part
of the research programmes in France, the USA, BRD,
UK and Japan as well as the USSR, with important work
also being done in Belgium, Holland and Italy.
Fig. 1 shows some of the advantages of EIR's internal gelation process compared to the standard way of
producing mixed carbide pellets. Note the simplified
production route and the logical sequence of the process
stages from the liquid to the hard ceramic microspheres
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Fig. 1: Comparison of the dry (pellet) and wet (sphere-pac) route

which can be directly filled into the cladding lubes and
welded closed. The lack of mechanical process equipment reduces dust and eases maintenance which helps to
improve operator protection. Mixing the two streams of
uranyl- and plutonium-nitrates also provides much better plutonium homogeneity which is of key importance
in obtaining a fuel which can be readily reprocessed.
The process chosen by EIR by 1976, the internal gelation process, is shown in Fig. 2. It produces clean,
hard, high density microspheres of fuel for direct loading into fuel pin cladding tubes using vibro-compaction
(the sphere-pac concept). By 1976 EIR had carried out
a number of small-scale irradiation tests of this type
of fuel end published the results. At the same time in
the USA, although considerable work had been done on
the sol-gel production of oxides at Oak Ridge National
Laboratory, little had been done on the gel fabrication of
advanced breeder fuels. Work in the USA, UK, Belgium
and the FRG on advanced FBR fuels had been focussed
on carbide and nitride pellets, not vibrocompacted microsphcres. By then EIR was carrying out irradiation
tests with the UK, Belgium and the FRG to compare
the two types of fuel. It is therefore in the framework
of the extensive US FBR programme that the request
of 14 May 1976 has to be seen. The proposal offered
the opportunity for a full scale demonstration of the fuel
under true fast reactor conditions which of course was
not possible in Switzerland.
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Fig. 2: Flow-sheet for the production of mixed carbide
by internal gelation

Brief History of the Programme
to Date
By mid 1977, due to a changes in the US-ERDA, the
pressure for a joint lest started to weaken. Then, in
November 1977, a resurgence of interest came about
following a major advanced FBR fuels conference in
Tucson, Arizona where the two EIR papers were very
well received [4,5]. At that time the US Department of
Energy (USDOE) the successor to ERDA suggested a
test in the FFTF which was then still under construction.
By May 1978 a first specification for the experiment had
been worked out as well as a preliminary draft memorandum of understanding which was signed in October
of that year. The memorandum proposed fuel fabrication beginning in 1980 (sphere-pac fuel at EIR and pellet
fuel at Westinghouse) and the test of some 60 fuel pins
(20 from EIR) in a mulli-ducl assembly, a special insert
in the standard FFTF 'driver' fuel assembly. The test
was planned to begin late in 1981. During 1978 EIR
undertook preliminary trials towards achieving the fuel
quality requirements and good progress was being made
by November. Pin fabrication methods were also being
examined and development of techniques underway.
This preliminary work was completed by mid 1979 and
plans made to establish the full scale procedures with
the quality assurance (QA) requirements of the US partner. By October of that year a formal draft agreement
had been worked out with the DOE. At that time fuel
quality problems arose (silicon contamination, later high
oxygen levels) which were to persist for many months.
Nevertheless pin filling trials (for the 2.4 m long pins)
were underway, a new gelation box had been built and
installed, also a box for the recycling of the ammonia
wash streams.
Towards the end of 1979 the US government announced
the closure of all plutonium fuel fabrication plants operated by private industry, leaving only government facilities such as those at Los Alamos National Laboratory
(LANL). The management of the still strong US carbide
programme remained however with Westinghouse ARD.
By December, the EIR fuels programme was working on
the weld chamber for sealing the cladding tubes, development of a docking system for the pin onto the fabrication boxes, modelling of the expected fuel behaviour
with the SPECKLE code and the details of the pin internal design.
FFTF reached its first criticality in February 1980. By
March, the box line at EIR for the pin fabrication was
taking shape and trials on uranium carbide fabrication
proceeding whereby the problems of obtaining good
fuel sloichiometry (ihe correct levels of carbon with

low oxygen and controlled amounts of higher carbide
phases) were still not effectively solved by the end of
the year. Work on the quality assurance documentation
began and weld trials were underway by September together with studies on decomamination of the cladding
lubes. Throughout the period the technical discussions
with the US partners progressed, although it was not until April 1981 that the USDOE released the agreement
for signing. In May 1981 LANL took over Ihe responsibility for the whole experiment from Weslinghouse and
a close cooperation began which exists to the present
day. In June the lest start was fixed at January 1984.
In September the US side proposed changing the test
conditions to a full size sub-assembly of 91 pins with
EIR providing one third. This also meant changing from
a grid-spacer to a wire wrap configuration. By December
due 10 changes in the US administration and at the US
DOE, the whole US advanced fuel programme was once
more under close scrutiny.
At the end of 1981 the EIR procedures were advanced
enough to begin to prepare dummy fuel pins to check
out the operations and associated control documentation.
By mid year the general fuel quality and reproducibility
was coming under control. Then in February 1982 the
USDOE announced the stop of Iheir carbide programme
and informed EIR thai they could not proceed wilh the
planned test.
EIR took immediate action, protested against the premature termination and requested an immediate meeting.
On 11 March a one day trip lo Washington was made to
discuss wilh the new team at the USDOE the actions to
be taken. The EIR arguments were convincing enough
for the US side lo agree to maintain a minimum carbide
programme by completing the existing lesis including
the Swiss-US experiment. In return EIR agreed to take
on a larger share of the costs including financing the
post-irradiation-examinalions. By 18 May 1982 a new
draft agreement was worked out and with further revisions it was signed in November in Bern. Throughout
this traumatic period the fuels team at EIR had kept
working at full speed, in September the materials for
the pins had been delivered from the US, component
manufacture was underway and (UPu)C fuel was being
produced to specification.
At the end of 1982 all the labs were set up for production, all components manufactured, all procedures
established and almost all documented and LANL had
submitted the request "for approval in principle" to the
FFTF management. Production start was foreseen for
Easter 1983.
By March 1983 welding trials aiming to meet the US
quality standards were still causing delay. Actual fuel
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Fig. 3: Fabricating the 91-pin carbide test assembly at the Wcsiinghousc-Hanford company in Richland, WA., USA

Fig. 4: Project team and supporting staff responsible for the maufacturc of the sphere-pac test pins in WUrenlingen.
(A case with ten completed pins is shown).
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was in production by April 1983 and in May a formal design review at LANL was successfully completed
confirming all details of the hardware and the lest conditions.

are shown in Fig. 4, marking the end of the manufacture
in Wiircnlingen.

On 24 May at EIR, a contamination incident occurred in
one of the waste handling boxes in the Hot-Lab which
caused the spread of low levels of alpha activity ihrough
several interconnected labs and a corridor. The clean
up campaign which immediately started, using the fuels team itself and many helpers from other groups and
divisions, delayed the AC-3 fabrication for exactly one
year.

4 Fabrication of Mixed Carbide
Fuel

During this time weld trials could still be undertaken
and were completed to the US satisfaction by February
1984. Fuel pin fabrication started on 24 April using
fuel made before the contamination incident and fuel
fabrication itself restarted at the beginning of June. Here
it is worth noting that the fuel produced on the restart
exactly matched the fuel made one year previously in
terms of quality. By 31 October 1984, 10 pins had
been completed and inspected, final completion was then
foreseen for May 1985. By 29 April 1985 this target was
reached when the pin production achieved a throughput
of one pin per day. Following visits and approvals by
LANL and the FFTF experiment manager for QA, the
27 pins could finally be shipped al ihe end of July. After
full checks at LANL, 25 EIR and 66 LANL pellet pins
were shipped in November to the Westinghouse Hanford
site in the slate of Washington where the fuel assembly
was built, Fig. 3.
The assembly was completed in March 1986 and the 91pin carbide fuel element was transported the few kilometers to the FFTF and was loaded into the core in
August for ihe stari of cycle 9A. For this to be possible a large number of safely submissions and fabrication
reports had to be completed and cleared.
Full power was reached on September 19, 1986 and the
experiment then ran successfully over iwo whole cycles
without incident for 620 equivalent full power days until
16 October 1988. The burnup reached represents about
double that normally achieved in today's light water reactors and the peak power produced (90 kW per meter
of fuel length) is 2.5-3 limes that possible in a LWR.

4.1 The Fabrication Process
Two aspects of the fabrication process are important:
the use and development of gelation methods to produce
dense, ceramic microsphcres of solid-solution U-Pu carbides, oxides or nitrides and the vibro-filling of these
microsphercs into fuel pins for testing. Several methods of gelation were developed in earlier years by various groups, these include the water extraction method,
the external gelation method and the internal gelation
method. EIR look the internal gelation method and developed it for plutonium fuels (Fig. 2).
After preparing acid free, concentrated feed solutions
of uranium- and pluionium-nitrates these are mixed
together with an aqueous solution of hexamelhylcnetetramine (HMTA), urea and, for carbides and nitrides,
dispersed carbon-black. The cooled mixture is then
dropped into a column, or injected into a stream, of hot
silicon oil. The temperature rise triggers off the decomposition of the HMTA to form ammonia, which precipitates ammonia-diuranate or the corresponding plulonatc
within the droplets to form spheres which can be readily
handled. Washing steps remove the silicon oil, solvents
and reaction products and afler drying at 110 "C in
air a calcining step in argon/hydrogen drives off further volatiles and adjusts the uranium or plutonium to
a known oxidation state. For high density carbide microsphercs, carbothermic reduction (reaction-sintering)
is done at 1950 °C in flowing argon, producing clean,
dust-free particles which can be loaded directly into fuel
pins. For smeared densities typical for advanced FBR
fuels (75 to 80 % of theoretical density) two size fraction particles can be used, typically 70 pm and 750 /jm

4.2 Fabrication for AC-3
With this achievement the experiment is far from complete. Now follows a detailed programme of examinations in hot cells in the USA. Details are given later.
Meetings in the USA in 1987 and 1988 have established
what tests are to be carried out on which selection of fuel
pins.
Over the period 1979 to 1985 some 20-25 people at EfR
were regularly engaged at any one time on the preparations and in the fabrication programme. Many of them

4.2.1 Quality
Control over fuel quality and demonstration lhai the
required standards were met (Quality Assurance) was
based on specifications for process procedures, analyses,
and inspection. These were qualified in pre-fabrication
trials. Due to criticality limits for the individual glove
boxes (200 g plutonium) and the capacity of the sintering
57

oven, production was done in small batches containing
70 g of plutonium each. Each batch started with a single make-up of feed solutions and proceeded through the
gelation, drying, calcining and sintering step. Carbon,
oxygen and plutonium analyses were performed and a
ceramographic specimen prepared to qualify the batch
for a charge. A charge consisted of fuel for approximately 5 pins, which meant 2 kg (UPu)C of large or
0.75 kg (UPu)C of fine spheres. The charges were fully
characterised at EIR with the exception of the trace elements and nitrogen analyses, which were performed at
the Transuranium Institute, Karlsruhe (TUI). The fuel
quality requirements for spherc-pac and pellet fuel arc
shown in Table 1.
Table 1: Fuel specification FFTF AC-3
Plutonium content
Pu 239+241 content
Uranium content
U-isotopic (235)
Scsquicarbidc content
Eq. carbon content
Fuel density
Oxygen
Nitrogen
Silicon
Molybdenum
Tungsten

4.2.2

PeUeu
19.7±0.5
88.2 ±0.5
75±0.5
<0.3
<n% fuel
10+5
not specified
wt% fuel
flb theoretical 78-82
<20OO
ppm
<1000
ppm
ppm
<100
pom
<600
ppm
wtt> fuel
wtftPu
wt% fuel
WI%U

Spheres
2O.O±5
89.0±0.5
not defined
<0.7
not specified
5.02±0.11
>95
100O±10OO
<1000
<10O
<200
<500

Characterisation/Stoichiometry

The fuel compositions specified were based mainly on
the experience of LANL. It was proposed that the fuel be
comprised of two phases: monocarbide and sesquicarbide. The presence of both had to be shown and the
scsquicarbidc phase had to be between 5 and 15 % of
the fuel material by volume.
The micro-sphere manufacturing process is much different to the pellet process. Assumptions justified and employed to demonstrate compliance in the case of pellets
had to be re-justified for microsphcres. Ceramography
of the carbide spheres, prepared using standard procedures had earlier shown a white phase which could be
interpreted as sesquicarbide. A quantitative determination was however not possible. In preparing samples for
X-ray diffraction EIR found difficulty in analysing the
carbide when in the form of spherical particles. Finally
neutron dilTractometry, a method for phase identification and determination directly on the spheres without
special preparation, gave indications of mono-carbide
with only traces of secondary phases. For these reasons
it was agreed to base the characterisation of stoichiometry on carbon, oxygen and nitrogen, which became the
focal point of the analyses. However the search for a
deeper understanding of the phase structure of the microspheres continued in three main stages as shown below.
In order to verify the analysis proccedures of the key pa58

rameters C, O, N, U, an interlaboratory comparison was
carried out on three different compositions of uranium
carbide microspheres, between EIR, LANL and TUI.
The results showed that the chemical methods used by
the three laboratories give comparable results.
In a further step, EIR set-up procedures for neutron
diffractromctry of uranium- and uranium-plutonium carbide materials. In addition to the studies on carbide
microsphcres directly, mecjuremenls were also made on
crushed samples of uranium-carbide pellets supplied by
LANL. The diffraction analysis of these latter samples
proved the technique to be capable of sesqui-carbide detection and the specimen to be comprised of mono- and
scsqui-carbidc phases only, as claimed. Analysis of the
diffraction pattern gave M 3 C 3 at 7.1 % compared to 10.2
vol% calculated from the equivalent carbide content.
In the micro-sphere samples however no sesqui-carbide
phase was evident even with samples with high equivalent carbon, although di-carbide was detected. Reasons
for this could have been:
• Pellet fabrication includes much mechanical working and longer thermal treatment stages. The rate of
sesqui-carbide formation and its occurrence is enhanced in a highly point-defected mono-/dicarbide
mixture.
• The pellet sample contained 2000 ppm nickel added
as a sintering aid. This functions by enhancing
diffusion rates of uranium in carbides and thus the
kinetics of phase equilibrium could also be affected.
Selected samples of micro-spheres shown to consist of
only mono- and di-carbide phases in the as-fabricated
condition were given further periods of heat-treatment.
Whereas a uranium sample showed no change in its
UC/UC2 structure after a further treatment of 64 hrs at
1550 °C, a representative sample of uranium-plutonium
carbide was transformed into a material having only
mono- and sesqui-carbide phases after only 4 hrs at 1550
Cl
C. This could also be confirmed by ceramography. The
results indicate that the manufacturing route is an important factor in determining the phase composition of
mixed carbides. The nascent di-carbide form is readily
transformed into sesqui-carbide by an extra annealing
treatment at 1550 °C for as little as 4 hrs.

