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Abstract

A literature survey has been carried out in support of ongoing source term
calculations with the MELCOR code of some severe accident scenarios for
the Swedish Ringhals 2 pressurised water reactor (PWR).

The research in the field of severe accidents in power reactors and the
source term for subsequent release of radioisotopes was intensified after
the Harrisburg accident and has produced a large amount of reports and
papers. This survey was therefore limited to research concerning PWR type
of reactors and with emphasis on papers related to MELCOR code
development.

A background is given, relating to some historic documents, and then more
recent research after 1990 is reviewed. Of special interest is the ongoing
Phebus-programme which is creating new and important results of benefit
to the code development and validation of, among others, the MELCOR
code.

It is concluded that source term calculations involve simulation of many
interacting complex physical phenomena, which result in large uncertainties.
The research has, however, over the years led to considerable improvements.
Thus has the uncertainty in source term predictions been reduced one to two
orders of magnitude from the simpler codes in the early 1980-s to the more
realistic codes of today, like MELCOR.

This work was done under contract for the Swedish Nuclear Power
Inspectorate.
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Huvudinnehåll

En litteraturundersökning har genomforts av forskningen avseende den
s k källtermen for radioaktiva utsläpp i händelse av ett svårt haveri i en
kärnkraftreaktor. Syftet var att ta reda på kunskapsläget för området som
underlag för pågående källtermsberäkningar med MELCOR-koden för
tryckvattenreaktorn (PWR) Ringhals 2.

Forskningsmaterialet är mycket omfattande och föreliggande redovisning
är därför starkt begränsad. Tyngdpunkten har lagts på arbeten med
MELCOR och reaktortypen PWR. Först görs en historisk återblick på
arbeten från tiden före och omkring Harrisburg-haveriet, efter vilket
forskningen inom området svåra haverier och källtermer fick ökade
resurser. Därefter redovisas mer aktuella arbeten från 1990 och framåt.
Av speciellt intresse är de pågående Phébus-programmet som skapar
betydande underlag för kodutvecklingen bl a för MELCOR.

Det konstateras att källtermsberäkningar innefattar simulering av kompli-
cerade kopplade fysikaliska fenomen, vilket medför stora osäkerheter i
resultaten. Genom pågående forskning har dock osäkerheterna minskat
avsevärt, med en à två tiopotenser ifrån beräkningar med de tidiga koderna i
början av 80-talet, till de från dagens mer realistiska koder som MELCOR.
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1 Introduction

1.1 Background

Source term estimates for radioactive releases in Swedish light water
reactors, in case of severe accidents, are mainly based on calculations with
the MAAP code. The source term has continuously been evaluated in the
Swedish FILTRA [1] and in the various RAMA projects [2 to 4].
Calculations were made with MAAP version 3.0, and only recently have
source term calculations been performed with a later code version, MAAP4.
The MAAP code was developed by Fauske and Associates, Inc. (FAI) in the
USA, and is widely used under licence agreements by nuclear utilities
throughout the world, inclusive Sweden. The MAAP code is presently
managed by the U.S. Electric Power Research Institute (EPRI).

The MELCOR code [5] is being developed by Sandia National Laboratory
(SNL) under contract from the U.S. Nuclear Regulatory Commission (NRC)
and is available to organisations and authorities participating in the
Cooperative Severe Accident Research Programme (CSARP). The ongoing
MELCOR calculations [6] for Ringhals 2 PWR is the first full plant
application of the code in Sweden. One aim here is to perform an analysis of
the source term with an industry independent code, and by doing this try to
estimate uncertainties in previous calculations.

The MELCOR code is a successor to STCP (Source Term Code Package),
[7], and has thus a long evolutionary history. Current version, MELCOR
Version 1.8.4 incorporates most of today's knowledge of severe accident
phenomena. MELCOR has been extensively validated against a large
number of experiments. Nevertheless, the uncertainties in source term
calculations are still considerable, and there is need for further code
improvements in some crucial areas.

1.2 Aim and scope of the literature study

The aim of this literature survey is to find source term related works, in
support of current MELCOR source term calculations for Ringhals 2. Of
special value is if similar work for any PWR of corresponding design can be
found, and certainly, if any complete station model can be retrieved.
Information about source term projects in general and on code assessments
against related experiments is also of interest.

Knowledge about uncertainties in source term calculations, especially
related to findings from code comparison between MAAP and MELCOR is
another item within the scope of this literature study.

c:\mina dokumnit\lndocOO\raOO-19.doc h
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2 Source term definitions and uncertainties

Power production in nuclear reactors generates a substantial amount of
radioactive substances from fission of heavy fuel isotopes and subsequent
disintegration of the fission products. These radionuclides are normally kept
safely within the fuel and isolated from the environment by at least three
barriers; the fuel cladding, the reactor pressure vessel and the reactor
containment.

The source term, described here, is the release to the atmosphere of radio-
active substances that can take place at a severe accident in a reactor. In order
to determine the source term the quantity, the composition of elements or
compounds and the time variation of the release must be known. This is in
agreement with an early definition used by the U.S. NRC in a source term
study from 1986, NUREG-0956: "A source term is defined as the quantity,
timing and characteristics of the release of radioactive material to the envi-
ronment following a postulated severe reactor accident" [8]. In some cases
the source term is limited to the "in-containment source term", e.g. as the
basis for NRC's newer Regulatory guides 1.3 and 1.4. According to NRC's
regulatory use of source terms from 1995, NUREG-1465 [9] states that the in-
containment source term is: "the radioactive material composition and
magnitude, as well as the chemical and physical properties of the material
within the containment that are available for leakage from the reactor to the
environment". This is often also referred to as the "revised source term".

Of special concern are those radionuclides which are potentially most harmful
to people's health due to receptivity and radiotoxicity, in particular cesium
and iodine. These elements constitute a considerable fraction of the source
term and can form chemical compounds, easily assimilated in the human
body. The source term is counted in mass, Becquerel or dose units, of the
various elements or compounds which include radioactive isotopes. The
source term related to is normally equal to the release into the atmosphere.
There is also an aquatic source term, i. e. the fraction of radionuclides
released in water spilled from the power station. This is expected to be a
minor fraction of the totally released amount of fission products which more
easily can be limited by engineering methods than the atmospheric part.

The primary source of radionuclides is originally contained in the fuel rods
as long as the cladding is intact. The composition is dependent on the fuel
type and burn-up. The initial inventory of fission products in the fuel, at start
of a source term calculation with a severe accident analysis code, is often
based on the isotope generation and depletion code ORIGEN2 [10]. This is
done either as a stand-alone calculation, or by built-in functions in the
severe accident code itself, like in MELCOR. An example of ORIGEN2
results generated for a previous source term calculations for Ringhals 2 with
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SCDAP/RELAP5 and CONTAIN [11] is shown in Table 1. (Due to
deficiencies in the applied SCDAP code version this analysis could not be
completed). The data are valid for an equilibrium core near end-of cycle.

Table 1
Initial core inventory of fission products in Ringhals 2 from ORIGEN2
(From [11]).

Chemical element

Ag
Ba
Cs
I

Kr
Ru
Sn
Sr
Te
Xe
Zr

Initial mass (kg)

3.0
68.6
137.0
10.5
18.4

102.0
6.1

44.3
24.0
235.0
167.0

The release from the fuel depends on the physical and chemical properties of
the elements. The source term of radionuclides comprises a large number of
isotopes of various elements, originally, mostly in gas or solid state.
Chemical reactions occur in which water, which is abundant in the reactor
system, plays an important role. Many compounds are soluble in water
which then can retain some fractions of the radionuclides in a containment
pool or in a scrubber. In the computer codes, for simplicity, the elements and
compounds are often grouped together by their state of aggregation and
chemical affinity.

Thus, the "radionuclide package, RN" of MELCOR employs a grouping
with 15 classes, shown in Table 2. These include a number of non-
radioactive elements, plus water and concrete, which have effect on the
behaviour and distribution of the source term. Note, that the elements are
treated only by their chemical properties in the severe accident codes. All
isotopes of an element are treated the same and the specific radioactive
characteristics, such as decay pattern, half-life, etc, is not taken into account.
Only the decay power is considered.

In order to obtain the external dose rate to the environment a conversion has
therefore to be made of the calculated source term, taking into account the
individual isotopes. The external dose based on, e.g. MELCOR source terms
can be evaluated by means of separate codes like RADTRAD [12], available
fromNRC.
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Table2
Radionuclide class definition used in MELCOR [5] and initial masses
calculated for the 2660 MWth Ringhals 2 core by MELCOR1.8.4 [6].

Class Name

1. Noble gases
2. Alkali metals
3. Alkaline earths
4. Halogens
5. Chalcogens
6. Platinoids
7. Early transition

elements
8. Tetravalents
9. Trivalents

10. Uranium
11. More volatile

main group
12. Less volatile

main group
13. Boron
14. Water
15. Concrete

Repre-
sentative

Xe
Cs
Ba
I

Te
Ru
Mo

Ce
La

U
Cd

Sn

B
H2O

-

Member elements

He,Ne, Ar, Kr, Xe, Rn, H, N
Li, Na, K, Rb, Cs, Fr, Cu
Be, Mg, Ca, Sr, Ba, Ra, Es, Fm
F, Cl, Br, I, At
O, S, Se, Te, Po
Ru, Rh, Pd, Re, Os, Ir, Pt, Au, Ni
V, Cr, Fe, Co, Mn, Nb, Mo, Tc, Ta, W

Ti, Zr, Hf, Ce, Th, Pa, Np, Pu, C
Al, Sc, Y, La, Ac, Pr, Nd, Pm, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu, Am, Cm, Bk, Cf
U
Cd, Hg, Zn, As, Sb, Pb, Tl, Bi

Ga, Ge, In, Sn, Ag

B, Si, P
H2O
-

Initial mass in
R-2 core (kg)

267.2
148.9
117.2
11.5
23.4
164.9
194.5

343.1
318.3

59610
0.78

4.42

0
0
0

Release of the fission products into the environment implies that all three
barriers containing the fuel must be broken, or leak. This provides a severe
accident to take place involving a number of stages and processes such as:

• Fuel cladding rupture — gas gap activity release.

• Fuel degradation and melting - release of fission products, in-
vessel.

• Break in primary system piping and/or reactor vessel.

• Coolant activity release into containment.

• Coolant activity release directly into the turbine building at
steam generator pipe rupture (Bypass of containment).

