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Foreword

The 5th International Meeting on Thermal Nuclear Reactor Safety was held
in Karlsruhe on September 9-13, 1984; it was attended by some 500
scientists and engineers from 25 countries. The conference was jointly
sponsored by the European Nuclear Society (ENS), the American Nuclear
Society (ANS), the Canadian Nuclear Society (CNS) and the Japan Atomic
Energy Society {JAES). The meeting was further endorsed by, and
organized in cooperation with, the Nuclear Energy Agency (NEA) of the.
Organization for Economic Cooperation and Development, the International
Atomic Energy Agency (IAEA), and the Commission of the European
Communities (CEC). Host organizations were the Kerntechnische
Gesellschaft (KTG) and the Kernforschungszentrum Karlsruhe (KfK). The
meeting was the fifth in a series of international meetings in the same
subject areas with ANS and ENS as primary sponsors.

The Karlsruhe reactor safety meeting was held to reflect on the present
status of engineered safety systems in nuclear power plants and to
represent the findings of international safety research.

Seven invited experts of international reputation outlined the present
state of the art in survey lectures. Moreover, more than 200 technical
and scientific papers selected from 280 submitted papers, dealt with
recent findings in reactor safety technology and research in the
following areas: safety systems and functions optimization; man machine
interface and emergency response; code development and verification; -
system and component behavior; fuel behavior during severe accidents;
core debris and core concrete interaction; fission product behavior;
containment response; probabilistic risk assessment. We wish to thank
all speakers for their valuable contributions.

The meeting was concluded by a panel discussion on "Progress and Trends
in Reactor Safety Technology and Research - What Has Been Achieved to
Date? - What Remains to Be Done?"



IT

It is not possible to acknowledge individually all persons who
contributed to the meeting. We are greatly indebted to H.H. Hennies,
President of the German Kerntechnische Gesellschaft (KTG), and J.M.
Hendrie, President of the American Nuclear Society (ANS) who served as
General Chairmen, and to A. Birkhofer as Chairman of the Technical
Program Committee. Many thanks are due to the members of the Steering
Committee, the Technical Program Committee, the Review Committee and the
Organizing Committee.

The 6th International Meeting on Thermal Nuclear Reactor Safety was
announced to take place in February 1986 at San Diego, California.
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MEASUREMENT AND CHARACTERIZATION OF FISSION PRODUCTS RELEASED
FROM LWR FUEL

M. F. Osborne, J, L. Collins, R, A. Lorenz, and K. S. Norwood™*

Chemical Technology Division
Ogk Ridge National Laboratory
Oak Ridge, Tennessee 37831

R. V, Strain

Materials Science and Technology Division
Argonne National Laboratory
Argonne, Illinoils 60439

ABSTRACT

Samples of commerclal LWR fuel have been heated under simulated acci-
dent conditions to determine the extent and the chemical forms of
fission product release. This project was sponsored by the USNRC
under a broad program of reactor safety studies, Of the five tests
discussed, the fractional releases of Kr, I, and Cs varied from ~2% at
1400°C to >50% at 2000°C; much smaller fractions of Ru, Ag, Sb, and Te
were measured in some tests., The major chemical forms in the effluent
appeared to include CsI, CsOH, :-Sb, Te, and Ag.

INTRODUCTION

Accurate information about the quantities and chemical forms of fission
products released from light-water reactors (LWRs) during overheating incidents
18 required for the reliable assessment of potential hazards., For several
years, the U.S, Nuclear Regulatory Commission (USNRC) has sponsored experimen-—
tal studies of these phenomena at Oak Ridge National Laboratory (ORNL),}=3 1In
all these tests, small segments of commercial LWR fuel rods were heated under
simulated accident conditions, and the released material was collected and ana-
lyzed. The most recent test series used a new furnace design which permitted
testing at temperatures up to 2000°C, The primary objectives of the study were:
to determine the release rates and the chemical forms of the most significant
fission products, to relate these results to changes in the fuel microstructure,
and to compare these data with results from other experimental work. With the
exception of detailed studies of the fuel and cladding microstructure, which was
conducted at Argonne National Laboratory (ANL), all of this work was carried out
at ORNL. The results will be used by the USNRC in computer modeling studies of
various acclident scenarios to evaluate the resulting consequences.

*Guest scientist from UKAFEA-Harwell,
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EXPERIMENTAL APPARATUS AND TECHNIQUES

In the recent test series, the fuel specimens (15 to 20-cm-long segments of
LWR rods of 10 to 40 MWd/kg burnup) were heated in an induction furnace (Fig. 1)
at 1400 to 2000°C for 20 min.“”7 An atmosphere of steam and helium at 0.1 MPa
pressure flowed across the heated specimens, oxidizing the Zircaloy cladding and
transporting released material to the collection system, comprised of a thermal
gradient tube lined with platinum, an aerosol sampler, a series of glass-fiber
filters, heated charcoal, and cooled charcoal. The temperature in the thermal
gradient tube varied from about 850°C at the inlet to 150°C at the outlet., The
other collector components were maintalned at ~150°C to prevent steam conden-—
sation,
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Fig. 1., Fission product release and collection system.

Data were obtained before, during, and after each test. The principal
methods for analysis were (1) gamma spectrometry (GS) for the radionuclides,
(2) neutron activation analysis (NA) for 1291, (3) spark-source mass spectrom—
etry (SSMS), and (4) energy-dispersive x-ray analysis (EDX) via scanning elec~
tron microscopy for all except the lighter elements. All four methods have been
valuable in studying fission product release and transport,.and, in addition,
the SSMS and EDX analyses have provided data on the behavior of structural and
impurity elements that influence fission product behavior. Fission product
inventories in the fuel were determined by ORIGEN calculations, based on the
reactor operating histories and on mass spectrometric analysis of the irradiated
fuel. The accumulations of 134Cs and 137Cs on the thermal gradient tube and the
filters and of 35Kr on the cooled charcoal were measured during the tests by
gamma spectrometry, Posttest examinations included GS analysis of the entire
fuel specimen and all apparatus components, as well as optical microscopy and
scanning electron microscopy of selected areas (especially the fuel/cladding
interfaces and areas of melting and/or reaction),

RESULTS AND INTERPRETATION

The principal test parameters and the fractional release data for the five
tests in this series are summarized in Table I. Significant releases of fissinn
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Table I. Fission product release data from tests of LWR fuel

Steam flow Fraction of inventorya found (%)
Test Temperature Time rate
No. (°c) (min)  (L/min) 85g,D  137¢g 1291 125gh%  110mpg®
HI-1 1400 30 1,0 3.13 1.75 2.04 0,018 0
HI-2 1700 20 1.0 51.8 50.5 53.0 1,55 3.13
HI-3 2000 20 0,30 59.3 58,8 35.4 0,001 0.015
HI-4 1850 20 0.32 31.3 31.7 24,7 0.009d 0.094
HI-5 1700 20 0.41 19.8 20,8 22,9 0.315 18.07d

gBased on ORIGEN calculation,

Includes Kr released during irradiation.

Measurable only after Cs removal; values represent minima only.
About 99% of released Sb and Ag remained in the furnace.

product Kr, I, and Cs occurred in all tests; smaller and more variable fractions
of Mo, Ru, Ag, Cd, Sb, Te, Ce, and Eu were detected also. The very high levels
of radiocesium interfered with GS analyses for the less abundant gamma emitters,
such as l°6Ru, 110mAg, and 125Sh, The release fractions for rubidium and bro-
mine were similar to those for cesium and iodine, their chemical analogs. The
release and transport of Ag, Sb, and Te appeared to be influenced by the extent
of cladding oxidation by the steam.

In addition to these fission products, a number of structural elements (Zr,
Sn, Mg, Ca) and impurities (S, Cl, Pb, Bi) were identified by SSMS and EDX.
These structural and impurity elements were significant contributors to the
masses of aerosol deposited on the thermal gradient tubes and filters. Since
some of these elements are not present in LWRs, however, their behavior in our
tests is not relevant to safety considerations,

The mass distributions of fission product Cs, I, Sb, and Ag in the platinum
thermal gradient tube varied significantly., This is illustrated in Fig, 2.8,9
In all tests, the iodine was deposited in a single broad peak at temperatures
ranging between 400 and 600°C., These results indicate the existence of a single
form of lodine, apparently CsI, in assoclation with some other form of cesium.
The {odine form was somewhat less volatile than pure CsI.? Based on our knowl-
edge of the materials present and on their thermochemical properties,lo we
believe the CsI forms a solid solution with a less volatile cesium compound.
Very little elemental or organic lodine was present, as evidenced by the small
fractions of released ilodine (0.4% maximum) found on the charcoal.

The behavior of antimony was markedly different; as shown in Fig. 2, the
surface concentration decreased exponentially with distance along the platinum
tube. Our data indicate that antimony was released in elemental form, and that
gas—phase diffusion was the limiting step in deposition onto the platinum. The
antimony reacted rapidly and irreversibly with the platinum, probably forming a
solid solution of PtSb, in platinum,l! TIn addition, the antimony release
exceeded 1% only in test HI-2, indicating a correlation with cladding oxidation.
Although our data for tellurium release are limited, the release of this element
appeared to be strongly dependent on the extent of cladding oxidation, as
reported by Albrecht and Wildlz, and by Lorenz et al,13 Only in tests where
cladding oxidation was nearly complete, was tellurium release appreciable.
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Fig. 2. Mass distribution of fission products in
thermal gradient tube after test HI-2.

Cesium profiles in the thermal gradient tube have usually been complex,
indicating two or more chemical forms. In our tests, only ~30% of the released
cesium deposited in the thermal gradient tubes; the remainder either deposited
on the ZrO, at the outlet end of the furnace or was collected on the filters.
Although a large fraction of the released cesium may have existed as CsOH, the
deposition profiles indicated the presence of other, less volatile forms.
Spark-source mass spectrometry data have revealed sufficlent masses of other
elements to form less volatile mixed oxides of cesium; the major possibilities
are zirconium (from the cladding), molybdenum (fission product), and sulphur
(from furnace ceramics).

In the most recent test (HI-5), a miniature deposition sampler was used to
collect aerosol samples continuously in a form convenient for posttest examina-
tion. A small graphite rod, driven by a screw, traveled across the effluent
stream prior to the filters, collecting material in a spiral path on its sur-
face. After the test, the rod was analyzed by GS, then examined by scanning
electron microscopy with EDX analysis, Particle sizes ranging from ~1 to
100 pm were measured. A number of apparently crystalline particles with Cs/I
ratios of ~l.7 were observed with a general background of cesium, suggesting
that the particles were primarily CsI, Other elements identified by EDX
included Cd, Zr, Fe, Si, S, and Cu, listed in order of declining concentrations.

Gamma spectrometric analysis of the fuel specimen provided supplementary
data about fission product release and test temperature. The ratios of 13%Cs
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(1365 keV) to 15%Eu (1274 keV) for four sets of measurements are plotted in

Fig., 3. Europium was chosen for comparison because it should behave like the
U0y fuel and be relatively immobile, while the cesium should be released in
large quantities during the test. In order to minimize attenuation effects in
the fuel, similar gamma ray energies for 13%Cs and !5“Eu were measured both
before and after testing. Measurements were made on both the entire specimen
(through a 3.8-cm-thick lead plate) and on l-cm-long sections (unshielded, as
through a collimator). Cesium release values obtained by this method and by the
conventional "summation of components” method are shown in Table II for the last

three tests of the series.
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Fig, 3. Cesium—134 content of the fuel before
and after test HI-4,

Table II. Cesium release values found by GS analysis
and by summation of components

Cesium released from the fuel (%)

Gamma spectrometric
Test No. Reactor Component pre— and post-
analysis/ORIGEN test fuel analysis

HI-3 Robinson 58.8 60.2
HI-4 Peach Bottom 31.7 35.9
HI-5 Oconee 20,8 24.5




1362

These data show that (1) the two independent techniques for determining
cesium release agree reasonably well for three types of fuel with a burnup range
of 10 to 40 MWd/kg; (2) the slightly higher cesium release indicated for the
inlet end of the specimen 1s in good agreement with the predicted temperature
profile in the furnace; and (3) results from the two types of measurement of
fission products in the fuel (short sections unshielded vs total specimen with
lead attenuation) are consistent and comparable. The absence of appropriate
gamma ray energies and the generally lower release rates of elements other than
cesium, however, limits the usefulness of this technique in determining the
release of other fisslon products.

Posttest examination of the fuel speclmens at ANL included optical and
scanning electron microscopy and scanning Auger microprobe analysis. Changes in
the fuel microstructure correlated reasonably well with the measured fission
product release values.l" Test-induced increases in U0, grain size varied from
~20% at 1400°C to ~50% at 2000°C, Fuel fractography showed the development of
bubbles, both on the grain faces and within grains, as shown in Fig. 4. The

ORNL PHOTO 5072-84

Fig, 4., Fractographs of intragranular fractures in the U0,
in tests HI-1, HI-2, and HI-3, illustrating the development of
porosity both internal and on the surfaces of the grains.
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observed increases in porosity, which resulted from bubble growth and inter-
linkage, correlated reasonably well with test temperatures and measured fission
gas releases. Energy—dispersive x-ray analysis determined that observed inter-
granular metallic beads consisted of the noble metal fission products Zr, Ru,
Rh, and Pd,.

Examination of the Zircaloy cladding showed essentlally complete oxidation
to Zr0, for test HI-2 and less, but extemsive, oxidation in the other tests.
Considerable chemical interaction between the fuel and cladding was observed in
the 2000°C test (HI-3); although local uranium concentrations were quite high in
some areas of the cladding, the average conteént was estimated to be <3 wt Z.
Compared to the observations of Hofmann and Kerwin-Peck,!5 our results indicate
that the oxidizing atmosphere (steam), reduced the extent of fuel—cladding
interaction and liquifaction by converting Zr to ZrO,.

A recent NRC-gponsored review of all applicable fission product release
work 16 compared the data on the basis of fractional release rate, k, using a
model proposed by Albrecht and Wildl7 of the form

F=1-ekt, ()

This equation, where F is the total fractional release, t is time, and k is a
function of temperature, can be solved for k:

k=—%ln(1—F). (2)

Because the release of fission products from U0, should be closely related to
the vapor pressures of the particular species, we chose to compare the data in
the Arrhenius fashion, as suggested by Andriesse and Tanke,l® rather than
directly vs temperature, as done previously.® However, the comparison of total
release data from experiments of varying duration (20 to 30 min in this test
series vs 0.5 to 10 min in a previous seriesz) introduced a significant uncer-
tainty in the release rate, k. In an effort to compare all tests more equally,
we derived k's for Kr and Cs from the on-line release data, using results for
only a short perlod (generally 5 min) at the beginning of the maximum tempera-
ture phase of each test. These data, which are plotted in Fig, 5, show consis-—
tent dependence on reciprocal absolute temperature, with curves from the two
types of tests exhibiting slightly different slopes, Experimental differences
that might contribute to the higher release rates found in the earlier HT tests?
are: (1) expanded cladding, which could reduce any cladding restraints on
release and increase the accessibility of steam to the U0y, and (2) direct
induction heating of the cladding, which resulted in faster heatup rates., The
data points for test HI-2 appear high by all methods of comparison; the complete
oxidation and large fracture of the cladding may have resulted in some oxidation
of the U0,, a potential cause of increased fission product release.

CONCLUSIONS

These tests of commercial LWR fuel have shown that ~50% of the fission
product cesium, iodine, and krypton may be released within a matter of minutes
at temperatures of 1700 to 2000°C. Smaller, but significant, fractions of the
Ru, Ag, Sb, and Te were released also. Rubidium and bromine release fractions
were simllar to those for thelr respective chemical analogs, cesium and ifodine.
Release rates calculated from these total release fractions compare reasonably
well with previous experimental values, and the release rates for cesium and
krypton correlate well with classical reciprocal temperature behavior. Observed
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Fig. 5. Krypton and cesium release rates based
on Initial 5 min at test temperature,

changes in fuel microstructure, such as grain growth and the growth and inter-
linkage of bubbles, were consistent with test temperatures and fission product
releases. These results indicate that the kinetic processes controlling inert
gas release apply similarly to the behavior of the volatile fission products,
cesium and iodine. .

The released iodine behaved in all cases like a mixture of Csl and a less—
volatile cesium coumpound; only very small fractions of iodine (<0.4%) passed
through the filters as I,, HI, and/or organic lodides. Cesium, however, seemed
to exist in several different forms, and the dominant cesium species probably
depended on the availability of such elements as molybdenum, zirconium, and
sulphur, any of which may react with CsOH. Antimony, and probably silver and
tellurium, were released in elemental form. Apparently the release of these
elements was strongly inhibited in cases where metallic zirconium was present,
suggesting the formation of alloys with the cladding until most of the zirconium
had been converted to ZrOs.

A technique for the direct measurement of fission products in the fuel,
both before and after testing, was demonstrated to be reliable and produced
independent verification of fission product release and of temperature distri-
bution in the fuel specimen.




10.

11,

12,

13.

1365

REFERENCES

R. A, Lorenz, J. L. Collins, A. P, Malinauskas, O, L, Kirkland, and
R.'L. Towns, Fission Product Release from Highly Irradiated LWR Fuel,
NUREG/CR-0722 (ORNL/NUREG/TM-287/R2), February 1980,

R. A. Lorenz, J. L. Collins, A, P, Ma’inauskas, M. F. Osborne, and
R. L. Towns, Fission Product Release from Highly Irradiated LWR Fuel
Heated to 1300-1600°C in Steam, NUREG/CR-1386 (ORNL/NUREG/TM-346),
November 1980,

R. A, Lorenz, J. L. Collins, M. F, Osborne, R, L, Towns, and A, P.
Malinauskas, Fission Product Release from BWR Fuel Under LOCA Coditions,
NUREG/CR~1773 (ORNL/NUREG/TM-388), July 1981.

M. F. Osborne, R. A, Lorenz, J. R, Travis, and C. S. Webster, Data Summary
Report for Fission Product Release Test HI-1, NUREG/CR-2928 (ORNL/TM-8500),
December 1982,

M, F. Osborne, R. A. Lorenz, J. R, Travis, and C. S. Webster, Data Summary
Report for Fission Product Release Test HI-2, NUREG/CR-3171 (ORNL/TM-8667),
February 1984,

M. F. Osborne, R. A. Lorenz, K. S. Norwood, J. R, Travis, and C. S.
Webster, Data Summary Report for Fission Product Release Test HI-3,
NUREG/CR-3335 (ORNL/TM-8793), March 1984,

M. F. Osborne, J. L. Collins, R. A, Lorenz, K, S. Norwood, J. R. Travis,
and C. S, Webster, Data Summary Report for Fission Product Release Test
HI-4, NUREG/CR-3600 (ORNL/TM-9011) June 1984,

M. F. Osborne et al., "Fission Product Release from Fuel Under LWR Accident
Conditions,"” p. 4,1-1, Proceedings of the International Meeting on Light-
Water Reactor Severe Accident Evaluation, Cambridge, Mass., Aug. 28—

Sept. 1, 1983, '

K. 8. Norwood, J. L. Collins, M. F. Osborne, R. A, Lorenz, and R, P,
Wichner, “Characterization and Chemistry of Fission Products Released from
LWR Fuel Under Accident Conditions," Proceedings of the ANS Topical Meeting
on Fission Product Behavior and Source Term Research, Snowbird, Utah,

July 15-19, 1984,

I. Barin and O. Knacke, Thermochemical Properties of Inorganic Substances,
Springer-Verlag, 1973, p. 659.

M. Hansen and K. Anderko, Constitution of Binary Alloys, 2nd ed.,
McGraw-Hill, 1958, p. 138,

H. Albrecht and H, Wild, “"Behavior of Cs, I, Te, Ba, Ag, In, and Cd During
Release from Overheated LWR Cores," Proceedings of the International
Meeting on Light-Water Reactor Severe Accident Evaluatiomn, pp. 4.2-1-6,
Cambridge, Mass., Aug, 28-Sept. 1, 1983,

R. A. Lorenz, E. C, Beahm, and R. P. Wichner, "Review of Tellurium Release
Rates from LWR Fuel Element Under Accident Conditions,"” Proceedings of the
International Meeting on Light Water Reactor Severe Accldent Evaluation,
pp. 4.4~1-9, Cambridge, Mass., Aug. 28 Sept. 1, 1983.




14,

15.

16.

17.

18,

1366

R. V. Strain, J. E, Sanecki, and M. ¥. Osborne, "Fission Product Release
from Irradiated LWR Fuel Under Accident Conditions,”™ Proceedings of the

ANS Topical Meeting on Fission Product Behavior and Source Term Research,
July 15-19, 1984, Snowbird, Utah. ’

P. Hofmann and D, K, Kerwin-Peck, "Chemical Interactions of Solid and
Liquid Zircaloy—4 with U0, Under Transient Nonoxidizing Conditionms,"
Proceedings of the International Meeting on Light Water Reactor Severe

Accident Evaluation, pp. 1.8-1-7, Cambridge, Mass., Aug. 28Sept. 1, 1983.

Technical Bases for Estimating Fission Product Behavior During LWR

Accidents, NUREG-0772, U.S. Nuclear Regulatory Commission, June 1981,

H. Albrecht and H., Wild, "Investigation of Fission Product Release by
Annealing and Melting of IWR Fuel Pins in Alr and Steam," Proceedings
of the ANS Topical Meeting on Reactor Safety Aspects of Fuel Behavior,

Sun Valley, Idaho, August 2—6, 1981,

C. D. Andriesse and R. H. J. Tanke, Dominant Factors in the Release of
Fission Products from Overheated Urania, KEMA Laboratories, Arnhem, the

Netherlands (to be published).



1367

BEHAVIOR OF FISSION PRODUCTS RELEASED FROM SEVERELY DAMAGED FUEL

DURING THE PBF SEVERE FUEL DAMAGE TESTS
D. J. Osetek,1 A, W, Cronenberg,2 D. L, Hagrman,1
J. M, Broughton1 and J. Rest,

EG&G Idaho, Inc.
Idaho Falls, ID 83415

ABSTRACT

The results of fission product behavior during the first two Power
Burst Facility Severe Fuel Damage tests are presented. Measured
fission product release is compared with calculated release using
temperature dependent release rate correlations and FASTGRASS
analysis. The test results indicate that release from fuel of the
high volatility fission products (Xe, Kr, I, Cs, and Te) is strongly
influenced by parameters other than fuel temperature; these are
fuel/fission product morphology, fuel and cladding oxidation state,
extent of fuel liquefaction, and quench induced fuel shattering.
Fission product transport from the test fuel through the sample
system was strongly influenced by chemical effe¢ts. Holdup of I and
Cs was affected by fission product chemistry and transport time.
Analysis demonstrates that such integral test data can be used to
confirm physical, chemical, and mechanistic models of fission product
behavior for severe accident conditions.

INTRODUCTION

The United States Nuclear Regulatory Commission has initiated an
internationally sponsored severe fuel damage research program' to investigate
light water reactor (LWR) fuel rod and core response, and the release and
transport of fission products and hydrogen during degraded core cooling
accidents. The principal in-pile testing portion of this program is a series
of severe fuel damage (SFD) tests being performed in the Power Burst Facility
(PBF) at the Idaho National Engineering Laboratory.

The principal test conditions for the four bundle experiments are
summarized in Table I, and a cross-sectional view of the bundle configuration
is shown in Figure 1. The test bundle consists of zircaloy-clad U0, fuel
rods arranged in a 6 x 6 array, without corner rods. The first two tests, the
SFD Scoping Test (SFD-ST) and SFD 1-1, used fresh fuel which was
trace-irradiated to approximately 90 MWd/MTU prior to initiation of the SFD
transient; the last two tests incorporate rods previously irradiated to
approximately 36,000 MWd/MTU. Ag-In-Cd control rods will be incorporated into
the last test. This paper summarizes results for the first two experiments.
Further details of the test program are described in References 1 and 2.

The on-line fission product sampling and monitoring system is shown
schematically in Figure 2. The test effluent, consisting of steam, hydrogen,
and fission products, was routed from the fuel bundle to the monitoring system
through a 1.3 cm diameter stainless steel pipe. Six effluent steam samples
were remotely opened at various times during the tests to provide samples for
posttest analysis. The remaining effluent was cooled to a temperature below
340 K. The effluent then entered a separator vessel, where nitrogen purge gas



1368

TABLE I. SUMMARY OF THE PBF~SFD PHASE-I TEST CONDITIONS

~

Nominal
Fuel Coolant
Test Burnup  Flow Cooldown Test
(Status) Heating Rate (at. %) (g/s) Mode Conditions
SFD-ST 0.13 K/s to 1700 K 0.0089 16.0 Quench Steam rich,
(Oct, 1982) 10.0 K/s to 2400 K 100% oxidation
partial fuel
liquefaction
generated
SFD 1-1 0.45 K/s to 1300 K 0.0079 0.7 Slow Steam
(Sept 1983) 1.3 K/s to 1700 K starved
30 K/s to 2400 K 30% oxidation
extensive
liquefaction
SFD 1-3 0.5 K/s to 1200 3.6 0.7 Slow Similar to
(July 1984) 3.7 K/s to 1700 SFD 1-1, but
30 K/s to 2400 4 empty guide
. tubes
SFD 1-4 Similar to 3.6 0.7 Slow 4 AgInCd
(Jan 1985) SFD 1-1 Control Rods
Pressure regulator Inlet lines
fine.
Pressure tube
Bypass flow up ® diameter, 154.9

i/ N

o 0@ @)
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Figure 1. Cross section of the severe fuel damage test train.
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Figure 2. SFD Fission product and hydrogen monitoring system for test 1-1.

swept hydrogen, fission gases, and other noncondensables from the separator,
past a gamma spectrometer and a hydrogen monitor, into a collection tank. The
liquid from the separator was also monitored continuously by gamma
spectroscopy, then passed through a particle filter and into a collection
tank. Six liquid grab samples were collected at specific times during the
tests to assess fission products carried with the liquid.

The principal differences between test SFD-ST and test SFD 1-1 were the
mass flow rates of coolant and the cooldown mode. The higher mass flow during
the SFD-ST (16 gm/s) resulted in a steam rich environment within the fuel
bundle, a high volumetric flow rate leaving the bundle (~550 cm”/s), and
relatively low fission product concentrations. The low mass flow during the
SFD 1-1 test (0.7 gm/s) resulted in a predominately hydrogen blanketed fuel
bundle and a low volumetric flow rate leaving the bundle (~20 em>/s). The
rapid quench and reflood of the SFD-ST bundle resulted in extensive fuel
shattering, whereas the slow cooling of the SFD 1-1 bundle minimized fuel
shattering and changes in the high temperature geometry.

In the following sections, fission product behavior observed during the
first two tests are correlated with fuel/fission product morphology, and system
chemistry and transport conditions.

EFFECTS OF FUEL/FISSION PRODUCT MORPHOLOGY

Released fission products are monitored downstream of the bundle exit
after the test effluent flows through approximately 30 meters of piping. Thus
the released fission products can interact physically and chemically with the
steam/hydrogen atmosphere, or the metal components of the system, before
activity measurements are obtained. Such transport effects probably influenced
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the measured behavior of I, Cs, and Te which are highly reactive. However, the
noble gases are essentially inert both physically and chemically under these
conditions, and their on-line measured activity, corrected for transport time,
should provide an accurate signature of real-time release from the fuel.

The noble gas release rates from the fuel for both tests, as a function of
fuel temperature are shown in Figure 3. A small burst release was noted in
both tests at fuel temperatures of = 1100 K, which corresponds to the gap
inventory of noble gases at the time of cladding rupture. Fission product
release was low during both tests after the burst release until the fuel
temperatures reached ~1700 K. The indicated fractional release rates
increased from 107° to 1072 min™— above 1700 K as fuel temperatures
approached the a-Zr(0)/U0, eutectic melting temperature of = 2170 K.
Significant fuel liquefaction would be expected at temperatures above
72170 K. A spike in the release of noble gases was detected at the time of
bundle quench during the scoping test. Extensive fuel fracturing along grain
boundaries is believed to be the reason for the enhanced fission product
release. The total fractional release of noble gases was approximately
0.5 during the Scoping Test and approximately 0.2 during Test 1-1. Most of the
fission gas release measured during the Scoping Test occurred during quench of
the fuel bundle from high temperature; however, during Test 1-1, most of the
fission gas release was measured when the bundle was cooling, and is probably
related to fuel liquefaction.

ETTTTTTTTITTTTUT TTT T T T ITTTTITTETTITTTH
4 F Noble gas release 3
~ 10 ¢ E
£ 10* | NuRea-0772 ;
e 10° g~
4 4 F E
310k :
@ 5 F .
2 10 ¢ !
E 0% f — - SPD-ST ;
S aF wmeee - GFD-M E
5:3, 10 -\/7 - FASTGRASS T
10°f :
.o F—Heatup Cooldown— Reflood 3

1 | N I PO O TV S0 Y Y {0 O OO A O N U N Y O |
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Fuel temperature (K) P24 AWC-8B4-04A

Figure 3. Comparison of the noble gas behavior during the SFD-S8T and
test SFD 1-1,

The mobility of the fission gases, Xe and Kr, within the fuel matrix is
primarily controlled by the local temperature, temperature gradient, and burnup
related fuel/fission product morphology. The mobility of the fission gas atoms
at temperatures less than about 1300 K is too low to permit appreciable
movement. However, motion of the gas atoms is significant at temperatures
above 1300 K. Gas bubbles will form within grains and gradually collect at
grain boundaries. Bubble motion can occur due to thermal gradients or by
sweeping of grain-boundaries[3]. Gas that collects at grain boundaries is
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released from the pellet interior only if the intergranular bubble density is
large enough to cause bubble interlinkage and pathways to open porosity, or to
sufficiently weaken the grain boundaries so that stress in the fuel causes
cracking. If such interlinkage is absent, the noble gases are effectively
trapped within the fuel pellet interior at the grain boundaries. Above 1900 K,
gas bubbles and closed pores are sufficiently mobile to be driven by the
thermal gradient to grain boundaries or open cracks where the gas is released.
Thus, the gas release during a transient might be greatly enhanced if grain
boundaries were disrupted by mechanisms such as the quench during the scoping
test or fuel liquefaction during 1-1.

The fission gas release rate correlations from NUREG-0772 [4] and
FASTGRASS [5] calculations of noble gas release are also shown in Figure 3.
" Measured release rates for the SFD-ST and 1-1 Tests are, in general, much lower
during the fuel heatup than the NUREG-0772 release rate correlation. These
tests were performed with trace-irradiated fuel that acquired only 80 to 90
MWd/MT burnup during preconditioning at relatively low power and temperature.
Therefore, trace quantities of fission products were essentially distributed
uniformly within the fuel grains, with almost no accumulation (concentration)
at grain boundaries before the transient. Under these conditions, limited
release of noble gases would be expected. A FASTGRASS analysis was performed
for the SFD-ST and 1-1 test transients and the results indicate that the vast
majority of both the noble gases and volatiles I and Cs were retained within
the interior of individual grains as either individual atoms or newly nucleated
intergranular microbubbles during most of the heatup phase. Because atomic or
intergranular microbubble fission products are readily accommodated within the
solid fuel microstructure, they experience little release from solid fuel, even
at relatively high temperatures. The FASTGRASS calculations indicate that such
conditions probably existed up until the time grain growth caused sweeping of
intergranular atoms and microbubbles to grain boundaries (starting at about
1900 K). The predicted behavior using FASTGRASS and a model for oxidation
accelerated grain growth, indicates rather good agreement with the SFD-ST and
1-1 data during fuel heatup to 2400 K, as shown in Figure 3.

The SFD Test 1-1 was terminated with a slow cooldown requiring
approximately 16 minutes. The measured fission-gas release is in sharp
contrast with the NUREG-0772 release rates which decrease as the bundle cools.
The SFD Test 1-1 release rates and estimated fuel temperatures are plotted on a
linear scale against time in Figure 4. The linear scale places release during
heatup in perspective with the peak release during cooldown; cooldown started
at about 41 min and was complete by about 57 min. The sharp increase in
fission product release at about 41 min was at least partly induced by fuel
liquefaction. The process of clad melting and fuel liquefaction provides an
important mechanism for enhanced fission product release from the UOgy
matrix. However, the fission product atoms and bubbles must coalesce to form
bubbles with sufficient buoyancy to overcome viscosity within the liquefied
core material and rise to a free surface. The fission gas release during
cooldown is further complicated because the U-Zr-O mixture does not freeze at
constant temperature. Instead, as the mixture slowly cools, uranium and
zirconium oxides precipitate in a uranium-zirconium liquid matrix, gradually
increasing the solid content of the original slurry. Movement of the
fission-gas bubbles would be progressively more difficult as they attempt to
coalesce and migrate to a free surface, because the effective viscosity of the
slurry gradually increases with decreasing temperature. The final U-Zr
component freezes at about 1600 K, which correlates well with the exponential
decay and eventual cessation of measured fission product release.
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Figure 4. SFD 1-1 Xe release rates and estimated fuel temperatures.

In summary, the sequence of events leading to fission product release for
the trace-irradiated fuel employed in the SFD-ST and 1-1 Tests appears to be as
follows:

o Initially high fission-product retention within individual fuel grains
as individual atoms or intergranular microbubbles, with nil gas
release.

o Sweeping of fission products from the grain interior to grain
boundaries at fuel temperatures above 21900 K, which can be enhanced
by rapid grain growth under fuel oxidation conditions.

o Destruction of the grain structure via fuel liquefaction or
quench-induced grain boundary shattering, with rapid fission gas
release.

o Sustained gas release during cooldown as the liquefied U-Zr-0 mixture
remains molten to lower temperatures (v 1600 K).

In addition to fuel/fission product morphology, fission product behavior
is also strongly influenced by chemical effects after release from the fuel.
These effects are discussed below.

CHEMICAL BEHAVIOR OF FISSION PRODUCTS

The measured I and Cs activity as a function of test fuel temperatures is
shown in Figure 5. Large differences in I and Cs behavior are noted between
the two tests. Such discrepancies can be explained in terms of the
differences in the chemical and effluent flow conditions for the ST versus
1-1 tests.
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Figure 5. Comparison of iodine and cesium release behavior noted during
the SFD-ST and 1-1 Tests.

Cs and I will mix and react with the steam and hydrogen released by the
steam-zircaloy reaction after release from the fuel. The ultimate chemical
composition of this vapor mixture depends on specie concentration,
temperature, pressure and oxidation/reduction conditions. The equilibrium
composition, at a particular temperature and pressure, can be found by noting
that the total free emergy of formation (AGf) approaches zero, this is:

AGS (Products) -~ AG° (Reactants) = 0

f £
For an ideal gas, AG% can be expressed as:
AGS = L .
= RT Ln (p,)

where p; is the partial pressure of a particular gaseous component of the
reacting mixture. Changes in reactant concentration and H/O ratio will produce
a change in the product composition. The results of Sallach's equilibrium
analysis [6] for the Cs-I-O-H system, were used to assess the primary chemical
forms for the SFD-ST and SFD 1-1 test conditions.

Table II is a summary of the fission product concentration and
thermalhydraulic conditions in the high temperature region of the test bundle
at the beginning of enhanced fission product release. The fractional I species
concentrations as calculated by Sallach [6], at the corresponding fission
product concentration levels, H/O ratio and test pressure conditions are shown
in Figure 6. It is important to note that for trace-irradiated fuel, the
release concentrations of I in Hy0 are on the order of 1079 to 1076 mole
fraction. Since the effect of decreasing iodine and cesium concentration is
toward a diminished abundance of CsI at thermochemical equilibrium, the results
plotted in Figure 6 may not be typical of what would be expected during an
accident with higher burnup fuel, where higher fission product concentrations
may exist. Nevertheless, for the ST and 1-1 trace irradiation conditions the
fractional partitioning of I and Cs species are estimated from Figure 6. The
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TABLE 1I, SUMMARY OF THERMODYNAMIC AND CONCENTRATION CONDITIONS FOR THE
SFD-ST AND 1-1 TESTS AT THE TIME OF ENHANCED FISSION PRODUCT
RELEASE
Parameter SFD-ST SFD 1-1
Steam temperature = 1400 K (= 1130°C) = 1400 K
(=1130°C)
System pressure =~ 7,0 MPa (= 70 bar) = 6,6 MPa
(= 66 bar)
H/0 mole ratio = 2,06 = 45
Cs/1 mole ratio = 10 = 10
1/H90 mole ratio « 1072 = 1078
Cs/H90 mole ratio = 1078 « 1077
1.0 1 T T T 1.0 T T T
|
| SFD-S
! T | SFD 1-1
Csl Cs! Hi
0.8~ s 08| | -
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INEL 4 0901
Figure 6. Relative abundance of iodine species in the Cs—I-H-O system for the

conditions of the SFD-ST (A) and 1-1 (B) tests as predicted from
thermochemical equilibrium.

low boiling point volatiles I and HI predominate for both cases and probably
more for the ST case where the steam supply diluted the cesium and iodine more

than it did in the 1-1 test.

In the near neutral environment (i.e.,

H/O = 2.06) of the SFD-ST test, iodine in the high temperature (1400 K)
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region is predicted to exist as 20 percent atomic iodine and 80 percent HI. In
the highly reducing environment of Test SFD 1-1 (H/O = 45), approximately
98 percent of the iodine is predicted to be in the form of HI.

The high mole fractions of volatile iodine species HI and I (assumed to
behave similar to Ip) in the SFD-ST and their low vaporization temperatures
(see Table III) suggest limited condensation potential during the rapid
transport (v3 s) through the effluent line to the detectors. However, due to
the relatively low flow rate for the SFD 1-1 test and long transport times
(>60 s), cooldown of the effluent in the piping causes transformation of I
and HI to CsI. Calculations performed with a modified version of the TRAP MELT
code [7] show that the iodine which transforms to CsI will condense on the
inlet side of the condenser while the HI and I pass through the condenser.

This is the reason for the nil iodine and cesium measured at the downstream
detector location during the SFD 1-1 Test. Only upon bundle reflood and
washout of reversible CsI deposits was significant iodine measured for Test SFD
1-1.

TABLE III. VAPORIZATION TEMPERATURES OF I AND Cs SPECIES

HI T, cs CsI CsOH
Tyap (K) at 1 atm 238 457 951 1553 1263
Tyap (K) at 70 atm 410 860 2275 2745 2180

In summary, the high mole fractions of HI and I, and the rapid transport
conditions account for the high iodine measurement during the SFD-scoping
test. However, the transformation of I and HI to CsI, due to higher
concentration and to cooldown effects during the long transport time associated
with the low flow rate of the 1-1 test, explain the observation that only upon
bundle reflood was significant iodine measured for Test SFD 1-1.

CONCLUSIONS

From the foregoing analysis, the following conclusions can be drawn
relative to noble gas and volatile fission product release from fuel and
transport behavior in the SFD~ST and 1-1 tests:

o Fission product release is strongly influenced by prior irradiation
induced fuel/fission product morphology. Analysis of the SFD-ST and
SFD-1-1 data for trace-irradiated fuel indicates limited release on
heatup to fuel temperatures up to 2000 K, where the majority of the
noble gases and volatiles are retained within the grain interior as
individual atoms. Only upon grain growth and sweeping of fission
products to grain boundaries is enhanced noble gas and volatile
release predicted for trace-irradiated fuel in the solid state.
Subsequent fuel liquefaction and quench-induced grain boundary
shattering result in rapid fission product release

o TIodine and cesium chemistry are strongly influenced by concentration
and oxidation/reduction conditions. The low I and Cs concentrations
and the relatively neutral (H/O = 2.06) high steam flow rate
conditions of the Scoping Test resulted in predominately free iodine
and CsOH transport in steam. However, the low flow rate, highly
reducing (H/O = 45) environment of Test 1-1 combined with the
concentration and cooldown—induced transformation of I and HI to CsI
accounts for the observation of limited iodine detection during the
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heatup phase of this test. Only upon posttransient reflood of the
Test SFD 1-1 bundle was significant iodine release observed, which was
probably washout of reversible CsI deposits
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DETERMINATION OF IODINE 131 RELEASE FROM DEFECT IRRADIATED
FUEL RODS UNDER SIMULATED LOCA CONDITIONS

E. Groos and R. Fdrthmann

Kernforschungsanlage Jiilich GmbH, W.-Germany

ABSTRACT

In an attempt to obtain realistic and reliable values for the I 131
release in a PWR-LOCA, nineteen test fuel rods, irradiated under power
reactor conditions, were heated with deliberately caused leaks to tem—
peratures between 800 and 1000°C.

I 131 release showed a dependence on burn up and/or specific power and
could be separated in a volatile and a non-volatile fraggion. For fuel
rods with normal load, the volatile fraction was 3 x 10 = of the I 131
inventory at the most agg the average total release over several hours
of heating was about 10 .

1. INTRODUCTION

Iodine 131 is to our present knowledge the radiologically most significant
radionuclide among those possibly released during a reactor incident. Theoretical
assessment however is very difficult because of the complicated chemistry of the
iodine, yet the chemical form is decisive for the release behaviour. According-—
ly the I 131 release values assumed in the appropriate safety regulations are
rather conservative by nature. To render possible a more realistic assessment
the availability of reliable realistic experimental data is essential.

When breakage of a main coolant pipe of a PWR occurs, i.e. loss of coolant
accident (LOCA), the pressure drop in the core and the superheating of the fuel
cause the claddings of some fuel rods to burst before they are reflooded by the
emergency coolant /1/. Fission products accumulated in the gap between fuel and
cladding can be released spontaneously (gap release). It was the aim of this
investigation to measure the gap release of iodine 131, being decisive for any
further iodine release in the course of the accident /2,3/.

Emphasis was placed on simulating the accident conditions as realistic as
possible in a post irradiation experiment. Temperatures, pressures and envi-
ronment conditions were adjusted similar to those in a reactor core and the
test fuel rods used had realistic burn up and specific power and still con-—
tained I 131 produced by fission.

2. IODINE CHEMISTRY

Iodine belongs to the group of the halogens, which are the most reactive
chemical elements. It is however less agressive than fluorine,chlorine and bro-
mine. The elemental iodine (I,) is a crystalline substance with a boiling point
of 184,4°C though it sublimates noticeably at room temperature. This quality has
led to the fact, that in nuclear reactor accident assessment iodine is treated
like a noble gas.
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Taking its chemical reactivity into account, the behaviour of the iodine
in contact with the coolant water and the structural materials in the reactor
core must be considered. The reaction with water produces iodide (I ), hypoiodite
(HOI) and iodate (IO, )
+ H,0 == B' + T + HOL

1,

J3HOI == 10,  + 21 + 3H"

31, + 3H,0 == 10, + 5I + 6H'

All three reactions depend on various parameters (temperature, pH-value, ra-
diation, oxygen concentration and others). Different from I,, the two iodine
species I and IO, * are not volatile and -~ in a loss of coolant accident - remain
dissolved in the sump-water. Only if the acidity of the water reaches pH-values

of < 6 and lower, the equilibria shift to the left side to form again I,, resp.
can I be oxydized to I, by oxygen from the air /4/.

With metals I, reacts - particularly at higher temperatures resp. in the
presence of water - to form non-volatile iodides

I, + 2Me -» 2Me” + 2T,

2
for example with Zr the ZrI, (boiling point about 430°C). This compound as well
as non-volatile compounds with metallic fission products (CsI) can be formed in
the intact fuel rod, thus making only a small fraction of the iodine available in
volatile, elemental form for instant gap release when a rupture of the canning
occurs /5/.

3. TEST FACILITY

Figure | is a schematic presentation of the apparatus used for the experi-
ments. It had to be placed in a hot cell and consisted of four main parts:

-~ a pressure tube (1) in a furnace to take the test fuel rod (tube length
60 mm, diameter 2,5 cm); the temperature (1200°C max.) was measured and
registerd by a thermocouple (2), the pressure (6 bar max.)by a pressure
gauge (3);

- a gas/water feed system (4) could feed through the inlet pipe (5) either
a gas (6) or - by means of an injection pump (7) - water in small meas-—
ured portions to the hottest point in the pressure tube; through the
compensation pipe (8) an adjustable gas pressure could be put on the

- cooled condensate trap (9). In this receptable steam coming from the
pressure tube through the outlet pipe (10) was condensed and the gas
pressure was necessary to compensate the resulting underpressure. When
the pressure tube was swept with an inert gas instead of steam, the
condensate trap contained sodium hydroxide solution (0,1 % NaOH) to
dissolve soluble iodine. The content of the condensate trap could be
sampled for analysis through the pipe (11);

~ any iodine in the‘'gas from the condensate trap was collected in the
filter system (12). The gas stream could be adjusted by the valve (13)
before it passed through a fibre filter (14) and a charcoal filter (I5),
containing KJ impregnated charcoal in four separable partitions. Before
releasing it into the hot cell atmosphere, the gas passed a safety filter
(16), mainly for the adsorption of fission gases.
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FIGURE |: TEST APPARATUS (SCHEMATIC)

4. TEST PROCEDURE

The test parameters were chosen to simulate the conditions in a reactor
pressure vessel during a LOCA as close to reality as possible in an out of pile
experiment.

That comprises:

- test fuel rods with realistic burn up and specific power

- test temperatures between 800 and 1100°C

-~ test pressures between | and 6 bar

- test fuel rod in a steam atmosphere and an environment of structural
material corresponding to the core structure (stainless steel, zircaloy).

4.1 Test Fuel Rods

The test fuel rods were provided by KWU, who had irradiated them in the
KKW-Obrigheim to burn ups between 8 and 44 GWd/tU. The length was only a tenth
of that of the original 4 m fuel rods. They had been stored for over a year so
that the shorter lived fission products, including the I 131, had decayed. The
rods were therefore reirradiated in the HFR—Pettenlat specific powers between 210
and 400 W/cm to an I 131 inventory of 5 to Il x 10°° Bq (140 to 300 Ci) per rod.

4,2 Cladding Leak

The leak in the cladding was produced by one of three methods:

- sawing of a slit (30 mm long, 2 mm wide) before heating into the cladding
in the region of the temperature maximum in the pressure tube (fig. 2)

- making a preset breaking point by milling the cladding wall thin (30 mm
long) (fig. 3) and bursting the cladding during heating, detectable by a

pressure peak

- bursting of the cladding during heating without any pretreatment (fig. 4)
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FIGURE 2 FIGURE 3 FIGURE 4
. DIFFERENT TYPES OF CLADDING LEAKS

Bursting of the fuel rod wall occured between 730 and 780°C with the
exeption of the two rods with the highest load, which ruptured at 640 resp.
620°C. In table I the relevant test parameters are compiled. Any influence of
the way the leak was produced on the release of I 131 could not be observed.

4.3 Heating

The temperature in the furnace was controlled by an automatic regulator
in combination with the thermocouple. Heating up to 800°C took about 1 hour, to
1100°C about 1 1/2 to 2 hours. During the heating the fuel rods in the pressure
tube were either swept with steam (16 rods) or with an inert gas (3 rods).

Sweeping with Steam

When the temperature in the pressure tube had reached 200°C, water was
injected in small portions of 0,2 to 0,5 ml into the hot tube, thus filling it
with steam. The throughput was between 200 and 300 ml of water per hour. There
were three possiblities to adjust the pressure in the system:

~ amount of water injected fig. 1 (7)(5)
~ outlet valve (13) and
- compensation gas pressure (6)(8).

Most of the I 13] released from the defect fuel rod that did not deposit on
the hot metals in the pressure tube was dissolved in the water condensed in the
condensate trap and could be withdrawn by means of the sampling pipe (11) with-
out interruption of the test. This rendered possible the measurement of the
time dependence of the I 131 release from the pressure tube.

Some negligible small amounts of I 131 were found in the filter system, mainly
in the first partition of the charcoal filter.



1381

Sweeping with Inert Gas

Three test rods were heated in an atmosphere of helium instead of steam to
check the iodine behaviour in the absence of water. The helium was swept through
the inlet pipe (5), the condensate trap was filled with 150 ml of 0,1 % sodium
hydroxide solution through the pipe (8). This solution was chosen to avoid
oxidation of I by air. It was changed regularly and the I 131 measured. In
addition, exchangeable charcoal traps with a volume of about 20 cm® were
placed between the condensate trap (9) and the outlet valve (13) to measure the
iodine not dissolved in the sodium hydroxide solution.

4.4 Post Heating Treatment
Water Leach

In some tests (table I) the pressure tube with the ruptured fuel rod inside
was filled with water after cooling to room temperature (25 to 30°C) and left
for four hours in order to measure the non-volatile soluble I 13] (reflood
phase).

