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INTRODUCTION

Prof. Dr. W. Kröger

Head, Nuclear Department

The Nuclear Energy Research Department consists of
three Laboratories: Reactor Physics and Systems Engineer-
ing (LRS), Thermal Hydraulics (LTH) and Materials and
Nuclear Processes (LWV). There are additionally two Re-
search Programmes: 'Waste Disposal" (PES) and LWR-
Safety (PLS). The Department's activities focus on three
main areas:

• Safety and safety-related operational problems of the
Swiss nuclear power plants (NPPs),

• Contributions to the issues involved in radioactive
waste disposal,

• Future reactors.

In addition, scientific-technical services are provided in the
nuclear and non-nuclear sectors and for the operation of the
relevant site facilities (e.g. SAPHIR for neutron scattering
experiments).

These centres of interest remain unchanged in the light
of the results of the last federal vote. The approval of the
'Moratorium' initiative moves the question of the life-times
of the existing NPPs and their potential extensions even
more strongly to the foreground, so that work on compo-
nent safety, including stress corrosion cracking, will prob-
ably become more important still among the F4-activities.
The need for scientific investigations on radioactive waste
disposal has not diminished. The safety-oriented evaluation
of nuclear technologies of the far future is more than jus-
tified by the fact that the time boundaries actually set will
allow the commissioning of the next NPP in Switzerland
only after 15-25 years. Most of the F4-activities take place
in the framework of international cooperation (see Table 1).

One important by-product of the work of the department
and its collaboration with the universities is the education
and support of young scientists and technicians who will
ensure the takeover of nuclear know-how in Switzerland.
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Reactor .safety

The quantity of radioactive substances released during hy-
pothetical reactor accidents, the 'source lorn»*, plays a major
role in the analysis of such accidents and the evaluation of
their consequences. In 1990 the results ol' ihe study OH ihe
Mühleberg NPP wore presented: these show that, for the
two cases selected for analysis (high ami low pressure refer-
ence cases), the source terms following core meltdown are
significantly lower (i.e. 4 to 6, and 2 to 3 orders of magni-
tude respectively) than the reference source terms postulated
for emergency planning as set down by the Swiss Nuclear
Safety Directorate (HSK). The analytical techniques used
are now available for further, similar studies.

The importance of pressure vi ssel behaviour during core
meltdown accidents became evident during this work. For
this reason, the planning of an experiment to clarify the
failure mode of a reactor pressure vessel with penetrations
(instrumentation and control rod guide tubes) during a eorc-
melt accident has been started. This ex|x.'riinent is expected
to allow predictions to be made on the failure location, the
growth of the mell opening, and the composition of the
meltdown mass, in order to investigate the possibility of
axiling by Hooding the reactor cavern.

For the work on component safely, i.e. on the im-
provement of the evaluation of the long-term safely margins
of critical reactor components encompassed in the frame-
work of the 'Ageing' activities, 'noise emission tests' have
continued but work on the 'Pressure Repetition Tests' has
been terminated. The results do not show any macroscopic
growth or noise emission activity of the cracks on the as-
say. There is a relationship between number of cycles and
noise emission activity, which also shows a rough corre-
lation with crack growth but is indeix'iulent of the rate of
pressure increase. Noise signals can be located with an
accuracy of 2 mm laterally and 10 mm in depth.

In a first pipe blowdown experiment with noise emission
measurement (BLOwdown mit Kiss, 15LORI), performed
in cooperation with the Kcrnforschungszentrum Karlsruhe
(KfK) and the State Materials Testing Institute of Stutt-
gart University, a 1.5 mm stable crack growth could be
achieved. The purpose of these experiments is to confirm
the leak-beforc-brcak criterion for real pipes and to check
the applicability of the results from laboratory tests to real
pipe systems. A first series of corresponding linear clas-
tic finite element calculations reproduced well the stress
and the bending of the pipe at the beginning of the experi-
ments, but showed a large deviation from the experimental
results at the point of maximum stress, due to high material
plastificalion.

The distance from the safety limits during normal oper-
ation and accidents in the Swiss NPP is being evaluated in
the framework of the STARS project. It is especially worth-
while to mention the investigation of the consequences of
very improbable control rod accidents in the Swiss pres-
surized water reactors. The results of calculations with
improved models have shown that this kind of accident,
even under unfavourable conditions, does not lead to core
damage and thus there is no release of radioactive materi-
als. The degree of detail of the calculations has a strong
influence on the results.

Modules have been developed in F4 for the internat-
ionally-acknowledged and applied thermal hydraulics code
package RELAP5/MOD2 to allow the calculation of film
boiling under different flow conditions. The rcllooding

phenomena occurring during the pressure relief phase of
a Loss-Of-Coolanl-Accidont (U)CA) could be belter un-
derstood by means of analysis of experimental daia.

The knowledge gained and available in this domain has
been invested in ihe framework of the STARS project. Input
data sets have been prepared for the Miihleberg and Bcznau
NPPs and calculations performed for a L()CA with a large
break in the primary circuit. The results show thai the
temperature relevant to the safety of the fuel rod cladding
remains below 900°C for both analyses.

Safety-related aspects of the normal operation of the
NPPs are addressed in the framework of the activities on
LWR contamination. The primary circuit — especially of
the boiling water reactor with external recirculation pumps
— is contaminated by the deposition of activated substances.
In order to understand the basic mechanisms and to for-
mulate plani-specitie recommendations, there is need for
laboratory tests, advanced analysis, pilot loops, measure-
ments in situ and mathematical modelling. In 1990, analy-
ses of primary water from several sampling positions of the
Mühleberg and Lcibsladt NPPs have shown thai the DOC
content does not exceed 30 ppb during normal operation
and filter replacement, and t)ius docs not inlluencc the ac-
tivity transport.

Waste disposal

Work on model development and verification, and on data
collection and evaluation aiming at a long-term safety anal-
ysis of final repositories for radioactive waste, extends over
three interdependent domains: characterization of waste
matrices (bitumen, glass); behaviour of final repository com-
ponents (especially cement); and properties of rudionuclides
in the extended region of a repository (speciation, sorption,
colloids, laboratory and field experiments as well as mod-
elling of the transport).

Tlie investigation of bitumen has been successfully com-
pleted. Following the demonstration that organic decay
products and their (slight) combination with radionudides
can be understood, the sorpiion of selected ions on a bi-
tumen surface has been investigated and shown to be —
as expected — very low. Diffusion and sorpiion investiga-
tions have been performed for cement samples. It could be
demonstrated that control of the atmosphere, especially the
CO;, content, is essential.

In order to determine the influence of colloids, the mea-
surements of iheir sorption and size distribution have been
continued and first approaches for the transport modelling
developed. The colloid concentrations in the deep crys-
talline structure are so low that no significant inlluence on
the depository safely can be expected. The last stage in the
transport of radionuclides takes place in the biosphere. For
future safety analysis, a more detailed biosphere compart-
ment model has been developed.

Future reactors

In contrast to past activities, which included independent re-
actor development (healing reactor), present activities have
moved towards analytical and experimental investigation of
the safety characteristics of future reactor concepts.

Work on the advanced PWR (fortgeschrittener Druck-
wasserreaktor, FDWR), which promises belter fuel utiliza-
tion by means of lighter fuel lattices and ihc use of mixed



Table I: International Cooperation.

Topic
HTR-Developmenl: Reactor physics calculation methods, materials research
Know-how exchange on I.WR safely research
Cooperation in ihc framework of the HDR Safety Programme
Temporary secondment of 1-KAMATOMH engineer in the Safety Research Programme of PS1
Cooperation in nudes: plant life extension research
Aerosol containment experiments
Technical exchange and cooperation
Participation in the USNRC Severe Accident Research, Human Factors Research,

Risk and Accident Management Programmes
Thermal-hydraulic Transients Programme and ECCS-Reflood Programme of PS1
Code Assessment and Applications Programme (ICAP) (14 countries)
F4 representation in CSN1 (Committee for the Safety of Nucl. Installations)
FDWR Joint development programme, trilateral cooperation

• PROTEUS Physics Experiments
- NEPTUN Thermal Hydraulics Experiment

Mashing experiments by rupture of vessel containing superheated liquid
International Fuels Programmes

- DOMO, PR1MO-1, H. B. C , GEMINI,
• Halden

Isotopic distribution of Gd- and fission products in low bum-up, Gd-poisoned PWR-Fuel (GAP)
Coordinated Research Programme: Validation of Safety Related Physics

Calculations for tow-enriched UTGR's
Research Reactor Information Exchange (RROG)
Silicium-Irradiation Development
Development of ELCOS-System

Data Acquisition for MTR-Type Reactor (Study and Comparison on Data for MTR-Type Reactor)
Development and Validation of RETRAN03
OECD Study on Small and Medium Reactors
BWR-supervision WACOUN

Panncr
EG-HTR. D
KfK, D
KfK, D
FRAMATOME, F
DOE, USA
EPRI. USA
VTT. SF
USNRC, USA

USNRC, USA
USNRC, USA
OECD (NEA), F
KWU, KfK, D

ENEA-Casaccia Center, I

Belgonuclaire, B
HALDEN, N
Belgonuclairc, B
IAEA, A, JPN.USA, D,
China, USSR, CH
EAES
Shin-Elsu, JPN
Ben Gurion University, 1L
Georgia Institute of
Technology, USA
IAEA, A
EPRI, USA
OECD (NEA), F
IAEA, A

oxide fuel, have been continued in the framework of tri-
lateral collaboration with Siemens/KWU and KfK. Exper-
iments on reactivity coefficients in the PROTEUS critical
facility have been completed, and have set the design lim-
its for such reactor cores in order to cope with the existing
safety requirements. The thermal hydraulics experiments
(NEPTUN) on emergency cooling following a LOCA have
been continued. By means of experiments on combined
cold- and hot-leg feed, it has been demonstrated that under
the conditions known at the present time, the reflooding of
narrow hexagonal grids is possible, and this combined feed
enables a shortening of the time required for reflooding.

The preparation of the new HTR-PROTEUS Programme
took place as planned. Experiments have been coordinated
with the international partners, the safety report for the con-
version of the facility has been approved by the HSK, and
the contracts for borrowing the fuel have been signed. All
countries interested in the development of High Temper-
ature Reactors (HTR) will delegate specialists to the PSI
experiments.

The tendency for cracking of IN800 under heal has been
investigated in the framework of the Swiss contribution to
the HTR development, under different degrees of cold de-
formation and up to temperatures of 950°. Clear reduction
of the mechanical properties at all temperatures has already
been observed for deformations over 5%.

In 1990, the decision was taken to build a large exper-
imental facility for the investigation of passive decay heat
removal and fission product retention in advanced LWRs, in
close cooperation with the EPRI research programme and
with the financial support of the Swiss utilities (UAK). The
Project ALPHA has been structured and contracts with the
US partners are ready for signing.

Fuel research is concentrated on the investigation of

fuel behaviour as well as accompanying research on, and
development of, advanced fuels. A major part of the work,
especially post-irradiation examinations, takes place in the
framework of research contracts with partners from indus-
try. In a common programme with the Gösgen NPP and
Siemens/KWU, and in the framework of an international
EPRI programme, these activities have been extended re-
cently from the usual fuel examinations to the examination
of cladding behaviour. Special methods for the preparation
of thin layers suitable for instrumental examination have
been developed.

In the domain of fuel development, the last fuel rod with
three segments filled with UO2 microspheres has been re-
moved from the Gösgen reactor core after four years of
operation. Compared with pellet fuel a substantially lower
creep in the axial direction is observed. On the other hand,
there arc indications of higher fission gas release. For the
irradiation programme GEMINI (PSI in cooperation with
Belgonuclaire and Bcznau NPP), five fuel rod segments
have been filled with three different sphere fractions of
uranium-plutonium microsphere fuel and welded. Since
ihe middle of 1990 they have been irradiated at the Beznau
NPP.

Spin-offs from the fuel fabrication technique developed
at PSI arc also of interest. It has been possible to fabricate
high-tempcrature superconducting powders using a (cleaner
and easier) wet chemical process, showing under x-ray ex-
amination the same degree of purity as powders fabricated
with the usual dry process.

The main objective of analytical work in the domain of
thermal hydraulics of liquid metals was the numerical simu-
lation of the cooling of the lead-bismuth target of the future
PSI spallation source. The temperature and velocity distri-
butions in the coolant have been calculated under stationary



conditions using the ASTEC code and have been found to
lie within the design limits. The sodium loop NALO has
been modified in order to increase its performance.

Large facilities

The research reactor SAPHIR was shut down for three
months in the summer of 1990 for preventive repair, fine
cracks discovered on the hanging device made reinforce-
ment necessary. Thanks to successful co-operation between
the HSK, the PSI safety board and the SAPHIR crew, the
repair was completed very quickly (6 weeks) and the reactor
could be started again.

The financing of the School for Reactor Operators, where
the operators of the Swiss NPPs get their theoretical back-
ground, has been transferred to the Union of Swiss Utilities
(VSE).

Experimental activities in the hot laboratory necessitate
modern analytical tools. An ICP-MS (inductively-coup-
led plasma mass spectrometer) for the analysis of element
traces, and an impedance spectrometer for the investigation
of corrosion processes on metallic surfaces, have been put
into operation.



SURFACE CURRENT DOUBLE-HETEROGENEOUS MULTILAYER
MULTICELL METHODOLOGY

J. Stepanek, M. Segev*

Numerical Methods Group
* On leave from Ihe Ben-Gurion Univcrsily, Beer-Sheva, Israel

Abstract

A surface current methodology has been developed to re-
spond to the need for treating the various levels of material
heterogeneity in a double-heterogeneous, multilayer multi-
cell for processing neutron multigroup cross-sections in the
resonance and thermal energy ranges.

First, the basic surface cosine current transport equa-
tions to calculate the energy-dependent neutron flux spatial
distribution in the multilayercd muliicell are formulated.
Slab, spherical and cylindrical geometries, as well as square
and hexagonal lattices, and pebble-bed configurations with
white or reflective cell boundary conditions, are considered.

Second, starting from the surface cosine-current for-
mulation, a two-zone, three-layer multicell formalism for
reduction of heterogeneous flux expressions to equivalent
homogeneous flux expressions for the 'table' method is de-
veloped.

This formalism allows an infinite, as well as a limited,
number of second-heterogeneity cells within a partial first-
heterogeneity cell layer to be considered. Also, the number
of the first- and second-heterogeneity cell types is quite
general. The 'outer' (right side) as well as 'inner' (left side),
Dancoff probabilities can be calculated for any particular
layer.

An accurate, efficient, and compact interpolation pro-
cedure is developed to calculate the basic collision prob-
abilities. These are transmission and escape probabilities
for shells in slab, cylindrical and spherical geometries, as
well as Dancoff probabilities for cylinders in square and
hexagonal lattices.

The use of the interpolation procedure is exemplified in
a multilayer, multicell approximation for the Dancoff prob-
ability, enabling a routine evaluation of the equivalence-
based shielded resonance integral in highly complex lattices
of slab, cylindrical or spherical cells.

1 Introduction

The research summarized here originated from within the
framework of developments in the AARE computational
system [1,2], and more specifically from a required exten-
sion of the capability of the TRAMIX cross section pro-
cessing package [3]. Recently, a method to shield reso-
nances by using the intermediate-resonance (IR) approx-
imation, the IR table method, was built into TRAMIX.
This is based on the reduction of heterogeneous integrals to
equivalent homogeneous resonance integrals. The single-
or double-heterogeneous multilayer has been considered in
slab, spherical and cylindrical geometries.

The calculations of many known light water reactor
(LWR) and high-conversion light water reactor (HCLWR)
experiments have demonstrated the accuracy of the results.
The use of TRAMIX to make calculations for high-tempera-
ture reactors (HTRs), as well as for LWRs with more com-
plex geometry, required extension to a multicell capability
on the level of the first, and second, heterogeneity. It was
also necessary to extend the space- and energy-dependent
'slowing-down' methodology into the lower energy range
to consider the overlapping resonance effects of the reso-
nance absorbers, especially if they are placed in different
regions.

In the past, the problem of the second heterogeneity,
as well as of the first heterogeneity, multicell was tack-
led by a number of researchers. In each of the methods
used, the reduction of the complex heterogeneity flux to an
equivalent homogeneous-like flux is made possible by some
basic assumptions as to how the micro-heterogeneity is to
be homogenized with respect to the macro-configuration. A
review of these methods is given in the full version of this
paper [4].

The present paper deals first with the formulation of
the surface current equations for a double-heterogeneous,
multilayer multicell. In contrast to the previously pub-
lished works, the present formulation allows any number
of second-heterogeneities in a layer (such as coated par-
ticles or clusters, for example), and any number of first
heterogeneities (such as cell and cluster types). Secondly,
it is shown how the heterogeneous resonance background
cross-section for IR table method can be reduced to its ho-
mogeneous formulation by means of surface current equa-
tions.

With respect to the previous development, the method
presented in this paper contains basically only two major
limitations. First, the formulation of the surface current
equations is limited to the cosine currents approximation.
This means that the accuracy of the solution decreases with
decreasing layer optical thickness. In practice, it means that
the slowing-down flux solution is less accurate when hetero-
geneities are small, and between resonances. However, in
each of these cases, high accuracy is not needed, especially
if the method is used to generate fine-group cross-sections.
A more accurate fine-group follow-up calculation can be
performed with greater accuracy. The second limitation is
the consideration of circularized cells used to connect cell
to cell in the second- as well as first-heterogeneity multi-
cell. This means that the escape and transmission proba-
bilities, are first calculated for a circularized cell and then
corrected by a function consisting of surface ratios. This,
in fact, is the same limitation addressed by Roth's method
in APOLLO-II and WIMS.



It was recognized that integral transport calculations, for
a wide variety of lattices of one-dimensional cell lattices,
in the context of both the energy- and space-dependent
slowing-down problem, as well as the reduction of hcl-
erogencous resonance integrals to equivalent homogeneous
resonance integrals, can be established only on the basis of
a computer-effective routine to generate the escape, trans-
mission, and Dancoff probabilities required for such cal-
culations. Therefore, an accurate, efficient and compact
interpolation procedure was developed to calculate the ba-
sic collision probabilities (sec Ref. 15]), i.e. transmission
and escape probabilities for shells in slab, cylindrical, and
spherical geometries, as well as Dancoff probabilities for
cylinders in square and hexagonal lattices.

In contrast with the previous developments, our formula
for homogeneous-like heterogeneous resonance background
cross-sections for the 'IR table method shows correctly its
most heterogeneous, as well as homogeneous, limit.

The present paper summarizes our papers on Surface
Current Double-Heterogeneous Multilayer Multiccll Method-
ology [4| and Probabilities for Lattice Integral Transport

2 Basic surface current integral trans-
port equations for multilayered
doubly-heterogeneous multicell

In an integral transport calculation of a lattice, the unit most
frequently treated is a cell, carved out of the lattice, with
a reflective condition on its outermost surface. Also, the
reflective condition is frequently replaced with the 'white'
condition, namely, that upon reflection, the neutron trajec-
tories are isolropically redistributed (cosine current approx-
imation).

2.1 First-heterogeneity equations

The basic surface cosine-current transport equations to cal-
culate the neutron flux spatial distribution in the multilayer
multiccll for an energy E, or energy group </, can be for-
mulated as follows:

cell type (where N=l) the last two equations arc replaced
by the equation

(1)

(2)

•h,n =

h.n =

with the boundary equations:

N

n'=l

-4"( 1 — brn 0 / ' K TJ / tin n1" ft i rli V - v

n' ~ 1

where n = 1.....N, and N is the number of different cell
types (for slab geometry N = 1). In the case of just one

The sources ,s'A.,, are given by the expression

(7)

The symbols used are defined as follows:
w - geometry index (m = 0 for slab, m = 1 for cylindrical
and m = 2 for spherical geometry),
t>ij - Kroncckcr factor, equal to 0 for i ^ j , and to 1 for

i = j>
Kn - number of layers in cell n,
j£n and Jkn - outgoing and ingoing currents at the outer
(right) boundary for layer k of cell n,
Vk,n - volume of layer (k,n),
î jfc,,, - total crass-section of layer (k, n),
H'l'lf - self-scattering cross-section of layer (k,n),
Qk,n - external source consists of fixed, fission, and in-
scaltcr sources,
T,',y[x,z) - probability that a neutron leaving (isotropi-
cally) surface U will reach, uncollidcd, tlic surface /,
7'r^"(j-,c) - probability that a neutron leaving surface /
will reach, uncollidcd, the surface O,
'!',"°{x,z) - probability that a neutron leaving surface O
will reach, uncollided, the same surface without having
crossed surface / (7 ' ( ) o docs not apply to slab geometry,
m = U),
^m(•"">-) ~ probability that a neutron, of a uniform and
isotropic distribution in the volume VjO, will leave, uncol-
lidcd, that volume through surface /,
^m(J i. -) - probability that a neutron, as above, will leave
through surface O,
('K, -1 l ~ probability that, for a uniform and isotropic dis-
tribution of neutrons on the inner surface, a neutron leaving
this surface outwardly through the layer will return to it un-
collidcd after any number of reflections at the outer layer
surface. It is identical with the Dancoff probability C, de-
rived in many standard references (sec Rcfs. [6,7,8], for
example),
C£n - probability thai neutrons, entering from the outside
layer k of cell type n, will leave uncollidcd through the
outer surface of the same layer,
1'°" - probability that a neutron, born in the first layer,
will leave it through the outer surface, uncollidcd, either
directly or after any number of reflections at the inner layer
surface,
I'1" - probability that a neutron, born in the last layer, will
leave it through the inner surface, uncollidcd, either directly
or after any number of reflections at the outer layer surface.

The probabilities T°'(x,z), P,'n{x,z), P°[x,z) and
Ctfi-i i ^ c calculated for each layer by interpolating in
two-dimensional tables as functions of x and y using an
efficient inlcrpolativc procedure developed by the authors
and described in Ref. [5]. The parameters x and y arc
defined for each layer as:

( = 1, for slab geometry)

where 11/ and Ilo arc the inner and outer radius and S
is a macroscopic total cross-section. In the case of a layer
with hexagonal or square outer surface, Ro is a circularized
radius.

8



The other probabilities are calulated using the relation-
ships to l%'(r,:). /^(Jr,c). O ' . O a i u l C ^ . , , , given
in Ref. |5 | and in the full version of the present paper |4],

A',lt>. is the probability that an exit of cell type n' is,
at the same lime, also an entry into cell type it, with ihc
condition

E /*.,...• =
The neutron (luxes <t»j.,,i are given by the balance equations

with the boundary equations

N'

E

(16)

(17)

for k- - l , . . . , / \ ' r l - 1 , (9)

E
In the case of just one cell type (where N = 1), the last
equation is replaced by

(11)

The coupled set of equations (l)-(ll) can be ileratively
solved for 7» = l,...,/v" and it = 1,..., A',,. This is espe-
cially efficient in the case of the energy pointwise slowing-
down solution, where the self-scatter term is small and a
small number of iterations are needed to converge the prob-
lem for an given energy E.

In Eqs. (4) and (5), the boundary condition

(12)

roo
N>

- 4. / - _ 7+
k-\,n~r Jk,n Jk,n

(18)

where u - l,...,N' and A'̂  is the number of layers in
second-heterogeneity cell u. All other definitions have the
same meaning as in Sec. 2.1, and /?„ is defined in Sec. 2.3.1.
The sources .S'K|„ arc given by the expression

4. f) (19)

where the neutron fluxes <I>K,„ are given by the balance
equations

+(1 - K1)(.;+_,,„ - J;_,_„) + J-„ - J+„ ,
K=l,...,K'v-l , (20)

N'

2
was used. Summing the net currents at all cell surface
boundaries, and considering the condition (8), leads to the
multicell external boundary current condition:

N

T l = l

(13)

2.2 Second-heterogeneity equations

Assume that a layer consists of regularly (randomly) dis-
tributed lumps with a general number of coaling layers em-
bedded in an homogeneous matrix material. Consider that
a particular lump can be modeled with its coating layers,
and a related portion of the matrix material, as a second-
heterogeneity cell. All cells have the same geometry, i.e.,
spherical or cylindrical in a slab layer, spherical in a spher-
ical layer, and spherical or cylindrical in a cylindrical layer.
Also consider N' different types of such cclis and M* mul-
licells in the layer k of the first-heterogeneity cell n.

The basic surface cosine-current transport equations to
calculate the neutron flux spatial distribution in the second-
heterogeneity multilayer mulliccll for energy E, or energy
group g, can be written

•>lu = I^V^S^ + T%j:_Uv + T?t?J-, ,

= p. lO

(14)

(15)

The above equations satisfy the following sccond-heteu>-
geneity multiccll external boundary net current condition

= •Jjj7^*-1,« ~ Jt-l,n + Jk,n ~ •"'ifc.ti) >

where the following condition for the ß's was used:

First, Eqs.(10-13) arc subsequently solved for each second-
hcicrogcneous layer (k,n) for a fixed value of ( j£_ l n -
Jk-\,n + Jk,7, ' Jkn)' starting with a value of zero. Then,
first-hcterogcneity Eqs. (1,2,3,5) are solved to get a new
value of (,/+_,„ - Jt-_, + J4-n- J+n). This process is
continued up to the required convergency.

2.3 Calculation of the probabilities

The calculation of these probabilities is straightforward for
homogeneous layers. They are obtained for a given cross-
section Sjt.n by interpolation in tables, as shown in Ref.flO].



They are calculated jüst once, before the iterative process
begins.

2.3.1 Probabilities V'^V/*" and T(
k',[ for

Double-Heterogeneous Layers

In the case of layers k,n with an second heterogeneity,
the probabilities T^/l^W and 7]^/, are calculated. These
probabilities do not depend on trie second-heterogeneity
flux and source distribution and can, therefore, be calcu-
lated just once before starting the iterative process. They
are calculated using the averaged cross-section 5 ^ , de-
termined by preserving probabilities '1*>O for each second-
heterogeneity cell. This probability can be expressed as:

<oo T °°

This can be done using the relations

E fäKvS*,,,
k,n —

A t. %£VK.,iiK,v
!/=! K=l

>

i , ,roo ULI'0'
x I ' - 'k,n ~ TT' k,u

where ,S', and So arc inner and outer surfaces of layer
(k,n), and the toul source 14 ,„5*,,, ' s considered to be
equal to the sum of all sccond-hctcrogcneity sources:

In contrast to Wcslfall's approximate methodology 191, an
iterative method is used. First, 'I'<)O is expressed by its
rational expression :

and t*KiV is the probability that the neutrons impinging the
cell u, and colliding with in it, will collide in layer (K,U).
It can be expressed by:

-rOO _

where fu is the mean chord of the second-heterogeneity
cell, i is the flh iteration assignment, and a!,'1 is the fth
approximation of the augment. Then,

( > - i )

and

Iterating on Eqs. (18), (19), starling with ai°l = 1, the

cxaci value of Ei s ) is obtained by equating to the converged

value of I)',''. The value of E ^ is the obtained average of

the values s i* ' for all second-heterogeneity cells by volume
Vu:

The cross-section S ^ is now used to calculate the
probabilities TJ?°,T][° and lfk

n. The cocfficcnt ^ used
in Eqs. (17,18,21) is defined as'

K'

si'1 y \ vK
K.= \

N' , v Kl

2.3.2 Probabilities / ' /„ and lfn for
Double-Heterogeneous Layers

The same cross-section cannot be used to calculate the es-
cape probabilities P / n and P°n, as it would be in a homo-
geneous limit; the source heterogeneity must be considered.

3 Reduction of heterogeneous flux ex-
pressions to equivalent homogeneous
flux expressions

In the preceding sections, the methodology for the calcu-
lation of the detailed spatial neutron flux distribution was
described. Such a calculation is an accurate but often time-
consuming way to evaluate the resonance integrals. An-
other, less expensive but less accurate way, is to evalu-
ate the resonance integrals using the equivalence principle.
This means that the neutron (lux per lethargy unit in a layer
is reduced to its approximate homogcneous-like form

v»1

>.

where U'̂  n and T,k „ arc the potential and the total cross-
sections for layer (k, n) respectively, and Ej; n is a suitably
defined 'escape' cross-section for the heterogeneous multi-
cell. It is possible to adjust them according to intermediate
resonance theory.

The full paper [4] shows how the cross-section J]£ n

can be evaluated starting from the surface cosine-current
equations defined in Sec. 2.

4 Test calculations

A number of tests of the multilayer mulliccil Dancoff ap-
proximation have been carried out. They arc summarized
in Tables 1, 2, and shown in Fig. 1.
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Table 1: DancolT Factor in a Lattice of Fuel and Graphite
Pebbles. *

Graphite Pebble
Count / Told
Pebble Count,

h

.(XX)

.210
.368

.51X1

.667

.750

.850

Tuucburl
Routine [14|

.3209

.2593

.2111

.1696

.1153

.0873

.0702

Current
Routine

.3210

.2545

.2112

.1697

.1153

.0873

.0703

Current
Routine

(H,>O ingress
of 0.2 g/cc)

.1499

.1197

.0965

.0765

.0574

.0390

.0312

•Here. R / l i F , = 2.3 cm. R,,ebM<- = 3.0 cm, and void fraction = 0.39.

The results of Table 1 refer to a pebble-bed fuel. There
are two cell types, fuel (type zero), and graphite. In a
pebble-bed core the pebbles are randomly distributed, there-
fore :

Rn tl, = h'n [n = 1,2,. . . , A') [random l.iUiec] ,

where hm is the fraction of cells of lypc m out of all cells
[/in + lii + h-i + ... - 1]. For typical HTR data, as shown
at the top of the Table, the pebble-bed Dancoff probability
C, as obtained with the Teuchcrt routine f 10], which ex-
plicitly performs the integration involved, is compared with
the present MM approximation, based on the interpolation
procedure. The entries are almost identical. Also shown, is
the effect of water ingress on the Pebble-Bed Dancoff, the
values for this case being obtained just as efficiently as for
an intcrpebblc void.