• Filtered venting of the containment.

• Leakage and break in the containment.

Figure 1 is an illustration of the various, possible transport pathways for the
fission products in a PWR.
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Figure 1
Example of fission product transport pathways in a PWR (From [13]).

The course of a severe accident leading to the source term is a most
complicated process involving thermal hydraulics, melting of core
components, structure mechanics, aerosol behaviour, chemical reactions and
other phenomena. Chemical reactions between elements originating from
the fuel and elements in the containment structures might play an important
role during a melt ejection from the reactor vessel. For example, melting of
electric equipment and cables can add reactive elements like chloride and
expose free surfaces of copper. Aluminium and zinc are abundant on many
surfaces. These elements will probably have effect on the retention of the
important radioisotopes of iodine and cesium. However, many chemical
reactions are, so far, not yet modelled in the system codes.

The release of fission products from the fuel and the processes on their way
to the environment is illustrated by Figure 2.
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TRANSPORT AND DEPOSITION
IN PRIMARY COOLANT SYSTEM

Core-Concrete
Interaction

Figure 2
Illustration of the major processes affecting the source term released to the
environment (From [13]).

Even with the most sophisticated codes a number of simplifications and
assumptions have to be made. The accident progression might also be
stochastic to its nature and can be influenced by operator interventions.
Altogether this contributes to large uncertainties in source term calculations.
The total uncertainty is a combination of all steps in the calculations, which is
illustrated by Figure 3 below.

Information Simulation Tools | Accident Analysis

Analysis
Not Done

Incorrect
Data

Figure 3
Schematic representation of some types of and relationships among
uncertainties arising in severe accident analysis. (From [13]).
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The sensitivity to small changes in boundary conditions and assumptions
made in the code input can in many cases be large. Examples are timing of
accumulator and ECCS (Emergency Core Cooling System) water injection,
time of pressure relief, assumptions made for rubble particle size, etc. It is
therefore necessary to carry out certain parameter studies in order to identify
crucial variables.

Due to differences in the activities, chemical behaviour and radiation of the
radionuclides in the different groups, the potential radiological consequences
of the release of the different groups vary substantially. As an example, based
on the core inventory the iodine and tellurium groups have similar impacts on
lung and bone marrow doses, leading to early health effects incl. early
fatalities. In the Reactor Safety Study, WASH-1400 these two elemental
groups make similar contributions to early health effects, and combined they
contribute to more than half of the total effect. The modelling of the different
behaviour of the iodine and tellurium groups in the severe accident codes is
thus an important issue and has been developing since the WASH-1400 study,
but is still a source of uncertainty.

An important process , which is generally not taken into account in the
system codes, is the radioactive decay of the radioisotopes through which
the original isotopes from the fuel are transformed into new ones through a-
and P-transition. (Normally, only the power decay in the fuel constituents is
accounted for). The disintegration changes the composition of elements
during the time of the accident progression, which can be long, from fuel
cladding rupture till release into the environment, compared to the time of
the isotope half-life. Taking tellurium and iodine as examples, the initial
core inventory at shut-down after average burn-up is close to the same for
the isotopes with the mass number 132 of both compounds, and only slightly
lower for I3lTe than for 131I. In the short term 13lTe with a half-life of 25
minutes, through P-transition, is parent to a substantial amount of the 131I. In
a longer term, a considerable amount of activity might arise from 132I,
produced by P-decay of 132Te, having a half-life of 78 hours.

c:\mina dokumenl\1ndocOO\esOO-19.doc In
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3 Organisation of the literature search

3.1 Sources of information

The focus when presenting the references is on the modelling of the source
term and source term related results. Other interesting aspects are also
included, sometimes in detail and sometimes mentioned briefly with just a
reference.

Limiting parameters were 'MELCOR' and 'source term'. Besides some
"historic" documents, preference was given to newer papers from the last 10
years. References were looked for in:

• INIS, International Nuclear Information System
• Internet
• Conference proceedings and meeting minutes

A useful internet source is the MELCOR homepage, managed by Sandia,
http://melcor.sandia.gov. Another is CORDIS homepage (Community
Research and Development Information Service), internet address
http://www.cordis.lu, where EU related R&D documents are found. Both
full documents that can be downloaded, and documents listed with
references only, are available. CORDIS also includes information about
ongoing EU projects.

EU related information is also found at the European Commission's Europe
Web server, internet address http://europa.eu.int/comm/dgl2/.

Relevant information can also be found in conference papers and meeting
minutes from the yearly MCAP (MELCOR Code Assessment Program) and
CSARP (Cooperative Severe Accident Research Programme) meetings.
Information is here to be found on NRC's homepage, http//www.nrc.gov/RES.

3.2 "Historic" documents and source term milestones

3.2.1 International work

An early attempt to estimate the source term was made 1962 in TID-14844
[14]. It was there assumed that 100 % of the noble gases, 50 % of the
halogens and 50 % of the solid fission products in the core were released to
the containment. It was pointed out in the report though that these figures
were approximations only.

c.mina dokummt OndocOOiesOO-19 doc h
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The WASH-1400 study [15], published 1975, was the first major risk
analysis for nuclear reactors in which a systematic evaluation of the source
term was carried out. The analytic tools were still less developed, and the
uncertainties were also large.

The TMI-II accident in 1979 became the initiating event for modern severe
accident research. This led, among others, to the development of a number of
computer codes especially designed for analysis of accidents beyond current
design basis. The goal was to model all anticipated phenomena of importance,
from core damage to fission product transport and release from the con-
tainment. Some of these codes, MARCH3, TRAPMELT, VANES A and
NAUA, were concatenated into STCP, the Source Term Code Package. The
fact that the STCP comprised many separate codes, some with different code
structure and input standards made the application rather cumbersome. This
was one motive for the development of the fully integrated code MELCOR to
replace the STCP. The strategy proposed by NRC was to carry out two
parallel lines of code development; one in which special phenomena are
modelled in as much detail as possible by more or less mechanistic codes, and
another line comprising integrated code systems. The latter should be capable
of simulating the whole range of phenomenon from the initiating event until
the release of the source term into the environment. This code strategy is
illustrated by Figure 4.

CODE STRATEGY

Tlwr 1: INTEGRATED CODES

MAWCH-BA8EP tOUWCg TEKM COPE PACXAOt lt«l Q«WOTtlon)

MClCOfl (2nd

Ttor 2: DETAILED MECHANISTIC COOES

QUICK
• ^ " ^ " CONCHA*

STARC SMtAY

HUiBUHN

concern VAMESA MACROS

TBAC

CMAC

_IL_
TUMHIt

ftamFual hi DCS

Or CMiMnmont

eMmtMM

Figure 4
Two-tier code strategy showing approximately the accident phenomena
covered by each NRC-sponsored severe accident code. (From NUREG-0956).
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Several comprehensive reactor safety studies were performed after the TMI
accident in order to evaluate the source term and to estimate the uncertainties
in the results. An ANS sponsored conference was held at Snowbird, Utah
1984 which summarised most of major research in the source term area up to
that date [16]. A great number of papers were presented covering all stages in
the formation of the source term, from fission product formation in the fuel up
to and including release to the environment. Over 300 nuclear researchers and
officials from 16 countries participated in the conference. A common
conclusion was that the source term values in WASH-1400 are greatly
conservative. Furthermore, it was shown that the results of U.S. nuclear
accident studies generally postulated certain specific accidents with
consequences more severe and of more frequent occurrence, than comparable
studies made by non-U.S. researchers. Thus, there was disagreement about the
extent the WASH-1400 consequences can be reduced, and this calls for more
research. Another result of the conference was that further research is needed
for a better understanding of the phenomena and quantitative nature of the
kinetics involving fission product transport, deposition and disposal. The
prospects for the future was, however, commonly optimistic, saying that the
technical closure on remaining issues is not far away (1984).

In 1984-1985 the STCP was used by Sandia to evaluate the uncertainty in
source term calculations in the QUEST (Qualitative Uncertainty Estimate of
the Source Term) project [17]. Later, a more developed version of STCP
was used in a study by Brookhaven National Laboratory for NRC called
QUASAR (Quantification and Uncertainty Analysis of Source Terms for
Severe Accidents in LWRs), published 1989 [18]. In the latter, a more
rigorous statistical method could be used through more effective calculation
means. QUASAR employed a regression analysis for 53 input parameters
which had most effect on the results, and combined this with judgements by
an expert panel.

The STCP code was scrutinized in detail by the NRC in a reassessment
study of the source term published in NUREG-0956 [8] 1986. This work
included also a planning for the next large investigation that resulted in the
NUREG-1150 documents [19]. The PRA, Probabilistic Risk Assessment (or
PSA, S for Safety) methodology was developing in the meantime. Event
trees for various initiating events, and statistical fault probabilities based on
experienced or estimated malfunctions of components and safety systems
were introduced in the NUREG-1150 analyses. It reflects the state-of-the-art
around 1988 and is, so far, the most comprehensive study including a large
number of issues and accident sequences for the major types of U.S. light
water reactors.

c: mina dokumenl lndocOO\esOO-19.doc In
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A large reactor safety study was published in Germany 1979 which
employed an event-tree methodology for a German PWR [20]. The motive
for an own study was that the German type of reactor (Biblis B) was unlike
the type reactors in the U.S. studies, and also by the fact that the population
density around the German reactor sites was larger than in the USA.

INSAG (International Nuclear SAfety Advisory Group) is a forum formed
1985 within the International Atomic Energy Agency, IAEA. One of its aims
is to exchange information on nuclear safety issues of international
significance. This group was much involved in the evaluation of the effects of
the Chernobyl accident. A study had then already been initiated for the
preparation of a report named "Radioactive Source Terms from Severe
Accidents to Nuclear Power Plants with Light Water Reactors". Thus, it was
possible to include in the report, published 1987 [21], experiences and
complementary information from the, hitherto, worst nuclear accident in the
world, that occurred in a Soviet RBMK type of reactor on 26 April 1986.
According to the INSAG review of the Chernobyl accident this event has no
implications for the conclusions based on Western LWR source term
analyses. This is because the timing and the course of events of the Chernobyl
accident were so different from what is feasible for any Western LWR.

The INSAG report states that the severe accident research today has
identified all major issues of real significance for the effect on the public of
the source term. Research is, however needed to better quantify certain
issues. Examples of such issues are steam generation when a melt falls into
a pool of water, and direct containment heating of the atmosphere, leading
pressure spikes and early containment failure. Other issues are chemical
reactions, especially for iodine.