Cleaning of the Pressure Tube

With each test some of the I 131 remained in the pressure tube. It could
not be removed even at temperatures up to 1000°C with either steam or inert gas
and could therefore not have been I,, but non-volatile iodine compounds,
presumably iodides. This iodine could be removed completely with diluted nitric
acid (0,5% HNO,) injected into the pressure tube at about 200°C. The I 3] was
collected in the condensate trap and the charcoal filter.

4.5 Analysis of the Todine Species

Regarding the chemical form of the I 13] released from the fuel rod, two
different forms could be distinguished: the iodine retained in the pressure tube
even at high temperatures in a non-volatile form and that found in the conden-
sate trap and the charcoal filters.

The first kind, deposited in the pressure tube, is not elemental iodime or it
would have been evaporated out of the tube during the heat treatment. It could,
however, be converted into volatile iodine with nitric acid, proving it was
retained in the tube as non-volatile I formed either with the metallic walls of
the tube or with fission metals (reduction of I, to I ). In an acidic medium, I
can easily be oxidized to I,

41 + 40" + 0, — 2I, + 2H,0,

which was here achieved with nitric acid but is also possible with air.
In the charcoal traps the iodine can occur in three forms:

- adsorbed as elemental iodine (I,)
- adsorbed as organic iodine compound_(R-I) _
- deposited on aerosoles as iodide (I ) or iodate (IO, ).

Since the fraction of this iodine is negligible compared with that in pressure
tube and condensate trap - less than | %, except during heating in helium - it
is of no significance in connection with the results discussed later and is - to
be on the safe side - treated as 'volatile" iodine.
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In the condensate trap iodine can appear both as non volatile I and as
volatile elemental T,. Liquid/liquid extraction was employed to separate I, and
and I + I0,. The distribution between an aquous phase (5 <pH < 6) and an organic
phase, not miscible with_each other, leads to the concentration of I, in the
organic phase, whereas I and IO, remain ’‘in the aquous phase. The I, is then
reextracted from the organic phase into an aquous phase of pH = 12 as in _
the form of I + 10, . By this method volatile I, and non volatile I + IO, can
be ‘distinguished.

4.6 Measurement of I 13}

In all samples I 13! was determined by gammaspectrometry, using the area of
the photopeak at 364 keV as a measure for the I 131 activity. There was no
interference by other radionuclides.

5. RESULTS
Two groups of results have been obtained:

- I 13! release values for different sections of the test apparatus summed
up to the total release for the ruptured fuel rod (table I and II) and

- time dependent releases curves of I 131 from the pressure tube, descri-
bing the transport with steam into the aqueous solution in
the condensate trap (figures 5 to 8).

In both groups volatile I, and non-volatile I~ were separated. All release
values are expressed as "Fractional Release", i.g. the quotient between I 131
released and I 13! inventory of the test fuel rod.

Both burn up and specific power influence the release of fission products
from the fuel. The higher the burn up, the easier the fission product transport
in the fuel due to the increasing distortion of its structure. Higher specific
power means higher fuel temperature and steeper temperature gradients across
the fuel pellets, both resulting in a faster fission product transport.
According to the actual tendency of the release values to increase with both
increasing burn up and specific power, an empirical "load factor" was
defined as the product of total burn up (GWd/tU) and specific power (W/cm)
during reirradiation:

Ky = B (6Wd/tU) xP (W/em),
For the fuel rods considered this number was between 1900 and 17600, in a nuclear
power reactor, however, with a mean burn up of about 30 GWd/tU and an average
specific power of 200 W/cm, a fuel rod under normal conditions will not exceed a
KB of 6000.

Table I summarizes all results obtained from 19 fuel rods. They are placed
in the table in the order of increasing K_ . According to the experimental
technique it containes four columns with Bsectional" results (column 7 to 10)
and one with the fractions of I,/I found in the condensate trap are shown in
table ITI.
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5.1 Condensate (1l. Sample)

Best representative for the "gap'" release is the I 131 found in the
sample first taken from the condensate trap. Ideally it should have been taken 2
to 3 minutes after the burst of the fuel rod, which was not possible due to the
experimental conditions. For the test rods with the saw cut applied before
heating, no time of burst could be defined; the first condensate sample was
taken when the rod reached 800°C. For the rods bursting inside the pressure
tube, the first condensate sample was taken between 2 minutes (D 66 and 457) and
about 30 minutes (D 225 and 451) after the burst. However, time does not seem to
play a significant role, as comparison between D 225 and D 457 shows. In spite
of the different sampling tiges no significagg differences in the I 13] release
could be observed (1,4 x 10 resp. 4,0 x 10 7. This difference complies rather with
the ge?eral trend of the values in this column to increase with increasing load
factor).

The most remarkable feature of.these figures is the altogether very low frac-
tional release of only 4 x 10 ~ of the I 131 inventory and less - only

exceeded from the fuel rod D 338 with the unrealistically high,load of 400 W/cm

at a burn up of 44 GWd/tU (KB = 17 600) which released 2 x 10 = of its inventory.
The values in the corresponding column in table 2 show that the fraction

of volatile iodine is even less, namely a fifth at the most. This fraction
decreases further with increasing fuel rod load and heating temperature.

The gap release of volatile iodine was below 10 ~ for the test rod with the high—_
est load (D 338, K_ = 17 600), for rods with normal load (KB§6000) it was 3 x 10

at the most (D 451)?

6

5.2 Condensate (Total)

The rods were heated between three and six hours. Every 15 to 30 minutes
the content of the condensate trap was sampled in order to establish the time
dependence of the I 13] transport out of the pressure tube by steam or gas resp.
into the condensate trap. Figure 5 presents three typical release curves for
800°C which show the burn up resp. power dependence. A separation of the in-
fluence of burn up and specific power was not possible due to the insufficient
small number of fuel rods. For the upper curve of figure 5 the fractions of I,
and T are plotted in figure 6. Almost all of the I, was released into the first
sample, the following samples containing merely less than 1 % I, each.
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The corresponding curves of the rods heated up to 1100°C are plotted in figures
7 and 8, in fig. 7 together with the temperature curves. The I, fraction is
markedly smaller than it is at 800°C (fig. 6).
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5,3 Total Release

Fig.9 gives a graphical summary of the release results of all 19 test fuel
rods. The 'results are split in three groups: condensate (l. sample), condensate
(total) and total release and are plotted against the burn up. From this graph
it is apparent, that except for fuel rods with both high_?urn up and high speci-
fic power the overall I 131 release will be less than 10 ° of the inventory.
Bearing in mind that only a tenth at the most of this iodine is in the elemen:5
tal, volatile form, I 13] release into the air in a LOCA should not exceed 10 ~ of
the inventory of the ruptured fuel rods.
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» 210 bis 250 W/em

5 1 ° 300 W/em
+ 400 W/

1} represents 7 points
2) represents 5 points

~ w -~
4 1

FRACTIONAL RELEASE OF J131 /1073

f

08 oa—v—e
0 1 20 30 40 0 1 20 30 40 0 10 2 30 40
BURN UP / GWd / tU

FIGURE 9: I 131. RELEASE FROM 19 TEST FUEL RODS HEATED UNDER LOCA CONDITIONS
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The total I 13! release from the fuel rods over several hours of heating is
presented in column 10 (table I) as the sum of the columns 7, 8 and 9. Neglec~—
ting as a rough approximation both temperature and heating time ~ and with the
relatively small number of samples no better evaluation was possible — the ave-
rage tg&al release of I 131 from fuel rods under normal load (K _<6000) was about
1 x 10 * of the inventory. The heating times were up to 8 hours at 800°C.with
peak temperatures up tg 1100°C. The release figures vary between 3 x 10 (D 66,
K, = 3000) and ! x 10 (D_gOB, K, = 6000). The release fraction of volatile I, from
tﬁese rods is about 3 x 10 at tge most; only rod D 338 with the unrealistic high
K. of 17 600 exceeds this value with a release of 2 x 10 '. This total balance
includes also the rods heated in helium (table III),

The portions of I 131 dissolved out of the pressure tube (including the
fuel rod) with water and those from the empty pressure tube with diluted nitric
acid were about equal and similar to those transported out of the tube by steam
(or helium) (table I).

6. CONCLUSIONS

The results obtained from heating experiments with defect test fuel rods
demonstrate plainly, that the release of I 13! is significantly lower than
assumed in the appropriate safety regulations. Other authors /6/ and the
evaluation of the TMI accident came to similar results, indicating that there is
at least a factor of 100, more probable 500 to [000, between the measurable and
the assumed release of I 13! from a ruptured fuel rod under LOCA conditions.

The reason for this discrepancy is the neglection of the chemical
reactivity of the iodine, which not only reacts with other fission products in
the fuel rod and structural material in the reactor-core but also with the H,0
omnipresent in all water reactors. Iodine can therefore not be treated like a
noble gas, which is unlimitedly volatile and chemically inert but rather like a
reactive substance, able to form compounds in the environment of a LWR, which
are not volatile and - most of them — easily soluble in water.
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TABLE III

I 131 Release in Helium

(all values 10—5 of the I 13} inveitory; values in brackets
uncertain due to experimental difficulties)
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I3 -5
2 i g FRACTIONAL RELEASE OF I 131/10
& g % TEMPERATURE = = =
] o & . = CONDENSATE g g
o5, |£8 |2q ¢ gy 5 0%y | .
o lzs |8% |23 g s E |, | = |sE | B
wv oo w
& 23 |8 S W | max. |ieak | H & £ E E& &8
. - 12 = =
D 31 7.5 250 1.9 800 25 6.8 .2 0.8
Y 7.5 | 250 1.9 800 25 7.2 0.2 | 1.sP
D 90 7.5 250 1.9 800 25 8.2 0.2 1sh
b 66 15 200 3.0 800 750 5.8 <0.1 0.2 2.4 2.6
D 175 15 210 3.2 800 25 7.5 0.4 2.5
D 190 15 210 3.2 800 25 8.5 0.7 2.2 2.5 4.7
D74 15 250 3.8 800 25 7.2 0.2" s
o 1972 is 250 3.8 1000 780 31 <0.1 2,83 5.5 9.3
p 2122 15 250 3.8 800 780 5.5 |]<o.1 1o¥ | s 1.5 7.4
p 37242 15 250 3.8 800 780 4.5 0.1 18 | 4 1.3 8.0
b 106 is 300 4.5 800 760 5.3 2.0 6.3 8.7 15
D 112 15 300 4.5 1000 770 4.3 1.2 24 3.6 28
D 204 24 210 5.0 1100 740 3.5 0.6 7.2 6.1 9.5 23
D 167 27 210 [ 1100 740 5.6 0.3 6.1 1.8 5.6 14
D 408 15 400 6,0 800 770 4.0 4.0 16 89 105
D 451 21 300 6.3 800 740 4.5 2.6 3.4 2.2 5.6
D 225 32 210 6.7 1100 730 5.2 1.4 12.6 0.7 5.9 19
D 457 19 400 7.6 800 640 4.7 4.0 50 130 180
D 338 44 400 7.6 800 620 4.0 20 320 280 600
TABLE I Exverimental Parameter and 1 13! Release Results
TEST LOAD FRACTIONAL RELEASE OF I 131/ 10_5 1)
FUEL Values corrected for
ROAD FACTOR CONDENSATE (1, SAMPLE) CONDENSATE (TOTAL) TOTAL contamination
3 - - - -
/10 I I I +I I I I+1 I +I
" 2 2 2 2 2 2 Heated in inert gaa
(helium)
D 66 3.0 <9,001 6.001 | o0.001| o.002| wo.i2| o0.12| 2.6
D
1901) 3.2 0.15 0.79 0,94 | 0,27 1.7 2.0 4.7 3 cum of NaOH solution
D 374 3.8 0.002 0.13 0.13 0,02 0,51 0,53 8.0 and charcoal
D 451 6.3 0.29 2.3 2.6 0.32 3.0 3.4 5.6
D 225 6,7 0.02 1.5 1.5 0,30 10 11 19 “ After 3 hrs, heating
D 338 17.6 0.92 |17 18 189 | 260Y | 280% | 600%
— 5) After 4 hrs. heating
TABLE II Fractions of 12 and I in total I 131 Release
TEST ROD | NaOH CHARCOAL| WATER | HNO, |TOTAL I 131 _ |FRACTION OF
SOLUTION LEACH | PURGE 1, 1 1131 _
1, 1
D 197 0.4 2.4 - |(6.5)] 9.3 | 2.4 6.9 262 | 742
D 212 0.3 0.6 (5.0)|¢1.5)] 7.4 1 06| 6.8 82 | 922
D 374 0.7 1.1 4.9 1.3 | 8.0 11 6.9 |14 % | 86%
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SOLID FISSION PRODUCTS AND ACTINIDES RELEASE
AND DEPOSITION INSIDE PWR's PRIMARY CIRCUITS

P. Bestu® - C. Leuthrot® - A. Brissaud®™ - A. Harrer™ - g. Beuken***
* CEA/IRDI/DRE
%% EDF/SEPTEN

% SEMO/Centrale de Tihange

ABSTRACT

Release of solid fission products and actinides in the primary coolant mainly
occurs in case of Targe cladding defects such as those induced by baffle jet-
ting. Fissile materials as well as solid fission products (Sr, Ba, Zr, Ru, Ce,
La) are released in the primary circuit where they deposit on the surfaces.
Measurements performed by CEA, EDF and SEMO on PWR reactors allowed a better
understanding of the mechanisms of deposition and to find relationships bet-
ween the release of these species, the dose rate and alpha contamination on
the primary circuit.

Modeling has been deduced from these studies and incTuded in the PROFIP 4
computer code,

INTRODUCTION

The behaviour and release of volatile fission products (gas, iodines and
cesiums)have been extensively studie. both in normal and accidental conditions,
and reliable data are available for safety, health physics and project purpcses.

Other fission products, produced in large quantities in the fuel as those
belonging to the alkaline - earth group (barium, strontium) to the lanthanides
group (cerium, praseodymium) and some metallic fission products (zirconium,
ruthenium) are not volatile and have a very low diffusivity in uranium dioxide ;
therefore, they do not migrate easily out of the fuel and are not released in
appreciable quantity in the primary coolant if there are only very small clad-
ding defects as those generally observed during normal operating conditions,
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Nevertheless, in the case of large cladding defects (for example baffle jet-
ting induced defects) it may happen that water is in direct contact with oxide
fuel pellets, Teading to a fuel erosion. The fissile material is then dispersed in
the primary coolant together with the fission products included in the fuel.

The uranium dioxide present in the primary coolant is, of course; responsible
for the release of actinides and alpha contamination, but also for solid fission
products as well by two processes :

1) - Fission products atoms included in the fissile materials which have
been dispersed in the primary coolant.

2) - Fission products created in the uranium contamination deposited on the
primary circuit area under neutron flux.

Due to their beta or gamma energies and long half lives or toxicities, some
of these fission products are of interest in several fields such as safety, health
physics or waste package.

The studies, presented in this paper, pertain mainly to :

QOSr, 140Ba and its daughter 140

144 144

- alkatline earth group : La

141

- lanthanides group : Ce, Ce, Pr

95 , 95 103 16 106Rh

ORu +
239

Ir Nb, Ru,

238

- metallic fission products :

240 241 242

~ actinides responsibles for alpha activity : Pu, Pu, Pu, Am, Cm,

244Cm.

I - BEHAVIOUR OF ACTINIDES OUTSIDE THE FUEL CLADDING

In a PWR fissile material is always present outside the fuel cladding ; even
if there is no cladding defect, the material uranium contained as impurities in
zircaloy and the unavoidable cladding pollution which occurs during the assembly
manufacture Tead to a small but measurable quantity of fissile material in direct
contact with the primary coolant. In case of cladding defects where the water is
in contact with the pellets, UO2 may be released in the coolant and deposit on
the primary circuit,



1389

1.1 - Estimation of the uranium contamination

The estimation of the quantity of uranium in the primary circuit has been
realized by appropriate analyses performed both on scrapping on the primary cir-
cuit and on primary water sampling. The calculation of the amount which is depo-
sited under neutron flux, can be deduced from the fission products activities in
the coolant (mainly from rare gas and iodines).

Fission products are created in the contamination deposited under neutron
flux and directly released without delay in the primary water by the recoil pro-
cess 3 the release fraction of these fission products are independant of their
half-1ife and therefore, it is possible (see figure 1) to determine the contri-
bution of the contamination to the total fission products release and furthermore
to estimate the quantity of fissile material responsible for the contamination ;
typical values of the U0, mass deposited under neutron flux are :

- "clean" reactor (first cycle - without defect) : < 1 g
- reactor with small defects (size < 50 p) : 1tol0g
- reactor with broken rods (due to baffle jetting): 50 to 200 g (or more)

-1 DETERMINATION OF THE CONTAMINATION
R/B
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Figure 1
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For large values of the contamination, an estimation of the mass balance in
the primary circuit has been done ; typical values are given on Table I.

TABLE I

Contamination mass balance in the PWR primary circuits

Reactor Total mass Balance _(%)

cycle (g U) in flux out of flux in the coolant
Té?{é\”g%l 60 67 33 1.7 1073
Tiyé‘?g%l 620 37 63 6.0 1073
Ti)”/’é?g%l 300 47 53 3.0 1073
Té')"/’éﬁ‘g'zf 310 48 52 6.4 1073
ESEEZ : 200 65 35 4.1 1072

It showns :
a) that Uranium contamination is quite uniformly deposited in the primary
circuit

b) in steady state conditions and with normal water chemistry, uranium is
always in an insoTuble form and the quantity of particles in the primary
coolant is only 107° to 107* of the total deposited mass.
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1.2 - Actinides composition of the contamination

The initial isotopic composition of the contamination is identical to this
one of the defected assembly, Because there is no self-shielding for the plutonium
production in the oxide deposited under neutron flux, the fissile jsotopes increase
during irradiation more rapidly in the contamination than in the fuel itself, The-
refore the evolution with burnup of thequantities and the ratio of the main fissile
isotopes 235U and 239Pu is different in the contamination and in the fuel. The
direct experimental checking of this phenomena is not easy because the very small
quantities of nuclides and the difficulty of sampling. On the other hand the
amount of fission products created and released from the contamination is directly
related to his isotopic composition ; because 239Pu and 235 fission yields for
xenons and iodines are similar but very different for kryptons, it is possible to
verify experimentally the theoretical evolution of the contamination through the
analysis of the fission products activities in the primary coolant,

I.,2a - Theoretical model

Calculations have been performed, using the cell computer code APOLLO in
which we described a PWR 17 x 17 assembly. Because it is not possible to strictly
solve the problem, we assigned in the calculations cross sections values without
self-shielding ; the corresponding results will be an upper Timit for the 239Pu
formation ; they are summarized in the table II where the ratios 235U/238U and
239Pu/238U in the fuel and in the contamination are reported for several values
of the burnup.

TABLE II

Evolution of actinides ratio in the fuel and in the contamination
Burnup 235,238y (4) 239,238y ()
(MWJ/t) Fuel Contamination Fuel Contamination

4400 2.23 2.24 0.223 1.42

9500 1.79 1.80 0.374 2,39
15300 1.39 1.40 0.472 3.01
21600 1.04 1.05 0.531 3.36
28500 0.750 0,762 0,564 3.55
35800 0.516 0.529 0.582 3,63
43700 0.341 0,352 0.591 3.66
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Using these results and the PROFIP 4 computer code which allow to calculate
the fission products activities in the primary coolant due to the release from
defected rods or to the contamination, we calculated the activity evolution of

85mKr, 1331 and 1341 in the primary water for a 900 MWe PWR, Hypothesis used for
the calculations are :
235

- U initial enrichment for the fuel and the contamination : 3,1 %
- contamination in the water / deposited contamination : 1. 10-4

- CVCS flow rate : 13.7 m3/h

- average linear power in the core : 175 W/cm.

Because the gap in our actual knowledges about the uranium transfer in the
primary circuit, calculations have been performed for two drastic hypothesis

A - the contamination do not transfer during irradiation and lay under
neutron flux ; this case occurs probably for the Tow contamination values
(manufacture contamination).

B - the transfer of the contamination leads to an homogeneous isotopic compo-
sitjon for the in core and out of core contamination ; this case occurs
probably with Targe values of contamination due to baffle jetting,

Results are summarized on the figure 2 where the increase of the water acti-

85mKr, 132

yities for I and 134I due to a constant mass of uranium contamination,

is reported versus burnup.

FIGURE 2

Evolution of the fission products actiyities due to the contamination

AlAo A/Aof Initial contamination burnup: O MWD/t

Initial contamination burnup: 8000 MWD/t

5000 10000 15000
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We can notice that :
1) - the activities evolution is nearly independent of the initial contamination
burnup 3

2) - the increase is about 2 for jodines and only 30 % for kryptons.

I.2b - Experimental checking

The experimental checking of this theoretical model has been realised with
data, concerning reactors without cladding defects in which the contamination is
the only fission products activities source,

a) - contamination less than 1 g U : FESSENHEIM 2 and GRAVELINES 1 cycle 1

b) - contamination due to small defects in a previous cycle (= 5 g) : TRICASTIN 1
cycle 2

c) - large contamination due to baffle jetting in a previous cycle (> 30 g)
BUGEY 2 - cycle 3 and TIHANGE 1 - cycie 8.

The comparison between the experimental results and the calculations are
presented in Table III for the A and B hypothesis ; A calculation seams to be
yery close the experimental data, which‘means that very low transfer of uranium
in the primary circuit occurs during the irradiation cycle,

Table I
Evolutions of 85m Kr and 134 I activities in the primary
coolant during an irradiation cycle.

Reactor  |Estimated burnup|activities ratiolend of cyctefstart of

(MWD/t) Measurements  |calcutations A/B
cyela FERotaum

cycle | cycle | 134T | esmir| 1341 | 85mKr
FESSENHEIM2Z
eycte 1 0 (w000 [ 22 [ 1S | 23/17 |wpd
GRAVELINES1

0 ]13000 ) 2.0 2407 | wa
cycle 1
BUGEY 2

9000 20000 2.0 | 14 218 | 1513
cycte 3
TIHANGE 1

8000 [19000 | 16 14 2/ [
cycle 8
TRICASTINY

11500 20000 20 | 13 [20/17 | 1543
Vol eyele 2
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1.3 - Alpha activities

The theoretical model of evolution has been used in order to calculate the
alpha activity of the contamination. Several calculations have been performed for
different initial burnup of the contamination. Figure 3 where are reported the
results shows that after a transitory period of about 2 to 31 GWD/t U following
the release of the contamination , the alpha activity in the contamination is 3
to 4 times higher than in the fuel at the same burnup.

105 activity (GBq/g) figure 3
alpha activies for the fuzl and the contamination
Coptamination
/
—
4 Fue{
1 pal /'/
|0‘] Z /
/ Burnup
10 20 30 GWDIt

IT - BEHAVIOUR OF SOLID FISSION PRODUCTS

The release fractions of several fission products have been measured on PUR's
fuel at nominal power and in steady state conditions., Typical values for long lifes
fission products (T > 10 days) are shown on Table IV,
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Table IV
Fission products released fractions for PWR 'S

in steady state conditions at nominal power
(sooMWe)

chemical species {released fractions
rares gases 1.10-2 to 5‘10-2.
iodine 1072 1o 510"
cesium 1.10—2 to 5.10-2 *
baryum 1.10-3
strontium HO-3
zirconium 0

niobium 0
ruthenium 0
lanthanides 0

» depending on the defected rod power

Species such as Zr, Nb, Ru, Ce, Pr, La are not directly released from the
defected rod and are always present in the primary circuit together with uranium
contamination ; they are not soluble and the fraction of activity in the primary
coolant is as for uranium, 1075 to 107 of the total deposited amount of these
species,

Direct release of strontium and baryum is Tow (10 times Tower than volatiles
fission products) and these species are mainly insolubles with normal operating
conditions, but they can partly dissolve during chemical transcients such as pH
decreases, as shown on Table V,
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Table X
TIHANGE t . Cycle 7

Solubilities of alkaline.. earth fission products
during a pH transient

Nuclide Water activity/ Deposited activity

pH = 72 pH = 6.6
90Sr 11073 2 1072
140Ba 15 1073 5 10-2

IIT - DOSE RATES INDUCED BY SOLID FISSION PRODUCTS

The PROFIP computer code which calculates the deposited fission products
activities around the primary circuit allow us to estimate dose rates induced by
these fission products for simple geometries as those of the primary pipes ;
calculations have been checked by appropriate dose rates measurements around the
primary pipes and estimations of deposited fission products activities by gamma
spectrometry. Typical values of these measurements and calculations for the
TIHANGE 1 reactor are given on Tables VI and VII

Tabte YT
TIHANGE 1

Dose rates Induced by fission products

cycle 4 5 6 7

contamination (gU) | 60 630 300 | 310

hot pipes 1to2 |20to70] 10 10

dose |cold pipes 15 25 5 5
rates
(mReryn)| heat 015 |5t020|2to10 | 2t05
exchanger

cves (B3 70 25 0
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Table YIT
TIHANGE 1 _ cycle 6
Dose rates around the primary circuit

!
Dose rate {mRem/h) FP dose rate
1 ——— (]
PLACE calculatipns |measurernent total dose rate
F P |total | total
Hot pipes 1] 16 |17 170 94
2| 20 163 240 12
Cold pipes '] 43 | 86 54 80
2| 43 92 S4 47
343 70 86 61
Heat W‘a)ﬂgﬂ s |25 | 180 20
thot side) 51 6 108 | 110 1
Heat exchanger 1| 105 | 161 150 65
(cold side) 2{105 | 108 96 97
Ccvecs 3
(83) N 153 80 20
CVCS
28 77 60 36
(exchanger outlet)

Participation of fission products to the total dose rates is only important
for large uranium contamination and mainly around CVCS and RHRS.

Roughly, the dose rates due to solid fission products may be estimated from
the uranium mass deposited in the primary circuit ; with 1 g U uniformly deposited
the dose rates close the heat insulator are about 3.10'2 mRem/h for the hot pipes,
2.10-2 mRem/h for the cold pipes and the heat exchangers and 10'1 mRem/h for CVCS
and RHRS.

CONCLUSION

Experimental data obtained on TIHANGE énd French PWR reactors in the field of
fission products and uranium contamination allowed us to improve the understanding
of the release and behaviour of solid fission products in the primary circuit and
to propose theoretical model and correlations for the PROFIP-4 computer code which
is used at the Safety French Energy Commission (CEA/DSN) and the National Electric
Company (EDF). It is now poSsib]e to calculate deposited alpha and beta activities
as well as dose rates out of the primary pipes,
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RELEASE OF FISSION PRODUCTS BY DEFECTIVE PRESSURISED WATER REACTOR FUEL

H. Sévéon (CEA) C. Leuthrot (CEA) J.P. Stora (EDF/SEPTEN)
P. Chenebault, R. Warlop

Centre d'Etudes Nucléaires de Grenoble
Département de Métallurgie de Grenoble
85 X — 38041 GRENOBLE Cedex FRANCE

ABSTRACT

The fission products released in reactors are compared with the quanti-
ties available in the pellet-cladding gap, calculated from recommended
release values obtained from an experimental programme. The comparison
shows that these values can be applied to reactors.

I - EXPERIMENTAL PROGRAMME.

With a view to defining the fission products (FP) in pressurised water
reactor (PWR) primary circuits, an experimental programme was implemented by
the Departement de Métallurgie de Grenoble, Service de Recherches sur les Maté-
riaux, Section d'Etudes du Comportement des Combustibles (DMG/SRM/SECC) from
1975 to 1984. This programme was financed by the Institut de Protection et de
Slireté Nucléaire, Département des Analyses de S{ireté (IPSN/DAS) and Electrici-
té de France, Service d'Etudes des Projets Thermiques et Nucléaires (EdF/-
SEPTEN) .

The experimental programme consisted of 12 experiments conducted in the
Siloé reactor. The fuel rods were of standard geometry of the PWR type : 17x17
and short in length (about 300 mm). Two types irradiation devices were used

a) The Bouffon device is a small thermo-siphon loop in which the cladding
temperature is controlled by.the saturation temperature for a linear fuel
power greater than 20 KW.m ~. Nine experiments were conducted with this
system.

b) The Jet Pump device is a water loop in which the cladding temperature con-
trol is independent of the linear power, thereby giving more representati-
ve values of the fuel rod internal temperature for all power values, espe-
cially under 20 KW.m . Three experiments were carried out using this sys-
tem,

Two types of defect were studied :

- defects located in the upper plug made before irradiation, simulating a
large construction defect (six experiments),
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- defects located in the fuel column, obtained by fatigue before irradia-
tion (one experiment) or by external mechanical stress during irradiation
(three experiments), or by pellet-cladding interaction.

The exgiriments were conducted either with stable power levels between 10

and 40 KW.m over a period of several days, or at daily varying power levels
corresponding to the load following regime.

The burnups reached are between 1000 and 5000 MWd.t_l_ or the ten experi-
ments with fresh fuel, and between 20 000 and 30 000 Mwd.t for the two expe-
riments run with fuel pre-irradiated in power reactors.

II — MAIN RESULTS OF THE EXPERIMENTAL PROGRAMME.
IT.1 - Release rate.

FP release by U0, is greater for defective rods than for clean rods. For
example, if the release of gaseous species, especially 133 Xe, is compared for
the same type of fuel operating at the same powers, it is found experimentally
that the release rate is 10 times greater for defective fuel rods than for
rods in normal condition. This fact is attributed to oxidation of the UO, by
chemical interactions with water vapour and, in particular, the influx of oxy-—
gen formed by radiolysis of the water in the fuel-cladding gap.

IT.2 FP emission with time.

It has been observed that FP release under steady power and temperature
conditions is not permanent but consists of "bursts" separated by periods wi-
thout any fission products. This phenomenon can be observed only under "favou-
rable conditions" (irradiation loop where the water renewal time is a matter
of a few minutes, low conductance cladding defect). The simultaneous measure—
ment of the fuel rod internal pressure showed that these "bursts", which occur
at varying frequency averaging two per hour, correspond to internal pressure
drops and the absence of release to pressure increases. From this observation,
there is reason to believe that the radiolysis gases are the driving force for
release, thus implying necessary idle periods for accumulation and decomposi-
tion of a sufficient quantity of water. It seems highly probable that this me-
chanism exists at all times, but is too rapid to be observed with larger size
defects. The response time (about 10 h) of the primary circuit of a reactor ma-
kes it impossible to observe this mechanism.

The experimental programme also highlighted regimes during which FP relea-
se varied more slowly (several hours to dozens of hours). Figure 1 illustrates
this type of release, After the peak which accompanies the power rise, a
release level can be seen which lasts a maximum of 30 hours. This is followed
by a release level three times lower that is interrupted only by a power varia-
tion. This type of release can be observed in reactors. '
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FIG.4 CRUSIFON 5_ Evolution of fission product release during itradiation

II.3 - Existence of a critical regime.

During the experimental programme, it was found that, at a certain power
level, release outside the fuel rod was higher, especially for short-lived nu-
clides. Figure 2 shows the activity of primary circuit water and fuel rod po-
wer in relation to time., It is to .be noted that, at 16.4 KW.m , release is
much higher than at 10 and 20 KW.m ~, The high activity of short-period nucli-
des can be explained only by the existence of a critical regime which corres-
ponds to the rapid vaporisation and condensation of water in the fuel-cladding
gap. Within a very tight power range, it is in fact possible to have simulta-
neously an internal cladding temperature lower that the saturation temperature
and a pellet surface temperature higher than'the saturation temperature. Such
conditions may arise in reactors and give birth to the same release rate in
the case of a defect located in front of the fuel, and large enough to allow
the inlet and outlet of water.
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III - RELEASE BY UOZ.

The measures taken during the experimental programme concerned FP release
outside the fuel rod, which is a function of the fuel rate and transfer rate
through the rod. It has been shown in section II that this transfer is complex.
However, in the transients or in the critical regime periods, this transfer is
rapid and enables the release by UO2 to be quantified.

Figure 3 and 4 represent the R/B release rates of gases and halogens in
relation to the linear power. R/B is defined as the ratio between the number
of atoms released per second by the fuel and the number of atoms born per se-
cond in the fuel at radioactive equilibrium. These values, obtained from the
experimental programme, represent the recommended values of release by UO, pel-
lets placed in a defective cladding. They are in good agreement with those pu-
blished elsewhere /1/.

The recommended values for halogens are derived from values obtained with
xenon of equivalent periods and were observed only in the case of liquid water
explulsion likely to entrain the halogens.
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IV - COMPARISON OF RESULTS ON POWER REACTORS.,

The activity of the primary reactor circuit is measured during operation
and during normal shut-down periods, which include a pressure drop stage, fol-
lowed by a period of temperature and pressure drop of the cooling water. Sub-
jected to these conditions, the defective fuel rods release most of the radio-
active species in the fuel-cladding gap. The ratio of activities released in
operation to those released in transients is variable. This variation is due
to the size and position of the defects, to the power of the defective fuel
rods and to the composition of the internal atmosphere.

For certain reactors, sipping tests on assemblies during unloading opera—
tions give an idea of the number of defective rods as well as their position
in the core and thus their operating power. i

In addition, on the basis of primary cricuit activity measurements taken
during operation and during shut-down, the total activities released by the
defective rods are calculated for the various nuclides, taking into account
the purification rates and losses. It should be noted that the measurements
with the reactors shut-down were ‘taken for a primary circuit depressurisation
range of 15.5 to 2.7 MPa only. A calculation based on simple hypotheses (water
vapour and gaseous atmosphere at 15.5 MPa inside the fuel rods in operation)
shows that only 70% of the available activity can be released under these
conditions. The corresponding correction has been made.

The mean value A of the ratio between the total activity measured in the
reactor and the calculated activity available is represented in Table 1 for
the various nuclides measured.

Nuclides A

133 Xe 0.87

131 I 1.40

133 I 0.87

134 T 1.23

135 1 0.69
Table 1

Total activity measured in the reactor .
A= Calculated available activity for different nuclides.

If the recommended values correctly represent the release rates from the
U0, in defective rods of reactors, then the ratio A should be equal to 1. Ta-
ble I shows that deviations of up to + 40% in this value were measured.
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V - CONCLUSIONS.

The agreement between released activity in a reactor and calculated avai-
lable activity based on the recommended values of the experimental programme
is quite good. These recommended values correctly represent release by UO2 in
defective pressurised water reactor fuel rods.
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THERMOCHEMICAL INTERACTIONS OF FISSION
PRODUCTS IN AN LWR ACCIDENT

Rajiv Kohli

Battelle Columbus Laboratories
Columbus, Ohio 43201, U.S.A.

ABSTRACT

The presence of a large number of fission products in a fuel

rod results in a very complex chemical system. The chemical
states of the fission products released from the fuel during a
severe core damage accident are determined by the nature of the
immediate environment which is generally oxidizing. The oxygen
potential and the temperature of the system affect the relative
stabilities of the potential vapor species of the fission
products. Using chemical thermodynamic data, the stable vapor
species of the fission products Cs, Rb, I, Br, Te, Se, Sr, Ba,
Sb, Ru and Mo released from failed fuel rods were evaluated for
three conditions in the temperature range 1000 - 3000K: a)
water/steam/hydrogen environment (oxygen potential ~ -150 to -380
kd/mo1); b) water/steam/air environment (oxygen potential ~ - 15
to -40 kd/mol); c) air environment (oxygen potential ~ - 10 to
-40 kJ/mo1). The oxides, hydrides, hydroxides, molybdates,
molybdites, halides, chalcogenides and the elemental forms of
these fission elements were considered. Following release of the
volatile species from the fuel rods, their interactions with the
liquid water coolant were evaluated by means of electrochemical
stability (Eh-pH) diagrams for the individual fission products to
600 K. The results of the calculations suggest that small
amounts of selenium, tellurium, ruthenium, molybdenum, and
possibly, bromine and iodine, may be released to the environment.

INTRODUCTION

During irradiation of an LWR fuel rod over forty individual fission
products are released, resulting in a very complex chemical system within

the rod.

In the event of a severe core damage accident, release of the

volatile fission products to the environment becomes a matter of prime

concern.

The behavior of the fission products can be modeled most reliably

by comparing their observed release in simulated or actual reactor
accidents with that anticipated from their chemistry.

‘ The chemical state of a fission product is determined by the nature of
its jmmediate environment because the amounts of fission products released
are small in relation to the amount of host environment. In an accident
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the temperature of the fuel rods rises rapidly and they may fail by
cladding rupture. Steam will then enter the fuel rods where it reacts with
the fuel and the zircaloy cladding liberating hydrogen. If now the primary
pressure boundary is also breached, air could be present. This means that
the ruptured fuel rods could be exposed to a water-steam-hydrogen-air
atmosphere.

Within an intact fuel rod, the chemical environment is generally
reducing. However, in a reactor accident where the cladding balloons and
bursts, the environment becomes progressively more oxidizing and one needs
to consider the temperature and the oxygen potential of the environment to
predict the chemically stable fission product species released from the hot
fuel. Following their release, the fission products will interact with the
coolant water which then dominates their behavior. Most of the fission
products released will dissolve in water, while the insoluble species will
tend to plate out on the cooler surfaces. Since subsequent release of the
fission products from the aqueous solution will be by vaporization, the
equilibrium chemical states of the fission products in aqueous solution
must also be considered in detail.

Other recent treatments of the problem have considered only a limited
number of fission elements: Cs and I [1]; Cs, I and Te [2]; or Cs, I, Te,
Sr and Ru [3]. Also, aqueous solution chemistry is not treated at all in
these earlier models. The emphasis in this paper is on the vaporization
and aqueous solution chemistry of the high yield (Cs, Sr, Ba, Ru, Mo),
radiotoxic (I, Cs, Te, Sb, Ru, Sr, Ba) fission elements which are also
volatile or form volatile compounds (Cs, Rb, I, Br, Te, Se, Sr, Ba, Mo,
Ru). The stable volatile species have been evaluated from equilibrium
chemical thermodynamic calculations for intact fuel rods and various
accident situations. The interactions of the fission products with liquid
water are considered in terms of high temperature electrochemical stability
diagrams (Eh-pH diagrams).

FUEL ROD CHEMICAL CONDITIONS

Four principal scenarios were considered in which to assess the
vaporization behavior of the fission products from LWR fuel rods. The
general chemical conditions prevailing in each situation are described
below.

A. Intact fuel rods. The interjor of an intact fuel rod is chemically
reducing since the UQ, fuel and the zircaloy cladding react with the
oxygen generated during fissioning. As a result, the oxygen potential
varies during the 1ife of a fuel rod. Based on experimental measurements
and theoretical estimates, the oxygen potential assumes a value in the
range of -400 to -500 kd/mol1 [4,5].

B. Failed fuel rods in water/steam atmosphere containing hydrogen. In
this case it is assumed that the fuel rods have failed by cladding rupture,
but the primary pressure boundary is intact. Steam and water react with
the hot fuel and the cladding liberating HZ' The oxygen potentials are set
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by the H /HZO partial pressure ratios and are of the order of -380 kdJ at
1000K, -575 kd at 2000K and -155 kJ at 3000K for p(H,)/p(H,0) = 1. In
addition to the oxidizing environment, the presence 8f stegm could lead to
the formation of volatile hydroxide species. This system is substantially
more oxidizing than situation A above.

C. Faijled fuel rods in water/steam environment containing air. In a more
severe accident where the primary pressure boundary is breached, air can
enter the system. The oxygen potentials will then be set by the steam/air
mixture and may attain values as high as in air (0.2 atm of 0,): -13 kJ at
1000K, -26 kJ at 2000K, and -40 kJ at 3000K. This system has“significantly
higher oxygen potentials than system B.

D. Failed fuel rods exposed to air. In accidents which occur in dry atmo-
spheres, the fuel rods could be exposed to air. The fuel could attain tem-
peratures as high as 3000K due to the absence of any effective cooling.

The oxygen potentials are of the order of -3 to -37 kd/mol. Since there is
no liquid water present, there can be no dissolution of the fission
products in the 1iquid phase.

THERMODYNAMIC DATA AND CALCULATION PARAMETERS

A free energy minimization technique was employed to determine the
equilibrium distribution of the fission products in the present eleven com-
ponent system. The calculation technique is based on the theoretical
treatments of Brinkley [6] and White et al [7], and incorporated into
recent computer programs [8-10] for calculation of complex chemical
equilibria. Where available experimentally measured thermodynamic
properties as a function of temperature for various condensed and vapor
species were used [8,11-20]. In all other cases, the thermodynamic data
were estimated by various methods: extrapolation of room temperature data
[3, 18, 21]; general parametrization schemes [22]; bond energy correlations
{11, 17, 23,24].

The calculations were performed for the situations described above for
§98 following conditions: HZ/HZO = 1; 1000 - 3000K; total pressure =

atm.

FISSION PRODUCT VAPORIZATION CHEMISTRY

The results of the calculations are shown in Tables 1 and 2. These
tables Tist the partial pressures of the predominant volatile species of
the fission products considered for each of the situations A - D.

Situation A. Inspection of Table 1 suggests that of the fission products
considered, the following volatile species could be released at very high
fuel temperatures in intact rods: Cs, Rb, CSZO, Rb20, CsI, RbI, CsBr,
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Table 1. Calculated Partial Pressures of the Major Yolatile Fissfon Product Species
for the Scenarjos A and B

Scenario A Scenario B
Fission Temp. Partial Temp. a Partial
Product K species? Pressure {atm} K Species' Pressure (atm)
b 1000 N 102 - 107° 1000 My HOH, My(Oi), 105, 107 - 1073
Cs,Rb
’ 2200 M, 1,0 1 3000 M, MOH, MO 107}, 51, 1073
-5 _ 198 8 1073 g5
1000 M 1075 - 10 1000 M, MOH, Mp(OH),, Moo, 1075, 1073 -.1073,
Cs,R6S o)z, HataO, ' 1077
2200 Hy 1,0, Moo, >1 W00 M, MOH, MO, o0, 1070, 51, 10741
1000 Te, 102 1000 Hy Te 1078
Te
2200 Te >1 3000 Te, H,Te, Teo 1071, 102, 1072
. 1000 Sep, Seg, Seg 1073 - 107 1000 Hyse 1078
e
2200 se »1 3000 Se, HySe, Se0 1071, 1074, 1072
1000 HI, Mar 103 1000 HX 1073
I, Br
2200 NI, Mar 1 3000 X, X, HX >1, 1072 . 1073
; -7
1000 - - 1000 M, o0, 10
Hod Moy
2200 H o0, »1 3000 HaMo, 51
4 1000 - - 1000 - -
Ru -6 -3 -5
2200 Ru 10 3000 Ru, RuGH, Ru(0H), 1073 - 10
" 1000 b 1073 1000 sb 1073
2200 sb >1 3000 sb >1
4 1000 - - 1000 - -
Sr 3 4
2200 - - 3000 sroH, Sr(0k), 1073 - 10°
1000 - - 1000 - -
Ba 1 2
2200 - - 3000 BaOH, Ba(OH), 107 - 107

3 M is efther Cs or fb, X is either I or Br,

b CSZU04/RbZUO4 is assumed to be the stable solid phase.

¢ Cszm04/Rb2H004 is assumed to be the stable solid phase.
No vapor species of 8a and Sr are expected in scenario A.
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Table 2. Calculated Partial Pressures of the Major Volatile Fission Product Species
for the Scenarios C and D

Scenario € Scenario D
Fission Temp. Partial Temp. Partial
Product X species? Pressure (atm) K Species? Pressure (atm)
R 1000 Hy HOH, My(OH), 108, 1073 - 107 1000 M 1074
Cs,Rb
! 3000 M, MOH, MO >1 3000 M, 4O >1
. 1000 M, HOH, My(0H),, Moo, 1071, 207% - 2077, 1000 My M, Mol 107, 10”7
Cs,Rb -7
, 10
3000 M, HOH, HO, Moo, 1075, 1,105, 1 3000 M, MO, M,hol, >1
1000 HyTe 10- 1000 Teg, Teo, 1074 - 107
Te
3000 Te0, Te0,, Te0{0H), 107! - 1072 3000 Teg, Te0, 107! - 10?
1000 Hyse 10°° 1000 $e0, Se0, 1074 - 107
Se
4 g2
3000 50, Se0, 107! - 10 3000 50, Se0, 10l . 1072
1000 M 1073 1000 MK, X 1071, 1073
1, 8r ) .2 .3
3000 M, X, HX 102 .10 3000 MK, X >1
1000 HyMo0y, Ma0s 107, 108 1000 HaHoOy, MoOy w07, 108
i -1 1
3000 Matlo0,, MOy >1, 10 3000 HaHoO,, HoO, >1, 10
. 1000 RuOy, RuO, 10°8 1000 RuOz, RuO, 107
{]
3000 Rudy, Ru0y 1072, 51 3000 Ru0z, Ru0, 1072, 51
-3, 102 -3 44-2
o 1000 Sb, $405 1079, 10 1000 $b, Sba0p 107°, 10
3000 $b, Sby0g >1 3000 $b, Sby0g >1
1000 - - 1000 - -
s 3 6
3000 SFOH, Sr{0K), 1073 - 107 3000 5r0 107
1000 - - 1000 - -
Ba 102 4
3000 BaOK, Ba(OH), 107! - 107 3000 Ba0 10

3 M is either Cs or Rb; X is either I or Br.
b CsoU0,/RboUO, s assumed to be the stable solid phase.
¢ CszMoo,‘/szPo% is assumed to be the stable solid phase.
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RbBr, Cs oMo0,, MoO Te, Se. and Sb. Since the vapor pressures of
these spec1es are s%a]] at fuel 8er1phery (~900K) and cladding temperatures
( ~600K), they will tend to plate out at those cooler regions. On the
other hand, if the cladding now balloons and bursts, the volatile species
above will be swept out along with the fission gases Xe-and Kr, and He
(most LWR fuel rods are pre-pressurized with He).

Situation B. 1In the event of cladding failure the first fission products
released from the rods will prevent initial ingress of steam. When steam
enters the fuel rod it will oxidize, the fuel, further releasing fission
products. Also, the steam will react with the zircaloy cladding liberating
H 5. As shown in Table 1, the principal volatile species released to the
stéam/hydrogen env1ronment will be CsOH, RbOH, CsI, RbI, CsBr, RbBr,
CsyMoOy, RbyMo0y, HoTe, HoSe, Seg, a]though at high temperatures (> 2000K )
Cs, Rb, Cs0O, RbO, I, HI, Br, HBr, Sb, Ba{OH),, BaOH, SrOH, Sr(OH),, Ru,
RuOH, TeO, SeO, Te and Se will also become 1%portant. These spec1gs tend
to d1sso1ve in the liquid water or they will plate out on the cooler
surfaces.

Situation C. In this situation, the presence of oxygen from air ingress
provides a significantly more oxidizing system than situation B. For these
conditions, Table 2 shows that the predominant spec1es are still the same
as in situation B, but now release of RuQ,, Ru0 s TeO , SeQ, and
MoO, must also be considered. At lower temperatures, % é contr1but1gns of
elefental iodine and bromine are relatively small, s§nce ths ratio of the
alkali halides to the halogens is estimated to be 10° to 10%. However, at
temperatures above 2500K the halogen pressures are comparable to those
calculated for the halides. Again, the released fission product species
have efther low enough vapor pressures to condense on the cooler surfaces,
or they will dissolve in the liquid water. However, there may be some
release as aerosols through the primary containment rupture.

Situation D. The predominant species are essentially the same as in
situation C, except for the absence of any hydroxides. In addition, SeO
TeO2 and Sb 06 dominate for these elements and Sr0 and BaO must also be
considered.” “Significant partial pressures of elemental jodine and bromine
are also calculated to develop at very high temperatures. The released
fission products should condense at the cooler regions of the fuel or of
the cladding.

FISSION PRODUCT AQUEOUS SOLUTION CHEMISTRY

In each of the two accident scenarios B and C, there is a large amount
of liquid water present in the system. The equilibrium chemical states of
the fission products in aqueous solution are most conveniently evaluated by
means of Eh-pH diagrams for the individual fission products in the temper-
ature range 300-600K and a pH range 5-11. Since the only fission product
Eh-pH diagrams currently available are those at room temperature [25],
technique was developed to estimate the thermodynamic data for the re]evant
fission product aqueous species to 600K [26, 27]. Using these estimated
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values, Eh-pH diagrams at 323, 373, 423, 473, 523, and 600K have been con-
structed for the fission elements in agueous solution. As an example,
figure 1 shows the ruthenium - water system at 298, 373 and 523K.

The information on the dominant chemical species released from the
failed fuel rods in accidents B and C is combined with the Eh-Ph diagrams
to describe their behavior in agqueous solutions.

Cesium and Rubidium. The only thermodynam1ca11y stable species are the
jons Cs¥ and RbT over the entire region in which water is stable. Since
the species released from the ruptured fuel rods are all compounds of Cs*
and Rb*, they will dissolve without reaction. Elemental Cs and Rb react
with water to form M* ions. Hence, Cs and Rb will not volatilize from
aqueous solution.