Table 2 refers to cladded fuel cylinders in hexagonal
and square cells. Fairly accurate Dancoff factors were pro-
duced with a practical formula by Williams and Gilai [11];
these arc the '7* entries in the Table. The ' A 7 ' entries
represent deviations from 7, produced by the multilayer
approximation. These deviations become considerable for
touching rods in a transparent moderator. In these extreme
cases, it is judged that limitations of the W.G. formula on
the one hand, and the redistribution approximation on the
other hand, both contribute to the non-negligible A7. In
any event, the multilayer approximation results in adequate
7 values for most practical cases.

Table 2: Dancoff Factors for Hexagonal and Square Lattice
of Cylindrical Fuel with Cladding in H-,,0.*

"clad
(cm-1)

0.0

0.3

- H 2 0
(cm"1)

1.0

0.1

1.0

0.1

H
cm
0.48
0.97
0.48
0.97
0.48
0.97
0.48
0.97

1

.192

.858

.023

.299

.248

.868

.091

.348

A-y

.000
-.004
.002
.013
-.002
-.004
-.032
.011

II
(an)
0.52
1.05
0.52
1.05
0.52
1.05
0.52
1.05

7

.419

.912

.064

.384

.459

.918

.129

.427

A-y

-.001
-.002
.009
.012
.001
-.002
-.014
.011

•Multilayer approximation compared with the Williams-Gila!
practical formula, where Rjuei = 0.4 cm, Rciad - 0-46 cm,
// = half-flat of cell, and 7 = Dancoff factor.

Figure 1 refers to a hexagonal lattice of cylindrical fuels
in a homogeneous moderator, modelled in two ways as a

multiccll. The Dancoff factor 7 (= 1 - C) can be most
accurately determined with the interpolation procedure de-
scribed in Sec. 2.1. The two multiccll models for Uie lattice
arc shown alongside in Fig. 1 (10 visualize the actual lat-
tice one should disregard the open circles). In the multicell
model there is a fuel cell and a moderator cell, and the
moderator cross-sections of the fuel cell and of the moder-
ator cell arc the same. The relevant proximity probabilities
arc :

/f, , = Ü; /?, 1 = 1
R\;t=\l\\; «2,2=2/3

(for the upper lattice in Fig.l)

R{ , = Ü; R2 1 = 1
«1,2 = 1/2; R2-, = 1/2

(for the lower lattice in Fig.l)
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0.1

0.5

1.0

/;

0.1

0.5

1.0

V

(cm-1)

0.1
0.5
0.1
0.5
0.1
0.5

v;
(cm-1)

0.1
0.5
0.1
0.5
0.1
0.5

7

.853

.994

.466

.958

.256

.863

7

.806

.991

.385

.932

.188

.778

A T

-.019
.004
.013
.002
.007
-.016

A7

-.017
.002
.016
.011
.007
.010

o
o • o

= 1 : 3

» O-O • O
o • p o 1

» ©-0 • o
O • O O I

: Q = 1:2

Here, • I;uel cell, o Moderator cell, Rj = Fuel radius,
II = Half-flat of cells, and 7 = Dancoff factor.

Figure 1: Dancoff Factors for Hexagonal Lattice of Cylin-
drical Fuel in a Homogeneous Moderator (Multicell Ap-
proximation Compared with Exact).

The ' 7 ' entries in Fig. 1 are the accurate values, as
originating from the proper identification of the lattices as
simple. The 'A7 ' entries are deviations of the multilayer
multiccll approximation results from the accurate results.
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CENTER ROD-DROP ACCIDENTS IN THE KKW MÜHLEBERG BOILING
WATER REACTOR

L.A. Belblidia, G. Abu-Zaid, P. Grimm, K. Knoglinger

Laboratory for Reactor Physics and Systems Technology

Abstract

In the framework of the STARS (Simulation Models for the
Transient Analysis of the Fteactors in Switzerland) project
[1], the rod-drop accident (RDA) in the Mühleberg boiling
water reactor was analyzed. This accident is an important
design-basis accident for BWRs and is caused by Ihe drop
of the highest worth control rod out of the core from a fully
inserted position, at its maximum velocity. The resulting
large reactivity insertion leads to a rapid power surge (ter-
minated by the Doppler feedback) and to large increases in
fuel temperatures and enthalpy. Jt must be shown that the
peak (radially averaged) fuel enthalpy at any axial location
does not exceed 280 cal/g.

Several methods have been applied to calculate this
transient including simple feedback models, adiabatic
prompt-excursion models in cylindrical (R,Z) geometry, and
three-dimensional representations. The present work uses
the best-estimate BWR code RAMONA-3B, and deals with
the center rod-drop accident in KKM using an 1/8-th model.
The calculations are performed for hot zero power (HZP)
and 10% power conditions. Sensitivities to inlet flow, inlet
subcooling, rod drop velocity, and direct moderator healing
are investigated. In all cases considered the results show
ample safety margins.

1 Description of the accident

The initiating event to this postulated accident is the sepa-
ration of the control blade from the control rod drive, with
the blade stuck in the fully inserted position while the drive
is withdrawn. The control blade then becomes unstuck and
falls under gravity at its maximum velocity. The control
rod is assumed to be the highest worth rod within allow-
able control rod patterns. This event results in a rapid lo-
cal reactivity insertion. The associated power excursion is
limited by Doppler and void reactivity feedback, and the
transient is ultimately terminated by the reactor protection
system. It must be shown under these circumstances that
the energy released docs not lead to fuel damage and that
limits specified by the safety authorities are not violated.

A probabilistic study was conducted by the NRC staff
[2] to determine the expected frequency of a rod-drop ac-
cident which would result in an energy deposition of more
than 280 cal/g. The study considered and quantified five
categories of basic events: (1) disconnecting of blade, (2)
sticking of blade, (3) control rod pattern errors, (4) poten-
tial for large rod worth, and (5) timing of rod drop. The
result of the study was an expected frequency of 10"12

per reactor-year for a beyond-design, rod-drop accident to
exceed the 280 cal/g criterion. The conclusion was that a

rod drop accident which leads to unacceptable fuel damage
is an 'incredible' event [3] and docs not warrant further
examination.

2 Protection against the accident

Protection against the rod-drop accident at KKM is pro-
vided by designed safeguards and procedural safeguards
[4]. The control rods are designed such that the proba-
bility of getting stuck in the core is minimized. The blades
of the control rods are equipped with rollers which facilitate
their travel between the fuel channels. No blade distortion
or swelling (which could potentially lead to the control rod
slicking) has been revealed by periodic inspections at a
number of operating boiling water reactors.

The design of the control rod coupling to the drive shaft
precludes an accidental separation of a control rod from a
drive. Extensive tests have been conducted on this coupling
at simulated reactor conditions and conditions more extreme
than those encountered in reactor operation. No separation
has occurred even after thousands of scram cycles. It has
also been shown in tests that no separation takes place when
the coupling is subjected to forces 30 times larger than those
that can be applied with a control rod drive.

Each control rod is provided with a rod velocity limiter.
The limiter is a hydraulic piston on the bottom of the control
rod and reduces substantially the drop speed in the unlikely
event thai a control rod becomes separated after gelling
stuck in an inserted position. This device limits the rod
drop velocity to 1.5 m/s.

KKM has a control rod worth minimizer interlock sys-
tem which prohibits rod withdrawal for rods wiüi worths
larger than 0.01 Ak. This system consists of a computer
which monitors the control rod withdrawal sequence and ac-
tuates interlocks to prevent any deviation from pre-planned
control rod patterns designed to flatten the power distri-
butions and to minimize ihe reactivity worth of individual
control rods.

Operating procedures require checks during startup, dur-
ing major rod movements, and daily on all rods not fully
inserted, to insure that any separation would be detected.
The procedures require, in case rod following cannot be
verified, full insertion of the rod. Procedures require also
that control rod movements must obey pre-established con-
trol rod withdrawal sequences.

3 Limit criteria

Schmöker [S] has summarized the state of knowledge on (he
control rod drop accident, and the basis for the limit criteria
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for this transient, in an HSK report published in 1985. Ex-
periments have been conducted in the US (TREAT, SPERT,
PBF) (6] and in Japan (NSRR facility) [7,8]. The earliest
experiments were conducted in the 60's on the SPERT and
TREAT facilities. These experiments, as well as the NSRR
experiments, were conducted at conditions representative
of cold critical conditions in a BWR. The PBF experiments
simulated conditions in a BWR at hot standby condition.

The Japanese investigations led to the following con-
clusions [8]:

a) For a peak fuel enthalpy below 88 cal/g, DNB did
not take place and maximum cladding surface tem-
perature was 150°C.

b) Between 110 and 220 cal/g UO2 peak fuel enthalpy,
film boiling occurs and oxidation of cladding surface
was observed.

c) The incipient fuel failure occurred for a fuel enthalpy
of about 220 cal/g due to brittle fracture of the clad-
ding. Cladding surface temperature reached near the
inciting point of Zircalloy and variations of wall thick-
ness were observed in the failed fuel rods.

d Fuel fragmentation takes place when the peak fuel
enthalpy exceeded 325 cal/g with molten fuel and
cladding expelled into the water causing pressure gen-
eration and jumping of the water column surrounding
the fuel rod.

These results agree with those from the SPERT and TREAT
experiments.

The NSRR experiments also looked into the sensitivity
of these limits to a number of parameters. Lower limits
were observed in pre-pressurized fuel for an internal pres-
sure above 6 bar. No influence of the gap width, fill-gas
composition, pellet form, clad manufacturing technique, or
cladding material was evidenced in these measurements.
Finally, water-logged fuel elements exhibit a much lower
limit for catastrophic failure; an energy input of only 100-
130 cal/g is sufficient to cause massive clad damage.

The newer PBF results show a trend toward slightly
lower safety limits. McDonald et al. [6] recommend a de-
crease in the NRC safety limit from 280 cal/g to 230 cal/g
on the basis that the data from the TREAT and SPERT ex-
periments seem to have been misinterpreted due to a con-
fusion between energy input and radially-averaged fuel en-
thalpy. The Japanese AEC has also adopted lower limits.

Beside safety limits, there are design limits above which
clad failure occurs leading to release of fission products.
These limits are therefore more stringent and restrict the
maximum radial average fuel enthalpy to 170 cal/g. Clad
damage has been shown to occur in the SPERT and TREAT
experiments, as well as in the NSRR expriments, for an
fuel enthalpy of 210 cal/g, and for some isolated cases in
the PBF experiment for enthalpies as low as 140 cal/g.
McDonald recommmends that the lower value of 140 cal/g
be adopted as a design limit.

The above observations are summarized in Table 1. The
limits given are limits on the radially-averaged fuel en-
thalpy, and the design limits are limits for cladding damage.

Table 1: Limit criteria.

Reference

NRC criteria
Japanese AEC criteria
McDonald et al. [6]

Safety Limit

280 cal/g
230 cal/g

230-240 cal/g

Design Limit

170 cal/g
170 cal/g
140 cal/g

4 Calculational tool

In many light water reactor transients, the core power distri-
bution varies fast enough that the spatial and temporal flux
changes cannot be assumed to be separable. In such cases,
space-time kinetics is required in order to model accurately
the dynamic behavior. Furthermore, it is necessary to cou-
ple the kinetics with a thermal-hydraulic calculation to ac-
count for the variation of macroscopic cross-sections with
fuel temperature, and moderator temperature and density.
Space-time effects are even more pronounced in BWRs be-
cause of the strong void reactivity feedback and the use of
frequent control rod movements for operational manoeuver-
ing.

The transients for which flux space-time separability is
not valid include those caused by control rod movements,
such as the control rod drop accident in a BWR and the
rod ejection accident in a PWR, and those due to distur-
bances originating outside the core, such as load rejection,
lubine trip or MSIV closure. In both PWRs and BWRs,
best-estimate predictions of ATWS require detailed core dy-
namics models.

There are a variety of LWR dynamics codes in use today
or at a development stage. In a survey by DJ. Diamond
[9], RAMONA-3B was shown to be the only best-estimate
code available that modeled also the NSSS. Other codes
did not include the NSSS, or were still under development,
or were proprietary.

RAM0NA-3B has been developed at Scandpower and
at Brookhaven National Laboratory, with significant fund-
ing from the U.S. NRC, for analysis of BWR operational
transients for conditions ranging from cold standby to full
power. Its capabilities include simulation of transients with
full, partial, or no scram rod drop accidents, MSIV clo-
sure, steam line break, turbine trip, etc., and simulation of
any combination of plant control actions related to the main
steam supply system [10].

RAMONA-3B has been successfully applied and vali-
dated for a number of BWR transients, [11]-[13], and was
shown capable of accurately predicting stability margins for
both out-of-phase and core-wide oscillations [14].

RAMONA-3B includes several models of components,
plant control and protection systems. Major among them
are:

• jet pumps,

• recirculation pumps,

• steam line with bypass and turbine stop valves,

• safety relief valves,

• safety injection systems (HPCI and RCIC),
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Figure 1: Block diagram of RAMON A.

• boron transport and SLCS for boron injection,

• feedwater controller,

• reactor pressure controller,

• reactor scram, MSIV closure, and recirculation pump
trips.

RAMONA-3B only simulates processes in the pressure
vessel, in one recirculation loop (representing all recircu-
lation loops) and in one steam line (representing all steam
lines), and only the plant control and protection functions
which relate to the main steam supply system. It does
not include models for containment building or balance of
plant Also, among its limitations, it cannot be expected
to reliably predict small or large break loss-of-coolant acci-
dents, jet pump failures due to pipe break inside the reactor
vessel, start up of the recirculation pumps, flashing in jet
pumps or recirculation loops.

The coupling between neutronics, thermal hydraulics,
and heat conduction is shown in Fig. 1 [11]. The core
is divided into neutronic cells with a vertical stack of such
cells constituting a neutronic channel. Each neutronic chan-
nel represents one or several fuel bundles. Cross-sections
are assigned to each neutronic cell depending on the fuel
cell history prior to the transient (fuel composition, burnup,
and void history).

The neutron kinetics model starts from the two-group,
three-dimensional, time-dependent diffusion equations and
reduces to the 1.5-group coarse-mesh model by neglecting,
or assuming constant, the thermal leakage term. The bound-
ary conditions at the core periphery are based on extrapo-
lation lengths for the fast flux and albedos for the thermal
flux. Six delayed neutron groups are used and the effec-
tive delayed neutron fractions are treated as nodal variables.
The power distribution is the sum of the prompt and de-
layed energy generation rates. The prompt generation rate
is proportional to the fission rate, whereas the delayed gen-
eration rate accounts for the decay heat from the fission
products and is calculated using the 1979 ANS Standard
5.1. The cross-sections are represented as functions of:

• burnup and void history,

• coolant density,

• fuel temperature,

• coolant temperature,

• control fraction, and

• xenon poisoning.

An important capability of this code is in providing
systematic procedures for collapsing the 3D core model
into larger nodes or a ID model [15,16], thereby reducing
core modeling complexity and computing time. Another
capability is the editing of the neuironics results to produce
the various components of the total core reactivity (fuel
and moderator temperature, void, control). This helps in
the analysis of the core response to different perturbations
and is valuable in supplying reactivity functions for use in
point-kinetics scoping calculations.

Thermal heat storage and conduction in the fuel rods
arc modeled using a discrete-parameter model for the pel-
let, gap, and cladding. No axial heat conduction is al-
lowed, and fuel and cladding heat capacities, as well as
the clad thermal conductivity are assumed constant. Fuel
thermal conductivity and gap conductance depend on tem-
perature. Also, maximum rod enthalpy is calculated using
node-specific internal power peaking factors.

The thermal-hydraulics modeling uses a multichannel
representation of the core, and includes lower plenum, down-
comer, riser, upper plenum, steam separator, steam dome,
and one steam line with MSIV, SRVs, turbine stop valve,
and bypass valve. The core consists of parallel heated chan-
nels modeling the in-bundle flow region, and a flow channel
representing the bypass flow region. The feedwater sparg-
ers are typically located in the upper part of the downcomer,
and the jet pumps are in the lower part. Figure 2 shows a
schematic of a BWR as represented in RAMONA-3B.

Steam Dome
-axn

Steam Line

Riser

Core

LP2

DC1

DC2

LP1

Figure 2: Schematic of a BWR representation in RA-
MONA.

The vessel thermal hydraulics is based on a four-equation,
two-phase flow model:

• vapor mass,

• mixture mass,

• mixture momentum, and

• mixture energy.

A slip model is used to calculate the relative velocity be-
tween vapor and liquid phases. Nonequilibrium vapor gen-
eration and condensation are accounted for with the vapor
phase at saturation and the liquid phase being either sub-
cooled, saturated or superheated. Constitutive equations in
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the code include correlations for the single- and two-phase
wall friction, form losses, and wall heat transfer including
the post-CHF regime. The code has also level tracking
and reverse How analysis capabilities. The processes in the
steam line arc assumed adiabatic, and the code solves mass
and momentum equations. Acoustic effects in the steam
line produced by valve openings and closures arc taken
into account.

The transient boron concentration is computed from the
boron mass balance equation in parallel with the liquid and
vapor mass conservation equations. Boron is assumed to
propagate with the liquid velocity, and no boron stratifica-
tion in the lower plenum is allowed.

Two simplifications are introduced in the solution of
the thermal-hydraulics equations, which reduce consider-
ably the computational time without significant loss of ac-
curacy. The first simplification consists in combining the
mixture mass and energy equations, and integrating the re-
sulting equation over the entire vessel. This gives a time-
dependent equation for the average vessel pressure in terms
of the vessel boundary conditions (feedwatcr and ECCS in-
jection rates, steam line flow), total vapor generation rate,
and phases compressibility. This pressure is used to com-
pute steam and water properties in the reactor vessel. An
option allows calculation of the pressure distribution by
solving the mixture momentum equation. In this case,
steam and water properties are determined at the local pres-
sure.

The second simplification is introduced by transforming
the mixture momentum equations into closed-contour inte-
gral momentum equations by integration along each paral-
lel channncl and the bypass channel. The resulting integral
momentum equations are solved, together with the mixture
mass equations, for the two-phase flow field in the reactor
vessel.

the IIux distribution is determined by a nodal coarsc-mesh
calculation.

The KKM Cyclc-15 core consisted of three different
assembly types, each one comprising 3 or 5 different axial
zones corresponding to different gadolinium loading. Nine
fuel types were considered in the RAMONA calculations.
BOXER calculations were peformed for the Xe-equilibrium
condition and the Xc-frce condition. In all cases (except for
the top blanket), two sets of group constants were gener-
ated, one for the controlled case and one for the uncon-
trolled case. A 2-D model for the upper, lower, and radial
reflectors was developed, in which the influence of the core
status on the reflector group constants was considered. The
status of the core was taken into account by representing
an average composition of two peripheral assembly widths
next to the reflectors. The reflector thickness was limited by
the assembly inlet nozzle structure for the bottom, the as-
sembly lop structure for the top, and the thermal shield for
the radial rellcctor. Table 2 shows the depiction steps con-
sidered, along with the branch-off calculations performed.

•i —r- 'CO -

i ' ' r

Figure 3: RDA channel assignment and initial rod patterns
(rod withdrawal in %).

5 Nuclear data

Reload cores contain a variety of fuel assemblies with vary-
ing enrichments, burnups, poisoning, etc., and an accurate
description of such cores has to include the influence of
these parameters on the nuclear data used. In the case of rod
drop accident, the influence of the fuel temperature, coolant
density, and moderator temperature is of special importance
since the feedback of these parameters on the cross sections
limits the extent of the excursion. For this reason, the de-
pendence of nuclear cross-sections on the above-mentioned
parameters has to be accounted for in the cross-section li-
brary.

All the physics calculations were performed with the
LWR code system ELCOS ([17]-[19]). This system consists
of four codes: ETOBOX, BOXER, CORCOD, and SIL-
WER. ETOBOX processes cross-section data in ENDF/B
format and produces a cross-section library for BOXER.
BOXER performs cell and two-dimensional transport and
depiction calculations. CORCOD computes fits of the as-
sembly-averaged macroscopic cross-sections from BOXER
versus the independent state variables like burnup, fuel and
water temperatures, moderator density, boron concentra-
tion, and the presence of control. The formulas used are
polynomials of several variables including cross products.
Static 3D simulations of the neutronics and thermal hy-
draulics of the core is conducted with SILWER in which

6 Model

The Mühleberg reactor is a boiling water reactor with a
rated thermal power of 997 MW. It is a relatively small
BWR-4 plant, and the core consists of 240 8x8 fuel assem-
blies. The rated core flow is 3742 kg/s, driven by 12 jet
pumps. The plant has a unique feature: it is equipped with
two turbines, and thus has two separate steam lines as well
as two bypass systems.

48 48

— 18

38

48

L- 48

48

48

48

48 —

48 -

Figure 4: Control rod pattern at BOC15 (rod withdrawal in
notches.
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Table 2: Calculaiional procedure for RAMONA lableset.

Description

Depletion

Void + Doppler

Void Branchoffs

Control Rod

(*)0., 0.5, 1,2,3

Fuel
Temp
CO

570
•*
•>

1300
"
»»
>•

"

570
"

"
»»

570

, 4 , 5 , 6 ,

Exp. W.
Void
(%)

0
40
60
80

0
0
0

40
40
40
80
80
80

0
0

40
40
80
80

40
40
40

7, 8, 9, 10

Void
(%)

0
40
60
80

0
40
80
0
40
80
0

40
80

40
80
0
80
0

40

0
40
80

12, 14

Control
Rods

No

»»
»»

No

No
»»

Yes

Burnup
(GWD/T)

for all b u m u p p o i n i s (>)

n

"

, 17, 21, 25, 20, 35, 40 GWD/T.

An 1/8-th RAMONA model for the core was devel-
oped with one hydraulic channel per neutronic channel and
25 axial nodes. A qualification of the model was con-
ducted by comparing static results produced by RAMONA
to those provided by the plant and produced by the GE code
PANACEA. The condition for these calculations is given
below and corresponds to a burnup of ~ 130 MWD/T after
beginning of cycle 15 (BOC15). The control rod pattern in
notches withdrawn is shown in Fig. 4.

Power (MWth) 964
Pressure (bar) 70.18
Flow (kg/s) 2947.72
Enthalpy (kJ/kg) 1195.19
Beginning exposure (MWQ/T) 12685.6
Cycle exposure (MWD/T) 128.8.

The resulting power distributions are shown in Figs.
5, 6. It is seen that there is an excellent agreement fo'r
the both radial and axial power distributions between RA-
MONA and PANACEA. Some discrepancies exist in the
case of the radial power distribution for the peripheral as-
semblies, but these are characterized by relatively low radial

peaking factors.

U l
1.22

1.22
121

1.11
1.08

U S
1.21

1.17
1.16

1.08
1.07

121
1.21

135
133

136
133

132
130

130
131

1.08
1.10

1.21
1.21

1.28
1.28

0.95
0.97

1.17
1.18

1.28
1.28

1.24
1.24

1.14
1.13

0.92
0.91

0.58
0.60

1.17
1.19

1.15
1.16

0.96
0.97

0.S3
0.83

0.56
0.55

0.80
0.84

0.87
0.89

0.61
0.65

0.47
0.47

0.41
0.47

0.40
0.43

032
034

RAMONA-3B
PANACEA

Figure 5: Radial power distribution.
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7 Initial conditions
The postulated RDA starts with a critical core with the cen-
tral rod fully inserted. Initial conditions prior to the tran-
sient must be specified. These include core thermal power,
pressure, inlet flow, inlet subcooling, and control rod worth.
The analysis was done for the hot-zero power (HZP) condi-
tion and the 10% power condition at BOCI5. Due to lack
of data from the plant, tome assumptions were made con-
cerning historical void f1 retribution and control rod patterns.
The historical void ^a^ouiion at BOC15 was taken as the
steady-state void distribution prevailing at BOC15 (as cal-
culated by SILWER). The control rods were arranged in a
checkerboard pattern with ~50% control density. Figure 3
shows the channel assignment and the assumed initial con-
trol rod patterns used for this analysis.

Table 3 gives initial conditions for the base cases con-
sidered. Sensitivities to inlet flow, inlet subcooling, di-
rect moderator heating, drop velocity, and pressure varia-
tion were investigated. The reactor was scrammed on high
power (120%) with a delay of 0.2 s and a speed of 1.2 m/s.
The sensitivity parameters and the changes relative to the
base cases are listed in Table 4 and a case summary is given
in Table 5. In Ihe \0% power case, no scram was assumed
to occur. Note that in all cases considered, feedback from
moderator and fuel was included.

Table 3: Initial conditions.

Parameter

Power (% rated)
Slcam dome pressure (bar)
Mel flow (% rated)
[nlcl subcooling (°C)
Rod worth (%Ak)
Drop velocity (m/sec)
Direct healing (%)
Drop rod insertion (m)

Hot-Zero Power

10-"
70.326

20
0

~1.64
1.524
3.7

3.65

10% Power

i0
70.326

40
3

~0.82
1.524
3.7

3.65

8 Rod worth
The consequences of the accident strongly depend on the
rod worth, and this can be determined in different ways.
Customarily, a 'static rod worth' is determined by a series
of adiabatic, steady-state calculations in which the thermal-
hydraulic feedback (including Doppler) is completely ne-
glected. This static rod worth is expected to be different
from the 'dynamic rod worth' which is defined as the reac-
tivity worth of the control rod from the dynamic calculation
with all feedback mechanisms taken into account, including
the rod movement. The dynamic rod worth is considered
the actual worth of the rod during the accident, the static
rod worth being an approximation [21,22].

9 Transient results

Results of the transient calculations are summarized in Ta-
ble 7. Maximum fuel enthalpy and temperature are indi-
cated, as well as peak power and times (measured from

sum of rod movement) at which maxima arc reached. Fuel
enthalpy and temperature include the assembly local peak-
ing factor derived from 2D ncutronics calculations. Note
that the central rod starts dropping at 0.1 s after the start of
the calculation.

PANACEA

RAMONA

0.0
10 15 20 25

Axia l Node Number

Figure 6: Axial power distribution at BOC15.

These results indicate that for none of the cases inves-
tigated are the safety limits violated. In fact, for all cases,
the maximum fuel enthalpy is well below the 280 ca/g
limit. In some of the cases (5, 6, 7) difficulties were ex-
perienced with RAMONA. The code breaks down and it
is not possible to pursue the calculation beyond the time
indicated. This problem has been experienced in the past
by other code users when applied to prompt reactivity tran-
sients from zero-power initial conditions. In this situation,
not long after boiling starts, film boiling appears in parts of
the core and reversed and oscillating flows develop in some
of the channels. The failure to go beyond the onset of film
boiling is due to limitations in the post-CHF heat transfer
model, improper mixing at the core inlet and outlet in the
presence of reverse flow, and not allowing for slcam super-
healing (leading to unrealistically high liquid temperatures
and very rapid heating up of the fuel rods). However, the
peak fuel temperature in most cases is reached before these
problems arise, and therefore conclusions as to the conse-
quences of this accident can still be drawn with confidence.
The results and ihe influence of the different parameters
considered are discussed hereafter.

For ihe purpose of this analysis, the central rod worth
was calculated as the eigenvalue difference between two
static runs, one with the rod fully inserted and the other
with the rod fully withdrawn. Feedback due to differences
in Ihcrmal-hydraulic conditions between perturbed and un-
perturbed stales was included. Table 6 presents this rod
worth for the different cases considered.

Figure 7 presents the time history of the core thermal
power during a CRDA with the core initially at HZP and no
inlet subcooling. There is a power excursion from 10~6 to
~40 times rated power, terminated by the combined effects
of Dopplcr and void feedbacks. Fuel average temperature
at the hot spot starts rising abruptly when the peak power
is reached until achieving maxima of 1245°C and 95 cal/g,
respectively (see Figs. 8, 9). The different components
of reactivity in this case are shown in Fig. 10. The con-
trol reactivity, labelled ROSP, has a maximum of ~1100
pcm. The Dopplcr feedback (RODP) acts first as soon as
power starts rising. The dominating effect of void feedback
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Table 4: Sensitivity calculation conditions.

Parameter

Inlet How (% rated)
Inlet subcooling (°C)
Drop velocity (m/scc)
DMH (%)
Pressure variation
Recirculation

Base Condition

20
0

1.524
3.7

no pressure control
with rccirc pump

Perturbed Condition

100
10

0.762
0.0

'ideal' pressure control
no rccirc pump

Table 5: Case summary.

Case

1
2
3
4
5
6
7
8

10% power
1
2
3

Flow
(% rated)

20

100

100
100

40%

Subcooling
(°Q

0.0
10.22

0.0
0.0

3.0

DMH
(%)

3.7

0.0

3.7
3.7
0.0

Drop Velocity
(m/s)

1.524

0.762

1.524

1.524
0.762

Remark

(a)

(b)
(c)
(a)

_

DMH = direct heating to channel water and bypass (2% to bypass),
(a) with recirculation pump and no pressure controller
(b) with recirculation pump and 'ideal' pressure controller
(c) no pump and no pressure controller

Table 6: Rod worths in the rod drop accidents.

Case

Base case (HZP)
10°C subcooling (HZP)
10% power

Eigenvalue
Rod In

1.00743
1.00842
1.00274

Eigenvalue
Rod Out

1.02359
1.02485
1.01092

Worth
%($)

1.616 (2.498)
1.643 (2.539)
0.818 (1.264)

ß = 0.00647.

19



Table 7: Summary of transient calculation results.

Case

HZP
1
2
3
4
5
6
7
8

10% power
1
2
3

Peak
Value

(X rated)

40.4
44.2
44.2
44.2
44.2
24.9
40.0
45.5

3.8
1.1
1.3

Power
Time
(sec)

0.617
0.603
0.603
0.603
0.603
1.055
0.616
0.617

0.477
0.859
0.876

(* ) maximum
(**)

Max Fuel
Value
(°C)

1245
1460
1462
1462
1462
1203
1252
1506

718
610
643

enthalpy time
not evaluated.

Temp
Time
(sec)

0.663
0.665
0.666
0.666
0.666
1.137
0.665
0.672

0.669
2.560
1.417

estimated.