5

Fuel Pin Design and Fabrication

5.1 Pin Design
For ease in comparing performance, the sphere-pac and

Table 2: Nominal pin and experiment characteristics,
sphere-pac pins
Fuel
Type

Hypersioichiometric (UPu)C
binary microspheres

Plutonium content
Sesquicarbide
Oxygen content
Particle size
Fuel column length
Smeared density
Insulator pellets
Gas bond
Cladding

20.0%
10 ± 5 vol. %
1000 ± 1000 ppm
630-900 /im and 45-106 ,,m
914 mm
75-80% theoretical
UC
Helium

Material
Diameter 0D/1D
Wall thickness
Spacer wire
Experimental
Conditions

Cold-worked D9 alloy
9.40/8.38 mm
0.51 mm
CW D9

Number of pins
Peak nominal power
Peak nominal clad
temp.
Target bum-up
Irradiation period

25 sphere-pac (66 pellet)
92 kW/m
650-C
9 at %
~ 500 days (effective
full power)

pellet pins were as nearly as possible identical. Pin layout therefore closely followed the US pellet design for
this experiment with identical dimensions and cladding
materials. The EIR closure welds were made to US standards using slightly modified procedures. Fuel smeared
density for the sphere-pac pins was close to 80 % theoretical (13.6 g/cm3). For the pellet pins it lay in the
range 77 - 79 % TD. The nominal pin and experiment
characteristics are shown in Table 2. Small changes
were made to the sphere-pac internals, partly to allow
for the characteristics of sphere-pac fuel but mainly to
lake account of the special fabrication methods used at
EIR (pin filling from the bottom end due to height limitations). These changes were:

(d) addition of molybdenum discs at either end of the
fuel column to retain the fine microspheres,
(e) modifications to the lower reflector to include a split
mandrel/collet arrangement designed to retain the
fuel in position until the distance-piece and endcap are fitted.
Of these, items a, b, e and to a lesser extent c are required
only due to the filling orientation.

5.2

Predicting In-Reactor Performance

Prior to final acceptance of the experiment, LANL and
EIR were required to predict the performance of the
fuel pins under steady state and possible transient conditions. For several years EIR, helped strongly by Oregon Slate University, developed a code for sphcre-pac
carbide pin behaviour called SPECKLE. A version of
the code, SPECKLE-III was validated by re-calculation
of earlier EIR carbide tests. Good agreement was found
over a wide range of test conditions for measured characteristics such as gas release and cladding strains. In
particular SPECKLE III was able to accurately predict
the degree of center fuel sintering in tests having a wide
range of operating conditions and burn-up. These results
indicate that the thermal predictions and restructuring
models taken as a whole, give reliable results. Using
preliminary input data on expected power levels and
temperatures, calculations were made of the expected
steady state performance, (Fig. 5) The results agreed
well with LANL calculations for pellet fuel. The US
'cladding damage fraction' sub-routine was also incorporated into SPECKLE and was able to produce consistent results on all of the earlier experiments including
failed pins.
In collaboration with LANL, SPECKLE was modified
to calculate the standard transient cases required by the
reactor operator. Although not validated by experiment
the results show that an acceptable transient behaviour
can be expected as with pellet pins with no center fuel
melting.

(a) modification of the tag gas capsule penelrator to prevent inadvertent penetration during vibro-filling,
(b) addition of a strengthening tube around the tag gas
capsule to support the fuel column load during
vibro-filling,
(c) replacement of the spring by a compression tube
assembly and relocation above the plenum spacer,

Fig. 5: FFTF sphere-pac pin. Steady-slate calculation
using the SPECKLE-HI code (nominal conditions)
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5.3

Preparation for Pin Fabrication

Preparation for pin fabrication covered the following
main areas:
(a) equipment modification and new equipment for the
2.4 m long pins,
(b) development of equipment and procedures for pin
handling and inspection (helium-leak lest, decontamination, radiography, i-scanning, dimensions),
(c) welding development and qualification,
(d) development and manufacture of special internal
comoonenis.

5.3.1

Equipment

EIR's glove box line for pin fabrication was rebuilt to
accommodate 2.4 m fuel pins. Due to height limitations
and the length of the upper internals the pins were filled
from the bottom end with respect to reactor position.
Particular attention was paid to docking and sealing the
pins on the boxes for filling, welding and decontamination since only the open cladding end was exposed to the
box environment. The solution was a split-cap system
backed up on the filling box by a metallic bellows to
allow pin vibration. This was driven by a vibrator into
which the 'upper' pin end is mounted outside and below
the box. The welding chamber and equipment were extensively rebuilt and an exact mock-up constructed to allow welding development in an inactive lab. A new decontamination box was built to remove a -contamination.
The 7-scanning equipment was modified for long pins
and automated.

5.3.2

Vibro Filling Trials

Dummy (non-fuel) material was used initially to demonstrate in pin mock-ups satisfactory loading and vibropacking of particles of two sizes in a 1 m long fuel
column. Extreme vibro-packing parameters were also
tested to demonstrate that the pre-loaded upper pin components would not be damaged. Trials on VC material
gave lower smear densities with high density peaks at
the lower end. This was due to the production of a third
fraction 'dust' which in some cases passed the molybdenum retaining discs. Steps were taken to ease the vibrofilling parameters to reduce the formation of ultra-fines
to a level giving a fiat density profile. Smear densities
> 79 % were achieved.
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5.3.3 End-cap Closure Welding
This being one of the most critical items in the fabrication process, much effort was devoted to developing
weld procedures to meet US standards. A decision to use
the D9 alloy for cladding and end-caps required a modification of EIR's procedures based on welding A1SI-316
stainless steels. In the US, the welds are usually made
in pure helium. For various technical reasons EIR welds
used argon. This, coupled with the type of welding machine used, prevented EIR from simply taking over the
US procedures. Several hundred cnd-cap/clad tube test
pieces were welded and examined. For the weld characterisation a recording and control panel was built to
preserve the precise weld characteristics of each test.
Many variations of the weld programme and the electrode geometry were tried. The best results were finally
achieved with an electrode angle of 60° o to the vertical
and a mixture of argon/helium blanket gas and using a
smooth non-stepped current. However the US specification called for "no-concavity". The procedure selected
by EIR produced consistently localised concavity up to
60 /<m deep on the end-cap side. Since it had no effect
on weld strength or integrity this concavity was allowed
in a waiver of the specifications.

S.4

Pin Fabrication

Pin fabrication began in April 1984. All cladding lubes
had been previously pre-loaded with the upper internals
and stored. Apart from minor teething troubles during
pin filling (i.e. jamming of a molybdenum disc) the important stages of vibro-filling and welding were carried
out without problem. Excellent smear densities were obtained close to the 80 % of theoretical density limit with
very fiat and consistent smear density profiles. After
the extensive weld trials, welding of the actual pins was
almost routine with results matching closely the qualification welds. One pin showed a concavity 5 pm in
excess of the permitted limit. Most importantly the ucontamination of the pin surface at the weld on arrival
at the deco box was well below permitted levels. This
is due to the good functioning of the sealed transfer and
docking method and care in handling during filling and
welding. Radiography and dimensional checks also gave
results conforming to specification.

6 The Irradiation Test in FFTF
The purpose of the AC-3 test is to compare the performance of mixed carbide fuel pins having pelletized

fuel with that of pins having sphere-pac fuel at fluences
(absorbed dose) and bum-up conditions for a large fast
breeder reactor. The FFTF is the ideal test bed for meeting these conditions. The AC-3 test is a 91 pin fuel
assembly using standard FFTF hardware with an hexagonal duct (Fig. 6) of D9 alloy. The D9 clad pins are
spaced by helically wound wire. The nominal operating
conditions for the test are given in Table 3.
The selection of pin positions in the test assembly (Fig.
6.) was made to give equivalent conditions for each of
the fuel types as far as possible. The US pellet fuel included a smear density variant. E1R pins had constant
NDE IS pins
• all have FGR (IS)
of these, 5 destructive

smear densities with slight differences in fuel chemical
composition. Pins were positioned to give center, corner, and edge positions plus one pin of each type surrounded by its siblings (cluster) - these to study the effect
of different mechanical loadings and coolant distributions. Selections were also made for high power/high
temperature, medium power/low temperature and low
power/low temperature positions. One sphcre-pac pin
was placed in the highest rated position.
A diagram of the FFTF internal arrangement is shown
in Fig. 7. The reactor is a sodium cooled 400 MW(th)
fast reactor designed for materials and equipment testing
and has run with very satisfactory operating characteristics and low environmental impact since going to full
power in April 1982. The core consists of 199 assemblies, 74 of which are UOo-PuOj driver fuel elements.
Peak neutron flux is 7xl0> 5 n/cm~5.s (65% > 0.1 MeV).
Nominal sodium inlet pressure is 133 psig and sodium
inlet temperature is 360 °C with outlet temperature 526

The AC-3 test was loaded in core position 1403 (4th
row) and remained there for the whole of the 620 EFPD
exposure. It operated at or close to its planned conditions. No incident was recorded in relation to ihis test
assembly. It was unloaded on 7.7 October 1988 and
placed in the "in vessel storage". Here it remained until February 1989 when it was transferred and stored in
the "intermediate decay storage" until it is moved to the
"intermediate examination and maintenance" (IEM) cell
in October 1989 to begin the full-scale Post Irradiation
Examination.
10 S-PHC still
be choosen,
27 but with

7 Post Irradiation Examination
(75.0-75.6% T.DJ
SELECTION OF PINS FOR PIE OF A C - 3 Assembly
(Numbers reler to position only)

Fig. 6: Positioning of pins in the AC-3 assembly and
selection for post irradiation examination
Table 3: Nominal operating conditions for the AC-3 test
assembly
Core position
1404
Total assembly fission power
5.55 MW
Assembly coolant flow rate
90024 kg/h
Coolant inlet temperature
360 °C
Coolant average outlet temperature 540 °C
Peak linear fission power
89.6 kW/m
Peak burnup
9.5 a.%
Peak fast flux
3.07 • 1015 nfcrn's
Irradiation time
600EFPD
Peak fast fluence
1.5 • 10=3 n/cm3
Axial average total flux
3.83 • 1015 n/cm2s

To avoid re-transporting the irradiated fuel pins back
to Europe and because of the large volume of work involved, it was agreed early on to carry out the PIE in the
USA. This last phase of the work can be considered the
most important as it justifies the whole of the preceding
work. PS1 will have full access to the examination programme and will be directly involved in the evaluation
and reporting.
The US DOE has put a number of its hot-cell facilities
at the disposal of the experimenters and the following
programme of work has been negotiated (Fig. 8).

7.1

Selection of Pins for Examination

After inspection and dismantling of the AC-3 assembly
in the IEM cell, 15 pins (8 sphere-pac and 7 pellet)
will be removed for non-destructive exams. Of these, 5
(3 sphere-pac, 2 pellet) will undergo destructive exams.
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Fig. 7: FFTF reactor, core internal arrangement. (Courtesy US Department of Energy)
By a careful choice (Fig. 7) it is hoped to obtain a
representative cross-section of the behaviour of all pins
within the limitations of the budget available.

be removed and prepared for shipment to Idaho. The
rest will be packed and stored. Expected completion,
spring 1990.

7.2

7.3

Assembly
FFTF)

Examination

(1EM

Cell,

The assembly will first have the sodium cleaned off and
it will then be inspected. In addition to photographs the
whole operation in the cell will be video taped. The external dimensions of the hexagonal duct will be checked
for swelling, distortion, growth and bow. The duct will
then be slit and removed and the fuel bundle made visible. Overall pin length changes will be compared and
recorded by visual inspection of the upper end of the
bundle. The 15 selected pins (plus 4 spares) will then
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Non-Destructive PIE (INEL, Argonne
West, Idaho Falls)

The NDE is to be carried out in modern hot cells, the Hot
Fuels Examination Facility-North at the Idaho National
Engineering Laboratory.
After visual inspection of the pins, the wire wrap will
be removed and length, bow and profilometry measurements carried out. This will be followed by gammascanning to give the overall power profile seen by each
pin and the distribution of key fission products. Neutron

AC-3 TEST
BUNDLE

9

66 PELLET PINS
25 SPHERE-PAC PINS

BUNDLE EXAMINATION
Unload, cool, transler to E M call
Clean and Inspect bundle
Dimensional checks
Cut and remove duct, visual and pholo
Dismantle, select pins lor PIE •

Report on
Bundle condition

n

r-'LANL

[interpretation )
I oINDE results r LANL

Prepare selected pins lor shipment
Load T-3 cask
Despatch

NON-DESTRUCTIVE EXAMINATION
Visual, pholo
Wire-wrap removal
Length, bow
Single prolilometry ••
Weight
Gamma-scanning

I I I I

i
i
i
detailed prolilometry

i

i

I

I

I

Report on NDE 1 — - * LANL

II

Neutron
radiography

Fission-Gas Release
(puncture, Internal pressure/ volume,
gas composition)
Seal pins
Select pins lor
destructive PIE

Pack and despatch
remainder

Crop,i, seal. pack
despatch

Examine metallic
plenum components
ol one sphere-pac pin

Do autoradiography
and
Burn-up

TT

DESTRUCTIVE EXAMINATION
Cut samples,
Ceramography on 3 samples each pin
also EPMA, micro-structure, RFG
-Prepare burn-up samples - Prepare auloradiography samples _

Encapsulate and
Return

- Cladding samples
-metal(ography-4
-density-7
-burst lasts-2
I— Other exams as requested

Noles: This diagram Is Illuslralive only. Actual PIE programme details will be given In (he respective work inslrucllons.
or as work precedes by the experimenter. LANL as experimenter will transfer all Information promptly as recurved lo PSI
PSI and LANL will jointly evaluate Iho resulls and agree on lurther PIE action wilhtn the overall programme

r
\
i Report on DE I
May igai I

LANL

1

p e M pint ••laded • • • : 31-7. 91.
43,44,71.74,71.79.
Sphoro-pac plni are: 3L-102,
10G, 1*2. 115, 119.122. 126.