Te]]ur1um The stable forms in water are solid Te, Te0 TeO s H Te0
(HTeO HTe0, and Te0, ~ which are generally non-v01§t11e. sp cies
re]eased from thg fuel roas, H,Te, Te, and Te0,, interact with HZO to form
one of the stable forms. Hencé, any release of tellurium species will be
very small.

Selenium. Seg, Se0 and SeO2 are the species released from the fuel rods,
which_are also the_stable forms in aqueous solution together with SeQ

SeO and H Se03 . Hence,3there may be some release of selenium as vapor
(vapor pressure of Se 107 atm at 600K).

Iodine and Bromine. The thermodynamically stable forms of I and Br in H20
are (I,Br)- and (I,Br)0, . The alkali halide species released from the
fue] rods and HI and HBP dissolve in the water to form stable (I,Br)” and

(1,Br)0,” ions and possibly, HOI and HOBr. The latter species may re]ease
sma]1 a%ounts of fission-product halogens to the environment.

Molybdenum. MoO3 has a relatively low vapor pressure at 600K and it is
slightly soluble™in H,0. The molybdates, on the other hand, ‘are
completely soluble. Thé stable forms of Mo in H,0 are Mo0, and MoO
which are generally nonvolatile. Hence, any reledse of Mo as vapor %o the
environment will be extremely small.

Antimony. For the two scenarios considered here, elemental Sb, Sb 0,, and
HSbO are the thermodynamically stable form5201n water. These substgnces
have vapor pressures of the order of 10 “Yatm at 600K, and release of
volatile forms of Sb to the environment will be negligible.

Ruthenium. The Ru - H,0 system shows that Ru and Ru0, are the thermo-
dynamically stable forms, both of which are nonvo1at1]e Of the spec1es
re]eased from the ruptured fuel rods, Ru is nonvolatile and insoluble in
0, and RuO (and, possibly Ru03) reacts with H20 to precipitate non-
vg]at1le RuO Release of Ru0, as vapor to the environment will be only
2 3
partial, but it is likely.
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Barium and Strontium. Barium and strontium hydroxides gre highly soluble
in water, and will dissolve without reaction. Since Ba' and Sr™ are the
only stable species in water, release of Ba and Sr vapor species to the
environment is highly unlikely.

SUMMARY AND CONCLUSIONS

Three fuel rod accident scenarios (exposure to steam/hydrogen/water,
exposure to steam/air/water, and exposure to air) and intact fuel rods were
used to assess the vaporization and aqueous solution chemistry of fission
product species of Cs, Rb, I, Br, Se, Te, Ba, Sr, Mo, Ru and Sb. Equilib-
rium thermodynamic calculations and Eh-pH diagrams were used to analyze the
behavior of the chemical species. The results of this analysis showed that
small amounts of selenium, tellurium, ruthenium, molybdenum iodine and
bromine could be released to the environment.

The analysis presented here suffers from a lack of reliable thermo-
dynamic data at high temperatures, particularly on the gaseous oxides and
hydroxides. Similarly, there is very Tlittle experimental thermochemical or
solubility data on most of the fission product compounds in aqueous solu-
tion at high temperatures. Hence, accurate quantitative predictions of
fission product chemistry in accident situations must await the availa-
bility of reliable thermochemical information. Furthermore, the.formation
of nitrogen and carbon-bearing species of the fission products, such as
nitrates, nitrites, and carbanyls must also be considered.
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DETERMINATION OF PARTITION COEFFICIENTS FOR IODINE
BETWEEN WATER AND VAPOUR PHASE WITH I-131 AS TRACER

M.Furrer , R.C.Cripps and T.Gloor

Materials Technology Dept. (Hot Laboratory)
Swiss Federal Institute for Reactor Research (EIR)
CH-5303 Wuerenlingen , Switzerland

ABSTRACT

The calculation of reliable iodine partition coefficients:
P=([Iltot.aq./[I]tot.gas) 1is hindered by basic uncertainties in
both thermodynamic and kinetic data. Experimental determinations
of P as a function of various parameters (concentration, tempera-
ture, pH, redox potential) provide data for risk analysis studies
and also allows a verification of computing models.

A steel autoclave arrangement is described, which allows the de-
termination of P values up to 10°6 at temperatures form ambijent
up to 200°. Emphasis is placed on experiments which show the
influence of pH and redox potential on the thermodynamics and ki-
netics of the iodate formation. Todate is one of the dominant
factors leading to very high partition coefficients.

Experimental results are compared with P values obtained from re-
cently published computing models.

INTRODUCTION

In the current quest to obtain reliable source term information,
the distribution coefficient (P) for iodine between the liquid
and the vapour phase is a most important parameter.

Calculations of P are hampered by uncertainties in the thermody-
namic and kinetic data despite extensive studies over the last
decades. A comprehensive set of thermodynamic data is compiled
in [1]. The validity of the "classical"” equation for the hydro-
lysis of iodine in water:
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He0  + Tp  Cemmme- > I™ 4+ HOI 4+ H*

is questionable. To date it has not been possible to prove the
existence of HOI in the gas phase [2}. HOI will be the only vo-
latile lodine species besides elemental iodine. Extensive calcu-
lations of kinetic parameters [3] are partly based on the exi-
stence of HOI.

In view of these uncertainties, the need for experimental measu-
rement of P values is clear. Experimental determinations of P
have been carried out under varying physical and chemical condi-
tions in a number of research institutes. Recent EIR work con-
cerning a re-evaluation of the merits of an external containment
spray cooling has shouwn that the partition coefficient for iodine
plays an important role. Associated calculations require reliab-
le P wvalues up to 200°C. The uncertainties shown and the high
temperatures required have resulted in the present experiments
beeing carried out using a stainless steel autoclave system.

EXPERIMENTAL

One litre of aqueous iodine/iodide solution ~was placed in the
glass inner container (1) of the autoclave, shown in Fig.1. A
few mCi of I-131 were added as tracer,.

The pH value and redox potential of the solution was measured be-
fore the autoclave was closed.
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Fig. 1: Sketch of the EIR autoclave system for the
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Sampling of the gas for activity measurements was carried out at
various temperatures.Fach gas sample was taken after about one
hour of stirring at constant temperature in order to obtain equi-
librium conditions. The gas sampling tube (3) was held at a hig-
her temperature than the autoclave. The tube was evacuated bhefo-
re sampling. Rapid operation of valve (A) privided a 5 ml sample
of gas. This gas in the sampling tube was transferred with the
help of an inert carrier gas into the filter capsule (4). The
filter was charged with 50 ml of activated charcoal. At the end
of each experiment., an aqueous sample was taken as a control.

Irradiation tests proved that the small tracer concentration of
less than 10 mCi/l did not produce significant changes in iodine
species distribution due to radiolysis.

From the (high) partition coefficients and the small volume of
the gas sample 1t can be seen that less than 0.1% of the total
iodine is removed per gas sample. Thus a very large number of
samples can be taken without significant changes in the concent-
ration of the liguid and the gaseous phases.

A good approximation of a "clean condition” experiment was achie-
ved by heavily gold plating all of the internal steel gurfaces in
order to avoid irreversible deposition/absorption reactions.

RESULTS AND DISCUSSION

The first data set shows the influence of temperature on the par-
tition coefficient P, with pH and redox potential as constants.

In Fig.2, the resulting partition coefficients for five tempera-
tures between 21 and 115°C are represented as solid dots.
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Fig. 2: Todine partition as a function of temperature

{Ipitot.aq. = 0.001 M (added as Iy)
pH (25°C) = 5.1
E (25°) = 0.67 V vs. SHE

The curve on Fig.2 represents the theoretical data calculated
using the thermodynamic constants out of [41 derived from the
free energy data in [2] including HOI hydrolysis and volatility

values. Fig.2 shows a good fit between experimental and calcula-
ted data values.

Since these calculations show insignificant HOI and iodate equi-
librium values, 1little information concerning these two problem
areas could be deduced.
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Due to dissimilar experimental conditions and lack of sufficient-
ly detailed information (redox potential measurements), no at-
tempt was made to compare the data shown here with other experi-
mental P determinations.

A second data set compiled in Fig.3 shows the relationship be-
tween pH and partition coefficient at constant temperature and
constant redox potential. The experimental P values remain con-
stant up to about pH 6.5, then rapidly increase by several orders
of magnitude, with only minor increase in pH.
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Fig. 3: Iodine partition as a function of pH

[CsIlag. = 0.0001 M

Buffer (Phosphate) = 0.1 M
Temperature: 1109C

E (25°C) = 0.61 V vs. SHE

The bend in the experimental data at pH 6.5 does not correlate
well with results of calculations of kinetic parameters, based on
theoretical models in a recent report {3]. This shows that ioda-
te should be a major species and that iodate equilibrium is



1421
established within seconds, even at pH 5.

The curve in Fig.3 was calculated in the same way as that in

Fig.2. Again the curve in Fig.3 agrees well with the measured
data. This provides some information on the kinetics of icdate
formation. At temperatures and with a redox potential, (>0.6 V

va. SHE), relevant to a hypothetical severe accident condition,
iodate Kkinetics are fast with a time constant in the region of
minutes once iodate formation is thermodynamically possible.

The method shown was applied to the fuel element pool of a Swiss
BWR in order to asses the capacity for iodine retention in the
‘pool water, Based on the pool pH of 5.8 and redox potential of
+.5V vs. BSHE a very high partition coefficient was expected.

Table I: Iodine partition as a function of temperature

pH(25¢C) = 5.8 E(25°C) = 0.50 V vs. SHE
[CsTIJaq. = 0.0001 M added; (the original sample was free of
active or inactive iodine)
Temperature P(experimental)
foc] [T]ltot.ag./[I]tot .gas
38 >2-13 . 10°6
(most probably~5.10°7)
85 2 -2.5.10°6
120 5.5 - 6.5 . 10"%

The results shown in Table I are at the upper limit for P deter-
minations with the equipment described here.In particular the va-
lues for the lowest temperature are based on such low gas phase
activities ( ~1 nCi/l gas) that they represent lower boundaries
for P, setting the 1imit of the method shown to roughly 2.10°6
for the partition coefficient. An increase of this limit is pos-
sible bubt difficult to achieve in practice. It would pose shiel-
ding and safety problems and may also produce significant changes
in the redox potential conditions due to radiolysis products.
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CONCLUSIONS

The data described here provide some contribution to the discus-
sion of thermodynamic and kinetic parameters in "clean condition®”
systems. A good fit with clean systems is a prerequisite for in-
vestigations of complex realistic systems.Such an advanced expe-
riment is now underway at EIR.

It must consider, for example solutions which approximate to a
"core melt” sump. This could contain a large number of dissolved
species and suspended solids such as as fuel, silicates and
structure material. Contributory effects of a strong radiation
field must also be considered.

A calculation of jodine distribution is hardly achievable on
thermodynamic grounds. Using the autoclave system shoun, combi-
ned with a radiation field, reliable partition coefficients can
be determined at temperatures up to 200°C.
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EXPERIMENTAL STUDY OF THE DEPOSITION OF IODINE AND OTHER
FISSION PRODUCTS IN THE COOLANT CIRCUIT OF A CAGR
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ABSTRACT
Deposition of activity in the coolant circuit of a Commercial
Rdvanced Gas—-Cooled Reactor reduces the amount that might escape in
the event of an accident.

In a continuing programme, iron oxide particles of 0.6, 2 and 5 um
diameter, 17 um alumina particles and methyl iodide vapour have each
been injected into the CO, coolant of a reactor at Hinkley Point,
England. Subsequent changes of concentration provide information on
the rate of deposition.

Initially, rapid deposition occurred for all the tracers, Methyl
iodide was removed with an initial half-life of 12 s, The corres-
ponding half~life was about 20 s for the particles up to 6 Um
diameter, and 120 s for 17um particles. After the first few minutes
the removal became slower, but concentrations fell by factors of
several hundred to some tens of thousands during a period of 3 h
following each injection., The potential escape of fission products
in an accident could be reduced several hundred times by deposition.

In one experiment, 17 um particles were injected with the reactor
shut down and the coolant flow rate reduced., The particles deposi-—
ted more rapidly than at full flow. On increasing the flow rate to
full flow most of the particles were resuspended into the gas
stream,

The results imply that the metal-oxide particles deposit onto, but
also bounce and blow off, the internal surfaces of the coolant
circuit. Methyl iodide is converted, at least in part, into one or
more chemical forms of iodine, which also disappear rapidly from the
gas stream. Although the mechanisms for removal are not fully
understood, the benefit of deposition in reducing the amount of
circulating activity is clearly very great.



1424

INTRODUCTION

In analysing the safety of operation of commercial advanced gas—
cooled reactors (CAGR) a number of possible accidents are postulated in
which iodine and other volatile fission products escape from damaged fuel
to the coolant gas, without damage to the coolant circuit., The iodine
could be present in two forms: either as methyl iodide, or attached to
particles which are circulating in the coolant [1]. These materials
could escape from the intact coolant circuit with the two or three
percent of the gas that leaks daily from the circuit, until the reactor
could be blown down. However, experiments in the prototype Windscale
AGR, under a range of operating conditions, have shown that methyl iodide
and particles are removed from the gas stream by deposition onto the
internal surfaces of the coolant circuit, thus reducing the fraction that
might leak out by a large factor [2,3,4]. Further experiments are in
progress in a CAGR at Hinkley Point. They enable the magnitude of this
decontamination factor to be evaluated, and provide some information on
the behaviour of particulate matter and iodine compounds in the reactor
coolant.

EXPERIMENTAL

Methyl iodide and particles of iron oxide or alumina were injected
rapidly into the coolant gas stream, and the rate of deposition was
deduced from the decrease with time of the concentration in the gas. The
injection point for all the experiments entered a duct of 30 cm diameter
returning gas from the coolant treatment plant to the reactor pressure
vessel,’ upstream of one of the eight circulators (see Fig 1), A sample
collected downstream of the injection point allowed estimation of the
quantity injected.

Methyl iodide, labelled with 1311, was prepared and sealed in a
small silica capsule, which, at the appropriate time, was broken in a
stream of helium. The methyl iodide evaporated rapidly and was carried
into the reactor duct within 1 minute. Sequential samples of the coolant
were collected in several locations, both from sampling pipes installed
in the circulators, and also from selected fuel channels via the Burst
Cartridge Detection Pipes, penetrating the pile cap. These pipes were
long and of narrow bore. At each sampling point coolant gas was drawn at
lto2g sl through traps of 35 or 65 ml volume, packed with activated
charcoal impregnated with KI. A manifold arrangement was used to permit
continuous sampling, In addition a few samples were taken at 80 g s~
through a pipe of wider bore only 2 m long at sampling point 2 (see
Fig 1). At this sampling point, the gas was passed through a pack
containing six or more charcoal-impregnated glass fibre filters in
series. A fraction of the gas penetrating these filters was sampled by a
charcoal trap. The amounts of 1311 collected on the samples were deduced
from the gamma ray spectra recorded using Germanium-Lithium detectors.

Monodisperse particles of 2, 5 and 17 um diameter were labelled with
59pe, In each experiment, particles of the selected size were dispersed
within a small pressure vessel connected at the injection point, and the
resulting aerosol was carried into the reactor in a stream of helium. 1In
an additional experiment a submicron aerosol of mass median diameter
0.6 um, geometric standard deviation 2.5 with the same radioactive label
was generated by atomising a colloidal suspension in the pressure vessel,
The variation in concentration of the injected particles was followed for
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about 200 minutes at sampling point 2 only. Glass fibre filters,
supported on both sides by stainless steel gauzes were used to collect
particulate material from the gas at a flow rate of about 115 g -1,
Gamma gpectrometry was used to detexmine the 59e content of the samples,
The techniques for generation, injection and sampling of the test
aerogols have been described elsewhere {5].

The methyl iodide and particle injection experiments were carried
out during normal operation of the reactor. One additional particle
injection experiment was performed with the reactor shut down and with
the coolant circulation rate reduced to 47 per cent of normal. Four
hours after injecting the particles the circulation rate was raised to
the normal value, to determine whether the deposited particles could be
raised from the surfaces by an increase in gas velocity., Information
regarding the background 5%Fe raised into the gas stream during this
operation was obtained by collecting samples during a similar change in
flow the day before the particles were injected. The concentration
ratios of 59Fe to other activation products found on the filter samples
(particularly 58co and 54Mn, ), were used to estimate the contribution of
background 59pe circulating in the coolant gas during the following
experiment,

EFFECT OF MIXING

The circulators drive about 4000 kg s™1 of coolant around the
reactor circuit, so that the total 1.2 x 105 kg pass around the circuit
once every 30 s, There is a tendency for the gas that has passed through
a given circulator to return to that circulator on the next pass. Thus,
the tracers, injected effectively into the inlet to one circulator, do
not appear immediately at sampling points in different parts of the
circuit, Experiments were conducted in which helium, an inert tracer,
was injected for 30 s or 1 min at the injection point and was measured in
samples of reactor coolant collected at the particulate sampling point
and at some selected circulators. The results (Fig 2) show the time
required for the tracer to disperse uniformly around the circuit, and the
variation in concentration due to mixing alone at selected sampling
points, Data from the methyl iodide and the particulate injection
experiments could be corrected for the effect of mixing, to reveal the
effects of deposgition alone on the concentration of the injected tracer,

BEHAVIOUR OF IODINE INJECTED AS METHYL IODIDE

Fig. 3 shows examples of the variation in concentration following an
injection of methyl iodide. The results have been normalised by dividing
by the concentration that would have resulted, had all the injected
activity been uniformly mixed throughout the coolant.

Meagurements at different locations in the reactor circuit showed
the large variations in peak concentration that would be expected for a
tracer with a deposition half-life that is much shorter than the time
required for mixing throughout the reactor circuit. Measurements at the
circulator which received the injected methyl iodide, showed that
initially the 1311 disappeared from the gas stream with a half-life of
about 12 8, Within two or three minutes the concentration had declined
geveral hundred times, but the rate of decline of concentration had
diminished substantially. After 3 hours the concentration was less than
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Table I. Todine collected on the components of the samplers used
to study iodine compounds

Sample Point 1 2' 2 2 2 2

mean timed :

of sample 0.5b 1.0 4.7 14.3 52.9 217.7
charcoald 47 0.053 4.4x1073 3.8x1073 2.8x1073 3.2x1073
papers

Conc, €

Charcoal 187 0,15 1.3x10°3 4.,9x107% 3.3x107% 2.7x107%
pack

2 Measured in minutes from start of injection
b puring injection

C concentrations normalised as for Fig.3

4 gsix charcoal-loaded filter papers in series

10~% of the initial value, and it approached the background level,
present before injection, over a period of a few days.

Samples collected using sampling trains of several elements in
series gave some evidence of the presence of more than one chemical form
of 1311, Measurements at the sampling point 1 (Fig 1), close to the
injection point, showed that charcoal-loaded filter papers each retained
only about 4 per cent of the incident methyl iodide. The remainder
penetrated to the following charcoal trap. In contrast, measurements at
sampling point 2, showed substantial fractions of iodine retained on the
filters. After a few minutes the fraction collected on a stack of six
charcoal-loaded filter papers was congistently 80 to 90 per cent of the
total retained by the sampling train., (See Table I).

In some samples a plain glass—fibre filter was included at the front
of the stack of filters. This retained only a few per cent of the total
iodine, showing that there was little absorption on the particulate
material suspended in the coolant,

The results imply the presence of at least two chemical forms of
iodine. The more easily absorbed was retained with an efficiency of
gixty to seventy per cent by each of the filters, so that the fraction of
this form penetrating the six filters in series would be negligible. The
more penetrating form of iodine, behaving in this respect like methyl
iodide, was absorbed inefficiently by the filters and was mostly collec-
ted by the following charcoal trap. This was confirmed by the fact that
the last of the six papers often retained only a few per cent of the
quantity held by the trap.

It would be reasonable to conjecture that the injected methyl iodide
constituted the penetrating form. However, for the samples collected at
sampling point 2, measurements indicated that the rear of the charcoal
pack (divided into halves by a gauze) collected on average, less than
12 pexr cent of the iodine retained by the whole pack, while in the sample
expogsed to methyl iodide, just downstream of the injection at sampling ‘
point 1, the corresponding fraction was 23 per cent. This comparison
suggests the presence of yet another form of iodine,

The variation of composition of the iodine suggests a complex
mechanism for the interxconversion and deposition of the species present,
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and the results do not provide an understanding of this process. However
the results clearly indicate a large and rapid reduction in total
concentration due to loss to surfaces within the coolant circuit,

BEHAVIOUR OF TRACE AEROSOLS

Figure 4 shows examples of the results for two experiments conducted
at full flow.

The results for submicron, 2 and 5 um diameter particles showed many
gimilarities. For all three the concentration of 59Fe declined rapidly
at first, with a deposition half-life of about 20 s, After a few
minutes, the decline slowed, but deposition continued, and when 3 hours
had elapsed the concentration was less than one thousandth of the
concentration that would have resulted had the injected particles become
uniformly mixed throughout the coolant., The results were generally
gimilar to those obtained in the prototype AGR at Windscale [2] for 2 and
5 um particles, but the initial deposition half-life at Windscale was
about 1 min,

The 17 um alumina particles deposited more slowly, with an initial
half~life of 2 minutes. After 15 min the half life extended to 2 hours,
and decay was still proceeding at this rate when sampling was discon-
tinued some 3 h after injection.

In several experiments (eg see Fig 4), occasional fluctuations were
imposed on the general trend of 59Fe concentration. Sometimes these
coincided with changes in other activation products, indicating that the
fluctuations were related to the background material in the reactor., On
other occasions, 59Fe variations did not correlate with other tracers,
and preferential resuspension of the injected particles, due perhaps to
small changes in coolant flow, or movement of reactor components is a
plausible explanation. ‘

The results appear to imply that several processes combined to
determine the variation of concentration, Initially, mixing causes an
early peak in concentration, but explains little of the subsequent
decline. Particles in the size region represented in these measurements
are expected to arrive at surfaces chiefly due to impaction, a mechanism
which increases in effectiveness with particle size, The fact that the
deposition half-life does not vary inversely with particle size is
strongly suggestive that bounce—off (or possibly rapid resuspension) is
occurring, its frequency increasing with particle size., The slower
variation in concentration that occurred after the tenth minute following
each injection can be explained by a progressive process of resuspension
and deposgition, particles ultimately accumulating in locations from which
resuspension is very slow,

The experiment at low flow provided further evidence of the nature
of the processes occurring (Fig 5). When the 17 ptm aerosol was injected
at 47 per cent flow, the initial deposition half-life (50 s) was shorter
than the equivalent value at full flow. As impaction is expected to
increase in frequency with flow rate, this inverse variation of deposi-
tion with flow suggests an increase of bouncing with velocity. Increases
in flow rate, both before and after the deposition experiment, gave clear
evidence of resuspension of activated component elements of steel and of
the injected test particles, At least a half of the injected particles
must have become suspended again to explain the observed concentrations,.
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CONCLUSIONS

Experiments on such a large, complex system as a power reactor, with
limited access for sampling, provide valuable evidence regarding the
behaviour of vapours and particles, but cannot alone give a full
understanding of the physical and chemical changes involved, However,
the results described above clearly indicate that methyl iodide (and the
products of its chemical changes in the coolant gas) and particulate
tracers are rapidly removed onto surfaces. Within three hours of
release, concentrations are reduced by factors from hundreds to tens of
thousands, and the potential for escape of fission product iodine from a
reactor in the event of an accident is reduced by a comparable degree.
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THE BEHAVIOUR OF IODINE IN ADVANCED GAS-COOLED REACTOR (AGR) CIRCUITS
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ABSTRACT

Evidence on the behaviour of iodine in the coolant circuits of
AGR is reviewed, and suggests that several iodine species are
important with respect to the overall plate-~out behaviour.
Interconversion of these species by radiolysis in the core is a
key process. An approach to the modelling of iodine plate out
which takes account of the coolant radiolytic chemistry is
described. )

1. INTRODUCTION

Understanding the behaviour of fission product iodine in the coolant
circuit, and particularly the potential for retention by surface plate-out
in abnormal conditions, represents an important area in the safety assessment
of Advanced Gas-Cooled Reactors (AGR). For some time, we have been developing
a computer code (AGRIPA) for modelling the plate-out of iodine in AGR's under
a wide range of conditions. The model for iodine surface deposition originally
employed was based on the prevailing view that methyl iodide is the dominant
form of iodine in AGR coolants, and is the plating-out species [1]. However,
this approach proved incompatible with some of available experimental
evidence, in particular the results of methyl iodide injection experiments at
Windscale AGR. We were led to propose a new model in which at least two
iodine species have important roles, the interconversion of these playing a
key part. This preliminary work included a number of arbitrary assumptions
about the nature and rate of the interconversion processes.

In this paper, we re-examine old evidence and review new results which point
to the importance of several iodine species in AGR circuits. A detailed
analysis of the radiolytic mechanism by which methyl iodide may be converted
to other iodine species confirms that this is an important process, even in
shut-down reactor conditions. The need to include a proper treatment of the
gas-phase chemistry of the coolant in iodine plate-out modelling is empha-
sized, and approaches to an improved modelling code are examined.

2. IODINE SPECIES AND THEIR INTERCONVERSION IN AGR CIRCUITS

The importance of methyl iodide in AGR circuits was demonstrated in early
reactor coolant sampling measurements. Maypack measurements from burst

cartridge detection (BCD) pipes on core channels containing defected fuel
pins at Windscale AGR (WAGR) showed more than 90% of the total radioiodine
to be organic [2]. Gas chromatographic measurements confirmed that methyl
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iodide was the major organic component. This evidence was further supported
by elemental iodine injection experiments at the French Chinon reactor [3],
with similar coolant chemistry to an AGR. Rapid conversion of a proportion
of the elemental iodine to organic form was observed, accompanied by a fast
overall removal of iodine from the coolant by plate-out. The quantitative
extent of organic conversion was not determined, however.

Earlier laboratory studies by Collins et al [4] were in accord with
these reactor observations. Irradiated miniature fuel pins heated to clad
melting temperature in flowing CO,/CO carriers were found to release most of
their iodine attached to particulate, but the 10-25% gaseous component was
largely organic. Methane added to the carrier increased the organic iodine
fraction, but added air resulted in 60-80% of the released iodine being
characterised as elemental. The accumulated evidence some ten years ago
thus pointed strongly to methyl iodide as the dominant form of iodine in
AGR circuits. On this basis, methyl iodide was chosen as representative of
iodine behaviour in the first series of injection experiments to measure
plate-out at WAGR [5].

Our modelling studies [1] of the WAGR methyl iodide injections [5,6]
suggested that this is an oversimplified picture. Our conclusions that
several iodine species play important roles are supported by new experimental
results and a re-examination of older data. BCD pipe measurements alone are
not a reliable diagnostic of chemistry in the coolant circuit, since investi-
gations have shown that up to 90% of the total iodine entering the pipes
from failed fuel core channels may become absorbed on the pipe walls [7].
Recent measurements show that the proportion depositing can vary from near
zero up to 80%, depending on reactor operating conditions and the particular
fuel failure. It is probable that long, narrow sampling pipes act as selec~
tive filters, trapping reactive forms of iodine and transmitting the less
reactive methyl iodide. Plate-out of methyl iodide itself cannot account
for the extent and variability of the observed deposition in BCD pipes.
Recent results from a special sampling point installed at Hinkley Point B
commercial AGR confirm this view [8]. This point accesses the coolant circuit
through a short length of wide-bore pipe, so greatly reducing plate-out en route,
to the Maypack sampler. Under normal operation, the background iodine in the
circuit is found to consist of a mixture of iodine species in which the
reactive component exceeds the methyl iodide by about a factor of 10. Samples
taken in conjunction with injections of methyl iodide into the circuit show
a rapid conversion of a proportion of this to the reactive form.

Recently revised thinking on the chemistry of iodine in oxide fuels also
points to a need to consider several iodine species which can interconvert in
the coolant circuits of AGR's., Detailed assessment of iodine chemistry in
LWR oxide fuel [9] has led to the conclusion that caesium iodide will be the
predominant iodine form. The in-pin chemistry of AGR fuel should differ very
little from that of LWR fuel, the effects of the different cladding being
slight. Releases of iodine from AGR fuel pins with minor defects where fuel
chemistry is unperturbed by coolant penetration is thus expected to be as
caesium iodide. Caesium iodide will be thermodynamically stable in AGR
coolants (CO_ /1% CO with a few hundred ppm of CH,, H, and H_0) [10}], but
may be radioiytically converted to other iodine Species inc%uding methyl
iodide by processes of the type discussed in Section 4 below. Direct measure-
ments of iodine release from AGR fuel are not inconsistent with CsI. Hillary
and Taylor [11] found that most of the iodine and caesium released from
irradiated WAGR pins heated in CO,/CO deposited in the high temperature
region of their system, consistent with CsI. The earlier experiments of



1434

Collins et al [4] probably involved some extraneous effects. CsI may have

been decomposed on the hot silica walls of the apparatus [12], and the free
iodine released reacted with trace hydrocarbon impurities to yield methyl iodide.
With air in the carrier, fuel oxidation could have led to caesium uranate
formation and corresponding decomposition of CsI.

It is reasonable to conclude that several iodine species, of which the
most important are caesium iodide, atomic iodine, hydrogen iodide and methyl
iodide, are important in AGR circuits, and must be considered in improved
modelling of iodine behaviour.

3. THE PLATE-OUT BEHAVIOUR OF IODINE
There is abundant reactor evidence that iodine plates out strongly in AGR's.
The observations at the Chinon reactor, and the measurements on WAGR BCD
pipes, have been referred to already. Further evidence from WAGR is based on
the iodine concentration measured in coolant from core channels containing
fuel failures compared with that from clean channels [2]. A ratio of about
30 was typically found, which could only be explained on the basis of substan-
tial loss of iodine to surfaces in the circuit. Steel specimensg retrieved from
WAGR boilers following a fuel failure showed positive evidence of deposited
iodine [2}. The series of methyl iodide injection experiments at WAGR [5,6],
though difficult to interpret in detail, demonstrate that overall iodine is
rapidly removed from the coolant by plate-out. They are supported by the
recent measurements at the special sampling point at Hinkley Point B
following a methyl iodide injection [8], which show that the different iodine
species present all plate-out rapidly.

Models describing iodine behaviour in AGR's must include a valid treat-
ment of the basic surface deposition processes of the various iodine species.
In this respect, controlled laboratory measurements are a valuable source of
information. The deposition of elemental iodine onto steel and other surfaces
has been much studied [13,14], but under conditions relevant to LWR and HTGR,
rather than AGR. . Data on other iodine species are very sparse. Measurements
currently in progress at Windscale Nuclear Laboratories [15] specific to AGR
conditions should do much to improve this situation. Meanwhile, results from
experiments employing inert carriers are of closest relevance. Ideally, the
rate constants for adsorption and desorption are required as functions of
temperature, the ratio of these determining the equilibrium state for condi-
tions below surface saturation. However, most measurements have been concerned
with determining the equilibrium isotherms of elemental iodine onto a range
of steels, and so are of limited value for reactor modelling. Early results
have been reviewed by Hoinkins [13], and recently Osborne et al [16] have
published new measurements for low chrome steel in conjunction with a further
review of earlier data. Osborne et al's work also includes some measurements
of the rates of adsorption and desorption. The principal conclusions which
can be drawn from this combined evidence are:

i) Two main mechanisms operate for elemental (atomic) iodine on steel.
For low iodine pressures and high temperatures where condensed FeI, and
CrI, phases are unstable, reversible chemisorption operates up to surface
1oa%ing approaching monolayer coverage, when saturation effects set in.
These conditions will apply for normal AGR operation, but not necessarily
when enhanced iodine levels are present. For higher iodine concentrations,
iodides of steel components will form on the cooler circuit surfaces, and
saturation effects do not then arise.
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ii) Material type and surface condition are important. Equilibrium loadings
on heavily oxidized surfaces are much lower than on bare metals, and
are lower on stainless steel than on carbon steel. There is some
evidence that the rate of adsorption is lower on oxidized surfaces than
on bare metals. The oxygen content or oxygen potential of the carrier
gas also plays a role,

iii) The adsorption process is non-activated azd is generally fast. Deposition
velocities are typically in the range 107% - 1072 ms~1. Alternatively
deposition can be represented }g texrms of a gas kinetic sticking proba-
bility, for which values of 10 and 10~4 are indicated by the work of
Osborne et al at temperatures 400°C and 700°C respectively.

iv) Desorption is an activated process, and the activation energy appears
to depend on surface condition. For slightly oxidized surfaces, values
are in excess of 200 kJ mol-l [16], but for heavily oxidized surfaces
such as those in AGR's, values in the range 100 - 150 kJ mo1~1 appear
likely based on plant measurements [1,7].

Hydrogen iodide is expected to exhibit very similar plate-out characteris-
tics to elemental iodine. Of the remaining species important in AGR circuits,
caesium iodide deposition rates onto steel have been measured by Nicolosi and
Baybutt [17], but only in steam atmospheres and under poor mass transport
conditions. Very recent measurements in an inert carrier by Bowsher et al [18]
suggest that unsaturated CsI vapour does not deposit significantly onto oxi-
dized steel surfaces. No data on methyl iodide deposition rates at relevant
temperatures have been published, but there is evidence that at 115°C the rate
is orders of magnitude slower than for elemental iodine [19]. Since elemental
iodine is known to plate-out rapidly, it seems a reasonable modelling assump-
tion to attribute the dominant role in AGR circuits to this species.

4. THE ROLE OF RADIATION AND A RADIATION CHEMISTRY MODEL

A treatment of the interconversion of iodine species is needed in a fully-
developed plate-out model. Earlier, we suggested that radiolysis probably
plays the key role in this [1], and the modelling studies now described confirm
this view. In an AGR core under normal operation, neutron and Y-fields are
very high, and even under shut-down conditions substantial vY-fields persist
for long periods. Both CH3T and CsI are decomposed by Y irradiation [20,21],
but at the very low concentrations involved, direct radiolysis will be negli-
gible. The dominant decomposition mechanisms will involve reactions with the
primary ra&iolysis products of COy, analogous to the hydrocarbon radiolyses
which have been much studied in the context of graphite oxidation and carbon
deposition on fuel pins [22, 23].

AGR coolant radiolysis chemistry is extremely complex and incompletely
understood. No data on iodine species behaviour in this environment are avail-
able. Numerous mechanisms for the decomposition of CsI and CH,I could be
postulated. We confine attention here to the latter species, mainly because
of its importance in interpreting the results of CH3I injection experiments
at WAGR, but also because very reasonable assumptions about its behaviour can
be based on the established radiolysis mechanisms for methane.

In order to assess the extent of methyl iodide destruction on passage
through the core, it is necessary to incorporate the important coolant chemistry
reactions into a description of a fuel channel. The main difficulty lies in
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selecting representative reactions, otherwise the problem becomes too big to
solve efficiently. The reaction scheme in the model is limited to 20 chemical
species:~

a) Coolant constituents -~ CO2, co, H,O, H2’ CH4, C2H6’ C.H

2 274

b) 1° Radiolysis products - COE, O(3P)

+ +
¢)  2° Radiolysis products - (coz);, (co2.co)+, (co);, (co,.c0.co) ", (co)y
a) Organic radicals - CH3', CZHS', C2H3-

e) Iodine species - CH3I, CZHSI' I

Reactions leading to the primary and secondary radiolysis products are
shown schematically in Fig. 1. The cot ions and the O(3P) atoms are the primary
products of CO, radiolysis and the secondary products are formed by clustering
of the co} ion? Fig. 2 shows diagramatically the reactions involving othexr
species. "Briefly, the scheme involves reaction of radiolysis products with
hydrocarbons to produce free radicals and with organic iodides to produce radi-
cals and I atoms; hydrogen stripping reactions between radicals and hydro-
carbons; radical recombination and recombination of I atoms with radicals to
re-form organic iodides, The rate constants for all these reactions are either
best literature values or best estimates.

The fuel channel is divided up into 50 equal volume compartments, which
are assumed to be well-mixed in all species and with a uniform temperature.
The energy deposition rate in each compartment, E(z), is calculated from a
standard expression for a WAGR fuel channel, involving E the peak rating.
The production rates of O atoms and COE ions can then be calculated using the
equation:-—

Production rate = 6.2418 x 1016.p.G.E(Z) molecules cm_3 s_1
where: o] = density of CO2 in g cm—-3
G = @G-value for production of species in (100 eV)_1
E(z) = <Y-energy deposition rate in W g_l.

Chemical reactions within each compartment and the transport of each species
from one compartment to the next are modelled. This involves a total of 1000
variables, requiring the use of a sophisticated differential equations solver.
The FACSIMILE code [24] is wused since it was originally developed for the
solution of large, stiff problems such as this.

Calculations have been performed for four of the injection experiments
in WAGR [5, 61, for which details of coolant composition are available, in
order to assess the extent of conversion of methyl iodide to ethyl iodide and
iodine atoms. Energy deposition rates were estimated as a fraction of full
power rating from the length of time from shut-down to injection and the
variation of decay heat with time. The results for the appropriate conditions
can be seen in Table 1. Fig. 3 shows profiles of iodine species and radicals
up the channel for the high temperature injection. The results are obviously
very sensitive to both coolant composition and reactor conditions. The frac-
tional destruction of methyl iodide is, however, almost independent of the
channel inlet concentration over several decades, which simplifies application
of the results in a plate-out model.
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It is interesting to note that the destruction of methyl iodide is predicted
to be higher under cold shutdown conditions than at normal operation. This
could be due, in part, to the very low methane concentration (5 vpm) in the
former experiment.

TABLE 1 : PREDICTION OF CH3I CONVERSICH IN WAGR INJECTION EXPERIMENTS

(The fractions of iodine species at the channel outlet following a single pass
are shown)

F TION OF IODINE (%
COOLANT* RATING E e ° ®
EXPERIMENT (% FULL max
COMPOSITION POWER) (mw/g)
CH_ I C H_I T
3 2°5

'High' 1.24 100 350 53.75 14.76 31,49
[Temperature 44
410

80 '

'Medium’ 1,01 0.84 2.94 86.53 1.04 12.43
Temperature 56
290
200

180°% 1.05 0.9 3.15 90.17 1.40 8.43
880
550
580

55°¢ 0.12 0.4 1.40 13,98 1.71 84.31
low flow 5
35
50

*The coolant composition is shown in order as:- CO in volume %, CH4, H2O’ H2

in vpm respectively.
5. THE IMPACT OF RADIOLYSIS CHEMISTRY ON PLATE-OUT PREDICTIONS

The detailed reaction scheme outlined above is too complex to be included
in a plate-out model of the whole reactor circuit. In our preliminary two
species model [1], radiolysis in the core was represented by arbitrary first
order rate constants for processes destroying and reforming methyl iodide. It
is possible to cast the results of the detailed analysis in this form and
derive pseudo-first-order rate constants specific to the experimental conditions,
s0 eliminating the arbitrary element. Considering the scheme:

RI —_ I (R = CH3, CZHS)

k,can be found from the product of the aggregate radical concentration (effec-
tively constant) and the estimated recombination rate constant for R and I
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(10_11 cm3 rnolecule_1 s_1 [25]). k4 can then be adjusted to give the correct

fraction of I atoms leaving the channel. Recombination of I atoms and radicals
outside the core is negligible. The reactor circuit model therefore allows
organic iodide/I atom interconversion only in the fuel channels and moderator
graphite channels in the main radiation field.

The present version of the plate-out model itself involves only iocdine
atom deposition on the boiler steels, and is based on the conclusions of section
3 above. Adsorption is treated as non-activated, with a rate equal to a stick-~
ing probability times a surface collision rate. Desorption is treated as a
simple activated process with an Arrhenius-type rate constant, although it is
clear that a more complex desorption mechanism is needed.

Initial attempts at fitting the WAGR injection experiments using the
overall model are promising. In particular, the initial removal rates for
methyl iodide are in broad agreement with experiment, and the weak temperature
dependence observed can be rationalised.
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ABSTRACT

This paper reports on the outcome of a Specialist Meeting on Nuclear
Aerosols in Reactor Safety held at KfK Karlsruhe, 4-6th September,
1984, under the joint sponsorship of the Committee on the Safety of
Nuclear Installations of the NEA, The German Nuclear Society and the
Association for Aerosol Research, and under the co-chairmanship of
the present authors. Although the Specialist Meeting covered nuclear
aerosols in all reactor systems, and some fuel cycle facilities, this
report is limited to aspects relevant to thermal reactors, and in
particular LWR's. The paper is structured on the same basis as the
meeting and reviews the highlights, including important results
presented and recommendations for further research.
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Introduction

The purpose of this paper is to report on a specialist meeting
on nuclear aerosols in reactor safety held at KfK under the
co-chairmanship of the authors immediately prior to the present
ENS/ANS meeting (4-6th September, 1984), insofar as the topics
discussed at the meeting are relevant to thermal reactor
systems.

The predictidn of fission product transport, deposition and
release associated with postulated nuclear accidents is
necessary for the assessment of radiological consequences,

and hence is an essential element in reactor safety evaluation.
And, since many of the fission products transport and deposit
as aerosols, the study of aerosol behaviour is an important
part of this problem. Nuclear aerosols can also affeét the
course as well as the consequences of reactor accidents, for
example via their effect on the performance of engineered
safety features such as the containment and air-cleaning

systems.

Because of the high concentrations and extreme environments

in which nuclear aerosols may exist they exhibit very dynamic
physical and chemical behaviour and pose special analytical
and experimental problems different from those associated with
aerosols found under industrial and ambient conditions. In
1978 an expert group on nuclear aerosols in reactor safety

was established by the Committee on the Safety of Nuclear
Installations (CSNI) of the NEA. In June of 1979 this group
issued a state-of-the-art report /1/, and a specialist meeting
was held subsequently in April, 1980, at Gatlinberg in the USA.
The emphasis in these early activities was on nuclear aerosol
behaviour in LMFBR systems, and in 1981 following the TMI-2
accident, CSNI reconvened the expert group with a request to
prepare a supplementary state-of-the-art report /2/ with
particular reference to new information which had become
available since the original document and which is relevant

to accidents involving extensive core damage in LWR's. The
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final meeting of the group, held in March 1983, recommended that

a second specialist meeting be held in mid-1984.

It is this meeting, jointly sponsored by CSNI, the German
Nuclear Society, and the Association for Aerosol Research,

to which the present paper refers. The objectives of the
meeting were to provide a forum for the exchange of information
between aerosol research specialists, reactor designers and
Yegulators. The paper reviews the highlights of the meeting

and notes important results presented and recommendations

made for further research related to nuclear aerosols in

LWR safety. The treatment follows the main topic areas

adopted for the meeting.

Aerosol Formation (Session I)

Aerosol formation, in this context, is concerned with the

nature of the gas-borne particulate matter generated in a
nuclear accident immediately after and in the immediate vicinity
of its initial formation by vaporisation/nucleation/condensation
or fragmentation processes, i.e., it is concerned to define the
input to the subsequent treatment of the transport and release
of the aerosol through the reactor system to the environment.

In severe LWR accidents liquid (water) aerosols may be formed in
the containment by blowdown of the coolant. Solid aerosols can
also be formed in the reactor coolant circuit (RCS) by vaporisa-
tion and condensation of volatile materials from an overheated
core, and in the containment as a result of discharging the

core materials from the reactor pressure vessel (RPV) when the
failure occurs at pressure, or by interaction between the core

materials and the concrete of the containment.

Both the chemical and physical forms of the aerosols will, in
principle, influence their subsequent transport and release.
Apart from the more obvious characteristics of particle size etc,

the solubility of the solid aerosols in water may have an
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important influences on steam condensation in the containment
in the case of the LWR.

Substantial programmes of research are currently in progress
worldwide in all these areas, and need to be continued.

The work of Albrecht et al in Germany, which provides

the principal data base for evaluating the amounts of core
materials released during the in-vessel core melt phase

of a severe LWR accident, has recently been extended /3/ to
include measurements of the chemical speciation of the aerosols
formed, using X-ray photo-electron spectroscopy. In these
experiments with simulated core mixtures, the materials
principally released as aerosol were fission product iodine,
caesium and tellurium, and cadmium, indium and silver from the
neutron absorber rods. Over most of the temperature range

(1275 - 1900°C) the neutron absorber materials were the dominant
contributors, and at the higher temperatures there was a signi-
ficant enrichment of the less volatile indium and silver. The
principal chemical forms detected were caesium and silver iodides,
caesium hydroxide, tellurium metal,cadmium hydroxide,indium oxide
and silver metal, For the principal hazardous fission products
iodine and caesium this is in accord with predictions based on
thermodynamic and kinetic studies. For the aerosols generated

at the higher temperatures the surface composition wassigni-
ficantly different from the bulk, showing an enrichment of the

more volatile iodine, caesium, cadmium and indium.

Other experiments have placed emphasis on the physical form of the
aerosols generated from the neutron absorber materials,
Experiments in the UK /4/ in which the steel cladding of the
absorber rod was simulated showed that, at low pressure in

argon, the aerosols were composed of spherical submicron

particles which rapidly coagulate to form chain-like

structures. The primary particle size distribution is in

good agreement with the measurements of Parker /5/ on aerosol
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formed in a hydrogen-argon atmosphere by the condensation of
cadmium vapour from a plasma torch. However, the formation of
such extensive agglomerates in a steam environment is

questionable.

Aerosol Processes {(Session II)

The modelling of aerosol processes is of great significance for
the development of nuclear aerosol codes applicable to the
primary or containment systems of nuclear power plants. A review
of the most important aerosol processes is given in /1/.
Continued research has provided a better understanding of some
processes and generated a large amount of new information which
was not discussed in /1/ but which is included in /2/. In this
section we report only on some new developments in the research
on nuclear aerosol processes which are relevant to thermal

reactor safety.

It has long been recognized that the shape factors of nuclear
aerosols are important for most aerosol processes. Under LWR
accident conditions steam condensation leads to compaction and
spherification of agglomerates. Small spatial and temporal
inhomogeneities in the containment atmosphere are sufficient to
cause a permanent condensation and evaporation on and from
particles and, therefore, a continuous compaction. This spheri-
fication effect leads under most LWR accident conditions to a
value of unity for the dynamic coagulation and condensation shape
factor /6/. There are also new results on shape factors under dry
conditions. As reported in /7/ the coagulation shape factor of
UO2 particles has been measured for the first time. It is
interesting to note that according to these experiments the
dynamic shape factor and the coagulation shape factor have

approximately the same value.

Diffusiophoresis and/or thermophoresis can be of major importance
for the wall plate-out of nuclear aerosols under LWR accident
conditions. Diffusiophoresis occurs when steam condenses on the
wall, thermophoresis may occur also without steam, if a tempe-

ratur gradient exists in the boundary layer at the wall. The
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\
temperature gradient causing the particle movement primarily

induces a sensible heat flux in the case of thermophoresis and a
latent heat flux in the case of diffusiophoresis. It has been
shown that the diffusiophoretic deposition rate is proportional
to the mass flux of condensing steam and the thermophoretic depo-~
sition rate is proportional to the sensible heat flux. These
fluxes can be obtained with reasonable accuracy from thermodyna-
mic calculations compared to earlier deposition rate estimates by
means of the boundary layer thicknesses. Furthermore, it has been
shown that for the diffusiophoretic deposition the mass flux can
be substituted by the overall condensation rate /8/, which was
verified experimentally. A satisfactory methamatical description
of diffusiophoresis and thermophoresis is now possible, at least

under the conditions of a LWR accident scenario.

Another aerosol process still under consideration is the gravi-
tational coagulation. Here the formulation of the collision
efficiency of particles under coagulation has been discussed.
Different aerosol codes use different factors in the gravi-
tational collision kernel which leads to large discrepancies in
code predictions when gravitational coagulation is important.
Further experimental and theoretical work seems to be necessary.

A number of other aerosol processes important under the special
conditions of a nuclear aerosol system were discussed at the
meeting. Since they are relevant to LMFBR safety only or of minor
importance for the accuracy of aerosol code predictions in LWR
scenarios no detailed discussion is given. Rather, the reader

is reffered to the literature /2/, /9/.

Inter-relation of Thermal-hydraulics and Aerosol Behaviour

(Session III)

The sensitivity of aerosol behaviour predictions to the

estimated thermal-hydraulic conditions has always been recognized.
For example, uncertainty regarding the thermal-hydraulic conditions
in the upper plenum is one of the major uncertainties is pre-
dicting aerosol transport and retention in the primary system of
a LWR. Additional or improved data are required in a number of

areas.