Max Fuel
Value

(cal/g)

95
114
115
115
114
92
95

117

-
-
-

Enthalpy
Time
(sec)

0.669
0.672
1.282
1.278
0.752 (•>
1.147 <•>
0.671 f>
0.934

-
-

0.1 0.2 0.3 0.1 0.5 0.6 0.7 0.B O.i

Figure 7: Power during CRDA from initial HZP (case 1).

0.3 0.1 0.5
TIME ( S I

Figure 8: Hot spot average fuel temperature during CRDA
from inital HZP (case 1).

(ROVP) is delayed and is apparent in this Figure once void
formation begins in the core.

To investigate the effect of subcooling on CRDA at
HZP, the above case was rerun with an inlet subcooling
of ~11°C. The transient results are shown in Figs. 11-13.
As expected, void formation is delayed because of inlet
subcooling, resulting in a larger power burst and an increase
in peak fuel enthalpy of 20% compared to the saturated
case. The same delay in void formation, and resulting larger
peak power and fuel enthalpy, is also observed if direct
heating of channel and bypass flows is suppressed. This
effect is illustrated in Figs. 14, 15.

The results discussed so far were for a postulated drop
speed of 1.524 m/s (5 ft/s). During the development of the
velocity limiters, a series of drop tests indicated an average

drop velocity of 0.87 m/s for a hot reactor [4]. To assess
the effect of rod speed, case 3 was rerun wiüi a slower drop
velocity. This case is designated case 6. The results arc
shown in Figs. 16,17 and indicate that the slower the speed
the less severe the accident. The peak power is reduced
from ~44 to ~25 rated power and the peak enthalpy from
115 to 92 cal/g.

Comparison between results of cases 2, 3, 4 and 5 at
HZP reveals no influence of inlet flow or pressure variation
on the consequences of the accident. The peak enthalpy
reached in all these cases was 114-115 cal/g. The only
influence of inlet flow was in the timing of the peak fuel
enthalpy.

/
Results for the CRDA without scram from 10% initial

power are given in Figs. 18-22. As can be seen from these
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Figure 9: Hot spot average fuel enthalpy during CRDA
from initial HZP (case 1).
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Figure 11: Influence of inlet subcooling on peak power
(HZP cases 1 and 2).
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Figure 10: Reactivity components during CRDA from ini-
tial HZP (case 1).

10

00-

9D-

70-

so-

10-

30-

20- /

0 C Subcooling
10 C Subcooling

0 0-25 0.50 0.75 I 1.25 I.SO 1.75 2 2.25 2.50 2.75 3 3.25
Time, S

Figure 12: Influence of inlet subcooling on peak fuel en-
thalpy (HZP cases 1 and 2).

results, the CRDA at 10% power is much less severe than
the CRDA at HZP. The reason is due to lower accident rod
worth and prompter void feedback. Figure 22 shows the
reactivity components during this accident. It is seen that
because of significant initial voiding in the core, the void
feedback starts acting as soon as power starts increasing.

The effects of direct moderator heating and drop veloc-
ity in the 10% power CRDA are similar in trend to those
in the HZP case. However, here the DMH effect is not as
pronounced (see Figs. 20 and 21). Most of the modera-
tor feedback comes from heat transfer from the fuel rods
due to a smaller thermal time constant for heat conduction.
The DMH effect reduces the peak fuel temperature by only
37°C.

10 Summary and conclusions

The rod drop accident is a design-basis accident for BWRs.
The present work has used the best-estimate BWR code
RAMONA-3B with an 1/8-lh core representation to study
the central rod-drop accident in the KKW Mühlcberg boil-
ing water reactor for two initial core conditions: (1) HZP,
and (2) 10% power. Sensitivities to inlet flow, inlet sub-
cooling, rod-drop velocity, and direct heating were inves-

tigated. Assumptions had to be made regarding historical
void distribution and control rod patterns.

70 •

so-

5Q-

f
20* Flou

100» Flow

'..25 1.50 1.75 2
Ti.me, S

2.25 2.50 S.75 3

Figure 13: Influence of inlet flow on peak fuel enthalpy
(HZP cases 2 and 3).

The calculations have shown that Ihe CRDA at HZP is
much more severe than in the 10% power case because of

21



higher accident rod worths and delayed void feedback. For
the accident at HZP, the initial inlet subcooling and DMH
have a strong impact on the consequences of the accident.
DMH accounts for most of the moderator feedback for HZP
cases. In the 10% power case, heat transfer from fuel rods
dominates the moderator feedback. No influence of inlet
flow or pressure variation was found in the H2P cases.

SD.O

15,0

10.0

35.0

- 30.0

15.0

10.0-

5.U-

0 .0

No Direct Heating

3.7* Direct Heating

0.2S 0.50 0.75 t 1.25 1.50 1.7S 2 2.25

TLme, s

Figure 14: Influence of DMH on peak power (HZP cases
7,8).

In all cases investigated, the maximum fuel enthalpy
at the hot spot (including a local peaking factor from 2D
neutronics calculations) was found to be ~ l 15 cal/g. This
value is much smaller than the safety limit of 280 cal/g and
smaller than the limit for clad damage of 170 cal/g.
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Figure 15: Influence on DMH on peak fuel enthalpy (HZP
cases 7, 8).
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Figure 16: Influence of drop velocity on peak power (HZP
cases 3, 6).
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Figure 17: Influence of drop velocity on peak fuel enthalpy
(HZP cases 3,6).
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Figure 18: Influence on drop speed on peak power (10%
power without scram).
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Figure 19: Influence of drop speed on peak fuel enthalpy
(10% power without scram).

Figure 21: Influence of DMH on peak fuel enthalpy (10%
power without scram).
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Figure 20: Influence of DMH on peak power (10% power Figure 22: Reactivity components during a CRDA without
without scram). scram at 10% initial power.
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LEU-HTR CRITICAL EXPERIMENT PROGRAMME FOR THE PROTEUS
FACILITY
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Laboratory for Reactor Physics and Systems

Abstract

New critical experiments in the framework of an IAEA Co-
ordinated Research Programme on 'Validation of Safety Re-
lated Reactor Physics Calculations for Low Enriched HTRs
are to be performed in the PSI PROTEUS facility. The ex-
periments are aimed at reducing the design and licensing
uncertainties for small- and medium-sized, helium-cooled
reactors using low-enriched uranium (LEU) and graphite,
high temperature fuel.

Work on modification of the PROTEUS critical facility
is now in progress with the HTR experiments scheduled to
begin in the summer of 1991. Several international partners
will assist in the planning, execution and analysis of these
experiments. The present article discusses the scope of
the experimental programme and gives sample calculalional
results for some of the proposed core configurations.

1 Introduction

Gas-cooled, high temperature reactors (HTRs) represent a
valuable option for the future development of nuclear tech-
nology. Their inherent safety characteristics, due to unique
features such as multiple fission product barriers up to very
high temperatures and high heat capacity in the core, make
them especially suitable for sites close to densely-populated
areas.

Although HTRs have been extensively investigated in
the past, the shift towards low enrichments and away from
the mixed thorium/uranium fuel cycle, as well as the intro-
duction of new core materials (e.g. hafnium as burnable
poison), reveals a lack of experimental data against which
design and safety evaluation procedures can be validated.
In addition, some effects such as reactivity increase caused
by water ingress are more important in the smaller HTRs
of current interest.

In order to cover this domain with experimental data and
reduce the design and licensing uncertainties for small- and
medium-sized, helium-cooled reactors using low-enriched
uranium (LEU) and graphite high temperature fuel, a new
series of critical experiments in the zero-power reactor fa-
cility PROTEUS is planned.

The main objectives of the new experiments arc to pro-
vide first-of-a-kind, high quality experimental data on:

• The criticality of simple, easy-lo-inlerprct, single core
region, LEU HTR systems for several moderator-to-
fuel ratios and several lattice geometries;

• The changes in reactivity, neutron balance compo-
nents and control rod effectiveness caused by water
ingress into this type of reactor;

• The effects of the boron and/or hafnium absorbers
used to modify the reactivity and the power distribu-
tions in typical HTR systems.

The Swiss contribution lo the international LEU HTR
experimental programme consists of the facility construc-
tion, licensing and operating costs as well as a portion of
the scientific support staff.

Fuel pebbles from the LEU HTR experimental pro-
gramme in the AVR test facility located at the KFA-Jiilich
will be used for the first phase of the experiments. About
5400 LEU AVR fuel pebbles containing 6 grams of 16.7%
enriched uranium per fuel pebble arc available. A series of
two-dimensional discrete ordinatcs transport theory calcula-
tions have been performed for several proposed experimen-
tal configurations with this LEU AVR fuel. The results in-
dicate, that these 5400 fuel pebbles will be sufficient for the
initial experimental phase, which will include single core
zone critical configurations with modcrator-io-fucl pebble
ratios ranging from about l-to-2 up lo 2-to-l (C/U atom
ratios ranging from 935 lo 1890). Pebble packing fractions
between 0.6046 and 0.74 will be used in a core of diam-
eter 1250 mm surrounded by a reflector of thickness one
metre. Two different deterministic (hexagonal) pebble-bed
configurations, as well as random pebblc-bcds, will be used.
Experiments with lower C/U ratios are possible but will re-
quire cither additional fuel pebbles or use of some of the
existing PROTEUS UO-2 driver fuel rods in more complex
multi-zone systems.

The experiments have been accepted as an International
Atomic Energy Agency (IAEA) coordinated research pro-
gramme (CRP) entitled 'Validation of Safety Related Re-
actor Physics Calculations for Low-Enriched HTRs' in the
framework of the Agency's Gas-Cooled Reactor Working
Group. In addition lo the basic Swiss and German coopera-
tion, Japan, the United States of America, the Soviet Union
and the Peoples' Republic of China have decided to partic-
ipate in this research programme and will supply some of
the scientific manpower necessary to plan, execute and ana-
lyze these experiments and ensure that they are relevant and
cost-effective with respect lo the various gas-cooled reactor
national programmes. The detailed experimental priorities
are not yet fully determined but, as indicated above, a fairly
wide range of possible configurations is possible within the
overall envelope of the critical facility size and fuel avail-
ability constraints.

A preliminary meeting of tentative CRP members was
held at PSI in Oclobcr 1989 to begin to define the priorities
for the initial experiments. The first meeting of the offi-
cial IAEA CRP participants was held at PSI in May 1990,
followed by an IAEA topical meeting on uncertainties in
physics calculations for gas-cooled reactor cores.

A safety report for the new HTR experiments was rc-
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Figure 1: General layout for the LEU-HTR experiments in PROTEUS. Both random and regular (hexagonal) arrangements
of fuel pebbles in the core will be investigated.

viewed and accepted by the Swiss nuclear regulatory au-
thority. Long lead items such as graphite axial reflector
blocks, upper axial reflector support structure, borated steel
safety control rods, etc., have been designed and ordered.
The necessary PROTEUS facility modifications (Fig. 1) are
currently in progress.

The necessary international contractural and safeguards
arrangements required for the transfer of the fuel to PSI
are nearly completed. The HTR critical experiments are
presently scheduled to begin in the summer of 1991.

2 HTR reactor and critical experiment
status

2.1 HTR status

An appropriate experimental data base is needed for the
validation of LEU HTR physics calculational tools from
the viewpoint of practical design, as well as licensing [18].
There are several HTR specific considerations, viz:

• the doubly-heterogeneous nature of the fuel elements
caused by the use of coated fuel particles;

• the much lower degree of self-shielding for 23*U res-
onance capture (relative to the light water reactor
(LWR) systems for which the 23*U neutron capture
cross-section data is usually evaluated);

• the possibility of water ingress;

• burnable poison effectiveness;

• neutron streaming effects in coolant channels and
void regions;

• worths of control rods located in the reflectors, etc.

The high-enriched, pebble-bed HTR development effort in
Germany resulted in the zero-power KAHTER critical facil-
ity, the 15 MWe AVR test reactor at Kernforschungsanlage
Julien (KFA), and in the 300 MWe THTR power plant at
Hamm-Uenlrop. The high-enriched, prismatic-block HTR
programme in the United States resulted in two zero-power
critical experiment facilities [2,3,4] and two power reactors
[5,6]. The present U.S. HTR programme is oriented toward
LEU prismatic block modular designs with 'passive safety'
features (7,8). The Japanese HTR research programme is
also oriented towards prismatic block type, low-enriched
fuel [9J.

2.2 Existing measurements

With the U.S. and German HTR experimental facilities dis-
mantled many years ago, there is an urgent need for an
experimental facility to address certain open questions re-
lated to the physics, safety and design margins which would
be available for HTR systems with LEU fuel. The impor-
tance of this is augmented by the fact thai, in Switzerland
in particular, there is interest in relatively small, low-power
district heating reactors for which HTRs have some safely
advantages [21,25,26].

Criticality data for a mixed high- and low-enriched peb-
ble-bed system have been generated at the AVR in which
about half of the original high-enriched fuel has been re-
placed with low-enriched fuel [10,11],
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Criiicality data for multizonc systems in which external
non-pebble driver fuel was used to maintain criticality have
been obtained in ihc CESAR facility in France |12,13] and
at the Technical University of Graz, Austria 114].

Criticality data on low-enriched prismatic and/or annu-
lar HTR paniculate fuels were obtained in the
NESTOR and HECTOR facilities at AEE Winrrith in 1966-
69 115]. Both the NLSTOR and HECTOR experiments
were mullizonc cores with external driver regions of non-
HTR fuel.

The 20 MWt Dragon reactor experiment [16] at the
Atomic Energy Establishment, Winfrith, was built and op-
erated in the 1960's under the auspices of the Organization
for Economic Cooperation and Development (OECD). The
Dragon reactor used high enriched annular fuel in prismatic
fuel elements.

The Japanese Atomic Energy Research Institute
(JAERI) has also performed experiments since 1985 in the
VHTRC (Very High Temperature Reactor Critical) facility[9].
The main objectives of the Japanese programme have been
to obtain experimental data on critical masses, lempcra-
lurc coefficients of reactivity, neutron llux distributions and
reactivity worths of boron burnable poison rods for a pris-
matic block fuel clement design using 16 annular fuel rods
of 2%, 4% or 6% enrichment per hexagonal block. As
far as the JAERI experiments in the VHTRC facility are
concerned, the main differences with respect to the pro-
posed PROTEUS experiments arc: 1) the VHTRC uses
prismatic block fuel geometry so that different heterogene-
ity and str aming effects are encountered; 2) absorber mate-
rials other than boron have not been used in the VHTRC; 3)
only very limited measurements of neutron balance compo-
nents, needed to complement the basic criticality data, have
been been made in the VHTRC.

The Japanese arc now building a 30 MWt helium-cooled,
high temperature engineering test reactor (HTTR) using
low-enriched UO-j fuel with operation presently scheduled
to begin in fiscal year 1995 [17].

3 Proposed experiments

3.1 Clean lattice experiments

In addition to experiments using the usual random arrange-
ment of pebbles (packing fraction « 0.62), experiments
are planned with a hexagonal close-packed lattice having
a packing fraction of about 0.74 as well as with an alter-
native hexagonal arrangement with a packing fraction of
about 0.60. This will permit an experimental assessment of
streaming effects between pebbles, and in the case of the
second hexagonal arrangement, allow easy access to the
core center for reactivity worth and reaction rate measure-
ments with minimal perturbation of the system.

The basic results will be the critical masses and geome-
tries, the cxpcrimentally-mi. >surable neutron balance com-
ponents, inferred kinfvalucs, and neutron flux and fission
rate distributions. The neutron flux distribution measure-
ments will generate additional information on Ihc neutron
tlux levels in the rctlector regions and provide a basis to
validate the computer models. An accurate prediction of the
fast neutron llux in the reflector zones is an important fac-
tor in the prediction of the service life of the inner reflector
regions.

It is expected that single-zone cores with modcrator-to-
fucl pebble ratios in the range of 1:2 to 2:1 will be con-
structed in the first phase of the experiments.

3.2 Water ingress
The possibility of steam generator or liner cooling sys-
tem leaks necessitates the consideration of accidental water
ingress in HTRs [8]. Most graphite-moderated HTR sys-
tems are significantly undermodcratcd for reasons relating
to fuel cycle economics (the conversion ratio increases in
undennodcrated systems so that less fissile material needs
to be supplied). This means that these systems will gain
reactivity as moderator is added to the core.

The reactivity increase caused by water ingress into an
HTR core depends:

• Strongly upon the moderator-to-fuel ratio, as may be
seen in the data from Hiibel and Lohnen [I9J and
Pelloni ct al. [20];

• Less strongly upon the reactor temperature (generally
larger at high temperatures);

• Upon the fuel type (HEU or LEU) and the burnup
status.

The only previous water-ingress experiments reported
for pcbblc-bcd reactor systems are the high-enriched ex-
periments at Graz [14]. The Graz experiments used a rel-
atively small amount of high-enriched, pebble-bed fuel in
a heterogeneous, externally driven system and arc thus not
very useful in assessing the accuracy of water ingress calcu-
lations for low-enriched systems of representative size and
neutron leakage.

One of the other effects of water ingress is to reduce
the worth of absorbers located in the reflector regions.

The use of a uniform hexagonal lattice and plastic in-
serts in the proposed PROTEUS single core zone experi-
ments will allow very accurate simulation of water ingress
effects and the development of an accurate experimental
benchmark for use in validating the design calculations.

The changes in neutron balance components caused by
water entry appear to be large enough to be experimentally
measurable [22].

3.3 Burnable poisons
An important difference between the HEU and LEU sys-
tems is linked to the use of burnable poisons in the initial
cores to modify the changes in reactivity and power distri-
bution during the transition to an equilibrium core. In the
case of hafnium, which has been used in European HTR de-
signs, the use of low-enriched instead of high-enriched ura-
nium causes added uncertainly because of the much larger
overlap of the resonance capture in hafnium with 238U as
compared with the 232Th used in the high-enriched uranium
reactor fuel cycle.

With only 5400 LEU AVR fuel pebbles, the number of
absorber pebbles will be severely limited unless some of
the existing PROTEUS 5% enriched UO2 driver fuel rods
arc used or some other source of LEU HTR fuel pebbles is
located.

To our knowledge, experiment combining the effects
of water ingress and the effects of absorber pebbles have
not been done before.
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4 Calculational results

Two-dimensional discrete ordinatcs transport theory calcu-
lations have been performed for HTR PROTEUS configu-
rations wilh LEU AVR pebble bed fuel.

The same calculalional methods and nuclear data li-
braries [24,23] were used as in a previous scries of two-
dimensional calculations [27,1],

Carbon-to-uranium and carbon-to-235U atom ratios for
various mixtures of the AVR fuel pebbles with pure graphite
moderator pebbles are given in Table 1.

Table 1: Carbon-to-uranium ratios for LEU AVR fuel.

M.F pebble
ratio

0
0.5
1
2
3

C/U atom
ratio
634
954

125>;
1881
2504

C/235U atom
ratio
3757
5629
7451

11144
14837

The older HTR designs were usually undermoderated
with C/235U atom ratios in the range 4,000 to 5,000 (C/U
atom ratios in the range 800 to 1,000). The present HTR-
500 pebble bed reactor design has a C/235U atom ratio near
10,000 with about 8 grams of 10% enriched uranium per
fuel pebble. Smaller helium-cooled, pebble bed reactor sys-
tems such as the MODUL and the district heating reactors
are presently being designed with C/235U atom ratios ap-
proaching 15,000. The prismatic block modular HTR de-
signs continue to use C/235U atom ratios in the 4,000 to
5,000 range.

Basic criticality results plus the reactivity changes as-
sociated with possible pebble bed densification (slumping),
upper reflector collapse onto the pebble bed, removal of
the last layer of pebbles, etc., were calculated. Some ba-
sic R - Z geometry criticality results are given in Table 2.
These results are for a nominal pebble-bed core diameter of
125 cm, pebble-bed packing fractions of 0.7405, 0.62 and
0.6046, and two different moderator-to-fuel pebble ratios
(1:2 and 2:1). The actual effective core diameter in these
benchmark calculations depends slightly on the pebble bed
packing fraction (116.0 cm for 0.7405,125 cm for 0.62 and
117.7 cm for 0.6046).

Figure 2 shows the calculated effects of water ingress in
one of the proposed core configurations (moderator-to-fucl
pebble ratio of 1:2, packing fraction of 0.6046). Also in-
dicated is the rapid decrease of the calculated worth of the
safety-rod bank with increasing water density, an impor-
tant consideration in the licensing of the HTR PROTEUS
experiments.

5 Conclusions

The PROTEUS experiments should, for the first lime, pro-
vide kgff bias factors relevant to the LEU HTR fuel cycle
and, in addition, shed light on the individual sources of
error. The latter will be achieved by virtue of measured
results for individual neutron balance components as well
as the investigation of streaming effects. A wide range of
conditions will be covered by the experimental programme.
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Figure 2: Calculated variations of eigenvalue and safety-rod
bank reactivity with water density in an undermoderated
HTR-PROTEUS configuration.

Table 2: Some basic criticality results.

Filling
factor

0.7405
0.7405

0.6200
0.6200

0.6046
0.6046

M:F
ratio

1/2
2/1

1/2
2/1

1/2
2/1

Core
height
(cm)
99.0

138.0

120.0
173.0

132.0
173.0

Number
of fuel
pebbles

4567
3183

5382
3879

5294
3469

keff

1.0065
1.0042

1.0049
1.0031

1.0061
0.9680

thereby providing an adequate integral data base for the val-
idation of LEU HTR design calculations.

An international cooperation with Germany, the So-
viet Union, the Peoples' Republic of China, Japan and the
United States of America will provide a cost sharing and
bring together the international knowledge in HTR reactor
physics ensuring the quality of the experimental and ana-
lytical results obtained.
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Abstract
The high power-density produced by the proton beam in
the liquid-metal target requires detailed analysis of the heat
transport by means of a transient, two- or three-dimensional
fluid dynamics code. A short description of the general-
purpose code ASTEC, which is being used for these inves-
tigations, is here given and examples of the target simula-
tions, including calculation results, provided. Model exper-
iments are proposed against which this application of the
code needs to be validated.

1 Introduction

1.1 Background

Research and development work for the target is one of
the major topics of the SINQ Spallation Source project
[1,2]. Thermal-hydraulic analysis is required in order to
determine the adequacy of proposed cooling methods and
thereby enable the mechanical integrity of key components
to be established. In an earlier phase of the project, thermal-
hydraulics design analysis for the liquid lead-bismuth target
was based mainly on simplified lumped-parameter meth-
ods [3,1] and flow visualisation experiments [2]. Later, it
was decided that detailed computations of the fluid dynamic
phenomena would need to be undertaken in order to ade-
quately predict temperature distributions (and the resulting
thermal stresses occurring in the target structures) under
all possible operational conditions. This applies mainly to
the target windows, because recently detected uncertainties
with respect to the proton beam profile require accurate pre-
dictions of thermal stresses to be made for cases of extreme
thermal load.

The design of the SINQ Spallation Source target dis-
cussed here consists of a vertical liquid lead-bismuth eu-
tectic (LBE) column contained in a chromium-steel vessel,
Fig. 1. Removal of the 650 kW thermal power deposited
by the proton beam (mainly within the lower 0.3 m of the
target) is effected through natural circulation of the LBE to
the pin coolers.

Detailed descriptions, with technical data concerning the
target and window, are given in [2,6,7].

1.2 Aim of the work

The main aim of the detailed thermal-hydraulic analysis is
to demonstrate that temperatures and thermal stresses re-
main within safe limits under all operating conditions. The
following normal and safety-related operational conditions
of the target need to be investigated:

FILLING TUBE

PIN COOLERS

CIRCULATING UQUID
LEAD-BISMUTH MANTLE COOLING

GUIDE TUBE

WINDOW WITH
/WATER COOUNC

Figure 1: Sketch of SINQ target (domed window).

1) Stand-by operation:

• Pre-circulation by auxiliary heaters.

2) Start-up transients:

• Normal beam power ramp;

• Too-steep ramp;

• Narrow-beam ramp;

• Beam start-up with insufficient pre-circulation;

• Restart of cooling after overheating incident.

3) Full-power operation:

• Design case;

• Too-large fraction of beam by-passing the up-
stream meson target ( Target E, see later);

• Failure of secondary cooling;

• Impeded circulation due to guide tube defects
or loose parts;

• Rupture of water-cooled safety window causing
water spray on lower surface of LBE window.

4) Shut-down transients:

• Normal case;

• After beam control malfunction or operator er-
ror (beam profile, start-up ramp);
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• After insufficient cooling;

• After failure of safety window.

The main source of concern in these analyses lies in the
variability of the proton beam profile. This is caused by the
requirements of the users of Target E, a meson target which
lies upstream in the beam channel, and by reliability of the
beam control system. For the design case it is assumed
that one third of the total beam by-passes the meson target.
This unscattcrcd part of the beam gives rise to a peaked
Gaussian distribution of the beam intensity at the spallation
target, whereas the scattered part leads to a much more
diffuse profile.

2 Code calculations

Adequate solutions to the resulting thermal-hydraulic prob-
lems can only be obtained by means of advanced fluid
dynamics codes which have the ability to solve the two-
and three-dimensional, steady-siatc and time-dependent
thermal-hydraulic differential equations in complex geom-
etry. Besides geometrical complexity, there are a number
of thermal-hydraulic phenomena which warrant the use of
such a code:

1) An inicrnally-hcatcd boundary layer develops on the
window surface. The velocity distribution within this
layer, its thickness and its turbulent structure, to-
gether with the power density and geometry of the
window, will determine the window temperature dis-
tribution. These variables deviate from those of an
ordinary plane boundary layer because of buoyancy
forces, surface curvature and flow geometry (con-
verging flow).

2) Flow detachment can occur behind the lower edge
of the guide lube and, under special conditions, also
from the surface of the window.

3) During transients, other buoyancy-induced flow dis-
tributions may form above the window, which can
give rise to different window cooling behaviour. This
is of particular importance for start-up transients with
inadequate pre-circulation.

4) For the investigation of safety-relevant conditions or
situations, it is preferable to be able to make best-
estimate calculations instead of having recourse to
worst-case analyses.

After an evaluation of different codes, the ASTEC code
[5,6] was chosen to perform the necessary calculations be-
cause of its flexibility and its proven ability in solving nat-
ural convection problems in liquid metals [7].

2.1 Short description of ASTEC

ASTEC solves, in general, a porous-medium form of the
thermal-hydraulic, time-dependent partial differential equa-
tions in a finite volume approximation [5,6]. For incom-
pressible fluids, ASTEC treats the thermal-hydraulics equa-
tions in the Boussincsq approximation. In regions of tur-
bulent open flow (no porous medium), ASTEC solves, if
required, the it - e turbulence model transport equations
in order to determine space-dependent turbulent viscosities
and diffusivilics.

The finite volume approach in ASTEC combines the ge-
ometric flexibility of the finite clement method with the ease
of solution of finite difference schemes. It allows one to
subdivide the three-dimensional solution domain into hcxa-
hedra (8-node elements) of arbitrary shape. Finite volumes
arc formed around the corner points (nodes) according to a
special geometrical procedure. For the purpose of the nu-
merical approximation, all variables arc discrcliscd at the
nodes, except pressures, which are stored at the clement
centres.

The time-dcpcndcnl, discrctiscd equations are solved by
means of the time-implicit SIMPLE algorithm [8], adapted
to the finite-volume arrangement of grid points. A hybrid,
skew-upwind scheme is optionally used for the advection
terms to reduce false diffusion. Steady-state solutions arc
obtained by calculating a 'false' transient, using very large
Lime steps.

The code has a number of features which allow com-
plicated problems to be solved:

• Several disconnected fluid regions with different ma-
terial properties may be simulated;

• Heat transfer between fluids and solids may be mod-
elled by prescribed heat transfer coefficients, if the
code is not to perform an explicit boundary layer cal-
culation;

• Additional modelling can be implemented using For-
tran subroutines supplied by the user;

• The programming is adapted to vector-processing ma-
chines, an advanced version also for transputer sys-
tems.

• Packages for interactive pre- and post-processing
(mesh generation, data analysis) arc available.

ASTEC has been validated against a number of bench-
mark tests as well as the natural-convection experiment
SONACO, which was performed at PSI [5,7,9].

2.2 Results of ASTEC calculations

An ASTEC model of the target is shown in Figs. 2,3. It con-
sists of a 22.5° sector of the cylindrical target, the smallest
sector which allows explicit modelling of the pin coolers.
Each face of the wedge model is a plane of symmetry. Ex-
cessive fine-scale modelling of the interior of the cooling
pins is avoided by replacing the central downflow tube by
an annulus. Fig. 3, and adjusting the flow area using the
ASTEC porous medium model. Water-side heat transfer is
simulated by suitably enhancing the thermal conductivity
based on specific heat transfer data. For locations within
the LBE itself, the meshing near surfaces is made suffi-
ciently fine for the code to resolve the thermal boundary
layers explicitly, and no empirical heat transfer data are
required.

In a first scries of calculations, two different window
shapes have been considered. Figures 4-7 compare results
of velocity and temperature distributions for the domed and
cusp-shaped window designs. Obviously, the latter must
be receiving much belter cooling near ihe target axis, since
window temperatures near the centre arc found to be much
lower than for the domed window. In both cases no flow
detachment occurs from the window surface itself, but a
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Figure 2: ASTEC target model — Side view with domed
window (not to scale.)

Figure 3: ASTEC mesh — Plan view of top plane.

zone of recirculating flow forms inside the bottom end of
the guide tube. Maximum velocities for the domed and
cusped window models are 0.6 m/s and 0.7 m/s, respec-
tively.

The one-third fraction of the beam reaching the SINQ
target unscattered is responsible for the high window tem-
peratures at the centre. When this fraction is also scattered,
maximum temperatures for the domed window are reduced
by about 400° C.

Temperature distributions along ihe axis of the target
show a rapid drop from the window into the fluid, with a
subsequent increase due to volumetric heating (see Figs. 8,
9). The large temperature difference between the window
surface and the relatively cool fluid layer above illustrates
the importance of proper fluid flow and heat transport mod-
elling in the boundary layer.

Using an insulating, instead of a thermally-conducting,
guide tube leads to somewhat lower (~20°C) temperatures
in the window region and to a slightly higher LBE cir-
culation rate. The heat exchange between the riser and
the annulus results in mixed-convection flow effects, i.e.