Other international forums of source term research and benchmarking are
the OECD/NEA Working Groups. In 1987 two major expert reports were
published by NEA/CSNI's Working Group No. 4 on the Source Term and
Environmental Consequences which summarizes their work [22,23]. The
reports give an good state-of-the-art overview of research achievements on
source term research within the OECD countries. The summary states,
however, that the results to date have considerable uncertainties and that
there still is need for additional uncertainty studies which describes
statistical confidence intervals.

3.2.2 Swedish and Nordic works

Swedish studies of severe accidents and the source term have been
comprehensive, since the Swedish Reactor Safety Investigation Committee
was founded by the government in 1979 after the TMI accident. The
Committee made several recommendations for improved safety and
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backfittings in Swedish LWRs, which among others demanded intensified
and continuos research and the introduction of enhanced mitigative
functions for limitation of radioactive releases in case of a severe accident.

As a consequence of this, the FILTRA project [1] was started. The
government decided in 1981 that the two Barseback BWR containments
should be equipped with a common FILTRA type of gravel bed filtered
venting system. The efficiency of the filter is 99.9 % of all radionuclides,
except for noble gases.

The decision by the government also prescribed that similar filter systems
should be installed in all other Swedish LWRs before 1989. This initiated
the RAMA (Reactor Accident Mitigation Analysis) projects [2-4] . The
requirements were that the filter efficiency should be the same as for
FILTRA, i. e. allowing as most 0.1 % of the radionuclides from a 1800
MWth core to be released to the environment. Another type of filter was then
chosen, a multi-venturi scrubber (MVSS), which is more compact in design
than the FILTRA system. However, instead of a common filter for two
reactors as in Barseback, the other plants have one MVSS unit for each
reactor. The evaluation of the source term for the Swedish plants is mainly
based on calculations with the MAAP code, version 3.0 and 3.0B.

The HAFOS (Haveri-Forsknings-Samarbete) and the still ongoing APRI
(Accident Phenomena of Risk Importance) projects [24,25], are followers to
RAMA. The aim is to meet the government's request for continued reactor
safety research with focus on severe accident and accident mitigation.
Participation in international cooperations, such as CSARP, and in major
international experimental projects as ACE and PHEBUS forms an
important part of APRI and is a basis for keeping Swedish competence in
this field up-to-date. Participants in APRI are all Swedish utilities, the
Finnish utility TVO and SKI and the budget is shared on a 50/50 per cent
basis by the utilities and SKI.

Not only from an historic point of view, but also for important research
achievements, a due recognition should be given to the 50-year long lasting
cooperation between the Nordic countries, now within the organisation NKS
(Nordiska Kommitteen for kamSakerhetsforskning). The NKS work has
been organised in a number of four-year programmes, beginning 1975. At
present the 6th programme is underway from 1998 to 2001 [26]. Besides
some aerosol studies of relevance to source term evaluations in earlier
programmes (NKS/AKTI), recent investigations are made in current 6th

programme of iodine chemistry at VTT e. g. [27]. More information can be
found on the NKS homepage http://www.nks.org.
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3.3 Source term studies since 1990

The remaining large uncertainty in determination of the source term is the
driving force for continued research in the area. The following outstanding
issues can be identified as important in order to reduce the uncertainties and
to improve the understanding of involved processes:

• Severe accident phenomena and damage progression. The
uncertainties in the determination of the course of an accident
is the major contributor to the overall uncertainty. This is
coupled to the Core Damage Frequency (CDF), which is
dependent on the initiating event and on boundary conditions
such as system availability, malfunctions and operator actions.

• Fission product release from fuel and retention of its various
elements in the reactor system including in the containment.

• Chemical reactions and forming of compounds, especially for
the most harmful isotopes of cesium and iodine.

The development of analytical tools is mainly based on results from various
experiments, some of which are discussed in section 3.5.

A state-of-the-art report "Primary System Fission Product Release and
Transport", NUREG/CR-6193 [28] was prepared for the CSNI in 1994. It
discusses accident sequence phenomena for various initiating events in the
most common type of LWRs, release processes for fission products from the
fuel, and FP behaviour in the primary system. The modelling of release and
transport phenomena by different computer codes is compared with results
from several experiments. It is concluded that, although the concentration of
fission products in the fuel is well established (e.g. by ORIGEN2), the
experimental data base is not sufficiently complete to formulate empirical
release correlations to be used confidently for the range of accidents of
interest. The available data base is said to be too much focused on cesium.

The most widely used empirical release models, CORCOR and CORSOR-
M, which are two of three options in MELCOR (CORSOR-Booth is the
third), generally overpredicted the fission product release of cesium and
iodine, especially for fresh fuel. Experiments show that the release rate and
the composition of elements released depend strongly on the type of
atmosphere, if it is reducing or oxidizing. The CORSOR model does,
however, not distinguish between reducing and oxidizing conditions. More
mechanistic models in FASTGRASS and VICTORIA can give better
agreement, but requires careful application by the user. NUREG/CR-6193
emphasises the need for more experiments and extended model validation to
improve the codes for better predictions of FP release as well as for
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transport phenomena. Some hope is expressed that the Phebus project will
provide the lacking information.

NUREG-1465 [9], published in February 1995, suggests that the old
regulatory licensing criteria "10 CFR Part 100, that is based on the report
TID-14844 should be updated. The intention was to summarize the last 30
years' knowledge from severe accident research and apply a more realistic
approach. On that basis a revised accident source term is defined for
regulatory application for future LWRs. This "revised source term" is equal
to the in-containment source term described earlier in this report (p. 2). The
implication of the revised source term compared to the more static older
approach is illustrated by Figure 5 below.

CONCEPT OF REVISED SOURCE TERM

E
A

S
E

TO-14844

/ G A P ACTIVITY

^ C O O L A N T ACTIVITY

stifflfii

RELEASES TO CONTAMMENT
BEFORE VESSEL FALURE

RELEASES AFTER
VESSa FALURE

SECONDS WUTCS HOURS IMNT HOURS

TMC

Figure 5
Radioactive release after fuel damage with old and revised source term concepts.
(From L. Soffer: Iodine chemical form in LWR reactor accidents:
Regulatory perspectives in the United States. Proceedings of the third CSNI
workshop on iodine chemistry in reactor safety, Tokai-mura, Japan 11-13,
1991. NEA/CSNI/R(91)15).

NUREG-1465 summarizes source term results based on the analyses in
NUREG-1150, in which a range of accident sequences were studied for a
some typical U.S. LWRs. The results were basically obtained through STCP
calculations, and to some extent with MELCOR. For Surry, which is taken

c:\mina dokument\lndocOO\esOO-19.doc ta



STUDSVIK ECO & SAFETY AB STUDSVIK/ES-00/19 15

2001-04-04

as example here since it is a 3-loop Westinghouse PWR, like Ringhals 2, the
following accident sequences were analysed:

Table 3
Analysed sequences in NUREG-1150 for Surry PWR (From [9], Table 3.2,
PWR Source Term Contributing Sequences).

Sequence Code Description

Large LOCA

Loss of off-site power

Interfacing system
LOCA

Station blackout

Small break LOCA

Small break LOCA

AG Hot leg LOCA, no containment heat removal system

TMLB' No power conversion system, Failure of secondary
steam relief system and aux. feed water

V Failure of one of the check valve pairs which inables
isolation of the high-pressure RCS from the LPI*
system, resulting in bypass of containment

SBO Loss of offsite and onsite AC power, followed by an
RCP seal LOCA

S2D-8 Small-size LOCA with no ECCS and H2 combustion

S2B-P Small-size LOCA and 6" hole in containment

* Low Pressure Injection

NRC has recently followed up the intentions presented in NUREG-1465 by
evaluating the effects of implementing a revised source term approach. Thus
reassessment was made for a range of accidents of representative plants
including a systematic dose evaluation. This work is presented in SECY-98-
154 [29] with the title "Results of the revised (NUREG-1465) source term
rebaselining for operating reactors". The most significant changes
compared to the original source term, based on TID-14844 from 1962, are
the treatment of the fission product release as a time dependent process and
the release of radioiodine primarily as an aerosol. The development of the
revised source term was originally intended for application to new, advanced
reactors, though it was recognized that adopting the revised source term for
operating reactors would give more realistic characterisation of the source
term.

The results of implementing the revised source term in the majority of cases
is to produce lower calculated doses, ranging from a slight reduction up to
an order of magnitude decrease. In addition, changes in the calculated dose
may also occur due to changed dose conversion factors. Current analyses,
including those implementing the revised source term, would use updated
dose conversion factors taken from EPA Federal Guidance Reports (FGR)
11 and 12, instead of using International Commission on Radiation
Protection (ICRP) Publication 2 factors. The use of updated dose
conversion factors alone will produce reductions in the dose by up to 40 %.
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A comparison of old and new source terms for Surry PWR is shown in
Table 4 below (In-containment source term).

Table 4
Comparison of TID-14844 and NUREG-1465 Source Terms for a PWR
(From [29]).

TID-14844 Source Term NUREG-1465 Source Term

Core fractions released
into containment

Rate of release

Iodine chemical and
physical form

Solids

Noble gases - 100 %
Iodine - 50 % (with half of this
50 % plated out)
Solids - 1 %

Released instantaneously

91 % inorganic vapor
4 % organic vapor
5 % aerosol

Ignored in offsite and control room
dose assessment

Noble gases - 100 %
Iodine - 40 %
Cesium - 30 %
Tellurium - 5 %
Barium - 2 %
Others - .02 % to .2 %

Released over 1.8 hours

4.85 % inorganic vapor
. 15 % organic vapor
95 % aerosol

Treated as an aerosol

In phase III of the work of SECY-98-154 dose evaluations were carried out
based on the revised source term approach [30]. One aim was to see the
impact of updated models in the RADTRAD code for fission product
removal mechanisms by comparison with equivalent models of the Standard
Review Plan (SRP). Phase II also comprised calculation of doses based on
MELCOR best estimate calculations of environmental source terms for
some representative U.S. BWRs and PWRs (Grand Gulf respectively Surry
and Zion). The purpose was to assess the margins in the DBA dose cal-
culation. The best estimate assumptions for Surry included a 0.1 % per day
leak from containment at design pressure, increasing with pressure, a
containment spray mass flow rate 78 % larger than the licensing rate, etc.
Figures 6 - 9 on following page illustrate some results for the environmental
source term for a large break LOCA calculated entirely with MELCOR,
compared with results based on the in-containment source term from
NUREG-1465 (revised source term), where MELCOR was used only for
calculation of the transport to the environment.
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Figures 6 to 9
MELCOR predicted release to the environment compared to NUREG-1465
source term combined with MELCOR predicted release to the environment.
Calculations of noble gases, halogens and alkali metals for Surry PWR.
(From [30]).