Fig. 8: Post irradiation examination plan for the AC-3 carbide experiment
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radiography (a special feature of the HFEF-N) will show
ihc detailed location of the fuel within the pin and the
important cracking patterns. Following this, all fifteen
pins will be punctured to give fission-gas content and
composition. Fission gas release is one of the key parameters in fuel behaviour studies. Examination of the
internal metallic components of one of the spherc-pac
pins (compression lube, spacer) will be made after the
fuel column sections are cut off from five of the pins.
These fuel sections will be packed and transported to
"Argonne East" (Chicago) for the destructive examination. Expected completion August, TOO.

7.4 Destructi\e PIE (Argonne National
Laboratory, Chicago)
The destructive examination on the fuel from five pins
will be done in the "Alpha-Gamma Hot Cell Facility" at
the Argonne National Laboratory near Chicago. Here,
samples of fuel will be cut and polished for ccramography and metallography (cladding studies). Samples
of fuel will be removed for bumup determination and
n-radiography and returned to HFEF-N for analysis.
Lengths of cladding will be taken for more detailed
examination including burst testing. This is 10 study
the degree of clad carburisauon and embriitlcmem. Expected completion date mid 1991.

7.5

Reporting

AH of the above PIE will be reported by the individual
hot cell teams but the work overall and the data collection will be coordinated by LANL with the help also
of Westinghouse Hanford (FFTF). LANL with PSI will
guide the work and prepare ihc final reports. Thus by
the end of 1991, fifteen and a half years after the initial request, the experimental results will be complete
and documented showing how the PSI advanced fuel
behaves under realistic conditions in a large fast reactor,
compared to the standard pellet fuel.

Irradiation Behaviour of SpherePac Carbide Fuel Pins
The world-wide experience in carbide fuel behaviour
and the EIR experience on sphere-pac carbide behaviour
up to the AC-3 test was reviewed at the 1986 Tuscon
Conference [6|. The main comparisons between sphcrepac and pellet fuel arc summarised here.
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Fig. 9: Cross section of a spherc-pac carbide fuel pin
(6 atom % bum-up)
The well known cross-section of irradiated sphere-pac
pins (Fig. 9) shows very clearly the progress of in-pile
restructuring which is similar in all carbide fuels. All
the four zones of the "Blank model" can be seen under
the appropriate conditions of rating and temperature, the
main difference being fuel contact with the clad from
beginning of life (BOL) and the retention of at least one
ring of large spheres at the outer rim. With 20-25 %
porosity distributed throughout the fuel column at BOL,
restructuring begins with the 'sintering' of sphere-losphere contact points. Necks form at these points and
finally lead to a fully sintered, nearly solid region in
the centre of the fuel column. This region therefore
behaves much like that of pelleted fuel with the same
restructuring phenomena occuring, i.e. bubble formation
and migration and grain growth. The central region and
the partly sintered surrounding annulus may crack and
reheal but the radial cracks do not penetrate Ihc outer,
largely unrestructured perimeter. The radius of the central region, which depends on linear-power, temperature
and the simcring mechanisms can be predicted by EIR's
sphcrc-pac fuel performance codes.
Regarding Fission Gas Release (FGR), careful examination of the available well-characterised data seems
to show that in addition to the fuel operating temperature, fuel composition plays a much larger role in FGR
than the fuel form (pellets or sphere-pac). For example the lower fission gas release seen in US carbide can
be attributed to the low oxygen content in these fuels
compared to "European products". Particle fuels nevertheless show a greater spread in FGR results, perhaps
due to the wide range of operating conditions covered.

Fig. 10: Gas release in carbide fuels
In general particle fuels have a FGR consistent with the
smear density despite the lack of a fuel-clad gap. (Fig.
10).
Swelling data on sphere-pac carbides has been determined from diametral strain measurements on the
cladding. When corrected for smear density, sphere-pac
carbide fuel swelling approaches that for pellets (1.4 ±
0.3 % per at% bum-up), again in spile of the absence
of an initial gap. This may indicate the role of the 2025 % distributed porosity in increasing "bed plasticity".
Sphere-pac fuels exhibit another important difference,
lack of inter-pellet ridging and trapped fragment phenomena.
The hypeistoichiometric fuels specified (to avoid metallic phases and improve swelling behaviour), can transfer
the excess carbon to the cladding causing carburizalion
and embrittlement especially above 600 °C. In helium
bonded pins, transfer occurs via the gas phase or solid
contact. Trans-granular cracks initiate in the most heavily carburized inner surface of the cladding and propagate intergranularly along carburized grain boundaries.
In earlier tests this was the main cause of failure in both
pellet and sphere-pac pins, sphere-pac fuel exhibiting
similar effects at the same stoichiometry. Use of improved cladding alloys and today's closer control over
fuel stoichiometry with lever oxygen levels has contributed to a significant reduction in carburization to high
burn-up.

9

Conclusions

Far more will have been gained from the AC-3 test than
just the results contained in a few reports, important
though these are. The programme was the center of the
EIR fuels activities for many years and strongly influenced the direction of the research and its reputation.

Firstly one was confronted with the need to meet stringent quality regulations not jusl in the end product but
also covering the techniques used, qualification of staff,
record keeping, design procedures and measuring accuracies. Still more important we had the unique opportunity of access to advanced reactor technology and
the leading groups working in that area. Although the
US has in the meantime altered the emphasis of its research largely due to political considerations, the AC-3
programme has since allowed us to work with the other
leading breeder developer, the French CEA. Building on
this carbide experience we are now engaged on similar
work with the CEA to demonstrate the performance and
characteristics of the nitride fuel concept using internal
gelation. The confidence gained by completing the AC3 test is of great value and should also allow a much
more rapid and effective realisation of a nitride test in
the Phenix fast reactor. The experience gained has also
allowed us to move into the main programme of work
on mixed oxide fuel for use in light water reactors beginning with a uranium fuel test in the Gflsgen PWR in
1986, now half completed.
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Studies on High Temperature Ion Exchange for LWR Cleanup
A. Bilewicz
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Abstract
The behaviour of hydrous titanium oxide, hydrous zirconium oxide and magnetite as high temperature sorbent
materials for activation products was studied. The enthalpy change of about 60 kJ/mol connected with the
sorption of cobalt-60 on the oxides suggests that it is
not simple sorption, but probably the formation of spinel
type compounds. From the tested oxides, the hydrous titanium oxide in the lithium form shows excellent sorbent
properties for cobalt-60 and other activation products.

TOWARI [1] and MICHAEL [2] have investigated zirconium oxide, aluminium oxide, and titanium oxide
for-.removing radionuclides from water up to 200°C.
KICHUCHI [3] and KAWAMURA [4] have investigated
the sorption of cobalt ions from 20 to 300° on titanium
oxide. The present work describes experimental results
of low and high temperature sorption of some activation
products and of some fission products on magnetite, titanium oxide, zirconium oxide and some special high
capacity TiO:>.

2
1

Experimental

Introduction
Sorbents

During operation of Pressurized Water Reactors (PWRs)
and Boiling Water Reactors (BWRs) small amounts of
corrosion products are released into the coolant. To
some extend these corrosion products are activated on
the fuel and once more released and transported around
the plant. When the activated corrosion products deposit they may cause radiation problems, e.g. in the
steam generator in PWRs or around the recireulation
system in BWRs. Different strategies have been developed to minimize radioactivity generation, transport and
deposition in the cooling systems. One of these consists
in the permanent and thorough cleaning of the water
from ions and particles. For removing ions, the ion exchange in mixed bed columns is the method of choice.
Since organic ion exchange resins support only moderate temperatures, the water must be cooled below 50°C
before passing through the mixed beds to avoid resin
degradation. Because of thermal losses in dropping the
temperature only a small part (i.e. 1-7 % of the flow in
the recirculating system) is cleaned in the reactor water
clean-up (RWCU) system of a BWR. If it could be possible to clean the coolant at higher temperature by using
heat resistant ion exchanger materials (i.e. inorganics)
then a greater amount of reactor water could be purified
without energy loss.
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Hydrous titanium oxide was prepared by mixing titanium tetraisopropoxide or titanyt chloride with lithium
hydroxide. The precipitates were equilibrated with boric
acid/lithium hydroxide buffer at pH 10, washed and
dried at room temperature. The glassy particles obtained
were sieved, and the 0.1 - 0.3 mm fraction hydrothermally treated in an autoclave for 6 hours at 300°C Hydrous zirconium oxide was prepared in accordance with
[5], Zirconium oxide and commercially available magnetite were used after hydrothermal treatment as above.

Batch Experiments
Batch experiments were carried out at room temperature
in beakers and at elevated temperatures in stirred autoclaves. For distribution coefficient experiments radioactive solutions were contacted with the sorbents. For the
determination of the capacity the sorbents were equilibrated with cobalt containing solutions.

3

Results and Discussion

Table 1 shows the capacities of different sorbents measured in batch experiments at room temperaure and at
300 oC. The capacity of the hydrous titanium oxide in
the lithium form, even at high temperature, is comparable to those of organic ion exchangers at room temperature.
Table 1: Ion exchange capacity values for Co 2+ on
different hydrous oxides measured at 25 and 300°C.
Sorbent

Capacity (meq Co- + /g oxide)
25°C 300°C

Fe 3 O 4
ZrO2
TiO2 (K-form)
TiO2 (Li-form)

0.14
0.85
1.4
3.2

Titanium oxide (Li-form)
Magnetite
Zirconium oxide

66 kj/mol
52 kj/mol
65 kJ/mol

These values are much higher than for simple ion exchange reactions, where enthalpy change is about 8 - 10
kJ/moI [6]. The larger values for cation sorption on inorganic oxides is probably connected with the formation
of spinel type compounds.
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Compared with organic ion exchangers the kinetics of
ion exchange on inorganic sorbents is very slow. The
equilibrium is established within 5 to 10 hours at 125°C,
and within 1 to 2 hours at 250°C (Fig. 1).
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Fig. 2: Distribution coefficients for Co- + for titanium
oxide in the lithium form, magnetite and zirconium oxide
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Fig. 1: Kinetics of 60Co sorption on hydrous titanium
oxide and magnetite

4 Conclusions
In all cases the distribution coefficients decrease as temperature increases. The temperature dependence of sorption equilibra is related to enthalpy change by the van't
Hoff equation.
Fig. 2 plots the distribution coefficients of cobalt ions as
a function of the temperature for hydrous titanium oxide (Li-form), magnetite and hydrous zirconium oxide.
From the slopes the enthalpy changes were calculated:

Hydrous oxides like titanium oxide seems to present
powerful high temperature sorbents for contaminants of
the cooling water of nuclear power plants. The dynamic
behaviour of the sorbents and their long term properties
will be elaborated in further experiments.
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Secondary Ion Mass Spectrometry on Radioactive Specimens in the PSI Hot
Laboratory
H.U. Zwicky, E.T. Aerne, G. Bart
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Abstract
Secondary ion mass spectrometry (SIMS) is today an
established analytical technique. One of the most important fields of analytical SIMS application is in semiconductor and thin film analysis. By modifying and
shielding an instrument in the PSI hot laboratory, SIMS
also became accessible for nuclear research. Examples of successful SIMS application on radioactive samples, quantitative carbon analysis across nuclear fuel pin
cladding walls, surface layer characterization on corroded radioactive waste glasses and the evaluation of the
radial distribution of gadolinium in nuclear fuel pins, are
presented.

1

Introduction

In the last 10-15 years secondary ion mass spectrometry (SIMS) has developed into a mature and established
analytical technique [1]. The first commercial SIMS instrument for microanalytical applications was built in
the early sixties. The intention was to have available
an instrument for the analysis of extraterrestrial material
brought back to Earth during early "space age". Today one of the most important fields of analytical SIMS
application is in semiconductor and thin film analysis.
Approximately ten years ago, in order to exploit this
promising technique for use in nuclear research, a
commercially available instrument was modified and
shielded in the hot laboratory of the Swiss Federal Institute for Reactor Research. Examples of its application
are carbon analysis across the stainless steel cladding
wall of irradiated carbide fuel pins, surface analysis of
corroded radioactive waste glass and determination of
radial gadolinium bumup in gadolinia doped light water
reactor fuel. A technique for the measurement of the radial uranium and plutonium isotopic distribution in high
bumup fuel samples is currently being developed.

2

The Instrument

The modified instrument is an "a-DIDA RASTERIONENMIKROSKOP".1 Since the modification described in [2] the sample posting system was improved
by a vacuum lock. The primary ion beam line was furnished with a neutral particle suppression. Data storage
possibilities of the HP 9836 desk computer were extended. Fig. 1 shows the instrument in its present shape.
The primary ion source is outside the lead shielding. As
an alternative to the original source, producing O t or
Ar + ions, a Cs + ion source 2 can be mounted. Prepared
radioactive samples are loaded into the glovebox through
a posting system commonly used in the hot laboratory.
By means of a simple tong manipulator the specimens
are brought to the sample holder of the opened vacuum
lock. The lock chamber is evacuated and the specimens
are transfered into the recipient, where their position is
controlled by two stepping motors. Secondary ions pass
through an energy filter and enter the quadrupole mass
analyzer, which is mounted on the rear of the recipient
inside the lead shielding. The recipient is overviewed
by a video system. A monocular microscope for sample surface observation leads through the lead shielding.
The primary beam can be scanned. In this way lateral
distribution images for single masses can be produced.
When measuring depth profiles, an electronic gale suppresses secondary ion signals from the outer part of the
scanned area, thus avoiding crater edge effects. When
insulating material is analyzed, the primary beam charge
is compensated by electron bombardement. Mass analyzer parameters and sample position are controlled by
the HP 9836 desk computer together with the HP 6942
multiprogrammer. Data acquisition is performed by the
same system.