14438

However, current computer codes generally make two further
basic assumptions 1) each control volume within the code

is treated as well mixed up to any surface boundary layers,
so that a single node treatment will suffice, 2) thermal-
hydraulics and aerosol behaviour are regarded as separable

in the sense that there is no back coupling from aerosol
behaviour to thermal-hydraulics; hence the thermal-hydraulic
conditions can be evaluated separately and are then used as
input data for the aerosol equations. The validity of both
of these assumptions may now be open to question.

Recent thermal-hydraulic measurements taken on the DEMONA
model containment facility (see Section 7) show that convective
mixing 1s often not strong enough to overcome stratification
effects /10/ FurtherDEMONA evaluation will show what degree of
accuracy can be achieved in this situation using single node
aerosol codes, and which simplifications appear permissible.

It has also been suggested N1/ that aerosol behaviour may affect
the thermal-hydraulics in a number of ways and that it may not
always be possible to neglect the back coupling, e.g. as a
determinant of the spatial distribution of the associated

decay heat, (the question of possible revaporisation of

fission products initially deposited in the primary system
mentioned in Section 6 may be a case in point here), or, as
suggested in Section 2, by solubility effects on steam condensation
in the containment. This is an area which needs further attention.

A detailed theoretical investigation has been made /12/ of
aerosol nucleation and growth by condensation in the formation
and cooling of vapour-gas mixtures, applicable for example

to the condensation of fission product vapours in the primary
system or steam condensation in the environment. It is shown
that experimental and computer modelling must accurately
represent heat as well as mass transfer processes.

There is room for improvement in this respect in the current

modelling of the condensation of fission product vapours
in the primary system, which may significantly overestimate

the amount of aerosol formed.
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5. Aerosol Measurement and Generation Techniques for Large Scale

Experiments (Session 1IV)

Nuclear aerosol measurement techniques comprise most other
aerosol measurement techniques if they comply with the conditions
which usually occur for nuclear aerosols, namely high concentra-
tions, high temperature and pressure and eventually high humidity.
Of particular significance is the application of nuclear aerosol
instrumentation in experiments where aerosol formation, behaviour
and retention is investigated, since then the accuracy of

aerosol measurement is in competition with the accuracy of code
calculations.

In this context intercomparison tests of various aerosol measure-
ment techniques for sodium fire aerosols/13/ have been carried
out. Groups of five countries participated with six cascade
impactors of different type, one spiral centrifuge, one
sedimentation battery and one inertial spectrometer. Two groups
also performed image analysis of particles, The aerosol investi-

gated was NaOH and Na2C03 particles with Na-mass concentrations

between 60 and 1,200 mg/m3, All instruments used produced
aerosol data that were in reasonable agreement. The individual
aerodynamic mass median diameters were within approximately

+ 20% and the d 's were generally within + 50% of the sample

mean values. This indicates that sodium aerosol measurement
techniques of sufficient accuracy are available and major problems
could be judged to be solved.

Particle size distribution measurements for high mass concen-
trations of test aerosols and for high temperatures have been
carried out by means of a cascade cyclone aerosol sampler.

It was found that the cyclone performance depends not only
upon the gas viscosity but also on the gas density /14/. The
cascade cyclone seems to be a new method of nuclear aerosol
classification, where high particle loads in high temperature
streams are involved.



1450

Another example of the successful application of nuclear aerosol
measurement techniques is the aerosol measurement system used

in the DEMONA Experiments/15/. The system is designed to
perform under extreme conditions (high pressure, high temperature,
high aerosol concentration and steam saturated atmosphere) in
the 640 m3 vessel. This almost excludes the use of conventional
aerosol measurement techniques which are commercially available.
Additionally, the aerodisperse system to be measured consists of
solid particles, liquid particles (droplets), and an air-steam
mixture carrier gas, and the mass concentration, particle size
distribution, density and form of particles and the mass of
condensed water are to be determined as function of time and
location. The solution of this complex aerosol measurement

task consists of different technigues, namely

- filtration devices of special design to prevent steam entrainment

- cascade impactors protected against steam

- inertial spectrometers protected against steam

~ photometers for integral aerosol concentration measurement
protected against temperature and steam

- optical spectrometer for droplet measurement protected against
steam and temperature

- calorimeter for measurement of airborne water content

It could be judged as a major accomplishment that all these
new nuclear aerosol measurement techniques have been developed
and pretested successfully. The use of these techniques in
the dry DEMONA tests has so far demonstrated reasonable
performance. Application to the wet tests of DEMONA is
scheduled later this year.
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Nuclear aerosol behaviour simulation experiments require the
production of high aerosol mass concentrations in large volumes.
For the DEMONA tests an aerosol generator system has been
developed with an aerosol production rate of about 100 g/min
metal oxide particles. Based on an aerosol generator design
developed at ORNL three 80 kW plasma guns blowing the metal
powder into a burning chamber resulting in wall temperatures

of up to 1500°C have been developed. The heating in the plasma
provides melting of the powder and subsequent oxidation and
evaporation of the particles, which finally recondense. The
performance of the generator has been demonstrated up to 3

bars system pressure. This aerosol deneration method for
producing high mass concentrations and high production rates
has been tested and shown to produce adequate aerosols of
reasonable size and shape. There are, however, still improve-
ments necessary in order to avoid aerosol material losses due
to insufficient material transport through the feedline of the

system.

Aerosol Behaviour in the Primary System, Experimental

Investigations (Session V)

Studies of aerosol transport and deposition in the primary system
have not progressed to the same degree as the equivalent
containment studies.

One of the important recommendations of the Supplementary Report
of the OECD-CSNI expert group on nuclear aerosols in reactor
safety was to perform realistic, large scale experiments on
aerosol transport in the primary system of an LWR. An inter-

national series of experiments of this kind has recently been
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initiated and is in progress using the Marviken reactor in
Sweden. The objectives of the experiments are to provide

a demonstration of aerosol retention, and to establish a data
base for code validation purposes. An attempt is being made

to provide as realistic conditions as possible, particularly
thermal-hydraulic conditions, though high pressures

are excluded by the limitations of the facility. The behaviour
of the volatile fission products (iodine and caesium - "fissium")
and the more refractory constitpents of the core ("corium") are
being studied separately and in combination, the aerosols being
generated respectively by means of a furnace and a plasma torch.
A programme of supporting separate effects test is associated

with the Marviken experiments.

A primary circuit code validation test programme is also being
carried out at ORNL in the USA /16/ incorporating both

aerosol transport tests to simulate upper-plenum transport

and deposition, and aerosol resuspension tests. The major
results to date of the aerownl transport tests show that the
fraction of aerosol transported out of the vertical pipe which
is used to simulate the upper plenum is influenced by the

flow residence time, and, via thermophoresis, by the thermal
gradients produced at the walls. So far code comparisons with
measured aerosol plate-out have been better than comparisons
with aerosol settling. By contrast with earlier experiments
the resuspension test have been performed with a range of
particle sizes and with dense deposits of the kind which may
be produced in reactor accidents. The results show that
smaller particles (< 1um diameter) -are more difficult to
resuspend. Both transport and resuspension tests will be

continued.

The research programmes described provide for most of the questions
related to aerosol behaviour in the primary system. However,

one question not addressed,by definition since the simulant
aerosols used are inactive, is the effect of the decay heat
associated with the deposited materials on the thermal-hydraulic

conditions prevailing in the primary system. If the temperature
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of the deposited material increases sufficiently there may be
the possibility of re-vaporisation, particularly in the later
stages of an accident. The potential importance of this

problem needs to be established.

Aerosol Behaviour in the Containment - Large Scale Experiments,

Comparison to Berosol Codes (Session VI & VII)

The OECD-CSNI expert group on nuclear aerosols in reactor safety
/1/ also recommended large scale experiments on aerosol behaviour,
in LWR containments under accident conditions. This has been
implemented recently by several laboratories. In addition,
research has been done on aerosol behaviour under LMFBR accident
conditions. Although in both cases different types of nuclear
aerosols have been used the main aerosol processes involved

(see section 3) are the same except the steam condensation process
for LWR accident conditions. For LWR conditions the large scale
experiments which have been carried out or are underway, include
the ORNL-program in the Nuclear Safety Pilot Plant (NSPP), the
HEDL-program (LACE) in the Containment SystemsvTest Facility (CSTF)
and the KfK-program in the Model Containment of Battelle-Frankfurt
(DEMONA) . In addition, the FAUNA~program at KfK and the ABCOVE-
program at HEDL should be mentioned although not directly related
to LWR safety.

Preliminary results of the NSPP, LACE and DEMONA programs show
typical decay curves of aerosol mass concentration as predicted
by aerosol codes. A strong influence of steam condensation was
observed. Questions to be answered by these experimental prograns

are:-

- Is the aerosol mass concentration time function influenced by
the chemical properties of the aerosol (as suggested by NSPP
data)?

- What are the resuspension mechanism and are they sufficient
to resuspend significant quentities of radiocactive aerosols?
What are the physical nature and the aerosol characteristics
of resuspended material (as investigated in the LACE and the
NAUA program) ?
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- Are there significant aerosol depletion processes in the primary
system piping and/or in the auxiliary building path ways to
reduce the aerosol source term into the containment (as
investigated in the LACE program)?

- 1Is the homogenous mixing hypothesis - as applied in all
aerosol codes so far - valid for all significant accident
scenarios (as investigated in the DEMONA program) ?

- What is the influence of accident scenario dependent thermal
hydraulics on aerosol behaviour (as investigated in the
DEMONA, NSPP and LACE programs)?

The intercomparison of aerosol codes has been done for the case
of sodium oxide aerosol behaviour by an expert group in coopera-
tion with the CEC /17/ Except for the code AEROSOLS/A2, which
uses the assumption of a lognormal particle size distribution,
all codes predict the leaked aerosol mass within a range of 10%
(reference case). The sensitivity analysis showed that the
aerosol code results depend strongly on the collision efficiency,
the coagulation shape factor, the turbulent energy density
disipation rate and the dynamic shape factor. In order to reduce
uncertainties further analysis should be devoted to these

parameters,

Similar intercoﬁparisons of aerosol codes related to core melt
scenarios in LWR accidents in underway in cooperation with
OECD-CSNI and CEC., For the first dry experiments in the DEMONA
program pre-test calculations of the aerosol mass concentration
time function were made /18/. Here the uncertainty was about a
factor 2 reflecting the lack of knowledge in the initial particle
size distribution, aerosol production rate etc. The post-test
calculation of aerosol mass concentration time function, however,
lies within the error band width due to uncertainties in the
measurement techniques. Whether this favourable result will hold
also for the forthcoming wet tests in the DEMONA program cannot
be decided at this time, since additional uncertainties could
occur due to the influence of thermal hydraulics on aerosol
behaviour.
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8. Conclusions

Very substantial progress has been made in the understanding
of nuclear aerosol behaviour in LWRs, since the previous
CSNI Specialist Meeting held in Gatlinburg, USA, in 1980.
However, further research is required in a number of

specific areas.

The conclusion and recommendations of the CSNI supplementary
SOAR /2/ regarding areas where further research is required

were generally endorsed by papers at the meeting.
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ABSTRACT

The development of the NAUA code has been finalized with the completion of
version Mod5. The code calculates aerosol behaviour in the containment system
of an LWR during core melt accidents. As a final demonstration of the ability
of the code to calculate the overall aerosol behaviour correctly, the large
scale experimental project DEMONA is underway. The experiments are conducted in
the model containment facility at Battelle Frankfurt. Accident conditions
during the aerosol depletion phase in the contaiment are reproduced as closely
a possible, because also the thermodynamics code COCMEL is being validated.
DEMONA is supported and conducted as an international project with
participations from Switzerland and Germany.

A thermodynamic test of the facility and the instrumentation was conducted
and the leak rate of the (unlined) containment was measured to be 70 %/d. Two
dry aerosol behaviour test are reported using tin oxide and iron oxide aerosol.
In both cases the agreement of measured mas concentration with post test calcu-
lations was excellent. For the tin oxide aerosol test pre test predictions with
the NAUA code were in good agreement with measured data, too.
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INTRODUCTION

In the years following the publication of the Reactor Safety Study /1/ and
the German Risk Study Phase A /2/ extensive analytical and experimental work
has been carried out in the field of fission product retention capability of
the reactor containment system. These worldwide efforts have been stimulated
further by the TMI 2 accident which demonstrated possible low consequences of
severe accidents. The efforts were first concentrated on particulate fission
products which had not been treated very detailed in the risk studies. A much
larger retention of aerosols in the containment than expected earlier was found
in model calculations and partly confirmed by experiments. As a consequence the
highly volatile fission products, mainly iodine, then dominated the risk asso-
ciated to nuclear accidents. This in turn triggered more work in the field of
iodine chemistry in particular, or fission product chemistry in general. The
today's picture is that the volatile forms of iodine are much less likely to
occur and persist than assumed previously and that non-volatile iodides will be
formed by reactions with airborne particulates or in the sump provided they
have not already been released to the containment in particulate form.

So, except for the noble gases, all fission products are in the form of or
may react with particulate airborne matter, aerosols, in the containment. The
prediction of aerosol behaviour in the containment, therefore, is a central
part in all calculations of fission product transport and depletion in nuclear
accidents.

DEMONA, OBJECTIVES AND METHODS

At present three large scale ( >100 m* ) experimental aerosol projects in
the field of LWR safety are being conducted: MARVIKEN V, LACE and DEMONA. The
necessity of coordinating these efforts has been recognized from the beginning
to avoid duplications and to provide the links between them. The interest of
the DEMONA project is only in aerosol behaviour in the containment, to demon-
strate the effectiveness of natural aerosol depletion processes as calculated
with the NAUA code. The NAUA code development is considered to be completed
with version Mod5 which, in addition to Mod4 /3/, contains a module for diffu-
siophoretic deposition /4/. An additional aim of the DEMONA project is to
validate a suitable thermodynamics code which generates the require& input data
for NAUA. In DEMONA the single volume code COCMEL /5/ and the multi zone code
FIPLOC /6/ are being applied. The DEMONA project is jointly conducted by KfK
Karlsruhe, Battelle Frankfurt, The Swiss Federal Institute for Reactor Research
Wirenlingen, and KWU Erlangen /7/.

The experiments are conducted in the model containment test facility at
Battelle Frankfurt which is a 1 : 4 scale model of the Biblis containment
(Fig. 1). The model containment is constructed of concrete (without liner)
which gives thermodynamic characteristics very similar to a real power plant.

Table I contains the test matrix for DEMONA. The tests are variations of
the base case which is a simulation of a low pressure core melt accident with
late overpressure failure of the containment. This is simultaneously the
scenario with the highest probability of occurrence and the situation in which
the aerosol behavior has to be calculated over the longest period of time and
is therefore best suited to check the validity of the results.
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model containment

linear scale 4 : 1

Fig, 1: Size Comparison of PWR and DEMONA containments
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Fig, 2: Aerosol measurement instrumentation in the DEMONA containment
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Thermodynamic test of the model containment
Dry aerosol test

Base experiment

Variation: weak aerosol source

Variation: transient thermodynamics
Variation: complex geometry

Spare tests, if needed

Final demonstration experiment
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Table I: DEMONA test matrix

The aerosols for the experiments are non-radioactive metal oxides. Three
plasma torch aerosol generator units of 80 kW each have been installed to vapo-
rize and oxidize metal powders /8/. The oxide vapor condenses when cooled and
forms an aerosol of aggregates of very fine primary particles which is fed into
the containment. The mass concentration of the aerosol is up to approximately
10 g/m . The containment atmosphere is a condensing saturated steam air mixture
at 115 °C temperature and 3 Bar total pressure.

Considerable efforts have been made in the development of the instrumen-
tation of the test facility. The thermodynamic instrumentation /9/ measures
temperatures of gas, walls and sump at many locations, pressure and composition
of the atmosphere, mass and heat input rates, leak rates, heat transfer coeffi-
cients and the concentration of liquid airborne droplets. The aerosol instrum-
entation /10/ measures mass concentration, particle size distribution, spatial
distribution and deposits on walls and floors. Chemical composition and morpho-
logy can be evaluated from samples taken at different locations in the contain-
ment. Besides the mass concentration of airborne droplets also their size
distribution will be measured.

In Fig. 2 the locations of some of the instruments are shown. In the
containment filter sampling stations, inertial devices, an optical size spec-
trometer and wall and floor samplers are distributed. An extraction line with
an auxiliary dilution tank feeds additional instruments such as mass monitor,
impactor, samplers etc. Not shown in Fig. 2 are ten identical photometers which
measure the spatial distribution of the aerosol.

Pre test calculations of the thermodynamics and of the aerosol behaviour
are being conducted for each experiment. After the experiment post test calcu-
lations are done using the actual experimental parameters. Both calculations
are compared to the measured data. For each individual experiment of the test
matrix a separate report is published.

RESULTS OF THE THERMODYNAMICS TEST

The thermodynamics test /11/ was performed to check the function of the
facility and of the instrumentation under the conditions of the planned expe-
riments. The behaviour of the contaimment was tested and its thermodynamic
behaviour was measured and compared with calculatuons with the codes COCMEL and
FIPLOC. Further the aerosol instrumentation was tested under layout conditions.

The course of the experiment, which is representative for most of the
experiments of the test matrix, can be subdivided into four phases:
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1. Heat up phase: The model containment is heated by steam injection until a
steady state is reached., At the beginning of this phase the air is expelled
and the heating of the structures and walls is performed with pure steam
which gives a very uniform temperature increase. At the end of this phase,
after approximately two days, the temperature is 115 °C and the internal
structures are almost saturated.

2. Air injection phase: Air is injected to establish the desired atmospheric
composition., This phase corresponds to the aerosol generation period in the
later experiments. Air, steam and aerosol is injected until the total
pressure is 3 Bars after about 2 hours.

3. Measurement phase: This is, in the later experiments, the period of interest
in which the aerosol depletion will be measured. In this phase the total
pressure is kept constant at 3 Bars by steam injection to make up for
pressure losses due to condensation and leakages. During the thermodynamics
test the leak rate of the containment was measured in this phase.

4, Cooling phase: Cooling and venting of the model containment after the end of
the measurement phase will last approximately 3 days until the temperatures
are low enough to enter the facility and recover the instruments and in situ
samples.

The main aim of the thermodynamics test, besides testing the performance
of the equipment, was to measure the leak rate of the model containment. The
leak rate has to be known for the NAUA calculations and was postulated not to
exceed 200 %/d. It has to be recalled that the model containment has concrete
walls without liner. The leak rate was determined by measuring the change in
the composition of the atmosphere with four independent methods. Since only
steam is added during the measurement phase the steam air ratio will increase
slowly as air leaks out of the containment. From the decrease of the air
partial pressure the leak rate can be calculated.

During the phases 2 and 3, however, a significant gradient in the atmos-
pheric composition developed in a few hours. In the lower dead volumes steam
was depleted by condensation, in the upper part steam was enriched and could
not be transported to the depleted zones. Since the total pressure was kept

. constant this also lead to a temperature gradient, the temperature increasing
from bottom to top. In the given geometric configuration of the test this
effect was stronger than the counteracting mixing effects of natural
convection.

As a result of all this the atmospheric composition varied not only with
time but also with space. However, since it was measured at 14 different
locations a weighted mean could be determined and avalue is 70 %/d was obtained
for the leak rate which is well below the postulated limit.

The comparison of measured thermodynamic data with model calculations was
of course complicated by the inhomogeneous conditions in the containment. The
single volume model COCMEL could only calculate average values which, never-
theless, were in good agreement with measured data, especially for temperature
and pressure build up during the heat up phase and for steam condensation
rates. For further experiments with stronger natural convection COCMEL is ex-
pected to give representative results. On the other hand a FIPLOC calculation
with 22 zones modelled showed the observed inhomogeneities very well. There-
fore, the thermodynamic behaviour of the model containment can be considered as
completely understood.
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RESULTS OF DRY TESTS

The dry test of the test matrix, without the influence of condensation and
diffusiophoresis on aerosol behaviour, is intended to serve as a comparison
case for the wet tests. The dry test is conducted at ambient temperatures but
with 3 Bars pressure which are built up during the aerosol generation. Two
different dry tests will be reported here:

- V 23 with tin oxide aerosol with a peak concentration of 5 g/m
-V 20 with iron oxide aerosol with a peak concentration of 1.6 g/m’

Fig. 3 shows measured and calculated mass concentrations of the aerosol
during test V 23. The aerosol generation was essentially in two periods the
first producing 5 g/m* of aerosol the second adding 1 g/m’ after 4 hrs. The
dashed line is a pre test calculation with constant source and leak rate. The
solid curve represents a NAUA post test calculation taking into account the
measured time functions for aerosol source and leak rate. The other data are
measured concentrations at five different locations in the model containment.

First of all and most important it can be seen that pre test calculation
as well as post test calculation and measured data all agree within a factor of
2 (shaded area), which is a very encouraging result. The differences between
pre test calculation on the one side and post test calculation and measured
data on the other can be fully explained by unexpected deviations in the
experiment which could not have been taken into account for the pre test
calculation. These are:

- In the first four hours of technical problems lead to an intermittent
operation of the aerosol generators. Consequences to the aerosol system were
enhanced convection and input of sensible heat both resulting in an increased
overall depletion rate. This explains the steeper slope of the mass concen-
tration curve during the first four hours as compared to the pre test
calculation.

- The leak rate of the containment decreased from initial 110 %/d to 50 %/d
after 20 hours due to pressure drop and clogging of the leak paths. This
explains the slower decrease of the long term mass concentration as compared
to the pre test calculation for which a constant leak rate of 100 %/d had
been assumed.

These two corrections in the input data for NAUA proved to be sufficient
to give the good agreement between measured data and post test calculations.
Another experimental result which was different from the pre test assumptions
but had very little influence on the calculated mass concentration concerns the
particle shape. For a "dry" test no condensation was assumed and particle shape
factors of 2 were used in the pre test calculation. However, the compressed air
which was used to cool the aerosol generators and to transport the aeroscl con-
tained enough excess humidity to condense temporarily on the particle. No indi~-
cation of a condensational growth of the particles was obtained but all partic-
les showed the well known spherification process during the early phases of the
experiment. Aggregates formed later were not spherified again. Thus in the post
test calculation shape factors of 1 were used with an effective density of 50 %
of the aerosol material density.

Another case of deviations from pre test assumptions was observed in test
V 20. Fig. 4 shows pre test calculation, measured data at eight locations and
post test calculation of the mass concentration during V 20. Here a very rapid
decrease of the aerosol concentration during the first hours of the experiment
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Fig. 3: Pre test calculation (dashed line), post test calculation
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(solid line) and measured data for DEMONA test V20
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was measured although there was no further energy input as in V23. The
explanation is that in contrast to test V 23 the aerosol contained an unwanted
coarse fraction of powder residues which had not been completely vaporized.
This fraction is removed from the airborne state much faster than a finely
dispersed aerosol. The post test calculation using the measured bimodal source
particle size distribution then gives a complete agreement with the measured
data.

These results indicate that NAUA calculations agree well with the observed
aerosol bheaviour when the parameters of the aerosol source are known, which
seems to be difficult to forecast in experiments.

CONCLUSIONS

When judging the quality of the results of code calculations we have to
answer two different questions: How good is the physical modelling in the code
and how good are the predictions to be used in risk assessments of reactor
accidents?

The physical modelling of the code can be judged only by comparing experi-
mental results with calculations that use identical boundary conditions. For an
aerosol behaviour code this means that the input data for aerosol sources,
thermodynamics and containment properties should be known in detail. As was
shown above these complex data can sometimes not be predeterq}ned with the
neccessary precision before the experiment. So a rigid check of the correct
performance of the code is only possible by post test calculations. For the
examples discussed above the agreement was excellent then.

On the other hand the more important question pertains to the quality of
predictions in case conditions are only roughly known as will be the most
likely case in severe accident analysis. Pre-test calculations offer an unique
possibility to answer this question because actual large scale tests deviate
frequently from planned conditions. This has been observed during the DEMONA
tests but also in other large scale experimental programs.

Certainly the confidence band width of computed results which depend on
uncertain input parameters could be evaluated by parameter variations alone,
but experimental evidence is sometimes more convincing. Concerning the DEMONA
experiments two statements have been verified which had been based on analy-
tical work before.

Firstly, the initial source particle size distribution influences the long
time aerosol behaviour only when the particles are relatively coarse. This was
analytically predicted by calculations with the NAUA code /12/. In an accident
aerosols are generated by vaporization of the core and no such coarse fragments
can exist in the aerosol as have been observed in test V20. With that respect
experiment V20 is not representing real accident conditions, and the
discrepancy between pre test calculation and measurement has no significance
for the code's predicting capabilities. In test V23, when the aerosol was
generated by complete vaporization of the material, the pre test calculation
predicted the measured aerosol behaviour very well.

Secondly, the relative insensitivity of the long time aerosol concentra-
tion on the aerosol source function which can be seen in the pre and post test
calculations for test V23 is due to the dry test conditions. In dry atmosphere
the aerosol behaviour is dominated by dry interaction and dry deposition pro-
cesses which tend to level out initial differences and lead to almost identical



1466

states of the aerosol system after some time. This interesting confirmation of
the 'enveloppe concept! /13/ developped for LMFBRs, however, has no bearing on
LWR aerosol behaviour because in steam atmospheres condensation and diffusio-
phoresis will establish a component depending on thermodynamics. Long time
aerosol behaviour then depends mainly on thermodynamics.

For accident analysis, finally, long time aerosol behaviour is of lesser
importance in many cases. The total accumulated leakage from the containment
mainly originates from the early period of the accident when the aerosol
concentration is high. Therefore, the mass released into the containment is one
of the most important factors influencing the leakage and the consequences.
Once the release function is known, the subsequent aerosol behaviour was found
to be calculated correctly with NAUA.
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ABSTRACT

Analyses were performed to obtain more realistic estimates of
the release of radionuclides to the environment in severe accidents.
Results are presented for a variety of accident sequences in five
different LWR plant designs. The predicted environental release
fractions obtained in these analyses are in most cases significantly
lower than those in the WASH-1400 study. The methodology developed
for this study is expected to form the technical basis for upgrading
the methods used to analyze source terms in regulatory practice.

INTRODUCTION

The potential for the release of radionuclides to the environment in
severe accidents has long been a source of public concern about the safety of
nuclear power plants and the focus of regulatory research, For most operating
reactors, research report TID-14844 /1/ formed the technical basis for
licensing analyses involving radionuclide release in severe accidents.
Published in 1962, TID-14844 makes certain assumptions about the release of
fission products during a hypothetical severe accident which were representative
of the state of knowledge at the time. From 1972-1975 the Nuclear Regulatory
Commission conducted the Reactor Safety Study to assess the accident risks in
U.S. commercial nuclear power plants. The report of that study, designated
WASH-1400, /2/ was published in 1975 and provided a more comprehensive and
physically accurate description of fission product behavior. The amount of
fission product release to the environment (the "source term'") estimated in
WASH-1400 has since been used extensively in planning and evaluating reactor
operations.

The WASH-1400 source term for accident sequences has had broad impli-
cations for operating LWRs--in licensing, emergency planning, safety goals, and
indemnification policy. However, additional research continued to provide
improved methods for estimating fission product release and transport. In 1981,
the Nuclear Regulatory Commission issued the report "Technical Bases for
Estimating Fission Product Behavior During LWR Accidents' /3/ which reviewed
the state of knowledge at the time. As part of the Technical Bases report, the
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assumptions, analytical procedures, and available data were evaluated, and new
estimates were made. One improvement of the new estimates over previous ones
was that they took into account the retention of radiocactive material within

the reactor coolant system. But, because of the limitations of the computer
codes available at that time, these new estimates could not follow the transport
of fission products along their flow path from the core to the environment by
applying the various codes sequentially. This resulted in piecemeal, parametric
estimates of release.

The research effort described in this paper was undertaken to provide such
a systematic, sequential application of the codes as well as to present analyses
performed with computational procedures improved since the "Technical Bases'
report. It is to be recognized that in this study, an analytical approach was
developed for estimating radionuclide tranmsport and deposition which incor-
porates individual physical and chemical processes or mechanisms. When veri-
fied, these methods are expected to replace the generalized source term of
TID-14844 and the tabular release fractions in WASH-1400 which were used for
broad classes of accidents. The results presented in this paper are reported
in greater detail in the first six volumes of the report BMI-2104 /4/.

METHODS OF ANALYSIS

In the approach developed for this study, the calculations provide a
consistent analysis of radionuclide behavior by following fission product
transport along flow paths, starting with release into the core region and
ending with final release to the environment. The general approach consists of
a series of steps performed in sequence such that in the combined analysis, the
results are specific to an individual set of accident conditions, and each step
is based on results from analyses of the previous step.

Overall time-dependent thermal-hydraulic conditions were estimated with
the MARCH 2 code, /5/ and detailed thermal-hydraulic conditions for the primary
system were estimated with the MERGE /6/ code developed specifically for this
program.

The time-dependent core temperatures were used as input to another code
developed for this program, CORSOR, which predicts time- and temperature-dependent
mass releases or vaporization of radionuclides from the fuel and control rod
and structural materials within the pressure vessel. Releases during core-
concrete interactions of radionuclides and other materials remaining with the
melt were estimated by Sandia National Laboratories using the VANESA code.

Using the MARCH/MERGE-predicted thermal-hydraulic conditions and the CORSOR-
predicted radionuclide release rates as input, the TRAP-MELT 2 /7/ code was
used to predict vapor and particulate transport in the primary coolant circuit.

Transport and deposition of radionuclides in the containment were calcu-
lated using the NAUA-4 /8/ code. The NAUA code was modified for this study by
including mechanisms for spray wash-out of aerosols, Stefan-flow deposition of
aerosols with condensing steam, and homogeneous nucleation of fog droplets when
the water vapor saturation ratio exceeded a value of approximately three.

The basic stepwise procedure described above is illustrated in Figure 1,
which shows the relationships among the computational models. The calculations
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FIGURE 1. SEQUENCE OF COMPUTER ANALYSES

were of a "best estimate" type using input derived from experimental
measurements whenever possible. Types of data employed in the analyses include
vapor deposition velocities, aerosol deposition rates, aerosol agglomeration
rates, fission product release rates from fuel, particle sizes formed from
vaporizing/condensing fuel materials, engineering correlations for heat and
mass transfer, and physical properties of various fuel, fission product, and
structural materials.

SEQUENCES ANALYZED

A variety of accident sequences were examined in this study for a number
of different plant designs. Five different plant designs were investigated:
two large, dry PWR designs, Surry and Zion; an ice condenser PWR design,
Sequoyah; a Mark I BWR design, Peach Bottom; and a Mark III BWR design, Grand
Gulf, Accident sequences were selected for analysis based upon risk signifi-
cance and the intent to cover a broad spectrum of accident conditions.

RESULTS OF ANALYSES

The quantities of important chemical species predicted to be released to
the environment for the accident sequences analyzed in this study are tabulated
in Tables I through V. For the two plants analyzed in WASH-1400 the corres-
ponding source terms are also indicated.
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TABLE I, RELEASE FRACTIONS FOR PWR - LARGE, DRY CONTAINMENT (SURRY)

(a) Safeguards
Sequence Species RCS Containment Building Environment WASH 1400

¢s1 0.027 0.59 0.29 0.087 0.7
MB-g CSOH 0.038 0.59 0.29 0.085 0.5
Te 0.26 0.19 0.12 0,070 0.3
esl 0,027 0.92 0.050 0.7
aB-g (®) cson 0.038 0.92 (c) 0.049 0.5
Te 0.26 0.34 0.042 0.3
esl 0.027 0.92 0.057 0.7
AB-y CsOH 0.038 0.90 (c) 0.059 0.5
Te 0.26 0.3 0.14 0.3
csl 0.027 0.97 4.86x100° gx107”
AB-e CsOH 0.038 0.96 () e.7x10°%  gxi10
Te 0.26 0.45 4.0x10°% 1 x107
Csl 0.85 0.1 0.046 0.7
THLB' -6 CsOH 0.86 0.10 (c) 0.039 0.5
Te 0.30 0.16 0.1 0.3
csl 0.85 0.15 2.8x10° 8x107°
TMLB ' -¢ CsOH 0.86 0.14 () Lrx10d sxi0t
Te 0.30 0.19 g.1x102  1xi07
csl 0.48 0.52 4.2x107  3x107°
5,0~y CsOH 0.57 0.43 () 6.4x1075 91073
Te 0.91 0.058 3,3x10%  5x107
cst 0.74 0.26 1.5x108 2x107°
5,0-¢ CsOH 0.76 0.24 () 1.4x10% 3 x10°
Te 0.69 0.15 7.7x108  2x107°
esl 0.50 0.018 0.40 0.079 0.7
ity cson 0. 0.017 0.40 0.073 0.5
Te 0.13 0.71 0.14 0.025 0.3
. csl 0.50 0.018 0.069 0.41 0.7
ho vater  CSOH 0.51 0.017 0.07 0.40 0.5
Te 0.13 0.71 0.044 0.12 0.3

(a) Balance of Te to add total to 1.0 is predicted to remain in the melt.

{b) Containment volume divided into four compartments.

(c) Safeguards building not considered for this sequence,

(d) Release point in safeguards building assumed to be under 3 feet of saturated water,
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TABLE II. RELEASE FRACTIONS FOR PWR - LARGE, DRY CONTAINMENT (ZION)

Sequence Species RCS COntainment(‘) Environment WASH 1400
e 0.98 2.5 x 1072 1.9 x 1076 g x 107t
TMLB -c CSOH 0.98 2.5 x 107 1.9 x 1076 g x 107!
Te 0.28 0.64 7.8 x 107° 1x1073
-8 -5

esl 0.34 0.66 2.5 x 10 2x10
$,0-¢ CsOH 0.42 0.58 2.3 x 108 1x10°
Te 0.93 1.7 x 1072 3.6 x 1078 2 %1078

(a) Balance of Te to add total to 1.0 is predicted to remain in the
melt.

TABLE III. RELEASE FRACTIONS FOR PWR - ICE CONDENSER CONTAINMENT (SEQUOYAH)

Lower(a) Ice Upper

Sequence Species RCS Containment Bed Containment Environment
cs1 0.82 6.1 x 1072 0.10 1.5 x 1073 1.7 x 1072

THLB' -y CsOH 0.83 3.9 x 1072 0.12 2.9 x 1073 2.3 x 1072
Te 0.25 2.4 x 1072 3.7 x 10°¢ 6.2 x 107 1.4 x 1072

csl 0.82 8.6 x 1073 0.17 5.5 x 1075 3.9 x 107

THLB' -8 * CSOH 0.83 5.4 x 107 0.13 5.0 x 107 a.5 x 107
Te 0.25 4.0 x 107 3.0 x 1072 3.8 x 1073 2.0 x 1073

csl 0.82 4.2 x10°¢ 9.4 x 10°¢ 4.6 x 10°¢ 1.3 x 107°

THL-y CsOH 0.83 3.0 x 107 o.n 3.4 x 1072 7.0 x 1073
Te 0.25 3.1 x 107 1.2 x 1072 8.6 x 1073 5.5 x 107

csl 0.82 5.7 % 10°° 8.5 x 10°¢ 3.4 x 107¢ 6.9 x 107

™™L-8 CsOH 0.83 5.8 x 107 9.4 x 1072 3.5 x 107 7.4 x 10°°
Te 0.25 8.1 x 1073 1.0 x 1072 9.5 x 107 1.6 x 1078

gsl 0.73 4,5 x 10°¢ 8.3 x 107 0.11 3.3x10°¢

S HF CsOH 0.75 4.2 x 1072 7.6 x 1072 0.10 3.2 x 1072
Te 0.69 6.4 x 1072 6.5 x 1072 4.5 x 1072 5.5 x 1072

{a) Balance of Te to add total to 1.0 {s predicted to remain in the melt.
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TABLE IV. RELEASE FRACTIONS FOR BWR - MARK I (PEACH BOTTOM)
React
Sequence Species RCS Pool Drywell(') Hetwell Bﬁﬁd?;g SGTS Environment WASH 1400
Csl 0.19 0.35 0.12 0 - - 0.34 0.9
AE-y' CsOH 0,19 0.4 0.14 0 - - 0.33 0.5
Te 29x10% 3.2 x1073 0.32 0 - - 0.65 0.3
¢sl 0.06 0.69 1.5 x 1072 0 -- - 0.24 0.9
TC-y' CsOH 0,22 0.56 1.4 x 10'2 0 - -- 0.21 0.5
Te 0.3 7.9 x 1072 0.16 0 - - 0.37 0.3
csl 0.06 0.69 1.5 x10°° 0 6.9%x10°  6.8x10° 0.10 0.1
ey CsoH 0.22 0.56 1.4 x 1072 0 6.1 x10% s5.8x10% 91 x107? 0.1
Te 0.34 7.9 x 10-3 0.16 0 0.11 1.3 x 10-2 0,25 0.3
cs1 0.4 0,80 5.4 x 1073 0 - -- 4.8 x107° 0.9
H-y* CsOH 0.15 0.7% 5,0 x 107 0 - - 4.5 x10°¢ 0.5
Te 0.40 8.6 x 1073 0.2 0 - - 0.19 0.3
(a) Balance of Te to add total to 1.0 {s predicted to remain in the melt.
TABLE V. RELEASE FRACTIONS FOR BWR - MARK III (GRAND GULF)
Sequence Species RCS Drywen(a) Pool Containment Environment
¢sl 0.19 3.6 x 107 0.77 1.9 x 107 6.8 x 1073
TC CSOH 0.51 1.4 x 1073 0.49 9.2 x 10°° 3.6 x 107!
Te 0.22 6.0 x 1072 0.45 4.3 x 107" 8.8 x 1073
el 8.4 x 107 3.9 x 1073 0.91 7.5 x 1077 2.4 x 107
™I CsOH 0.24 3.7 x 1073 0.76 9.0 x 1077 30 x 107
Te 0.45 6.0 x 1072 0.14 1.4 x 107 1.3x10°°
csl 6.3 x 107 3.8 x 1070 0.94 6.8 x 107 8.4 x 107
TQuv CSOH 0.54 2.8 x 1078 0.46 3.5 x 107 a.4 x 107
Te 0.40 8.0 x 107 0.2} 1.6 x 1073 2.0 x 1073
58 cs1 9.1 x 1072 1.4 x 1072 0.89 9.6 x 107 7.0 x 1073
(nominal CsOH 0.16 1.3 x 107 0.82 8.6 x 107 6.3 x 1073
pool bypass) Te 0.26 3.5 x 1072 0.32 6.5 x 1073 2.4 x 1072
csl 9.1 x 1072 1.1 x 1072 0.86 5.9 x 107 4.2 x 107
Wb CsOH 0.16 9.8x10% o079 s4x107 3.8 x 1072
pool bypass) Te 0.26 3.5 x 107 on 0.10 0.14

(a) Balance of Te to add total to 1.0 is predicted to remain in the melt.
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The release of fission products from fuel during the period of fuel heatup
and melting in-vessel and during ex-vessel attack of the concrete predicted in
this study is not markedly different from the results in WASH-1400.

Essentially all of the volatile fission products are predicted to be released
from the fuel in all cases.

Retention of fission products during transport through the reactor coolant
system was not credited in the WASH-1400 study. In the current study the
amount of retention in the reactor coolant system is in many cases substantial
(e.g., 85 percent of the iodine in TMLB') depending on the thermal-hydraulic
conditions in the system. The uncertainty regarding the ultimate fate of
fission products deposited within the reactor coolant system is very great,
however. Follow-on analyses of decay heating of reactor coolant system
surfaces and the reevolution of fission products are in progress.

The release of fission products from the fuel and transport in the reactor
coolant system vary with accident sequence and plant type (BWR versus PWR) but
are relatively insensitive to the containment design. Containment design was,
however, found to have a dramatic effect on the magnitude of the predicted
environmental source terms.

Surry Plant

The results of the containment transport analyses performed for this study
indicate that the potential for retention in the containment building and
secondary buildings is somewhat greater than predicted in WASH-1400. This is
partially because of an underestimation of removal processes in the WASH-1400
CORRAL code and partially because of an increased time to containment failure
in the current analyses.

In general, the results of the current study indicate that for many impor-
tant accident sequences the source term in WASH-1400 is overestimated by
approximately an order of magnitude. The effect of a reduction of this magni-
tude on estimated risk would be essentially proportional for the risk of latent
fatalities (i.e., an order of magnitude) but would be even more dramatic for
the risk of early fatalities because of the threshold behavior of this measure.

Of the important sequences analyzed, the one in which a major reduction in
consequences was not observed is the interfacing LOCA sequence, V, for the
assumption of no overlying pool of water at the entry point into the safeguards
building. If there is an overlying water layer, the source term is
considerably reduced. Although this is no longer considered a risk-dominant
sequence because of steps taken to suppress its likelihood, the existence of
credible sequences with potentially large consequences can have public
perception and regulatory implications regardless of the risk significance of
the sequence,

Zion Plant

The issue of whether or not early containment failure can occur in some
accident sequences in large, dry PWR containment designs largely overshadows
most of the other uncertain aspects of source term analysis. If the
containment remains intact for an extended period of time following core
meltdown, the potential human health consequences will be minor and the
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character of off-site emergency response will differ substantially from the
high-consequence, early containment failure sequences of WASH-~1400. It has not
been the purpose of this paper to determine the likelihood of early containment
failure in the Zion or Surry plants. This topic is being investigated in other
work being performed for the NRC. The potential benefits of a high failure
pressure and a large containment volume are, however, evident.

By comparing the predicted releases of aerosols from the containment in
the two sequences analyzed, the effects of spray scrubbing and reduced contain-
ment pressure on release can be observed in the lower releases for Sjb.
Although the release of fission products in aerosol form appears to dominate
the consequences’ of large-release accidents with early containment failure, the
release of more volatile forms of iodine (e.g., I or methyl iodide) formed by
interactions within pools and on surfaces in the containment building along
with the release of noble gases tend to dominate the predicted releases in the
accidents with delayed failure and smaller releases.

Sequoyah Plant

The results of the containment transport analyses in the present study
indicate significant potential for fissiom product attenuation. As would be
expected, the environmental source terms are seen to depend on the timing of
containment failure, with earlier failure leading to larger releases. The ice
condenser was found to typically remove about half of the airborne radio-
activity passing through it. The operation of containment sprays and air
return fans was found to lead to substantial reduction in the potential release
to the environment.

The ice condenser containment was found to be potentially vulnerable to
large hydrogen burns. For the accident conditions and modeling assumptions
considered, significant pressure loads were predicted even comsidering
operation of the hydrogen igniters; large pressure loads resulted when the
burning was predicted to propagate into the upper compartment of the contain-
ment. The prediction of containment failure mode likelihood was not an ob-
jective of this study, however. The potential for early containment failure is
being investigated in other tasks being performed for the NRC.

Peach Bottom Plant

The retention of fission product aerosols during their transport through
the reactor coolant system in the present study was found to be on the order of
10-20 percent of that released from the fuel. Primary system retention of
tellurium was found to be quite high, but since only a fraction of the total
tellurium release occurred during the in-vessel phase of the accidents, the
effect on the overall tellurium release from the plant was not great. In
general, the predicted retention for Peach Bottom is not as high as for some of
the PWR sequences considered in this study; the differences in the predicted
primary system retention are associated with differences in accident thermal-
hydraulics for the two types of designs.

Fission product aerosol removal by the BWR pressure suppression pool has
been found to be sensitive to the aerosol particle size distribution, the
nature of the flows through the pool, and the thermodynamic state of the pool.
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For accident sequences such as AE, in which the suppression pool remains sub-
cooled, quite high pool decontamination factors are predicted. Due to the
timing and location of the predicted containment failure in this sequence,
however, not all of the released fission products pass through the pool, thus
limiting overall decontamination and resulting in substantial releases to the
environment. In sequences such as TC and TW, all of the melt releases are
discharged in the suppression pool, but here the pool is boiling or saturated
at the time of core melting, greatly reducing its effectiveness for fission
product retention. Overall approximately one-half of the aerosol releases were
predicted to have been retained in the suppression pool for these accident
sequences.,

In the accident sequences evaluated in this study, the failure of the
primary containment was ‘assumed to lead to the failure or bypass of the
secondary containment (reactor building). The potential effectiveness of the
secondary containment and the Standby Gas Treatment System (SGTS) were
explicitly considered for one of the accident sequences. The potential for
retention in the reactor building and removal by the SGTS was found to be
limited by outleakage from the reactor building, as the gas and vapor inputs
carrying the fission products exceeded the flow capacity of the SGIS. The
inclusion of the secondary containment was found to result in only a fractional
reduction in the predicted fission product source term to the environment. The
effectiveness of the secondary containment could vary greatly, however,
depending on the accident sequence and assumptions made about the flow path
following primary containment failure.

Grand Gulf

Transient accident sequences were emphasized for the Mark III containment
design because they are expected to be major contributors to risk. Two
variations of a pipe break sequence were included, however, to investigate the
effects of suppression pool bypass.

Because the suppression pool was not bypassed in the transient sequences,
major fractions of the fission products are collected there. Nearly all of the
fission products not deposited in the reactor coolant system or drywell are
deposited in the suppression pool. The subcooled pool in the pipe break
sequence is also an effective attenuating factor for flow through the pool but
the pool bypass flow has a major influence on release from the plant. The two
bypass flow cases considered were a nominal leakage flow and an assumed stuck-
open vacuum breaker. The nominal leakage and vacuum breaker cases gave source
terms about a factor of 10 higher than the source terms predicted for the
transient cases with no bypass flow.

SUMMARY AND COMMENTS

The magnitudes of the environmental fission product source terms predicted
in this study are significantly lower than those of earlier assessments, such
as WASH-1400. It is important, however, to recognize that the uncertainties
associated with these results could be quite large. The prediction of fission
product release has been shown to be sensitive to accident thermal-hydraulics
as well as to the mechanisms of fission product release and transport. It
should also be recognized that the prediction of the course and consequences of
the low probability hypothetical situations considered here is inherently
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uncertainj at best, the smaller number of accident scenarios considered here
can only be representative of a wide spectrum of possible outcomes in the event
of an accident.

Some potentially important  aspects of fission product release and trans-
port have been treated superficially in this study which require further
consideration. The potential for the reevolution of fission products from
surfaces in the reactor coolant system as the result of decay heating could
lead to larger environmental source terms than predicted. Similarly, fission
products deposited in the containment could be reevolved and released from the
containment over the long term, perhaps in a different chemical form such as
methyl iodide or elemental iodine.
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Parametric Study of Factors Affecting Retention
of Fission Products In Severe Reactor Accidents

E. A, Warman

Stone & Webster Engineering Corporation
Boston, Massachusetts, 02107, U.S.A,

ABSTRACT

During the past year and a half, a parametric study of factors affecting
retention of fission products in containments and contiguous structures
has been conducted by Stone & Webster Engineering Corporation (SWEC) in
support of the American Nuclear Society's (ANS) Special Committee on
Source Terms.l This paper summarizes the results of that study and dis-
cusses the application of the results in the formulation of source terms
for severe core damage accidents. The study reported here is for a large
pressurized water reactor (PWR). The Surry station was selected for the
study because it was the PWR plant analyzed in the Reactor Safety Study
(WASH-1400).2 A similar parametric study of the Peach Bottom Mark I
plant, the boiling water reactor plant analyzed in WASH-1400, is in
progress,

This study represents a careful appraisal of a number of parameters and
phenomena which have been neglected to oversimplified in some analyses.
Inclusion of the effects analyzed results in a large overall reduction

in releases of fission products to the environment, when the effects are
considered together, although the reduction from any single effect is not
large when considered alone.

When these relatively large reductions in releases are combined with the
reductions from studies of fission product retention in the reactor coolant
system (RCS), such as those reported in the recent U.S, Nuclear Regulatory
Commission (USNRC) sponsored work at Battelle Columbus Laboratories
(BMI-2104),” substantial overall reductions in releases to the environment
result,

Based on the results of this study and studies by others, a downward re-
vision is proposed to the interim source term first proposed by the author
at the Second International Conference on Nuclear Technology Transfer
ICONTT-II.% The revised interim source term includes the release to the
environment of the following fractions of the core inventory of specific
fission product groups: noble gases-1.00, volatiles-(iodine (I), cesium-
rubidium (Cs-Rb), and tellurium-antimony (Te~Sb)-0.01, and nonvolatiles
barium-strontium (Ba-Sr)-0.004, ruthenium (Ru)-0.003, and lanthanum {(La)-
0.0002. The release fractions of the nonvolatile groups have been reduced
based on analyses of aerosol retention within the power plant.