Figure 4: Velocity distribution above cusped window.
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Figure 5: Temperature distribution in domed window.

Figure 6: Velocity distribution above domed window.

slightly higher turbulent heat exchange and friction. Since
buoyancy forces near the guide tube oppose the overall cir-
culation forces, however, no problems with discontinuity of
heat transfer coefficients and friction factors occur as in the
case of buoyancy-aided flow [10].

The variations of temperature distributions around the
circumference of the pins are not excessive and should not
give rise to thermal-stress problems. The transverse tem-
perature distribution predicted at the bottom of the bundle
shows that a current of relatively warm liquid issues from
Ihe subchannels between Ihe inner pin coolers, whereas
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Figure 7: Temperature distribution in cusped window.

overcoolcd liquid exits near the outer wall. The arrange-
ment of the pins could be somewhat better optimised, al-
though the overall efficiency of the cooling arrangement
seems to be acceptable. In the calculation there were 8 pins
in the inner ring and 16 in the outer. A 9/15 arrangement
has also been proposed but requires further investigation.

END Of HEATING

IA

Axial Height (m)

Figure 8: Temperature distribution along target axis of
domed window model.

More detailed information about the results of these
first, steady-state calculations can be found in [4].

3 Importance of results and need for
further investigations

Based on our previous experience in liquid-metal thermal-
hydraulics, we are confident that the best available ana-
lytical methods have been used to investigate the Ihermal-
hydraulic design of the SINQ target. Using standard options
in the ASTEC code, very helpful parameter studies of tar-
get behaviour under different geometry and operating con-
ditions can be carried out. The effects of particular window
shapes, guide tube insulation and pin cooler arrangements
have already been performed. Results, in the form of tem-
perature distributions, have been used for preliminary stress
calculations [12], and are therefore an important contribu-
tion to the safety analysis.

Liquid metals are of special interest because of their
good heat transfer performance under natural circulation

Axiol Height (m)

Figure 9: Temperature distribution along target axis of
cusped window model.

conditions (comparable with forced convection cooling with
standard coolants) and their suitability at high temperature
and thermal loads, which are of particular importance for
the future development of advanced energy conversion sys-
tems (e.g. FBRs, Fusion reactors). The study of the SINQ
target represents an essential contribution to liquid-metal
thermal-hydraulics in this area.

3.1 Further investigations

Further ASTEC calculations have been performed with a
finer mesh near the centre of the window, to reduce dis-
cretisation errors in the temperature deposition and field
computations. Transient calculations, to investigate time-
dependent window temperature distributions for the anal-
ysis of transient stresses, are also in progress. These are
carried out on a restricted window-region model, with pre-
scribed velocity distribution at the inlet, to avoid excessive
computing requirements.

Although ASTEC has already been validated against a
number of experiments [5,7,9], if the LBE target is adopted
as the final SINQ target design, additional testing of the
code in a closely related geometry would be desirable.

One option would be an ASTEC simulation of the half-
scale mock-up test of the target described in [13]. This
would serve to test ASTEC with respect to integral perfor-
mance, i.e. circulation rate, transient behaviour, and heat
transfer to the coolers.

A second, but more detailed, experiment has also been
proposed in order to compare ASTEC calculations with
measured temperature and velocity distributions over the
window, because of the complicated fluid dynamic phe-
nomena which occur in this region, and the strong influ-
ence which the window shape exerts on the temperatures,
as exemplified by the results of ASTEC for the domed and
cusped windows. The experiment would simulate flow con-
ditions above the window and heat transfer from the win-
dow surface to the LBE stream. Sodium would be the
simulant fluid, because of the possibility of performing the
experiment in the new, on-site sodium loop.

4 Conclusions

The complicated geometry of the SINQ target, and the high
heat load to which the target windows are exposed, warrant
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the use of the advanced code ASTEC for detailed thcrmal-
hydraulic analysis.

Code predictions have been assessed purely on ihc basis
of the thermal-hydraulic calculations for the target and no
reference has been made in this article to the structural in-
tegrity of the materials used in the construction. First results
show the importance of optimising the window geometry,
calculations indicating that the cusped window design is
preferred from the standpoint of its coolability.

In order to obtain more precise temperature distributions
and velocities, a fine-mesh ASTEC model has been set up.
The influence of features such as the shape and position of
the bottom of the guide tube to optimise the cooling of the
window can also be examined with this model. Without ad-
ditional validation however, such code simulations can only
generate comparative results between different geometrical
designs.

Additional benchmarking of the code is therefore rec-
ommended in order to test its integral performance and its
ability to adequately predict temperatures in the window
region of the target and, possibly, to assess cooling pin
performance.
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OECD-LOFT LARGE BREAK LOCA-EXPERIMENTS: PHENOMENOLOGY
AND COMPUTER CODE ANALYSES
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Abstract

Large-break LOCA data from LOFT arc a very important
part of the world database. This paper describes the signifi-
cant heat transfer phenomena encountered during the LOFT
large-break experimenls within the NIK- and OECD-LOFT
programme. Tests in LOFT were the first to show lhe im-
portance of both bottom-up and top-down quenching during
blowdown in removing stored energy from the fuel. These
phenomena are dicussed in detail, together with the related
topics of the thermal performance of nuclear fuel, its sim-
ulation by electrical fuel rod simulators, and the accuracy
of cladding external thermocouples.

1 Introduction

The LOFT experimental PWR reactor facility was specially
designed for thermal-hydraulic transient tests up to and in-
cluding a double-ended (200%) cold-leg LOCA. The prin-
cipal objectives at the beginning of the USNRC programme
were to assess the adequacy of the engineered safety sys-
tems and to validate the computer codes used in safety
analysis. At that time, the emphasis was on large-break
LOCA. The first (low power) nuclear experiment L2-2 was
a 200% cold leg break and was carried out in Decem-
ber 1978. During preparations for the corresponding high
power experiment, L2-3, the Three Mile Island (TMI) ac-
cident occurred. This led to a considerable change in the
LOFT programme, with the emphasis switching to small-
break LOCA and plant transients. Large-break test L2-3
was carried out in May 1979, but only one further test, L2-
5, was carried out before the end of the NRC programme.
It was realised that the LOFT tests were a very impor-
tant part of the (small) worldwide integral test database for
large breaks, and two further tests were therefore carried
out within the international OECD-LOFT project. One of
these tests, LP-02-6, was designed to be representative of
US Appendix 'K' licensing limits. This lest was carried out
in October 1983. The second test, LP-LB-1, was based on
UK licensing assumptions, in particular the 'minimum safe-
guards' ECCS injection assumption. This test was carried
out in February 1984.

The first and most important phenomenon is the core-
wide fuel cladding cooling and quench during blowdown.
This phenomenon, observed for the first time in the LOFT
experiments, changed the perspective of large-break acci-
dents and also led to a re-evaluation of critical and post-
critical heat transfer models used in the systems codes.
The reactor coolant pump operation mode and coolant flow
distribution during the early blowdown phase which con-
tribute to this phenomenon will be discussed. The blow-
down top-down quench, and reflooding and boil-off phe-

nomena will also be reviewed. Additionally, some experi-
mental aspects related to this phenomenon, specifically the
fin-cooling problem of external cladding thermocouples and
nuclear fuel rods versus nonnuclear heating elements, will
be discussed.

2 Effects of primary coolant pump op-
eration

The LOFT large-break LOCA experiments have shown that
the early bottom-up quench is a result of the fine balance of
coolant inflow and outflow from the downcomer and flow
reversal in the core. Review of the break flow [1] in all
of the large-break experiments shows that the break flow
and cold-leg, broken-loop flow are dependent on primary
system pressure and coolant temperature, upstream of the
break. These parameters were nearly the same for all the
experiments. Therefore, the early bottom-up fuel cladding
quench depends on hydraulic parameters within the reactor
vessel and intact loop.
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Figure 1: Cladding temperature comparison.

Three operational modes of the reactor coolant were
used in the LOFT large-break experiments. These modes
are: a) continous pump operation, b) early pump trip with
typical pump coastdown and c) early pump trip with fast
pump coastdown (decoupled flyweels). The early quench
did not occur for the experiments (L2-5 and LP-LB-1) in
which the pumps were tripped within Is of transient ini-
tiation, and simultaneously disengaged from the flywheels
(Fig. 1). The experimental results show that early quench
is a function of the pump operation mode, pump character-
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istics, and initial flow conditions in the intact loop.
The first two large-break experiments, L2-2 and L2-3,

were conducted with reactor coolant pumps running. The
coolant mass flow rale in the cold leg remained almost con-
stant for a period up to 6 seconds during both experiments.
Due to this, and the decreasing mass flow rate in the broken
loop cold leg, the intact-loop, cold-leg mass flow rate ex-
ceeded that of the broken-loop cold leg. The difference in
the flow rates resulted in an excess of 700 kg of water be-
ing delivered lo the downcomer between 4 and 6 seconds.
The excess mass of water resulted in the propagation of a
density wave upwards through the core during this time.
In these experiments, the early quench was also the most
complete, extending through the entire core, radially and
axially.

In experiment LP-02-6, the pumps were tripped at the
beginning of the transient, and allowed to coast down under
the influence of the flywheels. Figure 2 shows the mass
flow rate in the intact-loop cold leg. This mode of pump
operation provided enough coolant and head to initiate the
bottom-up quench, but the quench front did not propagate
through the entire core [1]. This is also influenced by the
higher saturated steam flow, as in experiment LP-FP-1.

TIME, SECONDS

Figure 2: Coolant mass flow rales in the intact loop cold
leg during experiments L2-5 and LP-02-6.

In experiment L2-5, the reactor coolant pumps were
nipped also at about 1 second but for this test the fly-
wheels were disconnected from the pumps, resulting in a
very fast pump coastdown. Consequently, there was no
time interval, early in the transient, during which the iniact
loop cold-leg mass flow exceeded the broken loop cold-leg
mass flow. Therefore, not only did positive core flow fail
to be re-established, but also the core flow was sufficiently
near stagnation that the fuel rods did not re-wet. The peak
cladding temperature measured during the L2-5 experiment
is compared to the other large-break experiments in Fig. 1,
and confirm the importance of Ihe primary system coolant
pumps in controlling the core flow during the large-break
LOCA. Experiment LP-LB-1 was performed with reactor
coolant pumps in the same operation mode as in Experi-
ment L2-5. This experiment also did not contain a bottom-
up core quench, except at the very bottom (2 inches) of the
core.

Experiment LP-FP-1, in which Ihe reactor coolant
pumps were tripped early and disconnected from the fly-
wheels, contained an early quench. The quench occurred

in this case because of the higher initial, or steady-slate,
mass flow in the intact loop. The additional mass flow
caused the magnitude of the intact loop cold-leg How to
be larger than the broken loop cold-leg flow at the lime oi'
transition to saturated critical flow at the break.

3 The blowdown bottom-up core
quench

The early core cooling during blowdown was observed for
the first lime during L2-2, the first LOFT nuclear experi-
ment. This behaviour was definitely different from the ex-
pected core thermal behaviour. At that lime, according tu
the understanding of reactor system behaviour during large
break LOCA, the cladding lemperaturc should rise rapidly
after LOCA initiation and reach the maximum during the
blowdown phase. A precursory cooling due to droplet en-
trainment from the lower plenum would reduce the core
heat-up and, finally, the cladding temperatures would be
quenched to the saturation temperatures as a result of core
rcflood with ECC water. This classic large-break LOCA
scenario was supported by experimental evidence from fa-
cilities such as SEMISCALE, and by code analysis.

Experiment L2-2, and then later LOFT experiment; with
similar boundary conditions, have shown that the cladding
temperature rises as expected, but the temperature transient
is arrested after a few seconds and followed by a core-wide,
bottom-up cladding quench. The cladding temperature rises
again later and reaches another maximum during the rc-
llood phase. The highest peak cladding temperatures arc
measured during the first heat-up. The main reason for this
unexpected core thermal behaviour is the hydraulic process
within the primary system and the resulting very high up-
ward mass flows in the core during the blowdown phase,
all within the first 10 seconds. This behaviour confirms
the conservatism of the licensing models. Also, the early
quench provides a unique challenge to the best-estimate
codes wherein the thermal hydraulic phenomena are phys-
ically modelled. The thermal hydraulic conditions that re-
sulted in the early blowdown quench in LOFT arc reviewed
with some detail in Refs. [1-8] to establish the nature of
the rapid core flow, at high system pressures, which re-
sulted in the quenching of the fuel rods. Although the
core hydraulic conditions were not directly measured dur-
ing the LOFT loss-of-coolant experiments, it is possible
to obtain certain insight into the core flow conditions that
resulted in early cladding quench by using the data from
self-powered neutron detectors (SPNDs) [2], lower plenum
velocity and momentum flux measurements used in LP-02-
6 and LP-LB-1 tests, [9], and temperature measurements in
the downcomcr, core, and upper plenum regions. In sum-
mary, the rapid cladding cooling was primarly a result of
low-quality, high, upward core flow at a time when the
system pressure was still relatively high (7 MPa). The ve-
locity of the density wave through the core is calculated to
be approximately 1.8 m/s (and the core inlet mass flux is
estimated lo be about 615 to 1050 kg/m2 sec). This mov-
ing, cooling wave causes a quench propagation of approx-
imately 1.0 to 1.5 m/s in the core. The resulting measured
peak cladding temperature response during the LOFT L2-2,
L2-3 and LP-02-6 large break loss-of-coolant experiments
is compared in Fig. 3. From these experiments, it can be
seen that during the first 12 seconds the cladding is ob-
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served to quench rapidly due to core positive How (Fig. 4)
and remain quenched for several seconds. More lhan 60%
of the stored energy in the core was transferred from the
fuel rods due to (he high core inlet (low causing a cladding
re-weL
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Figure 3: Peak cladding temperatures for LOFT experi-
ments L2-2, L2-3 and LP-02-6.

Even though correlation of the reactor vessel flow mea-
surements, upper plenum thermocouple measurements, and
SPND measurements suggest that the early quench charac-
teristics during LOFT experiments were hydrauücally con-
trolled, the accuracy of the cladding temperature data has
been questioned because of hypothesized selective cooling
of the external surface thermocouples which may cool the
entire fuel rod due to a fin effect. To evaluate the accu-
racy of the measured LOFT cladding temperatures, and to
provide an independent data base for the rapid cooling tran-
sients under known high-pressure hydraulic conditions, sep-
arate effect experiments were conducted, and ihe effects of
cladding external thermocouples on the early quench phe-
nomena were investigated. Additionally, a special model

TIKE, SECONDS

Figure 4: Difference between intact and broken cold leg
mass flows for LOFT experiment LP-02-6.

to simulate the behaviour of the external thermocouples at-
tached to the LOFT fuel rods was developed. A summary
of the experimental and analytical work will be given in a
later section.

4 The blowdown top-down quench

The core cooling during blowdown contains two phenom-
ena: the bottom-up cooling, discussed in the previous sec-
tions, and the top-down cooling. Again, LOFT experiments
were the first to show the top-down cooling phenomenon.
Cladding temperatures measured during the LP-02-6 exper-
iment indicate a second quench in the upper part of the
core which moved downwards and re-wetted the cladding
at the 45 inch elevation at 17.5 seconds. The thermocouple
measuring the highest temperature at the 30 inch elevation
did not indicate the top-down quench. The fuel bundles
closest to the intact-loop hot leg, which is a source of wa-
ter which drains into the reactor vessel, clearly indicate
top-down quench. As shown in [1], the top-down quench
is multi-dimensional, in contrast to the bottom-up quench,
which can be treated as onc-dimcnsional since it re-wets
the centre fuel module, and the peripheral modules, at the
same time.

Analogous, top-down quench phenomena were detected
in other LOFT large-break experiments. Experiment L2-5
was performed with a rapid reactor coolant pump coastdown
to prevent the bottom-up quench; however, this operation
did not prevent the top-down quench. The upper half of the
centre fuel assembly was re-wet between 12 and 15 seconds
by liquid draining from the upper plenum, and the intact-
loop hot leg and prcssurizcr into the core. The lop-down
quench was also present in the peripheral fuel modules.

The top-down quench phenomenon is concluded to be
also significant because it decreases cladding temperatures
and this reduces the time needed to quench the fuel cladding
during core reflooding with the ECCS. Further, there are
almost no separate-effects data on this phenomenon, and it
may be even more important in the full-scale plant because
of the availability of much larger amounts of water from
ihe upper head.

5 Nuclear fuel versus electrical fuel
rod simulators: Limitations during
blowdown

The typicality of the blowdown quench behaviour of a
solid-type electrical heater rod relative to that of a nuclear
fuel rod has been questioned because of the different ther-
mal properties and lack of a simulated fuel-pellet cladding
gap. In this respect, LTSF experiments investigating the
blowdown quench behaviour of a SEMISCALE, solid-type
heater rod with only internal thermocouples were used as a
basis for evaluation of the model calculations. The details
of these calculations using the RELAP4/MOD6 computer
code are given in 14,10]. Having established the validity of
the heat transfer models to calculate the initial cool-down
rate of a quench, a scries of RELAP4 calculations was per-
formed to compare the initial cool-down rates of the nuclear
fuel with gap, REBEKA cartridge-type electrical heater rod
with gap, and SEMISCALE solid-type electrical heater rod.
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for rapid cooling transients. These calculations under typi-
cal LTSF single-rod test conditions were performed by sub-
stituting the individual rods in the RELAP4/MOD6 LTSF
model. The calculated results for one of the LTSF experi-
mental cases (experiment no. 12) are given in Fig. 5. These
calculations show that the REBEKA heater rod is expected
to simulate the nuclear fuel rod behaviour very well, for the
conditions investigated. The nuclear fuel rod with gap was
calculated to cool approximately five times faster than the
SEMISCALE solid-type heater rod. These comparison cal-
culations 110] were carried out over a range of inlet flooding
velocities (2 to 6 m/s), and the predicted initial cooling rales
are summarized in Fig. 6. Also indicated in this figure are
the initial cladding cooling rates measured on nuclear fuel
rods from the PBF Thermocouple Evaluation Experiment
Series [11]. The limited number of nuclear fuel rod data
suggest that the calculated cool-down rates may be 10 to
20% too high. The results of the PBF experiments also in-
dicate that the thermal decoupling of the cladding and fuel
was apparently significant, allowing the cladding to quench
rapidly during the blowdown phase. This thermal decou-
pling of fuel and cladding demonstrates the importance of
in-pile experiments, and of oul-of-pile experiments where
the fucl-lo-cladding gap is properly simulated.

1100
Nuclear rod v/ith gap
REBEKA rod '.vilh gap
Sc.'/d U02 rod ZB clad
Solid UO2 rod SS clad
Semiscale heater TOG _!
LTS.- OH la
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Figure 5: Calculated nuclear fuel, cartridge-type and
solid-type heater rod responses for LTSF single rod blow-
down quench tests.

Additional experiments were conducted in LTSF us-
ing a REBEKA cartridge-type fuel rod simulate, with gap,
zircaloy cladding and thermal diffusivity much closer to
the nuclear rod diffusivity. The experimental results with-
out external thermocouples show very rapid cooling (150
to 200 K/s) and quench times (2 to 3s) similar to the nu-
clear fuel rod data at 4m/s inlet flooding rates (Fig. 6). A
comparison of the cladding temperature response of the RE-
BEKA rod with external thermocouples and a nuclear fuel
rod with external thermocouples, where the initial temper-
atures of the rods prior to quenching were about the same
(900K), is shown in Fig. 7. Similar results exist for rods
without external thermocouples, as mentioned above. The
quench behaviour of the REBEKA rod is similar to that
of a nuclear fuel Tod, which is also confirmed by the re-
sults of calculations performed with the RELAP4/MOD6
code (Fig. 5). Additionally, the bundle tests performed in
the LTSF test facility produced valuable evidence with re-
spect to Ihe behaviour of cartridge-type REBEKA and the
solid type FEBA fuel rod simulators (Fig. 8). The anal-
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Figure 6: Comparison of measured SEMISCALE heater
rod initial cooling rates from LTSF single rod quench tests
with calculated nuclear fuel rod initial cooling rates.

ysis indicates that the solid-type healer rod, temperatures
are controlled by convective heat transfer at the cladding
surface. This is due to the high thermal diffusivity of the
rod allowing rod internal energy to be transferred rapidly to
the cladding. As the rod begins to cool down in film boil-
ing, internal rod energy is conducted to the cladding about
as fast as the surface convective heat transfer removes the
energy; hence,the cladding cools slowly since the rod's en-
ergy must be transferred before the cladding temperature is
low enough to allow surface quenching. This is clearly seen
in Fig. 5, where the film boiling cool-down lasts for 8 sec-
onds. The nuclear rod, by contrast, is internally conduction-
limited by the greater thermal resistance of the UO2 fuel and
the fuel-cladding gap thermal resistance. The inability of
the nuclear rod to transfer rapidly rod internal energy to the
cladding, together with a much smaller zircaloy cladding
heat capacity, significantly changes the energy balance at
the cladding surface, causing a more rapid cool-down dur-
ing film boiling (see Fig. 5). In comparison, at these high
flow rates, the nuclear rod cooling is controlled more by the
cladding stored energy, while the cooling of the solid-type
heater rod is controlled more by total rod internal energy.

6 Effect of cladding surface thermo-
couples on blowdown heat transfer

Two different sets of experiments were conducted in the
LOFT Test Support Facility (LTSF), and another set of
experiments with nuclear fuel in the Power Burst Facil-
ity (PBF) at the Idaho National Engineering Laboratory
(INEL), in order to investigate the effects of cladding ex-
ternal thermocouples on the early-quench phenomenon.

The LTSF quench experiments provide a simple geo-
metrical configuration with well-quantified inlet hydraulics
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Figure 7: Blowdown phase quench behaviour for a RE-
BEKA heater rod (from LTSF bundle tests) and a nuclear
fuel rod (from PBF-TC tests) with cladding external ther-
mocouples.
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Figure 8: LTSF bundle lest: Comparison of REBEKA and
FEBA electrical heater rods under blowdown quench con-
ditions.

and the capability to maintain high system pressure as high
as 7 MPa. A detailed description of the test facility is given
in [12,13]. The first scries of tests in LTSF were performed
using a single SEMISCALE fuel rod simulator, which is
representative of the 'solid', intemally-heated fuel rod sim-
ulators used in many light water reactor research projects.
Four external thermocouples had been laser-welded to the
outer surface of the solid heater rod, with functions and at-
tachments similar to LOFT cladding thermocouples (Fig. 9).
The heater rod also had four internal cladding thermocou-
ples to measure the rod's temperature response. In the same
test facility, identical experiments were conducted with and
without the cladding external thermocouples. The results of
one of the 20 quench tests conducted in LTSF are shown in
Fig. 10, for the initial conditions given in the Figure. The
data presented were taken from cladding internal and exter-
nal thermocouples located at the heater rod hot spot. The
time of coolant arrival at (he thermocouple location is indi-
cated by the rapid change in the test section garnma densil-
ometer response. Thus, the quench times can be estimated
with respect to coolant arrival. During the high-pressure
(7 MPa) tests, the heater rod with external thermocouples
consistently quenched in about half the time required by

the heater rod without surface thermocouples. It can also
be seen from the data that the surface thermocouple is selec-
tively cooled and quenches much sooner than the cladding,
as indicated by the internal thermocouple reading. Fur-
ther details of these experimental results can be found in
[12]. An analysis of the LTSF early quench tests with-
out the external surface thermocouples was also performed
[4,10], and as a result of this analysis it was concluded that
the solid-internal heater rods of the SEMISCALE design
type cannot simulate the rapid quenching of a nuclear rod,
due to the relatively high thermal diffusivity. Whether the
blowdown quench behaviour of a solid-type electrical heater
rod typifies that of a nuclear fuel rod has been questioned
because of the different thermal properties and lack of a
simulated fuel-pcllct cladding gap. In this respect, LTSF
experiments, which investigated the blowdown quench be-
haviour of a SEMISCALE solid-type heater rod with only
internal thermocouples, can be used as a basis for evaluation
of code model calculations, but not for direct extrapolation
to reactor conditions, [14]. Thus, relating these LTSF high
pressure quench test results to LOFT must be done with
care, especially in view of the differences in the thermal
response of the electrical heater rods.

Figure 9: LOFT fuel rod cladding external thermocouple
attachment.

Another separate-effects experimental programme was
conducted with a nine-rod (3x3) bundle of electrical heater
rods in the LTSF test facility at INEL. A REBEKA cartridge-
type heater rod and a FEBA, solid-type heater rod (simi-
lar to SEMISCALE heater rods) were each tested in the
centre position in the nine-rod bundle, which provided a
geometry and thermal-hydraulic environment typical of a
nuclear fuel rod cluster. The REBEKA heater rod has

TIME, SECONDS

Figure 10: LTSF single rod quench test thermocouple
sponse for a SEMISCALE heater rod.

re-
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Zircaloy cladding and aluminium oxide pellet construction
with a pellet-cladding gap to simulate the thermal charac-
teristics of a nuclear fuel rod. The quench behaviour of
the REBEKA heater rod has been compared with thai of
a LOFT nuclear fuel rod through calculations using the
RELAP4/MOD6 computer code 1101, and with that of the
Power Burst Facility nuclear fuel rod through experimental
data evaluation [13]. Both the analytical and experimen-
tal data comparisons showed that the REBEKA heater rod
provides a good simulation of nuclear fuel rod thermal re-
sponse for rapid cooling at high pressure in a blowdown
phase transient. The REBEKA heater rod was tested with
and without cladding external thermocouples. The main ob-
jectives of this experimental programme were to evaluate
the effect of cladding external thermocouples on the early
blowdown phase quench behaviour of a cartridge-type, nu-
clear fuel rod simulator, in order to determine how accu-
rately cladding external thermocouples measure cladding
temperature during a blowdown phase quench, and to com-
pare the high-pressure quench behaviour of a cartridge-type
heater with that of a solid-type heater rod under similar
thermal-hydraulic conditions that occurred during the blow-
down phase of LOFT experiments. The experimental pro-
gramme, and the results of these tests, arc given in detail
in [13]. The results of the experimental programme indi-
cate that cladding external thermocouples had a negligible
effect on the cool-down rate and quench behaviour of a RE-
BEKA cartridgc-lypc heater rod under rapid (1 to 2 m/s)
Hooding conditions at high pressure (Fig. 7). Also, the
cladding external thermocouples are selectively cooled dur-
ing the quenching process and do not accurately measure
cladding temperature during this part of the transient. Since
the REBEKA rod has been shown to simulate satisfactorily
the thermal response of a nuclear rod [4], these results are
considered applicable to LOFT nuclear fuel rods. Conse-
quently, the value of LOFT external thermocouple data in
validating computer models during quenching is somewhat
limited. Further results also show that the quench behaviour
of a FEBA solid-lype heater rod is significantly different
than that of a cartridge-type heater rod. The REBEKA
rod quenched in less than 3 seconds from about 900K,
whereas the FEBA heater rods experienced an extended pe-
riod (10 seconds) of precursory cooling before quenching at
about 700K (Fig. 8). Since it has been shown that the RE-
BEKA rod provides a good simulation of a nuclear rod, it is
inferred that solid-lype, electrical heater rods do not provide
a good simulation of the thermal response of nuclear fuel
rods under high-pressure, rapid-cooling, thermal-hydraulic
conditions that occur during the blowdown phase of a large-
break, loss-of-coolant accident in the LOFT experiments.

Three series of light water reactor fuel behaviour tests
(Thermocouple Effects Test series TC-1, TC-3 and TC-4)
were performed in the Power Burst Facility (PBF) at INEL,
specifically to evaluate the influence of cladding surface
thermocouples on the thermal behaviour of nuclear fuel
rods under LOCA conditions. A total of twelve tests were
conducted, each with four LOFT-typc fuel rods contained
in individual flow shrouds. Two of the rods were instru-
mented with four LOFT cladding external thermocouples,
with junctions located near the high power region. All four
rods were also instrumented with internal thermocouples,
the junctions being at the same axial level as the external
thermocouples. Details of the experimental design, execu-
tion and results are given in [11,15,16]. Evaluation of the

measured temperature drop through the cladding indicates
that the surface thermocouples measured peak temperatures
during blowdown only slightly lower (20 to 30K) than the
actual temperatures. However, the surface thermocouples
influenced the temperatures during the blowdown phase of
the TC tcsls in two respects. The initial effect is to delay the
time of occurrence of CHF on the externally-instrumented
rods with respect to the time-lo-CHF on Ihc bare rods; con-
sequently, the externally-instrumented fuel rods experience
a longer period of high cladding surface heal transfer, which
in turn reduces the stored energy in the fuel rods at the lime
of CHF. In addition to the effect of delaying the time to
CHF, the cladding surface thermocouples increase the sur-
face heat transfer area of the fuel rods during the heat-up
phase due to steam cooling, and further influence the fuel
rod thermal response through a 'fin-cooling' effect. Peak
temperatures measured during blowdown were about 75K
lower for each second of delay in CHF, and the improved
cladding heat transfer due to fin cooling reduced the peak
temperatures during the blowdown phase of the PBF tests
by 100 to 115K. The major contributor to the surface ther-
mocouple effect during blowdown quench appears to be the
reduced blowdown peak temperature due lo the delay in
timc-to-CHF and initial fin cooling; i.e., the lower cladding
temperatures just prior to the blowdown quench. Garner
111], estimated that 35-58% of this reduction is related to
delay in time-to-CHF, with peak cladding temperatures re-
duced 74K for each second of delay, and 42-65% of peak
cladding temperature reduction is due to fin cooling. The
PBF-TC test results also indicate that the effect of surface
thermocouples on rod thermal response during blowdown
quench (Fig. 11) appears to be relatively small and, espe-
cially if the quality of the slug flow is very low, and the
rods arc quenched extremely fast, the effect even disap-
pears. In addition, the effect of surface thermocouples on
nuclear fuel rod thermal response during blowdown quench
appears to decrease as the rod initial power decreases ana,
at low power, the effect again disappears.

1100 i

TIME, SECONDS

Figure 11: Comparison between embedded and external
cladding thcrmocpuple responses during blowdown quench
in PBF-TC tcsls.