1
ATOMIKA Technische Physik GmbH, Poslfach 450135, D-8000
Miinchen 45, FRG
'General lonex Corporation, 19 Graf Rosd, New Bury Pan, 01950
MA, USA
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Fig. 1: Shielded secondary ion mass spectrometer in the PSI hot laboratory
(1) HP 9836 desk computer, HP 6942 multiprogrammer
(2) power supply, electronics
(3) stepping motor control
(4) primary ion source
(5) glove box
(6) shielding door (open) with lead glass window
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Fig. 2: Calibration curve for absolute carbon analysis
using low and high alloy NBS steels
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Fig. 3: M-316 stainless steel caldding sample after
irradiation with mixed carbide fast breeder fuel. The
carburization was assessed with Cs + primary ions. EIR
measured SIMS carbon results correspond well with data
obtained on the Harwell nuclear microprobe.

3

Analysis of Radioactive Specimens

3.1 Carbon Distribution in Nuclear Fuel
Pin Cladding Specimens [3]
Cladding carburization during irradiation of advanced
mixed uranium plutonium carbide fast breeder reactor
fuel pins is probably a life limiting factor. The quantitative determination of carbon is difficult to perform in
this type of specimen by electron microprobe analysis
due to the low Kn X-ray transition energy and because
of sample surface contamination from the fuel during
sample preparation. In SIMS a superficial contamination can be sputtered away prior to the measurement.
With Cs + primary ions the yield of C + secondary ions
is high. SIMS is therefore an alternative to electron
microprobe analysis of cladding carburization.
At a current of SO nA the primary beam was focused to
a diameter of 20 fim. On a steel sample with a carbon
content of 0.04 wt% a 12C+ count rate of about 103
s" 1 was achieved. The background at atomic mass unit
(amu) 12 on pure aluminium was less than 10 s" 1 . The
instrument was calibrated with steel standard samples of
specified carbon content. The result is shown in Fig. 2.
A polished cladding cross section from a fuel sample
with a bumup of 42 GWd/t of heavy metal was analyzed by moving the sample across the primary beam
spot in steps of 20 /jm. Fig. 3 shows the measured carbon profile together with the result of an analysis by
nuclear microprobe performed on a similar sample [4],
The agreement between the two independent techniques
shows that SIMS is an appropriate method for this type
of analysis.

3.2 Surface Analysis of Radioactive Waste
Glasses [5]
SIMS yields valuable information for (he understanding of the long-term behaviour of radioactive waste
glasses in a final repository. Depth profiles of all glass
constituents can be measured across the surface layers, which are formed when glass pieces are exposed
to repository conditions. The glass mainly characterized to date is a radioactive barosilicate glass produced
by Commissariat a l'Energie Atomique (CEA) Marcoule
with the same composition as the glass produced at
the La Hague reprocessing plant It was produced for
a Japanese-Swedish-Swiss (JSS) project.3 Within the
3
Sponsors of the JSS projret:
Central Research Institute of the Electric Power Industry (CRIEPI),

framework of the JSS project, the corrosion behaviour
of this glass type and of similar inactive glasses has
been studied. Following initial experiments with distilled water and with different simulated groundwater,
the influence of granite and bentonite and of iron corrosion products was investigated [6]. In addition to solution analysis many glass samples were characterized
by SIMS. An O£ primary beam of 5-200 nA current,
an energy of 12 keV and a diameter of 10-50 fim was
scanned over an area of 0.04-0.25 mm2, resulting in an
erosion rate of 0.5-1 nm/min- mm2. Table I shows a typical set of nuclides which were sequentially analyzed,
resulting in count rate profiles as a function of counting cycle, as shown in Fig. 4. Final crater depths were
determined with a remotely operated shielded mechanical profilometer 4 . This allowed conversion of counting
cycle number to erosion depth. For the conversion of
count rates into semiquantitative volume concentrations,
relative sensitivity factors determined from bulk glass
count rates and the glass composition were used to calculate relative percentage values. Then the amount of
one glass constituent analyzed in the liquor was used
to deduce the remaining quantity of this element within
the glass corrosion layer. Finally local volume concentrations of all other measured elements were assessed
relying on mis internal elemental standard. The quality of such calculations was demonstrated by comparing
elemental mass loss data based on SIMS measurements
and on analyzed leachate concentrations. An example
of such a concentration profile is shown in Fig. 5.

Table 1: Typically analyzed nuclides in glass surface
characterization
Component

Nuclide
for SIMS
analysis

Component

Nuclide
for SIMS
analysis

Li 2 O
B2O3
Na 2 O

Li-7
B-11
Na-23
Mg-24
Al-27
Si-28
Ca-40
Cr-52
Fe-56
Zn-64

ZnO
SrO

Zn-64
Sr-88
Zr-91
Mo-97
Cs-133
Ba-138
La-139
UO-254
PuO-255

MgO
Al2Oa
SiO 2

CaO
Cr 2 O 3
Fc 2 O 3

ZnO

ZrO 2
MoO3
Cs2O

BaO
La,O3

UO 2
PuO 2

Japan
Swedish Nuclear Fuel and Waste Management Co (SKB)
National Cooperative for the Storage of Radioactive Waste (NAGRA),
Switzerland
•Tencor Instruments, 2426, Charlcslown Rd, Mountainview, California, USA
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Fig. 4: SIMS depth profile of radioactive JSS glass, leached for 28 days at 90°C in silicated water. Primary ion: Of,
current: 50 nA, energy: 12 keV.

2
Erosion Depth

3

Fig. 5: SIMS elemental depth profiles of a radioactive JSS glass sample corroded for 91 days at 90°C. The profile
data are converted to metal atom concentrations (atoms/cm3). Primary ion: O | , current: 50nA, energy: 12keV. The
arrow marked step function is the result of the applied conversion algorithm.
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3.3

Evaluation of the Radial Distribution
of Gadolinium Isotopes in Nuclear Fuel
Pins [7]

Utilisation of burnable absorbers in nuclear light water reactors is a method for implementing short term
improvements such as 18 month fuel cycles and maximized average fuel burnup. Among the bu-nable absorbers, Gd 2 O 3 is a leading candidate. It has been used
in boiling water reactors for some years. When the two
isotopes 155Gd and 157 Gd with thermal neutron capture cross sections of 61000 and 254000 barn are burnt
out, the residual poisoning is negligible. As Gd 3 O 3 can
readily be mixed with UGS, it can be implemented at the
most appropriate locations in the fuel assemblies without negative effects on heat transfer or water/fuel ratio
for example. Additionally, it does not adversely affect
spent futl storage and reprocessing.
Because uncertainties in the burnup calculation of Gd
rods are still too large and since experience on the effect of Gd presence on high bumup behaviour is limited,
it has not been possible to fully exploit its possibilities.
The GAP programme 5 is devoted to the acquisition of
experimental results required to complement the available data base for pressurized water reactors.
Determination of burnup values on fuel samples by dissolution, chemical separation and mass spectrometric
isotopic dilution analysis is a classical method used in
destructive post-irradiation examination. It provides basic values for fuel rod performance and behaviour. To
evaluate the radial isotopic distributions of Gd, the same
method could be applied to samples produced by microdrilling. This technique is very time consuming and the
lateral resolution is limited by the diameter of the drill.
An alternative technique for the measurement of local
isotopic compositions is SIMS. This method is faster and
provides greater lateral resolution. The major disadvantage of the SIMS technique is its limitation concerning
quantitative analyses. It is therefore necessary to use
average isotopic abundance values evaluated by dissolution and mass spectrometry for the normalization of
the SIMS data. Alternatively, isotopic calibration standards with a chemical composition comparable to the
fuel samples may be used.
For the analysis of polished cross sections of irradiated fuel, an Oi primary ion beam of 12 keV energy
was applied. The beam current used was about 50 nA
with a spot size of around 10 /ym. Surface scans were
5
"International Experimental Programme on GAdolinia Fuel Evolution in PWR1! (GAP)", programme conducted by BELGONUCLEAIRE (BN), Brussels, Belgium, and CENTRE D'ETUDE DE
L'ENERGIE NUCLEAIRE/STUDIENCENTRUM VOOR KERNENERGIE (CEN/SCK), Brussels, Belgium

performed by moving the specimen across the primary
beam in steps of 0.25-0.50 mm in the x- and y-directions,
resulting in about 200-800 point areas analyzed per
fuel sample. In order to smooth out inhomogeneities
in isotopic composition caused by selfshielding in the
gadolinia grains, the primary beam was scanned over an
area of about 100x100 pm 2 . Evaluation of radial isotopic Gd distributions was effected using GdO+ peaks.
Because the count rates for the oxide ions were about 2-3
times higher than for the metallic ions. The interference
risk of fission product ions is also thus reduced. As a
first step in data evaluation, all the gadolinium count
rates were divided point for point by the count rate for
160
Gd. With a thermal neutron capture cross section of
0.77 bam, it can be assumed that the original' 60Gd content is not significantly changed during fuel irradiation at
low burnup. This step eliminates most geometrical and
chemical effect. These normalized count rales were then
transformed into local isotopic compositions by comparing the average SIMS values with radiochemically determined isolopic compositions of adjacent samples.
Fuel samples with an initial enrichment of about 3.5%
and Gd 2 O 3 concentrations of about 3 and 7% have been
analyzed. The burnup values lay between 2 and 6 GWd/t
of heavy metal. Several surface scans of the same sample showed a standard deviation of less than 10% (relative), provided that the residual isotopic abundances
were higher than ~ 1 % .
In Fig. 6 three-dimensional presentations of the radial 155Gd distribution are shown together with the
relative axial 13TCs distribution evaluated by gammaspectromelry. The 137 Cs distribution is a measure of the
local fuel bumup. The three-dimensional pictures show
qualitatively, how ihe width and height of the 155 Gd
distribution vary in function of the local fuel burnup.
For quantitative information, this type of data presentation is not suitable. Quantitative information from the
whole sample cross section can be displayed in contour
plots. In Fig. 7 the same data as in Fig. 6 are used to
show the 155Gd distribution in sample D with the lowest
burnup value. This type of data presentation gives information about asymmetrical bumup and the width of
single nuclide distribution. If informations on more than
one nuclide are to be compared, it is easier to extract a
part of the data, e.g. along a diameter, and to plot them
in line graphs as in Fig. 8. This figure shows the distribution of the Gd isotopes 155-158 in sample D along
the diameter indicated in Fig. 7. The plot shows how the
two isotopes 155Gd and 157Gd are converted into 156Gd
and :5S Gd respectively. The conversion is caused by
thermal neutron capture and starts at the periphery of
the pin. The lower isotopic contents in the central part
compared to the original natural isotopic abundances of
14.80 % ( I55 Gd) and 15.65 % (157Gd) are due to resonance reactions with fast neutrons.
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Fig. 8: Radial distribution of Gd isotopes 155-158 in
sample D along the diameter indicated in Fig. 7

Fig. 6: Axial 137 Cs distribution in a fuel pin and radial
l55
Gd distribution at different burnup levels

For comparison with theoretically calculated burnup, average values for ten concentric annuli were calculated.
Theoretical values were calculated by LWRWIMS, a
comprehensive scheme of computation for studying the
reactor physics aspects and bumup behaviour of typical
lattices occurring in modern light water reactor designs.
An example is shown in Fig. 9. The results in general show reasonable agreement for 155Gd. For 157 Gd
only for the low burnup sample D is there reasonable
agreement.

4 Summary
The shielded a-DIDA-SIMS in the PSI hot laboratory is
a valuable instrument for the characterization of radioactive specimens. If standard samples of similar composition to the specimens to be characterized are used for
calibration, it is possible to perform a quantitative microanalysis. This has been demonstrated by analysing
the carbon distribution across the wall of nuclear fuel
cladding tubes.
In the surface analysis of corroded radioactive waste
glass specimens, semi-quantitative elemental depth protiles through the surface layers were assessed by using relative sensitivity factors. This yielded information
about the behaviour of many glass components under
repository conditions, mainly in cases, where the experimental system was more complicated and information
not easily accessible by solution analysis.
Fig. 7: Contour plot of 155Gd distribution in sample
D. One contour interval corresponds to a difference in
isotopic abundance of 1%. The arrow indicates the direction of the radial plot in Fig. 8,
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With the evaluation of the radial distribution of gadolinium isotopes in nuclear fuel pins the capability of SIMS
to measure the local isotopic composition of highly radioactive irradiated nuclear material has been demonstrated.
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Important Aspects for Safety Assessments of Radioactive Waste Repositories
in the PSI Waste Management Program
J. Hadermann, R. Grauer
Waste Management Program

Abstract
Since 1978 the Paul Scherrer Institute (formerly EIR)
has been involved in research and development activities for safety assessment of radioactive waste repositories in geological formations. This work is carried
out in close cooperation with the National Cooperative
for the Storage of Radioactive Waste (NAGRA). The
main emphasis of this work lies in furthering our understanding of important processes and mechanisms in
the near- and far-field of waste repositories. To this
end laboratory and field experiments are performed as
well as models developed, tested and applied in safety
analyses. The present contribution briefly summarises
the main activities carried out over the past few years
viewed from a safely assessment perspective.