The Standard Review Plan, SRP-15.0.1, NUREG-800 [31] provides
regulatory guides to utilities to reassess the radiological consequences of a
DBA of operating plants using Alternative Source Terms (ASTs). NRC
offers this as a possibility to plants owners, and one option is to employ the
revised source term approach, although this was originally not the intention.
A revised regulatory guide, No. 1.183 has therefore recently been published
by the U.S NRC [32] adopting the learnings from the rebaselining study of
SECY-98-154. Operating reactors, that are licensed based on the TID-14844
source term, would not be required to re-analyse accidents using the revised
source term. However, NRC has decided that some licensees might wish to
use an AST in analyses to support cost-beneficial licensing actions.

Sandia National Laboratories, SNL, performed a study for the Nuclear
Power Engineering Corporation, NUPEC, with the aim to evaluate severe
accident codes, viz. MAAP and MELCOR and to estimate the uncertainty in
source term predictions. The study by Bergeron, et al. presented in [13] 1998
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also includes a comparison of the three source term studies, QUEST,
QUASAR and NUREG-1150, as was earlier mentioned here (p. 10). The
comparison is complicated by the fact that different assumptions and
boundary conditions, different grouping of fission product elements and
compounds, etc were used in the three studies. Still, the comparison shows
that the overall uncertainty is considerable although it has been reduced over
the years. The uncertainty in estimation of release of BWR iodine in QUEST
showed more than four orders of magnitude uncertainty, QUASAR three
and NUREG-1150, two to three. As an example is taken NUREG-1150
results for containment bypass sequence in Surry, shown in Figure 10 below.
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Fig 10
Source term distributions for containment bypass for Surry (From [19).

A much lower uncertainty range for the source term, about one order of
magnitude, was obtained in the specific MAAP and MELCOR calculations
which were performed for NUPEC's ERSS (Emergency Response Support
System), that was one of the goals of the study by Bergeron et al. One reason
for the lower uncertainty could be the progress of computer code modelling,
but the main reason is that the new calculations employed a best estimate
approach and was limited to fewer severe accident cases. Mainly two
sequences for each of a Mark I BWR and a typical large dry containment
PWR were analysed. In addition to the original calculations by NUPEC with
MAAP4 and MELCOR 1.8.3 Sandia made updated calculations with
MELCOR1.8.4 and also used modified nodalizations in the PWR SGTR
case. The other PWR case was a TMLB' (Total blackout) sequence.
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The Bergeron study showed that there are significant differences between
the MAAP and the MELCOR results, but also that the differences between
MAAP4 and the newer MELCOR1.8.4 is smaller than between the two
MELCOR versions. As cited, "there is more qualitative uncertainty within
the envelope of results that one code can produce than there is between
results from the two different codes when consistent assumptions are made
in setting up the input decks." It should be noted that in all these
calculations rather simplified nodalizations were used in order to obtain
short computer times, close to real time.

In the PWR TMLB' case the timing of primary system rupture was rather
similar, 3.4 to 4.5 h for MAAP4 and the two MELCOR runs, although the
break modes were quite different. Another difference is the modelling of
revaporisation of volatile compounds as Csl and CsOH in the primary
system, that takes place after vessel breach. This is predicted by MAAP4
and MELCOR1.8.4, but not in MELCOR1.8.3. The final source term, i.e.
the accumulated release of fission products to the environment was anyhow
almost the same for the two MELCOR versions even if the timing was
different. MAAP showed here lower values and also slower increase after
the containment failure time. One explanation to this is that MELCOR
predicts larger airborne fractions of radioactive aerosols in the containment.
Figure 11 illustrates the release for cesium.
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Figure 11
Cumulative release of radioactive cesium to the environment for the PWR
TMLB'case (From [13]).
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Another important difference between the modelling in MAAP4 and
MELCOR concerns the release of tellurium from fuel. In MAAP tellurium is
retained by reaction with unoxidised zirconium in the fuel, while in
MELCOR this reaction is a function of the amount of oxidised zirconium.
The release of tellurium to the environment became therefore much larger in
the MELCOR calculations for the PWR case, compared to MAAP4 where
the release is delayed, as seen in Figure 12 below.
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Figure 12
Cumulative release of radioactive tellurium to the environment for the PWR
TMLB'case (From [13]).

The Bergeron report identifies eleven key uncertainty drivers from the BWR
and PWR study, of special importance for the ERSS application:

1
2
3
4
5
6
7
8
9
10
11

In-vessel natural circulation
Nodalization
Decay power
Gap cooling (inside vessel wall)
Ex-vessel water ingress
Source term from HPME (High Pressure Melt Ejection)
Hygroscopic aerosol behaviour
Debris relocation criteria
Quenching of melt injected into water
Vessel failure mode (size, location of hole)
Induced SGTR (Steam Generator Tube Rupture)
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Internationally, besides the U.S. efforts, research on source term issues has
continued. In Europe most of this is being coordinated by the European
Commission of the European Union within the various Euratom Framework
Programmes. Another forum was the CSNI working groups, especially the
Principal Working Group No. 4, PWG4, on "Confinement of Accidental
Radioactive Releases" (PWG4 has recently been merged with PWG2 on
"Coolant System Behaviour", into a new working group on "Analysis and
Management of Accidents"). In addition to regular meetings, at which new
research is discussed and national programmes are presented, the working
groups initiate international standard problem, ISP, exercises, which
contributes essentially to code development.

In addition, CSNI organizes specialist meetings on topics of relevance to
nuclear reactor safety. One such, with the title "Iodine Aspects of Severe
Accident Management" was held in Helsinki, Finland in 1999 [33].
Modelling of iodine chemistry in a severe accident is a very complicated
matter and one reason for the large degree of uncertainty in the determination
of the source term. The workshop dealt with various topics as iodine
speciation, organic iodine compounds and control, modelling aspects and
iodine management under accident conditions.

The workshop came to a consensus that pH control of the sump water in the
containment and in the water present in a scrubber filter, if any, is the most
important factor in determining the formation of volatile iodine in the
aqueous phase. Maintaining a high pH is important to enhance the iodine
retention. Common buffering agents are sodium tiosulphate, sodium
hydroxide, etc., added to sump and spray water. One problem that was
recognised was the formation of acid compounds, primarily from release of
chlorine at heating of insulating material in electric cables which can
decrease the pH. Low pH will also lead to an increase in the conversion into
organic iodides. B4C from control rods has impact on the formation of
organic iodides. Another chemical issue that was the subject at the Helsinki
meeting concerned reactions between iodine and silver from Ag-In-Cd
control rods. Although the affinity of I to Ag is large there is uncertainties
about the stability of Agl under radiation and in presence of e.g. C1-.

Another contribution to CSNI's cooperative work on the source term was a
study on cesium performed at Studsvik EcoSafe, sponsored by SKI [34].
Besides iodine, and maybe tellurium, cesium could be the main contributor
to human dose effects at a nuclear reactor accident with release of radio-
active fission products. The isotopes 137Cs and 134Cs can give long term land
contamination as was experienced from the Chernobyl accident.

The Studsvik report comprises a literature survey of documents related to
cesium behaviour at a severe accident, its impact on the source term and on
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consequence modelling. Although it is concluded that behaviour of cesium
is less complex than for iodine, there remain a number of problems of
concern with cesium having impact on the uncertainty in determining the
source term. It also concludes that the initial cesium inventory in the fuel is
known with good accuracy as well as is the release at overheating the fuel.
Well established is also that, soon after the release from fuel, a major part of
the cesium will react with available water to form CsOH and a fraction will
react with iodine into Csl. Areas, where more research is recommended, are
reactions between boric acid and cesium in PWRs, hygroscopy effects for
cesium compounds, revaporization of deposited cesium on surfaces and
decomposition of Csl, e.g under conditions with hydrogen combustion.

The European Union is sponsoring several research projects on the source
term. Overview of EU projects within the severe accident research area,
including source term studies, of the 3 framework programme can be found
in proceedings from the FISA 95 meeting [35], and correspondingly from all
EU research in reactor safety of the 4th framework programme from the
FISA 99 meeting in [36].

An earlier EU project of interest was carried out by a consortium of experts
from France, Germany, Belgium and the UK within the Working Group 1
on the Safety of Thermal Reactors of the EU Commission. The aim was to
derive realistic methods for calculating releases and consequences of a
successfully terminated large LOCA in a PWR, and a final report of this was
published 1992 [37].

It was clear from the first phases of this study that there was a great variety
of models and assumptions in use within the European community, and that
this resulted in predicted source terms covering a range of several orders of
magnitude. The large variations in licensing values can partly be explained
by the fact that different countries prescribe different boundary conditions
and conservatisms in their analyses and also that there are differences in the
reactor systems, e.g. between Westinghouse, Framatome and KWU PWR
designs.

The EU study made a systematic analysis of each stage in the LOCA severe
accident process from the release of fission products from the fuel until the
release into the environment, even deriving the contamination and human
doses. Possible causes for errors and uncertainties were discussed in the
models for various phenomena and the modelling of these, with the aim to
find the best estimate methods in each stage. Special attention was paid to
aerosol behaviour and iodine transport and retention processes. Three best
estimate cases were evaluated and the bounding worst (highest fuel
temperatures) was a cold leg guillotine break and injection of emergency
core coolant water only to the cold legs. This was true in Case 1,
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representing the UK Sizewell PWR and in Case 2 simulating a French
PWR. In Case 3, however, a German PWR was modelled in which injection
is made simultaneously into both cold and hot legs. The containment models
were also different in the three cases, especially the leak rate was
considerably larger, 1.5 %/d, in Case 2 with unlined containment, compared
to 0.1 %/d in the other cases which have steel linings.

Figure 13 illustrates the large spread in the licensing results of different
countries and results from the best estimate calculations for the radio-
logically most important isotope, i3II.
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Figure 13
Best supportable results for 131I (From [37]).