STONE & WEBSTER &



INTRODUCTION

The study reported here included analyses of releases of fission products
with: (1) postulated pre-existing openings in the containment (e.g., re-
sulting from failure to disolate the containment completely, (2) hypothet-
ical early breach of the containment pressure boundary (i.e., during or
shortly after core degradation), and (3) postulated late breach of the
containment because of the slow pressure buildup resulting from the gen-
eration of noncondensible gases associated with the core/concrete inter-—
action processes. The results indicate that the releases for hypothetical
early breaches of the containment are comparable to those for pre-existing
openings. Without a pre-existing opening or early breach, containment breach
is not expected to occur in less than one day, if at all. The releases
associated with late containment openings are observed to be small in
comparison with those of pre-existing openings. Thus, the focus of the
study is on the potential releases associated with pre-existing openings.

The following phenomena and parameters were included in the study:

o GContainment Npening Size o Aerosol Particle Size

o Timing of Opening o Aerosol Concentration

o Diffusiophoresis o Timing of Te Release from Core
o Suspended Liquid o Core Degradation Without

o Contiguous Structures Vessel Meltthrough

o Multicompartmentation o Fission Product Decay Heating
o0 Release of Non Volatiles o Timing of Injection into

Containment

Because of the length limitations for this paper, results are presented only
for the parameters and phenomena listed in the left column. Results of
analyses of the parameters listed in the right column are presented in
Chapter 6 and Appendix B of the ANS Committee Report.1

Analyses were performed for three accident sequences described in WASH-1400:2
AB (large break LOCA in containment with loss of all AC power), TMLB (a
transient with loss of all AC power followed by the failure of the power
conversion system and the loss of the capability of the secondary system

to remove heat from the RCS), and V (an interfacing system LOCA in the low -
pressure emergency core .cooling system at a location outside the containment).
The results presented in this paper are limited to the AB and TMLB sequences.

APPROACH AND ANALYTICAL METHODS

This study concentrated on the retention of fission products in the con-
tainment and contiguous structures, Analyses were performed first by
neglecting retention of fission products in the RCS. Subsequently, some
analyses were repeated with the RCS retention factors reported in Volume V
of BMI-2104.3 Finally, some analyses were performed assuming retention in
the RCS with subsequent delayed injection into the containment.

STONE & WEBSTER &
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The release rates from the core and their timing were taken from the in-
itial draft report of the BMI study of the Surry plant, Volume I of BMI-
2104.5  Some subsequent analyses were performed with the later data re-
ported by BMI,3 Complete release of the volatile species from the core
was assumed. The release fractions from the core of the non-volatile
species are similar to those reported in WASH-1400, as listed below:

Fission Product WASH-1400 Present
_Growp PWR Analysis Analysis
Volatiles 1.00 1,00
Nonvolatiles
Barium-Strontium 0.11 0.27%
Ruthenium 0.033 0.022%
Lanthanum 0.013 0.017%

*

-

Taken from BMI-2104,

The approach used was to first perform analyses of the thermal hydraulic
conditions as a function of time for each phase of the accident sequence
being analyzed and then perform aerosol behavior analyses. The thermal
hydraulic calculations were performed with a combination of mass and
energy calculations using the RELAP-4 Mod5 computer program,6 core/con-
crete interaction data obtained from Sandia,’ and thermal hydraulics
analyses with the THREED computer program.8 The THREED program incor—
porates the thermal hydraulic formulations of RELAP-4 and the treatment
of passive heat sinks from CONTEMPT-LT.9 Portions of the analyses, such
as the boiloff phase for the AB sequence, were calculated manually. The
aerosol transport and behavior were then analyzed using the NAUA-4
computer program,l0 as modified by SWEC to include diffusiophoretic re-
moval based on the volumetric removal rate of steam due to condensation
on passive heat sinks as computed by THREED.

SUMMARY OF RESULTS
A, S8ize of Opening In Containment

Figure 1 presents the results of analyses of the relative cumulative
leakage of iodine and cesium for various size postulated pre-existing
openings in the containment. Data are presented for both the AB and
TMLB sequences., The data are normalized to a relative leakage of 1.0
for a 1,0 ft2 (0.093m2) pre-existing opening. - Leakage is seen to in-
crease rapidly with increasing opening sizes in the range from near
zero to v 1.0 ft2 (0.093m2) and to decrease for larger openings for the
AB sequence and increase only slightly for larger openings for the TMLB
sequence, The unexpected behavior observed for larger opening sizes
results from the effects of in-leakage which was observed for these

opening .gdizes,

Figure 2 depicts the volumetric leakage rate as a function of time for
the TMLB sequence with two different pEe—existing containment openings -
1.0 ft2 (0.093m?) and 0.1 ft2 (0.0093m*). In-leakage is seen to occur
because of the expulsion of air and noncondensible gases, and the con-
tinuing steam condensation in the containment. For a period of ane hour

STONE & WEBSTER &
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to one and one-half hours following the postulated vessel meltthrough, the
containment acts as a condenser with air being taken in from outside of the
containment. For the smaller size opening, in-leakage is not observed over
the time period presented in this figure. The volumetric leak rates are
combined with the NAUA analysis of aerosol transport and behavior to result
in the cumulative leakage of [fission products for each opening size studied.
The cumulative leakages were observed to be asymptotic within approximately
three hours after the start of core melting. The data presented in Figure
1 represent the cumulative (or total) leakage for each containment opening
size studied.

B, Timing of Opening in Containment

Figure 3 presents the relative cumulative leakage of iodine and cesium as

a function of the time at which a 1.0 ft (O.O93m2) opening in the containment
is postulated to occur. The t=0 data represents a pre—existing opening,
i.e., an opening resulting from failure to isolate the containment completelt
or created coincident with the onset of the accident. The data are '
normalized to a relative cumulative leakage of 1.0 for a pre-existing
opening, Data are presented for aerosol loadings corresponding to the

amount reported in BMI-2104 Volume I or one-fifth (i.e., multiplier of

0.2) and one-tenth (i.e., multiplier of 0.1) times the nominal loading
reported by BMI , to investigate the effect of the large uncertainties
associated with those quantities at the present time. The total mass of
"other'" aerosols, i.,e., other than the 168kg represented by the iodine,
cesium, and tellurium species, is summarized below:

Mass of Other Aerosols (kg)
AB Sequence TMLB Sequence

Nominal 5,500 6,130
(BMI-2104 Volume 1)

0.2 x Nominal 1,100 1,230
0.1 x Nominal 550 513

An unexpected finding in the parametric study is that the relative cum-
ulative releases of iodine and cesium for postulated early breaches of
containment are not much different than for pre-existing openings. TFigure
3 shows that the releases are only approximately 30% higher for a 1.0 ft2
(0.093m2) opening at the start of core melt (0.5 hr) for the AB sequence
compared with the releases with a pre-existing opening., For the TMLB
sequence, no appreciable difference in releases was calculated for pre-
existing openings and openings coincident with the start of core melting
(v 3 hr) or at vessel meltthrough (4.6 hr). The cumulative releases are
observed to decrease exponentially with the timing of postulated contain-
ment breach following the injection of fission products into containment.
The injection periods during which severe core degradation is calculated
to occur are v 0.5 to 1.0 hr for the AB sequence and ™~ 3 to 4 hr for the
TMLB sequence. The slopes of the curves in Figure 3 are related primarily
with aerosol settling rates. It should also be noted that the core/con-
crete aerosol loading does not affect the volatile fission product releases
for containment openings up to v 1 1/2 hr after the start of severe fuel
damage.

STONE & WEBSTER A
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Figure 4 illustrates the results of an analysis of the release of volatile
fission products due to a postulated late overpressure breach of the con-
tainment for a TMLB sequence. The curves to the left of the figure depict
the fraction of the cesium (as a representative fission product) which is
airborne in the containment as a function of time. Three curves are
presented, representing the airborne cesium fraction with the nominal
loading of "other" aerosols and with 0.2 and 0.1 times the nominal loadings.
These curves are seen to decrease when the postulated openings occur at 27
hr. The cumulative cesium leakage fraction (i.e., mass leaked divided by
mass injected into the containment) is shown in the curves at the right of
the figure. In this analysis the containment is assumed to develop either
a 0,1 ft? (0.0093m?) or 1.0 £t2 (0.093m2) opening 24 hr after the start of
core damage, i.e., 27 hr into the accident sequence. The cumulative cesium
leakage fractions for the three loadings of '"other' aerosols are summarized

below:
Loading of Cumulative Cesium Leakage Fraction
"Other" Aerosols 0.1 £t2 (0.0093m2) 1.0 ft? (0.093m2)
- _5%
Nominal 3.0 x 10 5 4.5 x 10 3
0.2 x Nominal 2.6 x 10_4 3.6 x 10—4
0.1 x Nominal 5.7 x 107% 7.6 x 107

* Not shown in Figure 4.
Note: These data assume no retention in the RCS.

The effect of timing of openings in the containment is illustrated by the
following data for the TMLB sequence including retention in the RCS:

Fraction of Tuventory of ITodine Released*®

Timing of Containment Breach 0.1 fe? (0.0093m2) 1.0 ft2 (0.093m2)
Pre-existing : 2.1 x 1073 1.5 x 1072
(Prior to core degradation)

Early 2.1 x 1073 1.5 x 1072

(During or shortly after

core degradation)
—5%k —5kk
Late 2.6 x 10 3.6 x 10

(Substantially after core
degradation - 27 hr)

* Includes retention in RCS from BMI-2104 Volume V.
** Based on 0.2 x nominal aerosol loading, which is close to the BMI-2104,

Volume V aerosol loading.
C. Diffusiophoresis

Enormous quantities of steam are condensed on passive heat sinks in light
water reactor containments during accidents. A total of 54,600 1b(24,800kg)
of steam is calculated to be condensed on the containment heat sinks during
the period of injection of fission products in the TMLB sequence, i.e.,

from 3 to 4:6 hr. The average condensation rate is v 9.6 1b/s (4.4 kg/s).

STONE & WEBSTER A



Analyses were performed to quantify the amount of aerosol removal from the
atmosphere because of this steam condemsation, a process which has come to
be described as diffusiophoresis.l The removal of aerosols from the con-
tainment atmosphere was calculated within NAUA by adding a volumetric re-
moval rate term based on the steam condensation rate calculated with THREED.
Diffusiophoresis was found to have a different effect on the fission product
mass distribution depending on the containment opening size as illustrated
below: ’

Pre—existing Containment Fraction of Injected Mass of Cesium
Opening Size . Removed via Diffusiophoresis

w?) (%) _AB _TMLB

0 0 0.23 ) 0.34

0.1 0.0093 0.21 0.29

0.35 0.033 0.16 0.28

1.0 0.093 0.18 0.20

2.0 0.19 0.26 0.17

4.0 0.37 0.29 0.15

7.0 0.65 0.32 0.21

D. Suspended Liquid

Severe accidents at light water reactor nuclear power plants include the
ejection of a two phase mixture of steam and liquid water at the location

of the break in the RCS.12 TFor example, during the AB (large break LOCA)
sequence approximately 247,000 1b (112,000 kg) of 1liquid water was calculated
to be injected into the containment during the blowdown and refill/reflood
portions of the sequence. A significant fraction of this water is aerosol-
ized.13 TFor purposes of analysis it was assumed that fractions of the in-
jected liquid were airborne in the containment atmosphere as suspended

liquid water droplets. These water droplets were modeled in the NAUA-4
analyses with a log-normal source distribution with a number median diameter
(NMD) of 1.0um and a standard deviation o of 2.0. The water droplets were
observed to settle rather quickly. However, due to the large number of
particles involved, a significant number density remains airborne at the

time of injection of fission product aerosols, @ 1,680 sec in the AB sequence
analysis.

A parametric study was conducted in which the initial mass of suspended
liquid droplets was varied from a few to 25% of the injected liquid mass.
The resulting release of volatile fission products with a 1.0 fr2 (0.093m2)
pre—existing opening was observed. Figure 5 presents the results of the
analysis for the AB sequence, with and without diffusiophoresis in the
NAUA-4 analyses. Similar sensitivity analyses were conducted for the TMLB
sequence. Analyses indicate. that water droplets with larger diameters
(e.g., NMD-10jim} did not effect the fission product behavior appreciably.
The conclusions reached from these studies was that initial airborne con-
centration of suspended liquid on the order of 10% or more of the injected
amount result in reduction in iodine and cesium leakage by about a

factor of 2,

Figure 6 presents a comparison of the effects on airborne concentration of
cesium due to "other" aerosols (i.e., other than the volatile species),
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diffusiophoresis, and suspended liquid. These data are for the AB sequence
with no opening in containment. Case (1) in this figure is based on only
the volatile fission products being injected into the containment. Case
(2) includes the addition of the %434 kg of "other" aerosols reported to be
released from the RCS prior to vessel meltthrough in BMI-2104 Volume I.
Case (3) is a repeat of case, (1) with diffusiophoresis and suspended
liquid water droplets, as discussed above. Case (4) is the baseline
nominal set of conditions for the AB sequence in the parametric study,
with masses obtained from the BMI study but with no diffusiophoresis -and
no suspended liquid. Case (5) shows the effect of adding diffusiophoresis
and suspended liquid to Case (4). The effect of diffusiophoresis and
suspended liquid, as shown in Cases (3) and (5) is to substantially re-
duce the amount of time required for a given reduction in the airborne
fraction., The figure also illustrates (by comparing Cases (4) and (5))
that the "other" aerosols do not influence the airborne fraction of cesium
during the first few hours of the sequence. As noted earlier, the cumula-
tive leakage for pre-existing openings is asymptotic in less than 3 hr.
Thus, the leakage for pre-existing openings is essentially unaffected by
the core/concrete aerosol loading.

E. Contiguous Structures

Penetrations in PWR containments, with the exception of the equipment hatch
and purge system, lead into contiguous structures outside containment.
Retention of fission products due to aerosol behavior in contiguous structures
was investigated using the quench spray pump house and main steam valve house
configurations at the Surry plant. Analyses were performed in which a single
node (single control volume) model of the containment was coupled serially
with a four node model of the lower and upper levels of the structures
mentioned above. The ratio of the cumulative leakage fractions from the
contiguous structures to the leakage fractions from the containment in-
dicate the amount of retention in these structures as summarized below:

Ratio, Leakage from Contiguous Structures
to Leakage from Containment

Size of Pre-existing AB TMLB
Containment Opening Sequence _ Sequence
0.1 ££% (0.0093n%) 0.42 0.42
1.0 ££2(0.093n%) 0.55 0.65

F. Multicompartmentation within Containment

The .analyses discussed previously in this paper are based on a single
control volume representation of the containment. Thermal hydraulics
analyses for the AB sequence were also performed with a multi-

node model of the containment, which includes 14 nodes and 28 internodal
junctions, using the THREED program. The results of these analyses were
used to reduce the representation of the multicompartmentation within the
containment to 6 nodes, based on taking advantage of symmetry and combining
flows across several junctions. The 6 node model was employed in a series
of serial calculations using NAUA. The resultant cumulative leakage of

STONE & WEBSTER &



1485

iodine and cesium, as calculated with the multinode model, was 0.6 times
the leakage calculated with the single-node model.

The multinode thermal hydraulics analyses indicate that the containment is
well mixed at the time of injection of fission products in the present
analysis. The analyses also' indicate that, as time progresses, the residence
time in each node increases, Thus, if the injection of fission products

into the containment is delayed, the effect of multicompartmentation would
be much greater than it appears to be in the present analysis.

This analysis of the effect of multicompartmentation should be viewed as a
first estimate. Detailed quantification of this effect should be obtained
with a multinode program which couples the thermal hydraulics and aerosol
behavior analyses. Recent calculations with the CONTAIN program represent
the first such undertaking.l4 Additional analyses are required to develop
a more refined estimate of the effects of multicompartmentation.

G. Combined Effects of Several Parameters

Figure 7 depicts the cumulative leakage fraction of cesium and iodine as

a function of time for a TMLB sequence with no retention in the core or RCS.
The results of six separate analyses are presented as gshown in this

figure,

Each succeeding curve represents a separate NAUA run with a change in or
addition of a parameter to the previous case, with Curve 5 including all
of the changes and additions considered., Curve 6 represents a multi-
plication of the results from Curve 5 by a factor of 0.6 to account for
the effects of multicompartmentation, as previously described. These
multicompartmentation analyses were performed for an AB sequence and are
applied here to the TMLB case as a first order approximation.

It is observed that the leakage fraction (0.72) depicted in Curve 1 is
essentially the same as the 0.7 leakage fraction reported in WASH-1400 for
iodine. However, by including the other effects depicted in this figure
the leakage fraction is reduced to 0.015 with no retention in the core

or RCS.

Another way of analyzing these effects is to consider the effect on leakage
with a 1.0 £ft2 (0.093m2) pre-existing opening and reduce the containment
opening size at the end of the analysis. Both approaches were used in
studying the effects for the AB and TMLB sequences, as summarized in

Figure 8. Cases 1 through 5 represent analyses with THREED and NAUA in
which each effect was introduced into the analysis sequentially, with no
retention in the RCS. Case 6 includes retention in the RCS as reported

in BMI-2104 Vol. V, pending corpletion of SWEC analyses of RCS retention.

H. Retention of Non Volatile Fission Products

In WASH-1400, the release fractions for the non volatile fission product
groups for the highest release category (PWR-2) were based on an analysis
of the TMLB' sequence with early overpressure breach of the containment.
These release fractions resulted from a combination of release fractions
from the core and the containment, mneglecting retention in the RCS.
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They are summarized as follows:

Fraction of Fraction of
Nonvolatile Inventory Containment Inventory
Fission Product Released Leakage Released to
Group From Core Fraction Environment
Barium-Strontium 0.11 0.6 0.06
Ruthenium 0.033 0.6 0.02
Lanthanum 0.013 0.3 0.004

The effects of retention of nonvolatile fission products can be determined
approximately by assuming that they would be released in direct proportion
to the "other" aerosols as illustrated below for a 0.1 ft4 pre-existing opening:

Fraction of

Nonvolatile Inventory Fraction Cont. Fraction
Fission Product Released Retained Leakage Released
Grouwp From Core* In RCS** Fraction*** To Environ.
Barium-Strontium 0.27 0.90 0.035 3.7x10-3
Ruthenium 0.:27 0.90 0.035 3.0x10-4
Lanthanum 0.017 " 0.90 0.035 2.3x10-4

* Taken from BMI-2104, Volume V.

*%  Taken from BMI-2104, Volume V. Applies only to portion released prior
to vessel meltthrough.

*%% From present study, including retention in contiguous structures.

APPLICATIONS OF RESULTS TO SOURCE TERMS

In view of the analysis results discussed above, Stone & Webster Engineering
Corporation proposes that the Interim Source Term, first proposed at the
ICONTT-II Conference,4 be revised as follows to account for a more realistic
assessment of the release fractions of the nonvolatile fission product
groups. The noble gases and volatile fission product groups are unaffected
by this revision.

Fraction of Core Inventory Released to Environment

WASH-1400 Interim Revised Interim

Fission Product Group  PWR-2 i Source Term#* Source Term
Xenon & Krypton 0.90 1.00 1.00

Todine 0.70 0.01 0.01
Cesium~-Rubidium 0.50 0.01 0.01
Tellurium—Antimony 0.30 0.01 0.01
Barium-Strontium 0.06 0.01 0.004%%
Ruthenium 0.02 0.01 0.003%*
Lanthanum 0.004 0.004 0.,0002 %%

*  Proposed at ICONTT-IL, November 1982.%

*%  Revision based on conservative interpretation of analyses of aerosol
retention.

STONE & WEBSTER A
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ABSTRACT

Core melt accidents in nuclear power plants are analysed
to occur with an extremely low probability. In spite of
this fact the public interest concentrates on the radio-
active material which may be released during these highly
improbable hypothetical events. Therefore, the objective
of the R+D-work sponsored by the Federal Ministry of
Research and Technology focus on the development of the
analytical basis for radiocac¢tive source term predictions.
It is the purpose of this paper - on the basis of 1300 MWe
KWU type PWR's - to summarize and to compare the results

of current analyses performed in the Federal Republic
of Germany.

INTRODUCTION

The investigations into core meltdowns conducted for more
than ten years in the Federal Republic of Germany (FRG) currently
have been concentrated on the source term for risk dominant
accident sequences. To determine the radioactive fission product
releases to the environment, thermohydraulics and thermodynamics
are needed as well as comprehensive computations to evaluate the
aerosol and iodine fractions and their physical and chemical
behavior. Additionally, single problems - such as the pressure
level beyond that the steel shell fails during pressuriza-
tion as well as the flow pathes of the gases within the reactor
building before and after containment failure - influence the
results and therefore have to be identified. Recent analyses
performed currently demonstrate that the consequences of
melt downs had been conserably overestimated in previous
basic studies such as the German Risk Study / 1 /. The above
statement is based not the least on the particular features
of the containment and the entire building with respect to
the retention of radicactivity. A typical German containment
is shown in Fig. 1.
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Primary_Circuit Energency_Cooling_Circuit
 Reactor Pressure Vessel ® Accumulator
@ $Steam Generator ®© Borated Water Storage
@ Reactor Coolant Pump @ Safety Injection Pump
@ Pressurizer Residual Heat Exchanger

Fig. 1: Reactor Building Biblis

ACCIDENT SEQUENCES

With a view of the considerations to be made later in this
paper,it is appropriate to present first a review of the melt-
down sequence. In general, two cases can be distinguished as
typical examples: the low pressure and the high pressure paths,
which with respect to the radiocactive source term are expected
to be the enveloping bounds for all other melt-down scenarios.

Low Pressure Path

After a large leak as initiating event this sequence pro-
ceeds at low pressure in the primary system. Representative of
this category, the sequence will be described following a
double-ended break of the hot main codlant line and complete
failure of the low pressure emergency core cooling systems if
the operation changes from the feed to the sump recirculation
mode. As a consequence of this hypothesis the evaporation from
the reactor pressure vessel flooded up to the main coolant
line level starts 20 minutes after blow-down. Subsequently,
the water level after 0.6 h has dropped down to the upper edge
of the core followed by failure of the core support structure
after another 1.2 h.
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The interaction of core meltwith the foundation concrete
starts immediately after failure of the reactor pressure vessel
about 1.9 h after blow-down. Evaporation of the sump-water
starts after about eight hours, immediately after the concrete
shielding in the reactor cavity is penetrated which, initially,
keeps the sump separate from the melt. The long-term build-up
of pressure in the containment is determined by the evaporation
of the sump-water. With the containment isolated - which
exhibits only the design leakage of 0.25 Vol%/d - this gives
rise to a pressure build-up in the long run.

High Pressure Path

Contrary to the low pressure path, this sequence is
characterized by events taking place at high pressure in the
primary system. If, after an emergency power case additionally
the whole set of redundant Diesel generators fails, no
electricity supply is available. In that case, the decay heat
is initially removed from the core to the steam generators
which, on the secondary side, evaporate their water inventory
until after about 1.5 h all steam generators are getting dry.
This results in a pressure and temperature rise in the primary
circuit onto the set point of the pressurizer pressure relief
valves.

Closing and opening cycles of the pressure relief valves
are repeated until the dropping water level has rendered bare
parts of the core in the reactor pressure vessel. The core is
further heated and later there will be indications of melting.
If the reactor pressure vessel fails due to contact of molten
material with the RPV,substantial energy and mass transport
takes place from the primary system into the containment.
Depressurization upon failure of the reactor pressure vessel
is followed by flooding of the molten material and of the still
unmolten core parts slumped on the concrete foundation through
accumulator water. Depending on whether the liquid and solid
core parts are coolable or not coolable in water, the water
evaporates at a slightly faster or slower rate. For both, the
low and the high pressure cases Table 1 compares the most
important results of the sequence analyses. The lowest three
lines contain important information which is needed to value
the fission product release rates presented in the following
sections.

In conformity with the results reported in the German Risk
Study on Nuclear Power Plants it can be assumed that in much
more than 90 % of all conceivable cases the containment is tight
at the onset of an accident (except for the design leakage to
be considered) and that it remains tight until overpressure
failure. Therefore, the calculations presented in the paper
concentrate on this scenario.



1495

Low Pressure Case High Pressure Case
Initiating event, h 0.3 0
Core heat up, failure of core
support structure after, h 1.3 5.0
RPY-heal up, until h 1.9 5.0
Sump water ingression, h ] 5.0
Integral aerosol release into
containment, kg 3460 2.4
Helt coolable
yes no
Failure of sieel shell, d 5 4.3 5
Sump evaporated, d 12/8.5* 6/7*

* depending upon failure mode of the steel shell (20/300 cn?)

Table 4:  RESWLTS OF MELT DOWN SEQUENCES

THERMODYNAMICS IN THE CONTAINMENT
AND IN ADJACENT VOLUMES

The calculations have been performed with the computer
code WAVCO / 2 / which has been developed in order to predict
the theérmodynamics and the distribution of gases and other
constituents within a subdivided building. Based upon the main
features illustrated in Fig. 2, an equation system consisting
of separate mass- and energy-balances for the state of the
atmosphere and sump of each zone is set-up. Furtheron,
additional balances for the mass of each component must be
solved to determine the actual gas distribution. All possible
thermodynamic states of the atmospheric steam are commonly
covered by the same equation-system. Since the conditions in-
side different zones are strongly dependent from each other
all the zone-specific equations have to be combined to form
a coupled non-linear differential equation system.

Fig. 3 illustrates the overall reactor building as well as
the flow paths which have to be considered in core melt situa-
tions of release category 6 sequences (containment intact with-
in the first couple of days until overpressurization of the
steel shell). Fission products approaching the annulus can be
released to the environment through the air extraction
system via the stack - or - at slight overpressure condi-
tions - via leakages through penetrations in the outermost
concrete structure. After containment failure the pressure
in the annulus increases beyond the 0.1 bar limit. Then, a
large leak with an area of 12 m® which has been identified to
be the weakest point fails resulting in a pressure equalisation
between the annulus and the auxiliary building. During this
blow-down procedure ‘the pressure in the auxiliary building

increases up to the 0.05 bar level initiatin%.failure of a
connection to the environment and to the turbine hall.
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From that point on,containment atmosphere enters the environ-
ment through several connections. The time dependent flow

rates via the different flow paths has been calculated and

have been used as the basis for aerosol and iodine calculations.

The containment failure mode, in particular,the cross
section, influences the flow rate out of the containment into
ad jacent areas and therefore determines the released radio-
active source term. As a matter of fact, experts in the FRG
agree today that failure of the undisturbed steel shell of a
German 1300 MWe Standard PWR will occur at about 14 bars and
that in the realistic case at a lower pressure level leakages
before failure are expected. Therefore, investigations of the
load carrying capability were performed at different locations
of the containment,the goal being to quantify the type of
failure for a steadily rising internal pressure and to indicate
the associated cross sections of the openings.

At a pressure of 11 bar and a temperature of 170 °C radial
expansions of as much as approx. 40 cm and vertical tangential
displacements at the equator of about 30 cmoccur in the un-
disturbed shell zone. Deformations of this size are not tolerat-
ed by the surrounding structure; even before attaining the
loading condition indicated before, substantial constrained
deformations take place at the disturbed points and hence
leakages develop. The results show that failure of the steel
shell must be expected to occur first at the material lock
which is bolted to the steel shell of the reactor containment.
For verification a cheap experiment will be performed / 3 /, the
results of which could be transferred directly to real condi-
tions without requiring to develop and run an expensive
computer program.

According to the present state of knowledge a leak of
limited size is expected. The leak size ranges between 300 cm?
and a value which is sufficiently high to prevent a further
continous pressure rise in the reactor containment. This value
depends exclusively on thermodynamic parameters because just
the energy and mass flows generated in the containment at the
time of overpressure failure must be removed through the leak.
The leak is also strongly influenced by the layout of the
containment. For containments of German standard PWR's a 20 cm?
cross section is sufficient to preventa further pressure increase
in the containment.

On the basis of the energy and mass release into the
containment and the two limit cases encountered for over-
pressure failure (20 cm? leak and 300 cm?® leak) Fig. 4 shows
the pressure plot for the low (LPC) and the high pressure case
(HPC). For the LPC a pressure increase up to the 9 bar load
limit of the steel shell must be expected after about five
days only. Because of the fact the core material has been
assumed to be coolable, a slightly shorter time interval of
4.3 days has been calculated for the HPC.
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Fig, 4:  CONTAINMENT HISTORIES FOR RELEASE CATEGORY 6 SEQUENCES

For the HPC the maximum pressure occuring during pressurization
of the primary circuit is well below the design pressure of

the ccntainment. As already mentioned, the pressure can be
stabilized with a 20 cm?® leak whilst a leak cross section of
300 ecm? leads to complete depressurization. The pressure in the
annulus and the auxiliary building stays at the atmospheric
level. Only immediately after failure of the steel shell the
pressure within the annulus exceed tc the 0.1 bar level causing
failure of the connection between annulus and auxiliary building.
This fact has been predicted to occur for both the small and
the large leak size.

FISSION PRODUCT BEHAVIOR

Until overpressurization of the steel shell only the
design leakage from the containment into the annulus is
effective (about 7 m3/h). In the low pressure case fission
gases, iodine and particles are transported to the stack
passing the filter system via the annulus suction system
(about 600 m3/h). Because of the loss of power this system
doesn't operate in the high pressure sequence. For all cases
the filter itself has been assumed to be ineffective at the
time of overpressurization failure. This is a very conservative
assumption because the situation within the annulus during and
after this time period will probably only cause a degradation
of the filter's behavior to retain iodine and aerosols.
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Aerosols

Data derived from the SASCHA experiments / 4 / have been
used in order to compute the release of aerosols particles from
the core and the primary circuit into the containment. The
behavior of the aerosol system within the containment and in
the adjacent volumes have been analysed by the NAUA-code / 5 /.
The code is based on physical aerosol processes summarized in
Tab. 2 which also includes the sensitivity of each individual
process on the basis of the conditions typical for LWR-
scenarios.

Aerosol Process Integrated in NAUA Sensitivity

sedimentation yes very important

diffusion yes minor effective

thermophoresis no insignificant for LWR-szenarios
diffusiophoresis yes important

turbulence no not important for LWR-szenarios
agglomeration yes very important

steam condensation yes important, if thermodynamics
available

Table 2:  SENSITIVITY OF DIFFERENT AEROSOL DEPLETION MECHANISMS

For the high and the low pressure case Fig. 5 shows
the instantaneous airborne particle mass in the containment.
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Fig. 5:  AIRBORME AEROSOL MASS IN THE CONTAIRMENT
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It should be pointed out that, obviously, by far the highest
amount of airborne particle mass are non-radioactive elements
and isotops. For the low pressure case (LPC) as a result of the
large aerosol source the airborne mass decreases by more than
five orders of magnitude within five days through aerosol-
physical removal mechanisms. At the time of containment failure
only those substances can still be released at the maximum
which continue to be airborne. Starting with a less dense
aerosol atmosphere the removal in the high pressure sequence
(HPC) is slower and iﬁ the long term period equals the situa-
tion in the LPC. At the time of overpressurization of the
containment which is not shown in Fig. 5 even higher aerosol
concentrations are calculated for the HPC.

Fig. 6 shows the integral particle mass transported to

the environment via all open connections as calculated on the
basis of the flow paths illustrated in Fig. 3.

containment failure
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: e
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102 0.0 LPC/20
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103 /
.
w04 // ///

/ /high pressure case
105 (HPC)

bass, g

T ]
Time, s

Fig. 6:  ACCUMULATED AEROSOL MASSES LEAKED TO THE ENVIRONMENT

Compared with the small leak cases the results indicate
about a factor of 2 higher releases for the 300 cm? leak. As a
consequence of the shorter time interval until containment
failure and of the higher amount of aerosol still airborne a
slightly larger mass will be released to the environment in
the HPC. It also can be concluded that failure of the filters
as pessimistically assumed is more sensitive in the HPC.
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Iodine
The iodine behavior within the containment and adjacent

volumes has been calculated using the iodine model IMPAIR.
The main features of the model / 6 / are summarized in Tab. 3.

During Release out of the Fuel and within the Primary System In Adjacent Volumes

- Constant release rates and homogenious mixing - carry over of |-species corr. to leak rates and
composition within the " -volume"
- 99% of I, instantaneously reacts in CsMH0/My atmosphere to P ' ¢ sourcervolume
form Csl - no |7 release to adjacent volumes via water droplels
) in the stean flow generated by sump-water evaporation
- no Agl reaction
- partition coefficient of 5000 for the overall i
- no retention
) ) ) - organic | released to adjacent volumes doesn't react
- in the high pressure case nax. concentration of aerosols any more. Additional organic | is formed by airborne
200 ¢/m° containing 2% | I5 (after 10 h 50 % of each)

- |-release continues until all the sump-water is
In the containment evaporated.

- Ig-partition coefficient 200 Tab. 2 cont.: IMPAIR (1ODINE MODEL), IMPORTANT ASSUMPTIONS

- secondary reactions neglected which result in higher ph-
values as f.i. impurities,|03-formation, Redox-potential,
radiolysis

- |, reacts in sumpwater to form Agl, equilibrium after
3.% h with 10 % of the |, available

- airborne |y reacts with organic material to fora organic |,
at the maximm 90 % 15 and 10 % organic |

Table 3:  IMPAIR (IODINE MODEL), IMPORTANT ASSUMPTIONS

These assumptions are based on the actual knowledge in
this extremely complex science and represent the commonly
agreed opinion of experts in the FRG and abroad. Nevertheless,
important assumptions which usually include some conservatism
need final experimental verification. The numbers which are
reported in this paper will change in the future and there-
fore should be taken as a preliminary orientation.

Analogous to Fig. 6 representing the aerosol release rates
Fig. 7 shows the total iodine releases to the environment for
the low and the high pressure case (HPC). Because of the un-
certainties as well as the only small differences in the
calculated results the influence of the different containment
failure modes on the iodine behavior is not presented. Similar
to the results of the NAUA calculations, larger iodine
releases - at the end in the one/two orders of magnitude range -
have been analysed for the HPC.
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On the basis of the HPC the fraction of the different
iodine species is given in Fig. 8.
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This tendency demonstrating the importance of organic iodine
and I, has been identified for all scenarios.

CONCLUSION

Finally, Table 4 summarizes the integral release of Cs 137
and T 131 as the isotopes dominating the melt-down consequences,
I 131 determining the early fatalities, Cs 137 the late cancers
and the ground contamination. Although care should be taken as
a consequence of important assumptions which may change in
the future, it can be concluded that - compared with the results
of the German Risk Study - the consequences of core melt-downs
will be much lower than previously estimated.

Cs 137 I integral [ kil

q Ci q 9 [4)
Low Pressure Case .
- case 1 3,10 3. 1072 5

1 04 5.

- case 2 7.0t | 7. w02 0 10
1igh Pressure Case
- case 1 3,107 0.3 \
- case 2 5 . 10—3 0.5 10 0.5 6, 10

Table 4:  CAESIWM AND I0DINE RELEASE TO THE ENVIRONGENT (WITHOUT DECAY)

To confirm the expected tendency ongoing research work on
specific aspects related to severe accidents has to be complet-
ed. In particular, this includes: sensitivity studies,
consequence analyses for other dominant sequences, improvements
of fission products behavior and demonstration of aerosol plate-
out (DEMONA-experiments). In addition, work is being performed
to clarify hydrogen distribution and explosion phenomena as
well as the long term melt/concrete behavior (BETA-experiments).
All the R & D work mentioned above has been initiated and is
expected to be completed in the near term future.
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RETENTTON OF GASEOUS RADIOIODINE WITH SORBENTS
UNDER ACCIDENT CONDITIONS

H. Deuber, H.~G. Dillmann, K. Gerlach

Kernforschungszentrum Karlsruhe GmbH
D-7500 Karlsruhe 1, Postfach 3640
Federal Republic of Germany

ABSTRACT

Under moderate filtration conditions ( <150 OC) impregnated activated
carbons can be used to efficiently retain radioiodine. With a resi-
dence time of about 1 s in the carbon, for elemental radioiodine a
retention of >99.99 7 can be anticipated because the desorbing iodine
is in a nonelemental form. For methyl iodide a retention of >99 %

can be assumed under the same conditions. An extremely low retention
has to be expected for certain unidentified iodine species which
according to recent measurements may occur in high proportions in the
exhaust air of light water reactors in rare cases. Under extreme fil-
tration conditions (temperature 2150 C) silver zeolites are eligible
for efficiently trapping radioiodine.

INTRODUCTION

In light water reactors (LWRs) the release of gaseous radioiodine has in
general to be mitigated by filtration in both normal operation and accidents /1/.
This paper deals with work which in recent years has been performed in outr la-
boratory on the retention of gaseous radioiodine with sorbents under accident
conditions. Both eligible sorbents and achievable retention are covered. Only
some important results are given. Details can be found in the papers cited
below. Work which is being initiated in our laboratory, e.g. on the influence
of fire , is not dealt with.

GENERAL

This chapter contains some general remarks on gaseous radioiodine species,
filtration conditons in LWR accidents and iodine sorbents.

The iodine species which in general have to be taken into account are ele-
mental iodine (I,), methyl iodide (CH,I) and similarly behaving organic iodine
compounds. MoreoVer, unidentified pen&trating iodine species have to be reckoned
with (see below). The occurrence of gaseous hypoiodous acid (HOI) is question-—
able /2/. The formation of gaseous hydriodic acid (HI) can not be excluded in
accidents when hydrogen is present.

I, exhibits a much higher sorption tendency than CH,I. Therefore, in gene—
ral I "can be much better retained by sorbents than CH,IT Radiologically, I
is much more important than CH,I with respect to ingesfion. As for inhalation,
these species are of similar ifportance.
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The retention of iodine volatilized from aqueous solutions ('"HOI") by sor-
bents has been treated in some publications /3,4,5,6/. There are virtually no
data on the retention of HI by sorbents. Corresponding investigations are being
initiated in our laboratory.

As for the retention to be achieved with accident filters, it is mentioned
here that German guidelines for pressurized water reactors (PWRs) require a
minimum retention of 99.99 % for elemental radioiodine and of 99 % for organic
radioiodine in a design basis accident /7/.

The challenges of accident filters in various LWR accident scenarios have
been described /2/. In the present paper two filtration conditions are distin-—
guished: moderate conditions (e.g. filtration of PWR annulus exhaust air) and
extreme conditions (e.g. exventing of PWR containment). In the first case, the
temperature is below 150 "C. The relative humidity is low as long as the tempe=
rature is high. In the second case, the temperature is in the region of 150 C
or higher. The relative humidity may be both low and high.

As for iodine sorbents, both activated carbons and inorganic sorbents are
eligible for efficiently trapping radioiodine /1,8/.

RETENTION WITH ACTIVATED CARBONS

The activated carbons employed to capture radioiodine are usually impreg-
nated with KI, TEDA, derivatives of TEDA or similar compounds. Mixtures of
these impregnants are also used.

In this chapter some results are presented from laboratory tests on the
activated carbons 207B (KI) and 207B (TEDA) (base material: coalj grain size:
8-12 mesh) with I,-131 and CH,I-131 as the test agents. Moreover, some results
pertaining to penétrating I—lgl in the exhaust air of LWRs are given.

The conditions in the laboratory tests which are dealt with in some detail
are indicated in Table I.

Table I: Par?g?ters in the laboratory tests on the retention of 13112 and
CH3 I with activated carbons

Parameter Unit Value
Carrier concentration mg/m 1
Temperature a) °c 130 or 180
Relative Bymidity % 2 or < 1
Pressure bar 1

Face velocity cm/s 50

Bed depth ©) cm 25
Residence time s 0.5
Preconditioning Time h 1
Injection time h 1
Purging time h 2

;‘g 2% at 130 °c, <1 % at 180 °C (dew point: 30 °C)

absolute (also in the following. tables)
section depth: 1.25 or 2.5 cm (diameter: 2.5 cm)

c)
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Figs. 1 and 2 show the penetration as a function of the bed depth in the
tests withI,~131. Two parts of the penetration curves can be distinguished.
The steep part (bed depth:$ 5 cm) can be ascribed to I,, the flat part (bed
depth: 25 cm) at least largely to more penetrating ioaine species present as
impurities or formed in the test bed.

Figs. | and 2 illustrate that under the test conditions chosen there was
practically no influence of both the impregnant and the temperature on the
extent of the penetration, At a residence time of about 0.1 s the penetration
was well below 10 “ Z with fresh carbons.

With aged carbons qualitatively_ﬁimilar results were obtained (not shown).
However, the penetration exceeded 10 % in some cases, even at a residence
time of 0.5 s (purging time: 1 week in the tests at 130 °C). It has to men-
tioned that in one test with aged 207B (TEDA). at 180 °C ignition occurred.

The most important finding of the tests with I.-131 is that at 130 °C the
iodine passing through deep carbon beds (residence fime: 0.5 s) was in a non-
elemental form in all cases, even with aged carbon. At 180 OC, however,
also elemental iodine passed through equivalent beds of aged carbon,

With activated carbons other than 207B (KI) and 207B (TEDA) similar
results were obtained. It is therefore concluded that at moderate filtration
conditions ( <150 °C) a minimum retention of 99.99 Z for elemental radioiodine
can be equally well achieved with various commercial impregnated activated
carbons.

Details of the tests with I2—13] can be found elsewhere /9,10,11,12/.

Figs., 3 and 4 display the penetration as a function of the bed depth in
the tests with CH,I-131. As with I _-131, steep and flat parts of the penetra-
tion curves can bé distinguished. %gain, there was practically no influence
of both the impregnant and the temperature on the extent of the penetration.
At a residence time of about 0.1 s the penetration was several orders of mag-
nitude lower than 1 %, It can be concluded that at moderate filtration condi-
tions (<150 °C) a minimum retention of 99 ¥ for methyl radioiodide can be
equally well achieved with various commercial impregnated activated cdrbons.

As for penetrating iodine species, the above mentioned experiments illus-
trate that in laboratory tests their proportions are generally extremely low.
It has been found that in the exhaust air of LWRs the proportions of penetra-
ting iodine species are usually low too ( order of magnitude: 1 Z) /5/.
However, ‘as discussed below, recent measurements in a boiling water reactor
(BWR5) have shown that much higher proportions can not be entirely excluded.

The measurements in BWR5 were made after an unusually high release of
radioiodine into the reactor water due to fuel element damages. Table IT
contains the retention of gaseous I-131 from the reactor by a purge air filter.
(The purge air originates in particular from the containment and other rooms
containing reactor water.) The filter, which had been filled with fresh carbon
shortly prior to the beginning of the investigations, exhibited a very low
retention of total and organic I-131, in spite of the favorable filtration
conditions. In two sampling periods the retention was numerically even nega-
tive.

The relatively high retention of elemental I-131 proves that the poor
performance of the purge air filter was not caused by leakage. The results of
a laboratory test on the carbon of the filter with CH31—131 show that also
aging was unimportant,
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. 1
Table II: Retention of the gaseous 13 I from the reactor by the purge air

. filterd) of BWR5

Temperature : = 30 °C Face velocity : 50 cm/s
Relative humidity: = 40 % Bed depth : 25 cm
Pressure : 1 bar Residence time: 0.5 s
Sampling period b) Retention[Z]

Total l311 Elemental ]311 Organic ]311
1 76 > 99,9 71
2 55 > 99,9 ¢) 41
3 <0 > 99,9 ©) < o
4 <0 > 99,8 ¢ <0

a)
b)

e)

activated carbon: 207B (KI), 8-12 mesh

duration: 1 week each

Hence, only the occurrence of penetrating I-131 species has to be consi-
dered. Indeed, high proportions of penetrating I-131 (order of magnitude: 50 %)
result from the distribution of the I-131 from the reactor on (sectioned) acti-

. .. 1_, .
detection limit for elemental 13 I inoutlet air not exceeded

vated carbon beds run in parallel to the purge air filter in the sampling

periods 2 and 3. The distribution obtained with 207B (KI) and 207B (TEDA) is

presented in Figs. 5 and 6. No significant difference is discernible. With

another KI impregnated activated carbon (RKJl) a better retention was observed.

With mass spectrometric measurements the nature of the penetrating I-131
could not be elucidated. However, from the distribution of the I-131 on the

carbon beds it can be concluded that "HOI' and compounds such as C H_I

(iodine benzene) played no significant part /5/. The source of the penetrating

I~131 is unknown.

The investigations on the penetrating I-131 in BWR5 are described in

detail elsewhere /13/.
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RETENTION WITH INORGANIC SORBENTS

Under extreme filtration conditions (temperature 2150 °C), silver contai-
ning inorganic sorbents can be used instead of impregnated activated carbons
to retain radioiodine. Zeolites in the silver form and materials impregnated
with silver compounds are eligible.

Apart from inflammability, the inorganic sorbents exhibit a very low
desorption of iodine under extreme conditions because the iodine is bound in
stable silver compounds (e.g. Agl). However, the structure and/or the impreg-
nant of the inorganic sorbents may be adversely affected under extreme conditions.

With a particular silver zeolite, however, only a very low deterioration was
found. Table III contains the retention of CH,I-131 with this sorbent under
conditions which are much more serious than tgose to be expected e.g. during
exventing of a PWR containment. At a bed depth of 5 cm (residence time: 0.2 s)

a retention of <99 7 was found only at the most adverse conditions. It has to
be mentioned that a hydrogen "purge of the silver zeolite after exhaustive
loading with I-131 had no deleterious influence at high temperatures.

Inorganic materials impregnated with AgNO, (e.g. AC6120) should not be
used at temperatures above 200 °C because of the possible decomposition of the
impregnant.

Details of the investigations on inorganic sorbents can be found else-
where /14/.

Table IIL: Retention of CH3131I with a silver zeolite
Dew point : ~150 ¢ Residence time: 0.1 s/2.5 cm

Pressure : 5 bar Injection time: ~0.1 h
Face velocity ¢ 25 cm/s Purging time : 2 h

Temperature Exposure time Retention [%]
Cc1 [h] 2.5 cm &) 5.0 cm &)

5 96,0 99.8

160 9 95.4 99.7

5 97.8 99.9

300 9 83.9 97.4

2) ped depth
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CONPINEMENT OF AIRBORNE PARTICULATE RADIOACTIVITY
IN THE CASE OF AN ACCIDENT

V. Ridinger, J.G. Wilhelm
Laboratorium fiir Aerosolphysik und Filtertechnik
Kernforschungszentrum Karlsruhe GmbH,
Postfach 3640, D-7500 Karlsruhe 1
Federal Republic of Germany

ABSTRACT

In the case of an accident, the filter elements in the inlets and -
exhausts of the air-cleaning systems of a nuclear facility may become a part
of the remaining fission product barrier. Among others, the Project Nuclear
Safety is pursuing the information necessary to insure safe operation of
air-cleaning systems under accident conditions.

Experimental investigations into the response of HEPA filters to dif-
ferential pressures involving both dry and moist air have demonstrated the
occurrence of structural failure with subsequent loss of efficiency at low
values of differential pressures. Contributions are being made to the deve-
lopment and verification of computer codes used to calculate those
fluid-dynamic and thermodynamic conditions expected to prevail in an
air-cleaning system as a result of potential accident situations.

With regard to further investigations, a new test facility was put
into operation for the realization of superimposed challenges and a new
method for testing particulate removal efficiency under high temperature or
high humidity was developed.

Further work will concentrate on experimental investigations of aged
filters under combined challenges, development of improved filter elements,
and the development of codes to model air-cleaning systems.

INTRODUCTION

The High Efficiency Particulate Air (HEPA) filters within the
air-cleaning systems of nuclear installations play an important role in the
confinement of airborne particulate radioactivity. The performance of these
filter elements must be guaranteed not only during normal service but also
under accident conditions.

In order to be able to evaluate the risk of an increased release of
radioactivity to the environment, a thorough understanding of HEPA-filter
behavior under possible accident conditions is needed. The necessary data,
however, are in general very limited. Within this context it should be noted
that relatively frequent failures of HEPA filters during normal service have
been reported /1, 2/. For the more stringent possible challenges posed du-
ring accidents, more failures can be expected. Therefore, two aims of our
investigations are in the field of HEPA-filter performance and include the
establishment of filter performance under possible accident conditions as
well as the development of improved filter designs, where found to be neces~
sary. A requirement in this regard is that present filter dimensions and
air-flow specifications should in general be maintained.
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As of this time, comprehensive requirements regarding filter service
under accident conditions cannot be specified because the possible condi-
tions challenging the filter units within the Air-Cleaning Systems (ACS) are
largely unknown. This is due to the lack of computer codes able to reliably
estimate the conditions inside the ACS. Two additional aims fall within the
context of modelling such systems. These include obtaining the required
input data on ACS components, in particular the filter units, as well as
contributing to the development and experimental verification of ACS codes.

In the following, a brief overview of the current status of these in-
vestigations, that are performed within the scope of the Project Nuclear
Safety, are given.