1

Introduction

In Switzerland disposal of radioactive wastes in geological formations is foreseen. The crystalline basement of
northern Switzerland has been considered as a potential
host rock formation for high-level wastes, and a comprehensive safety analysis has been performed [1]. The
investigations have recently been extended to include the
overlaying sedimentary formations [2].
The safety assessment is based on the standard procedures; firstly, scenario screening. All processes and
events are considered which could influence the repository performance (Fig. 1). It so happens that groundwater scenarios are those which need to be investigated
in detail: groundwater intrudes into the repository, corrodes the waste canisters and leaches the waste matrix.
Radionuclides are then transported through the repository backfill into the geosphere. Flowing groundwater
eventually transports radionuclides to the earth's surface where they could reach Man through foodchains.
Deterministic consequence analysis is performed by an
appropriate chain of models (Fig. 2), and the effects of
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uncertainties in processes and events on the long time
scales, as well as parameter variabilities, are covered by
using a broad range of parameter variations.
Regional hydrogeology

Local hydrogaology

o
o

Near-field hydrologi

Near-field chemistry

-JJ^Cl
Leaching
Waste matru

K>

a

o

o

0
Fig. 2: Model chain for the groundwater scenario in
safety analyses. The asterisks indicate model blocks
where PSI has a strong activity within the Waste Management Program.
The Waste Management Program at the Paul Scherrer
Institute provides important contributions to the safety
assessment through its modelling and experimental activities (Fig. 2, see asterisked items). Experiments are
performed to develop the basic model concepts, then to
validate specific models and, finally, to yield the neces-
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Fig. 1: Processes and events which could influence the performance of a deep-lying high-level waste repository and
have to be considered in a safety assessment. The judgement in the last two columns pertains to crystalline in northern
Switzerland. From [1].
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Fig. 3: Tne toxicity index for vitrified high-level waste
expressed as annual radiological index of intake by water
with a reference dose of 0.1 mSv/year. It is stressed that
the toxicity index is not a measure of consequences or
risk. From [1].
sary parameters for the safety assessment Models are
used as an aid to the planning of experiments, to interpret results and ultimately to perform large parts of the
repository safety analysis. In such an iterative procedure the close cooperation and interaction between experimentalists and modellers is of great importance, In
this contribution we want to pick out a few topics which
are of prime importance in safety assessment. More detailed presentations of results of the various tasks within
the Waste Management Program will be given in future

2 Near-Field Assessment
After closure of the repository, intruding groundwaters
will resaturate the backfill and start to corrode the massive iron canisters encapsulating the high level waste
glasses. Of prime importance is that the canisters provide complete containment of the wastes for the first few
hundred years during which the large amounts of relatively shoit-lived fission products decay to negligeable
levels (Fig. 3). It has been shown [3] that this condition
can be fulfilled. From the distribution of radionuclide
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half-lives in the waste, it is evident that only an extension of canister integrity to several hundred thousands of
years would have a strong impact on repository safety.
After canister failure, the waste glass starts to corrode
and release radionuclidcs. The rate of release is determined by the glass corrosion rate. The literature on the
behaviour of borosilicate glasses under repository conditions is extensive [4]. As a participant in the JapaneseSwedish-Swiss glass corrosion programme, PSI has
contributed to a better undersianding of glass corrosion mechanisms [5],[6],[7]. The aim of this cooperative project was to characterise active French COGEMA
glasses and inactive simulates under repository conditions and to develop a physico-chemical model for glass
corrosion. To this end, extensive leaching experiments
and investigations on leached glass surfaces using the
secondary ion mass spectrometer have been performed
[8]. The main results were: (i) there is no significant difference in corrosion between active glasses and inactive
simulates, thus reducing the need for experiments with
active samples, (ii) the influence of backfill materials and
canister corrosion products can be understood using the
model developed, and (iii) the long-term corrosion rate
is determined by the silicic acid concentration and can be
described by a first, order rate equation. This last point is
of major importance since it means that the local silicic
acid concentration directly determines the release rate of
many radionuclides to the backfill. A mode) has been
developed [9] describing the nuclide release taking into
account congruent glass dissolution and element specific
solubility limits in the pore waters. A typical example
of the results is given in Fig. 4. As can be seen, only an
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leaching in distilled water with the addition of freshly
produced PbO, Zn(OH) 2 , Cd(OH) 2 and A1(OH)3. (H.U.
Zwicky, private communication).

1

Fig. 6: Alteration and dissolution of the calciumsilicate-hydralc phase in pure water as a function of
time and distance into concrete. The calculations have
been performed with a modified THCC code. From [16]

perimenlal program has been started.

3 Far Field Assessment
appreciable reduction of the corrosion rate would have
an impact on safety. Based on such conclusions, the
on-going activities aim at a better determination of the
long-term corrosion rate by extending the leach times in
experiments to more than two years and at investigating
the impact of including glass corrosion inhibitors in the
repository backfill. First results are promising in that
the short-term corrosion rate is reduced by additions of
lead and cadmium (Fig. 5). Whether such an effect is
also seen in the long-term corrosion rate remains to be
determined.
Solubility limits play an important role in safety assessment. In the example given in Fig. 4 the maximum
release of 2 3 7 Np is reduced by more than four orders of
magnitude. For this reason modelling of chemical speciation of relevant waters and waste elements is a major
activity.
Whereas formerly the emphasis was on deep crystalline
groundwaters [10] and bentonite as backfill material
[11],[12],[13], concrete in low-level repositories is currently in the foreground. Concrete is used not only as an
immobilisation matrix for active waste but also as backfill material end as liner in the caverns. As a starting
point the degradation of concrete by intruding groundwaters has been modelled taking into account the incongruent dissolution of the Calcium-Silicate-Hydrate gel
[14],[15]. Using a coupled thermodynamics/transport
code the short-term movement of the degradation front
into the concrete has been calculated (Fig. 6). To test
such models and to obtain data for radionuclide transport, such as diffusion and sorption coefficients, an ex-

Those radionuclides which have survived transport
through the technical barriers of the repository make
up the source term for transport through the host rock.
The processes having a major impact on safety are sorption on rock surfaces and radionuclide diffusion from
the flowing water in fractures into the stagnant water
contained in the adjacent rock matrix (matrix diffusion).
Also dilution through fresh waters in the rock matrix
might play an important role. Since matrix diffusion
has such a strong impact on nuclide flow rates (Fig. 7)
it requires careful validation and consequently worldwide emphasis is placed on testing geosphere transport
models [18],[19].
Radionuclide transport can be investigated on different
scales: on the laboratory scale typical migration distances are centimeters to tens of centimeters and on the
field scale the distances are meters to hundreds of meters. The interaction of nuclides with the rock is also
explored by static batch sorption experiments. The major question which needs to be answered is whether a
consistent picture arises from these diverse experiments
and allows extrapolations to the large scales of a repository safety assessment.
Dynamic infiltration experiments of 2 3 3 U have been performed on crystalline samples from the NAGRA boreholes in northern Switzerland [20]. These form one of
the test cases of the international INTRAVAL study [21]
whose aim is to validate geosphcre transport models using data from laboratory and field experiments as well
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is a measure of the extent of pore spaces available for
matrix diffusion. From [17].

as from natural analogues and synthetic experiments. A
dual porosity medium transport model [17] was used to
describe the dynamic infiltration experiments [22] and
enabled parameter values to be extracted which were
consitem with indepenlent experimental data [23].
Recently, it has been shewn that in the concentration
range of 0.1 to 100 mg/I, uranium (VI) exhibits a nonlinear sorption isotherm tor crushed granite. A model
(RANCHMDNL) accounting for non-linear sorption has
been developed. The application of various model concepts to the uranium infiltration experiments shows that
it is the matrix diffusion rather than the non-linearity
of sorption which best reproduces the long tail of the
break-through curves. In a safety assessment, however,
taking full account of non-linear sorption can be of great
importance. As an example the l 3 5 Cs dose in Project
GewShr 1985 [24], assuming a conservative sorption distribution constant, made up 90% of the total dose. Taking into account the well-known non-linearity of cae-
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Fig. 8: 135 Cs flow at a migration distance of 500 m
normalised to the water flow through the repository as a
function of time. Hydrogeological parameters are those
from [17]. The full line is calculated with a linear sorption isotherm [1], the other curves with a Freundlich
isotherm. Exhibited is the influence of the natural cesium background concentration C m j n : From top to bottom C m j n is assumed to be l O " 6 , 1 0 ~ 7 , 1 0 ~ 9 and 1 0 " 2 0
mol/L, respectively. Note that for a 1 3 5 Cs concentration
below the natural background isotopic exchange is the
dominant sorption process, and consequently a linear
isotherm ensues. (A. Jakob, private communication).

sium sorption, reduces the contribution of 1 3 5 Cs to the
total dose to an insignificant level (Fig. 8).
At the Grimsel Test Site migration experiments are being performed with the major aim of testing models on
a larger scale [25]. A well denned water bearing fracture has been selected and explored by boreholes [26].
Hydraulic modelling has led to an understanding of the
natural water flow in the vicinity of the test cavern and
also to design the hydraulic conditions in the migration tests (Fig. 9) which have been performed with
non-sorbing tracers. Though being more realistic than
laboratory experiments, field experiments almost invariably suffer from an incomplete knowledge of the system
being investigated. In order to reduce ambiguities in
the interpretation of tracer tests extensive mineralogical

Fig. 9: Potential field (left) and flow field (right) for a dipole arrangement. The inhomogeneous transmissivity
distribution strongly distortes the potential field around the lest cavern of 3.7 m diameter (centre of pictures). Crosses
indicate borehole intersections. Injection rale in borehole A is 259 ml/min, extraction rale in borehole B is 618 ml/min.
From [27].
and groundwater chemistry characterisation studies have
been carried out together with a series of rock-water interaction test in the laboratory [28]. From the results
of these investigations, it was found that the changes
in water compositions and the behaviour of the solid
phase in the laboratory experiments could be quantitatively understood by considering the fracture infill as a
weak cation exchange medium. This understanding was
crucial for the selection of mildly sorbing tracers which
have been predicted to have linear sorption isotherms
and which will be used for the next series of migration
experiments.
One of the major open questions in geological waste disposal is the influence of colloidal radionuclide transport.
Two extremes are conceivable: colloids with sorbed
radionuclides could either be efficiently filtered out or
could be transported rapidly at the groundwater velocity without matrix diffusion to the biosphere. As a first
step colloid sampling methods were developed and applied within an international benchmark exercise which
included waters from the Grimsel migration site [29].
The total concentration (20 to 50 ppb) and the size distribution (Fig. 10) have been determined [30]. Based on
these measurements and sorption experiments [31] any
influence of colloidal transport on the tracer migration
experiments can be excluded. In order to examine deep
groundwaters a down-hole ultrafiltration probe has been
developed. In the future, emphasis will be placed on a
quantitative determination of the various colloid classes,
e.g. clay minerals, oxides, hydroxides and organics (e.g.

108-i

106-j

I

104n

10'

10'

10'

Fig. 10: Size distribution of Grimsel colloids. For five
samples separation of colloids is performed with pulsed
diaullrafiltration. Presented is the number of colloids per
liter and size as a function of size (C. Degueldre, private
communication).
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humics acids). Starting from such inventories the behaviour of nuclide sorption on colloidal material can
be investigated and interpreted by surface comolexan'on
models together with available literature data. Some
problems are foreseen with respect to organic colloids
[321.
Radionuclide transport in surface waters or near-surface
waters and their up-take into food chains are the last processes leading to doses to Man. For most radionuclides
individual doses result from contaminated drinking water under standard Swiss conditions. However, there
are exeptions where the contribution from food chains
becomes important and then climatic conditions, agricultural practices and dietary habits play a r61e [33]. For
this reason various scenarios and the impact of parameter variations (Fig. U ) are investigated [34],[35]. Most
of this activity takes place within the framework of the
international BIOMOVS study.
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4 Conclusions
The main aim of the PSI Waste Management Program
is to enhance the understanding of processes and mechanisms which are of relevance in the safety assessment
of waste repositories in the post closure phase and to
provide models and selected data for such an assessment. Care is taken to concentrate on the important
aspects influencing safety. Active participation in full
safety studies when models are applied allows an early
identification of the weak points and leads to better definitions of future research needs. For this reason also
the treatment of coherent sections of a conceptual event
chain is essential.
With the extension of potential host rocks for high-level
waste from crystalline to sediments new demands arise.
Though many generic concepts can be carried over, the
type of problems to be investigated changes. As an
example, the open questions regarding colloidal transport and organics are mentions, which means gaining
appropriate understanding through new experiments and
modelling. Furthermore, repository and site characterisation for low and intermediate level wastes needs more
detailed data and models on a short time scale.
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Abstract
The material properties and actual in-scrvicc stress levels should be known fairly accurately in order to be able
to warrant the tolerance gap between actual loading and
load carrying capacity of a nuclear reactor pressure vessel (PV) during its scheduled lifetime. The cold leg
and the PV nozzle arc highly stressed during cold water
feed. Within the Hot Steam Reactor Safety Program the
loading of the cold leg and of the PV was investigated
in almost full-scale experiments during a high-pressure
feeding from the cold leg. Extensive post calculation for
temperature and strains were performed, where results
of ID and 2D finite element (FE) calculations where
compared with results of 3D FE calculations and the
experimental data. For the 3D calculations which arc
presented in this paper generally a good agreement was
found with measured temperature and strains. The main
effort for the 3D FE calculation was to define appropriate thermal boundary conditions (BC), to which the
resulting computed strains seem to be very sensitive.

Introduction
The material properties and actual in-service stress levels should be known fairly accurately in order to be able
to warrant the tolerance gap between actual loading and
load carrying capacity of a nuclear reactor pressure vessel (PV) during its scheduled lifetime. The cold leg and
the PV nozzle are highly stressed during cold water feed.
Within the Hot Steam Reactor Safely Program the loading of the cold leg and of the PV was investigated in
almost full-scale experiments (experiment group TEMB,
[1]) during a high-pressure feeding from the cold leg.
The water temperature was measured at several places
in the mantel downcomer and surface temperature and
strain on the inside and outside faces of the PV. At one
place directly under the TEMB nozzle (Fig. 1) also the
temperatures at various depths through the wall were
recorded. The recorded values deviated considerably

from the magnitudes that arc to be expected if it is assumed that the cooling is rotationally symmetric and the
fluid temperature is the one from the center of the drop
shaped cooling zone below the TEMB nozzle. In the
circumferential direction the measured strains are significantly lower if the thermal loading is applied locally
only; the opposite obtains in the axial direction [2].
Extensive post calculation for temperature and strains
were performed, where results of ID and 2D finite element (FE) calculations should be compared with results
of 3D FE calculations and the experimental data. In an
axisymmctric calculation on a "ID" model [3] the axial
and circumferential strains are equal and not conservative with respect to the axial direction. In a 2D calculation [4] excellent agreement was found in azimutal
direction but axial strains were significant overestimated.
Finally for the 3D calculations which are presented in
this paper generally a good agreement was found with
measured temperature and strains, but substantial deviations were found-close ID the TEMB nozzle comer. The
main effort for the 3D FE calculation was to define appropriate thermal boundary conditions (BC), to which
the resulting computed strains seem to be very sensitive. Therefore additional ID and 2D calculations were
performed, using the thermal BC of the 3D calculations.