It is clear that even the best estimate results differ considerably, primarily
due to the large differences in reactor systems. The EU report concludes that
effort should be made to reach a consensus on the methods applied in
different countries, where, especially for iodine, different ways of modelling
are applied. The following most important areas for further research are
identified.

a)

b)

developing and validating a model for the release of iodine due
to radiolysis from the reflood water in the vessel,

developing a validated model for the condensation rate on
aerosols in the containment atmosphere and the corresponding
growth of condensation droplets,
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c) carrying out an integral experiment to validate the methods for
calculating the removal of aerosols and gaseous iodine from the
containment atmosphere,

d) validating the iodine mass transfer coefficients for the aerosol,
spray, sump and the steam bubbles in the reflood coolant in the
vessel,

e) measuring the degree of oxidation of iodine by radiolysis in
realistic aerosols and

f) extend the modelling of inorganic iodine to include the effects
of surfaces and organic iodine.

Another EU project concerns a study within the 4th framework programme
with the objective to determine key uncertainties in predicting the source
term for risk dominating fault sequences [38]. The analysis involved 8 dif-
ferent reactor designs and 20 different accident sequences with one base
case, which were to provide a basis for the sensitivity studies. Eight
partners, among them Vattenfall and Sydkraft from Sweden, were involved
in the project. A few different codes were used for the analysis, in most
cases MELCOR or MAAP.

A systematic risk based framework was developed, resulting the use of
"significance indicators", applied above certain threshold values. The
partners graded each phenomena important to the source terms at three
levels, according to Table 5.

Table 5
Uncertainty and sensitivity grading, from [38].

Grade Definition

Uncertainty H The phenomenon is not represented in the computer modelling or the model is
too complex or inappropriate which indicates that the calculation results will
have a high degree of uncertainty.

M The phenomenon is represented by simple modelling based on experimental
observations and results.

L The phenomenon is modelled in a detailed way with adequate validation.

Sensitivity H The phenomenon is expected to have a significant impact on the source term.

M The phenomenon is expected to have a moderate impact on the source term.

L The phenomenon is expected to have only a small impact on the source term.

The phenomena were graded both in terms of the level of uncertainty
associated with each phenomenon and the sensitivity of the source term to
that phenomenon. The results from this study are summarised in Table 6.
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Table 6
Overall uncertainty and sensitivity gradings, from [38].

Topic

Core inventory

Release from fuel (including the effects of oxidising
atmospheres)

Vapour transport in the primary circuit

Aerosol transport and retention in the primary circuit

Behaviour of non-fission product materials in the
primary circuit

Release of low volatile fission products from molten
pools (in-vessel)

Release of low volatile fission products from MCCI

Aerosol behaviour in the containment including
particle growth (hygroscopicity)

Late revaporisation

Iodine chemistry

Tellurium chemistry

Pool scrubbing

Release routes and failure mode effects

Uncertainty

L

L(MA)

M-H

M-H

H

M

L-M

M-H

L-M

MH

M

M

Sensitivity

M-H

M-H

M(H)B

Lc

L-MD

L-M

M(H)E

M-HF

M-HG

M

M(H)1

H

A M applies only to the release of less volatile elements under oxidising
conditions.

B M grade applies only in the absence of other significant retention
mechanisms.

C L grade is the view of the majority of the Partners, subject to the findings
oftheCHEM Project.

D M grade applies to long term in-vessel retention sequences with a bypass
component and/or no containment sprays or early containment failure.

E The M-H grade applies for releases into a PWR containment without
sprays.

F The M-H grade applies only to sequences where significant
revaporisation/resuspension is predicted.

G H applies where iodine filtration is available, particularly for late
containment venting.

H Assumes use of a modern CORSOR type release correlation.
I The H grade applies only to containment by-pass sequences where there

is significant pool formation in the release pathway.

One objective of the EU study was to place the results in the context of
source term limits defined in a number of international guide lines.
Comparison with the guide lines of EUR [39], EPRI [40] and U.S. NRC [9]
is shown in following figures 14 and 15 for the basecase and for the range of
the sensitivity cases, respectively.
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Figure 14
Baseline source terms and their relevance to international guidelines [38].
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Sensitivity study source terms and their relevance to international guidelines
[38].
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4.1

Source term experiments in support of code model
development

Overview

Experimental results are fundamental for code development and validation.
The MELCOR code in particular has taken advantage of this and has been
validated against a large number of experimental data.

Many experiments have been performed during the years to study the
various steps and phenomena related to the source term. Most often these
experiments have addressed separate phenomena, such as fuel damage to
determine the fraction of nuclides released from the fuel, fission product
transport and retention in the primary system and distribution in the
containment. Out of the few integral effects tests the ongoing PHEBUS
programme is maybe the most ambitious and is hoped to contribute to
extended knowledge about the source term.

The International Standard Problems (ISPs) organised by OECD/NEA/CSNI
plays an important role for the validation of codes. While the first ISPs
addressed mainly thermal-hydraulic problems, several of the latest ISPs have
been related to severe accidents and to source term phenomena, namely:

ISP-24 SURC-4. Core-concrete interaction test. FP simulants and
Zircaloy added. FP simulant release rate, among others to be
predicted, (BNL, USA, completion year, 1989).

ISP-30 BETA II Core-concrete interaction, Test V5.1. Influence of
high-content Zr-4 in melt on the MCCI, long-term aerosol
generation (GRS, Germany, 1992).

ISP-34 Falcon tests FAL-ISP-1 and FAL-ISP-2. FP transport and
deposition in primary circuit and in containment, incl.
hygroscopic effects, (AEA, U. K., 1994).

ISP-37 VAN AM M3. Multi-compartment aerosol depletion,
hygroscopic effects, (GRS, Germany, 1994).

ISP-40 STORM Test SRI 1. Aerosol deposition and resuspension in a
primary system pipe, (JRC Ispra, 1998).

ISP-41 RTF experiment. Iodine behaviour in containment, (AECL,
Canada, 1999).

ISP-44 KAEVER tests K148, K188, K123, K186 and K187. Aerosol
behaviour in a single-compartment containment model with
hygroscopic and non-hygroscopic compounds and mixtures,
(GRS, Germany, 2001)
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4.2 Experimental programmes

As the number of experiments related to the source term is very large only a
few are selected for this review. The experiments are discussed in following
three sections, for each of three categories.

4.2.1 Fuel rod damage and fission product release from fuel

An good overview of early fission product release experiments is given in
[41] in the proceedings from the ANS meeting on source terms in Snowbird
1984. Another, more recent overview is found in NUREG/CR-6193 [28].
Some of the in-pile experiments are noted below.

• ACCR ST-1 and ST-2 tests at Sandia, 1987-1988 [42]. Fission
product release from specimens of fuel rods heated to above
2400 K in reducing conditions.

• STEP programme (Source Term Experiments Project) at ANL,
1985-88 [43]. Four tests to characterise the components of the
source term released early in the accident. Of special interest
were the volatile fission products, Cs, I, Te and Rb.

• The Severe Fuel Damage tests, SFD-SD and SFD-1 through
SFD-4 tests at INEL, e.g. [44,45]. Fission heating of 0.9 m 32
rod bundles with Inconel spacers to study core degradation and
melting incl. fission product release. Two tests had Ag-In-Cd
control rods. Also Zr oxidation and extent of fuel melting was
measured.

Of other In-Reactor Experiments of importance, which also are integral to
their characteristics as they involve other system effects in addition to
fission product release, can be mentioned the LOFT LP-FP-1 and LP-FP-2
tests [46,47], the FLHT-1 - 5 (Full-Length High-Temperature) experiments
in the Canadian NRU reactor [48], and the Phelnis experiments. The latter is
discussed separately in section 4.2.3.

There is also a number of experiments in which pre-irradiated fuel is heated
to high temperatures causing damage to the fuel pins in out-of-pile facilities
in which release of fission products is studied. Such experiments are the HI
and VI tests series at ORNL in USA [49,50], the SASCHA experiments at
FZK in Karlruhe, Germany [51], and the HEVA-VERCORS tests at
Grenoble in France[52]. The Japanese VEGA [53] is an ongoing programme
at JAERI that is planned to continue until 2005. Irradiated fuel pins are
heated to high temperatures, up to 3000 °C, at high pressure, up to 1.0 MPa.
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Fission product transport and behaviour in primary system

Also here NUREG/CR-6193 presents a comprehensive list comprising 38
experimental programmes sorted into various categories. That report also
summarizes the main learnings from the experiments. The categorisation
and a selection of a few of the test programmes is given in Table 7 below:

Table 7
Some major primary system source term experimental programmes from [28].

Phenomenon Examples of Programme/Facility

Vapour-phase phenomena

I. Thermodynamics
and speciation

Three early programmes, 1970-85 in the USA, Belgium, the
Netherlands and the U.K.

II. Vapour condensation - HI and VI tests (USA)

- VERCORS (France)

III. Vapour interactions - DEVAP (France)

Aerosol nucleation and transport

IV. Nucleation

V. Aerosol growth and
characterisation

VI. Aerosol transport

VII. Resuspension

VIII. Revaporisation

VTT, Finland (Jokiniemi, 1994-)

- HEVA, VERCORS (France)

- ATT (ORNL, USA), TUBA (France)

AEA (U. K.)

AEA (U. K.)

Large-scale tests

Full-scale simulation of
deposition of fission
products and structural
materials.

Fission product release and
transport at LOCA

Fission product release and
timing, also incl. effects of
control rod material.

Marviken-V, 1983-85 (Sweden)

LOFT FP, 1984-85 (INEL, USA)

PBF-SFD(INEL, USA)

Aerosol containment exp. LACE. HEDL-EPRI (USA)

Vapour-aerosol interactions
in containment.

ACE, Advanced Containment Experiment
HEDL-ORNL-AECL-EPRI (USA, Canada)
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The ACE programme has been going on since 1988. Swedish ABB-Atom
participated already from the start because the first phase of ACE included
filter tests. These were valuable for the evaluation of MVSS filtered venting
system installed in all Swedish LWRs, except in the Barseback plants. ACE
has later been extended with three additional phases, Phase B, iodine tests,
Phase C, core melt-concrete interactions and Phase D, core melt coolability
in containment. The latter phase is called MACE. Sweden has then
participated through the APRI project, represented by Gustaf Lowenhielm,
FKA.

The facility had a large scale, i.e. in MACE test M3b the basemat floor area
was 1.2x1.2 m2 and 1800 kg of corium was used. The budget of the ACE
project was also large, amounting to several billion USDs which was funded
by 20 countries. The project has produced a great number of test data reports
and other documentation [54]. A new project called ACEX, a further
extension of ACE, aims at development of theoretical models for the
various phenomena seen in the different phases of ACE.