HEPA-FILTER STRUCTURAL LIMITS

If a HEPA filter fails structurally the removal efficiency is usually
reduced to values below 90 %, even to zero. Therefore in the case of an ac-
cident, above all the filters structural integrity must be maintained. Me-
chanical loads endangering the filter units can result, among others, from
increased differential presgures that are induced by a tornado depressuriza-
tion or a LOCA, or that develop due to filter loading with moisture from a
LOCA or soot from a fire.

Response to High Air Flow Velocities: The response to high air veloci-
ties was investigated with a blowdown facility /3/. Altogether more than 250
individual tests with approximately 30 types of filters from 10 different
manufacturers were performed at ambient temperature and low relative
humidity; in order to establish structural limits and to measure flow re-
sistance characteristics. Both new, commercially-available filters and
improved prototypical units were tested. Some of the filters were preloaded
with polystyrene latex of 0.3 dm aerodynamic diameter, up to a pressure drop
of 1 xPa at rated flow /4-6/.

The results obtained allow the actual structural limits of the major
designs of commercial filters at high air velocity to be defined. They are
summarized in Table I with the range of the average differential pressure at
failure for the different designs.

Table I: Structural Limits of Commercial HEPA Filters of
Standard Size With Glass-Fiber Media

Filter Design Temp. of Range of Average
Operation| Failure Differential

Pressure

Pack Frame (°c) (xPa)

Deep Pleat Wood < 130 11 - 23

Deep Pleat Metal < 220 4 - 1

Mini Pleat | Wood, Metal < 130 6 - 19

or Plastic
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The test results demonstrate that the structural strength of HEPA fil-
ters currently available is rather low even under the relatively benign con-
ditions of ambient temperature and low relative humidity. It can be further
stated that the filter units with deeply pleated medium and separators, sus-
tain the highest differential pressure before failure occurs. It was found
that preloading the new filters with polystyrene latex particulate led to a
slight reduction in failure pressure, on the average, with two exception of -
27 % and - 40 %.

Responge to Moist Air: The response of standard-size HEPA filters to
moist air was investigated using the test facility TAIFUN /7/. It is a closed
loop facility that allows accurate control of the relative humidity up to
151 “C. With a spray system, fog conditions can also be simulated.

To establish the mechanical loads that result from exposure to flows of
moist air, the measurements were oriented to determine how filter differenti-
al pressure increases as a function of the relative humidity of the air to be
filtered as well as the liquid moisture content for air at > 100 ¥ rel. humi-
dity. In Pigure 1 the results obtained from HEPA filters preloaded with
room-air dust during service operation, are summariged, /8/. The tests were
performed at 50 °C and the rated air flow of 1700 m°h™ .

10 T T T
HEPA Filters Loaded with
Room - Air Aerosol
9 b
Glass -Fiber Medium
kPg
A | v=1700 m3'
H=50°C
7
&
Q
§s -
)
g
Q 4
a

/]

2 F
Fig. 1: Pressure drop of preloaded NN N //f:
HEPA filters as a function of air- ) N
stream rel. humidity and liquid
moistuge_pontent (50 "¢, 200 W & 80, 000 20 40 360
- % gnr
1700 m'h” ). Rel. Humidity Lig. Moisture Content

In the first phase of all the tests with loaded filters, an unexpected
irreversible decrease in flow resistance was observed when the relative hu-
midity exceeded approx. 70 % for the first time. This effect, which is not
relevant with regard to the structural limits, is attributed to compaction
of the particles deposited within the fiber matrix of the filter medium due
to condensing water vapor. The filter medium loaded with the compacted dust
only begins at about 70 % rel. humidity to incorporate water to such an
amount that the flow resistance starts to rise measurably.
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drop attained at 100 & rel. humidity fall within a range of 1 to approx. 7
kPa, in part dependent upon the quantity of accumulated dust. From these re-
sults it can be concluded that below 90 % rel. humidity, loaded filters are
not seriously affected by extended exposure to moist air. At 100 % rel. hu-
midity however, high differential pressures occur, and thus impose elevated
mechanical loads on the filter medium. Due to the resulting stresses, the
filter units usually failed at differential pressures between 1.7 and 6.3
kPa, after extended exposure to saturated air flow. Since mist eliminators,
usually installed upstream of HEPA filters, can in the ideal case only re-
duce the moisture content only to that of saturation, they will not be able

to fully protect loaded filters from failure. This conclusion was experimen~-
tally proven.

High air humidity does not only create elevated mechanical loads in
the filter units, it additionally weakens the filter pack and reduces the
tensile strength of the medium. Both factors cause the HEPA filters made
with glass fiber media to fail structurally at the relatively low differen-
tial pressures already noted above.

Response to High Temperature: Pratt and Green /9/ reported on dynamic
tests of HEPA filters during which the temperature was increased stepwise
from ambient up to 500 “C over a period of approx. 30 min. Whereas the fil-
ter units of one type remained intact, the filters of two other designs
failed structurally at differential pressures on the order of only 1 kPa.

Failure Modes and Filter Improvement: Different modes of failures were
observed for the experiments reported on here. One mode of failure which
seems to limit the structural strength of the deep-pleat design that showed
the highest structural strength, is the rupture of downstream ends of the
folds of the filter paper, which is illustrated in Figures 2 and 3.
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Figs. 2 and 3: Failed folds of deep pleat HEPA filters

This mode of failure was observed during tests with high air veloci-
ties with high air humidities as well as under hot dynamic conditions. These
failures are due to the combined effects of elevated tensile stresses within
the filter medium at the ends of the folds and a reduction in the tensile
strength of the medium during the exposure to the extreme operating conditions.
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Based on the information gained about the modes and mechanisms of fail-
ures, first successfull improvements were achieved with HEPA filters made
with glass-fiber media /4~6/. The potential for further improvement in this
concept of filter design is judged to be considerable. For special purposes,
where the requirements for fire resistance are not very high, HEPA filters
with high structural strength and high resistance to the effects of humidity
and acid can be manufactured using a polycarbonate microfiber medium /10/.
Particulate filters with high removal efficiency and potentially high tempe-
rature resistance, that also function as flame arrestors, can be made with
stainless~ateel fiber pads as the filter medium /11/. With the aid of a
strong construction supporting the fiber mats, high structural strength can
be achieved in spite of the very low tensile strength of the fiber pads.

NEW FACILITIES AND METHODS

The investigations into the behavior of HEPA filters under possible ac-
cident conditions also require the construction of new test facilities and
the development of new test methods. In France /12/ and in the United
Kingdom /9/ two new facilites were built in order to test the behavior of
HEPA filters operated under high temperature.

Nearly all existing facllities only allowed HEPA filters to be tested
under individual challenges, i.e., combinations of challenges were not possi-
ble. Therefore, the fluid-dynamic test facility BORA was specially designed
and built at the Karlsruhe Nuclear Research Center to fill this need. With
this facility, that has recently been put into operation, HEPA filters and
other components of air-cleaning systems can be exposed to the combined chal-
lenges of high differential pressure and flow rate, together with high rela-
tive humidity, in a temgerature range from 30 “C up to approx. 110 "C. For
temperatures up to 350 “C, challenges by high temperature can be combined
with high air-flow velocities. The schematic of the closed-loop facility BORA

is shown in Fig. 4. .
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Fig. 4.: Schematic of the test facility BORA.
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The facil%ty has a maximum electrical power requirement of 900 kW and
uses up to 50 m”/h of cooling water. The photos in Figs. 5-7 give an

impression of the size and the character of the test facility BORA.

Figs. 5-7: Views of the test facility
BORA before mounting of the thermal
insulation: (5) Blowers and connec-
ting ductwork. (6) Low temperature
cooler, main duct and by-pass duct.
(7) End wall of the component test
section with the high-speed cinemato-
graphic equipment.

The test facility BORA was designed to analyze the behavior of air cleaning
system components, namely particulate filters under extreme test-air condi-
tions at steady and unsteady flows, as well as to help develop and to verify
numerical computer codes that can model the response of air-cleaning systems
to design~basis and hypothetical accident conditions. The results of the
succesaful first test program are reported on in Ref. 13.

Another development need involves filtration efficiency, that is,
verifying fission-product confinement once the structural integrity of the
filter elements is asgsured. Whereas the NaCl method seems to be satisfactory
for the measurement of filter removal efficiency at temperatures up to
250 °C /9 including discussion of Dorman, 12, 14/ no test method has been
available, until now, to test full-scale HEPA filters under challenges that
include high air humidity.
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The newly developed procedure to test HEPA-filter efficiency under si-
mulated conditions of high temperature and high humidity /14/ uses a conden-
sation aerosol which 1s generated with the aid of an argon plasma using
Ti0, or MoO. powders. These aerosol substances are insoluble in water, are
thermally s%able, and have a high melting point. Efficiency measurements are
accomplished by the collection of test-aerosol samples onto Nuclepore fil-
ters and by subsequent atomic absorption analysis. The schematic of the test
method is shown in Fig. 8.

Argon Supply ' s Graphite-Tube AAS
Pressurized

Decomposition

= L o
i D:J

Solid Porticle
Feeder

Forced-Flow Ptasma Test Filter
Biower Torch

Fig. B8: Schematic of the plasma-aerosol efficiency test method for HEPA fil-
ters.

The new test method has been successfully evaluated and checked
against two standard procedures at room-air conditions.4The gensitivity of
the method allows decontamination factors as high as 10" to be determined.

CONTRIBUTIONS TO AIR-CLEANING-SYSTEM CODE DEVELOPMENT

To evaluate whether the confinement of fission products is also
agsured during an accident, reliable data on the behavior of particulate
filters are needed, in addition to knowledge of the challenges that the fil-
ter units would be exposed to, at the places within the air-cleaning system
where they are mounted. There are only a few relatively simple codes availa-
ble to model air-cleaning systems' response to, e.g., gas-dynamic tran-
sients. These codes include TVENT /15/ for tornado simulation, or EVENT /16/
for explosion simulation. In different institutions, fire codes are under
development /17/.

In preparation for further code development, both above-mentioned
gas-dynamic codes were modified so that active components with time- depen-
dent flow-resistance characteristics can be modelled. Additionally, a more
accurate description of HEPA-filter flow resistance was introduced. In order
to verify the accuracy of the calculdtions, the gas-dynamic characteristics
of the test facility BORA were modelled with both codes. Subsequently, the
predictions of different gas~dynamic transients simulated with this facility
were compared with the corresponding experimental measurements /18/.
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As a typical result of thegse investigations, Fig. 9 shows the varia-
tion in the static. pressure upstream of the component test section as well
as across the test section, where a HEPA filter was mounted. The predictions
of both codes are almost identical for the range in static pressure of this
test. Apart from the time delay of approx. 0.25 s the calculations are in
very close agreement with the experimental data.

20.00

“~branch 4

15.00

gauge static pressure [kPa)
12.00

—— experiment
--- EVENT

5,00

.00 1.00 2.00 3.00 V.00 .00 6.00 7.00 8.00
time [s)

Fig. 9: Some results of modelling the gas-dynamic behavior of the test fa-

cility BORA with the codes TVENT and EVENT. Comparison of calculated and me-

asured gage static pressures.

Given the effectiveness of TVENT and EVENT in predicting gas-dynamic
transients, neither was originally developed to take into account the pro-
cess of water condensation or the transport of liguid-water aerosols that
may occur during a LOCA in a water-cooled nuclear power facility. In order
to obtain realistic data regarding the challenges to the filters within
air-cleaning systems, additional code~development work is necessary.

CONCLUSIONS

Based on the results obtained so far, it can be concluded that safe
HEPA-filter operation seems to be limited to conditions close to normal. No
information is available yet on the behavior of aged filter units or the
response of new and aged filters, to combined challenges, both of which in-
dicate the need for further investigations. Additionally, the ongoing work
for filter improvement is considered necessary, where the conventional fil-
ter concept with glass-fiber media seems to offer good possibilities. Fur-~
thermore, the challenges to the filter units inside the air-cleaning systems
need to be estimated before credit for the particulate removal efficiency of
the filters can be taken into account in source-term calculations. This
implies additional work in the field of code development.
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EXPERIMENTAL INVESTIGATIONS SIMULATING IODINE RELEASE
AT DESIGN BASIS ACCIDENT IN PWR
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FR Germany

ABSTRACT

After failure of an effective pressure line in the trans-
ducer compartment of the annulus of a PWR fission pro-
ducts, especially I131 contained in the primary coolant,
are released in the compartment atmosphere.

Depressuration experiments in a | : 1| scale test facility
were performed using cesium-tracer simulating the ionic
dissolved fission product behaviour.

During the test-phase of about 50 minutes corresponding
to the initial accident phase, the humidity-born tracer
release is less than | Z of the discharged amount.

INTRODUCTION

The calulation of the radiological consequences of design
basis accidents with primary-coolant release presumes reliable
data on the behaviour of important radionuclides (iodine, cesium)
under the accident conditions.

The guidelines by the Federal Ministry of the Interior
on evaluating the design of nuclear power stations with pres-
surized-water reactors against accidents within the scope of
§ 28, section 3 of the radiation protection regulations dated
18th October, 1983 prescribe which accidents are decisive for
technical safety design and which forms of proof are to be fur-
nished. '
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One of these accidents to be analysed radiologically in
accordance with the accident guidelines is a "leak in an instru-
ment line bearing primary coolant (effective pressure line)" in
the annulus of the reactor building. In such an accident, part
of the hot primary coolant discharged from the site of the leak
-evaporates very rapidly, and it is necessary to clarify which
proportion of the radionuclides is released under these condi-
tions. The parameters to be used for this accident are given in
the "Fundamentals on accident calculation for the guidelines ..."
published as supplement to the accident guidelines. An essential
assumption is based on the fact that the activity concentration
with relation to mass in the steam arising on discharge comprises
10 % of the discharged, un-vaporised coolant with respect to
iodine and other impurities.

The research project jointly financed by the Federal Min-
istry for Research and Technology and KWU and conducted by KWU
furnished proof that this model is sufficiently conservative.

PROBLEM AND OBJECTIVES

Experimental findings on the release of droplets after a
break in an effective pressure line in the annuls are determined
in depressurisation experiments.

The broken effective pressure line, the transducer room and
the cross-section of the vent chimney are hereby simulated in the
geometrical scale 1 : 1 (Fig. 1). The discharge time in the ex-
periments is selected so that more than the initial phase of the
accident (30 minutes) is covered.

The radionuclide I131 plays the radiologically dominant role
in the initial phase of the accident. As the experimental facility
is not situated inside a controlled area, it was not possible to
employ radionuclides in their reactor-equivalent concentration as
tracers, but nonradicactive substances must be employed in a com-
paratively high concentration.

It has been determined in parallel examinations that iodine
is dominantly (90 %) present in the chemical form of the water-
soluble, non-volatile iodide (I”) in the real primary-coolant of
PWR. It is thus possible to employ the ionogeneous alcaline salt
CsNO3 as tracer which is also easily soluble in water.

The most important objective of the experiments is to deter-
mine which proportion of the tracer is released from the leakage
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space surrounding the leak within the first accident phase of 30
min. Two pilot tests were performed to test the measurement and
sampling techniques, as well as two main experiments.

Release T Righ pressure
{droplets, tracer) l vessel DBA

83 md)

—}—— containing
Low pressure tracer
tank NDB

(50 )

|
l Water
|

Fig. 1

T IR Y TN TT s st o mor o ol
A A L NS R P

Break of an Effective Pressure Line:
Test Facility Simulating the lodine Release

TEST ARRANGEMENT

The experiments were performed on a high pressure vessel
(DBA) with following 50 m® container (low pressure tank; NDB).
Figs. 2 and 3 show the test arrangement.

The system consists essentially of four components:

- high pressure vessel (DBA),
- inlet line,

- low pressure tank (NDB),

- vent line.

The high pressure vessel DBA simulates the primary circuit.
This is heated by rod heaters placed vertically in the lower ves-
sel part. The water mass usable for discharge is approx. 3500 -
4000 kg and enables an experiment time t » 50 min.
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The discharge of the saturated water takes place from the
part of the DBA via a pipe ND 150, followed by an electri-

operated sliding valve to which the actual inlet line ND
connected. '

The inlet 1ine ND 15 represents the broken effective pres-

sure line leading to the transducer compartment, the contraction
ND 5 corresponds to the cross-section of the welded connection to
the main coolant line which limits the flow.

The nozzle of the inlet line is situated in the lower part

of the low pressure tank, which represents the transducer compart-

ment.

The water separated in the NDB is led through a pipe from

the lowest point of the vessel into the sump tank and collected

there.
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In the upper part, the vent line ND 414 is connected to the
NDB. The cross-section area corresponds to that of the grills

areas of feed exhaust air openings in the transducer compartment
of a power station.

The vent line, consists of an approx. 5.7 m long vertical
and a 5.4 m long horizontal tubing and forms the connection bet-
ween NDB and environment.
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Measurement Positions in the Vent Line ND 414

In order to determine the transport of the tracer through
the vent line, the system of isokinetic sampling of a represen-
Eative partial mass flow was selected as sampling technique

Fig. 4).
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For this purpose, three elbow probes (inner diameter 20 mm)
arranged in counter flow direction were fitted to different posi-
tions in the cross-section. In order to configurate the sampling
of the steam-droplet mixture isokinetically, knowledge of the flow
speed is necessary which was determined with a turbine flow meter.
In two experiments, one elbow probe was adjusted close to the wall
in order to determine possible concentration profiles across the

cross~section.

1 Elbow probe

2 Ballvalve

3 intensive cooler

4 Condensate lank
5 Woulfl's bottle

§ Vacuum container
7 Diaphragm pump
§ Fine control valve
9 Scanner

10 Pressure transducer

1 Amplifier

12 Digital multimeter

Probe 2

(close to wak)

[f1s Yy
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Test Amangement for
Isokinetic Sampling of Steam/Droplet-Samples

During sampling of the steam-droplet mixture through th§ el-
bow probes, the two-phase mixture from the appropriate probe is
condensed completely with an intensive cooler.
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A carry-over of humidity into the Woulff's bottles was not
observed. In order to make certain, the tube connections and the
Woulff's bottles were rinsed with deionised water after comple~
ting the experiments and the Cs content was measured. The Cs mass
rinsed from the surfaces was approx. 2,5 pg. The error on account
of carry over is thus only 2.5 o/oo of the determined value.

No statement can however be made from the isokinetic sam-
pling on the water separated in the vent line which consists of
steam condensate and droplets. In order to determine the quantity
and to make a chemical analysis of this water (wall-condensate)
collection vessels were fitted (Fig. 3) at the entry to the verti-
cal and horizontal line section.

For a separate examination of the phases, a steam separator
and a droplet separator (cyclone) were additionally installed.

The steam separator consists of a hollow body open on one
side which is partly filled with wire wool. The water droplets
are here separated from the fluid sucked up (water jet pump).

The remaining steam flows to a condenser. Samples are taken from
the condensed steam, As the tracer is non-volatile, the concentra=-
tion in the steam sample should be zero.

THE PROCEDURE

Two pilot tests were carried out to check and improve the
measuring and sampling procedure. As these experiments were sa-
tisfactory, they were also fully evaluated.

In this way, four experiments are available under almost
equal initial conditions.

To perform the experiments, the high pressure vessel (DBA)
was filled with approx. 6 m® deionised water and a CsNO3 solution
of a known composition added in order to obtain the required Cs-
concentration in the DBA.

Homogenous distribution was checked by analysing water samples
taken at three . points of different geodetic heights (CM, CD, CU).
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The partly filled DBA was then heated to saturation point at
approx. 310 deg C, 100 bar.

After opening the sliding valve the saturated water expanded
into the low pressure tank NDB from the DBA via the inlet line ND 15
fitted with a contraction to ND 5.

The discharging process was stopped after appr. 50 min in
order to keep the rod heaters in the DBA covered. The DBA heating
was controlled during the discharge phase so that pressure and
temperature were was constant as possible during the total period.

RESULTS

The essential results of the -experimental phase at steady-
state conditions which begins after 12 minutes and which is only
to be observed here, are shown for the experiment V 1 in Fig. 5.
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The trend for the measured results of Cs-concentration for
this experiment is represented in Fig. 6: the small increase of
the tracer concentration in the DBA is caused by evaporation of
the fluid inside DBA during the flashing.

Cesium concentration
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Cesium Concentration

The cesium concentration of the water separated in the NDB
reaches approximately twice the concentration of the DBA; the
reasons are the enthalpy values during evaporation and the non-
volatility of the cesium tracer. The increase in cesium concen-
tration in the wall condensate of the vertical part of the vent
line is caused by the decreasing condensation (reason: warming
up of the line) and an assumed constant amount of droplets.

As can be further seen the cesium concentration in the iso-

kinetic samples - compared with the given concentration originally
in the DBA - is very small.
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The most important parameter for the problem posed in this
project is nevertheless represented by the release of cesium. In
order to be independent of the given tracer-concentration, the out-
flowing Cs mass flow ratem, . C was related to the inflowing
mass flow rate m_ . C . This Parameter is characterized as
release ® and given in percent.

A ) CISO
E ) CDBA

Thus the following measured values are necessary to calcu-
late the release.

- concentration in the DBA: CpBa
- inflowing mass in the NDB: hg
- concentration in the isokinetic samples: CISO

- mass flow in the vent line: my

Purely the mass flow rate m, could not be directly measured
but can be determined from the following values:

- specific enthalpy on saturation

h' = f‘(pU A~ 1 bar)
h''s £(p, A1 bar)

- saturation density of water
9! = £(py)
ty o
¢''= £py)
- velocity in the vent line Wy

or alternatively by employing the sump water mass separated per
time unit (mass balance).
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Summarizing the results including the error propagation in
the calculation, the following values are received for the cesium
release (Fig. 7):

w1 V2 Vi v2
Mass f{wy) 26934118 | 2864+125 | 2930124 | 2958136
flowrate | rmy=t(w) |kg/min | 23314118 | 2481125 | 25636+124 | 2550+136
vent line f{bal) 29214376 | 3061331 | 2093243 | 29.69+286
Concen-
wation Ciso pem | 0.06 004 0.08 0.05 010004 0114004
vent fine
Mass flow
rate mg kg/min | 6732289 | 67.30+235 | 6630+216 | 66.27+245
infet tine
Initial
Ic,g:f,f‘" Coea ppm | 1044023 | 1574022 | 34801053 | 33304044
DBA

: 9 021 r016 REE 0.14 + 0.06
Fig. T Release ¢ % 022" ois 0.5 013 0.43+£0.06

Calculation of the Cesium -~ Release &
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RESUME

Experimental results were determined in four depressuriza-
tion experiments on a technical scale for the droplet release in
the primary coolant dissolved non-volatile substances after a
failure in an effective pressure line in the annulus.

The broken effective pressure line, the transducer compart-
ment and the cross-section of the vent chimney were simulated on
the geometric scale 1 : 1. The primary coolant was simulated by
deionized water in saturated state at approx. 100 bar/310 °C, the
behaviour of the non-volatile, dissolved radionuclides (iodide)
simulated by employing cesium ions (CsNO3).

The experimental period of at least 50 minutes covers more
than the necessary first phase to be observed for the accident
of approx. 30 minutes. After a non-steady state starting phase
of about 12 minutes, which is of subordinate importance for the
tracer release, steady-state conditions take place in the system.

If the release @, i. e. the quotient of the rate of outflo-
wing and inflowing cesium mass in percent, is examined, the re-
sults for all experiments performed ly within the range

0,02 %<0 £0,43 %
If the pilot tests are not regarded (larger error range,

measuring techniques employed were tested), then the release @ for
the two main experiments V 1 and V 2 is at

0.07 %< ® < 0.20%

CONCLUSION

If these values are compared with the basis for accident cal-
culation, it can be seen that the release of such radionuclides as
iodine and cesium is considerably overestimated for the accident
examined.
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FISSION PRODUCT AND MATERIAL VAPOR TRANSPORT
-DURING MOLTEN CORIUM-CONCRETE INTERACTIONS

D. Cubicciotti and B.R. Sehgal

Electric Power Research Institute
Palo Alto, California 94303 USA

ABSTRACT

The ex-vessel progression of a postulated core melt-down accident
leads to molten corium concrete interactions (MCCI), during which

the gases generated from concrete decomposition and the concrete
solids react with the corium melt. Fission product and reactant-
material sparging and aerosol formation occurs due to vaporization-
condensation processes. The timing, the magnitude and the chemical
and physical form of the products of MCCI are extremely important in
determining the overall source term resulting from postulated severe
accldents. This paper presents a methodology based on equilibrium
thermodynamics, in which a free energy minimization treatment was
used to estimate partial pressures of gases in a many component,
multi-~phase system. The amounts of the fission products and conden-
sable materials vaporized and theilr chemlcal form were calculated for
an example case of basalt-aggregate concrete. The MCCI reaction rate
model embodied in the CORCON-1 code was used to provide the thermal-
hydraulic conditions.

I. INTRODUCTION AND BACKGROUND

Postulated risk-dominant accidents [1], by current definition, lead to a
core melt down. An acclident starts with postulated faults, which result in
undercooling of the core, which in turn leads to core heat up, degradation and
eventual melting. This in-vessel progression of the accident ends with the
failure of the vessel by the attack of the molten core on the lower head. The
molten material consisting of UO2 fuel, Zircaloy clad and stainless steel from
the vessel internals is ejected out of the lower head penetrations into the
containment cavity and the ex-vessel phase of the accident ensues.

Fission products contained in the U02 fuel are subject to release while the
core heats up during the in-vessel progression of the accident. Indeed, it is
very likely that most of the volatile fission products, 1.e., iodine (I), cesium
(Cs), and tellurium (Te) which pose the most biohazard would be released [2],
during the core heat up. However, recent tests [3] at Oak Ridge National Lab-
oratory have indicated that some fraction of the tellurium inventory may be
retained in the melt, if some of the zilrconium escapes oxidation during the core
heat up and melt~down periods. This retained Te, then, may become available for
release during the ex-vessel progression of the accident.

The debris formed in containment cavity melts due to decay heat generation
and attacks the concrete base-mat. The molten corium concrete interaction (MCCI)
results in decomposition and melting of the concrete with production of very
large quantities of carbon dioxide and steam. A cavity forms, advancing both
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axially downwards and radially outwards in time, through and alongsides which
gas bubbles and gas streams will pass and emerge at the top of the corium melt.

The carbon dioxide and steam react with the contents of the corium melt to
produce a variety of chemical reactions and the resulting products. For
example, they partially oxidize the metals in the melt to produce heat, which
adds to the decay heat being generated. The gases, the fission products and
other materials in the melt form various chemical compounds, which may vaporize
and be carried away with the flowing gases. These vaporized materials after
emerging from the corium melt will form an aerosol source as they condense in
the containment atmosphere.

The magnitude, the content and the physical and chemical character of the
MCCI aerosol source are extremely important in estimating the source term due to
postulated accidents. In addition to these parameters, the timing of the MCCI
aerosol release, relative to that of the fission product aerosol release from
the primary system, and to that of the containment failure, is of great impor-
tance. If the timing is opportune, the relatively copious and large-particle
MCCI aerosol will help scrub the relatively dilute and small-particle aerosol
that may be discharged from the vessel on revolatilization of the fission pro-
ducts deposited on the primary system surfaces. Similarly, if containment fail-
ure does not follow soon after the start of the MCCI, there is little danger of
having a large alrborne source in the containment, since natural processes of
aerosol removal from the containment atmosphere would have been active for a
sufficiently long time.

Corium concrete interactions are modeled by sSeveral codes developed some-
what independently. The German codes WECHSEL [4] and KAVERN [5] and the U.S.
code CORCON [6] are similar in concept, but have differences in submodels. The
code MAAP [7] developed under Industry Degraded Core (IDCOR) Program employs
similar physical concepts about the MCCI albeit both in a somewhat simplified
manner. Predictions from these codes for the thermal-hydraulic parameters in some
typical MCCI events during postulated accidents have been different from each other.

The CORCON code models the MCCI chemistry and thermal-hydraulics in a
coupled fashion. However, the chemical treatment is limited in its scope and
extent and a model named VANESA [8] has been developed at Sandia National Lab-
oratories in which a chemical-kinetic treatment involving many chemical reac-
tions has been employed. The VANESA code has been used [9] for prediction of
the MCCI aerosol source for some postulated accident scenarios.

In this paper, the vaporization of the fission products and the corium com-
ponents is considered on the basis of equilibrium chemical thermodynamics com-
bined with the thermal-hydraulic treatment embodied in the CORCON code. The
CORCON models are briefly described in Section II with the results of their
application to the example case of corium interactions with concrete containing
basalt aggregate. Section III gives a description of the chemical model
employed and gives results for the releases in the example case chosen and cal-
culated in Section II; and Section IV summarizes the results and presents some
conclusions.

II. CORIUM-CONCRETE INTERACTION: THERMAL-HYDRAULIC MODEL

The CORCON code treats the MCCI as occuring in a concrete cavity containing
an axisymmetric pool of molten corilum surrounded by a gas atmosphere. The cor-
ium pool i8 treated as a set of layers (each with spatially-homogeneous proper-
ties) consisting of metallic and oxidic components of the molten corium. The
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relative axial positions of these layers are determined by their bulk densities.
In most cases, three layers are assumed: a heavy oxide layer, a metallic layer
and a light oxidic layer. The calculations are performed in two dimensional
axisymmetric geometry.

The interaction of the molten corium with the concrete cavity proceeds on
the bottom and on the sides of the concrete cavity. CORCON assumes that the
gases generated at the bottom are transported through the corium pool, while the
gases generated on the sides are allowed to bypass the pool. The initial con-
figuration of the pool is assumed as a two layered system with the heavy oxide
layer at the bottom and a metallic layer on the top. The solids -of the concrete
melted on the sides of the cavity are presumed by the CORCON model to float on
the metal and form a third layer in the pool, which is termed as the light—oxide
layer. The solids of concrete melted on the bottom mix with the heavy oxide
layer and reduce its density. At some point in time the heavy oxide layer
becomes light enough and is assumed to ‘float-through’ the metallic layer and
join the light oxide layer. Thus, the thickness, content and the material prop-
erties of these layers change with time as the MCCI proceeds.

The CORCON code employs empirical models for heat transfer in the downward,
sideways and upward directions. The proper partitioning of the heat generated
is of importance, since that determines the rate of the progression of the melt
in the cavity, the rate of gas bubbling through the corium pool and thus the
rate of vapor transport out of the pool. It is suspected, presently, that
empirical heat transfer models employed in the code may not be correct, since
the predicted downward progression of the corium melt has not agreed [10] with
the measurements from the first BETA test [11].

The chemical interactions, the decay heat generation, and the heat transfer
between layers determine the temperature histories of the layers. The three
layers have significantly different histories of heat generation (decay heat in
heavy oxide layer, chemical energy in metallic layer) as the interaction pro-
ceeds. The temperatures of the molten layers are very important relative to the
vaporization processes.

The example treated in our paper for MCCI considers reactor core melt
falling on to a concrete base-mat containing basaltic aggregate whose composi-
tion was obtained from Reference 6. The core was presumed to melt through the
reactor vessel at 13,000 seconds after initiation of the accident and onto the
concrete base-mat. We have not considered the initial interactions of the melt
with concrete, in which significant dispersal may or may not occur. The period
of time considered is after when the core debris has settled down and reheated
again.

The core material initially consists of U0, fuel (3.63 E5 g moles or 98T),
the Zircaloy cladding (2.48 E5 g mols or 31T), of which about 20% was assumed to
be metallic and the rest oxidized to Zr0, for this calculation, stainless steel
structural material (2E6 g at. or 112 T Fe; 3.35 E5 g at. or 17T Cr, 1.8 E5 g
at. or 10T Ni, and 4E4 g at. or 2.2T Mn), and fission products, this is similar
to the values used in BMI-2104 [97 which is the reference for this simple case.
(The terminology XEY is used in this paper to represent the number X107). To
limit the extent of the calculations, only certain fission products were con-
sidered; based on their amounts, radioactivity, and availability of chemical
information. Those included and their amounts were: La (826 g at. or 114 Kg),
Mo (3870 g at. or 372 Kg), Nb (719 g at. or 67 Kg), Sb (16 g at. or 2 Kg),

Sr (860 g at. or 76 Kg), Ru(2270 g at. or 231 Kg), Te (213 g at. or 27 Kg).
Also - included were Ag (10,000 g at. or 1080 Kg) and Sn (2155 g at. or 254 Kg).
The bulk of the Ag was from control blade alloy, but there is some fission
product Ag. The Sn came from the Zircaloy cladding but also included some
fission~generated material.
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The molten core separates into two layers: an oxide, which is the denser,
and contains UQ,, Zr02, L3203, Sx0, Sb20 s SnOz, NbO,, MoOZ, and the metal,
which floats, and contains Fe, Cr, Ni, Mn, Zr, Ag, Ru, Te. (The Te is presumed
to have been associated with the Zircaloy cladding as a telluride, and is there-
fore carried to the metal layer; this is also based on the assumption in BMI-
2104 [97). Some Cs (360 g at.) and I (40 g at.) were included in the MCCI phase
of the accident. Also, the Sb, which is quite volatile, was included because
it had not been in the earlier treatment. All three of these substances were
found to be very volatile and vaporized from the melt soon after melt through.

Figure 1 shows the CORCON estimate of the temperatures from 13,000 seconds
into the accident, when the vessel melt-through occurred to 20,000 seconds,
where a significant amount of freezing of corium pool has occurred and the
CORCON model is not applicable. The figure shows that the dense oxide joins the
light oxide layer (termed the ‘oxide~flip’) above the metallic layer, slightly
after 15,000 seconds i.e., approximately 2,000 seconds after the start of the
MCCI. The large and growing difference in temperatures between the oxide and
the metallic layers is apparent from Figure l. Concrete constituents including
the gases co, and H,0 released in the CORCON calculation are shown in Figure 2.
The amounts of other metal oxides introduced during concrete melting were
assumed to be proportional to the Si0,.

IITI. VAPORIZATION THERMODYNAMICS CALCULATIONS
IIT.1 METHOD

The procedure used for the early stages after melt-through, while there
were two oxide layers and one metal layer, i.e. before the ‘oxide-flip’, was as
follows. The gas entering the bottom was equilibrated with the dense oxide.
Then, the gas from that calculation was equilibrated with the metal layer. Dur-
ing the first time step (500 seconds), it was assumed that there was no light
oxide layer present. During the subsequent time steps (1,000 seconds each),
that gas was equilibrated with the light oxlde layer above the metallic layer.
The side gas was equilibrated only with the concrete entering the sides to rep-
resent their interaction before the concrete mixed with the melt. After the
“oxide~flip’, which occurred sometimes after 15,000 seconds in this case, the
following steps were used. The gas entering the bottom was equilibrated with
the metal; then the gas from the metal plus the side gas was equilibrated with
the oxide layer, which was less dense than the metal at that time.

The amounts of material vaporized from the system, were considered to be
the moles of gas in equilibrium with the light oxide melt during each time step
for the bulk materials; but for the fission products, the amounts vaporized were
taken as the moles in any gas phase. This was done partly to reduce the number
of elements involved in the calculations and partly with the concept that the
small amounts of vaporized fission products might be aerosolized and pass into
the final gas leaving the system. The additional simplifications made were that
the sodium would behave chemically like potassium and magnesium like calcium.
Thus, the gram atoms of sodium were added to those of potassium and magnesium to
calcium. The free energy minimization computer code SOLGASMIX-PV was used to
calculate these equilibria. A version [12] that treats as many as 20 elements
was employed.

The species considered can affect the calculated equilibria. The calcula~
tion must include all of the important species. Those employed in the calcula-
tions reported here are listed in Table I. The thermochemical values used for
these calculations weré taken from References 13 to 21. 1In general, they are
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measured values; however, values for the hydroxides taken from Jackson [15] are
mostly estimated. No values were availlable for trihydroxides, which may play a
role with trivalent elements.

III.2 FREE ENERGY MINIMIZATIONS

A sample flowsheet for a calculation before the ‘oxide-flip” is shown in
Figure 3. The amounts of gas (H20 and COZ) and concrete (SiOZ, KZSiOB’ CaSi0,)
added to the dense oxide from the bottom, were taken from the CORCON calculation
at the current time step. The earlier dense oxides were obtained from the ear-
lier time step calculation (or initial inputs for the first time step calcula-
tion). These amounts of material were input into the SOLGASMIX-PV program,
along with the temperature of the dense oxide layer obtained from the CORCON
calculation. The output from the calculation gave the numbers of moles of gas
and the moles of condensed phase dense oxide used for the next time step calcu-
lation.

The moles of gas phase generated in the dense oxide layer were used as part
of the input to the metal layer calculation. Interaction of the gases with the
metal constituents from the earlier time step calculation was evaluated by the
free energy minimization program with formationm of the three phases indicated:

a gas phase, which went to the light oxide layer, an oxide phase which was added
to the light oxide layer and a metal phase which went to the next time step
calculation.

Calculation of the equilibrium in the light oxide layer included the gas
and oxide from the metal layer, as well as the oxides from the light oxide (ear-
lier time step) calculation and the oxide from earlier time step side calcula-
tion. Gas resulting from this calculation was included in the final gas issuing
from the core-concrete interaction and the oxides produced went to the next time
step light oxide calculation.

The gside calculation represented interaction of the concrete with its own
gas as it was added to the light oxide layer. The amounts of gas and concrete
were taken from the CORCON calculation. The gas resulting from the calculation
was added to the final gas and the oxide to the light oxide for the next time
step calculation.

The flow paths considered for the conditions after the “oxide-flip’ are
similar to those in Figure 3. Only two layers were considered, the molten metal
which was at the bottom of the cavity, and the molten oxide which floated on
it. The concrete and gases added from the bottom were input into the calcula-
tion for the metal layer. The gas and oxide from that calculation was added to
the light oxide layer. The gas and concrete added from the side were mixed with
the other constituents of the light oxide calculation.

In brief, the amounts of bulk materials vaporized from the system were
taken to be the moles of gas in equilibrium with the light oxide melt during
each time period; but for the fission products, the amounts vaporized were taken
as the moles in any gas phase.

II1.3 COMPOSITION OF LAYERS

I1I.3.1 Oxide Layers. The compositions calculated for the oxide layers
are shown in Figure 4. It was assumed that there was no significant amount of
light oxide during the first 500 seconds. The composition of the oxide melt
after the ‘flip’ 1is also shown in the figure. During the time period from
15,000 to 16,000 seconds, the two oxide phases were mixing, and compositions
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were not calculated. After the “oxide~flip’, the main constituents continue to
be UO2 and Zr02, although significant amounts of concrete are added. Most of
the oxides of the concrete remain in the melt, but the alkali metal oxides are
vaporized out.

I1I.3.2 Molten Melt Layer. The composition of the molten metal is shown
in Figure 5. The major constltuents are the stainless steel metals (Fe, Cr,
Ni). It was assumed that the steel contained about 2% Mn. It was also assumed
that about 20% of the zirconium of the cladding entered the melt as metal when
the core melted through the reactor vessel. Half of the original inventory of
fission product tellurium was assumed to go to the molten metal layer with zir-
conium. Also, about half of the original inventory of control rod silver was
assumed to be carried by the cladding to the metal layer. The Sn originally in
the Zircaloy cladding was assumed to be in the dense oxide and collected in the
metal. TFission product Ru was assumed to be in the metal layer initially, and
it remained there throughout the scenario. Fission product Mo was initially
added to the dense oxide and it was slowly vapor-transported to the molten
metal. The H20 and CO, added to the system from the bottom of the cavity, after
passing through the dense oxide, interacted with the molten metal. They oxi-
dized the metal and passed onto the light oxide phase. The fraction of Zr in
the metal decreased rapidly after -about 15,000 seconds. Then the next most
reactive metal, Mn, began to be oxidized.

II1.3.3 Gases Released. TFigure 6 shows the amounts of H,0, H,, €O, and
CO0, released from the system during the course of the core-concrete interaction.
The HZO arises mainly from the gas added by the side concrete. The H2 comes
from the H,0 added at the bottom which is reduced when it interacts with the
metal (and is partly reoxidized in the light oxide). The 002 and CO come from
the side gas and the bottom gas, respectively. Some 0, (about 3000 moles) 1s
released as part of the thermal decomposition of the concrete added from the
side. The amount is approximately equivalent to the amount of K released from
the side concrete before the “oxide-flip”. No significant amounts of O2 were
released from any other layer in the calculation.

In addition to the semipermanent gases mentioned above, quite large amounts
of certain condensable gases were released. Figure 6 shows these species,
mainly K, KOH, and Fe(OH),, and their amounts. Most of the alkali metal oxides
and the FeZOS from the sige; and part of the alkali metal oxides from the con-
crete added to the bottom became vaporized.

IIT.3.4 Fission Product Vaporization. Fission products were introduced
into the system either in the dense oxide or in the molten metal layers. The
amounts used in the calculations are shown in the second column of Table II.
Some of them were essentially completely vaporized in the first time step con-
sidered, namely Cs, I and Sb. These were assumed to enter the gas phase from
the dense oxide and to be vapor-transported out of the system with no further
significant interactions with the melt.

Two of the elements involving fission products in the dense oxide (Mo, Sn)
were found to vaporize partially. Before the ‘oxide~flip’, some of them were
found to be vapor transported into the metal. After the ‘oxide-flip’, that pro-
cess did not occur. The remaining fission products in the dense oxide (La, Nb,
Sr) were so slightly volatile that they were not included in other calculations
for a given time step. It was assumed that the amount vaporized from the dense
oxlde was carried with the final gas transported out of the cavity. The ele~-
ments added to the metal (Ag, Te, Ru), and those transported in (Mo, Sn), were
included in the calculation for the molten metal-gas phases. The amounts of
those elements, in the gas phase, in equilibrium with the metal were presumed to
be vapor transported out of the cavity before the ‘oxide-flip’.



The total amounts vapor transported are given in Tables II and III and the
releases of some of the fission products with time are shown in Figure 7. The
dominant vapor species for each element is indicated in the last column of
Table II. Table IIT shows the amounts of materials vaporized from the melt-
concrete system and corresponds to Figure 6. The first five entries are
permanent, or semipermanent gases, which are released as the concrete is
decomposed. The quantities of alkali metals released are noteworthy because
thelr removal from the concrete melt is expected to 1lmpact the model for the
thermal-hydraulics. A rather large amount of iron was vapor-released. These
condensable materials (alkali metals and Fe) would probably influence aerosol
formation and transport in regions outside the cavity.

IV. SUMMARY AND CONCLUSIONS

A methodology to predict the source of vaporized fission products and com-
ponent materials during the interaction of molten corium and concrete was devel-
oped. Such an interaction might occur in the containment cavity of a light
water reactor, if a postulated core-melt accident is allowed to proceed to
breach the reactor vessel., The time frame of the interactions is after the cor-
ium debris has settled down in the containment cavity, remelted and started to
attack the concrete base-mat.

The methodology developed 1s based on the assumption of the interaction
proceeding under thermodynamic equilibrium conditions. The thermal-hydraulic
conditions for evaluation of the rates of the chemical reactions were derived
from the model embodied in the CORCON-1 code. The methodology considered spa-
tial layers of corium containing materials of different density (e.g., oxides,
metals), which underwent chemical reactions with the gases and other materials
generated from melting concrete. The dynamics of the interactions was modeled
as batch processes in each time step with coupling between the chemistry and
thermal-hydraulics taken into account. The source of the fission products and
component materials emerging at the top of the corium melt into the containment
atmosphere was calculated.

An example of the application of the methodology considered almost a whole
core melt (along with molten structure from the bottom of the reactor vessel)
interacting with the concrete base-mat containing basalt aggregate. The results
of the calculations for this example are shown in Tables II and III and in Fig-
ures 6 and 7, in terms of the amounts of gases and vapors released at the top
surface of the corium melt as a function of time. The vapors released are pre-
cursors to the aerosol source in the containment, as they reach the cooler parts
of the containment. For the example considered large amounts of gases: H,0,
H,, CO, and CO were released. Some fission products and quite large amounts of
condensable concrete materials accompanied these gases.

Among the fission products considered it was found that Cs, I and Sb were
very volatile and if present in the melt would volatalize completely in the
chemical forms of Cs0H, CsI and Sb2 respectively. Most of the fission product
tellurium, if present in the corium melt due to the reaction with zirconium,
would be vaporized during the MCCI. Other fission products e.g. La, Sr, Mo, Nb
and Ru were not vaporized out of the MCCI system to any appreciable degree.

The vaporization of the alkali metals constitutes a heat removal process,
which could influence the progression of the MCCI. A rough estimate of the heat
removal is shown in Table IV, which shows the vaporization reaction, the
reaction enthalpy change, the total heat absorbed and the megawatts of heat
removed. The heat removal by alkali metal and iron vaporization 1s greater than
that by vaporization of H20 and CO2 from the concrete.
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The results presented here are specific to the example chosen. The amounts
and compositions of the gases generated are strong functions of the composition
of concrete aggregates. The results shown here for the gas and vapor source
from MCCI apply only to the compositions employed here for the corium melt and
the concrete. It has not been possible to make direct comparisons of the
present results to those presented in Reference 9; although the major features
of both analyses are similar to each other.
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Table I. Species considered in calculations (before oxide-flipa)

Dense Oxide® Metal® Light oxidebsd stde
Gas phase: Gas phase! Gas phase: Gas phaset
€0,* HooH Sn0* Ag K* 500 co, Hy* sn A10 co MgoR#
cox Mo(OH),  SnoH co, ROH  Te* con A,0% Sno* Al FeOR Hg(0H),
Ca MoO R,  Su(0m), cox Mad HyTe Ca* K+ Sn0R Al Pe(OR) % Nar
Ca(om),* Nb st Cr* HO U Ca(0H), KOR* Sn(0RY, ALO(OR) % 1, NaOHA
Hzﬁ NbO Sro* CrQ MHo* go* Cr* Mn* UD]‘ Ca nzot 02 i
1,04 HboR 'ST(OR),*  Pet MoO U0, cro MnO U04H, CaOR R* s10
1 Nb(OH), VO, Fe0 Ne zr Pet [ Zr0* Ca(uR) % KOR* S100
RORX 9, 6044 Hy* Ru 2ro% Fe0 sio zr(on)y, COp* Mg s1(on),
La sb U(oR), 10 Sn*
Laok Sby VOl * Oxide phase:
LagR sbo* zr Batal phase: Cas103  S10, Oxide phase:
La(on),* Shor 2504 Ag Ma Ru Cry05  Sn0, AL,04 gs10,y
Mo Sb(0H),  Zr(OH) c Ho Sn ¥e0 U0, Cas10, Ha,810,
K00 s10% zr(0n), cr N ] K,5165 U0, Pe,510, S0
Ho04* Sa Fe NiTe Zr o 10, K)$10,,

K

Oxide phane:
Casi04 NbO $n0, Oxide phase:
K,9104 NbO, sr5104 Cry0y HoO, U0,
Lay(5105)5  Sby04 vo, Pe0 s00  2ro,
)boz 5102 U03 MnO UOz
a0y S0 2r0,

%After the oxide flip thers was only one oxide, which was a cosbination of the dense oxide and light oxide before the
£lip. The gas species were those considered for the dense oxide and light oxide befote the flip. The side concrete was
also incorporated into this oxide.

by vepresents both Ca and Mg, and K represents both K and Na in the calculations indicated.

®La, Wb, Sb, aud Sr that had been vaporized from the dense oxide were assumed still to be in this gas, possibly as
aerosols.

dAg. Pe, Mn, Mo, Sn, Te, and U vaporized from the metal, aud La, Hb, Sb, and Sr vaporized froa the denae oxide were
assumed to be in this gas which was the final gaa leaving the systea.

#*Gasaous species with highest presaures for each element.



Table II.

Dense oxide:
Cs

I
La
Mo
Nb
Sb
Snb
Sr

Molten Metal:
Agb
Te
Ru
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Vapor transport of fission products and related elements

Amount?
Original Released as Percent Vapor Dominant Gas
Amount (moles) Vapor (moles) Transport Species
360 360 100¢ CsOR
40 40 100¢ CsI
826 1.78-2 <0.1
3870 56 2 LCI
719 2.7E-3 <0.1
16 16 100¢ sb,,
2155 4.3 0.2 Sn
860 5.3E-3 <0.1
10,000 275 3 Ag
213 168 79 Te
2270 3.3E-5 <0.1 Ru

FAmount released during the scenario considered (i.e., 13,000 to 20,000 sec.)

b

these elements used in the calculation.

Fission product Ag and Sn constitute only a small fraction of the amount of

®These were released in the first time perlod considered.
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Table I1I. Material vapor transported during melt-concrete reaction

Total moles Percentb
H,0 100,300 65
Hy 34,270 22
CO2 6,410 40
co 10,050 60
0, 3,035 -
K 53,620 68
ron? 22,600 29
810 2,930 -
Fe(OH)Z 13,400 -
Mn 2,930 10
004 150 -

ax represents the alkali metals (K + Na).

bPercent of element ({.e., H, C, K, Mn) introduced into entire system that
was vaporized.