As a further sludy of the thermal response during the
blowdown phase, fuel centreline thermocouples were be-
ing designed for placement in LOFT Centre Fuel Modules
(CFMs). These were used in iwo LOFT large-break LOCA
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experiments LP-02-6 (with early quench phenomena) and
LP-LB-1 (no early quench). Some analysis of the results
has been included in 11,7]. Figure 12 shows ihc response
of the fuel centreline temperature to the measured cladding
temperature at ihc same elevation, for LP-02-6 . The fuel
centreline temperature responds to the change in cladding
temperature shortly after the blowdown quench at approx-
imately 8 seconds, and similarly after the rcflood quench
at approximately 53 seconds. Figure 13 shows fuel cen-
treline temperatures for two fuel rods which did not have
externally-mounted cladding thermocouples, and arc com-
pared with the fuel centreline temperature shown in Fig. 12.
The INEL view is that these data indicate that the hydraulics
cause complete fuel-cladding quench, and not just thermo-
couple quench or localized cladding quench. The UK takes
the opposite view thai these data, in conjuction with pin heat
conduction calculations, actually confirm the UK belief that
the external thermocouples quench 1-2 seconds earlier than
the bare clad.

TC-5UO7-27
'Z-5DG7-OZ.

1000

TIME, SECONDS

Figure 12: Fuel centreline and cladding temperature at
ihe 27 inch elevation on fuel rod 5DO7 during experiment
LP-02-6.

Experiment LP-LB-1 also contains some data showing
the strong dependency of the fuel centreline temperature on
the cladding temperature and heat transfer. In the LP-LB-1
experiment, the early bottom-up quench phenomenon was
suppressed. However, ihere was a weak, partial, top-down
quench which occurred in Ihe 10-30 seconds time interval
and exlended over approximately the top third of ihc core
[17]. Figure 15 shows fuel centreline temperature at the 27
inch elevation for rods with and without cladding surface
thermocouples. The centreline temperature behaviour indi-
cates no quench, in agreement with ihc measured cladding
temperature. Figure 15 shows similar temperature data at
the 43.8 inch elevaüon. A small, early cooling occurs in this
region, as indicated by the cladding temperature in Fig. 15
compared with thai in Fig. 14. The fuel ccntcrlinc tem-
perature is sufficiently sensitive to show even (his small
cooling. The data in Figs. 14, 15 during ihc final quench
do show thai the final quench occurs up to approximately
20 seconds earlier on fuel rods with thermocouples. These
results arc consistent with fuel rod results in PBF [11],

On effects of the LOFT external thermocouples on the
blowdown quench phenomenon, Ihc UK view is different
and stronger conclusions arc drawn. It is postulated that the
external thermocouples could behave independently of the
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Figure 13: Fuel centreline temperatures at the 27 inch ele-
vation during experiment LP-02-6.

1500

000

500

n

TC-6CO7-O37 (conic
TE-SCO7-O27 kladdi

" \

' 1 %

1 > 1 1 1

ino wrincut TC)
linn w i l l TC)
ig TCI

-

-

100 150

TIME, SECONDS

Figure 14: Fuel rod centreline temperature with an with-
out cladding surface thermocouple and cladding temper-
ature measurement during experiment LP-LB-1 at the 27
inch elevation.
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Figure 15: Fuel rod centreline temperature with and without
cladding outer surface thermocouple and cladding temper-
ature measurement at the 43.8 inch elevtion.

clad, or induce early quenching of the clad, rather than be-
ing true indicators of the clad temperature behaviour. Thus,
the UK view is that the LOFT blowdown quenches were not
as extensive as the measurements of the external thermo-
couples suggested, but some quenching of the instrumented
rods would have occurred. A study has been carried out
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at Winfrith, and the development of a model to simulate
the behaviour of the external thermocouples attached to the
LOFT fuel rods during the blowdown phase of a large break
LOCA has been undertake;] [18-21]. To define the model,
and determine the thermal coupling between the thermo-
couple and fuel rod, extensive use of the data was made for
the two series of experiments (mentioned above) performed
in the LTSF.

As a result of the study, it is demonstrated that it is pos-
sible to construct a 3-D model for a heater or nuclear fuel
rod, with simulation of external thermocouples. The calcu-
lations performed using the model have indicated a rapid
cool-down and quench of the external thermocouple, while
the cladding of the nuclear fuel remained dry as a result of
the poor thermal contact which exists between the external
thermocouple and the cladding, Fig. 16. It is concluded
that the behaviour of the external thermocouples can be
predicted by a code using such a model and, under rapidly
changing, transient conditions, the thermocouple cannot be
relied upon to represent the cladding temperature of the rod
accurately.
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Figure 16: TAU calculation of LOFT experiment LP-02-6
at 21 inch elevation.

7 Reflooding and boil-off: external
cladding thermocouple effect and nu-
clear
fuel rod and electrical
heater rod behaviour

Large-break experiments in LOFT were intended to vali-
date the performance of the emergency-core-cooling sys-
tems for the design-basis, loss-of-coolant accident As dis-
cussed in previous sections, the L2-2, L2-3 and LP-02-6
experiments showed that about 60% of the initial steady-
state stored energy is transferred to the primary coolant prior

§

Figure 17: Comparison of liquid level versus lime for final
reilood for LOFT experiments L2-3 and L2-5.

to emcrgency-core-coolant delivery to the core. The final
core quenches are primarily due to accumulator fluid de-
livery. The characteristics of the relatively rapid (10 to
15 cm/s) core quenching for the L2-3 and L2-5 exper-
iments are compared in Fig. 17. The core reflood be-
haviour was very similar during both experiments, even
though a significant difference in initial stored energy and
cladding temperatures existed. All of the other LOFT large-
break, loss-of-coolant experiments (L2-2, LP-LB-1, LP-02-
6) showed similar rapid quenching behaviour during the
core reflooding phase. A significant observation is that
the reflooding rates always exceeded the 2.5 cm/s Eval-
uation Model licensing regulation limitation. Additionally,
the LOFT large-break, loss-of-coolant experiments showed
that the blowdown hydraulics and heat transfer (early blow-
down quench) is more important in removing the initial
fuel rod stored energy than reflood heat transfer. The rel-
atively rapid reflooding observed during the LOFT large-
break, loss-of-coolant experiments was questioned because
of ihe fin effect of external thermocouples. As a con-
sequence, separate-effect, bundle reflooding experiments,
using electrical heater rods instrumented with both exter-
nal and internal cladding thermocouples were conducted in
the NEPTUN test facility [22]. The NEPTUN-I scries was
performed with five central heater rods instrumented with
both external and internal cladding thermocouples, while
the NEPTUN-II series was performed only with internal
cladding thermocouples. The results, and comparison of
experimental data from these two series [23,24], indicated
that elcclrical heater rods instrumented with LOFT external
thermocouples experience preferential cooling during re-
flooding compared to heater rods with internally-embedded
cladding thermocouples (Fig. 18). The effect is reduced
with higher reflooding rates (e.g., 15 cm/s). During the
precursory cooling before the quench, the rods with ex-
ternal thermocouples show comparable temperature histo-
ries to the rods with internal thermocouples but heater rods
with external thermocouples quench at higher temperatures,
and earlier than other heater rods. An overall comparison
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between repeat experiments NEPTUN-I (five central rods
equipped with external thermocouples) and NEPTUN-1I (all
thermocouples embedded in the cladding of the heater rods)
is shown in Fig. 19. Differences between similar experi-
ments arc small, especially during precursory cooling.
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Figure 18: Cladding temperatures during NEPTUN-1 and
NEFTUN-II experiments. With and without external
cladding surface thermocouples.

The ability of electric healer rods to duplicale nuclear
fuel rod thermal response during rcflooding was also ques-
tioned because of the large differences in electric and nu-
clear fuel rod thermal properties. In this respect, the Halden
Project Test Program Instrumented Fuel Assembly 511 (IFA
511) in Norway, in the Halden Research Reactor, was de-
signed to systematically evaluate the ability of electric healer
rods (SEMISCALE solid-type) to simulate the response of
nuclear fuel rods during the heat-up and rcllood phases
of a large-break, loss-of-coolant accident. The rods were
also instrumented with both external and internal cladding
thermocouples to determine whether external thermocou-
ples provide an accurate measurement of cladding temper-
ature. The experiments consisted of one series with nu-
clear fuel rods [25], and two other series with electrical
heater rods, SEMISCALE solid-type rods |26,27j, and RE-

Figure 19: Cladding temperatures during NEPTUN-I
and NEPTUN-N experiments, with and without external
cladding surface thermocouples.

BEKA heater rods with cladding gap [28J. In these exper-
iments, the nuclear fuel rods were quenched substantially
earlier (four times faster) than solid-type electrical healer
rods (Fig. 20). REBEKA heater rods closely simulated the
actual nuclear fuel rod behaviour under reflooding condi-
tions. Also, the electrical rod, unlike the nuclear fuel rod,
is characterised by a well-defined quench. Experimental
data also indicates that the response of the external thermo-
couples is significantly different than the analogous internal
cladding thermocouples during reflooding al about 7 cm/s
flooding rates. The indicated temperature of the external
thermocouple was at least 50K less than that indicated by
the internal thermocouples throughout reflood, and the ex-
ternal thermocouples indicated quench 20 seconds earlier.
The different thermal behaviour indicated by the external
thermocouples was primarily caused by the fin-cooling ef-
fects. Additional experiments were performed in the FEBA
test facility at KfK within the SEFLEX test programme in
order to quantify the influence of the design of different
fuel rod simulators on the cladding temperature transients
under reflooding conditions. These experiments employed
a solid-type FEBA heater rod bundle, and a corresponding
bundle of REBEKA fuel rod simulators with gap. The ex-
perimental data \29), indicate that the reilooding behaviour
between the two bundles consisting of 5x5 FEBA and 5x5
REBEKA rods is significantly different (Fig. 21). At an
inlet Hooding velocity of 3.8 cm/s, the influence of the rod
design on the peak cladding temperature is around 100K
lower for REBEKA rods, and the quench times are about
100 seconds shorter. The reasons for ihc lower cladding
temperatures and the faster quench front progression for
the REBEKA rod bundles arc lhe lower heat capacity of
the zircaloy cladding, and the pronounced decoupling of
the cladding from the heat source due to the cladding gap
and the influence that this has on the channel hydraulic
conditions.
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Figure 20: Cladding temperatures of electrical heater rods
and nuclear fuel rods during quench experiments in Halden.

Core uncovcry (boil-off) experiments were also con-
ducted in the NEPTUN facility. The results at 5 bar [30]
show that the cladding thermocouples do not cause a sig-
nificant cooling influence on the rods to which they are
attached. The dry-out times of the internal and external
cladding thermocouples were within 10 seconds of each
other, for each axial elevation, and for all rods in the bundle.
The cladding external thermocouples measure the cladding
temperatures lhat would have been measured in their ab-
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Figure 21: Cladding temperatures measured at two different
axial levels in FEBA and REBEKA rod bundles.

sence, to within 0-20K (Fig. 22). The experimental dala
from the IFA 511 experiments for the heat-up phase at low
pressures showed that the response of (he external and in-
ternal thennocouples was nearly identical through heat-up,
until temperatures exceeded 700K. However, after about
700K, the cladding surface temperature measured by the
external thermocouple was lower than that measured by in-
ternal thermocouples, and the difference increases thereafter
(Fig. 20). The measured cladding peak tcrmperature was
25 to 40K less, for both electrical heater and nuclear fuel
rods. These results confirm the findings of the NEPTUN
boil-off experiments.

8 General conclusions

The LOFT programme has generated a very large amount
of information, much of it of a unique nature. It is not
practical in a review of this type to list here all the detailed
conclusions which have arisen, though many of them are
implicit in the text. However, it is worthwhile to draw some
general conclusions:

1. The worldwide database for integral large-break tests
is very limited. The LOFT facility has been a major
contributor to this database, with high quality data.

2. The OECD-LOFT tests LP-02-6 wd LP-LB-J es-
sentially achieved all their defined objectives, and
thereby added significantly to the world database.

3. The hydraulic behaviour seen in LOFT is now well-
understood. However, there remain uncertainties in
our understanding of the core thermal behaviour.

Figure 22: Cladding temperatures measured in NEPTUN
experiment with external cladding surface (LOFT) thermo-
couple and with embedded thermocouples.

More detailed description of the computer code analyses
of the LOFT large-break LOCA test is given in [31].
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Abstract

In the two Swiss Boiling Water Reactors, the dissolved or-
ganic carbon (DOC) was measured at different locations of
the primary water system under different conditions. Dur-
ing steady-state operation, the DOC concentration is only
a few ppb at any location. This is much lower than ex-
pected. It seems that most organic materials in the Swiss
power plants come from the degradation of ion exchange
resins. Following a change of clean-up filters, measurable
amounts of organic materials are released into the primary
water system, but decompose within a few hours.

1 Introduction

A major problem in Boiling Water Reactors (BWRs) is the
activity build-up in the recirculauon system, due mainly to
cobalt-60. Comley [1] has shown schematically the trans-
portation path from inactive cobalt-59 to the active cobalt-
60 on the system walls; this is reproduced in Fig. 1.

The individual steps are not yet completely understood.
The corrosion products and other inorganic compounds in
the water are analysed regularly, but little is known about
organic materials in the BWR water system. Many corre-
lation studies of the activity build-up and water impurities
have been made [2,3,4] with limited success. A certain
improvement in the Co-60 deposition seems to result from
the addition of zinc [5], or iron [6], to the primary water
system.

Almost nothing is known about organic compounds in
the primary water system. In an EPRI report [7], few num-
bers for a US-BWR were mentioned. Compared to corro-
sion products, the concentration of organic materials seems
to be quite high with some hundred ppb dissolved organic
carbon (DOC); see Fig. 2. With respect to the size of these
numbers, it might be assumed that organic compounds are
involved in the transport of corrosion products.

Sources of organic materials can be either compounds
in the groundwater, like humic acids which pass through the
water processing of the power plant, or the ion exchange
resins in the clean-up systems.

The first measurements were carried out with a labora-
tory instrument (Dohrmann DC-180). In a second scries, an
on-line instrument (Anatel A-100P) was used. The two in-
struments use different methods. The laboratory instrument
oxidizes the samples with persulphate in conjunction with
UV and oxygen. The produced carbon dioxide is measured
by an infrared detector and from the peak area the amount
of DOC is calculated. The lower limit of this analyser is
approximately 10 ppb. This was not low enough for the
measurements in the power plant during steady-state oper-
ation.

The on-line instrument on the other hand, uses only UV
to oxidize the sample. The resistivity is measured before
the sample is oxidized, and after the oxidation is complete.
The DOC content is calculated from the difference of the
resistivity. The lower limit of this on-line instrument is
0.1 ppb DOC. With the on-line instrument it was possible
to measure differences in the DOC concentration at different
locations in the primary water system.

2.1 Measurements during steady-state condi-
tions

In both BWRs, the water was analyzed with the on-line
instrument at different locations in the primary water recir-
culalion system. The measuring points were reactor water,
condensate before and after polishing, and feedwatcr af-
ter the high pressure prehcaters. The instrument measured
continuously at the same location for some days and then
was moved to the next position. The range of the DOC
concentrations is summarized in Table 1.

Table 1: DOC concentrations in ppb in the nuclear power
plants of Leibstadt (KKL) and Mühlebcrg (KKM) during
steady-slate conditions.

Sampling Point
Reactor water
Condensate before CCU
Condensate after CCU
Fccdwater

KKL
2.0 - 2.5
0.6 - 0.9
0.8 - 1.1
1.1 - 1.5

KKM
<0.1 - 0.2
0.4 - 0.8
1.4 - 1.8
1.7-2.1

2 Measurements

In Switzerland, two GE-BWRs arc in operation: Miihlcberg
(KKM) 320 MW since 1972, and Leibstadt (KKL) 942 MW
since 1984. In both reactors, DOC measurements were car-
ried out during steady-state periods, during and after tran-
sients.

The two power plants show similar values, but there
are differences in the DOC concentration for the different
locations. In Leibstadt, the reactor water shows the highest
value compared to the other locations, and in Miihlcbcrg the
reactor water shows the lowest value. In both power plants
the DOC concentration in the condensate before polishing is
lower than after polishing, and in the feedwatcr it is higher
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Figure 1: Schematic representation of the transportation
path of the inactive Co-59 from construction materials to
the dissolved or suspended state in the coolant, neutron
activation to Co-60, and deposition on pipe walls.
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Figure 2: Typical range of measured inorganic impurity
concentrations in the reactor water of Swiss BWRs. Since
before this work the DOC was not measured, literature val-
ues [7] are shown for comparison.

than in the condensate after polishing. An explanation for
this unexpected behaviour might be that organic materials
were added from the ion exchange resins and that the on-
line instrument was not able to oxidize all of these in the
condensate. In the high pressure preheaters these materials
were transformed to compounds which were more easily
oxidized by the analyser. These values are about two to
three orders of magnitude lower than the few published
data, but agree very well with measurements made recently
in Sweden [8,9].

ABB carried out some studies of ionic organic com-
pounds in Swiss nuclear power plants using ion chromatog-
raphy. They detected mainly low molecular organic acids
such as acetate and formate. In Boiling Water Reactors, the

concentration of acetate was a maximum of 15 ppb 110].

2.2 Measurements during and after transients

The DOC concentration was also measured during and after
transients, such as filter changing, shut-down and start-up
of the reactor.

2.2.1 Filter changing

After changing condensate and reactor water filters, the con-
ductivity in the reactor water rises quickly and goes back
to normal very slowly. This rise may be due to fragments
of the ion exchange resins and the flocculating agent.

In the first measuring campaign in Leibstadt, with the
less sensitive laboratory instrument, we tried to detect how
quickly the organic materials disappear. After the CCU fil-
ter was changed, and then put back in operation, samples
were taken at short intervals, at different locations in the
primary water system, and the conductivity was simultane-
ously noted. In the laboratory, the samples were analyzed
for the DOC, chloride, nitrate and sulphate concentrations.
Immediately after the CCU filter was back in-line, the DOC
concentration, just behind the filter, showed a maximum of
approximately 800 ppb. After about fifteen minutes the
DOC concentration was below 10 ppb. After the total pol-
ishing system the maximum was about 30 ppb and in the
feedwater, after the high pressure preheater, no rise in DOC
concentration could be detected. The same was true for the
reactor water. The organic materials seem to be more or less
completely decomposed. On the other hand, the conductiv-
ity and the chloride nitrate and sulphate concentrations in
the reactor water rise quickly after about 15 minutes, reach
a maximum after about 40 minutes, and then go back to the
normal level very slowly (Fig. 3).

sulphate
nitrate

chloride

o
O

90 120

Time [min]

Figure 3: The anion concentrations in the reactor water of
KKL after changing a filter in the CCU system.

With the measured anion concentrations, and calculated
concentrations for protons and hydroxyl ions, a theoretical
conductivity for every sample was calculated and compared
with the noted value (Fig. 4). As it was not possible to
measure (he pH of the reactor water simultaneously when
taking the samples, ihe concentrations of protons and hy-
droxyl ions were calculated to fulfil electro-neutrality and
the water product. The two curves agree very well up to
a constant value which could be due to dissolved carbon
dioxide.
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Figure 4: Comparison of the calculated and measured con-
ductivity in the reactor water of KKL after changing a filter
in the CCU system.

From the difference, a theoretical carbon dioxide con-
centration can be calculated of about G ppb COo during
steady-state conditions, and a rise up to 10 ppb CO2 af-
ter a filter was changed. This is in good agreement with
measurements from W. Riihle and W. Hoffmann [11].

The change of a reactor water clean-up filter in Leib-
stadt showed more or less the same behaviour. At the very
beginning, when the changed filter is put back into opera-
tion, the DOC concentration directly behind the filter is in
the order of 900 ppb. After 15 minutes the concentration
is again less than 10 ppb. In the rccirculation pipes, no
rise could be detected. The organic materials seem to be
decomposed rapidly by thermolysis and radiolysis.

With the more sensitive, on-line instrument, only reac-
tor water was measured after changing filters in the CCU.
In Leibstadt, where we measured reactor water from the re-
circulation pipe, no rise in the DOC concentration could be
detected. In Mühleberg, we measured reactor water before
the reactor water clean-up system. The concentration rose
very quickly after the first 20 minutes of operating with the
new CCU filter, and reached a maximum of approximately
6 ppb after two hours, became constant for a few hours,
and then dropped quickly back to the level before (he filler
was changed after about six hours (Fig. 5).

ooo
DOC

Resistivity

o

18 00
Time [h]

Figure 5: DOC concentration and resistivity in the reactor
water of KKM after the changing of a CCU filter.

Simultaneously with the rise in DOC concentration, the
resistivity goes down; ihc minimum is reached at the same
time the concentration reaches its maximum. Unlike the
DOC concentration, the resistivity goes back to normal very
slowly. This behaviour can be easily explained. The ionic
impurities (mainly sulphate, nitrate, carbonate and chloride)
from the decomposition of ion exchange resin, can be re-
moved only by the reactor water clean-up system (RWCU)
with a capacity of about 1.4% of the feedwatcr per hour.
The organic materials are removed by oxidation, which is
much faster than removing impurities by the clcan-up sys-
tem.

2.2.2 Shut-down and start-up

During the shut-down of the Mühleberg reactor, at temper-
atures of 190°C and below, the DOC concentration in the
reactor water rose to between 1-3 ppb and stayed at this
level until the reactor was opened. After opening, the DOC
concentration rose again and varied afterwards between 10
and 60 ppb.

During the start-up, the DOC measurements could begin
only 20 hours after the programme was started, due to the
lack of flow in the sample lines. The first values were about
20 ppb. At this time, operating temperature was reached
and steam production started. The concentration went down
slowly and reached the detection limit of 0.1 ppb two days
later, on the way to full power.

3 Simulation of ihe decomposition of
DOC in a test loop

A recirculation loop was used to study the decomposition
of DOC in high purity water, under Boiling Water Reactor
conditions. The test loop consisted of a feedwatcr lank,
hcat-exchangcrs and a heated pressure vessel with sepa-
rate rccirculation. Water, removed from the loop for anal-
ysis, was made up with fresh water. Elhylcncglycol was
added to the feedwater to follow the decomposition of a
typical organic compound. Ethylenglycol was chosen be-
cause it is a simple, non-volatile, water-soluble compound.
The DOC concentration was measured in the feedwatcr by
the on-line instrument: Anatcl A-100P. In the first exper-
iment, the fecdwater was purged with a mixture of argon
and oxygen to give a known oxygen concentration. The
measurements were then compared with the values from a
simulation model.

The simulation model consists of process uniis where
the geometry, volume, temperature and pressure in the dif-
ferent parts of the loop are taken into account. On every
unit, a mass balance is made for the inlet and outlet. Every
unit, if necessary, can be coupled with a subroutine where
chemical reactions are treated. The reactions are described
by a set of coupled, first-order differential equations. They
include oxidation of the organic compounds with oxygen,
development of carbon dioxide, and the loss of oxygen by
reaction, either with the organic compounds, or the metal
surface.

Figure 6 shows the decomposition of the organic com-
pounds. The dilution curve indicates how the DOC concen-
tration would change by dilution with the make-up water
alone. The measured DOC is clearly below these values.
The simulation fits the measured curve quite well.
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Figure 6: Comparison of the measured and calculated de-
composition of ethylencglycol in the test loop at 290° and
90 bar. The oxygen concentration in the fecdwater was
400 ppb from the beginning to 140 hours, and 510 ppb
from 140 hours to 200 hours.

In the second experiment, the fcedwater was purged
with a mixture of argon and hydrogen so that the oxygen
concentration in the system was below 100 ppb. The mea-
sured decomposition was again compared with the simu-
lation, using the same constants as in the first experiment
Figure 7 shows the comparison of the dilution model, sim-
ulation model and the measured decomposition. As ex-
pected, the simulated values are close to the dilution model
because there is almost no oxygen left in the water to ox-
idize the organic materials. For approximately the first
35 hours of the experiment, the measured values follow
the simulation, but afterwards the decomposition is clearly
faster. This may be due either to thermal decomposition of
the organic compounds, or to oxidation by oxygen from the
oxide layer on the pipe walls.
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Figure 7: Comparison of the measured and calculated de-
composition of ethyleneglycol in the test loop at 290°C and
90 bar. The feed water was purged with a mixture of argon
and hydrogen. The oxygen concentration in the feedwater
was 70 ppb.

By comparing the decomposition rate of the organic
material, these two experiments showed that oxygen accel-
erates the decomposition of organic materials, but they can
also be thermally decomposed. In the reactor of a nuclear
power plant, the decomposition must be even faster due to

radiolysis.
These preliminary findings have lo be confirmed by fur-

ther tests, in particular with organic decomposition products
obtained from irradiation of ion exchange resins in water.

4 Summary

Measurements have been made of dissolved organic carbon
(DOC) in the two Swiss Boiling Water Reactors, at different
locations of the primary water system and under different
conditions. Simulations concerning the degradation of or-
ganic compounds have also been carried out using a test
loop. These showed:

• During steady-slate operation, the DOC concentration
is only a few ppb at any location in the primary water
system. This is about two to three orders of magni-
tude below the earlier published values for nuclear
power plants in the USA, but is in good agreement
with measurements made in Sweden.

• After the change of clean-up filters, measurable
amounts of organic materials are released into the
primary water system, but these decompose within a
few hours.

• It appears that most of the organic materials in the
Swiss power plants come from the degradation of the
ion exchange resins.

• Experiments in a test loop showed that the decompo-
sition of organic compounds occurs by thermal degra-
dation, and is accelerated by oxygen.

During steady-state operation, the DOC concentration
is in the same range as inorganic materials. Only after
transients, in particular after filter changes, does the DOC
concentration rise (and then only for a short time) due to
fast degradation. In this respect, it can be assumed that
organic materials hardly influence the transport of inactive
and activated corrosion products.
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Abstract

Two upper crust samples and one of the consolidated core
region, taken from the Three Mile Island 2 reactor, have
been characterized in the framework of the OECD'-NEA2-
CSN13 task group programme on TMI-2 core examination.

The samples examined provide information relating to
the advanced accident period. Information was obtained on
the distribution of fission products within the core debris,
on overall fission product retention factors, on maximum
temperatures reached in the upper crust during the acci-
dent, and on the chemical make-up of the residual metallic
and ceramic phases. Assuming that a diffusion mechanism
was responsible for the disproportionation reaction in the
UO2-ZrO2 system during cooling, a holding time at an in-
termediate temperature of about 1750K is estimated. The
work was partly financed by the Swiss Federal Nuclear
Safety Inspectorate (HSK).

PSI has been participating within the OECD-CSNI task
group on TMI-2 and examining samples recovered from the
molten core region. Specifically, the core sample analysis
programme is providing information on-.

• The fission product distribution within the core de-
bris;

» The local temperature regimes in time and space;

• The chemical reaction sequences, based on the final
ceramic and metallic phases formed;

• The degree of mixing of the core components, based
on elemental and isotopic analysis;

• The activity source term as balanced between core
remnants and the calculated core activity inventory.

1 Introduction

On March 28th 1979 the pressurized power reactor of TMI-
2 experienced very severe core damage during a loss-of-
coolant accident. Out of a total of 130,000 kg of core
inventory (86,000 kg of which consisted of UO2) only 1/3
remained intact, the rest was extensively oxidized, fused,
relocated, or shattered and mechanically damaged. At the
time, this was the most severe, reported accident at a nu-
clear power station, but damage remained confined within
the reactor containment and the auxiliary buildings. Even
the pressure vessel remained intact despite the extreme con-
ditions. Seen from a purely scientific or technical view-
point, the accident was later regarded by some people as
a reactor safety experiment which was insufficiently instru-
mented and too short. Technically, the incident proved that
the philosophy of 'defense-in-depth' was (essentially) cor-
rect despite malfunctioning of several systems and serious
misinterpretations of alarm signals by the staff involved.
Politically, the incident dramatically decreased public ac-
ceptance of nuclear power. It was realized that accidents,
believed not to happen, could in fact occur. It also showed
that a reactor accident occurring anywhere in the world is
of global concern. Therefore, it is understandable that the
efforts of reconstructing Ihe accident by performing sample
analyses and modelling programmes have been tackled by
several organizations worldwide. The goals of these pro-
grammes were to evaluate the radionuclidc source term, the
accident sequences and damage consequences, in order to
mitigate, or possibly avoid, future similar incidents.

Table 1: Core positions and make-up of samples analyzed
at PSI [1].

Sample
nomenclature:

KO9-P2-F

GO8-P11-H

GO8-P8-C

Core position:

KO9, upper crasi

CO8. upper crust

GO8. consolidated
core region

Recovering
procedure:

core boring

core boring

core boring

Sample shape:

cpoxy impregnated
squared

cpoxy impregnated
squared

loose, single
rock piece

' OECD = Organization for Economic Cooperation and Development
2NE/V = Nuclear Energy Agency
3CSNI = Committee on ihc Safety of Nuclear Installations

2 Sample analysis programme and
methods used at PSI

The three characterized samples originate from the core po-
sitions listed in Table 1 and shown in Figs. 1,2. Due to
their dose rate, the samples had to be handled in shielded
cells. After visual inspection and autoradiography, smaller
specimens were separated, though these were less repre-
sentative of the bulk sample due to the high degree of het-
erogeneity. However, preparing still smaller, contrast-rich
samples allowed the application of several analytical tech-
niques on the same slice. The mounted, smaller samples
were then used for electron-probe microanalysis (EPMA),
scanning electron microscopy (SEM), and secondary ion
mass spectroscopy (SIMS). Additional samples were pre-
pared for gamma spectroscopy and neutron diffraclometric
measurements.
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Figure 1: TMI-2 end-state core configuration with indica-
tion of PSI sample locations.

Table 2: Quantitative, averaged, chemical composition
(%wi; of the different phases characterized by EPMA.
N: Number of analyzed points.