Test Facility and TEMB Experiment
T32.41
A simplified cross section of the PV with the attached
TEMB nozzle and cold leg is shown in Pig. 1. The
PV and TEMB-nozzlc inside are covered by a cladding
(in the mean about 7mm Click) of austenitic steel. The
experiment T32.41 started from steady stale conditions
with a uniform temperature of 300°C of the PV and of
the fluid and an internal pressure of 110 bar. A total of
2.6 tons of cold water with a temperature of 16°C was
continuously injected with high pressure in the cold leg
during 30 minutes. From the corner of the TEMB nozzle
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the cold water was pulled down in the downcomer by
gravity, thus a drop shaped cooling area developed.

Numerical Calculations of Temperature and Strains
The 3D finite element model (Fig. 2) has a crossection
net of 90 degrees and a height of 7000 mm. The height
above the nozzle is larger than for the real structure but
should compensate some of the missing endcap stiffness.
However, both temperature and stress analysis showed
that this height has a minor influence on the results, since
local effects dominate. The model topology is defined
by only 490 elements and 2640 nodes which yields a
coarse mesh. However the expected large temperature
and stress gradients through the wall thickness and in
azimutal direction below the nozzle are considered by
the mesh refinement (Fig. 3). The 2D model (Fig. 4)
has a crosseclion net of 180 degrees, and corresponds
to the one used in earlier calculations [4], For the ID
mode! a prismatic bar is cut out in radial direction from
the PV. Zero heat flux and displacement perpendicular
to the sections of all models is assumed. The material
property sets (Table 1) are identical to the sets used in
earlier calculations [4].
Table 1: Material properties
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The main difficulty for the 3D calculation is to define
appropriate thermal BC. For a zone of 4000 mm height
and approximately 25 degrees in azimutal direction the
fluid temperature at the inside of the PV wall may be
calculated from
T(x,y) =
Di
=
D?

=

where i = 1480 • (<?RDB - 270°) • ir/180 and y =
8760 - ZRBB. The coefficients A, (i=l,7) for this equation are calculated from the fluid temperature measurements in the downcomer (Fig. 5) by a time independent
procedure. Thus a smooth temperature distribution results from this Equation for a moment as shown in Fig. 6
for a time 120 seconds after start of cooling. In a second
step the strongly oscillatory behaviour of the coefficients
A, with time is reduced by filling piecewice polynomials of second order io these curves. The resulting time
dependent temperature distribution for a line in circumferential direction at the inside of the PV wall is, shown
in Fig. 7. Equation (1) is only valid for zone A in Fig. 8.
In the zone D and F the values from the border of zone A
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are extrapolated in vertical respectively horizontal direction. In zone B the value of the bottom mantieline at the
nozzle corner is used. For the zones C and E the temperature measured above the nozzle is used. A parameter
study [4] showed that a convection coefficient f 5000
W/(m2) yields good agreement for calculated and measured wall temperatures. This finding was verified by the
3D calculations. Using a smaller convection coefficient
outside the zone below the nozzle comer did barely affect the results. For the 3D calculations generally good
agreement compared to the measured temperatures and
strains was found [5]. Only in a zone below the TEMB
nozzle corner deviations of about 20 % were found. This
may be explained by the sensitivity of the results to the
definition of the environment (fluid) temperature, which
was not recorded during the experiment in this zone.
Temperatures and strains are compared for 2 positions
410 mm (Fig. 9 a,b,c) and 110 mm (Fig. 9 d,e,f) below
the TEMB nozzle comer. As mentioned above, calculated wall temperatures do not meet measured temperatures very well close to the nozzle corner (Fig. 9 d).
The wire strain gages were built with the same coefficient of thermal expansion as the surface (cladding)
material, therefore the contribution of free thermal expansion could be subtracted from the total strains using
a dummy strain gage and an electronic circuit. For the
ID calculations the total strains for the axial and azimutal directions are 0 but the measured strains are ATaT,
where AT is the difference from the reference temperature (which was 300°C for our calculations) and ar
is the coefficient of thermal expansion. The same holds
for the axial strains in the 2D calculations since plane
strain was assumed. The circumferential strains were
significantly overestimated by the ID calculation. The
circumferential strains were larger for the 3D calculations than for the 2D calculations but the deviation from
the measured values is smaller than 0.2 "/„„. Finally all
calculated strains are conservative with respect to the
measured values. The ID and 2D calculations differ if
the temperature difference from the reference temperature is different. The substantial overestimation found in
earlier 2D calculations [4] is due to the assumed simplified fluid temperature distribution. The nonconservative
axial strains found in an earlier "ID" calculation [3] may
only be explained by the very different BC.

Conclusions
For two positions (110 and 410 mm) below the lower
comer of the TEMB-nozzle PV intersection, results of
ID, 2D and 3D temperature and strain calculations were
compared to measured data.

The large deviations (2D) and nonconservative results ("ID") found in earlier strain calculations may
be explained by the different thermal BC ("1D",2D)

and mechanical BC ("ID").
• The 3D FE calculations performed with the thermal
BC defined above yielded slightly conservative results compared to the experimental dala.
• The difference found between the improved 2D and
the 3D calculations with respect to the experimental
dala would not juslify the performing of expensive
3D calculations.
• The improved ID calculations with fixed displacements in axial and circumferential direction also
yield conservative strains.
• The computed strains are very sensitive to the variation of environment temperature conditions, but a
uniform convection coefficient might be used.
• Sti iss intensity calculations may be performed, using stress distributions from 2D calculations and
unit stress intensity factors of 3D calculations. The
wall thickness should be varied up to the values
for a pressurized water reactor (approximately 250
mm).
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Fig. 4: 2D finite element mesh of the PV crossection
perpendicular to the axis of revolution
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Abstract
The present numeric fracture mechanic study regards
the pipe bend failure experiment RORV(B) which was
performed at the German HDR-Hest-facility. Under the
operating conditions of temperature T = 240 °C , internal pressure p,- = 10.6 MPa and an elevated oxygen
content in the pressure medium (about 8 ppm), the elbow of the fullsize feedwater piping was additionally
loaded by a cyclic in-plane bending moment acting in
opening mode. During the fatigue loading phase longitudinally oriented cracks develloped in the area of the
bend flanks. After a total number of 2007 load cycles
the elbow failed in form of leakage, due to a macroscopically dominating crack which was embedded in a multiple crack field. Since the leak surprisingely occured in
the thicker elbow flank, the influence of wall thickness
variation (caused by the mandrel process manufacturing) on the crack initiation is studied in the presented
calculations. Furthermore, J-integrals are determined
for part-through as well as for fully through cracks, and
the influence of flaw size on the global elbow flexibility
is analyzed.

Introduction
In cyclically loaded piping components, cracks may initiate and subsequently grow after a sufficient number of
load cycles [1]. This process was studied with the experiment RORV(B) within Phase II of the German HDR
Safety Program. Under the operating conditions: internal pressure p{ = 1 0 6 MPa, temperature T = 240 °C
and elevated oxygen content in the pressure medium
(about 8 ppm), a fullsize bend (DN400) of the piping (Fig. 1) was loaded with an in-plane bending moment acting in opening mode by cyclic deflection of one
pipe end. After 2007 load cycles the piping failed due
to the macroscopically dominating longitudinal crack
which was embedded in the fatigue-induced multiple
crack field [2], [3]. Surprisingly, the leak occured in
the thicker elbow flank. The maximal wall thickness of

die two bend shells (ip = 0° ~ 180°, 180° ~ 360°)
differed by 5% due to the mandrel process manufacturing. Extensive pre-experimental calculations £4] were
performed for the longitudinal crack located at the inner
surface for the two selected crack lengths 2ac = 30°
and 80° using a bend model with constant wall thickness. In the post-experimental calculations [S] summarized in the present report the influence of the wall thickness variation on the maximal elbow strains is studied
for the unflawed bend; furthermore, the given fracture
mechanics studies are completed by the data for the experimentally determined crack length 2ac = 60°.

Numerical Analysis
The structural mechanics study was performed using the
finite element program ADINA. Large deformations and
material nonlinearities were considered by the "Updated
Lagrange" formulation and an elastic-plastic material
model. The effective stress-strain data of the RORV(B)
pipe material (15NiCuMoNb5) were measured in an uniaxial tensile test. In order to consider the variation of
both the wall thickness (Fig. 3) caused by manufacturing and of the bending moment along the pipe axis, a
full bend ( a = 0° ~ 90°, <f> = 0° ~ 360°) was isolated
from the piping (Fig. 1) and for the finite element analysis discretized as shown in Fig. 4. The straight pipe ends
(Fig. 2) of length three times the inner diameter Dt prevent influences from the models boundary conditions on
the elbow stresses. In the sectional plane A - A , all displacements were fixed. The static internal pressure was
applied by pressure elements at the inner surface and by
pax, the distributed stress component resultant normal to
the sectional plane B - B . In a first load step the action of
the internal pressure only was calculated. The monotonically increasing force of the hydraulic cylinder and the
resulting reaction of the link are reduced to the forces Fx
and Fj, and the bending moment A/», acting in the terminal plane B-B; these were incrementally increased in
further load steps. For the crack analysis reduced models (Fig. 11) with two symmetries and a quarter of the
original size were considered, where the variations of
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wall thickness and bending moment were symmetrized.
The crack depth was constant along its length; except
the crack end where its shape was circular. For cracks
of length 2Q C = 60° and different crack depths a/t =
0.5, 0.75 and 1, ./-values were calculated by the energy
release method [6].

Results
The relation between the load controlled numerical analysis and the travel controlled experiment can be evaluated by comparing calculated and measured elbow
strains. Of the measured circumferential and longitudinal strains, only the largest ones during the first cycle
were sampled. Figs. 5,6 and 7 show that in the elbow apex these strains agree best with the calculated
strains in the range between load steps 7 and 8, which
corresponds to an average bending moment M = 1.15
MNm acting at the elbow apex center. The agreement
turned out to be good along the whole cicumference.
From this good agreement it may be concluded that the
whole calculated elbow strain state is realistic, and that
the straight pipe pieces prevent influences from the simplified boundary conditions of the sectional planes A-A
and B-B on the bend. Close to these sectional planes
some deviations between the calculated strains of the
load steps 7 to 8, which is shown by the shaded area in
Fig. 5, and the measured strains were expected, but they
are still of acceptable magnitude.
From Figs. 8 and 9 it can be seen that a pipe elbow,
loaded by static internal pressure and a quasislalic inplane bending moment in opening mode, reacts by ovalizalion of its cross-section, i.e. the initial round crosssection of the apex changes its shape to become a sort
of oval with its shortest diameter normal to the elbow
plane. Due to this ovalization, maximal tensile strains
appear in the elbow flanks at the inner surface in circumferential direction (Figs. 6,7) and will cause longitudinal cracks in the case of cyclic loading. The degree
of ovalization (ratio of major to minor radius) as well as
the greatest circumferential strains are about 5% higher
in the thinner elbow flank (Figs. 6,9), i.e. contrary to
what one might have inferred from the experiment, the
ovalization does not correspond to a travel controlled
elbow loading. From the calculated strains it may be
concluded that also the cyclic strain magnitudes would
be larger in the thinner elbow flank, and that therefore
cracks should initiate earlier and grow faster in this area.
Thus other effects, such as material inhomogcncilies or
surface imperfections, might explain the experimentally
determined preference of crack initiation or crack growth
in the thicker elbow flank.
In the pre-experimcnlal numerical study [4], different
crack edge locations for the maximal ./-values were
found for two selected part-through cracks of length
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1at = 30° and 80°. The study showed that for deep surface cracks with increasing bending moment the location
of maximum ./-values can change from the apex to the
crack edge end. In Figs. 10 ./-values are plotted for the
experimental measured crack length 2ac = 60° versus
the apex moment. For the two considered crack depths
a/t = 0.5 and 0.75 the maximal ./-values appear at the
bend apex for any load level. With increasing surface
crack depth, J increases more at the crack end than at
the bend apex, but up to the crack depth a/t = 0.75 the
maximum remains at the apex. This finding agrees well
with the leak before break behaviour of the experiment.
The calculated ./-values are considerably larger than the
crack initiation value Jf [7]. This result was verified by
the fractographic analysis, from which it must be assumed that to the fatigue crack growth was superposed
a stable crack growth. For through cracks the greatest ./-values are the most interesting ones; they are attained close to the inner pipe surface. These values are
considerably larger than the maximum ./-values of the
part-through cracks (Fig. 10).
Figs. 12 and 13 show that for part-through cracks the
flexibility of the pipe increases only slightly with increasing crack depth or with increasing crack length, but
it changes significantly between part-through and fully
through cracks. Furthermore, from Fig. 13 it can be seen
that in the case of through cracks the pipe flexibility is
greatly influenced by the crack length.

Conclusions
For a pipe bend under in-plane bending the influence of
wall thickness variation on crack initiation was studied;
furthermore, /-values were calculated along the crack
edge for longitudinal cracks at the bend flanks, having
the experimentally determined crack length 2a c = 60°.
Only the monotonically increasing part of the first load
cycle wis considered.

Good agreement was found for calculated and measured strains.
The deflections normal to the bend axis plane of
the two bend flanks differ inversely to the wall
thicknesses; therefore the circumferential strains are
sligthly larger in the thinner pipe flank.
The range of the cyclic strains could only be found
by a calculation of a further full load cycle, but
due to the theoretical investigations it may be assumed that the strain range is abou: r<% larger in
the thinner bend flank. The observed preference of
crack growth in the thicker bend flank might be explained by material inhomogeneities or by surface
imperfections.

From the calculated J-values and the fractographic
analysis it must be assumed that to the fatigue crack
growth was superposed a stable crack growth.
The maximum J-values are found at the bend apex
for all considered surface cracks.

[7] E. ROOS U. E1SELE, "Determination of the malerial characteristics values in the elastic plastic fracture mechanics by means of ,7-integral resistance
curves", J. of Testing and Evaluation, 16, (1988),
1-11

i For an identical crack length, the ./-values are considerably larger for a through crack than for a surface crack.
p The pipe flexibility is only slightly influenced by
length and depth of part-through cracks, but it is
greatly influenced by the length of through cracks.
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Oeffentliche Orienlierungsversammlung in WUrcnlingen, 13.4.1988

- Uebungen

Dr. P. Wydler
H.P. ALDER
"Ueberblick über die Tätigkeit des Bereiches 'Nukleare
Energie' des PSI",
Tagung der ANS-Swiss Section am PSI, 24.11.1988

- Schnelle Brutreaktoren

Teaching Activities at other Schools and Colleges
H. Hcyck

- Fakultativer Kurs "Reaktortechnik" (5.
Semester) an HTL-Winterthur

und 6.