Many experiments have been devoted to the study of aerosol behaviour.
Examples are the international projects Marviken-V [55] and the STORM at
Ispra [56], of which one test was basis for ISP-40 [57]. To be mentioned are
also the Finnish AHMED [58] and VICTORIA programmes. Tests in the
VICTORIA (VTT) and in the French PITEAS (CEA/IPSN) facilities were
contributions to the EG/EC project APC (Aerosol Physics in Containment)
[59] within Euratom's 4th framework programme.

An OECD/CSNI workshop on aerosols related to reactor safety was held in
Cologne, Germany in 1998 [60]. This was the third specialist meeting at
which current research and the state-of-the-art in this field was highlighted.
The following sessions were included:

I. Aerosol formation, growth and transport in the reactor coolant
system.

II. Aerosol resuspension and revaporization in the reactor coolant
system.

III. Comparison of reactor coolant system codes with experiments.

IV. Aerosol growth, transport and deposition in the containment.

V. Comparison of containment codes to experiments.

VI. Interaction with safety features installed in the containment.

VII. Pool-scrubbing and re-entrainment in containment.

VIII. Plant applications
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Presentation with summaries of major tests as the STORM, VICTORIA
KAEVER, Phebus, etc. were made. Crucial aerosol phenomena and their
impact on the source term and effects on predictions were discussed. A good
illustration of identified aerosol phenomena and their relationships, with
special emphasis on the behaviour of CsOH, as they are modelled in the
ART code was made in a presentation by Hidaka et al. [61], and is shown in
Figure 16.
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Figure 16
Modelling of radionuclide behaviour in the ART code (From [61]).

Several aerosol tests have been carried out with model containments by
Battelle, Germany, in the VANAM and KAEVER facilities. One experiment
from each of these facilities formed the basis for the International Standard
Problems, ISP-37 and ISP-44, respectively.

Much of the data from the above mentioned experiments have been utilized
in the validation of MELCOR. The uncertainties are still large in predicting
the source term from aerosols. Effects of specification of particle size and
distribution, hygroscopy, and agglomeration with combined aerosol
compounds are some of the causes for the uncertainty. These phenomena are
still not fully understood or lack detailed physical modelling in the codes.
Especially the interaction between resuspension and deposition need further
research. These phenomena are much dependent on the thermal-hydraulic
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modelling, which in most codes is not detailed enough, generally not taking
into account 3-D effects in the vicinity of structure walls.

The STORM test SRI 1 for ISP-40 comprised two phases, one deposition
and one resuspension phase, and the participants were invited to contribute
to either of these, or to both. An aerosol of tin oxide, SnO2 was carried by a
gas mixture of nitrogen and steam, plus argon, helium and air needed for the
aerosol generation system, and blown from a mixing vessel into the test
section. The latter consisted of a 5 m long, 63 mm I.D horisontal pipe. The
aerosol flow was almost constant during the 2 lA h long deposition phase.
The resuspension phase began one day later and in the mean time the
conditions from the deposition phase were retained through a special
procedure. At the end of the deposition phase only about 4.7 % of the total
injected mass of the aerosol was deposited on walls in the test section. The
aerosol layer decreased along the pipe from about 0.2 kg/m3 at the entrance
to about 0.1 kg/m3 at the exit of the pipes shown in Figure 17 below.

2E-1
Aerosol deposited mass [kg/m2] at the end of the resuspension phase

1E-1 •

0E+0
2 3

Axial position [m]

Figure 17
ISP-40. Aerosol remaining deposited along the test pipe (From [57]).

At the end of the 2 V* h long resuspension phase, in which about 350 °C hot
nitrogen was blown through the pipe with the mass flow rate increased in 6
steps, only about 42 g of the originally 162 g, i.e. 26 % remained in the pipe.
Since resuspension was not calculated by MELCOR contributions with this
code was only submitted for the deposition part of ISP-40. The results from
the comparison for that part is shown in Figure 18.
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Figure 18
Total deposited mass in test section in STORM test SI 1 - Predictions in the
deposition exercise of ISP-40 (From [57]).

The number of test programmes and the data base from source term
experiments is huge and difficult to overview. An attempt to organize at
least a fraction of this information was made in the EU/EC project
ASTERISM (Archive for Source TERm Information and System Models)
[62]. A catalogue was compiled including all source term projects within the
EU/EC 4th framework programme on Nuclear Fission Safety, and there were
plans to extend this to include a wider range of source term projects.

4.2.3 The Pheims FP project

The international Phebus FP project [63] was initiated in the late eighties by
the French nuclear power inspectorate, IPSN in collaboration with the
European Commission and the French utility, EdF. After a time most
countries with nuclear power joined the project. The experiments are
carried out in the Phebus test reactor at Cadarache, which was rebuilt and
furnished with a special cooling system, a model containment and extensive
equipment to enable performance of global source term experiments (in
contrast to most of the earlier programmes which addressed separate, or a
few combined effects). The aim is to investigate phenomena concerning fuel
damage and fission product release and transport under severe accident
conditions.
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A detailed description of the test facility is found in [64]. Figure 19 below
shows a simplified diagram of the apparatus.

PWR => Phebus scaling-down factor : -5000

steam
generator

test device cooling
circuit (438 K, 25 bar) \

test device

driver core
cooling system

containment vessel

condensers
(FPT0: 347 K
FPT1 : 363 K )

wall
(383 K)

test assembly:
20 UO2 rods (23GWdAt
fuel rods in FPT1)
1 Ag-ln-Cd rod
fissile lenqht: 1m

sump
(100l;363 K;pH 5)
steam injection

line

Figure 19
Schematic presentation of the circuits of the Phebus FP test facility (From
presentation at the CSARP meeting May, 1997).

Current experimental programme comprises six tests according to Table 9.
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Table 9 The Phebus test matrix.

No.

FPT-0

FPT-1

FPT-2

FPT-3

FPT-4

FPT-5

Type of fuel

Fresh fixel,
1 AglnCd rod,
9 d. pre-irad.

BR3 fuel ~23GWd/tU,
1 AglnCd rod,

re-irad.

As FPT-1

As FPT-1, withB4C
instead of AglnCd

EdF fuel ~33GWd/tU.
No re-irrad.

As FPT-1

Fuel bundle

Melt progression & FP
release in steam rich

environment

As FPT-0 with
irradiated fuel

As FPT-1 under steam
poor conditions

As FPT-2

Low volatile FP &
actinide release from
UOTZTOI debris bed.

up to melting

Fuel degradation & FP
release in air
conditions

Primary circuit

FP chemistry and deposits
in non-condensing steam

generator

As FPT-0

As FPT-1 with effect of
boric acid

As FPT-0

Integral filters in

Post-test studies

Deposition & chemistry of
FPs in air conditions

Containment vessel

Aerosol deposition.
Iodine radiochemistry

atpH5.

As FPT-0

H2 recombiner, PH 9,
evaporating sump

As FPT-2?

test device

on samples

As FPT-1 or-2

Date

Dec. 2,
1993

July 26,
1996

2000*

2003

July 22,
1999

2004-
2005

performed on October 12, 2000.

The first test, FPTO, was performed with non-irradiated fuel in the 20 PWR
type fuel rods of the assembly. In the other five tests irradiated fuel is used.
The results of FPT-0 are reported in [65].

The second test, FPT1, was essentially the same as the first one including
one PWR type control rod. In FPTO the fuel started melting at 2200 °C,
which was at a considerably lower temperature than expected. More hydro-
gen than expected was also produced. In FPT1 the temperature increase
because of oxidation started at 2500 °C. The diameter of the irradiated fuel
increased more than 20 % during heat up, compared to the non-irradiated
fuel of FPTO. Both experiments were performed in an environment with
abundance of steam.

Other observations after the first two experiments are that cesium did not
exist as CsOH but mostly as aerosols. Concerning iodine similar behaviour
was seen in FPT-0 and FPT-1 with the highest gaseous iodine fraction
obtained after the Zircaloy oxidation phases. However, the amount measured
in FPT-1, referred to the initial inventory of iodine, is significantly lower
than in FPT-0. The fast deposition of iodine in the sump as insoluble Agl
observed in FPT-0 appears to be considerably slowed down in FPT-1 to a
point that iodine revolatilisation from the sump, which was inhibited in
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FPT-0, becomes possible in FPT-1. The results of both tests indicate that the
gaseous iodine in the long term is produced by release of organic iodine
from the painted condenser surfaces. More information about the evaluation
of iodine behaviour in the first two tests is given in [66].

The Phebus test programme is producing a lot of interesting new infor-
mation that is of great value for the improvement of computer code models.
A great number of validations against Phebus data has already been done
and is underway, not least with MELCOR. This is further discussed here in
section 5.7.2. The publications related to the evaluation of Phebus tests is
numerous, and increasing.
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5 The MELCOR code

5.1 General about the MELCOR code

The MELCOR code [5] is being developed by Sandia National Laboratory
(SNL) under contract from the U.S. Nuclear Regulatory Commission (NRC)
and is available to organisations and authorities participating in the Co-
operative Severe Accident Research Programme (CSARP). MELCOR is a
successor to STCP and has thus a long evolutionary history.

The MELCOR code has been distributed to forty-eight organisations in
twenty-two countries, see Table 1. MELCOR 1.8.4 was the latest released
version when this literature study was initiated. Version 1.8.5 was scheduled
to be released in May, 2000, but was in fact distributed only in November to,
among others, Studsvik EcoSafe.

Table 10
Countries (other than the U.S.) to which MELCOR has been distributed [67].

Austria
Czech Republic
Germany
Japan
Republic of China
Slovenia
Switzerland

Belgium
Finland
Hungary
Korea
Russia
Spain
Ukraine

Croatia
France
Italy
The Netherlands
Slovak Republic
Sweden
United Kingdom

The international user's group, MCAP constitutes an important forum for
exchange of experiences and support to the Sandia development team.
About 25 organisations, representing most of the countries above, are
members of MCAP [68]. The group is an essential means for support to
code development through the work done by members with code assessment
and testing. Reports on development status of MELCOR is also com-
municated at the yearly spring CSARP meetings.