Pho.sc

(UZr)O,

(Zr.U)Oj

Fc(Cr2.rAlr)O,

Fc.Ni

Ag.1n.Sn

Ni.Sn

U
Zr
Fc
0

U
Zr
Fc
0
Cr

a
Fc
AI
O

Fc
Ni
Mu
Ru
Sn
0
Cr

AS
In
Sn

Ni
Fc
Sn
In

Sample (%wi)

N

40

10

12

52

59

8

upper crust
G08-PIMI

85.1 ± 1.5
2.1 ± 0.3
0J ± 0.9

15.4 ± 2.5

16.4 ± 2.5
58.3 ± 1.9
2.4 ± 1.7

22.4 ± 0.9
0.8

42.4 ± 2.6
25.6 ± 1.3
2.5 ± 1.8

28.6 ± 0.6

56.8 ± 2.3
34.8 ± 1.9
3.3 ± 0.3
0.5 ±0.1
3.3 ± 1.0
0.6 ± 0.2

<0.1

81.2 ± 3.8
11.8 ± 1.4
8.1 ±2.7

37.9 ± 1.0
2.7 ± 0.7

57.1 ± 1.2
2.2 ± 0.7

N

8

13

20

25

23

2

upper crusl
KO9-P2-F

81.44 ± 2.79
1.65 ± 0.61
1.51 ± 1.31

16.03 ± 1.75

1.65 ± 0.65
73.1 ± 0.7
0.64 ± 0.32
23.S ± 0.7

0.1

43.9 ± 2.3
24.2 ± 1.8
0.26 ± 0.05

28.4 ± 1.1

62.7 ± 2.4
28.35 ± 1.8

2.8 ± 0.4
0.45 ± 0.1
2.1 ±0.9
0.9 ± 0.5
2.7 ±0.8

81.3 ± 3.8
11.3 ± 1.5
7.9 ± 2.6

37.2 ± 0.15
1.69 ± 0.23
56.6 ± 0.3
1.95 ± 0.13

cons.corc
N

10

7

15

3

GOS-PB-C

84.0 ± 2.1
3.2 ± 1.8
0.2 ±0.1

15.9 ± 0.4

16.7 ±2.1
59.0 ± 1.2
0.9 ± 0.2

21.9 ± 0.7
< 0.1

26.7 ± 2.1
24.3 ± 1.1

32.8 ± 1.0

5.2 ± 0.1
84.8 ± 0.2

<0.1
<0.l

8.2 ± 0.1
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Figure 2: Core bore sampling locations, with indication of
PSI sample positions.

3 Results and discussion

The applied surface analytical techniques (metallography,
ceramography, alpha-autoradiography, SEM, EPMA) resul-
ted in a coherent picture of the sample make-up. The two
upper-crusl samples appear strongly heterogeneous, show-
ing pores and cracks partly filled with soft, ductile metallics
(Ag,In,Sn). Three different major ceramic phases are imbed-
ding three different metallic phases. Out of repeated SEM-
analysis (Fig. 3) and quantitative electron microprobe point

measurements on each sample, the above mentioned phases
can be characterized as indicated in Table 2:

• Fe and Cr are found both in their oxidized 3+
(Fe3 +(Cr2_ r ,Alr)O4) as well as in their metallic form
(Fe,Ni). In fact, metallic and oxidized iron are mixed
on a fim scale. According to neutron diffraction
results, (Fe,Ni) is crystallized in the form of face-
centered 7-Fe, stabilized possibly with foreign ions.
The determined lattice constant is in agreement with
the EPMA-findings of some 40%at Ni in the binary
(FeJMi) system.

• In the case of the two upper-crust samples, the spinel
can be addressed as chromite Fe(Cr2)O4. Even at
high magnification of 1:10,000 no grain structure can
be discerned in this phase. The glassy appearance is
supported by the fact that spine) lines arc missing in
the neutron diffraction pattern.

• The (Ni,Sn) phase in both upper-crust samples is con-
taining roughly 40%at of Sn in a narrow band width,
corresponding possibly to the intermctallic compo-
sition of Ni3Sn2 [8]. This phase would precipitate
below 1500K. Under cooling conditions, it is form-
ing as primary monotectic crystals in a (Ag, In, Sn,
Ni) solution.
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• The main ceramic U, Zr, O rich part of all three sam-
ples turned out to be an intimate mixture composed of
two phases with a complementary U and Zr concen-
tration range (Fig. 3). Based on neutron diffraction,
the two phases with slightly more than stoichiometrie
oxygen can be addressed as cubic (U(1 M,ZrQ M)O->
and tetragonal (Zru 9U0 i)O2. The tetragonal ZrO-2

is probably stabilized at room temperature by foreign
ions (eg. lanthanides, U).

• Apart from the three main metallic phases, some iso-
lated phase phenomena were detected. One of these,
containing some 60%wt of Tc and Ag, Se and Cd as
further components, is shown in Fig. 4. Such phases
could help to understand the calculated overall core
mass balance deficit for Te.

• Most striking is the intimate (//m scale) mixture of all
phases, the very narrow distribution of concentrations
found for one phase on a single sample but also be-
tween the two upper-crust samples, which were taken
some 50 cm apart. The fact that these results lie so
closely together indicates that the analyzed material
was either fused or held at a temperature slightly be-
low the melting point which allowed complete ele-
mental diffusion. For (U,Zr)O2 this implies temper-
atures around 2600K.

• When comparing the composition of the cubic
(U,Zr)O2 and tetragonal (Zr,U)O:< phases with the
quasi binary UO2/ZrO2 phase diagram, Fig. 5, it ap-
pears that the measured values correspond to ther-
modynamic equilibrium conditions at about 1750K,
following a phase transformation mechanism during
cooling [4,5]. Cohen [4] describes the 'ex solution'
as a diffusionlcss transformation mechanism. How-
ever, this description fails to explain the occurrence
of quite large (UZr)O2 and (ZT,\J)O> grains with
clearly separated U and Zr, as shown in Fig. 3. It
seems more likely that the ex solution involves a
diffusion-controlled mechanism. For the diffusion of
Zr4+ into UO2) the diffusion coefficient D at 1680K
is estimated to be 13.2xlO~14 cm-'s"' [6]. An extrap-
olation to 1750K gives a value of 24x10" H cm2s~' .
Based on an average radius r for the analyzed (U,Zr)O2

grains of 1-5 fim (extracted from several SEM im-
ages), a holding time magnitude (At) during the cool-
ing process at 175OK can be estimated:

At = —- ~ 3 - 72 hours
AD (1)

• This value is in agreement with the 25 hours indicated
in [7] for reaching equilibrium conditions in the UO2-
ZrO2 system at 17OO-18OOK.

• Sample G08-P8-C from the consolidated core region
is quite different from the upper-crust specimens. The
spinel has a composition of Fe(Cri,Ali)O4. (Ag,!n,Sn)
and (Ni,Sn) are missing, and the scarce droplets of
(Fe, Ni) phase are much richer in Ni.

The applied techniques to measure radionuclide retention
and distribution have also led to a good, consistent pic-
ture. Table 3 shows radionuclidc retention factors based on
specific 7-activities, ORIGEN-2 calculations, and analyzed

(Fe,Ni) —|

(Ni.Sn)

(Ag,In,Sn)

(U,Zr)O2

(Zr,U)O2

Fe(Cr2)Qi

(U,Zr)O2

(Zr,U)O2

Figure 3: SEM-images of upper crust sample GO8-P11-H.
The main ceramic and metallic phases arc identified: a) sec-
ondary electron image, at 200x magnification; b) secondary
electron image at 2000x magnification.

U concentrations. The retention factors for the mainly ce-
ramic sample GO8-P8-C of the consolidaicd core region
are increasing in the scries K!7Cs, 125Sb, 1Ol5Ru/Rh, m C e ,
I54Eu. In general, this trend is understood in terms of de-
creasing volatility of the corresponding compound species
in the same scries [21, except for Ce, which is significantly
less retained compared to the potentially more volatile Eu.
The upper-crust samples KO9-P2-F and GO8-P11-H, on
the other hand, exhibit retention factors for the noble fis-
sion products Sb and Ru which are beyond 100%. This
is understood as enrichment of these two products in the
elemental form within a metallic phase (probably Fc, Ni
phase) of these samples. This is strongly supported when
looking at the correlation of the specific gamma activities
of HmRu, r-'r'Sb and fi0Co (Fig. 6).

This finding n:ay be more closely examined by correlat-
ing secondary ion count rates of fission product nuclidcs and
main component nuclidcs, measured at more than 100 indi-
vidual matrix points by secondary ion mass spcclroscopy.
Table 4 shows the positive correlation coefficients (>0.6)
for the analyzed nuclidcs on the consolidated core region
sample. It becomes apparent that:
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Table 3: Radionuclide retention factors based on the spe-
cific 7-aciivites and ORIGEN-2 calculations. - The ORI-
GEN-2 predicted radionuclide concentrations are based on
1.98 and 2.64% 235U enrichments [21.
N: number of analyzed fragments.

Radionuclidc

i«Cs

'«Sb

K»RU

"4Eu

>"Ce

3

3

3

3

2

KO9P2F

Average rel.
(%)

0.83 ± 0.60

310 + 330

770+ IK»

37 i 29

6.2 ±2.3

l>

3

3

3

i

GO8-PU-H

Average rel.
(%)

29 ±9

460 ±140

970 ±450

3S±5.O

10± 1.5

6

6

6

6

6

GO8-P8-C

Average rcL
(%)

0.46 ±0.13

0.84 ± 0.48

2.7 ±1.8

81+5

29 ± 11

the Zr-rich tetragonal (Zr,U)O2 phase rather than the
cubic (U,Zr)O2 phase. This could be readily under-
stood if the latter phase is hypcrstochiomctric. As an
example of these correlations, the pair Pr/Zr is shown
in Fig. 7.

• No fission product correlations are found wiih Ihe el-
ements Ag, In and Sn, indicating that no fission prod-
ucts arc hosted by the phases (Ag,i(n,Sn) and (Ni,Sn).

• The actinides 238U and 239Pu are correlated as ex-
pected.

• No Cs correlations could be detected, 133Cs and 135Cs
being masked by SnO interferences and showing very
low count rales. 137Cs should not be masked by inter-
ferences, but again did exhibit very low count rates.

(Ag,In,Sn)

(Te,Ag,Se)

(Fe,Ni)

Figure 4: Metallic phase of (Te,Ag,Se,Cd) with 60%wt of
Te, found as isolated phenomenon on sample KO9-P2-F.

• The nuclides of Mo, Ru and Tc are correlated among
each other and with Fe, Co and Ni. The noble fission
metals are therefore concentrated in the (Fe,Ni) phase.

• The two nuclides lolRu/1O2Ru show the expected fis-
sion product isotopic ratio of 1.15 ± 0.01 (theoret-
ically 1.196 for 235U thermal fission). The average
isotopic ratio of 97Mo/98Mo (0.637), however, does
not correspond to the natural isotopic ratio (0.396),
nor to the thermal 23CU fission product ratio (1.033).
This is reasonable, since the whole core fission-pro-
duced molybdenum weight is comparable to t'ic nat-
ural molybdenum weight from the inconel structural
material.

• The rare earth fission products La, Pr, Ce, Nd, Pm
are correlated among each other and arc significantly
better correlated to Zr than to U. It should therefore
be tested whether the lanthanides, after separation of
Ihe single cubic phase (U^r)O2 , prefer as host lattice
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Figure 5: Quasi binary phase diagram of (Zr,U)O2. The
Zr and U concentrations within the cubic (U,Zr)O2 and
tetragonal (Zr,U)O2 phases analyzed by EPMA correspond
to thermodynamic equilibrium conditions at 1750 K.

Based on gamma spectroscopic 134Cs/137Cs ratios of all
analyzed sample aliquots, the fuel burn-up was calculated
to lie between 4-5.5 MWd/kgM. These burn-up calculations
are slightly lower than ORIGEN-2 calculated values for the
same locations of the intact end-of-life core, indicating a
dilution of the fuel with fuel of higher core locations.

4 Conclusions

Two upper-crust samples and one of the consolidated core
region of the TMI-2 reactor have been characterized at PSI.
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Tl»ble 4: Linear correlation coefficients (>0.6) of SIMS test matrix. Omitted are isotopic correlations of the same clement.

Nuclide

?Li

"Cr
S(iKc

»Co
8 0 Ni

"Sr

«Zr
säMo
S9 T c

10lRu

'«La
niPl

n : C e

>«Nd

"7Pm

"Cr

0.617

»S F e

0.Ö98

0.744

»Co

0.723

0.791

0.783

ooNi

0.861

0.742

0.758

«Zr

0.618

0.S28

0SMo

0.636

0.682

0.810

0.630

"Tc

0.645

0.778

0.631

0.790

'O'Ru

0.695

0.726

0.830

0.733

0.825

0.S2I

>"Sn

0.604

0.677

0.601

'«La

0.634

0.700

0.830

HI p r

0.609

0.724

0.893

0.914

l 4 ? Ce

0.623

0.661

0.829

0.912

0.921

'«Nd

0.623

0.807

0.863

0.909

0.893

M7Pm

0.661

0.820

0.872

0.8S9

0.904

0.889

(0.542)

"9Pu

0.676

0.705

0.708

0.712

0.685

0.679

0.708

0.666

These heavily-altered, central core region samples provide
information about the advanced accident period. Informa-
tion was obtained on the distribution of fission products
within the core debris, on overall fission product retention
factors, on maximum temperatures reached in the upper
crust during the accident, and on the chemical make-up of
the residual metallic and ceramic phases [9].

000-

100-

1 0 -

o
o
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K9-P2-F («ppw

c a - p n - H (uppr<

CS-PB-C (roc*)

mit)

o

0

0
o

Figure 6: Correlation of specific gamma activities [Ci/g]:
106Ru/Rh versus 6 0Coand 125Sb.

Neighbouring sections of the same samples analyzed
at PSI have also been tested also at other labs within the
OECD programme. It is therefore not surprising that sim-
ilar phases such as (U^r)O2 , Fe(Cr2_r ,Alr)O4, (Ag.In.Sn),
(Fe,Ni) and (Ni,Sn) have been identified elsewhere [3,10,11 J.
The mix of material from fuel pins, control rods and struc-
tural material within a spot size of a few lens of microns,
is striking. Since great c^.e was taken at PSI in obtain-
ing accurate, quantitative elemental information (including
oxygen) by EPMA-analysis, the average elemental concen-
tration values should be reliable. They show a small vari-
ation from place to place on a single sample, but also in
comparison to the other characterized upper-crust samples
taken SO cm away. Such good consistency between upper-

crust core positions GO8 and KO9 only seems possible if
at some period during the course of the accident the central
upper crust had been fully molten.

If a diffusion mechanism is controlling the dispropor-
tionation reaction of the high temperature single cubic (U,Zr)O-j
phase into the lower temperature cubic
(U^r)O2 and tetragonal (Zr,U)O2 phases at 1750K, then a
holding time at this temperature between 3 and 72 hours can
be estimated. The occurrence of the diffusion-controlled
disproportionate reaction should be confirmed by heating
experiments.

F1LC, TRICOI
äop«:0 0CW . / -0 COCO

loooo »ooo 3O000 loom
2f-93 SCCOOAflY WN COWT RATE ICPSI

Figure 7: Correlation between SIMS 14 lPr and 92Zr
count rates at 118 positions on polished section of sam-
ple GO8-P8-C.

The measured fission products reveal retention factors
in accordance to their volatility, except for Ce. The ele-
mental sequence of increasing losses in the mainly ceramic
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consolidated core sample is Eu < Cc < Ru < Sb < Cs.
Bused on SIMS and 7-activity measurements, it is re-

alized that the noble fission products Ru, Mo, Tc and Sb
arc correlated among each other and clearly concentrated
within the (Fc,Ni) phase. The oxidized fission products Rb,
Sr and the rare earth nuclides (La, Pr, Ce, Eu, Nd and Pm)
arc correlated among each other and found in the ceramic
(Zr,U)C>2 phase.

Based on the comparison of linear correlation coeffi-
cients, it could be argued that the lanthanidc fission prod-
ucts prefer the Zr-rich tetragonal (Zr,U)O2 phase as host
lattice rather than the cubic (U,Zr)O2 phase. Again, this
assumption should be tested by heating experiments and
further SIMS and EPMA investigations.
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THERMODYNAMIC DESCRIPTION
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Abstract

Portland cement, used as a solidification-, backfill- and con-
struction material, is considered to determine the chemistry
of a low- and intcmediatc level radioactive waste repository
for very long periods.

A thermodynamic description of the main constituents
of hydratcd portland cement, hydratcd calcium-silicates
(CSH-gels), is presented. The incongrucnt solubility be-
haviour of CSH-gcl is described by assuming several in-
dependent model solids. The thermodynamic properties
of these model solids arc extracted from literature data
and solubility products are given as a function of the gel-
composition. This solubility model is then used to predict
the t 'crtical evolution of cement structures, degrading in
grour.uwiiicr. A volume of fresh groundwatcr correspond-
ing to 5,000 to 10,000 times the total pore volume is re-
quired to completely degrade the cement. The total car-
bonate concentration of the groundwatcr is found to be a
key parameter as far as the lifetime of the chemical inven-
tory is concerned. As a represcnlalivc for the actinides,
the solubility behaviour of uranium in degrading cement is
modelled. Cumulative uranium leaching from the cement is
found to be nearly independent of cement and groundwatcr
composition, but strongly dependent on the properties of
the solubility limiting phase.

1 Introduction

A repository for low- and intermediate level radioactive
wastes will include large quantities of cemented waste ma-
trices. Large amounts of hydratcd cement (several hundred
thousand tons) will therefore determine the chemical and
physical properties of the repository ncariield for a long
period of time.

The present work is an attempt to describe the chemi-
stry of hydratcd cement by means of thermodynamics and
to predict the longterm chemical evolution of the repository
ncarficld pore solution.

The main constituent of hydrated cement is a very stable
calcium-silicalc-hydrale phase (CSH-gcl) which is likely to
dominate the pore water chemistry of hydratcd cement.
CSH-gels show a non-trivial, incongrucnt solubility be-
haviour and modelling their thermodynamic properties is
a central part.

Attempts to model the thermodynamics of CSH-gcls
have been undertaken by various authors [1-9]. The models
are usually limited to a restricted range of measurements
and thus do not necessarily apply to the whole range of
possible CSH-gcl compositions required for the longterm
description of cement degrading in groundwatcr.

In contrast, the model described here covers a max-
imum range of CSH-gel compositions, including experi-
mental data published over the last 50 years. The basic
idea, presented in the first part of the document, is to find a
thermodynamic description which is valid for an extended
composition range of CSH-gel and which can easily be
handled by common geochemical speciation codes. This is
followed by application of the model to realistic cement-
groundwatcr systems, and to radionuclidc (uranium) release
from a repository, in order to prove the validity of the gen-
eral approach and of the simplifying assumptions.

Main emphasis is placed on the interaction of the dif-
ferent submodels and on (heir impact on the final results,
rather than on the very detailed development of the indi-
vidual model parts. This enables one to extract the relevant
system parameters and to identify the model parts which
need to be improved further. Such an approach seems to be
necessary, since it is obvious that not all of the open ques-
tions may be answered in a satisfatorily manner at once.
Further improvement of the models is only foreseen at a
stage when particular and well-defined repository designs
have to be simulated.

2 Hydration of portland cement

The bulk chemistry of hydrated portland cement is largely
defined by a system containing CaO, A12O3, Fe2O3, SiO2,
SO3 and H2O. Several attempts have been made to model
the most important hydration process of porüand cement
using simplified model solids [1,10,11]. Our recently pul-
ished model [10,11] assumes that the variety of possible
hydration products can be described by a few characteristic
model solids. In particular,

CxSHy)2) (calcium silicate hydrate, CSH)
C3AH6 (hydrogamei, HG)
C,jFH6 (calcium ferri-hydrate)
C3A.(CS)3.H32 (ettringite, AF t)
C3A.CS.H12 (monosulphate, AFm)
CH (portlanditc, Ca(OH)2)
MH (brucile, Mg(OH)2

1'Nomenclature usually used in cement technology:
C = CaO, S = SiO2, A = A12O3, F = Fe2O3,
H = H2O, S = SO3, M = MgO.
2 'x and y arc variable; usually x~1.8 is found in hydratcd
ponland cement. The parameter x is the calcium to silicon
ratio of the solid, usually written C/S.

are assumed to be reasonable model solids for the descrip-
tion of hydrated cement, and in fair agreement with those
proposed by other authors [1,12]. Within a repository, it
is most likely that the cements will be blended with mate-
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rials such as pumice, trass, silica fume, slag etc., in order
to improve properties such as sorption, chemical stability
(longevity), workability, and temperature development dur-
ing hydraiion. The present model assumes a complete re-
action of the blending additives with the portland cement,
whereby no new solids arc assumed to form. This assump-
tion is difficult to verify experimentally since phase conver-
sions within hardening cement may continue very slowly
(over years or tens of years [13,14,15]). It is still an open
question whether or not hydrating cement will ever reach
a thermodynamically stable state. However, for the fur-
ther thermodynamic description of the cement system, the
assumption of thcrmodynamically stable (or at least persis-
tent metastable) model solids is an important prc-rcquisite.

strate the highly incongrucnt dissolution behaviour of CSH-
gcl. In general, a dissolution according to
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Figure 1: Measured calcium concentrations in the system
Ca0-SiOa-H2O as a function of the Calcium/Silicon ratio
of CSH-gel. The solid line represents model calculations
(T a= 25°C).

3 Solubility model for CSH-gels

Hydrated cement consists of (by weight):

40 - 50 % CSH-gel
20 - 25 % Portlanditc (Ca(OH)2)
10 - 20 % AFm , AF t and ferric phases
10 - 20 % Pore solution
0 - 5 % Minor components (NaOH, KOH,

Mg(OH)2...)

Blended cements exhibit increased portions of CSH-gel
(with decreased C/S ratio) and decreased portions of port-
landite and aluminatcs, depending on the composition of
the blending additive, and on the mixing ratio.

The sum of CSH-gel and portlandile comprises
around 70% of a hydrated cement. Therefore, a thermody-
namic description must definitely include the thermodynam-
ics of portlandite and CSH-gcls. Portlanditc, and its ther-
modynamic behaviour, is well understood. The thermody-
namics of CSH-gcls are much more complicated and com-
prehensive thermodynamic models for these solid phases
are still under development [1,8,9,13,16,17].

With respect to the specific task of modelling cemen-
titious waste repositories, the starting point for the present
model is a general composition of xCaO.SiO2.yH2O for
CSH-gels. The experimental data [2-7J (Fig. 1) demon-

p • C a ( O H ) 2 ( iU))

+q • S iO 2 (!U() (1)

is observed. The incongruency of process (1) is given by
the fact that the ratio of p/q does not correspond to x,
as would be expected for congruent dissolution. The ra-
tio is very large (>1000) for C/S > 1 (C/S~1.8 in ordi-
nary hydrated porüand cement). This means that dissolv-
ing CSH-gcl mainly produces dissolved Ca(OH)2, and only
traces of dissolved SiO2. Simultaneously, the C/S ratio of
the remaining solid CSH-gel changes, depending on the
solid/solution ratio. The ratio p/q decreases with decreas-
ing C/S, congruent solubility is observed only at C/S ~
0.8, which corresponds to the composition of natural tober-
morite.

Unfortunately, common geochemical speciation codes
(MINEQL, PHREEQE, EQ3/6, etc.) are not suited to han-
dle incongruent solubility. Their ability is restricted to 'or-
dinary' dissolution processes, i.e.

(s) — (2)

The basic feature of the present model is to describe the
incongrucnt solubility of CSH-gels by means of a combi-
nation of simple processes of type (2), which can be handled
by the codes mentioned above.

At least 2 independent equations of type (2) are required
to model an equation of type (1). The present model as-
sumes that CSH-gels may be described by using a non-ideal
mixture of two model solids, each of them being treated as a
single solid phase. This assumption transforms the problem
of variable, non-integer stoichiomctric coefficients (p and q
in eq. 1), and a variable 'equilibrium' constant, into a prob-
lem of two model solids with variable solubility constants,
but with constant and fixed stoichiometric coefficients.

The measured solubility data in the CSH-H2O system
clearly indicate three (C/S)-rcgions of different solubility
behaviour (Fig. 1). For each region, a set of model solids
has been selected, cf. also [4,13]:

o<

l <

C/S range

; C/S <

; C/S <

C/S >

1

2.5

2.5

set of model solids

SiO2 and

Ca(OH)2

Ca(OII);

CaH2SiO4

and CaHjSiO^

and CaH2Si04

*) The solubility of model solids with an asterisk is assumed
to be constant.

It has to be noted that these model solids are differ-
ent from the well-known chemical compounds exhibiting
the same composition. They do not describe true solids
but arc used to describe the behaviour of dissolving CSH-
gcl. The basic thermodynamic considerations and model
assumptions arc briefly outlined in the following subsec-
tion. A more detailed description is given in [17].
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3.1 Brief outline of thermodynamic consider-
ations

The integrated form of the Gibbs-Duhem equation [18J,
applied to a non-ideal mixture of two solids gives

laa, = - — • Ina!,
* i

+ C (3)

where the a, s arc the activities of the model solids in
the mixture, the X,'s are the mole fractions, and C is an
integration constant, depending on X) and X2.

The solid-state activity of a single model solid can be
expressed as

Ina!"1 ..(!> ( • = 1 . 2 ) ;

where a j" is the activity in the dissolved state and K'so is the
solubility product of the pure model solid. For pure solids
the l n a ^ ' s arc zero by definition; for non-ideal mixtures
the solid state activities arc non-zero. Equation (4) now
states that if the solubility constant of the pure model solid
is known, its solid state activity in the non-ideal mixture can
be calculated from the measured activity in the dissolved
state. This will be used to extract the C/S-dependent solu-
bilities of the model solids from literature data.

It is useful to rearrange cq. (3) and to introduce an
'apparent solubility product' Kj.o, which describes the sol-
ubility of a model solid at a given C/S ratio. From eqs. (3),
(4), including conversion from log,, to log HI. one obtains
the relationship:

» ~ Q (»)

between the apparent solubility products of the two model
solids comprising the non-ideal mixture. P and Q denote pa-
rameters depending on K,!o and K;o. It has to be noted that
equation (5) includes the assumption of a C/S-indepcndcnt
integration constant C (cq. 3); for a detailed discussion,
sec [17].

It is very important to note that cq. (5) does not say how
log K;o depends on the composition of the mixture. This
dependency has to be extracted from the experimental data.
On the other hand, once log K';o is known as a function
of C/S, the mathematical form of the C/S-dcpcndcncy of
log K.jo is given by eq. (5).

3.2 Extracting apparent solubility products
from experimental data

In the range 1 < C/.S < 2.5 the model solids Ca(OH)2 and
CaH2SiO4 are selected lo describe the solubility behaviour
of CSH-gel. Dissolved silica is very low, and nearly con-
stant, within this range. Therefore, CaHoSiO., is assumed
to show constant solubility. According to cq. (5), the ap-
parent solubility product of Ca(OH)2 is thus given by:

Iogk s o
 2(C/S) = P -

1

C/S - 1 •Q' (6)

where Q' is given by (log K;o - Q).
For each experimentally-measured, equilibrium system

(cf. Fig. 1), the apparent solubility product of the model
solid Ca(OH)2, expressed as log{Ca2+} + 21og{OH~},

has been plotted against the C/S ratio of the correspond-
ing CSH-gcl (Fig. 2). Single ion activities in solution
( { C a 2 + } , {Oil"}...) have been calculated from experimen-
tal data using the gcochemical specialion code MINEQL.
The parameter fit (P, Q') was performed by hand, the result-
ing C/S-dcpcndcncy of the sum log{Ca2 +} + 21og{OH~}

(=log K M 1 0 " ' 2 ) is given in Fig. 2. Similar procedures have
been applied to all C/S ranges, and to all model solids con-
sidered. The final set of C/S-dependent apparent solubility
products is presented in Table 1.

3.3 Results and discussion

Using the equations given in Table 1, the solubility of CSH-
gcl can be modelled over the entire C/S range. As an ex-
ample, eqs. (7), (8) show how the solubility of a CSH-gcl
with C/S = 1.2 is represented.

Ca(OH),(s) = Ca2 + + '2 • O I P ; log Kso = -5 .91 , (7)

CaH,SiO.1(s) - C a 2 +

.1(s)
so = -8.16. (8)
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Figure 2: Solubility product of mode! solid Ca(OH)2 vs.
C/S ratio of CSH-gcl in CSH-gel/water suspensions. Ac-
tivities of Ca2+ and OH" arc calculated from experimental
data using the speciation code MINEQL (T = 25°C).

According to the assumptions, both equilibria have to
be considered simultaneously. The results of modelling the
dissolution of CSH-gel in pure water are indicated by the
solid lines in Figs. 1, 3.

As expected, the model reproduces the experimental
data in a satis fatory manner: this is not surprising since
the model parameters have been extracted from these data.
The basic aim of the present model was to demonstrate the
feasibility of the selected approach. The fit could be further
improved, and better agreement between model and exper-
imental data could be achieved, but such improvement has
not a first priority and will only be performed if finally re-
quired. Implicitly, the model assumes the existence of true
thcrmodynamic equilibria, an assumption which seems to
be correct within the lime scale of the experimental set-
up's (up to 6 months; checked by the experimentalists). If
very long time scales (say 104 years) are involved, an alter-
ation of the CSH-gcl towards a more stable (a less soluble)
solid is likely to occur, but this is still an open question.

Due to lack of corresponding thcrmodynamic data, the
use of the model is restricted to 25°C. If the application at
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different temperatures is required, further experimental daia
need to be evaluated.

Table 1: C/S-dcpcndent apparent solubility products of the
model solids as dervicd from literature data.