H. Hcyck, G. Kühne, T. Schucan, B. Wernli

- Lchrcrfortbildungskurs des Kt.
physik, 3.-5. August 1988

Aargau in Kern-

F. Meier

HTL-Vorbereitungskurs
Baden

an

der

Gewerbeschule

Lectures
F. AEBY
"PWR control rod behaviour during a severe accident,
improvements on computer program VAPOR",
Helsinki, Finland, 12.-14.09.1988
S.N. AKSAN
"A review of large break loss-of-coolant accident blowdown quench and effect or external thermocouples",
Third International Code Assessment and Application
Program (ICAP), Specialist Meeting, Grenoble, 1.4.3.1988
S.N. AKSAN
"Status of code improvement plan (RELAP5/Mod2 at
PSI",
Second TRAC/RELAP Code Improvement Meeting,
Bethesda, MD. 19.-20.10.1988
S.N. AKSAN
"ICAP program status and plans at PSI", ICAP Program
Management Meeting, Bethesda, MD, 21.10.1988
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R. ALEXANDER
"Attempted verification of matrix diffusion by means of
natural decay series disequilibria in a profile across a
water-conducting fracuire in granitic rock",
SURRC (Scottish Universities Research and Reactor
Centre), 6.6.1988
G.Th. ANALYTIS
"An 'experimental version'of RELAP5/Mod2/36.02:
model changes assessment efforts and numerical problems",
Third International Code Assessment and Application
Program (ICAP) Specialist Meeting, Grenoble, 1.4.3.1988
G.Th. ANALYTIS
"Developmental assessment of thermal-hydraulic transient analysis codes with separate effect and integral test
experiments",
Centre for Nuclear Research "Democrilos" Aghia
Paraskevi, Athens, June 1988
R. ATTINGER
"Schallemissionsprüfung", Grundkurs Stufe III,
Schweizerische Gesellschaft für Zerstörungsfreie Prüfung, Gebr. Sulzer AG, Winterthur, 10.6.1988
G. BAP.T, A. ERNE
"Characterization of TMI-2 Core Material at PSI, Status
Report",
OECD/NEA, Principal Working Group No. 2: System
Behaviour Related to the Prevention and Control of Accidents (In-Vessel), Task Group on Three Mile Island 2,
Paris, 16.-17.3.1988
G. BART, E.T. AERNE, H.U. ZWICKY
"U, Pu and Gd analysis on irradiated nuclear fuel by
shielded SIMS",
2nd Internal. Conf. on Nuclear and Radiochemistry,
Brighton, England, 11.-15.7.1988
K. BEHRINGER, T. KONDO 1
"Test procedure for a multivariate autoregressive time
series code",
20th Informal Meeting on Reactor Noise (IMORN 20),
Istanbul 12.-14.10.1988

1

on leave of absence from Osaka University

H.-D. BERGER1
"PROTEUS-Experimentc zur Neutronenphysik
FDWR",
PSI-Tagung 'FDWR 1 , Villigen, 26.5.1988
1
delegiert von Siemens AG/UB KWU, Erlangen

des

K. B1SCHOFF, J. HADERMANN, A. JAKOB
"INTRAVAL test case lb-uranium migration in crystalline bore core",
INTRAVAL Workshop, Barcelona, 25.29A1988
R. BROGL1
"Ueberblick und Zielsetzung der FDWR-Zusammenarbeit aus Sicht des PS1",
PSI-Tagung 'FDWR 1 , Vüligen, 26.5.1988
R. BROGL1, P. BURGSMUELLER 1
"Nukleare Wärmequellen",
PSI-Seminar 'Fernwärme;, Villigen, 9.8.1988
'Gebr. Sulzcr AG, Wintcrthur
R. CHAWLA
"Schwerpunkte der F+E-Aktivitäten für den FDWR am
PS1",
PSI-Tagung 'FDWR', Villigen, 26.5.1988
R. CODELL, J. HADERMANN
"Report from the synthetic experiment working group",
INTRAVAL Workshop, Tucson, 14.-18.11.1988
C.DEGUELDRE
"Grimsel colloid exercise, status of sampling phase",
6th Meeting of the COCO-Club, Leuven, 2.-3.3.1988
C.DEGUELDRE
"Colloid benchmark exercise",
CEC project MIRAGE - Second Phase - Plenary Meeting, Brussels, 24.-25.3.1988
C. DEGUELDRE, W. GOERLICH, B. WERNLI
"Sorption behaviour of Am(III) on SiO 2 amorphous colloid",
18eme Journée des Actinides, Paris, 20.-23.4.1988

"In situ sampling of groundwater colloids by ultrafiltration prior to characterization wilh emphasis on Grimsel
Colloid Exercise",
Umweltphysik-Seminar,
EAWAG
Dilbendorf,
21.10.1988
J. DREIER
"NEPTUN-in Versuche und Code Validierung
FDWR-Notkühlungslhermohydraulik",
PSI-Tagung 'FDWR', VUligen, 26.5.1988

für

H.N. ERTEN 1 , S. AKSOYOGLU, S. HATIPOGLU 2 , H.
GOEKTUERK 2
"Sorption/Dcsorption of Cs and Sr on clays and soil fractions from various regions of Turkey",
Chemistry and Migration Behaviour of Actinides and
Fission Products in ihe Geosphcre, Abstracts, TU
München, Garching, Germany, 36 (1988)
1
University of Bilkent, Ankara
2
Middle F.ast Technical University, Ankara

K. FOSKOLOS
"Die Schweizerischen Fcmwärmcnctze",
PSI-Seminar 'Femwarme', Villigcn, 9.8.1988
A. FROMENTIN
"Aerosol generator setup and performance, DEMONA
program",
Montreux, Switzerland, 28.6.-1.7.1988
A. FROMENTIN
"Aerosol particle resuspension",
Montreux, Switzerland, 28.6.-1.7.1988
J. HADERMANN, A. JAKOB, A. ZINGG
"PSI new modelling results",
rNTRAVAL Workshop, Tucson, 14.-18.11.1988
J. HADERMANN, K. BISCHOFF, A. JAKOB
"Presentation of test case lb",
INTRAVAL Workshop, Tucson, 14.-18.11.1988
J. HADERMANN
"R+D activities at the Paul Schcrrcr Institute related to
radioactive waste management",
Whiieshell Nuclear Research EsL, Pinawa, 29.11.1988

C.DEGUELDRE
"Grimsel colloid exercise, status of the characterization
phase",
7th Meeting of the COCO-Club, Madrid, 21.-23.3.1988

F. HEGEDUES, P. WINKLER
"Low level iodine detection by TXRF spectrometry",
Vienna EDXRF Workshop, Vienna, 13.-15.7.1988

C. DEGUELDRE, B. WERNLI
"In situ sampling of groundwater colloïdes by ultrafiltralion prior to characterization",
US DOE Colloid Meeting, Manteo, 4.-6.10.1988

J J . HOSEMANN
"General objectives of the DEMONA program",
MARVIKEN-V/DEMONA/LACE Workshop, Montreux, Switzerland, 28.6.-1.7.1988

C.DEGUELDRE

J.M. KALLFELZ
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"Generalized perturbation theory for sensitivity analysis
of critical experiments",
IKE-Stuttgart, June 1988
J.M. KALLFELZ
"Sensitivity studies for the high converter LWR experiments in the PROTEUS driven critical assembly",
Specialists' Meeting on Generalized Perturbation Methods, organized by EdF, Paris, 13.-14.12.1988
T. KONDO1, G. SP1EKERMAN, K. BEHR1NGER
"Comparison of the PSD estimation by FFT techniques
and by AR modelling for the application to Piety's pattern recognition algorithm",
20lh Informal Meeting on Reactor Noise GMORN 20),
Istanbul, 12.-14.10.1988
1
on leave of absence from Osaka University
Z. KOPAJTIC
"Rcsullate der PSI-Untersuchungen von mitlelaktivcn
biluminicrtcn Abfallen aus Cogcma/Marcoulc (1982)",
Workshop, Cadarache, SCECA 88/01 (1988), 2 3 25.6.1988
Z. KOPAJTIC, D. LASKE, H.P. LINDER, M. MOHOS,
M. NELLEN, H.U. ZWICKY
"Characterization of bituminous, intermediate-level
waste products",
Poster at the 12ih International Symposium on the Scientific Basis for Nuclear Waste Management, MRS '88,
Berlin (West), 10.-13.10.1988

J. PINEYRO, K. BEHRINGER
"Bispectrum estimation using overlapped segments",
Advanced Research Workshop on Noise and Nonlinear
Phenomena in Nuclear Systems, Valencia, 23.-27.3.1988
W. SEIFRITZ
"Risiken der Energieerzeugung",
Inlerkantonales Technikum Rapperswil, 27.1.1988
W. SEDTUTZ
"CO2-freie Energiesysteme der Zukunfl",
PSI-Kolloquium, Villigen, 10.3.1988
W. SEIFRITZ
"Zur CO2-Entsorgung fossilcr Energicsysteme",
Technische UnivcrsiUU Stuttgari, Institul fur Kemenergclik und Energiesystcme (IKE), 20.5.1988
R.W. STRATTON, H.P. ALDER, H. BAY
"Mixed oxide fuel recycle in Switzerland",
Belgian Nuclear Society, Brussels, 27.5.1988
B. TIRBONOD, L. HANACEK
"Results of an acoustic emission lest during the local
monitoring of a crack in a pressure vesel",
17th Meeting of the European WorkingGrcup on Acoustic Emission, Scheveningen, Netherlands, 22.9.1988
R. VILKS, C. DEGUELDRE
"Grimsel colloid exercise",
Workshop, Wiircnlingen, 13.7.1988

K. LIEBER, W. SEIFRITZ, A. JAKOBI1
"Probabilistische Sicherhcitsuntersuchungen fur die
Schweizcrischen Hcizreaktoren (SHR)",
Jahresiagung Kemlechnik 1988, Travemunde, BRD,
17.-19.5.1988
1
Elcklrowalt Ing. AG, Zurich

G. YADIGAROGLU
"Basic equations"; "Post-dryout heal transfer and rewetting"; "Nuclear industry applications - I"
Short Course on Modelling of Multiphase Systems for
Industrial Applications, ETH, 14.-18.3.1988, and University of California, Santa Barbara, 25.-29.4.1988

K. LIEBER
"Coremclt/concrete interaction assessment for source
term evaluation. An introduction",
Final Coordination Meeting of IAEA, Prag, CSSR, 4.6.10.1988

Z.W. ZHOU, G. YADIGAROGLU
'Two-phase flow stability in a natural circulation loop
with gravity-induced dashing",
5th Miami Int. Symposium on Multi-Phase Transport and Paniculate Phenomena, Miami Beach, , .orida,
USA, 12.-14.12.1988

K. LIEBER
"Experience of WECHSL-codc application to a Swiss
BWR",
First Meeting of WECHSL-Users Club, Cadarache,
France, 10.-11.10.1988

M.A. Z1MMERMANN
"PSI's recent activity with RETRAN02",
RETRAN - User Group Meeting, Winfrilh, 21.3.1988

D. LUEBBESMEYER
"Post-test analysis and nodalizalion studies of OECDLOFT experiment LP-02-6 with RELAP5/Mod2",
Third International Code Assessment and Application
Program (ICAP) Specialist Meeting, Grenoble, 1.4.3.1988
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H.U. ZWICKY
"JSS experiments at the Swiss Federal Institute for Reactor Research (EIR)",
JSS Seminar, Stockholm, 3.5.1988

Scientific Publications

16 Y. LIU, H.R. VON GUNTEN
"Migration chemistry and behaviour of iodine relevant to geological disposal of radioactive wastes A literature review with a compilation of aorption
data",
183p, 1988

PSI-Reports
(PSI-Berichte)
2 B. COVELLI 1 , H.P. ALDER
"Zum Aktivitätsaufbau an den Umwälzschleifen
von Siedewasserreaktoren: Grundlagen zur Modellierung der Transport- und Ablagerungsvorgänge",
43p, 1988
1
TECOVA AG, Wohlcn
3 S. PELLONI, J. STEPANEK
"Analysis of LWHCR-PROTEUS phase II experiments performed using the AARE system with
JEF-1 based libraries, and comparisons with other
codes",
44p, 1988
4 H.R. VON GUNTEN.L. JAKOBS 1 , M.KUSLYS 1 ,
R. KEIL, U. KRAEHENBUEHL 1
"Cyclic metal migration in a groundwater stream",
7p, 1988
1
University of Beme
7 R. GRAUER
"Zum Korrosionsverhalten von unlegiertem Stahl
in Portland Zement",
29p, 1988
(NAGRA TB 8 8 - 0 2 , Baden 1988)

17 S. OLEK
"Analytical model for the rewctting of hot surfaces",
57p, 1988
20 M. HUGGENBERGER, H. NOETHIGER
"P1REX - Probenkühlung und Temperaturkontrolle, ein Wärmeiibergangsproblem bei nicht ausgebildeter, turbulenter Strömung",
49p, 1988

Common Reports
P. BOEHM 1 , H.A. CROSTACK 1 , G. DEUSTER 2 , E.
WASCHKIES 2 , J. EISENBLAETTER 3 , P. JAX 4 , G.
SCHULZE 4 , V. STREICHER4, P. KNOCH 5 , H.-J.
MAIER 5 , H. GERTKEMPER 5 , W. SCHMUELLING 5 ,
B. TIRBONOD, L. HANACEK
"Common report on the present status of the acoustic
emission applied under hydrotest and operation conditions: results of the BMFT-ZB2-programme",
14. MPA-Seminar Stuttgart, 6.-7.10.1988, Paper 24,
Stuttgart 1988
1
2