Table IV. Heat Removal Effects of Vaporization Reactions

AH, Power

(kj/mole) Total Heat ({) MW

K,510, + H,0(g) = 2 KOH(g) + 510, 414 4.8 x 107 0.7
K,S5104 + Hy(g) = 2K(g) + $10, + Hy0(g) 575 1.6 x 1040 2.2
FeO + H,0(g) = Fe(0H), (g) 188 2.6 x 10° 0.4
H,0(1) = Hy0(g) 44 7 x 10° 1.0

CaC0, = Ca0 + CO,(g) 180 3 x 107 0.4
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estimated from the CORCON Model.
dense oxides mix to form a single oxide that
floats on the metal after about 15,000 sec.

The light and
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Figure 1. Temperatures of molten layers for Basalt concrete



1548

100_l 1 | ¥ | 1 1 I ¥ | 1 1 _[ ] ] i 1
- A=
80: '”‘_,ﬁ/ ....... E =
60:-'" - 1=
- e 12
40— R / T m
: / H,O i %
. Ve 2 —
20- - — ]
0%71: :::I:::%i: 10
= 18
) -
B 6
=] -
= = 4
O o
—_ L.
¥ 2
500[F 0
400F~ =
= 1E
300E— I =
- 18
1 00— -
L . naad wb B 3
0 2 ’T'uT L [] 1 1 I J] 1 I 1 ‘I L 1 ] |
14000 16000 18000 20000
TIME - SEC

Figure 2. Concrete Constituents introduced during Molten Core-
Concrete Interaction Period from CORCON Model (in thousands
of moles). Top box represents HZO’ the middle box €O, and

the bottom the 510, part of the concrete. In each case
the dashed curve is material released from the bottom of
the molten pool and the dotted curve from the sides.
The full curve in the 510, box represents the
sum from the bottom and sides after ‘oxide-flip‘.
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Figure 3. Schematic flow sheet before ‘oxide-flip’. Boxes
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AN APPLICATION OF THE MONITORING AND DIAGNOSTIC SYSTEM
TO PLANT DIAGNOSIS ON FP TRANSPORT AND RELEASE IN NPPS

H. Kodaira, S. Kondo and Y. Togo

University of Tokyo
7-3-1, Hongo, Bunkyo-ku, Tokyo, Japan

ABSTRACT

A monitoring anddiagnostic system (MADS) of FP transport and release

in NPPs is applied to plant diagnosis in combination with the compu-
tational code "SACHET", which evaluates the dynamic FP inventories in

the multiple compartment system of PWR plants. MADS introduces an
algorithm of the stochastic approximation for the adaptive pattern
classification of the dynamic disturbed parameter system, using a non-
linear functional of the set of monitored data and the system parameters.
By the use of MADS, it becomes possible to understand PWR plant states
precisely in the view of FP transport and release during normal operatiom,
to identify the occurrenses of the unusual events clearly, and to
forecaste the potential hazards reasonably and updatedly.

INTRODUCTION

High power levels and fuel exposures of modern nuclear reactor power plants
have resulted in core inventories that may exceed 10 billion curries (GCi) of
radioactive material, and the potentially severe consequences of the release of a
major part of them are serious problems that must be addressed if nuclear reactors
are to be used successfully as a large-scale source of power for the near future.

During normal operation of NPPs, a major part of the FP inventories is '
retained in the core and the very small fractions of them escape to the primary
system. The radioactive materials in the primary system then escape to the
secondary system and/or to the reactor containment and the major part of them is
removed by the purification systems. The radiocactive materials cannot, however,
disappear in the plants except for radioactive decay, and when an unusual event
will happen, all of them may become the source terms of the environment. As the
occurrence of an unusual event may be hardly forecasted, we must be prepared for
it.

Various kinds of man/machine systems in NPPs have been proposed and developed
after Three Miles Island Accident. These systems can be described as computer-
based information processing systems which take in plant data, analyze the plant
dynamics, estimate the resulting damage to fission product barriers, and display
the results to the NPP's operating crew to help their control of the plant.

A monitoring and diagnostic system (MADS) of FP transport and release in NPPs
has been proposed, and our primary objective of MADS is to monitor the distribution
of the radiocactive FP and to diagnose the plant state in the view of FP transport
during the NPP's lifetime. MADS can provide the NPP's operating crew with the
information of the dynamic distribution of the whole radioactive FPs at all times,
and in case of an unusual event, these informations may become the accurate )
initial conditions for the evaluation of the radiological consequences.'
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FP TRANSPORT IN NPP

PWR plants are chosen to simulate FP transport and release in our study and

the computerized simulation code "SACHET" have been developed, in which PWR plants
are devided into fifty compartments. The multiple compartment system as shown in
Table I, cannot describe the phenomena in PWR plants completely, but it is enough
for the simulation of the major phenomena. The radioactive FPs in MADS and SACHET
are shown in Table II. The radiocactive FPs which are removed from one compartment,
are always transported into another compartment. Therefore compartments such as

purification system, filtration system,

and reactor containment wall are considered.

Table I Multiple Compartment System in MADS and SACHET

Reactor Core

Primary Coolant System
Purification Demineralizer

Boron Recovery Demineralizer
Holdup Tank

Boron Recovery System

Boron Condensate Demineralizer
Sample Tank

CVC Tank (liquid)

CVC Tank (gas)

Hydrogen Recombiner Systea (gas)
Hydrogen Recombiner System (liquid)
Continuous 0ff-gas Tank

14 Gas Decay Tank

15 Pressurizer Relief Tank

16 Reactor Coolant Drain Tank

17 Auxiliary Coolant Drain Tank

18 Auxiliary Building Equipment Drain
19 Equipment Drain Holdup Tank

20 Equipment Drain Evaporation Systen
21 Equipment Drain Condensate Demineralizer
22 Equipment Drain Sample Tank

23 Reactor Containment Sump

24 Reactor Building

25 Auxiliary Building Sump

@~ o W N -

—
w N - O W

N

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Auxiliary Building

Floor Drain Holdup Tank

Floor Drain Evaporation System

Floor Drain Condensate Demineralizer
Floor Drain Sample Tank

Reactor Containment Annulus

Turbine Building Sump

Turbine Building

Secondary Coolant System (liquid)
Secondary Coolant System (gas)

Main Steam Condenser

Codensate Demineralizer

Secondary Coolant Blowdown System
Secondary Coolant Blowdown Condenser
PCA Filter

Containment Air Cleanup System
Filter Unit

Todine Filter

Annulus Air Cleanup Systenm
Reactor Containment Wall
Demineralizer Waste Tank

Boron Condensed Tank

Waste Evaporation Condensed Tank
Environment (liquid)

Environment (gas)

Table 11 Radioactive Nuclides in MADS and SACHET
Br 83  84m 84 85
Kel 83m 8sm 85 87 88 89
Rb 86m 86 87 89
S 89 90
v 0m 90 9Im 91
Te| 129m 129 132
I 129 131 132 133 134 135
Xe 131m 133m 133 136m 135 137 138
Cs 134m 134 135 136 137 138
Ba 140
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Equations of The Multiple Compartment Model
As the flow terms assume uniform mixing within each compartment, the changes
of FP inventories are described by a set of equations of the form:

dg, /dt=5H, C,+\'G!+P*U (1)
i J 1)) i
where Ci =inventories of nuclide C in compartment i
Hij:transport coefficient of nuclide C from compartment j to compartment i
H,J=-IH,  -X

1:dec§§ constant of nuclide C

A
C! =inventories of mother nuclide C' in compartment i
AT =decay constant of mother nuclide C'

P =constant according to the thermal power and fission yield

U =1 if compartment i is the core fuel

0 in other cases
These equations are solved exactly and the FP distribution after t is

obtained as follows.

c(t):exp(Hc)CO-(l—exp(Hc))H“l*(x'c6+P*U>

1.221,33 1,2
7(I+Ht+§H t +6H £ +...)Cor(tr§Ht

23

e o RO ePRY) (2)

6

As the estimation of the whole FP core inventories needs a relatively large
computer code such as ORIGEN, and a long computational time, FP core inventory
matrix is used in SACHET, which is previously calculated by ORIGEN code.

In normal operation, operating gower equilibrium FP source term and FP escape
rate coefficient are used in SACHET.)

Todine spiking phenomena after the reactor shutdown are considered in SACHET,
in which original empirical model obtained by the Davidon-Fletcher-Powell method,
using the data of the experiments in OWL-1 in-pile loop of JMTR, is used. The
model is a nonlinear function with such variables as reactor power, fuel burnup,
FP inventories, and changes of linear heat rate,coolant temperature, and coolant
pressure .t

In case of further fuel defect, from gap release to core explosion, the
release fractions of the core inventories are referred to the data from Refs.5&6.
Transport Coefficient

Transport coefficients of the matrix H are defined by the several system
parameters of NPP, such as decontamination factor, filter efficiency, partition
factor, etc., which are summarized as follows.

Purification system i (decontamination factor DF) FI(j-i),FO(i-1)

Hij:(FI—FO/DF)/Vj, Hli:O, and Hlj:FO/DF/Vj (3)
Filtration system i (filter efficiency EF) G(j-i,i-1)
Iy (<EF¥G/V, 1, ,=0, and i) =CI-EF)*G/V (4)
(partition factor) F(j-i,1)
H, ,=PF*F/V,, and H,  =(1-PF)*F/V, (5)
ij J 1j 3

METHOD OF MADS

Schematic flow diagrams of MADS and SACHET, and the interrelation of them
are given in Fig. 1. The software of MADS consists of codes as follows.
Data Tnput

In the process of data input, three kinds of data set are took in, plant
process data, control data, and radiological data. Process data such as tempera-
tures, pressures, flow rates, etc. are used to determine the transport coefficients.
Control data such as valve open/close, pump on/off, etc. are used to recognize
the NPP's state, and also to determine the transport coefficients.
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Initial Initial
Condition Condition
.___________1 . Process Data
Control Data
Calculation of The System
Transport Coefficient Parameters
Calculation of
Estimation of The Monitored The Transport
Nuclide Radiological Data Coefficient

Exact Solution of
Radiological Data —————————— The Whole FP
Inventories
Diagnosis of The Plant Condition

Adjustment of The System Parameters

Calculation of The
Transport Coefficient

Estimation of The Whole
FP Inventories in NPP

3 _ Evaluation of The Potential
t=t+dt Release, Off-Site Consequence T=T+dT

t————>——— Display of The Results
MADS SACHET

Fig. 1 Schematic Flow Diagrams and Interrelation of MADS and SACHET

Radiological data are monitored after evaluating them, and those values are
compared at the next diagnosis phase.

The equations to be solved are the ones described in the previous chapter, and
the solution of them is also given previously. Numerical approximation is adopted
in MADS by the truncation of the third order matrix, and this approximation is
valid for the product of t by the norm of the matrix H is small.

Diagnosis of The Plant State

Example plant conditions of FP transport in MADS are shown in Table IIT,

where the damages to the FP barriers are summarized.

Table I1I Example Conditions of FP Transport in MADS

Class | Normal Unusual Alert Site
| Operation Event Emergency
Fuel Damage | ~0.25% 0.1%(30 min) 1%(30 min) Degraded Core
5%

SG Leak 50kg/day 1250kg/day 1250kg/min

EZ;TZEZ Leak 75kg/day 2.5kg/min 125kg/min

Steam Line with SG Leak with SG Leak
| Break 25kg/min 125kg/min
[5G Leak with
| Off-Site Power] 125kg/min 1250kg/min
| Down | )

The monitored radiological data, in some cases the activities of the mixture
of the radiological nuclides are measured, such as inventory vector of the
reference radioactive nuclide, and the estimated value of it are used to diagnose
the plant condition and to identify the occurrence by the pattern recognition
method. The threshold of each condition is given by the results of SACHET.
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Adjustment of The System Parameters

At the estimation phase of MADS and SACHET, there are a lot of system parame-
ters which are defined approximately, and according to the experiences of the
plant operation, such values as decontamination factors have varied widely with the
plant operation. These parameters can be adapted properly at the adjustment phase
of MADS using the following asymptotic equations.

A functional of the system parameter x and measured data € is defined as
follows.

Qe )=y 38, (8¢, (x))° (6)

where C is the estimated data using the system parameter x, and g, is the factor

of the values and errata of C and C. At the time step n, the data ¢ is measured,
and system parameter is adjusted according to the equations.

BC[n,x[n,m—l ]

x[n,m]:x[n,m—l]+F[m]Zgi{éi[n]—ci[n,x[n,m—l]]} ox (7)
Cln,m]=C[n-1]+H(x{n,m])C[n-1]*t (8)
aln,m]-57g, (8(n]-Cln,n])? (9)

where x[n,0]=x[n-1], x[n]=x[n,m].

The system parameters adjusted at this step are:

(1) common parameters: failed fuel rate, leak rate from the primary coolant to the

containment, leak rate from the primary to the sacondary coolant,

(2) elementary parameters: leak rate with cladding failure, removal rate by sprays

or natural deposition, transportcoefficient with evaporation, and

(3) parameters of every nuclide: decontamination factor of demineralizer, stripping
factor of CVC tank, etc.

These parameters are drawn up from the fuel to the environment, from the
common to the individual, and from the inert gas to the particle, for the
adjustment in sequence. )

Estimation of The Unmonitored FP Distribution and The Potential Releases

At this step unmonitored FP distributions are evaluated using the adjusted
transport coefficient matrixes.

In an unusual event, the FP distribution after long period can be evaluated
and especially in case of a rare occurrence, the potential release in addition to
a loss of one of three FP barriers is also evaluated.

RESULTS AND DISCUSSION

Normal Operation

The estimated radioactive FP inventories during normal operation are shown in
Table IV. These evaluations are based on the fuel burnup 19800 MWD/UMT, 0.25%
failed fuel, and other operating parameters. During normal opration, as the FP
leakage from the fuel to the primary coolant is very small, the quasi-steady
condition is considered in the multiple compartment system, and the inventories are
evaluated on the ratio of the source terms to the rates of removal by radiocactive
decay, purification, and leakage. These values have been used as the initial
conditions of the following calculations.

The results show that the consideration of the fission decay chain and the
source terms of the mother nuclide decay is not negligible. In case of alkali
metals such as Cs and Rb, the greater parts of their inventories are derived from
the decay of their mother nuclides. There are a lot of NPPs, whose radioactivity
monitoring systems adopt Cs-137 as the reference radioactive nuclide]) and the
analysis of the transport of it to the monitoring system in consideration of the
fission decay chain is necessary.

Change of System Parameters




Table IV FP Inventories in Compartments at Quasi-Steady State
1 I I Ke Kr Kr Xe Xe Xe Cs Cs Cs Rb Halogen Inert Parti-
131 133 13585 87 88 133 135 137 135 136 137 87 gas cle

Whole core 2,72 5.79 1.66 1.25 9,32 3.00 3.48 6.22 1,71 7.80 1.88 2,91 9.67 5.75 1,62 7.70
inventory *¥E24 ¥E23 ¥E23 *E25 *¥E21 *E22 *E24 *¥E22 *E21 *E25 *E23 *E26 ¥£24 XE25  XE25  ¥E26

Iry coolant 2.79 4,95 1.00 4,30 9.91 5.98 1.72 3.50 3.68 2.17 2.52 8.19 2.69 3.08 1.80 1.46

inventory *E18 *E17 *E17 *E18 *ELS5 *E16 *E20 *E17 *El4 *E1Q *E17 *E19 ¥E19 *E18  *E20  *E20
(Decay chain) 1.74 4.37 2.20 8.19 2.69 1.82 1.46
*E20 *E17 *E19 *E19 *E19 *£20 *E20

Holdup tank 5.97 1.27 6.61 3.81 3.01 4.33 5.11 8,60 1.65 6.47 4,01 5.67 8,02 6.10 5.62 4.4]

inventory *ELS *E14 ¥E12 *E18 *E13 *E14 *¥E19 *E1S *¥E10 *E12 *E16 *E17 *E12 *E15  *E19  *E18
(Decay chain) 5.15 1.08 9.45 5.73 4.36 5.66 5.40

*E19 *E16 *£17 *E£17 *EL6 *E19  ¥EL8
CVC tank 9.11 1.57 2,95 7.97 1.04 1.05 6.06 9.77 7.92 7.98 1.57 1.04 9.90 1.10 6.26 6.72
inventory *E15 *E15 *E14 *E16 *E14 *E1S ¥E18 *EL5 *¥E1) *El4 *E15 *E16 *El4 *E16  *E18  *EL6
(Decay chain) 6.11 1.23 3.69 1.05 1.37 6.31  7.06

*£18 *EL6 *E15 *E16 *E15 *E18  *E16

Gas decay tank 5.76 1,40 1.60 1.76 9.28 1.65 2.40 3.80 6.33 0.0 0.0 0.0 0.0 5.77 2.84 0.0

inventory *E14 *E12 ¥E10 *E18 *E12 *E14 *E19 *E15 *EQ8 *El4  *E19
(Decay chain) 2.42 5,09 2.87 4.94 3,63 2,66 2.83
*E19 *£15 *ELT7 *E12 *E1S *E19  *EY7

Waste holdup  7.55 3,58 7.61 1.19 1.02 1.81 2.39 4,15 6.97 4.14 1.00 1.87 3,56 7.59 2.56 1.4k
tank inventory *El4 *E12 ¥E10 ¥E13 ¥E0O8 ¥EQQ *E14 *EL0 *E£03 *¥EQ5 *EL4 *E15 *EDS *El4  *E14  *E16

(Decay chain) 2.41 6.98 1.65 1.88 1.08 2.59  1.62
*E14 *¥E10 *E1S *E15 *E14 *E14  *El16
Reactor 2.20 3.77 7.03 2.54 7.23 5,48 1,97 3.73 1.40 5.71 1.72 1.03 7.07 2.66 2.03 7.05

containment *E11 *E10 *EQ9 *E13 *E10 *ELl *E15 *E12 *EO8 *EQG7 *E08 *EQ9 *EQ07 *E1l  *E15  *E09
inventory

1.98 4.69 1.63 1.69 1.79 2.05 1.93
(Decay chain) *E£15 *E12 *E1] *EQ9 *E10Q *E15  *ELl

2ry coolant 6.21 1.07 2.02 0.0 0.0 0.0 0.0 0.0 0.0 2.86 3.29 1.62 3.54 7.51 0.0 1.32

(liq.) *¥E12 *E12 *E11 *E11 ¥E13 *¥E14 ¥E1L *E12 *E15
inventory

1.03 6.10 5.71 1.64 8.27 1.65 1.39
(decay chain) *EQ9 *E08 *£13 *E14 *E12 - *E09  *E15

19800 HWD/UMT, 0.25% failed fuel
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As MADS is not installed in an actual NPP yet, the validity of the software
of MADS is tested in combination with SACHET code.

Some results are shown in Table V (CASE I - VIII), where several parameters
are changed at the first step of calculation (t=0.0), and in CASE V - VIII,
reactor has been stopped at the third step of calculation (t=20.0). The adjustment
of the system parameters are not shown in Table V explicitly, however, in the use
of the equations (7), (8), and (9), the numbers of iteration m are only three or
four in mést cases as shown in Fig. 2 (a).

In CASE I and II, where fuel cladding failures are increased by the rate of
0.1%/30min as shown in Table I1I (unusual event), the increases of the fuel
failure are identified at the first step of the adjustment, and only the
inventory of each element in the primary coolant is necessary for the adjustment.

In CASE TII and V, where the primary coolant leaks to the reactor containment,
at the rates of 2.5kg/min and 125kg/min respectively, as shown in Table I1I, the
leak rates are adjusted by the monitored data of the inventories of inert gas in
the reactor containment. The partition factor of iodine in CASE V is adjusted
after the adjustment of the leak rate, by the monitored data of the inventories
of iodine in the reactor containment.

In CASE IV and VI, where the primary coolant leaks through SG to the
secondary coolant, at the rates of 1250kg/day and 1250kg/min respectively, as
shown in Table III, the SG leak rates are adjusted by the monitored data of inert
gas in the primary coolant and the secondary coolant(gas).

In CASE VII and VIII, where both the primary and secondary coolant leak at’
the nearly same time, the two leak rates are adjusted by the monitored data of
the inventories in the primary and secondary coolant and the turbine building.
The convergency of the parameter estimations are not so good as compared with the
other cases, as shown in Fig. 2 (b).

¥ ¥ z x2 ¥ x1
y:
1 o &, o 1 1 B
o So—0—0—0 ¢
x1 x2
=0 n=0 n=1
0 1 L (! ) o] 1 A 1 1 1 0 1 1 1 L 1
0 1 2 3 4 m 0 1 2 3 4 5 01 2 3 4 5m
(a) (b)

Fig. 2 Adjustment of the system parameters by MADS

Bypass Factor

In case of steam line break, transport coefficient from the second compartment
to the third compartment (R,) is larger than that from the first compartment to
the second compartment (R,), where those compartments have become in a state of
transient equilibrium, in"a short time. As .FP increase in the third compartment
(turbine building) has been propotional to the inventories of the first compartment
(primary coolant), the transport coefficient from the first compartment to the
third compartment (H31) has been significant, and the value of it is as follows.

1 .
H31=7R1v (Rz—Rl)ot (10)

In similar cases of the purification system and the filtration system, bypass
factor (BF) is defined as follows.

1
= - ¥
BF 2(R2 Rl) t (11)
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Table V FP Inventories after The Change of The

CASE 1 (Cladding Failure)

t=0.0; 5.56%E-07/sec

Halogen t=0.0

Primary Coolant 2.96%E+02 8.
CVC Tank 1.03*E+00 1.
Reactor Building 2.45%E-05 2.

Inert Gas

Primary Coolant 7.74%E+03 8.
CVC Tank 2.67¥E+02 2.
Reactor Building 8.78*E-02 8.

Particle

Primary Coolant 5.76%E+01 6.
CVC Tank 3.41%E-01 5.
Reactor Building  4.54*E-05 4.

CASE II (Cladding

t=100.0
98*E+02
12*£+00
60*E-05

85%E+03
67%E+02
81%E-02

63*E+02
58*%E-01
66%E-05

Failure -

£=0.0; 5.56%E-07/sec

Halogen t=0.0

Primary Coolant 2.96%E+02 8.
CVC Tank 1.03¥E+00 1.
Reactor Building  2.45%-05 2,

Inert Gas

Primary Coolant 7.63*E+03 8.
CVC Tank 2.63%€+02 2.
Reactor Building  8.65%E-02 8.

Particle

Primary Coolant 2.77%E+01 6.
CVC Tank 1.62%E-01 3.
Reactor Building 1.91¥E-08 3,

t=100.0
98*E+02
12*E+00
60%E-05

75%E+03
64*E+02
68*E-02

24¥E+02
70%E-01
44*E-08

t-200.0
1.49%E+03
1.40%£+00
3.05*E-05

9.87*%E+03
2.70%E+02
8.88%E-02

1.26%E+03
1.17*€£+00
5.44*E-05

No Decay C

£=200.0
L 49*E+03
1. 40*E+00
3.05%E-05

9.76%E+03
2,67%E402
8.76%E-02

1.19%E+03
9.60%E-01
7.73%E-08

CASE III (Primary Coolant Leak)

£=0.0; 4.167*£-05

Halogen t=0.0

Reactor Building  2.45%E-05 5.

Inert Gas

Reactor Building 8.78%E-02 2.

Particle

Reactor Building  4.54¥E-05 5.

CASE IV (SG Leak)
t=0.0; 1.447%E-05
=0.0

t
7. 11%E-04
1.07*E-05

Halogen

Secondary Coolant{1)
Secondary Coolant(g)
Inert Gas

Secondary Coolant(1l) 4.37*%E-07
Secondary Coolant(g) 2.82%E-03
Particle

Secondary Coolant{l) 2.43*%-03
Secondary Coolant(g) l.46%C-06

ton/sec

t=100.0
67*E-04

31%E-01

61%E-05

ton/sec

£=100.0
2.30%E-03
2.54%E-04

7.88%E-07
3.76%E-02

2,78%E-03
5.16*E-06

t=200.0
1.08*E-03

3.68%E-01

8. 45%E-05

£=200.0
3.76%E-03
4, 76%E-04

1.52%E-06
5.45%E-02

3,13*E-03
9.58%E-06

System Parameters

t=300.0
2.07¥E+03
1.84*E+00
3.76%E-05

1.,08%E+04
2.75%E+02
9.00%E-02

1.B3*E+03
2.39*E+00
7.26%E-05

hain)

t=300.0
2.07*%E+03
1.84*E+00
3.76%E-05

1.07%E+04
2.72%E+02
8.87*E-02
1.74%E+03

1.85*E+00
L. 44*E-07

t=300.0
1.55%E-03

4,98%E-01

1.26%E-04

£=300.0

5.10%E-03
6.78%E-04

2.53*E~06

ci

ci

ci

sec
Ci

Ci

ci

sec
ci

ci

ci

sec
ci

Ci

6.26*E-02

3.47¥E-03

ci

1.29%E-05
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Table V (continued)

CASE V {Primary Coolant Leak)
t=0.0; 2.08%E-03 ton/sec
0.2 (Iodine Partition Factor in Reactor Building)

t=20.0; shutdoun
Halogen t=0.0 t=100.0 £=200.0 £=300.0 sec
Reactor Building 2.45%E-05 5,40%E-02 1.04%E-01 1.51%E-0t Ci
Inert Gas
Reactor Building 8.78%E-02 7.23*%[+00 1.40%FE+01 2.05%E+0l Ci
Particle
Reactor Building 4,54%€-05 5.63%E-04 1.87*%E-03 3.66%E-03 Ci

CASE VI (SG Leak)
t=0.0; 2.08*E-02 ton/sec
£=20.0; shutdoun
Halogen t=0.0 t=100.0 t=200.0 t=300.0 sec
Secondary Coolant(l) 7.11%E-04 2,39*%E+00 4.55%E+00 6.52¥E+00 Ci
Secondary Coolant(q) 1.07%E-05 2,91*E-01 5.81*E-01 8,50%E-01
Turbine Building 9.75%E-07 3.11¥E-05 1.22%E-04 2.72%E-04
Inert Gas
Secondary Coolant(l) 4.37%F-07 4.99*E-04 1.58%E-03 2.84*E-03 Ci
Secondary Coolant(g) 2.82*%E-03 5.21*¥E+01 7,72%E+01 8.94*E+01
Turbine Building 4,31%E-04  6.54%E-03  2.04*E-02 3,79%E-02
Particle
Secondary Coolant(1l) 2.43*%E-03 5.36%E-01 1.04*E+00 1.53*E+00 Ci
Secondary Coolant(g) 1.46%E-06 3.67*E-03 8.81*E-03 1.23%E-~02
Turbine Building 3.33%E-08 3.32*¥E-07 2.00*%E-06 5.38*E-06

CASE VII (Steam Line Break with SG Leak)
t=0.0; 3.62*%E-02 ton/sec (Steam Release)
4,17*%E-04 ton/sec (SG Leak)
t=20.0; shutdoun
Halogen t=0.0 £=100.0 £=200.0 t=300.0 sec
Secondary Coolant{l) 7.11%E-04 4,84%E-02 9.15%F-—02 1.31*E-01 Ci
Secondary Coolant{g) 1.07*%E-05 5.82%E-03 1.15%E-02 1,69%E-02
Turbine Building 9,75%E-07 4,20%E-05 1.67%E-04 3.73%E-04
Inert Gas
Secondary Coolant(1l) 4.37*%E-07 1.04%E-05 3.18%E-05 5.63*%E-05 Ci
Secondary Coolant(g) 2.82%¥E-03 1.03*E+00 1.51*%E+00 1,72*%E+00
Turbine Building 4,31%E-04 8,67¥E-03 2.73%E-02 5.10%E-02
Particle
Secondary Coolant(l) 2,43*E-08 1.31%E-02 2.32*%E-02 3.30%E-02 Ci
Secondary Coolant(g) 1.46%E-06 7.51%E-05 1.74*%E-04 2.,38%E-04
Turbine Building 3.33%E-08 4.40%E-07 2.70¥E-06 7.24*E-06

CASE VIII (SG Leak with Off-Site Power Down)
t=0.0; 2.08%E-03 ton/sec (SG Leak)
2.91%E-02 ton/sec (Steam Dump)
t=20.0; shutdown
Halogen £=0.0 t=100.0 £=200.0 t=300.0 sec
Secondary Coolant(l) 7.11%E-04 2,40%E-01 -4.55%E-~01 6.51%E-01 Ci
Secondary Coolant(g) 1.07%E-05 2.90%E-02 5.77%E-02 B8.44*E-02
Turbine Building 9.75%E-07 1.65%E-04 6.63%E-04 1.49%E-03
Inert Gas
Secondary Coolant{l) 4.37*E-07 5.02%E-05 1.58%E-04 2.80%E-04 Ci
Secondary Coolant{g) 2.82%¥E-03 5.17*E+00 7.59*E+00 8.68*E+00
Turbine Building 4.31%E-04  3.34%E-02 1.09%E-01 2.34%E-0)
Particle
Secondary Coolant(1)
Secondary Coolant(g)
Turbine Building

2.43%E-08 5.57%E-02 1.07*E-01 1.55%E-0t Ci
1.46%E-06 3.86%E-04 8.64%E-04 1.19%E-03
3.33*€-08 1.65%E-06 1.07%E-05 2.90%E-05
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H21:R1*(1—BF) (12)

H31:R10BF (13)

In such cases as steam line break and large LOCA, monitoring the second
compartment has not become essential. .
Computational Time

The software of MADS is not so simple as to perform the real time operation
by a process (mini) computer, even though computational time is shorter than
real time in the use of M-280H. To shorten it, the software of MADS have been
tuned for the vector calculation, and the ratio of it becomes less than 0.3 as
compared with the scalar calculation. Process computer with an array processer
can realize the real time operation of MADS.

CONCLUSION

Computerized code "SACHET" which simulates the dynamical FP transport and
release in PWR plant has been developed, and the software of MADS has been
studied, and the effectiveness of MADS is shown in this study.
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FISSION PRODUCT RELEASE AND TRANSPORT MODELING IN KESS-2
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ABSTRACT

The modular core melt system KESS-2 is being developed to analyze
the course of severe accidents. The major volatile fission pro-
ducts are released during the early phase of the meltdown accident
and transported through the primary system into the containment.
The fission product decay and release is modeled by the module
FIPREM-2 of KESS-2,

The code is coupled to the transient thermalhydraulic and
core models, The results are then fed into the transport code
TRAP-MELT.

The model FIPREM-2, its validation and the results of the
KESS-2 analysis will be described with respect to the fission
product release and transport for different accident scenarios.

INTRODUCTION

The core meltdown system KESS—2 is being developed in order to analyze
the course of severe accidents in light water reactors /1/. The main objec-
tives of the KESS-2 modeling are the following:

® Provide activity and aerosol source terms during severe
accidents for the risk assessment,

e In depth analysis of the course of severe accident pheno-
mena and the physical processes involved,

e Analysis of experiments in the severe fuel/core damage area
and extrapolation to reactor conditions.

e Identification of key phenomena and operator actions to
terminate accidents.

Since one of the major objectives of severe accident analysis with KESS-2 is
to determine the space and time dependent release of fission products to
the environment, the physical processes which significantly influence the
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fission product release will be modeled and coupled adequately in KESS-2,
The current concept of KESS-2 and the modular programs are shown in Fig. 1.
Investigations based on a 2F-LOCA indicate, that almost all fission products
were retained in the containment, if the containment failed due to overpres-
surization a few days after the initiation of the accident /2/. Assuming a
prior leak in the safety building (FK2-FK4 in the German Risk Study /3/)
and/or a small break in the primary system, the major fission products may
be released continuously from the containment, The major volatile fission
products are released during the early phases of the meltdown accident
(Phases 1 - 3, in-vessel phenomena). Thus, the transport and deposition of
fission products in the primary system are strongly coupled to the thermal-
hydraulics and the core heatup and slumping phenomena until failure of the
pressure vessel,

FISSION PRODUCT RELEASE MODELING IN KESS-2

Fig., 2 shows the modeling approach of the fission product and aerosol
release within KESS-2 and the connection to other KESS-2 models the dashed
lines indicate, that only a weak coupling exists.

The inventory of the nuclides considered is required as input at the
beginning of the accident, Such an information may be contributed by the
ORIGEN code.

The space and time dependent temperatures in the fuel rods and structu-
re are provided by the MELSIM3 and LUECKE3 code systems of KESS-2. In MELSIM
and LUECKE the geometry is represented in a two-dimensional geometry.

The module FIPREM-2 models the fission product decay and release from
the fuel rods and structural materials within the reactor pressure vessel,

In spite of the uncertainties in the experimental results, a rate type
equation is assumed. The model considers the space dependency of the tempe-
ratures, the reduction of local heat sources and the redistribution of fuel
rod material due to the slumping fuel rods within the two dimensional geo-
metry.

However, the complex chemical behavior of the released fission products
is not well understood, but under investigation elsewhere /4/.

It is assumed that the released fission products are not retained in
the core region. The transport through the steam line of the primary system
(e.g. pipes and components) is modeled by the TRAP-MELT code, The code re-
quires the mass flow rates and temperatures of the flowing steam and the
temperatures on the piping walls, These data are provided by the primary
system module PRIMOD of KESS-2.

The releases from the primary system into the containment are input for
the aerosol behavior codes, like the NAUA code /5/. The thermodynamic state
in the containment is modeled by the codes COCMEL or ASTRO of KESS-2.

The main features of the fission product release and transport modeling
in KES5-2 can be summarized as follows:
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e Time and space dependent concentration and activities for
an arbitrary number of nuclides, its decay and build-up,

e Release of fission products from the core and structural
material based on measured release rates (coupling to the

core behavior codes in KESS-2).

e Transport through and deposition of aerosols in the primary
system {(coupling to thermalhydraulics).

e Aerosol behavior in the containment {coupling to contain-
ment codes).

e Easy updating in the view of physical and experimental
insights.

® validation of the code by parts.

Easily adaptable to experimental conditions,

APPLICATIONS

In order to demonstrate the sensitivity of temperature uncertainties
on the release fractions of J, the module FIPREM-2 has been applied to an
experiment performed by Albrecht /6/. The release rates were derived from
experimental data taken from Fig. 3 /7/ (dashed lines). Based on the tempe-
rature history shown in Fig. 4, the accumulated release fractions with re-
lease rates basing on SASCHA experiments and the proposed NUREG-0772 were
applied, It should be mentioned that the release rates are based on diffe-
rent experimental conditions and have not been corrected to achieve the same
results., The results shown in Fig. 4 demonstrate that it is not sufficient
to model the temperature dependency of the release rates only. One should
additionally at least consider burn-up and geometric conditions. The sensi-
tivity of a +/- 100 K deviation in the temperatures is shown to be less
important compared to the influence of the fuel burn-up, for instance.

With respect to the fission product release and transport models in
KESS-2 various accident scenarios have been investigated., A disadvantage to
date is the lack in modeling the chemical behavior of significant radioac-
tive isotopes. This part will be incorporated in the future /4/. The advan-
tages of the analysis are:

e Determination of the fission product and structural material
release on a best estimate basis.

e Information about the reduction of heat sources in the core cal-
culations,



e Coupling to sophisticated codes with respect to thermalhy-
draulics, containment and core behavior.

e Continuous analysis starting at the initiation of the accident.

e Capability of validating the codes on a stand-alone basis,

/Y

/2/

/3/

/4/

/5/

/6/

/1/
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HEPA-~FILTER RESPONSE TO HIGH DIFFERENTIAL PRESSURES
AND HIGH AIR VELOCITIES

C.I. Ricketts, V. Riidinger, J.G. Wilhelm
Laboratorium fiir Aerosolphysik und Filtertechnik
Kernforschungszentrum Karlsruhe GmbH
Postfach 3640, D-7500 Karlsruhe 1
Federal Republic of Germany

ABSTRACT

As part of a study aimed at the evaluation and improvement of the
performance of HEPA filters under possible accident conditions, the struc-
tural limits and flow resistances of commercial and prototypical filter
units, during exposure to high air velocities, were investigated.

Full-gize, clean and preloaded, unused filters were exposed to air
flows with differential pressures up to 28 kPa and filter~entrance veloci-
ties up to 35 m/s, at ambient temperatures and relative humidities.

Test results include the range of average differential pressures at
which present-day commercial HEPA filters can be expected to fail, 4 - 23
kPa, as well as the flow-resistance data required for input to computer
codes used in safety analysis. Test results are applicable to the design,
safety analysis, and licensing of nuclear facilities.

INTRODUCTION

The High Efficiency Particulate Air (HEPA) filters within the
air-cleaning systems of nuclear facilities form part of the barrier bet-
ween contaminated zoues and the ambient enviroument. Protection of human
health from the effects of airborne radiocactive material relies upon an
effective air-cleaning process, not only during normal operation but par-
ticularly during accident situations. A loss of coolant, a fire, or a tor-
nado depressurization could challenge HEPA filters at their service loca-
tions with high differential pressure, high flow rate, high temperature,
or high relative humidity. Mechanical stresses within the filter medium
can be expected to occur, followed by possible loss of effective filtra-
tion or release of previously captured particulate. Contingent upon acci-
dent type and scenario, these challenges could be imposed individually or
in combination, i.e., superimposed. A Loss-of-Coolant Accident (LOCA), for
example, could superimpose all of the above challenges on filters in ser-
vice.

The amount of radioactive material released to the environment via
an air-cleaning system during an accident situation is in part determined
by the resultant behavior of the filters. To investigate this behavior,
other authors have exposed HEPA filters to conditions that simulate the
effects of a number of accident types /1-9/.
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These studies provide general, though sometimes restricted orientation
toward the evaluation of HEPA-filter behavior during individual challenges
to filter performance. Often, the numbers, the manufacturers, and the
designs of the filters tested have been limited. In addition, tests have
been performed almost exclusively with new filter units. Limits in
filter-performance characteristics have not always been discussed within the
context of possible improvements to such characteristics, e.g., maximum dif-
ferential pressure, flow resistance, filtration efficiency, dust holding ca-
pacity, and resistance to the effects of exposure to moisture, high tempera-
ture, or shock waves.

Reported on here are the results of a firgt step toward goals of
evaluating the performance of commercial HEPA filters under individual and
superimposed challenges, and improving filter performance where considered
necegsary. A third objective is to obtain the experimental data required for
numerical simulations of transient flows in air-cleaning systems. In addi-
tion to the structural limits, the failure mechanisms, and the flow resist-
ance characteristics of HEPA filters at room temperatures and humidities,
some relevant improvements in structural 1limit and flow resistance are dis-
cussed.

STRUCTURAL TESTS

Effective HEPA filtration depends firgt of all upon preservation of
the structural integrity of the filter medium. Hence, the differential pres-
sure ( AP) at rupture of the medium in a HEPA filter is an important
criterion of filter performance. Filter gtructural failure can be defined to
occur with the first visible rupture in the glass-fiber medium that normally
has a thickness of 0.5 mm. The differential pressure associated with this
initial failure is then designated as the structural limit of the filter.

Structural limits were determined by subjecting each test filter to a
differential pressure pulse, of up to 28 kPa in magnitude and for as long as
5 & in duration, by the use of compressed air and a blowdown test facility
/3, 10/. During these structural tests, the differential pressure and struc-
tural failure were recorded by an oscillograph chart recorder and a high
speed camera, respectively. All tests including the flow-resistance tests
described below were conducted at air temperatures of < 40 "C and relative
humidities of < 60 .

FLOW-RESISTANCE TESTS

The flow-resistance curve of a filter describes filter differential
pressure as a function of flow rate or average air velocity at the filter
entrance. HEPA-filter flow resistances are relevant for two reasons. Compu-
ter codes /11-12/ that numerically simulate transient flows in air-cleaning
systems require these functions in order to model filter differential pres-
sures and flow rates under accident conditions. Secondly, the mechanical
stresses in a filter pack are proportional to the differential pressure and
hence related to the flow rate by the flow-resistance function. Desirable,
low mechanical stresses at high flow rates depend upon low differential
pressure and thus are to be obtained with filters which have flow
resistances characterized by flat, rather than steep curves.
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Flow~-resistance tests of HEPA filters were performed at conditions of
quasi-steady flow and at differential pressures of up to 20 kPa with the sa-
me test facility employed for the structural tests. From each filter type to
be structurally tested, one filter was exposed to a sequence of about 10
different flow rates, while the flow and pressure data needed to generate a
flow-resistance curve were regigstered with a chart recorder. The duration of
a test was usually less than 30 s.

TEST FILTERS

The majority of filters tested were 610x610x292-mm commercial units
that represent 3 current designs from the major Buropean and American manu-
facturers. A closely related group included similar units that had been
factory modified by reinforcement of the glass~fiber medium. In a third test
category were 2 types of prototypical filters with filter medium of metal
fiber and polycarbonate microfiber, respectively. A few commercial units in
standard sizes smaller than 610x610x292-mm were also evaluated. All test
filters were new and some had been preloaded with particulates during expo-
sure to alr flows containing a polystyrene-latex (PSL) aerosol with a count
median geometric diameter of gome 0.3 um. '

STRUCTURAL-TEST RESULTS

Relevant to filter structural performance under high differential
pregsure are measures of performance as well as parameters that influence
this performance. Additionally of interest are methods by which performance
can be improved. Structural limit as well as the progressive structural
damage that follows initial structural failure are two measures of perfor-~
mance. Parameters with potential influence include the design, the
manufacturer, and the size of the filter, and also the presence of
particulate loading. Filter structural performance can be improved by
modifications to current designs or development of new, less conventional
designs.

In Table I are listed the location and the AP range of structural
failure for clean HEPA filters of 3 current commercial designs. A total of
72 test filters from 8 manufacturers are represented here. The AP range of
average failures in the fourth column, is a quantitative measure of the dif-
ferential pressures, on the average, which will cause structural failure for
a given filter design. The parameter responsible for the width in the ranges
ig filter manufacturer, since the averages were calculated for groups of
filters based upon manufacturer. For example, from the first design listed,
the value of 11 kPa is the average differential pressure at structural fail-
ure for five filters from one manufacturer and correspondingly, 23 kPa is
the value of the same parameter for 4 filters from another manufacturer.
Average values by manufacturer, for other tested filters of this design,
fall within these two bounds. In addition to an average structural limit,
each group of filters also has an associated standard deviation. The average
standard deviation for each of the designs listed, from ‘firsgt to third,
respectiverly, is 12, 7, and 12 %. Because the values of Table I are ave-
rages, some failures at both somewhat lower and somewhat higher AP's than
those listed, can be expected.
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Table I; Structural limits for 3 Designs of Commercial

New Clean 610x610x292-mm HEPA Filters.

Tilter Design Structural Failure AP Range of
Pack Frame Location in Filter Average Failures
(kPa)

Deep Pleat

(270 mm) Wood Fold of Medium i -23
Separators
Deep Pleat

(270 mm) Metal Adhesive, Pack- 4 - 11
Separators to-frame
Hini Pleat Wood,
(20-40 mm) Metal, Panel of Medium 6 - 19
V Panels or Plastic

An additional, yet qualitative measure which can be used to compare
the performance of the 3 filter designs, is how quickly and to what extent
structural damage progresses after the initial structural failure. The abil-
ity to qualify filter performance on this basis is made possible by further
analysis of the same high-speed films which were taken of the downstream
side of the test filters and used to establish the initial structural fail-
ures. Study of the films shows that each of the 3 commercial filter designs
typically exhibits a different mode of progression in structural damage.
These modes relate in part to the respective locations of structural failure
in the filter, listed in the third column of Table I. .

For deep-pleat filters with a wooden frame, initial failure typically
occurg as the result of a 2-4 cm rupture in one of several swollen folds of
medium on the downstream side of the filter /1%/. Damage usually progresses
relatively slowly by an increase in length of the original rupture, up to as
much as 40 cm, and/or by additional rupture in a second or third awollen
fold. Even after exposure to maximum AP's approx. 5 kPa greater than those
at initial failure, generally > 99 % of the filter medium remained intact,
as shown typically in Fig. 1. The tensile strength of the glass-fiber medium
has been implicated as the point of weakness for this design /3,10,14/.

The relatively low structural 1limit as well as the early occurrence of
catastroghic failure in deep~pleat filters with a metal frame, for service
at >120 “C, is mostly attributed to the lack of adhesive between pack and
frame /10/. Visible failure begins with horizontal lines of small ruptures
in the downstream folds of the medium. This is followed suddenly by ejection
of the entire filter pack from the frame at AP's less than about 1 kPa grea-
ter than those of initial failure. Essentially no medium remains in the
frame as illustrated in Fig. 2.

The structural limits as well as the extent of progressive damage for
the mini-pleat filters with multiple panels mounted in 'V' configurations,
lie between those of the two designs described above. Initial failure
typically begins when the downstream edge of a swollen medium panel shears
at the vertical sheet-metal rib to which it is glued /10/. Progressive
damage spreads relatively quickly with failure of other panels, as the AP
increases. The lack of structural support for the medium panels is
responsible for this failure type. Mini-pleat filters exposed to maximum
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AP's of approx. 5 kPa greater than those at initial failure generally re-
tained about 50 % of the filter medium intact as indicated typically in Pig.
3. Such damage reduces the removal efficiency to essentially zero.

|

Fig. 1: Damage to a Deep-Pleat Wooden-
Frame Filter After AP of 8 kPa.

Fig. 2: Damage to a Deep-Pleat Metal-
Frame Filter After AP of 6 kPa.

Pig. 3: Damage to a Mini-Pleat Wooden-
Frame Filter After AP of 20 kPa.

Other parameters which showed some influence on the structural limits
for the filter design with deep pleats, aluminium separators, and wooden
frame, were filter cross section, filter depth, and particulate loading. As
shown in Table II for filters of the same depth with two different cross
sections, and from both of two manufacturers, structural limits increased
with decreases in filter cross section. Increases are also seen for filters
with the 305x305-mm cross section for a decrease in filter depth. But with
the same decrease in depth for filters with the 610x610~-mm cross section, a
decrease in structural limit is evident.
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Table II: Variation of the Structural Limits with Filter
Cross Section and Depth; for New Commercial Deep~

Pleat Wooden-Frame Clean HEPA Filters.

Filter Size Average Break Pressure AI;,
Standard Deviation g,
and Number of Tests n.

Filter Type A Filter Type C
Cross Section Depth AP o n AP o n
(mm x mm) (mm) (kPa) (%) (Ea.) (kPa) (%) (Ea.)
610x610 150 10 14 3 i3 27 3
610x610 292 i3 5 4 23 17 4
305x305 150 26 2 7 25 6 5
305x305 292 17 11 8 24 7 8

The 610x610x150-mm size is characterized not only by the lowest struc-
tural limit but also by a catastrophic initial failure of the pack /13/,
rather than the localized initial failure of folds in the medium, as is the
cagse for the other three sizes. Both the early catastrophic failure and the
relatively low AP's that cause it, may be attributed to higher structural
stresses in the pack due to geometry. If the pack is modeled as an average
thickness plate under a distributed load, a geometric ratio proportional to
the maximum stresses in the pack is pack cross-sectional area divided by the
square of pack depth /15/. For the 610x610x150-mm size this ratio is greater
than those of the other three sizes, by factors of between 4 and 20. The
suceptibility to failure of the pack as a whole is, for any given AP,
greatest for this size.

Not yet clear is why the highest structural limits appear for filters
with a 150-mm depth, i.e., those with the 305x305-mm cross section. This may
be attributed to changes, with pack depth, in the not-yet-defined
distributions of air flow and pressure within the pack at high air veloci-
ties. Or, another possibility is that of a more stable pack in this size,
due to geometry or manufacturing processes. These possibilities would be
applicable for the localized initial failure in medium folds, not the
catastrophic failure of the 610x610x150-mm size.

The effect of a preload of PSL, to a AP of 1 kPa at rated flow, on the
structural limits of filters with deep pleats and wooden frame was to incre-
ase structural limits by an average of < 10 %, This compares with average
decreases of 14 % and 40 %, respectively, for deep-pleat filters with metal
frame and one type of mini-pleat filter. Taken altogether the results indi-
cate a slight trend toward lower structural limits due to a preload with
PSL,

The structural limits of the filters listed in Table III illustrate
the results of several approaches taken to improve filter design. First
noted are the results of several respective reinforcements of the filter me-
dium that show an increase in the structural limits for one filter type of
one manufacturer; from 11 to 23 kPa in one case and from 11 to 24 kPa for
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another case. Two types of filters with deep-pleat medium that had been
reinforced by a fiber-glass scrim exhibited the highest structural limit of
any 610x610x292-mm modified filter with a glass-fiber medium. Three filters
from each of these two types supplied by another manufacturer were tested
and all six remained undamaged after exposure to differential pressures

> 27 xPa.