C/S range
Model solid
C/S = 0
SiOa

0 < C/S < 1
SiO;;

CaH.SiO.,

1 < C/S < 2.5
Ca(OH),

CarUSiO.,

C/S > 2.5
Ca(OH)2

CaH,SiO4

Apparent Solubility product of
model solid as a function of C/S

log Kso = -2.70

log Kso - 2.0*1 + < ^ f ^

log KM, = - 8 . Hi

i - c / s , , . - , i) 7<ia •,
—cTs • ( » • ^ + c/s-i,-j)

lnir K A ') lri " SM

l O g l \ s n I..M.) -• c . / s _ f ) „ r >

l ogK s o = —8.10

logKsn = -5.15

bgk s o = -8.1«

12.5 •

12.0 •

11.5-
<]) 11.0-
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Figure 3: pH vs. total calcium in solution. The solid line
represents model calculations (T = 25"C).

comprehensive degradation model would therefore require
ihc simultaneous description of hydration, phase transfor-
mation and dissolution processes, all of them taking place
at the same time. In addition, this model would have to in-
clude transport phenomena. Such models arc not in a prac-
tically usable state at present. However, in order to give
an estimate of how the chemical inventory of a cement-
based structure evolves with time in a given groundwatcr
environment, a simplified mixing tank approach has been
developed. Its basic assumptions are:

1. The cement is fully hydratcd and all solid phases arc
in a state which can be modelled using the concepts
of ihcnnodynamic cqulibrium.

2. The chemical behaviour of cement can be sufficiently
well modelled using a small set of model solids,
namely CSH-gcl, Ca(OH)2, Mg(OH>_,, KOH and
NaOH.

3. The time period to reach equilibrium between ce-
ment and leachant (groundwatcr) is short compared
to transport limes.

Table 2: Evolution of relevant parameters during the degra-
dation of a ccmcnl/irass mixture in a marl-type graundwa-
ter. The values arc given as a function of water exchange
cycle. Cement/trass- and groundwalcr compositions are
taken from reference [17] and from Table 3.

Parameter

C/S - ratio

Porosity (%)

pH

logic::«"1"'

log K^"^io-

log ft?-"»

1

1.39

26.5

12.9

-5.57

-8.16

—

Selected

523

1.05

28.4

12.0

-6.65

-8.16

—

number

1097

0.90

31.0

11.2

—

-7.95

-4.66

of cycles

4413

0.24

40.1

10.3

—

-8.01

-2.87

6650

0

46.5

7.4

—

—

-2.70

4 Application to the degradation of
ordinary portland cement

4.1 The mixing tank approach

Phase transformations within hydratcd Portland cement may
continue over very long periods of time and, as already
mentioned, it is not established that a thcrmodynamically
stable stale will ever be reached. Within a repository, the
degradation of cement will start soon after emplacement and
rcsaturation. Therefore, degradation may start while hydra-
tion and phase transformation processes still continue. A

Based on these assumptions the mixing tank approach
includes several calculation steps:

1. A normalised quantity of hydratcd cement is equili-
brated with a volume (equal to the total porosity of
the hydratcd cement) of leachant.

2. The calculated quantities of dissolvcd/prccipitaicd
solids arc used to recalculate the solid-phase inven-
tory of the cement. Simultaneously, the thermody-
namic properties of the model solids arc recalculated
according to the solubility model. Changes in total
porosity arc considered.
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3. The 'equilibrated' pore solution is removed from the
system and is replaced by a fresh volume of lcachant.

Table 3: Marl-type groundwater used in the present study.
Total concentrations arc expressed as mmolcs/litrc (details
are given in [17]). Calculated values are based on satura-
tion with calcite, quartz and fluorite. The charge has to be
balanced with the proton.

Component

Na+
K+

CaJ+
Mg2+

Sr2+

cr
F -
NO-T
co*~
soj-
H2SiOj-
pH
Alkalinity
Ionic strength

Total concentrations
(T =

measured
121.9
0.47

0.66
0.09

76.16

1.61

26.4

Saturation indices

Calcite :
Quartz :
Fluorite :
Celestite :
Gypsum :
Dolomite :

25°C)
calculated

5.58

0.22

4.57

0.1O
7.27
4.22
0.15

-0.02
-0.02
-0.04
-0.26
-0.52
-0.91

This procedure (further designated as a single water ex-
change cycle) is repeated until the whole inventory has
completely leached out. The calculation steps 1 to 3 are
easily implemented into a common geochemical speciation
code. The use of the mixing tank approach is limited. Most
restrictive is the fact that the temporal evolution must be
expressed in terms of cycles rather than in terms of real
time. Relating cycles with real time requires independent,
additional information (eg. the amount of groundwatcr in-
truding into the system per unit time). Mass transport in the
cement itself, inhomogencitics (spatial and temporal dis-
tribution of processes; 'fronts') and kinetically-controllcd
processes cannot be considered.

4.2 Results and discussion
Table 2 illustrates, for some relevant parameters, how the
system may change as a function of the cycle number. As
a further example of the types of results which can be ob-
tained, the pore solution composition of a sulphate resis-
tant porüand cement is plotted against the number of cy-
cles in Fig. 4. Cement composition was taken from [17],
the groundwater composition is given in Table 3. Several
stages of degradation may be distinguished:

In the first stage (1 to ~100 cycles), the pore solution is
dominated by highly soluble alkali hydroxides. Experimen-
tal results at ordinary water/cement ratios (~ 0.5) indicate

a retention of alkali hydroxides by hydrated cement min-
erals [13,19], but at high ratios (~ 2), all available alkali
hydroxides are dissolved in the pore solution [20]. For the
present study, it is assumed that 5% of the remaining alkali
hydroxides are released to the pore solution at each cycle.

In the second stage (from ~100 up to ~1000 cycles), the
pore solution is dominated by the model solid Ca(OH)2.
The total dissolved Ca2 + is around 20 mmoles/1, the pH is
buffered at pH — 12.5. According to eq. (8), the total silica
concentration is very low (< 0.03 mmoles/1).

In the third stage (~1000 cycles) CSH-gel and, in partic-
ular, the C/S ratio of the gel, determines ihe pore solution
chemistry. The pH drops continuously to pH « 11, total
Ca2 + drops to a 1 to 5 mmoles/1 level and silica increases
to 2 to 6 mmolcs/1. At very high cycle numbers other
sparingly soluble solids (eg. Mg(OH)2 may buffer the so-
lution).
For the groundwatcr given in Table 3, an oversaturation
(and therefore a precipitation) of brucite, calcite, gypsum
and fluorite is calculated. The precipitation of new solids
influences the porosity evolution and, subsequently the 'life-
time' of the cement structure. Nearly 83% of the total
calcium-inventory is reprecipitated as calcite in the system
whose development is shown in Fig. 4. This transformation
to calcite approximately halves the 'lifetime' of the CSH-
gel, compared to the degradation in pure water, where no
calcile is formed.

11 3

Number ol water exchange cycles

Figure 4: Pore solution composition of sulphate resis-
tant portland cement degrading in a marl-type groundwater
(T = 25°C). The sudden changes in the plotted concentra-
tions reflect the limits of the mixing tank approach applied.

To some extent the pH may serve as an indicator for
the 'lifetime', which is arbitralily defined as the cycle num-
ber where CSH-gel has dissolved completely. Figure 5
shows the modelled pH evolution and indicates 'lifetimes'
for sulphate-resistant portland cement degrading in pure
water and, in the marl-type groundwater. The results arc
in good agreement with results presented by other authors
[1,8,9]. In the system considered, the relative 'lifetime'
of the CSH-gel is determined by the total carbonate level
of the groundwatcr. A simple calculation shows that the
total COg" concentration of the Ieachant must be below
1.1 10"5 M in order to prevent oversaturation (precipita-
tion) of calcite.

Diagrams like Fig. 5 are very useful to study parame-
ter variations and to identify the importance of particular
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Figure 5: Relative 'lifetime' of sulphate-resistant portland
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water. The pore solution pH represents the evolution of
the model solids. The number indicates the cycle at which
CSH-gel has dissolved completely (T = 25°C).

parameters (eg. concentration of cement- and groundwa-
ter constituents, mixing ratios for blended cements etc.).
For example, similar model calculations (not presented in
this report) with differing cement compositions and using
the same leachant, show no influence on the 'lifetime' but
remarkable influence on tue pH level. It is not clear at
present, whether, and to what extent, the 'lifetime' is influ-
enced by SO;;", since this study docs not consider AFm or
AFt phases. The surprising behaviour of SO4", as shown
in Fig. 4, may therefore be unique for the particular as-
sumptions.

The present model is capable of predicting relative 'life-
times' of cement structures, degrading in groundwater. It
is also possible to study the influence of various chemical
parameters and to identify the most relevant parameters. In
addition, the pore solution chemistry of degrading cement
may be predicted at any 'age'. These model features may
be used to check a given repository design against prede-
fined safety goals (longevity, backfill/waste ratio, required
chemical conditions) and, if necessary, to propose improved
designs.

The model is not suited to predict cement degradation in
terms of real time. This can only be achieved by coupling
the chemical degradation model with a transport model.
Unfortunately, preliminary and very simple, coupled model
calculations indicate that reasonably-sized realistic prob-
lems cannot yet be simulated [21,22].

In reality, a repository will not behave like a mixing
tank. Due to diffusive/advective transport of solutes, fronts
of physical and chemical properties with strong gradients
will form. In this context, the evolution of the cement pore
structure (total porosity, pore size distribution, tortuosity
etc.) has been identified to be a key parameter and cor-
responding experimental work is being carried out at PS I
[23].

5 Application to actinide solubility in
degrading cement

Uranium is selected as a representative for actinides for
several reasons. For uranium, many aqueous complexes
and sparingly soluble solid phases, including their formation

constants, arc known. Depending on the solid phase, and
on «he groundwater composition, the modelled uranium so-
lubiliiy/speciation may vary by many orders of magnitude.
Uranium may be present in four oxidation slates which,
in addition, makes possible the study of the influence of
variable rcdox potentials (here we consider a fixed redox
potential).

In order 10 predict the solubility, a stoichiomelrically
well-defined solid with known thermodynamic properties
has to be selected. Unfortunately, it is not very clear which
solid determines the solubility if uranium is solidified with
cement. Therefore, several model calculations using the
following solids are performed:

• UO2, U4O9, U3O8 , representing oxidic phases,

• USiO4, representing a silica-bearing phase,

• CaUO4, representing a Ca-bearing phase.

The thermodynamic data are taken from the MINEQL/
PS1 database [24]; a recently published compilation of ura-
nium data [25] is not yet included. Based on the redox con-
ditions usually assumed for sedimentary groundwaters [26],
a fixed rcdox potential of -300 mV is used for the calcula-
tions. The modelling procedure is similar to that applied for
the degradation of cements in groundwater. An appropri-
ate amount of the particular uranium solid is 'added' to the
cement phase assembly and the degradauon of the system
is calculated within the mixing tank model assuming ther-
modynamic equilibrium with cement, uranium solid, and
groundwatcr.

5.1 Results and discussion

Figure 6 gives the total uranium concentration of the pore
solution as a function of the cycle number. The cement sys-
tem is a portland cemenl/trass mixture described elswhere
[17]; the groundwater composition is from Table 3. For
each uranium solid, an individual calculalion was performed.

The oxidic phases UO2 and U4O9 give nearly identical
results at a level of 10"5 M, the modelled solubility being
strongly correlated with pH. U3O8 produces slightly in-
creased uranium concentrations at 10~4 M. Initially, USiO4

produces high concentrations (1(T3 M), but with increasing
dissolved silica uranium decreases to 10~9 M. At high pH,
CaUO4 is very insoluble, leading to formal concentrations
of 10~14 M uranium. The solubility curve for CaUO4 is
anticorrelated to the pH curve. Dissolved uranium increases
lo molar levels if the pH level drops below 10.5.

With the exception of the solid CaUO4, whose exis-
tence is uncertain, all solids lead to uranium concentrations
ranging from 1(T4 to 1(T6 M, and a trend of decreasing
concentration at higher cycle numbers (lower pH) is ob-
served. Taking into account that the solubility constants
may have remarkable uncertainties, the different solids do
not show very pronounced differences in their solubility
behaviour (at least at -300 mV ).

The calculated speciation of uranium is very simple,
U(OH)^" is found to be the dominant aqueous complex in
any case. In all probability, these findings are based on
an overestimation of the particular formation constant. It
is likely that using recently published uranium data [25,27]
would draw a more differentiated picture of the aqueous
speciation. Improved thermodynamic data will certainly
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Figure 6: Uranium concentration in the pore solution of
degrading cement, calculated for several 'pure' uranium
solids. For each solid, an individual calculation assuming
no interference with other solids was performed.

affect the quantitative results, but will not modify the ge-
neral qualitative conclusions.

The cumulative uranium leaching from cement is ob-
tained from the calculated equilibrium uranium concentra-
tion multiplied by the pore volume and by the number of
cycles. A measure is the cycle number at which uranium
has completely leached out from ihe cement. The present
model predicts that this cycle number is determined by the
solubility properties of the solid uranium phase. The num-
bers found are 3, 100 and 5000 cycles for U3Og, UO2

and CaUO4 respectively, considering a concentration of
0.1 mmoles U/kg of hydrated cement [28]. In addition,
it is found that cumulative leaching is nearly independent
of cement and of groundwater composition.

The results clearly indicate the key importance of the
chemical and thermodynamical properties of the solid phase
involved. Uranium (and also other actinides) is present in
low concentrations in a repository. It is likely that the over-
all present CSH-gel (3000 mmoles/kg of hydraled cement)
serves as host for uranium and that the solubility behaviour
is determined by degrading CSH-gel rather than by the ther-
modynamics of a 'pure' uranium solid (solid solution ef-
fect). Therefore, ihe well-defined thermodynamic approach
becomes questionable and the question as to a modified
solubility model based on solid solution theories has to
be raised. Recent experimental investigations indicate dis-
solved uranium concentrations around 10~7 to 10~6 M in
the CSH-uranium system [29,30]. These data support the
presumption that 'pure' uranium solids are not suitable for
the prediction of realistic concentrations. In addition, the
existence of solids like CaUO4 need to be checked very
carefully since they could drastically reduce the uranium
release from the repository for long periods of time.

6 Conclusions

Solubility data of the CSH-water system are reproduced
in a satisfactory manner by the proposed thermodynamic
approach. The results are in good agreement with results
presented by other authors [1,8,9]. We believe that the
solubility properties of CSH-gels arc understood to an ex-
tent which enables the modelling of the general degrada-
tion behaviour of the gels. The presented ihermodynamic
formalism enables a simple implementation into common

gcochcmical speciation codes and docs not require the de-
velopment of specific speciation codes, including solid so-
lutions. In order to describe the behaviour of components
like Al3+ or SO;;", additional cement phases (AFm, AFt)
need to be included in the model.

The presented set of submodels is capable of predicting
the chemical evolution of a cement-based repository, even
if many assumptions and simplifications may limit its ap-
plication to more general aspects. In particular, the model
may be used to estimate the temporal evolution of radionu-
clide release. Parameter variations can be used to identify
the most relevant parameters for given systems and, in ad-
dition, the model may be used to define specific goals and
appropriate set-up's for accompanying experimental work.

In order to predict the behaviour of realistic systems, es-
sential parts of the model need to be improved and refined
further. Although the mixing tank concept is very helpful,
it is not suited to predict cement degradation in terms of
real time, except if the water infiltration into the system
is very slow and completely dominated by the surrounding
formations. Spatial and temporal destribution of degrading
processes will be the base case in a realistic repository en-
vironment, and therefore the real time evolution must be
described by coupling the chemical models with transport
models.
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BIOSPHERE MODELLING FOR RADIOACTIVE WASTE DISPOSAL
ASSESSMENTS

R.A. Klos

Laboratory Tor Reactor Physics and Systems Engineering
Waste Management Program

Abstract
Biosphere modelling for radioactive waste disposal assess-
ments aims to quantify the consequences of the release of
radionuclides from waste repositories when and if they re-
turn to the human environment The purpose and back-
ground assumptions for biosphere modelling are reviewed
and the need for detailed biosphere models in performance
assessment is examined.

The approach adopted at PSI to the development of a
new biosphere model — the Terrestrial River Environment
Model: TREM — is briefly described, using an example
which has emerged from previous international biosphere
modelling studies. Attention is focusscd on the so-called
bioturbation process, by which organisms in the biosphere
are instrumental in the transport of contaminants.

1 The role of biosphere modelling in
safety assessments

The work of the Waste Management Programme is directed
towards the demonstration of the long term safely of repos-
itories for radioactive waste, in accordance with national
regulations regarding the radiological protection of mem-
bers of the public, which in turn arc based on the rec-
ommendations of the International Commission on Radio-
logical Protection (ICRP) [1], The practical implications
of regulatory requirements are expressed in terms of a dose
limit1. Compliance with national regulations therefore rests
on the demonstration of maximum exposure of individuals
to environmental irradiation being below the national limit.

In addition to satisfying the national regulations, any
safety assessment should also seek to inform members of
the public, other scientists, environmental pressure groups,
as well as Ihe organisation responsible for repository con-
struction and waste management, that at no time in the
future will the dose limit be breached. A major problem
associated with this is the very long timcscalcs over which
the performance of disposal concepts has to be assessed, at
least 101 years in the case of low level radioactive waste
(up to the next ice age) and up to 106 years in the case
of high level waste (perhaps ten glacial cycles). Given the
timcscalcs involved in safety assessments, there arc many
assumptions which must be included in order to ensure that
end results of the calculations do not underestimate the true
risk. The safety case must clearly state not only the as-

'Thc term dose here is used to mean effective dose equivalent and is
the weighted sum of committed dose equivalents in specific organs from
intake of activity into (he body in one year, plus the sum of weighted dose
equivalents from external irradiation in one year

sumptions leading to the choice of scenarios, but also those
which have allowed other scenarios to be screened out.

In general, the assessment of a waste disposal concept
assumes three distinct assessment tasks: repository perfor-
mance — the containment of the radionuclides within the
repository structure and their eventual release to groundwa-
ters, geosphere transport — the migration of radionuclides
in the groundwater flow systems and biosphere processes
— the accumulation of radionuclides in the near surface en-
vironment and their subsequent inclusion in the food chain
with resulting doses to individuals. The degree of certainty
with which modelling predictions can be made about these
three stages is greatest for the repository and least for the
biospere. For this reason, a philosophy of simple and ro-
bust modelling is adopted with respect to the biosphere
and this can be seen as a further expression of the need to
maximise the calculated doses using credible assumptions
about potential biosphere slates. The purpose of biosphere
modelling is not to produce a time-history of dose as a
definitive prediction, rather the result from the biosphere
model should be seen as an expression of the magnitude
of doses which might be received by individuals under the
biosphere conditions assumed in the release scenario. Thus
the task of the biosphere modeller is to interpret existing
biosphere conditions in such a way as to give confidence
that no significant aspect of the behaviour of the biosphere
is overlooked.

Despite the problems of interpretation that this approach
poses, the biosphere modelling component of safety assess-
ments will remain necessary as long as expressions of reg-
ulatory compliance are written in terms of dose limits, and
since dose offers a convenient methodology for weighting
the effects of each of the radionuclides present in the waste
stream according to radiological toxicity, it is unlikely to
be replaced as a measure of performance assessment.

Given the stated aim of performance assessment calcu-
lations, modelling of processes for accumulation of radionu-
clides in the biosphere should seek to ensure the following:

• that accumulation and subsequent radiation exposure
are not underestimated;

adequate representation of the physical processes and
effects leading to the exposure of individuals;

• that the resulting methodology is sufficiently flexible
to cover a broad range of scenarios describing altered
biosphere states at future times, and which can be
used in sensitivity analyses.
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2 Biosphere models for waste disposal

2.1 Mathematical basis

The question of the biosphere modelling approach for a
given assessment situation now arises. One common form
is (he dilution biosphere model in which doses to individu-
als arc assumed to arise from the consumption of contami-
nated water from wells or streams. This has the advantage
of being simple, requiring few parameters for the model
description. This is particularly useful where the biosphere
model forms only a minor component of the overall system
model, or where the near field or gcosphcrc response is of
paramount interest. Such a situation might occur in pre-
liminary performance assessment studies or where, for ex-
ample, other aspects of the overall performance assessment
methodology are under study [2,3]. The biosphere model is
then used to compare the impact of each of the radionu-
clides to an expression for potential toxicity.

However, such a simple representation of the biosphere
neglects the possibility of the intake of radionuclidcs in
the other parts of the food chain, and the possibility of
the intake of activity from other sources; for example, the
inhalation of activity on airbom dust particles can be a
significant pathway for dose in the case of the n-cmitting
radionuclides. It will be shown below that the assumption
of environmental concentrations derived from the assump-
tion of equilibrium with groundwater in the near surface
environment can lead to a significant underestimation of
the concentration of radionuclides in the near surface en-
vironment. In other words the dilution biosphere model is
not robust, and a full time-dependent model for the accu-
mulation and transport of radionuclidcs in the biosphere is
necessary for an adequate assessment of the impact of dis-
posal facilities. This feature is illustrated in the following
section.

Compartment models, in which the contents Ni of com-
partment i (assumed to be well mixed throughout the box)
exchange with a network of n other compartments, are com-
monly used in the modelling of ecological and biological
systems [4] and a variety of numerical methods [5,6] arc
available for the solution to the comparimcni model equa-
tion for the rate of change of the contents of box i:

dt
(1)

Here, the first three terms represent respectively, inflows to
the compartment through transport from other parts of the
model, radioactive ingrowth (from parent M of radionu-
clide A'), and external source terms. The remaining two
terms represent transport to the other compartments of the
model and radioactive decay. The AtJ arc the transport
coefficients of the model and it is these factors which the
modeller must derive on the basis of the physical and chem-
ical conditions in the system.

The transfer coefficients themselves must be based on
the principle of mass balance so that they represent the
fractional flow of N per unit time between compartments

It is a feature of this approach that these transfer coefficients
can be written as a linear sum of terms, with each individual
A representing the mass transfer according to a particular
process. This allows the modeller to include any processes
by which transport might occur.

The release of radionuclides to the biosphere in ground-
water clearly identifies advective transport processes as im-
portant in the accumulation of contaminants in soils, as well
in the release to surface water bodies. However, experience
in the BIOMOVS series of biosphere model intercompari-
son exercises [7,8] has suggested that consideration should
be given to erosive, bioturbative and diffusive processes in
biosphere transport, so that in general

A — \adv (3)

The most important part of the model is therefore the ex-
pressions used for each of these terms.

The solution of the transport equation leads to the time
history of the compartment contents. To obtain doses, con-
version factors are used so that, in general, the total annual
individual dose ,„, from exposure pathway p for radionu-
clide A', via exposure mechanism (i.e. inhalation or inges-
tion) rxp can be written as

I'tot — / 'Jp J * » , (4)
n,\,p,e.Tp

where PPi is a processing factor for converting the envi-
ronmental concentration in the box into a form at which
exposure at an annual rate EP can take place. The factor
Dex-p.n converts the annual intake of radioactivity in Bq
y"1 into an annual individual dose in Sv y~' .

2.2 Example results from a 4-box model

Q g—i i i m i l ] — i i 11 i in |—r—rr r r

o in
o J

A - J -
dt

(2)

1 1 0 1 0 2 1 0 J 1 0 4 1 0 s 1 0
time, years

Figure 1: Illustration of radionuclide retention in soils,

A further intcrcomparison exercise, this lime designed to
look at uncertainty in biosphere modelling for performance
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Figure 2: Illustration of the effect of bioturbation in soils.

assessments, was instigated in 1989 by the Nuclear Energy
Authority of the OECD — the PSACOIN Level lb exer-
cise [9]. The model included in the case was based on the
biosphere model MiniBlOS [11] used by the UK National
Radiological Protection Board in the CEC PACOMA study
[10]. In this model, four compartments — top soil, deep
soil, river water and river sediment were included, allowing
for simultaneous release to deep soil and river water. Ten
intercompartment transfer coefficients arc defined and seven
exposure pathways (drinking water, freshwtaer fish, milk,
grain, meat, external 7-irradialion and dust inhalation), by
which individual humans receive doses from the radionu-
clidcs 14C and the 235U chain (235U, 231Pa and 227Ac),
were also specified.

In Fig. 1, the importance of including the soils in the
biosphere transport system is illustrated by the activity con-
centration of H C and the 235U nuclidcs in the water com-
partment. The curve for the H C follows the shape of the
source term for the case — characterised by a constant value
up 10 around 103 years, with gradual decay. The 235U, in
contrast, shows the constant behaviour only up to 102 years,
after which there is an increase in the water concentration
as 23SU retained in the soil by sorbtion is released with
a characteristic time of around 5 102 years. A dilution
biosphere model would therefore tend to underestimate the
peak 235U concentration by a factor 10. Similarly, the ac-
cumulation of H C in the soils builds up to a peak at around
3 103 years. Equilibrium concentrations would suggest that
the peak would occur at the start of the release to the bio-
sphere and would be three orders of magnitude lower. A
similar effect is seen for the 235U.

A parameter variation study on the Level lb model [12]
can be used to illustrate the effect of including additional
processes in the transfer coefficients. An example is shown
in Fig. 2, where the effect of the bioturbative process as a
means of transferring activity from the deep soil to the sur-
face soil, and vica versa, is given. The base case for the I4C

shows little difference compared with the zcro-bioturbation
case. This is because the soil-groundwatcr distribution co-
efficient for MC is low, and the bioturbation processes is
modelled as a means of transporting activity on the solid
phase of the soils. In contrast, the effect of omitting bio-
turbation in ihc case of the 235U chain is much more pro-
nounced. If bioturbation is neglected, ihc calculated peak
dose is around a factor 5 lower and arises 10fl years later.
These nuclidcs, in particular 2 3 lPa and 227Ac, have high
soil-groundwater distribution coefficients so thai bioiurba-
tion, as represented in the Level lb model, leads to greatly
increased rates of transfer between the two soil compart-
ments leading to higher concentrations of the chain mem-
bers at earlier times than would be the case in the absence
of the process.

3 The development of the Terrestrial
River Environment Model - TREM

From the above discussion, it is clear that the existence
of processes other than those directly associated with Uic
(low of solutes in the biosphere (and particularly in soils)
could play an important role in the return of radionuclidcs to
the human environment. The principal problem lies in the
definition of the transfer coefficients. In Ihc development
of the new biosphere model for use in the Swiss national
safely assessments, particular attention has been paid to ihe
identification of the biosphere compartments, and to the
paramctcrisation of the transfer processes.

In the Terrestrial River Environment Model (TREM) the
compartmental structure (as shown in Fig. 3) has been cho-
sen to be flexible enough, not only to be able to model all
present biosphere conditions in Switzerland, but also to be
capable, by choice of input data, or by addition of terms to
individual transfer coefficients, to handle changed climatic
conditions representing future biosphere states. Similarly,
carc has been taken that as broad a range of release types
as possible can be included, allowing for direct release to
the surface soils (simulating the effect of intrusion into,
or erosion of, a repository) as well as the more normal
groundwatcr release scenarios. In practice, the modelling
of specific sites will require a combination of such units
to simulate parts of the biosphere down-stream from ihc
release site.

The outcome of the B1OMOVS exercises and the
PSACOIN Level lb case has lead to a thorough review
of the approach to transfer coefficient paramclcrisalion. To
again use the example of bioturbation (for which the
PSACOIN Level lb paramelerisation was rather simplis-
tic), the transfer coefficient for the transfer between deep
soil and top soil (\DT) has been derived from first princi-
ples [13] (ieeq. 2) to be:

(5)

where the soil - groundwater distribution coefficient for
the nuclidc in question is kd [m3 kg"1] , ihe biomass of
worms (identified as being the organisms most involved in
the bioturbative process) is mb [kg], while Wj [y"1] is a
factor characterising the behavioural habits of worms so
that Wj nib >s the annual mass of soil transferred from ihc
deep soil the top soil. The soil moisture content is 0D [-)
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Figure 3: Structure of the Terrestrial River Environment
Model (TREM) for one river section.

and the soil porosity is eD [-]. The solid material den-
sity of the compartment is p& [kg m."3], and the volume
of the compartment in VD- A similar expression holds for
XTD- Thus, for soils in a given region, the bioturbation rate
is determined by climate (0z>X soil chemistry (kd), worm
population (mb) and the behaviour of worms (Wf).

The implications for the transport of contaminants can
be seen in the following tables where, using best-estimate
values for the parameters in [13], bioturbative transfer co-
efficients are compared with those derived for the advective
fluxes for a small valley in northern Switzerland [14]. Ob-
viously, for non-sorbing species, there is no activity bound
to soils. However, the numDer of radionuclides which are
truly non-sorbing is small. One thing it is important to no-
tice is that the sorbtion of radionuclides can result in a large
reduction in the transport between (he soils: the difference
between the zero kd and 10~2 m3 kg-1 cases is particularly
striking. However, as the kd increases, the rate of transfer
between the soil compartments becomes dominated by the
bioturbative process at relatively low values in the case of
the deep soil to top soil transfer (10~2 < kd < 10"'), and
moderate values for the top-to-deep transfer (10"' < kd

A further point of interest for biosphere modelling con-

Table 1: Relative magnitudes of advcclivc and bioturba-
tive transfer coefficients for deep soil to lop soil transfer as
a function of radionuclidc soil - groundwatcr distribution
coefficient, kd.

kd

m3 kg"'

0

io-2

10-'

1

10

XDT

(adv)

4.4 10"'

8.2 10-3

8.0 10-3

10~4

io-5

Xpr
(bio)

0

1.6 to"3

1.7 JO"3

1.7 JO-3

1.7 IQ"3

XDT

(sum)

4.4 10"'

9.9 10"3

2.5 10-3

1.8 10-3

1.7 IQ"3

AßT.adv

0

0.2

2.1

17

170

Table 2; Relative magnitudes of advective and bioturba-
live transfer coefficients for top soil to deep soil transfer as
a function of radionuclide soil - groundwatcr distribution
coefficient, kd.

kd

m3kg-'

0

io- 2

IO-'

1

10

XTD

(adv)

6.7

1.2 10"'

1.3 10"2

1.3 10-3

10~4

X-TD

(bio)

0

4.2 10-3

5.0 lO-3

5.0 lO-3

5.0 JO"3

XTD

(sum)

6.7

1.3 10-'

1.8 10-2

6.3 lO-3

5.2 lO-3

0

0.04

0.4

3.8

50

cerns the role of kd in the biosphere. The effect of kd on
the components of the soil-related transfer coefficients is
clearly demonstrated in Tables 1,2. However, one should
not interpret the effect of increasing kd as one of increasing
retardation, as would be the case in gcosphcre transport
modelling. While the transfer from the deep soil is indeed
retarded, the principal feature is one of retention - con-
taminants with higher kd's more strongly bound to solid
material. This is important from a radiological assessment
point of view since it means that activity in the top soil is
less easy to remove: for example, the washout of the root-
ing soil region is impaired and radionuclides remain where
CKposure of individuals can take place. AAteution. above
has focussed on the situation where activity is accumulat-
ing in the deep soil zone, from whence it migrates to the
surface. Another important release mechanism is Ihc sce-
nario in which farmland is irrigated by well-water drawn
from the contaminated local aquifer. In such a situation,
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the effect of bioturbaiion is lo remove activity from the lop
soil at a greater rate than would otherwise have been the
case.