10 J. PINEYRO, K. BEHRINGER
"Bispectrum estimation using
ments",
13p, 1988

3

overlapped seg-

5
6

11 R. GRAUER
"Zum chemischen Verhalten von Montmorrillonit
in einer EndlagerverfUUung",
76p, 1988
(NAGRA TB 88-24, Baden 1988)
12 J.J. ARKUSZEWSKI, J.R JAEGER
"Shielding performance on the NET vacuum vessel",
79p, 1988
13 J.J. ARKUSZEWSKI
"MCNP analysis of the nine-cell
benchmark",
19p, 1988

4

gadolinium

15 G. SPIEKERMAN
"Detection of boiling by piety's on-line P S D pattem recognition algorithm applied to neutron
noise signals in the SAPHIR reactor",
132p, 1988

University Dortmund
IZfP, Saarbrücken
Batteile Institute, Frankfurt
Siemens AG/KWU, Erlangen
MPA Stuttgart
GRS, Köln

Publications in Scientific and Technical
Journals and Conference Reports as well as
other Scientific Reports
S X . AKSAN, G.Th. ANALYT1S, D. LUEBBESMEYER
"Switzerland's code assessment activities in support of
the international code assessment program (ICAP)",
(Contribution to): 16th Water Reactor Safety Information Meeting, Gaithersburg, Maryland, USA, 2 4 27.10.1988
W.R.
ALEXANDER,
R.D.
SCOTT 1 ,
A.B.
1
2
MACKENZIE ,1.G. McKINLEY
"A natural analogue study of radionuclide migration in
a water conducting fracture in crystalline rock",
Radiochim. Acta, 44/45, (1988), 283-289
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1
SURRC, Glasgow
- NAGRA, Baden

W.R.
ALEXANDER,
R.D.
SCOTT1,
A.B.
1
2
MACKENZIE , I.G. McKlNLEY
"Natural analogue studies in crystalline rock: The influence of water-bearing fractures on radionuclidcs immobilisation in a crystalline rock laboratory",
NAGRA-NTB 87-08, Baden 1988
1
SURRC, Glasgow
- NAGRA, Baden
G.Th. ANALYTIS
"Assessment cf the nearly implicit solution scheme of
RELAP5/Mod2: Numerical viscosity and suppression of
oscillations",
Winter Meeting Am. Nucl. Soc., Washington D.C.,
30.10.-4.11.1988; TRANSAO 57-1-548, Vol. 57, 1988
124-125
G.Th. ANALYTIS, D. LUEBBESMEYER
"Analysis of LOFT experiment LP-02-6 by standard
and modified RELAP5/Mod2/36.02",
Annual Meeting Am. Nucl. Soc., San Diego, CA. USA,
12-15.6.1988, TRANSAO 56-528, Vol. 56-628, Vol.
56, 394-396
ANON.
JSS PROJECT PHASE V: FINAL REPORT
"Testing and modelling of the corrosion of simulated
nuclear waste glass powders in a waste package environment",
JSS Technical Report 88-02, SKB, Stockholm 1988
R. ATTINGER
"Transiente Tempcraturfelder bei Nahlschweissungen:
Bcrechnungen mil der Mclhode der Finitcn Elcmente",
NAGRA TB 87-06, Baden 1988
R. ATTINGER, L. HANACEK
"Schallcmissionspriifung - Grundlagcn und Anwendung",
Schweizerische Gesellschaft fur zerstf'/ungsfreie Priifung, HTL-Windisch, 1.12.1988
SGZP-Bulletin 2 (1988), Nr. 5, 11-12
J. AXMANN1, W. OLDEKOPP2, S. l'ELLONI
"Der Kcmdaleneinlluss auf die Neutronenphysik
hochkonveitierender Reaktoren",
Jahrestagung Kerntechnik, TravemUnde, 17.-19.5.1988,
Tagungsbericht, Kemtechnische Gesellschaft und
Deutsches Atomforum e.V., Bonn, 1988, 43-46
1
Hauptabteilung fur die Sicherheit von Kemanlagen,
Wiirenlingen
2
IfRR, TU Braunschweig
1

1

J.N.B. Bell , MJ. MINSKI , H.A. GROGAN
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"Plant uptake of radionuclides".
Soil Use and Management 4, Nr. 3, Sept. 1988, 76-84
1
Imperial College, University of London
H.D. BERGER1, R. BOEHME2, R. CHAWLA, K.
GMUER
"Investigation of importance-weighted infinite multiplication constants in clean and poisoned LWHCR lattices",
1988 Int. Reactor Physics Conf. Jackson Hole WY, 18.22.9.1988, Proc. VollI, Am. Nucl. Soc. 1988,343-351
1
delegated by Siemens AG/UB KWU, Erlangen
2
delegated by KTK, Karlsruhe
H.D. BERGER1, R. CHAWLA, K. GMUER, H.
HAGER, R. SEILER, R. BOEHME"Expcrimentelle Untersuchungen des
FDWR-PROTEUS Refcrenzgitters mit verringerter Moderalordichte
und Vergleich mit Iheoretischcn Untersuchungen",
Jahrestagung Kerntechnik, Travemiinde, 17.-19.5,1988,
Tagungsbericht, Kemtechnische Gesellschaft und
Deutsches Atomoforum e.v., Bonn, 1988, 35-38
1
delegiert von Siemens AGAJB KWU, Erlangcn
2
delegiert von KfK, Karlsruhe
U. BERNER
"Modelling the incongruent dissolution of hydrated cement minerals",
Radiochim. Acta 44/45 (1988) 387-393
U. BERNER, J. JACOBSEN, I.G. McKTNLEY1
'The near-field chemistry of a Swiss L/ILW repository",
in: Near-field assessment of repositories for low and
medium level radioactive waste, Proc. NEA Workshop,
Baden, 23.-25.11.1987, OECD/NEA, Paris 1988
1
NAGRA, Baden
R.H. BROGLI, C.A. GOETZMANN1, BJ. KUCZERA2
"Research and developement efforts for the light water
high conversion reactor",
Nucl. Technol. 80 (1), (1988), 61-64
1
Siemens AGAJB KWU, Erlangen
2
KfK, Karlsruhe
R. BROGLI, M.J. KLAENTSCHI1
"Mdglichkeiten der Kemenergie; Heizreaktoren, neue
Reaktorlinien, Kernfusion",
Arbcitsdokumenl Nr.
10 z.H. dcr Expertcngruppe
Energieszenarien, EDMZ, Bern Okt. 1987
1
Energieberaler, Zurich
R. BROGLI, K. FOSKOLOS, E. KNOGLINGER
"Design aspects of a small district heating reactor",
1988 Reactor Physics Conf., Jackson Hole WY, 18.22.9.1988, Proc. Vol. IV, Am. Nucl. Soc. 1988, 1-9
P. BURGSMUELLER1, A. JACOBI2, J.F. JAEGER, W.
SEIFRITZ (et al.)

'The Swiss heating reactor (SHR) for district heating of
small communities",
Nucl. Eng. and Design, 109, (1988), 129-134
1
Gebr. Sulzer AG, Winterthur
2
Elcktrowatt Ing. AG, Zurich

K. FOSKOLOS, A. GALPERIN 1 , P. GRIMM
"Solutions of the neutronic design problems of small
heating reactor cores based on the BWR principle",
Nucl. Eng. and Design 108. (1988), 419-427
1
Ben Gurion Univ., Beer Sheva, Israel

J. DREIER, G.Th. ANALYTIS, R. CHAWLA
"NEPTUN-in reflooding and boiloff experiments with
a LWHCR fuel bundle simulator: Experimental results
and initial code assessments efforts",
Nucl. Technol., 80, (1988), 93-106

U. FRICKER1, G. ULLRICH, H.P. ALDER
"Wear stresses in ceramic layers at elevated temperatures
under helium atmosphere",
(Contribution to): IAEA Specialists Meeting on High
Temperature Metallic Material for Gas-Cooled Reactors,
Cracow, Poland, 20.-23.6.1988
1
Gebr. Sulzer, Winterthur

H.N. ERTEN 1 , S. AKSOYOGLU, H. GOEKTUERK 2
"Efficiency calibration and summation effects in gamma
ray spectrometry",
J. Radioanal. Nucl. Chem. Articles, 125(1), (1988),
3-10
1
University of Bilkent, Ankara
2
Middle East Technical University, Ankara
H.N. ERTEN 1 , S. AKSOYOGLU, H. GOEKTUERK 2
"Sorpiion/desorption of Cs on clay and soil fractions
from various regions of Turkey",
The Science of the Total Environment 69, (1988), 2 6 9 2%
1
University of Bilkent, Ankara
3
Middle East Technical University, Ankara
HJM. ERTEN 1 , S. AKSOYOGLU, H. GOEKTUERK 2
"Sorpiion of caesium and strontium on montmorillonitc
and kaolinite",
Radiochim. Acta 44/45, (1988), 147-151
1
University of Bilkent, Ankara
2
Middle East Technical University, Ankara
H.R.
FIERZ,
T.
VON
WEISSENFLUH,
K.
BEHRINGER, B. SIGG 1 , T. KONDO 2
'Techniques for determination of temperature and flow
distribution in a sodium-cooled 37-pin bundle",
Proc. First World Conf. on Experimental Heat Transfer, Fluid Mechanics and Thermodynamics, Dubrovnik,
Yugoslavia, Sept. 1988, 294-301
1
Swiss Fed. Inst. of Technology, Zurich
2
on leave of absence from Osaka University, Japan
HJt. FTERZ, B. SIGG 1
"Analysis of unsteady spatial temperature distributions
in SONACO experiments",
(Contribution to): 13th Liquid Metal Boiling Working
Group (LMBWG), Winfrith. UK, SepL 1988
1
Swiss Fed. Inst. of Technology, Zurich
O. FISCHER, A. SOMMER
"Experimental investigation of spray-enhanced tube and
plate-fin heat exchangers",
International Cooling-Tower Conference, Pisa, Oct.
1988, Proc. EPRI GS-6317, Apr. 1988, 3.7-1/3.7-20

A. FROMENTIN
"PARESS: Particle resuspension study",
Proc. Aerosols Generation Behaviour and Applications,
Boumemonth, UK, 21.-25.3.1988, ed. by the Aerosol
Society, 223-227, (ISBN 095122 1612)
A. FROMENTIN
"Resuspension study: Results of an array photometer",
J. Aerosol Science (1988), No. 19. 1283-1286
M. FURRER, T. BUEHLER-GLOOR
"Revolalilization of fission products, especially iodine,
from water phases evaporating to dryness",
Proc. Second CSNI Workshop on Iodine Chemistry in
Reactor Safety, Toronto, 2.-3.6.1988, AECL Lld-9923,
CSNI-149, 185-194
M. FURRER, T. BUEHLER-GLOOR
"Influence of metallic silver and oxygen on the radiolysis of caesium iodide solutions",
(Contribution to): Symp. on Nuclear Severe Accident Chemistry, 3rd Chem. Congr. of North America,
Toronto, 5.-10.6.1988
A. GALPERIN 1 , K. FOSKOLOS, P. GRIMM
" Core physics of a small boiling water reactor for district heating",
N'icl. Technol. 82, (1988), 258-266
1
Ben Gurion Univ. Beer Sheva, Israel
A.H.
GLATTFELDER 1 ,
K.
REIMANN,
J.
STEINBACH 1
"Erfahrungen mil der Funktionsgruppcn-Methodik",
SGA-Zeitschrift g, (1988), 3-13
1
Gebr. Sulzer, Winterthur
R. GRAUER
"Ziim Korrosionsverhallen von unlegiertem Stahl in
Portlandzement",
NAGRA TB 8 8 - 0 2 , Baden 1988
R. GRAUER
"Zum chemischen Verhalten von Montmorillonit in einer
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Endlagerverfiillung",
NAGRA TB 88-24, Baden 1988
H. GROGAN, F. VAN DORP1
"The reliability of environmental transfer models applied
to waste disposal",
in: Reliability of Radioactive Transfer Modesl, Ed. by
G. Desmet, Elsevier Applied Science, Amsterdam 1988,
276-284
1
NAGRA, Baden
J. HADERMANN, H.R. VON GUNTEN, C. McCOMBDE1, l.G. McKINLEY1
"Radionuclide migration in the geosphere-Swiss research activities in laboratory and field experiments and
in model validation",
Radioactive Waste Management and the Nuclear Fuel
Cycle JO, (1988), 233-255
1
NAGRA, Baden
F. HEGEDUES, P. WINKLER
"Low level iodine detection by TXRF in a reactor safety
simulation experiment",
Advances in X-Ray Analysis, Vol. 30, Ed. by Ch.S.
Barrett, H.V. Gilfrich, R. Jenkins, D.E. Leyden, J.C.
Russ, P.K.. Predecki, Plenum Publishing Corp., 1988,
85-88
F. HEGEDUES, P. WINKLER
"Low level iodine detection by TXRF spectrometry",
(Contribution to): 37th Annual Denver Conference, 1 .5.8.1988, Steamboat Springs, CO
H. HEYCK, M. SALM '
"Development of a digital reactor control and protection
system",
IAEA Conf. on Man-Machine Interface in the Nuclear Industry, Tokyo, I5.-19.2.I988, Proc.,IAEA 1988,
443^49
1
ABB, Baden
E. HOEHN, U. FRICK1, J. HADERMANN
"Exploration methods and instrumentation of a single
fracture for radionuclide migration experiments at the
Grimsel Rock Laboratory",
in: Hydrogeology and Safety of Radioactive and Industrial Hazardous Waste Disposal, Symposium Orleans,
3.-10.6.1988, Documents du B.R.G.M. Nr. 160, 407419
1
NAGRA, Baden
J.P. HOSEMANN, J. COLLEN 1 , F. RAHN2
"Fission product transport in primary circuit and containment: Lessons from MARVKEN, DEMON A and
LACE programs",
Proc. of the Int. ENS/ANS Conf. on Thermal Reactore
Safety, Avignon, France, 2.-7.10.1988, Vol. 2, 536-540
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1
2

Studsvik AB, Nykoping, Sweden
Electric Power Research Institute, Palo Alto, CA, USA

M. HUDINA, A. SOMMER
"Heat transfer and pressure drop measurements on lube
and fin heat exchangers",
Proc. First World Conf. on Experimental Heat Transfer, Fluid Mechanics and Thermodynamics, Dubrovnik,
Yugoslavia, 4.-9.9.1988, 1393-1400
M. HUDINA,
"Thermal-hydraulic investigation of heat exchangers for
use in dry cooling towers",
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