Additional modified commercial designs tested but not shown in
Table IIT included a deep-pleat, separatorless and several mini-pleat types,
both with wooden frames. The separatorless type was reinforced by a fiber
~glass scrim for which test outcomes showed an increase in average AP at
failure, from 11 kPa /4/ up to 18 kPa. Perforated steel sheets on the down-
stream side of the medium panels, of one type of modified mini-pleat filter,
also resulted in an increase in structural limit: to 22 kPa from the 11 kPa
/10/ of the standard type.

Results from 2 categories of prototypical HEPA filters which were tes-
ted are also shown in Table III. The one deep-bed metal-fiber filter /16/
evaluated, withstood undamaged, the maximum differential pressure of the
test facility, 27-28 kPa, as did 24 filters with several types of deep-pleat
polycarbonate microfiber media /17/. One additional filter in the latter
category sustained without structural damage a differential pressure of
30 kPa in another test facility /18/. The widespread application of the fil-
ters with the metal-fiber and polycarbonate medium, respectively, remains
yet limited by flow-rate and temperature performance characteristics.

Table TII: Structural Limits of Modified Deep-Pleat, and Prototypical,
New Clean 610x610x292 mm HEPA Filters,

Yodification to ‘ Design Average AP
Filter Pack Floxj Rate at Failure
(m”/h) (kPa) :

Improved Deep-Pleat

Glass-Fiber
None: Commercial Medium 1700 11

Protective Fiber Mat

Pleated with Medium 1700 23
Protective Strip in Folds

+ Long-Fiber Medium 1700 24
Medium Reinforced with *
Fiber-Glass Scrim 1700 > 27
Prototypical

Deep—Bed »
Metal-Fiber 40 > 28
Medium

Deep-Pleat "
Polycarbonate 1700 > 27

Microfiber Medium

*
No observed structural failure,



1579

The comparison of structural-test results with similar tests by
Gregory and coworkers /3,4/ shows that the structural limits for approx.
100, of 120, other similary tested commercial filters lie within the ranges
given in Table I . The exceptions, results for approx. 20 test filters of
the firgt design in Table I and from one manufacturer, showed an average
9-kPa differential pressure at failure and a different characterigtic fail-
ure mode, both attributed to a medium with an unusually low tensile strength

/3/+

Over 200 filters of 30 types from 10 manufactureres were tested to ob-
tain the results presented for structural tests. A summary of these results
indicates that structural limite varied significantly with both design and
manufacturer for representive samples of new commercial 610x610x292-mm
nuclear-grade HEPA filters procured in Europe and in the U.S.A. The degree
of progressive structural damage at several kPa above that required to cause
initial structural failure, was observed to depend primarily upon filter de-
sign. The filter design typified by the highest structural limits and least
progressive damage is that with deep pleats, separators, and wooden frameb
The versions of this design with metal frames for applications above 120 °C,
were found to exhibit not only the lowest structural limits but also the
most progressive damage after initial failure. Most of the factory-modified
commercial-type filters of the deep-pleat and mini-pleat designs tested,
demonstrated structural limits higher than their commercial counterparts.
Comparable structural limits of > 27 kPa were also observed for two types of
prototypical filters tested.

RESISTANCE-TEST RESULTS

The flow-resistance characteristics of a filter are usually illustra-
ted graphically by differential pressure across the filter plotted against
the average air velocity at the filter entrance. This format is also em~
ployed for the flow-resistance curves of Figs. 4-7, where the results from
flow~resistance tests of commercial and modified 610x610x292-mm filters are
presented.

The curves in Fig. 4 illustrate flow resistances for a number of clean
filters with deep pleats and separators. The "S" filters are modified units,
the group "AM-VM" refers to metal-frame filters, and the other types are
commercial filter units. Differences among the curves are primarily due to
slight variations in construction of the filter pack. The flow resistances
of a number of identical,filters, which had been preloaded with PSL to 1 kPa
at a flow rate of 1700 m”/h, are shown in Fig. 5. Steeper and more linear
flow-resistance curves are seen to be characteristic of the preloaded fil-
ters, in comparison to the clean filters.

The influence of the number of folds in the medium can be recognized
by comparison of the two resistance curves drawn with solid lines in Fig. 6
for filters of 64 and 95 folds, respectively. Flow resistance was found to
increase with the number of folds, for air velocities above approx. 15 m/s
and for the range in the number of folds, 50-95, investigated. The dotted
lines of Fig. 6 show the contribution of the flow resistance in the pack,
i.e., in the channels formed between the pleats of medium and the adjacent
separators, to the total flow resistance of the filter. The test data for
these curves was obtained by testing each filter a second time after the
ends of the folds had been removed.
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In Fig. 7 are shown the flow resistance curves for several types of
clean mini-pleat filters, and one separatorless filter, "FS", all of which
are characterized by steep increases in resistance for air velocities bet-
ween 10 and 20 m/s. This is undesirable from the standpoint of low mechani-
cal stresses in the filter medium at high air velocities. An improvement in
flow resistance for the structurally reinforced "DSV" filter, compared to
the standard "DV" filter, is also evident. Ruedinger has shown curves for
mini-pleat filters with higher resistances due to a preload of PSL /10/.
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Fig. 6: Curves Showing Influence of Fig. 7: Flow-Resistance Curves for
Folds and Pack on Flow Resistance. Mini-Pleat Clean HEPA Filters.

The test results for the flow-resistance curves illustrated here can
also be used to determine differential pressure as a function of the average
air velocity at the filter entrance. It is these functions that are required
by computer codes used to numerically simulate fluid-dynamic accident~in-
duced transients within air-cleaning systems. The flow resistance of deep-
pleat 610x610x292-mm commercial HEPA filters with separators can be modeled

by - =2
AP = 0,0797 + 0,012V (1)

for clean filters and -~ )
AP = 0.370V + 0,021V (2)

for filters loaded to 1 kPa at a flow rate of 1700 m3/h, where:AP is in
kPa, V is < 35 m/s, and ¢ is < 70 & relative humidity.
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A summary, of the over 80 flow-resistance tests performed, shows that
based on the criterion of minimum mechanical stresses at high flow rates,
the filter design with the least desirable flow-resistance characteristics
is that with mini pleats. From the same standpoint, the most desirable de-
sign is that with deep pleats and separators. The flow resistances for fil-
ters of the latter design vary with both manufacturer and number of folds in
the medium. At average filter-entrance uir velocities of 20-35 m/s, the op-
timum number of folds for minimum flow resistance for clean filters is bet-
ween 50 and 60.

CONCLUSIONS

Test results indicate that new commercial HEPA filters of current
designs are probably not structurally suitable for all possible conditions
of operation during accident situations. The structural limits of HEPA fil-
ters during superimposed challenges of high differential pressure, high flow
rate, high relative humidity, and high temperature remain untested. Also
unknown are the effects of filter aging as a factor in filter response to
these challenges. Additional investigations into the behavior of both new
and used filter units, during exposure to some individual and particularly
to combined challenges, are needed.

Further improvements in filter structural strength, in addition to
those already demonstrated, are considered necessary and possible. Some im-
provement in the flow-resistance characteristics of deep-pleat filters at
air velocities above 20 m/s is considered feasible. '
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TELLURIUM BEHAVIOR DURING AND AFTER THE TMI-2 ACCIDENT
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ABSTRACT

The estimated behavior of tellurium during and after the accident at
the Three Mile Island Unit-2 is presented, The behavior is based on
all available measurement data for 129"‘Te, 132Te, Stable tel-

lurium (+4%Te, Te and 1307e), and best estimate calculations

of tellurium release and transport. The predicted release was cal-
culated using current techniques that relate release rate to fuel tem-
perature and holdup of tellurium in zircaloy until significant oxida-—
tion occurs. 'The calculated release fraction was low, approximately
7%, but the total measured release for samples analyzed to date is
about 4,0%. Of the measured tellurium about 2.4, 0.88, 0.42, 0.17
and 0.086% of core inventory were in the containment sump water, con-
tainment solids in water, makeup and purification demineralizer,
containment inside surface, and the reactor primary coolant, respec-—
tively. A significant fraction (54%) of the calculated tellurium
retained on the upper plenum surfaces (4.61% of the core inventory)
was deposited during the high pressure injection of coolant at about
200 minutes after the reactor scram. Comparison of tellurium behav-
ior with inpile and out-of-pile tests strongly suggests that zircaloy
holds tellurium until significant cladding oxidation occurs. Analy-
ses of samples from the core region of TMI-2 may provide an assess-
ment of the large fraction of tellurium retained there, thus vali-
dating the zircaloy-oxidation~dependent tellurium release models.

INTRODUCTION

Until recently, studies of tellurium release from the core were based on
temperature, and its volatility in comparison with other potentially important
radionuclides (I, and Cs)[1]. However, tests at the coremelt facility at Oak
Ridge National Laboratory (ORNL), the severe fuel damage tests at the Idaho
National Engineering Laboratory (INEL), and the SASCHA tests at Karlsruhe, sug-
gest that tellurium may be held up by zircaloy cladding which results in sig-
nificantly lower releases from the core. These tests also demonstrated that
tellurium releases increase significantly when the zircaloy cladding is oxi-
dized and the previously held up tellurium is released. Lorenz et al.,[2]
emphasized that a lower—than—expected tellurium release does not necessarily
mean a lower calculated release to the environment, but rather that the tel-
lurium transport pathway is different from previously envisioned and higher or
lower releases to the environment may result, depending on zircaloy oxidation
during an accident progression. The study of tellurium behavior during and
after the Three Mile Island-Unit 2 accident may shed further light on tellurium
transport during a severe accident.

The objectives of this paper are to: present the results of tellurium
analyses performed to date on TMI-2 samples; estimate the tellurium distribu-
tion, release and retention factors; and compare the data with current best
estimate behavior models and data from out-of-reactor and in-reactor tests.
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MEASUREMENT OF TELLURIUM RELEASED FROM TMI-2 CORE

A summary of tellurium measured in all samples taken from the TMI-2 plant
systems and components is listed in Table I. The systems and components
included in the tellurium investigation were: (a) reactor primary cool-
ant,[3,4] (b) reactor coolant bleed tank water[5] (c) containment inside
surface,[4,6] (d) containment sump water and solid debris,[7-10] (e) con-
tainment atmosphere,[11] (f) auxiliary building sump water[12] (g) makeup and
purification filter,[13,14] (h) upper plenum surfaces[15] (samples from the H8
and B8 leadscrews), and (i) core debris (grab samples), The largest tellurium
releases measured in the above plant systems and components were summed to give
a total fractional release of about 4% of the core inventory.

TABLE I. SUMMARY OF TELLURIUM RELEASE FRACTIONS IN TMI-2 SYSTEMS

Percent of

Initial
Sampling Tellurium Core
System or Component Date Isotope Inventorya Reference
1. Reactor primary coolant 3-29-79 1327, 0.086 [3]
3-30-79 132q4 0.086 [3]
4-10-79 132pq 0.010 (3]
6-21-79 1327, 0.014 (4]

2. Reactor coolant bleed 12-18-79 1297 0.009 [5]
tank water

3., Containment inside 8-29-79 1297 0.045 [6]
surface 8-29-79 129mp, 0.12 (4]

9-09-79 129mpe 0.17 (6]

4, Containment sump

water 6-20-79 129p¢ 1.06 [7]
6-20-79 1327¢ 2.40 (7]

8-29-79 129mpe 0.008 (8]

Solids in water 8-28-79 129mpe 0.47 (8]
0.88 [9]

S1ludgeb 10-26-82  1307e 765 ppm [(10]
1287, 108 ppm [10]

1269, 27 ppm [10]

5. Containment atmosphere 5-1-80 129mpe 4.0 x 1077 [11]

6. Auxiliary building sump  3-25-80 L27mye 1.3 x 1074 (12]
tank water sample 12%mpe 1.5 x 1073 [12]

7. Makeup and May 1983  Stable Te 4.2 x 107! [13,14]
purification May 1983  Stable Te 3.1 x 1071 [13,14]
demineralizer

8. Upper plenum surface c Stable Te c [15]
(Leadscrew data)

9., Core debris 4 Stable Te d

a. Core inventory calculated by ORIGEN-2 code [16].

b. Not analyzed.

¢. Analysis is underway and will be discussed in the EG&G report
[Reference 15].

d. Analysis is underway and will be reported in 1985.
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Control rod mechanism leadscrew samples from the H8 and B8 positions are
being analyzed by induction coupled plasma technique for elemental tellurium,
at INEL.[15] The radiocactive tellurium nuclides except 125mTe, are expected
to have been decayed to negligibly small amounts and the measured tellurium
would be the stable tellurium nuclides (126Te, 1281e ana 1397¢) from
fission products and the doped tellurium added to stainless steels as a
free-machining agent. The precise quantity of doped tellurium is generally
proprietary information, however, tellurium weight percentages of 0.0005- 0.1 %
are typical. Analyses of grab samples from the core are underway, but these
data are not available for this paper.

CALCULATION OF TELLURIUM RELEASE FROM TMI-2 CORE

The details of the TMI-2 accident sequence have been discussed in several
reports.{17-21] Some of the key events[9] in the accident sequence for the
time period 100 to 213 minutes are shown in Table II. The critical period of
the accident sequence from the point of view of core damage and fission product
release is believed to be between 113 and 208 minutes after the reactor
trip.[9] The 113-minute time corresponds to the beginning of core uncovery
following phase separation in the reactor coolant when the reactor coolant
pumps were turned off at about 100 minutes. The 208-minute time corresponds to
the core refill following the resumption of sustained high pressure injectiom
at about 200-minutes.

For the purpose of estimating the tellurium release fraction from the
core, the TMIBOIL temperature datal[9] were used in the fractional release rate
calculations using the Lorenz model[2].

The SCDAP computer code[22] was used to calculate the extent of zircaloy
cladding oxidation. The core was divided into seven axial and three radial

nodes. The radial nodes are denoted by cold (C), Average (A)

TABLE II. SUMMARY OF PERTINENT EVENTS IN THE TMI-2 ACCIDENT SEQUENCE

Time,
Minutes Event

100 Last Reactor Coolant (RC) pumps turned off in Loop A.

113 Beginning of core uncovering.

139 Pilot Operated Release Valve (PORV) closed.

145 Iodine in the reactor building air sample (HP-P-227) began to
increase rapidly.

150 A radiation detector (in core instrument panel area monitor)
showed response indicating release of activity to the primary
system. :

174 RC pump 2B was started and run until 193 minutes.

192 The PORV block valve was opened and cycled several times in the
next period.

200 Sustained High Pressure Injection (HPI) and core reflooded.

208 Core refill.
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and Hot (H) regions, and the axial nodes were numbered from 1 through 7. As
shown in Figure 1 the cladding in nodes H6 and A6 were oxidized to >30%. The
rest of the cladding in the core was oxidized to <90%., The estimated frac-
tional releases from nodes H6 and A6, and from the rest of the core were 4.36,
1.14 and 1.46%Z, respectively. These estimates were made based on Lorenz's
model, and weighting the core inventory according to the axial flux distri-
bution. The total release fraction is therefore approximately 7%.

This low estimated tellurium release fraction is in reasonable agreement
with the low measured tellurium release fraction and suggests that most of the
tellurium was retained within the core, probably in the zircaloy cladding.

TRAP-MELT Calculations

Preliminary calculations of tellurium transport and deposition during the
TMI-2 accident were made using the TRAP-MELT computer code[23]. Input para-
meters were obtained from various TMI-2 reports published[9, 19, 21, 24] during
the last five years. The primary coolant system was divided into eight
control volumes as shown in Figure 2. The control volume geometries were
obtained either from the final safety analysis report (FSAR)[25] or esti-
mated., These parameters include length, hydraulic diameter, flow area, set—
tling area and height. Thirteen 5 minute time intervals starting from
153 minutes and ending with 213 minutes were used. Steam temperatures and
steam flow rates reported in [Reference 21] were used and system pressures were
obtained from the measurements charts reported in [Reference 24]. The tel-
lurium source term (0.07) estimated in the previous section was used.

The fraction of the core inventory deposited on lower plenum, core, upper
plenum upper head, hotleg, pressurizer, steam generator and cold leg surfaces
are, 1.60 x 1074, 0.0, 4.61, 1.46, 0.69, 0.087, 0.084, and 0.0026%, respec-—
tively. The fraction of the core inventory of tellurium deposited on upper
plenum surfaces versus time is shown in Figure 3. Out of a total deposition of
4.6% on upper plenum surfaces, about 2.5%7 was deposited after the event at
200 minutes, when the core was reflooded (see Table II for accident sequence).
A large steam flow rate[21] at reflood transported much tellurium from the core
and deposited on the upper plenum surfaces.

COMPARISON OF TMI-2 TELLURIUM BEHAVIOR WITH
INPILE AND OUT-OF-PILE TESTS

In this section, the fractional release rates and release fractions esti-
mated and measured during the TMI-2 accident are compared with measurements
from the two PBF Severe Fuel Damage Tests[26, 27], and the ORNL[2] and
SASCHA[29-31] out~of-pile tests. The modified tellurium release model of
Lorenz et al{2]., was used to estimate the fractional release rates for TMI-2
in the temperature range of 1300 to 2550 K for two regions in the core: 3.05
to 3.66m (10 to 12 feet) and 2.44m to 3.05m (8 to 10 feet) from the bottom of
the core, where the cladding oxidation was >90 and <90%, respectively. The
fractional release rates versus temperature are shown in Figure 4 and compared
with the data from the PBF Tests (SFD-ST and SFD 1-1), ORNL Tests (HI~1, HI-2,
and HI-3) and the SASCHA Tests. The PBF SFD-ST result at 2400 K, the ORNL Test
HI-2 and the SASCHA Tests lie above the lower line. The SFD-ST results at
2000 K, the SFD 1-1 and the ORNL Tests HI-1 and HI-3 show low tellurium release
because of low cladding oxidation.

The release fractions measured and estimated from TMI-2 are compared with
the inpile and out-of-pile tests in Table III. The calculated and measured
tellurium release fractions for TMI-2 are low. The measured tellurium fraction
in the TMI-2 accident simulation test (SFD 1-1) in the PBF is lower. The PBF
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Figure 1. Extent of TMI-2 cladding oxidation.
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Figure 2. TMI-2 control volumes for TRAP-MELT calculatioms.



1588

= 6.0 T — — L e r

2 s ]

B Te - upper plenum

= -— Event ]

o L ]

o

[5)

T 40 -

o

[+] r i

8

c

) - ]

>

£ L J

o

© 20 E

o

N L |

°

c

Q0 I ]

B L 5 |

i

M. 0.0 . l . 1 L . ) i . : ; ! ) . L
140 160 180 200 220

Time (min) P35 KXV-884-03

Figure 3. TRAP-MELT calculated tellurium retention on TMI-2 upper plenum
surfaces.

O

€ . 1 [ uPBFSFD-ST 3
g 10 £ oPBFSFD 11 o 3
= E x ORNL HI tests o E
5 -2 [ o0 SASCHA-in air e ]
£ 107 £ « sASCHA-In steam " 3
@ E & SASCHA-in Ar+5% H, ° E
= 103 [-— Estimated for ]
g F
5 4l x ]
o 10 E E
(2] - 3
£ 100
g 10 ¢ :
T 48 ]
s
0 7 [ B
E 10 \«°~‘Y 5 3

10'3 I N S B

1000 1600 2000 2500 3000
Temperature (K) P36-KXV-884-11

Figure 4. Comparison of fractional release rates.



1589

TABLE IXI. COMPARISON OF TMI-2 Te RELEASE FRACTIONS WITH INPILE AND
OUT-OF-PILE TESTS

Maximum
Fuel Cladding
: Temperature Oxidation Release
Event (K) %) Fraction Reference
TMI-2 Accident 2600 Low 4.0 x 102 Present Study
(measured)
7.0 x 1072
(estimated)
PBF Tests
SFD-ST 2400 100 4.0 x 1071
SFD 1-1 2400 30 1.1 x 1072
ORNL Tests
HI-1 1673 40 3.0 x 1073 (21
HI-2 1973 100 0.5 to 1.0
HI-3 2273 35 6.0 x 107
SASCHA Tests
Low Steam Flow 2573 Low 3.3 x 1071 (2]
(1.5 L/m)
High Steam Flow 2733 High 6.5 x 1071
(30 L/m)
Ar + 5% Hy 2173 0 3.6 x 1072
Ar + 57 Steam 2200 Low 2.0 x 1071

SFD 1-1 test closely approximated the thermal hydraulic conditions of the TMI-2
accident, and the results of this test indicate very small tellurium release
(~v1.1%), which is attributed to the holdup of tellurium by unoxidized zir-
caloy in the test bundle. Also the low tellurium release is consistent with
ORNL tests, where the cladding oxidation was low and tellurium was tied up with
the zircaloy cladding. The tellurium release in SASCHA test (Ar + 5% Hy) is

in good agreement with TMI-2. Also in SASCHA tests, the tellurium release was
higher in a test where the steam flow is high. Analyses of samples from the
core region may provide an assessment of the large fraction of tellurium
retained in the core, thus validating the zircaloy-oxidation dependent tel~
lurium release models.

CONCLUSIONS

A number of available TMI-2 samples were analyzed, best estimate calcula-
tions were performed, and the data were compared with results from inpile and
out-of-pile tests. The following conclusions are drawn from the analysis:

1. Very little (v4,0%) tellurium was released and transported from the
TMI-2 core, probably as a result of holdup by zircaloy cladding and
structural materials. Analyses of samples from the core region may
provide an assessment of the large fraction of tellurium retained
there.

2. Best estimate calculations suggest that a significant fraction of the
total tellurium deposited on the upper plenum surfaces was due to
high pressure injection at about 200 minutes after the reactor scram,
resulting in high steam flow.
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3. Comparison of tellurium release fractions and fractional release
rates from the TMI-2 accident with in-pile and out-of-pile test
results suggests that zircaloy holds tellurium until the cladding is
oxidized significantly.
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A CONTAINMENT-VENTING FILTER CONCEPT AND ITS IMPLEMENTATION

AT STAINLESS-STEEL FIBER FILTERS
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Postfach 3640, D-7500 Karlsruhe 1
Federal Republic of Germany

ABSTRACT

Bursting of the containment of pressurized water reactors as a result
of severe reactor accidents can he avoided by installation of aceident fil-
ter gystems which fulfill the function of a safety valve. This greatly re-
duces contamination of the environment by fission product release. The fil-
ter concept and its implementation using stainless-steel fiher filters and
gilver molecular sieves are described.

INTRODUCTION

Following severe reactor accidents a reaction hetween concrete and the
melted core could give rise to the buildup of pressures in the reactor con-
tainment of LWRs which, depending on the development of the accident and on
the types of concrete used, could lead after some days to bursting of the
reactor containment /1/. This implies a near-ground release of radioactivi-
ty from the containment which, at the

time of burst, would be an airborne Pressure
radicactivity. The process might even Stack e regulated
be aggravated by a fraction of acti~ Ry Sofety-vatve

vity released from the bhoiling sump
ag a result of resuspension.

Oroplet-

AN ACCIDENT FILTER CONCEPT

separator \
German PWR power plants are de-

aigned for a maximum containment Rmcwﬁ—[:J

pressure of 6 bar. The burst pressure t

is assumed to be 8-9 bar. The opera-

ting point of an accident filter sys- Containment 2321

ten should lie in the pressure range

of 6-8 bhar. The volumetriec flow rate {

of the gas resulting from the reac- \ gﬂ -
tion of melted core and concrete is

known from computations made in /1/ Cooler
and  gamounts to  about 3000- gy 1Prefiiter 2 HEPA Fiter 3 lodine Filter

5000 m”/h. The demister (Fig. 1) of

the venting system is installed with~ ﬁm&TﬁFﬁ==
in the reactor containment. In this CONCEPT OF AN ACCIDENT FILTER SYSTEM FOR

way it is ensured that the outflowing  coNTAINMENT VENTING AGAINST BURSTING
gas stream leaves the
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reactor containment with a maximum Enmﬂlpyhﬁkﬂl_]
gas relative humidity of 100 § and 9

without the presence of water drop-
lets. Data of droplet separators are
given helow. 8 bar

The second essential component
is a pressure control valve actuated
via +the internal pressure; it allows
only the same volume of gas to escape
as is newly generated. In this way,
the pressure in the reactor contain-
ment is kept at a constant value and
the activity contined in the reactor
containment for as long as possibdle.
Moreover, by aerosol  physical
processes the fraction of airborne
activity is reduced through agglome-
ration. Another important function of

the valve is to  produce an \
isenthalpic expansion of the contain- 1,6 1,7 1,8
ment atmosphere and thus effect a Emmpyské%
strong drying 0; the gas, from
160 "¢ and 100 % relative humidity
to 145 °C with a 45 °C distance from KﬁKLAFN
the dew point (Tig. 2). FI6.2 ORY-EFFECT OF THE SAFETY VALVE BY
ISENTHALPIC PRESSURE DECREASE

Except for the short start-up

phase of about 10 s duration when on- I
farre]  Alborne Gas JFUter | LA snghy velotin sotoges
ly ahout 8 1 of condensate are produ- 00 [ttt (BamalFlowiSlart | _Frisx st sevaes
ced in the HEPA filter section, until N
the 100 °C 1limit (dew point 1 bar) Frogermee |
is attained, the Ffilter components 150 e
are exposed exclusively to superhea- I (?/ :
ted steam. As a hackup for the valve 100 y i —
a burst diaphragm connected in pa- / \“~;
rallel which does not open until a o /
pressure of about 8 bar is attained. 7T i S A )
After the onset of an accident ahout r#\J ! W ______ [y
4 to 5 days will pass until the fil- 0 L 1 4
ter gystem is put into operation. Du- o
ring this time dinterval the filter s o3
system can bhe inertized with N, if 10 -
required, in order to preven% H, A 7 T
deflagration. w / / :
P van vl .

The first filter stage is a pre- ay JTTT )
filter consisting of stainless-steel o Ll 1 ¢
fibers and made up of several layers @ T 7
of different fiber diameters for re- wEEE;\LjZ;LL;:::i:%f:%;_;:L::::b
moval of the majority of the coarse o ; T
aerosolsg. The measured values will be g A LS ey
indicated below. The second stage % s Py 5 " I o
consists of 2 ym stainless-steel Tomparature rise of xbaust ai fiter system S ot cesdentia

Fq. 3
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fibers comparable with HEPA glass~fiber
media. At this stage, the very fine
aerosols of less than 1 um diameter are
removed. The temperature and radiation
burden of the HEPA filter are given in
Fig. 3 and 4.

It is possible to connect another
HEPA filter downstream of the iodine
filter in order to remove any contamina-
ted abrasion material from the iodine
filter stage. The offgas is subsequently
carried via a fan and a flame arrester
(on account of the H, fraction) to the
stack.

In addition, a device will be
provided which allows filtration of the
air in the annulug, in the case that the
latter is contaminated by ‘air leaking
from the reactor containment into the
annulus.

A hypass of the filter system will
be provided to be used during the period
after the pressure buildup has come to
an end, the pressure in the containment
has dropped to values < 6 bar, and the
exventing filter system is no longer re-
quired for the reactor containment. This
bypass allows the removal of the decay
heat of the plated-out fission products
without releasing any more vent air %o
the outside. And in fact, failure of
this bypass cooling would not pose prob-
lems gince no organic adhesives and
sealants are used for the filter compo-
nents and temperatures up to 500 "C can
be accommodated. At these temperatures,
cooling by heat radiation alone should
be sufficient.
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Another solution consists of a mobile filter system as represented in
Fig. 5 because about 4 days will pass until the filter systems would be
put into operation. Only installation of the demister, control valve, in-
ternal pipework, and appropriate connections will be required. The largest
weight to be handled in a mobhile gystem will undoubtedly be the required
radiation shield, but that could be built up by wusing bricks of concrete
at the site.

FIBER MATERIALS

Both the prefilters and the HEPA filter stages use stainless steel
fibers, which are temperature resistant up to 550 'C and resistant to
some acids. Their radiation resistance is practically unlimited. The metal
fibers come in the following diameters: 22, 12, 8, 4, and 2 um. For fil-
ters with removal efficiencies corresponding to those of HEPA filters, on-
ly fibers of 2 um, respectively, can be employed to ensure a minimum depth
of the fiber pack. The usual fiber material used is No. 1.4404 stainless
steel (AISI TP 316L), but also such materials as inconel 601, titanium and
nickel are being applied although they have not yet been made available in
all diameters. The fibers can he supplied in flats, coils, unsintered and
gintered or as yarns and fabrics. At present, only unsintered fleeces pro-
duced in coils are being used. Sintering reduces the porosity. Although
the product is easier to process, it has a lower storage capacity because
of the lower porosity.

Stainless steel fibers can bhe used up to some 550 0C; they addition-
ally offer flame protection, e. g. in fires, and are resistant to moisture
and acid according to specifications. Fig. 6 shows a scanning electron mi-
crograph of the fiber structure.

TEST EQUIPMENT AND TEST METHODS

N

-3
.

Two test rigs are available for stu-
dies of aerosol filters. Test rig No. 1,
which is called "TAIFUN", has been presen-
ted at the 12th USAEC Air Cleaning Confe-
rence. /2/ It allows all main accident pa-
rameters to be set. The second test duct
is designed for normal conditions, and
loading tests. 005 i 02 03 05

-3
-

Cumlative frequency
3 3
™~
™~

The removal efficiencies of metal fi- 0

ber filters were determined by the uranine

method, with which readers are assumed to

be familiar /3/. Fig. 7 shows an aerosol

¥
spectrum typical of the tests conducted. E

According to Dorman /4/, the uranine meth- ‘

od results in a penetration which is

27—

approx. a factor of 5 higher than that for |

DOP, which means that the measured values ouﬁ_Lﬁf, Y LU

05
should bde regarded as conservative com- Partkle diameter vz S Lem)

d with DOP. - S
pared with DOP Fi9.7 URANINE PARTICLE SPECTRUM
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THE HEPA FILTER STAGE

Six layers of 750 g/m2 with 2 up
fibers allowed DF values up to > 10
to be measured at face velocities of 40
em/s (Fig. 8, curve 1). Since the data
measured with c¢lean air were only
slightly above.the limit of detection
within the period of exposure, the fil-
ter pack was cut in half for some fur-
ther studies. This filter, which wa
covered with three layers of 750 g/m
each, produced the bottom curve in Fig.
(8). This can he explained by a
selective change in the aerosol spec~
trum on the way through such a fiber
pack filter.

In two test series the influence
of temperature on the DF was studied.
In the range up %o 200 0C, the DF was
found to increase with rising tempera-
ture. The face velocity was get at 30
and 40 cm/s. The results are shown in
Fig. 9. The higher DF can he explained
by increased diffusion-~controlled remo-

val. Moreover, the pressure dependence
of the DF was studied.
Fig. 10 indicates the results. The

DF decreases with rising pressure.
At 5 bar, a factor of approx. 0.5 is
attained. For +this +tgst series, a
fiber layer of 1500 g/m” with 2 um
fibers was used. This drop can bhe
explained by diffusion-controlled
removal heing impeded hy the higher
density of the air.

STUDIES WITH STEAM IN THE HEPA
FILTER SECTION

Previous investigations into
the HEPA filter section dealt mainly
with filters exposed to air /5/.
However, since in a severe accident
the major fraction of the contain-
ment atmosphere consists of stean,
measurements of the removal effici-
ency under conditions of steam expo-
sure were performed. Superheated
steam, 1 bar and 140 0C, was as-~
sumed and the steam temperature was
reduced in steps in order to incre~
ase the steam moisture until conden-
sation occurred. The values have
been entered in Table 1. No signifi-
cant difference was observed in com-
parison to tests performed with air.
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This demonstrates that, at least over several weeks, filtration efficiency
can be maintained with the use of stainless- steel fiher filters.

Table 1

Decontamination factors of stainless~steel fiber filters

exposed to steam.

Filter loading : 1.5 kg/m2 fibers
Fiber diameter $ 2 um
Face velocity : 30 em/s
Volumetric flow rate : 350 mz/h
Pressure differential + 27 mbar
Pressure : 1 bar
Test gas : Superheated steam
Tracer aerosol ¢ Uranine
Temperature Decontamination Removal Decontamination
(°c) factor Efficiency factor with air™
140 5650 99.98
130 4100 99.98
130 4900 99.95
120 2050 99.95
120 3500 99.97
110 1800 99.94
110 1400 99.93
102 1070 99.9
102 1010 99.9
140" 99.97 4000
100* 99.93 1400

THE PRESSURE BURST RESISTANCE

In a test series conducted at the LANL in Las Cruces, USA, two filter
cartridges of the cell design (610 x 610 mm x 290 mm), equipped with 30
layers of 4 ym fibers of 300 g/m each, were asubjected to a pressure
burst test. The test facility allows a maximum differential pressure .of
0.28 bar to be applied across the test filter. This pressure was not suf-
ficient to destroy the filter. If the rupture resistance of the fibers is
sufficiently high and the degsign to support the fibers and the casing are
made appropriately, a pressure burst registance of 1 har or more can bhe
achieved. .
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SOME REMARKS ABOUT METAL FIBER
FILTER DESIGNS

A filter to be used in accident
situations can bhe expected to be ex-
poged to dose rates of a few
10 rad/h18nd to integral doses of
a few 10 rad. For this reason,
such filters ghould not incorporate
organic sealing compounds and seals
between the upstream and the down-
stream sides. A design simular to
the deep bed adsorption filters has
been developed and the cell struc-
ture abandoned for such uses. A
housing design has heen made in
which +the fiber packs are pressed
only mechanically. Several elements
have heen built which are meant to
optimize the design. Fig. 11 is a
gketch of the housing and one filter
inser}t. The face area is 2 +to
2,5 m, depending on the element
ugsed. As a function of the design,
volume floys bhetween approx. 1500
and 3000 m”/h can he filtered. The
only gasket is installed between the
filter element and the upstream side
of the housing, which means that any
leakage air penetrating would also
be filtered.

A gpecial advantage of fiber
pack filters is due to the possibil-
ity to combine in one housing the
HEPA filter section and a roughing
separator. The vertical position of
the fiber packs and the design of
the fiber clamping system ensures
that condensate and precipitated
droplets will be collected on the
upstream side, where they can he re-
moved, e. g., by means of a drain

pipe.

THE IODINE FILTER STAGE

For the iodine filter, the max-
imum temperature increases to ahout
160 °C which is ahove the 100 °C
temperature of the influent gas.
This can be controlled with iodine
sorption materials (molecular gieves
in the silverform) over a period of
100 h according to the test conduc-
ted. /6/

o DF Decontamination factor

4 Areal weight 1.5 kg /m?
\\ Air velocity 30cm/s
™.
~
2 ~
N
\ \\
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Fig. 10
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The calculated dose and dose
rate values vary over a wide range
because only relative arbitrary
agsumptions can he made on the geo-
metries and activity distributions.
However, the magnitudes can be indi-~

rated (Fig. 12 Dose
cated (Fig. 12). oo et B i

100 % of the B-radiation, and R 0 [ ®000] 125 | T
10 % of the y-radiation were taken 50 o L L3 2 pE 7
into account in the calculations. ot el e | o L
The dose burdens of the iodine sorp- i e
tion material and of the particulate 10° A = !
air filter are indicated. e ,/

210° //,’/, y;

For the iodine sorption unit a - 4 |/ q
material had to bhe found which has a P B e
high removal efficiency for iodine ol 2 -
over the whole range of possible Dose rate rad/h
conditions and is not characterized 20’ =

by significant desorption also at JAERN

elevated temperatures and high radi- ; / TN

ation burden. The activated carbon L?O H \ i /N ~

used in normal exhaust air iodine } N / AN AN

filters is not eligible hecause of ..t | I\J fLN :

its easy inflammability and high de- { N f N ~3

sorption . Fk [ N S )

50 | T 2

Two 'materials were  tested; | \4\\\~ ; ~L_ ]

firstly, inorganic sorption materi- ! i -4\_\_________;::~~-%“~

als based on catalyzer carriers with 05 1 5‘ " : " - 2;‘“—‘%

a silver nitrate impregnation and, Jodine_releasa: 0% days after accident— (d}

secondly, silver molecular sieves. Dose and Dosa rate of the fodine filter after an accident

With bhoth materials the reaction :;ﬁ;mﬂhn°f"me

between iodine, iodine compounds and
silver gives rise to temperature re-
gistant iodine silver  compounds
having practically the same desorp-
tion behavior. One of the most im-
portant parameters influencing remo-
val is the relative humidity.

The AC 6120 sorption material contains less silver than the molecular
sieves. Already with 7 g Ag/100 g of basic material +the removal efficien-
cies are sufficient at humidities of the air < 80 % RH. Silver zeolites do
not attain this value until a silver content of abhout 30 g/100 g of mate-
rial has been attained.

In a lahoratory scale apparatus tests were performed at different hu-
midities, temperatures and pressures with molecular sieves in the silver
form from different supplies and with impregnated catalyzer carriers
(designation AC 6120). The materials must attain minimum removal efficien-
cies both at high and low temperatures and humidities. This means that de~
sign measures have to be taken against droplet storage and reduction in
the humidity of the air.
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The sorption materials behave differently with respect to changes in
the paramsters of pressure and temperature. Up to a limit temperature of
about 250 “C the AC 6120 removal efficiency increases with increasing tem-
perature because the reaction rate rises. Above +this temperature the im-
pregnation material undergoes thermal decomposition at a relatively high
rate, whilst molecular sleves are more temperature resistant because of
the different honding of the silver in the sorption material. The removal
efficiency decreases with increasing pressure. But this effect is much
smaller than the influence exerted by the temperature. Since the tempera-
ture and the pressure are coupled via the vapor pressure curve in a first
approximation and since the (positive) influence by the temperature domi-
nates over the influence exerted by pressure, rising pressure will normal-
1y not cause a reduction in +the removal efficiency of an exventing air
filter.

For the reasons stated above exhaust air filters will he operated at
normal pressure outside the safety containment since throttling will lower
the pressure and in addition diminish the relative humidity of the air.

The service life is an essential parameter with respect to accident
filter operation. From the plots showing the development versus time of
the airborne activity in the safety containment about 100 h of safe opera-
tion can be expected under conditions of elevated pressure and tempera-
ture. i

Table 2 shows the removal efficiencies as a function of the tempera-

ture and time of vapor loading. Results of radiation and desorption tests
are given in /6/.

TasLe 2

REMOVAL EFFICIENCY OF AN AG MOLECULAR SIEVE FOR CH;ISll UNDER EXTREME CONDITIONS

Face vELoCITY @ 25 cm/s

LOADING TIME ¢ 5 MiN.
PURGING TIME : 2 H
TEMPERATURE DEW POINT PRESSURE EXPOSURE REMOVAL EFFICIENCY (%)
TEMPERATURE BED DEPTH (CH)
€0 €0 (8aR) ) 2.0 5.0
150 105 1.2 5 99,2 99,99
‘ 96 99.9 99,99
160 151 5 5 96.0 99.77
96 95.4 99.71
5 9.8 99,89
300
B 5 96 83.9 97.4
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DEMISTER

Ahove all two boundary conditions are decisive for the use of a drop-
let separator.

1. Great quantities of water must he expected since in an accident up
to about 300 tons of water get released and when escaping a large volume
of it is in the vapor phase and recondenses subsequently.

2. Over a rather long period during the condensation phase very small
droplets must he expected which might lead to an inadmissible storage of
water in the particulate air filters and in the iodine filter.

Moreover, a droplet separator must have the lowest possible resist-
ance to air and must be radiation resistant.

These conditions can bhe fullfilled by using demigters made of stain-
less steel fiher separators. After optimization a configuration of droplet
separators of 22 and 8 ym fibers by four layers each has proved to be sui-
table for use in coarse and fine droplet separators. The results have been
indicated in Table 3.

TaBLE 3
REMOVAL EFFICIENCY OF A DROPLET SEPARATOR CONTAINING STATHLESS STEEL FIBER PACKS

DIAMETER OF DROPLETS : 2-5 ;UM
LOADING RATE 1~ 3 ke/n

FIBER DIAMETER

pAcK 1 t22
PACK 2 t8 um
AIR FLOW FACE TOTAL REMOVAL EFFiCIENCY (%)

RATE YELOCITY PRESSURE DROP

o /s) >n) pack 1 | pack 2 | packs L+ 2
200 0,23 250 99.6 98.9 99,996
300 0,34 320 99.4 97.3 §9.98
400 0.46 480 99,5 89,3 99,94

THE PROBLEM OF CORROSION

The stainless-steel fibers have been expoged to steam and steam-air
mixtures at temperatures between 100 and 180 "C in endurance tests which
lasted for several months. No corrosion whatsoever appeared on the fibers.
Therefore, it can bhe assumed that no critical corrosion phenomena will oc-
cur during an estimated service life of 2 - 4 weeks, not even when the
filters are exposed to the offgas of a reactor containment. Repeated use
of such a filter system is certainly not to he anticipated.
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VALUES MEASURED AT THE PREFILTERS

Prefilters have been investigated with a respect to loading capacity
and removal efficiency. The +tracer aerosecl was a commercial fire-
extinguishing powder with an aerosol size distribution hetween approx. 1
and 10 um.

Given the long waiting time until +the filter is put into operation
the fraction of fine aerosols < 1 um should not make a substantial contri-
bution to filter loading hecause agglomeration takes place. The values are
given in Table 4.

TasLe 4

LOADING ARD REMOVAL EFFICIENCY OF PREFILTERS

VoLUKETRIC FLOW RATE : 200 #3/w, 400 Wik
EXPOSURE AREA ¢ 031 W

TRACER AEROSOL t 1-10
FIBER FIBER INFTIAL FINAL EFFICIENCY LOADING LOADING
DIAHETER LOADING VALUE OF VALUE OF
(um) (6/nd) ap (MpAR) 8P (HpAR) [¢4] (6} (ke/d)
30 2500 0.1 6 78 3243 10.5
2 1500 0:15 7 85 2348 7.5
12 1500 ©.25 8.8 9% 2288 7.3
) 1500 0.5 13.5 > 9 1080 3.5
] 1500 2.3 7.2 > 99 488 1.56
*3 1500 1.7 .9 90 1430 4,6
*y 1500 5.1 31 > 99 790 2.5

Since an exventing filter with an exposure areaBOf about 5 mz‘wi}l
he necessary for a volumetric flow rate of 3000-5000 m”/h in order to rea-
lize a HEPA filter section with 2 um fihers, a theoretical loading of
about 50 kg can he expected. However, according to results previously obh-
tained from other investigations such a high aerosol loading is not to be
expected so that in this respect also there exists no limit in the appli-~
cation of the filter.

The investigations will he continued at different: flow rates in order
to cover possible changes in volumetric flow rates as well.

SUMMARY

By this demonstration of performance of an accident filter system it
can reasonebly be supposed that hypothetical accidents in LWRs can also be
controlled and the environmental burden reduced by a factor of > 1000,
Using this filter concept, hoth aerosol- and iodine activities can be con-
tained. Only the nohle gases with low radiological impact would be relea-
sed. The cost of such a filter system should amount to 0.5 to 1 million
dollars. This means that, compared with condensation gsystems, a
cost-advantage factor of ahout 20 could be achieved./7,8,9/
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ABSTRACT

25 reflooding experiments have been carried out in the REWET-II1

test facility for studying the influence of spacer grids on the
reflooding process during a postulated LOCA, The test section of

the REWET-II facility contains 19 indirectly electrically heated
full-length fuel rod simulators in a triangular array equipped with
ten honeycomb type spacer grids. The first 15 experiments have been
carried out in the standard test section i.e. with all the 10 spacer
grids. In the last 10 experiments two spacer grids (the 6th and the
8th) have been removed from the upper half of the rod bundle.
Experimental results indicate that spacer grids improve the cooling
of the fuel rod simulators. The main reason for the improved cooling
is the entrained droplets adhering to the spacer grids and forming
new downstream and upstream moving quenching fronts.

INTRODUCTION

The REWET-II facility has been. designed to investigate the reflooding
phenomena during a postulated LOCA in an LWR. The reference plant is the
Loviisa VVER-440 plant in Finland. The VVER-reactors have certain unique
features differing from other PWRs. Fuel rods are in hexagonal geometry, fuel
rod bundles of 127 rods are in BWR-like channels. The fuel rod bundle has 10
honeycomb type spacer grids. The emergency core cooling (ECC) system consists
of two separate systems having two LPCI-pumps each. The ECC water is injected
directly into both the upper plenum and the downcomer of the reactor vessel.

During recent years several authors have published papers dealing with
the effect of spacer grids on reflooding phenomena during a LOCA /71,2,37/.
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Also the earlier REWET-experiments indicated that the spacer grids may have an
important effect on the reflooding phenomenon /:H:V. In this paper two new
series of reflooding experiments are presented. The REWET-II facility and
experiments are described in the second and third sections. In the two last
sections the results of experiments are presented and the effects of spacer
grids are discussed.

REWET-II TEST FACILITY AND TEST CONDITIONS

The layout of the REWET-II test facility is presented in Fig. 1. The
scaling ratio between REWET-II facility and the reference reactor is
1:2333. In the facility all the elevations of different components are the
same as in the reference reactor. The reactor core is simulated with a bundle
of 19 electrically heated fuel rod simulators in the actual hexagonal fuel rod
geometry (Fig. 2). Hence, the heated 1length (2420 mm), the outer diameter
(9.1 mm) and the lattice piteh (12.2 mm) of the simulators are also the same
as in the reference reactor. The power distribution of the fuel rod simulators
is a chopped cosine with a peaking factor of 1.5. The number and the
construction of the honeycomb type spacer grids are the same as in the actual
fuel bundles. The heating coil of the fuel rod simulator is inside a stainless
steel cladding tube filled with magnesium oxide. The facility contains also a
pipe simulating the broken loop and a connection line between the upper plenum
and downcomer simulating the 5 intact loops. The REWET-II facility has been
described in detall in Ref. /57/.

The parameters of interest in the experiments were the rod surface
temperatures measured with thermocouples. Areas around the 6th ( at the
elevation of 1341 mm ) and the 8th ( at the elevation of 1821 mm ) spacer
grids were especially well-instrumented (Fig. 3.). Other parameters to be
measured were system pressure, differential pressures, coolant flow rates,
coolant temperature and heating power.

Before the experiment the facility was preheated by steam and the lower
plenum was filled with water. A specified electrical power was then switched
on and when the maximum cladding temperature had reached a specified value the
test was initiated by starting the injection of the ECC water into the
downcomer and/or to the upper plenum. '

EXPERIMENTS

The two test series reported here included 25 reflooding experiments. In
the first test series SGI (Spacer Grid Test I) 15 experiments were carried out
using the standard rod bundle equipped with 10 honeycomb type spacer grids. In
the second test series SGII (Spacer Grid Test II) 10 experiments were repeated
using the same rod bundle with only 8 spacer grids, i.e., the 6th and 8th
spacer grids were removed from the upper half of the test section,

The parameters in the experiments have been chosen in accordance with the
reference plant. Hence, e.g. the coolant injection rates have been scaled
down from the ECC system of the Loviisa plant. The heating power used in the
experiments corresponds to about 5 % of the thermal power of the reference
plant. Coolant temperature ( 50°C ) is the same as in the reference plant. The
ranges of the parameters are shown in Table I.
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Table I. Ranges of test parameters in REWET-II spacer grid experiments.

System pressure 0.1 - 0.3 MPa
Heating power of rod bundle 30-40 kW
Average linear heating power 6.5-8.7 W/cm
Total flow rate (cold level rise) 4-20 cm/s
Initial maximum cladding temperature 600 °C

Relative flow rate disribution,
downcomer/upper plenum 100/0 % - 50/50 %

Coolant injection temperature 50 °C

RESULTS
Effect of Spacer Grids on Cladding Temperature and Quenching Times

In the reflooding process the most significant parameter is the cladding
temperature of fuel rods. Temperature rise and quenching time are typical
characteristics used to describe the cladding temperature behavior and the
cooling of the rod bundle during the reflooding process.

The cladding temperatures measured in the experiments indicated that in
the lower half of the test section the differences between the corresponding
temperatures in the two test series SGI and SGII were insignificant (Fig. 4y,
In the upper part of the test section (where two spacer grids were removed in
test series SGII) local temperature rise was lower and quenching earlier in
test series SGI than in the corresponding experiments in test series SGII. The
largest differences in quenching time and local temperature rise between
corresponding experiments at the elevations of the 6th spacer grid were 50 s
and 105°C