4 Concluding remarks

Biosphere modelling for radioactive waste disposal assess-
ments naturally finds itself at the end of the modelling chain,
which starts with the performance of the repository and
includes detailed geosphere transport calculations. In per-
formance assessments it is not possible to disassociate the
biosphere calculations from the earlier parts of the model
chain. The PSACOIN Level lb case illustrates this point:
what would the effect on dose have been if the case spec-
ification had a greater delay before ihc commencement of
the assumed release to the biosphere? This would have al-
lowed, on the one hand, the decay of the 14C component
whilst, on the other, there would have been greater ingrowth
of the 2 a sU daughters (231 Pa and 227Ac) which have higher
tendencies to accumulate in soils and which have particu-
larly high dose per unit intake values. The results might
then have been much higher doses arising from exactly the
same biosphere system. It is not possible to say quanti-
tatively without performing detailed biosphere calculations
as an integral part of the complete repository assessment
system.

Furthermore, in performing biosphere modelling, it is
clear that a fully dynamic biosphere should be used in order
that the radiological impact of the disposal option should
not be underestimated. The transient effects illustrated here
from the PSACOIN Level lb exercise demonstate the im-
portance of feedback mechanisms in the biosphere demon-
strating that multicompartment systems must be used.

The way forward for biosphere modelling in waste dis-
posal assessments therefore, must build on previous expe-
rience, recognising the need to belter model biosphere pro-
cesses. The benefils of the PSI approach to model develop-
ment can be summarised in the paragraphs which follow.

In ihe above example, in which the relative magnitude
of the bioturbation process is compared to advective trans-
port, it is possible to say that bioturbation is the most impor-
tant transport mechanism in soils for moderately lo highly
sorbed radionuclides. However, this analysis is valid only
for the north of Switzerland under present day climatic con-
ditions. The parameterisation of the different components
of the intersoil transfer coefficients means that under dif-
ferent circumstances, with different soil types, climate and
a variety of other conditions affecting biosphere transport,
the same overall biosphere model can be used, but with dif-
ferent input data, reflecting the characteristics of a different
site, or the same site al a different time.

It is possible to go further and say that the overall con-
ceptual model for TREM shown in Fig. 3 should be ex-
tremely adaptable, such that any conceivable biosphere sce-
nario can be represented by such a network. The sizes of
the individual compartments, and magnitudes of the transfer
coefficients are defined by the nature of the site.

The first applications of TREM will lake place later this
year in support of the safety cases for a proposed low-
level waste repository in central Switzerland, and a potential
high-level wast:' repository in a crystalline rock formation
in the north of the country.
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ELEMENTAL IODINE SCRUBBING PHENOMENA: AN EXPERIMENTAL
INVESTIGATION ON IODINE POOL SCRUBBING

S. Güntay

Program Light Water Reactor Safety

Abstract

Fission product iodine gas if released to the environment
during a severe accident will pose a danger to public health.
Water pools in light water reactors, if they are involved in
the release path of the fission products during the course
of the accident, will remove a considerable fraction of the
gaseous iodine existing in the condensible/non-condensible
gas flow.

An experimental programme has been initiated to in-
vestigate the iodine scrubbing phenomena in detail, and to
generate a comprehensive data base.

Discrete bubbles or bubble swarms are generated by
flowing an iodine/nitrogen-gas mixture through an orifice.
The orifice submergence, diameter and water temperature
are varied. The results of the experiments indicate that the
orifice submergence and diameter are the controlling pa-
rameters on the iodine removal. Iodine condensation is also
important under certain conditions. An empirical model has
been developed to correlate the experimental data.

1 Description of the experimental fa-
cility

The main components of the test facility are: a) a scrubbing
tank, S meter in height and 1 m in diameter; b) an iodine
evaporation bottle; c) a sampling system at inlet; d) a 10.7 1
mixing chamber, e) an orifice assembly; 0 sampling system
at outlet of the test section; g) a nitrogen gas supply, pres-
sure and flow regulator. The facility is designed to perform
experiments at a water temperature from 20 to 60°C, and a
1-4 m orifice submergence. Figure 1 is a schematic of the
main components of the test facility.

Various orifice assemblies with hole sizes of 0.5, 1, 5,
9, 12 and 20 mm in diameter are used to generate small
and discrete bubbles to bubble swarms. The 0.5 and 1 mm
orifice assemblies have either 1, 10 or 20 holes in order
to generate single, 10 or 20 simultaneous bubbles. The
single-hole assemblies are used to generate data at orifice
submergences below 1 m, and the multiple-hole assemblies
above this level. The small (0.5 and 1 mm) orifice assem-
blies generated discrete bubbles with no appreciable bubble
coalescence, or break up; the larger orifices generated bub-
ble swarms. A separate bubble hydrodynamics investiga-
tion, using a video camera and computer picture processing
system, is underway.

Approximately 1.5 g of iodine crystals is evaporated in
the evaporating bottle, with convective heating supplied by
a hot-air blower. Once the whole iodine amount is evap-
orated, the mixing chamber is filled with the iodine vapor
and nitrogen gas mixture at a rate of 3 to 4 liter/min. by

Pool
?.. Mixing Chamber
3. Iodine Feeding

Gas Collector
Sampler
Sampler
Orifice Assembly

Figure 1: Schematic representation of the POSEIDON fa-
cility.

flowing nitrogen gas through the evaporator. The piping
system between the evaporator and the mixing chamber is
made of glass. This is heated with a strip heater in order
to eliminate any condensation of the iodine on the inner
surfaces. The concentration of iodine at inlet is determined
slightly before the initiation of the bubbling by taking grab
samples directly from inside the mixing chamber via a glass
sampling line. This line is also heated in order to minimize
iodine loss. Before the sampling is made, the sampling
line is purged with the iodine-vapour/nitrogen-gas mixture
to ensure presence of a representative iodine concentration.

The gas flow from the orifice is initiated by opening
a valve at the top of the mixing chamber, with bubbles
generated at the orifice. The gas mixture in the mixing
chamber is in communication with the water because the
bottom of the mixing chamber is open, so that water pushes
the gas mixture up in the chamber and through the orifice.
Although this is a feasible means of obtaining bubbles at
constant pressure and constant flow rate, the design causes
some complications, as will be discussed later.

Grab samples are also taken at the outlet of the test
section, after a certain amount of gas (>4 1) is collected in
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the collector. The collector and associated piping arc also
made of double-walled glass. The collector is heated with
hot liquid, circulating between the walls.

The grab sampling at inlet or outlcl is performed by
sucking the gas in prc-cvacuatcd leak-tight glass bottles.
100 ml bottles at inlet, and 1 I bottles at outlet, arc used.
The bottles are prc-fillcd with 4 ml NaOH in order to trap
the iodine. One grab sample at inlet and two grab samples
at outlet arc taken for each experiment. The samples arc
then analyzed using a spectrometer based on an X-Ray Flu-
orescence technique. The spectrometer and measurement
techniques arc developed at PSI/PLS.

2 Introduction of the test matrix

Table 1: POSEIDON test matrix.
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Table 1 presents the test matrix. The experiments performed
arc indicated by stars showing the combination of the oper-
ating parameters. The test matrix was designed to study the
scrubbing process under variety of conditions. The range
of the parameters selected not only covers some of the pos-
sible conditions affecting the scrubbing process under ac-
cident conditions, but also will provide basic information
for model assessment and development. The parameters
selected are the water temperature, submergence and ori-
fice diameter, which determines the gas flow rate (constant
choked flow at a pressure between 1.01 to 1.04 bar), bub-
ble generation rate, bubble size, shape and break-up. More
than 100 experiments were performed to provide a reliable
data base. Several experiments were repeated for the same
boundary conditions to provide better statistics.

3 Preliminary experiments

Since the bottom of the mixing chamber is open, possible
iodine diffusion into the water at the water/gas interface,
and its subsequent negative effect on the iodine concen-
tration in the mixing chamber during the bubbling period,
was carefully considered. Similar attention was also paid
to the outlet conditions since the gas in the collector was
here in contact with the water up to the time the sample was
taken. Several preliminary experiments were performed to
investigate the effect of the liming of the sampling at in-
let and outlet, and also the effect of different collector and
sampling line combinations. It was found that the concen-
tration in the mixing chamber remains practically constant
during the first few minutes, but later exhibits a slow decay
with iodine diffusion into the water. This posed a constraint

on the duration of the bubbling. The concentration in the
collector at the outlet was also constant during for the first
couple of minutes, but later cither showed an increase and
subsequent decrease, or only decrease. The rate of change
of the concentration in the collector is found to be a strong
function of the level of the existing iodine concentration in
the water remained from the previous experiments, as well
as the magnitude of the water/gas interfacial area. In order
to minimize the loss or increase in the iodine concentration,
the water/gas interfacial area in the collector was kept small
by constructing a throat (4 cm diameter) at the inlet of the
collector and maintaining the water/gas interface level in
the throat region. The design of the collector and sampling
system was improved progressively as the results of the
preliminary experiments became available. Experimental
procedures were also rationalized during the scries.

One drawback of the mixing chamber approach is that
bubbles containing gas mixture at higher temperatures than
the ambient water temperature could not be generated.

i;.! (m)

Figure 2: Decontamination factors obtained at 60° C wa-
ter temperature as a function of submergence and orifice
diameter.

4 Results of the experiments

Figure 2 shows the decontamination factor (DF) as a func-
tion of the submergence, for different orifice sizes, at a
water temperature of 60°C. The lines shown in this Fig-
ure arc, in fact, the regression lines obtained by applying a
power fit to the data using the least squares method. The
60°C water temperature is selected as the reference tem-
perature because i) it is the maximum temperature that can
be reached in the facility, and ii) the iodine vapor concen-
tration in the mixing chamber (average 24000 mg/1) is well
below the equilibrium iodine concentration (53000 mg/1) at
the given temperature which would ensure that no sublima-
tion would take place. The other consideration was based
on source term calculations performed at PSI. It is believed
that 60°C is representative for BWR suppression pools dur-
ing some postulated severe accident scenarios. The data
indicated that the DF varies from 15 to well over 300-103.
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Smaller orifice sizes yielded higher DP's. This is due to the
generation of smaller discrete bubbles. With the O.S mm
orifice, it is observed that the average bubble size is approx-
imately 3 mm, and break-up docs not take place. Orifices
larger than 1 mm yield bubble swarms, and a variety of
bubble sizes (few millimeters to large 2-3 cm spherical cap
bubbles) and break-up. A i m increase in the submergence
causes approximately an order of magnitude increase in the
DF.

5 Error analysis

Figures 3 and 4 present the data and regression lines ob-
tained using the 1 and 12 mm orifice assemblies respec-
tively. At deeper submergences, and smaller orifice sizes,
some scattering of the data is seen. This is due to the
increased effect on the trace concentrations of the small
variances in the water sampling time at the outlet from ex-
periment to experiment, and also to higher effect of small
variations in the preparation of the samples for the spec-
trometer measurement, such as uncertainties in the amount
of the pipetted mixtures. A detailed statistical analysis is
performed to investigate how well the regression lines rep-
resent the data. It is found out that approximately 90%
of the data fall within an error band of±50% with respect
to regression line. The mean values of the decontamina-
tion factors obtained at any submergence level, and at any
orifice diameter, are also within ±50% of the regression
line.
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Figure 3: The data and regression line obtained for a 1 mm
orifice and 60° C water temperature.

6 Effect of water temperature
In order to investigate the effect of water temperature, some
experiments were performed at 40°C and 21°C using 1, 5
and 12 mm orifice assemblies. When approximately 1.5 g
iodine was evaporated and carried with the nitrogen gas into

Figure 4: The data and regression line obtained fora 12 mm
orifice and 60°C water temperature.

the mixing chamber, the gas temperature was then above
the water temperature. Because of the rapid cooling of the
gas mixture in the mixing chamber, a very rapid sublima-
tion took place at these temperatures. The rate at 21°C is
much higher than that at 40°C and because of this it is be-
lieved that with the current facility design it is impossible
to obtain reliable data. The regression lines correspond-
ing to the data obtained using the 1 mm orifice assembly
at 60°C and 40°C respectively, are compared in Fig. 5.
From the Figure it appears that the temperature does not
effect the iodine removal process. Similar comparisons are
also observed for the other orifice sizes. The physical be-
havior may be described as follows: when the bubble is
first formed at the orifice it contains an iodine concentra-
tion either equal to, or less than, the equilibrium iodine
vapor concentration at the vapor pressure corresponding to
the water temperature. From lhat point onwards, until the
bubble reaches the pool surface, the main iodine removal
mechanism is diffusion. In the 60°C experiments, the con-
centrations are measured to be less than the equilibrium
concentration, while in the 40°C experiments, the concen-
iration in the bubble at the generation stage is believed to
be equal to, or slightly than, less that Therefore, the data
does not exhibit any dependency on the temperature. The
real effect of the temperature in the POSEIDON experi-
ments is observed directly in the mixing chamber, and is
the occurrence of either vapor condensation, or no conden-
sation. During all the 40°C experiments, generation of a
cloud of iodine crystals is observed in the mixing chamber.
If it could have been possible to generate saturated bubbles
(with iodine) at a temperature higher than the water tem-
perature, the observed phenomena would have been taking
place in the bubble during formation, or at the early rise
stage, as a result of vapor supersaturation resulting from the
sharp reduction in temperature. Therefore, the DF could be
more enhanced, the degree of the enhancement depending
on the gas and water temperatures, and the supersaturation
ratio of the iodine vapor in the bubble.
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Figure 5: Comparison of decontamination factors obtained
at 60 and 40°C water temperature using an orifice diameier
of 1 mm.

7 Development of empirical model

An empirical model has been developed in order to correlate
the data base. The regression lines for each orifice arc found
by applying the following formula:

DF =

in which DF is the decontamination factor, f being the sub-
mergence (in m) and c i, c2 and c;i are the correlation con-
stants. It is found that c3=-l correlates the data pretty well.
Specific values for the constants C] and c2 are found for all
the orifice sizes. They are further correlated as a function of
the orifice diameter after applying a fifth order polynomial
least-squares fit. The polynomials used are as follows:

c, = -0.20342 x 10~'d5 +0.9.559k/4-0.15845

Malinowski elal. [3|.
Diffcy et al. investigated Ihc retention of various iodine

forms for bubbling in a cold water pool through a lute of
diameter 3 or 50 mm. The depth of immersion was 60 and
50 cm respectively for these lute diameters. A decontam-
ination factor of 100 was achieved for elemental iodine if
the final iodine concentration in the water pool is greater
than 10~5 molc/1, or 1000 if it is smaller. The effects of
different bubble sizes and depth of immersion were not in-
vestigated. Hillary et al. investigated iodine retention in the
Steam Generating Heavy Water Reactor (SGHWR) steam
suppression system at WinfrithAJK under certain accident
conditions. Iodine decontamination factors ranging from 13
to 320 were obtained, depending on the proportion of air
present (100 to 0%, respectively) in the steam. Variations
in ihc pool temperature and depth of immersion were found
to have liule effect on the iodine scrubbing from the bub-
bles. Malinowski et al. obtained DF's ranging from 56 to
1096 for submergences of 0.8 to 2.4 m respectively, and
for water temperatures of 50 to 20° C. Quite large bubbles
of 0.8 to 2 cm equivalent diameters were reported.

The data found in the open literature is believed to be
limited to certain conditions and are not convincingly indi-
cating the effects of bubble hydrodynamics such as bubble
size, depth of orifice immersion and pool temperature, on
the iodine scrubbing phenomena. It is believed that the PO-
SEIDON data have brought better clarification to the iodine
scrubbing process, and have provided a more comprehen-
sive data base for the decontamination factors.
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x 10~4rf4 + 0.37846 x 10~2<i3

-0.50326 x 10"'</-' + 0.81708

xlO"'rf +0.2971259,

where d is the orifice diameter in mm.
The model predicts the data base for the submergences

between 0.3 to 4 m and for the orifice sizes stated above.
The effect of iodine vapor condensation is not included in
the model.

8 Overview on the previous experi-
ments, and conclusions

The previous experimental investigations on the iodine scrub-
bing are limited to Diffcy et al. [1], Hillary el al. [2] and
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1 Introduction
The test series E31 of the German HDR Safety Program
investigates the transferability of 'leak before break' data
obtained in laboratory tests to real piping systems. Within
this test series, the fullscale blowdown experiment E31.2
[1,2] was performed with a test configuration similar to a
Boiling Water Reactor feedwater piping system, connected
to a pressure vessel. This 25 m long piping system of com-
plex shape, with an inner diameter of 425 mm, contained
a circumferential, internal surface crack of an initial arc
length 2a = 60° and an initial depth lclative to the wall
thickness a/w = 0.3. A blowdown was initiated by a simu-
lated pipe break at temperature T=240°C and internal pres-
sure p=9MPa. The pressure drop and a waterhammer, in-
duced by a rapid closure of a feedwater check valve, caused
pipe oscillations which effected a high bending load in the
crack area and therefore large axial stresses and strains.
The bending stress attained its peak value at 30° from the
crack symmetry line. A maximum stable crack-growth of
1.5 mm, and large plastic deformations in the crack region,
resulted.

The present numerical study has two objectives. The
first is to establish the overall reaction of the piping system,
and the second is to analyse the stress in the crack zone.
The calculations presented here are first steps in an on-
going, comprehensive piping system analysis programme,
performed by several institutes. In these first steps, several
simplifications are made, such as linear clastic material be-
havior. The experience gained in the linear analysis will
allow one to adapt the calculation models for the nonlin-
ear analysis to the piping system reaction as known a; this
stage. The linear crack analysis provides a qualitative in-
sight into the time variation of the stress intensity along
the crack front due to the large variation of the bending
axis direction observed in the experiment; further, it allows
a check of the finite element (FE) model to be made by
comparison of results with existing solutions.

2 Piping system analysis

2.1 Calculation model

The structural dynamics study of the total piping system
was performed with the FE program ADINA [3]. In order
to establish an adequate calculation model, extensive pa-
rameter studies with variation of element type, integration
order, mesh refinement, time increment, Rayleigh damping
factors, etc. were performed- The model finally chosen is
described below, and shown in detail in Fig. 1.

Due to the assumption of linear elastic material behav-
ior, the influence of the small surface flaw on the pipe flex-
ibility could be considered to be very small, and therefore
was neglected. The unfiawed piping system was discretized
with 59 pipe elements, each of straight or curved shape with
4 nodes and constant cross-section. Each element node had
three displacement degrees of freedom (d.o.f.), three rota-
tional d.o.f. and six ovalization d.o.f. Due to the assumed
linearity, only small displacements and small strains were
considered. Newton-Cotes integration was used for the ele-
ment stiffness generation; Newmark direct time integration
and Rayleigh damping were applied in the analysis. The
pipe end connected to the reactor pressure vessel (RPV) was
rigidly fixed. The other end was slightly flexible, and the
relation between the pipe deflection (displacement u, rota-
tion <f>) and the support reaction (force F, moment M) is
given by the stiffness matrix shown in Fig. 1. The dynamic
loading was applied by the elbow forces Fe( t), calculated
from the pipe internal pressure-time history recorded in the
experiment. With pe(t) equal to the pressure at the center
e of the elbow at lime t, the absolute value of the elbow
force is given by \Fe(t)\ — TTre

2pe{t). The global piping
system calculation ran, with a time increment of 1 ms, from
5 ms after blowdown initiation up to 298 ms, and took one
hour CPU time on a CRAY-2 computer.

2.2 Results

In order to assess the correspondence between experiment
and calculation for a variable vector parameter, one has
separately to consider its absolute value and its direction at
any given time. For the dynamic part of the calculated and
measured radial displacement u r = (uy, uz) of the center of
the pipe cross section Q46, Fig. 2 shows the time history of
\ur\ for the full time interval considered, and Fig. 3 shows
the locus of ur for the reduced time interval up to 150 ms. It
can be seen that the center of Q46 moves on a clockwise-
oriented curve in the j/s-plane, i.e. perpendicular to the
pipe axis, first up (A—*B), and then down to its maximum
deflection at D. The time tD of highest \ur\ value agrees
very well between experiment (tD=109 ms) and calculation
(<o=110 ms). The results of the linear calculation should
be compared with those of the experiment up to tD only,
since in the experiment at approximately this time, large
plastic deformations occurred in the weakened pipe region
of the test section. For the time interval considered it can be
concluded from Figs. 2 and 3 that qualitatively ur agrees
well between experiment and calculation. Quantitatively,
the calculated displacements differ from the measured ones
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RPV

Pipe Geometry [mm]
Pipe Axis Coordinates

1:
QP1:
046:

9:
10:
11:
12:
13:
14:
15:
16:
17:

x y
142 0
8S6 0

5300 0
5346 0
6041 0
6041 0
6041 -1000
6041 -1949
6041 -2949
6041 -2949
5175 -3449
2739 -4856

z
0
0
0
0

-693
-6070
•7070
-7070
-6070
-5970
-4970
-4970

Segment Dimensions

1-2
2-3.
3-4
4-5
5-6:
6-7:
7-9.

9-10:
10-17:

d,: inner diameter
w: wall thickness
I: length

d, w
439 111
446 70
445 33
424 26
425 25
425 16
425 25
429 30

1
157
128
102
102
110
230

4377
1088

425 2513949

Elbow Radii

9-10: 693
11-12: 1000
13-14: 1000
15-16: 1000

Test Piece

Linear FE-Analysis

pipe elements 59
spring elements 8
nodes 182
d.o.f. 2124

Newmark time integration
S = 0.5
a = 0.25

Rayleigh damping
a = 2.0106
ß = 5.0929*10"*

time increment 1 ms
time steps 294
CPU, CRAY-2 1 h

Material Properties, T = 240 *C

Young's modulus: E = 196 000 MPa
Poisson's ratio: v = 0.3
density: p = 11 530 Kg/m3

Support Stiffness

X
Fy
F,
M,u
k,,
k«
k«
kM

k,,k i a0 0 0 o"
ka 0 0 0 0

kj3 0 0 0
kukis 0

sym. k s 5 °

-2.0628 GN/m kM - 1

Ux

"y

" l

•y

.2692 GNm/rad
- 0.8613 GN/m Ks - 0.4690 GNm/rad
-1.0683 GN/m kss - 0.7278 GNm/rad
> 8.7700 GN/m k« - 0.6370 GNm/rad

element nodes
with 12 d.o.f.

t[ms]

Figure 1: Global piping system FE model.
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Figure 3: Locus of ur in Q46, «=0-150 ms.

considerably more than expected. In particular, the large
discrepancy at the beginning (A—*C), i.e. at times when
no plastification has yet occurred, is surprising. At tB, the
time of the first radial displacement relative maximum, the
calculated displacement \ur\ is 28% lower than the mea-
sured value. This discrepancy is reduced to 18% at time
tD. From Fig. 3 it can be seen that the calculated displace-
ment component in the ^-direction deviates proportionally
less than in the y-direction. This finding is not yet fully un-
derstood and will have to be studied in detail. For the time
ID, the calculated deformation of the whole piping system
is shown in Fig. 4. Basically, one can recognize two global
deflections: a translation in the negative ^-direction, and a
clockwise rotation around the x-axis.

In the following, the dynamic part of the calculated
bending moment is discussed and compared with experi-
mental values derived from strains monitored by the strain
gauges located next to the plastic zone. The time his-
tory and the locus of the resultant bending moment Mb

= (My, Mz) in the pipe cross-section QP.l are plotted in
Figs. 5, 6. The moment Mb in QP1 basically corresponds
to the displacement ur in Q46 already discussed. Good
agreement between calculation and experiment can be no-
ticed up to time tp at 93 ms; the small deviation occurs due

L
Deformed

Undeformed

r k

Figure 4: Amplified pipe deflection at time tD.

to a high frequency oscillation which is superimposed on
the basic pipe oscillation and which, in the experiment, is
excitated more strongly. After tP, the influence of the high
plastification can clearly be seen, with QP1 in the experi-
ment, not being able to carry any higher bending momenL
The calculated values of |A/j| for 2=106 ms and the up-
per limit for the time interval <=0-300 ms are plotted in
Fig. 7 versus the pipe axis path s, with its origin at Ihe
RPV, equal to the origin of the global coordinate system
(z, y, z). It turns out that the highest bending moment ob-
served throughout the whole calculation appears at time
<=106 ms at the pipe end connected to the RPV. It follows
that QP1, with its considerably reduced wall thickness, is
the most highly stressed cross-section of the entire piping
system. Furthermore, it can be seen that at time of max-
imum stress in QP1 (<=106 ms), most pipe cross-sections
experience a high stress level relative to the highest one
calculated for each.

For QP1, the calculated time history of 07 (the effective
stress according to the German design rule KTA 3201.2,
equation 8.5-1) is plotted in Fig. 8. It can be seen that its
maximum value is 60% higher than the maximum allow-
able KTA value, 3 Sm. Since the piping system did not
lose integrity in the test, it is clearly shown that, even for
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the considered degraded piping system, the design rule is
conservative.
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3 Crack analysis

3.1 Calculation model

For the FE analysis, a straight pipe with an internal cir-
cumferential surface crack, inner diameter rfj=425 mm, wall
thickness w =16 mm and length /=1000 mm was discrcti/.cd
with 1836 brick elements, each with 20 nodes, giving a
global total of 7470 nodes for the system (Fig 9); each
node had three displacement d.o.f. The crack plane, cor-
responding 10 QP1 of the test section (Fig. 1), is at one
end of the model, here assumed to be a symmetry plane.
As in the experiment, the crack is positioned in the upper
half of ihc cross-section and symmetric with respcel to the
s-axis. Both the measured and the modelled crack shape
are shown in Fig. 10. The crack front is modelled by an
eccentric arc, completed by a quarter of an ellipse at each
end. The crack lip zone is modelled by six circumferen-
tial wedge elements with a Vy/r singularity. Since, in the
experiment, the crack cross-section esseniially experienced
bending load, pure bending was assumed for the calculation
and applied at the other pipe end with 3D pressure load-
ing equivalent to the bending stresses. The stress intensity
factor K, was computed from the energy release rate 6'
by the relationship for plain strain, using the virtual crack
extension scheme shown in Fig. 9. G, as calculated by
ADINA divided by the perturbed area, and G, as computed
by the fracture mechanics post processor ORVIRT based
on an ADINA stress analysis, were found to be identical.
The stress analysis look 1000 CPU seconds on a CRAY-2
computer.

3.2 Results

Figure 11 shows the specific Ki factor for |A/j|=l MNm
and for the bending orientation angle 7=0-90° versus the
crack front position <p. Ki was computed for 7=0° and 90°
only; for other values of 7, Kj was obtained by superposi-
tion. Kiu was found to be 12% smaller than the handbook
solution for a semi-elliptical crack with the same maximum
depth [3] which is based on line spring elements and for
which a maximum deviation of 10% from an exact solution
is postulated. For axial cracks, it was shown that Ihc hand-
book solution overestimates A'/, but the discrepancy in our
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Figure 9: Crack analysis FE model with 21993 d.o.f.
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Figure 11: Specific K, factor for \Mb\=l MNm.
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Figure 10: Modelled and measured crack geometry.

case is larger. With the dashed line in Fig. 11 it is shown
that for increasing values of y the value K/tmax of the
maximum stress intensity along the crack front decreases,
whereas 9?(Ä'/,mai) increases. Note that for 7=30°, mea-
sured in QP1 for the maximum \Mb\ at <=104 ms, the left
crack side (v? > 0°) is, in part, slightly more loaded, the
right crack side is substantially less loaded, and h'i,max is
10% smaller, compared to the case of 7=0°.

A'/,mar and Kt(tp = 0°) for the load history of the ex-
periment, obtained by superposition from the specific Kj
factors, are plotted in Fig. 12 for two different circumfer-
ential crack positions. The lower two curves correspond to
the crack position of the experiment. The upper two curves
are related to a crack position rotated by 30° relative to
the experimental. For the rotated position, the maximum
bending stress appears at the crack center and therefore, as
can be seen from Fig 11, one can thus find the upper limit
of h't which can be reached for any given crack position.
The values for /<T/,u, Ki.v and A'/,w are plotted in Fig. 12;
their position <p is shown in Fig. 11.

75 Ums] 1 25

Figure 12: K/ for the blowdown loading.

4 Conclusion

For an unflawed piping system the linear global structural
dynamic response after pipe break and undamped closure of
a check valve was studied. Furthermore, with a local pipe
model containing a circumferential internal surface crack,
the influence of bending direction on the stress intensity
was investigated for both a uniform bending moment and
for the loading as measured in the experiment.

Up to ca. 93 ms the bending moments of calculation
and experiment agree very well; the agreement for the pipe
deflection however, is good in quality only. Quantitatively,
the discrepancy between measured and calculated displace-
ments is surprisingly large. After 93 ms belter results can
be expected from a calculation with a nonlinear material
law which is able to include the high level of plastification
which occurred in the experiment. But, before perform-
ing this expensive calculation, the reason for the mentioned
displacement discrepancy should be found. From the com-
parison of the calculated effective stress with the design
limit 3 5 m , it could be shown that the KTA design rule is
conservative, even for the considered flawed piping system.
Due to asymmetrical loading, one crack half is substantially
less stressed than the other half. The maximum value of
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Ay over the crack front is 10% less than the highest value it
would attain over other cracks of same shape but different
circumferential position.
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