5.2 Brief code description

MELCOR is a folly integrated code that models all phases of severe accidents
in LWR plants. It is a so-called lumped parameter code, i.e. zero-dimensional
with respect to the modelling of hydrodynamic volumes. Thermodynamic
state properties are then given in one point in each cell of the volume and
considered as constant in space within it. The spatial geometry is given in
input as a volume/altitude table. Each volume can have a pool and an
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atmosphere fraction, the latter can consist of steam and a number of non-
condensable gases. Two-phase models allows for steam bubbles in the pool
and water droplets, "fog", in the atmosphere. If the non-equilibrium thermo-
dynamics option is chosen different temperatures and phase conditions can
exist between pool and atmosphere.

Through connections with flow paths having length and inclinations sort of
three dimensional model of, e.g. a reactor system can be simulated. The
code comprises a driver module and a number of model packages. The
latter are e. g. a control volume hydrodynamics package, the flow path, core
description, heat structure, radionuclide package, etc., totally 23 different
packages. The number of packages which are engaged in the execution is
dependent on the problem that is treated.

Various severe accident phenomena in both PWRs and BWRs can be
simulated in MELCOR, as for example

• thermal-hydraulic response in the reactor coolant system,

reactor cavity, containment and confinement buildings;

• core heat-up, degradation and relocation;

• core-concrete attack;

• hydrogen production, transport and combustion;

• fission product release, transport and deposition

• impact of engineered safety features on thermal-hydraulic and
radionuclide behaviour.

Initially MELCOR was aimed as a parametric code for PRA applications, like
MAAP. Along with ongoing research new, more realistic and mechanistic
models are incorporated which directs the code into a more best estimate type
of code. Current version, MELCOR Version 1.8.5 incorporates most of
today's knowledge of severe accident phenomena. MELCOR has been
extensively validated against a large number of experiments. Nevertheless,
the uncertainties in source term calculations are still considerable, however,
assessments and farther code improvements in crucial areas are continuing.

Most crucial to the source term calculations is the radionuclide, RN code
package, which models radionuclide releases, aerosol and fission product
vapour behaviour, transport, deposition, etc. Other code packages that have
primary effect on the source term are COR, which treats the core degradation
and release of core material to the containment, FDI, describing various fuel
dispersal interactions and the CAV module, which uses CORCON-MOD3
modelling of core-concrete interactions.
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5.3 MELCOR code releases

A presentation of code version MELCOR 1.8.4 was done at the CSARP97
meeting [69], just prior to the release. Updates from version 1.8.3 include:

New models for

• Cs/piping surface chemistry reaction model
• SP ARC90 pool scrubbing model
• Hygroscopic aerosol depletion modelling
• Lower head creep rupture model
• B4C chemistry models
• Downward facing boiling (lower head)

Improved models

• Improvements in 'dT/dz' modelling - generalised flow

• Implementation of model for flow redistribution around
blockages

• Improved core degradation modelling

Since then, further development has been done for the next version. 1.8.5.
Main improvements from version 1.8.4 concern:

• Iodine aqueous chemistry model

• Passive autocatalytic hydrogen recombiner (PAR) model

• New core degradation model, including multiple other
structure representations and core component support and
failure modelling

• Bottom head early transition

• Core reflood and spray modelling

• Enhanced control function input facilitating unlimited number
of control functions and streamlining of plotting

During the work with MELCOR the character of the code has changed from
being a pure parametric code into a more or less "best estimate" code, which
is an effect of ongoing research and validation, leading to reduction of
modelling uncertainties. Extensive code-to-code comparisons of MELCOR
with SCDAP/RELAP5 and with CONTAIN have also been done as part of
the assessment process. Benchmark and nodalization studies, of, among
others natural circulation and mixing phenomena for Surry, against SCDAP/
RELAP5 calculations were reported at the 1999 MCAP meeting [68].
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5.4 MELCOR information on Internet

News and information about MELCOR can be found on the internet home-
page, http://melcor.sandia.gov. Here is news about code releases, updates
and error corrections, as well as about meetings and workshops.

Collected on the site are also electronic MELCOR-manuals, modelling hints
and a few assessment documents. Complete station input files were prepared
for version 1.8.2 and 1.8.3 including following files*

• Grand Gulf Nuclear Station (GE BWR-6, Mark III)
• Grand Gulf - NUREG-1150
• Grand Gulf LB LOCA (PDS 3-1)
• Grand Gulf PDS 2-4
• Peach Bottom Atomic Power Station (2) (GE B WR, Mark I)
• Calvert Cliffs (C-E 4-loop PWR)
• Surry Power Station (\)(W. 3-loop PWR)
• Surry Power Station (2)
• Surry Power Station (3)
• Surry Power Station (4)
• Oconee Nuclear Station (B& WPWR)
• LACE LA-4 (2 component) (Model of aerosol experiments)
• Zion Nuclear Plant (W. 4-loop PWR)

5.5 MELCOR calculations for PWRs

Only plant calculations for PWRs are considered in this section. A few
relevant BWR analyses are discussed in section 5.6. Assessments and
validation of MELCOR against experiments are discussed in section 5.7.

Of special interest in the list above are the MELCOR input files for Surry,
which resembles Ringhals 2. Surry is a 3-loop-Westinghouse PWR with
2444 MW thermal power, U-tube steam generators and one primary system
pressurizer. These input files were prepared for version 1.8.2, and corre-
spond to analyses presented in the Sandia reports by Kmetyk et al. [70] and
[71], in which more details about the Surry plant is found. In [69] results
from version 1.8.2 are compared with earlier 1.8.1 results for a TMLB' high
pressure sequence, and reports progress in performance with the newer
version. The new models then included, among others, the CORSOR-Booth
fission product release and a DCH model.

* Since the release of MELCOR 1.8.5 the home page has been modified and does no
longer include input files. Instead these, some of them updated to version 1.8.S, can be
downloaded together with documentation from a workshop held May 10-15,2001.
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Reference [71] summarizes MELCOR 1.8.2 calculations for three LOCA
low pressure sequences in Surry PWR which had the objective of
evaluating the in-containment source term, the so-called revised source
term. Comparisons of the more realistic MELCOR values are made with
former TID-14844 source terms. Comparison is also made with results from
STCP, and the results are here rather similar in most respects. For the large
hot leg LOCA MELCOR predicted containment failure somewhat later than
STCP. Release of all noble gases and alkali metal volatiles (CsOH), almost
all halogens (I) were predicted by both codes, but MELCOR showed
significantly higher release of alkali earth (Ba) and noticeably less Tellurium
than STCP.

The Surry PWR plant has served as model for a number of other accident
and source term studies using the MELCOR code. In an early Sandia study
by Kmetyk [72] the effect of air ingression is analysed. Besides the obvious
risk of exposing the reactor core to air during shut-down accidents, it is also
possible that air ingression can occur during operational accidents if the
vessel opens due to breaks or penetration of degraded core material. The
oxidation of overheated core material will then increase, and experimental
studies prove that this will enhance the release, especially of radioactive
ruthenium from fuel.

In [73] calculations for a two-loop Westinghouse pressurised water reactor
is briefly described. The results calculated by MELCOR have been
compared to similar calculations performed with MAAP. The purpose of the
study was to calculate source terms and the timing of events. The report
gives only a short presentation, and a full report with details of the
calculations was not found.

Accident sequences in [73] comprise station blackout and medium and large
LOC As concurrent with station blackout. The resulting source terms
predicted with MELCOR were rather similar for the various sequences,
since after core melt and vessel failure, containment failure was obtained
between 40 and 61 h in all cases. Environmental releases of 99 % of noble
gases and iodine, about 2 % of cesium and 1 %, or less of tellurium were
shown. The large release of iodine was an effect of assuming that it did not
combine with cesium to Csl, but stayed as elemental iodine. If assumed that
elemental iodine combine with caesium the release of iodine will be similar
to the release of caesium, i. e. ~2 %. The results compared to MAAP were
generally similar, however MAAP gave shorter times to vessel and
containment failure with similar assumptions.

The work by Bergeron et al. with calculations using MAAP and MELCOR
within a cooperation between Sandia and NUPEC was discussed earlier in
context to the revised source term approach [13]. Introductory, direct
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comparison between the two codes, MELCOR 1.8.3 and MAAP4, with
emphasis on thermal-hydraulics and melt-progression for the same project
was reported 1996 in [74]. A number of nine sequences for Surry PWR and
a GE BWR/4 were analysed.

In the resent source term rebaselining study by Gingrich and Schaperow of
NRC [30], discussed earlier, it says that data were based on new (1998)
MELCOR calculations, among others for Surry. It would be valuable to
obtain that information when the report, now as draft [75], is available.

A number of assessments and applications of MELCOR on various nuclear
reactor plants is continuously being carried out as contributions to MCAP
and CSARP. A study of a SB LOCA for Surry was presented at the 1999
MCAP meeting [76]. One objective of this study was to see if known
difficulties to model core reflood water levels at accumulator injection could
be remedied by choosing a more detailed nodalization. Benchmarking was
therefore made by comparison with earlier SCDAP/RELAP5 calculations.
Incapability to model core reflood properly with MELCOR results in
exaggerated core heat-up compared to SCDAP/RELAP5 as shown in Figure
20 below.

TIm« (fO3S«c)

Figure 20
Comparison of Surry clad temperatures by MELCOR calculations versus
SCDAP/RELAP5 for a TMLB' sequence with 6" cold leg break [75].
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The main reason was that with conventional MELCOR nodalization water
injected into the cold leg was hindered in the loop seal. This delayed the
reflooding of the core as shown in Figure 21. Increasing the number of
nodes in the cold leg facilitated loop seal clearance and speeded up the
recovery of core reflooding, and gave better agreement with SCDAP/
RELAP5 results. Validation had then also been made to experimental results
from the Semi-Scale test programme.

3

0 . 25

- 0 . 25
0 . 0 O . 5 2 . 51 . 0 1 . 5 2 . 0

Time (10*See1
Figure 21
Difference in core level recovery after accumulator injection between
MELCOR and SCDAP/RELAP5 predictions for the Surry case [75].

3 .0

Zion is another Westinghouse PWR for which an input file is found at the
MELCOR homepage. Zion has two four-loop 1100 MWe units with large
dry containments. Zion was one of the five nuclear power plants included in
the NUREG-1150 risk study [19].

5.6 MELCOR BWR studies

Although this study concerns PWRs, it is worth mentioning a few BWR-
studies performed with MELCOR. As an example, reference [77] presents
results from benchmark calculations for the Peach Bottom plant. Although it
is for a Mark 1 BWR it is interesting as it compares MELCOR best estimate
source term calculations with NUREG-1465 and STCP results in NUREG-
1150. MELCOR source terms were here lower than NUREG-1150 values
for all elements and compounds, but higher than NUREG-1465 values for I,
Cs, Sr and Ba.
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In [78] the in-containment source term is calculated using different release
models. The calculations are performed for a station blackout at the Grand
Gulf nuclear station, a General Electric BWR-6 with a Mark-Ill containment.
The in-containment source term for the same station is studied in [79]. Here
with and without BH package (the BWR lower plenum debris bed package)
with MELCOR version 1.8.3. It is concluded that use of the BH package
gives a more realistic simulation of the timing of events. Also the source
terms become different with and without the BH package activated. With the
BH package activated classes 2 (cesium), 5 (tellurium), 10 (uranium) and 15
(Csl) in-containment source terms became larger, while some other classes,
e.g. class 3 (barium, strontium) became lower than without the BH package.

For MELCOR modelling of a BWR core, [80] can be interesting. Here a
novel approach of modelling the core is presented. By doubling the number
of core rings problems with inaccurate channel and bypass water levels and
artificially large flow areas through the core plate can be mitigated.

A comparison of results obtained with MELCOR 1.8.3 and SCDAP/RELAP5
Mod 3.1 is performed in [81]. Models for Browns Ferry (BWR)-4 with a
Mark-I containment are used. The sequence is a low-pressure, short-term
station blackout accident. The results indicate differences between the two
codes, especially due to the different treatment of melt behaviour and
relocation at and below the core support plate.

5.7 MELCOR assessments and validation against source term
experiments

5.7.1 Earlier experiments

Assessment and validation against experimental results is fundamental for
code development, and in this respect Sandia has utilized a good deal of the
most relevant test results in their work with MELCOR. Some of these
experiments were mentioned before in section 4.2. Feedback from
international users of MELCOR is important, e.g. through contributions to
the ISP exercises.

In [82] and [83] Brookhaven National Laboratory (BNL) presents, as a
contribution to NRC, assessments of MELCOR 1.8.2 comprising analyses of
tests like PBF-SFD 1-1, SFD 1-4, FLHT-2, FLHT-4 and FLHT-5, besides a
large number of plant calculations. BNL points at some important needs for
code improvements in the cladding oxidation model, modelling of balooning
and core blockage, etc. Sensitivity studies were made for core nodalization
and time step variation. Some special studies were performed with the
different fission product release models CORSOR and CORSOR-M.
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The thermal-hydraulic simulation has also effect on the source term because
it is crucial for the heat-up and thus the timing of the damage sequence
during a severe accident. A number of blowdown tests where performed by
General Electric during the early 1980-s, where level swell phenomenon for
BWR transients and LOCAs were studied. MELCOR 1.8.3 has been
validated against these tests, [84]. A number of sensitivity studies where
performed, some of which are presented here.

The results demonstrate that no single value of choked flow discharge
coefficient gives best agreement with test data for all tests analysed and
through the entire test period being analysed. However, the results indicate
that values of 0.7-0.9 give better agreement with test data than either lower
(0.6) or higher (1.0) values. The results of this sensitivity study also indicate
that better agreement with data is obtained using somewhat larger discharge
coefficients for the top blowdown test (dominated by steam outflow) than
for the bottom blowdown tests (dominated mostly by liquid and two-phase
outflow).

An input file is available in the report.

Sandia carried out a comprehensive assessment of MELCOR 1.8.3 against
Containment System Experiment (CSE) spray tests, reported in [85], 1994.
The tests in the CSE vessel were performed to evaluate the performance of
aqueous sprays as a means of decontaminating containment atmospheres. A
number of sensitivity analyses were performed, the assessments showed that
there was a significant time-step dependency due to an error in the spray
package. This, and a number of other code deficiencies were identified and
eliminated.

Earlier MELCOR assessments indicate that at least two MAEROS aerosol
components (one for fog) is needed to correctly account for condensation
and evaporation effects. This was confirmed in the CSE study.

In the reference case 10 MAEROS sections were used. In the sensitivity
studies 5 and 20 sections were tested, see Figure 22. MAEROS evaluates the
dynamic size distribution of each component. The size distribution is
described by the mass in each size bin, or section. The default in MELCOR is
to use 5 sections. The minimum and maximum diameters are default to 1 Jim
and 50 \xm, respectively, and the section boundaries are equally loga-
rithmically spaced, with the restriction that the masses in adjacent sections
differ by at least a factor of two. It was shown that the results generally
improve as more MAEROS sections are used. Using 20 sections required
50 % more cpu time, while using 5 sections took 24 % less cpu time than the
reference case with 10 sections.
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Figure 22
Caesium aerosol airborne concentrations. MAEROS sections sensitivity
study [85].

The default MELCOR aerosol density is 1000 kg/m3 (i.e. water density).
The reference calculations were run with the aerosol density set to 2500
kg/m3. Sensitivity studies were run for 1000 and 5000 kg/m3. Note that in
MAEROS a single density value is used for all aerosol components. The
reference density is intended to represent a compromise between the density
of the caesium particles and the uranium oxide particles modelled in this
experiment.

An input file is available in the report.

5.7.2 Assessments and validation against Phebus tests

Sandia informed at CSARP97 that they are performing MELCOR source
term calculations against the Phebus experiments, but they were not finished
at the time. MELCOR pre-test calculations for Phebus-FPTO were presented
in NURETH-7 [86]. Post-test calculations presented in [87] are further
described below. Benchmarking against Phibus experiments are made with
many different codes besides MELCOR. A presentation of such activities
was made at the 1997 FISA meeting [88].

The OECD/NEA/CSNI working group PWG4 has proposed that an
International Standard Problem, ISP should be carried out based on Phebus
test FP-1. This activity is planned to start in 2001 or 2002.

c:Smiiu dotamentMndoc00Nes00-19.doc In



STUDSVIK ECO & SAFETY AB STUDSVIK/ES-00/19 47

2001-04-04

MELCOR 1.8.3 assessment against Phebus-FPTO

When modelling the Phebus-FPTO a sensitivity study of certain source term
parameters were performed, [87]. A base case with default values was used
for comparison.

The first parameter studied is the mass median diameter (AMMD). Experi-
mental data show mass median diameters in the interval 1.0 to 1.3 micron.
Both these limits are studied. A value of 5 micron is also studied, as large
aerosols exist at scram. The second parameter changed is the density of the
aerosols. The MELCOR default value is 1000 kg/m3, which is the density of
water. In a sensitivity calculation a value of 10 500 kg/m3 was used, repre-
senting the density of silver. The default value on the diffusion boundary
layer is 1.0e-5 m. The value 1.0e-3 m was also tested. And finally the
turbulence dissipation rate was changed from default 0.001 m2/s to
0.01 m2/s3 and 0.0001 m2/s3.

The results show that the only parameter of importance to the results was the
density of the aerosols. The other parameters did not affect the results at all
or very little. An increased density resulted in heavier particles, which
deposit faster, and the trend was more deposition on floors and less aerosols
remaining in the atmosphere and less aerosols drained to the pool.

An input file is included in the report.

MELCOR 1.8.4 assessment against Phebus-FPTl

Some of the improvements to MELCOR 1.8.4 were due to validation against
Phebus-FPTO. Analyses of FPT-1 performed with the 1.8.3 version showed
low hydrogen production (50 % of measured) and early loss of fuel geometry
compared to FPT0, [88]. Changes to address these deficiencies included a
feature to ensure oxidising molten zircaloy is retained in place behind the
outer oxide shell until attaining a user specified (2400 K default) tempera-
ture, and a feature allowing the outer cladding oxide shell to preserve fuel
rod integrity until an oxide failure temperature is attained (2800 K default).

Calculations were then performed against the FPT1 experiments, [89], with
the present 1.8.4 code version. The early stages of the experiment were
predicted with high accuracy while the late stages of the bundle degradation,
involving the relocation of fuel material, differ from the experiments.
Whereas the 2800 K criteria for transition from fuel rod to particulate
geometry provided a good prediction of the behaviour of the fresh-fuelled
FPT0 test, evidence from the FPTl irradiated-fuel test suggests that
degradation from fuel rod geometry occurred at lower temperature.
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In this validation work against the FPTl test preliminary comparisons of
fission product release from the fuel and the subsequent transport through
the circuit have been performed. The results look encouraging. No final
report of this study has been found.
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6 Summary

The source term research, which was intensified after the Harrisburg
accident has produced a huge amount of reports and papers. This survey
was therefore limited to research mainly concerning PWR type of reactors
and with emphasis on papers related to MELCOR code development.
A background is given, relating to some historic documents, and then more
recent research after 1990 is reviewed. It is concluded that source term
calculations involve simulation of many interacting complex physical
phenomena, which results in large uncertainties. The research has,
however, over the years led to considerable improvements. Thus has the
uncertainty in source term predictions been reduced one to two orders of
magnitude from the simpler codes in the early 1980-s to the more realistic
codes of today, like MELCOR.

Still, there are many phenomena which are yet not well understood and/or not
adequately modelled in the codes. This contributes to remaining uncertainties
and calls for continued research in some crucial areas. Many of the referred
projects have addressed these key uncertainty factors and tried to identify
them. There is a consensus that the least uncertainty is in the determination of
the core inventory of fission product elements in the fuel.

The simulation of the damage progression at a severe accident is still
crucial, since it is determining for the timing of the events, which leads to
the source term. The rather complicated input preparation with the modern,
large codes give unwanted user effects and sensitivity to e.g. choice of
nodalization. This can be a problem in cases with natural circulation, steam
generator bypass, etc.

Aerosol behaviour is another field where difficulties in the modelling are
encountered. The many ISP cases devoted to this problem has pointed at
unresolved problems, in particular for late revaporisation after aerosol
deposition.

Chemistry effects, especially for iodine but also for cesium are other issues
of concern. The initial Ph6bus tests showed that there was very little CsOH
and that cesium occurred in the atmosphere mostly as aerosols. Reaction
can take place between cesium and chlorine from isolation material from
burned electric cables. Iodine has high affinity to silver from PWR control
rods forming insoluble Agl, which can be trapped in the sump. There the
pH in the sump water is important. Maintaining a high pH enhances the
retention of iodine.

The ongoing Phebus-programme is creating new and important results of
benefit to the code development and validation of the MELCOR code.
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