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CSNI Report 135 summarizes the results of the work performed by CSNI's 
Principal Working Group No. 4 on the Source Term and Environmental 
Consequences (PWG4) during the period extending from 1983 to 1986. It consists 
of five parts: 

(1) a Foreword and Executive Summary prepared by PWG4's Chairman; 

(2) a Report on the Technical Status of the Source Term (starting on 
page 11); 

(3) a Report on the Technical Status of Filtration and Containment 
Atmosphere Control Systems for Nuclear Reactors in the Event of a 
Severe Accident (starting on page 273); 

(4) a Report on the Technical Status of Reactor Accident Consequence 
Assessment (starting on page 291); 

(5) a list of members of PWG4 (starting on page 317). 

Part 2, which constitutes the bulk of CSNI Report 135, is the Technical 
Annex to "Nuclear Reactor Accident Source Terms - Report by an NEA Group of 
Experts" published by the OECD (NEA) in March 1986. It was submitted to 
extensive peer review during the latter part of 1985 and during 1986. It 
should be stressed, however, that it does not contain Information more recent 
than that summarized 1n "Nuclear Reactor Accident Source Terms", in order to 
maintain consistency between the Report and Its Technical Annex. Results of 
work performed by PWG4 and its Groups of Experts during 1986 and 1987 will be 
published in other documents, still in preparation. 

It should also be stressed that Part 3 does not yet include results and 
conclusions of post-Chernobyl studies. These will be included in new reports, 
which will become available some time in 1988. 

CSNI Report 135 was endorsed for publication by PWG4 and CSNI at the 
end of 1986. 
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FOREWORD AND EXECUTIVE SUMMARY 

(D.F. Torgerson, PWG4 Chairman) 
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Considerable effort has been expended in NEA member countries to 
improve the methodology pertaining to source terms and environmental 
consequences. Since there has been rapid development of these methodologies, 
PWG4 and Its experts groups have been preparing state-of-the-art reports to 
ensure that current Information 1s readily available. This document contains 
the latest information on some important topics relating to source terms, 
accident consequence assessment, and containment atmospheric control systems. 
It is intended that much of the information presented herein (particularly 1n 
the source term area) serve as an in-depth record that will prove useful to 
both technical experts and to readers who require more than a general 
knowledge of the issues. The following summary is an overview of the 
information included in this document for those readers who wish to become 
acquainted with the scope and nature of the current work. 

Accident Consequence Assessment 

Accident Consequence Assessments (ACA) have had wide application 1n 
several areas of nuclear safety, including risk assessments of nuclear 
installations, assessments of different design options, setting safety goals, 
getting research priorities, siting and emergency planning. The codes used 
for ACA calculations include atmospheric dispersion models, foodchaln models, 
dose models, health effects models, and countermeasures models. The essential 
input data for the calculations include source terms, atmospheric data, 
population and agriculture data. The output from the assessments include 
information on air/ground concentrations, inhalation and ground doses, food 
contamination, numbers of late and early effects, interdicted land areas, and 
food restrictions. In general, there are two broad categories of offsite 
consequences that may result from accidental release that need to be evaluated 
in an accident consequence assessment: first, there are the health effects in 
the exposed population and Its descendants; secondly, there 1s the economic 
(and social) impact of countermeasures that may be taken to reduce the 
exposure, and, thus, the health implications in the population. 

The largest uncertainty In off-site consequences 1s due to the source 
term, but even in the case of fixed releases of radioactive material, the 
consequences will vary considerably with the conditions pertaining at the time 
- for example, with the prevailing meteorological conditions, the season, and 
the location and habits of the population. In addition, the ACA models 
themselves have uncertainties arising from an incomplete understanding of the 
phenomena and processes involved in the transport of released radioactive 
materials to man, and the health, environmental, and economic consequences 
that result. Thus, there is currently considerable work ongoing to further 
develop ACA tools in NEA member countries. Examples of this work are the US 
NRC sponsored MELCOR program, the CEGB/UKAEA CONDOR code, the Nordic Safety 
Program, and the Federal Republic of Germany UFOMOD code system. 

The new development work is leading to a number of improvements. Some 
of the more Important improvements are being made in the atmospheric 
dispersion and transport models (e.g., many models are now being modified to 
include a multi-puff model), in the capabilities for Incorporating more 
detailed land-use characteristics (especially the differentiation of urban and 
rural areas), 1n emergency-response data and models, and in the models for 
radiological health effects and potential economic impacts. 
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Owing to the Importance of pathway parameters for ACA evaluations, 
PWG4's Group of Experts on Accident Consequences has completed a survey of NEA 
member countries to collect pathway parameter values. The main objective was 
to summarize the available Information and assess Its adequacy for accident 
consequence modelling. The parameters evaluated were decontamination, 
radionuclide behaviour 1n urban areas, shielding, filtering effect of houses 
and deposition Indoors, wet and dry deposition velocities, migration of 
radionuclides 1n soil, decontamination under winter conditions, and 
agricultural pathways. The value of the exercise has been considerable, since 
1t brought together all available information 1n a systematic way. The 
results of the exercise are summarized in document SIND0C(86)38 - DRAFT (GRECA 
Survey on Pathway Parameter Evaluation). It is Important to note, however, 
that the survey was completed before the Chernobyl accident; consequently, 
new projects are being initiated in ACA that could have significant Impact. 
In particular, there are now actual data on a severe accident that can be 
addressed by ACA methodology. 

The ACA area is currently rather dynamic, as a large number of projects 
are being carried out, or are near completion. The same statement applies to 
the source term, and since the source term has considerable impact on ACA, it 
1s essential that ACA experts continue to closely review new developments 1n 
source term methodology. 

Filtration and Containment Atmosphere Control Systems for Severe Accidents 

Much of the recent interest in this area has focussed on filtered 
vented containment systems for the mitigation of releases during severe 
accidents. PWG4 has conducted a survey of member countries to determine the 
different types of systems that are, or will be, Installed, and to examine how 
the systems would be used. Although the report takes Into account some of the 
impact of the Chernobyl accident, the main part of the survey was completed 
before the accident. Therefore, it is possible that some national positions 
on filtered vented containments are still evolving. Accordingly, PWG4 will 
continue to monitor the situation. 

Source Term 

Due to the continuing rapid development of source term technology, PWG4 
has put considerable effort into addressing the key source term issues. The 
report contains a comprehensive discussion of source term issues that has been 
prepared by CSNI's Special Task Force on Source Terms, as a Technical Annex 
supporting the conclusions 1n their state-of-the-art assessment of the new 
source term studies, "Nuclear Reactor Accident Source Terms", published by the 
OECD (NEA) 1n March 1986. It is intended that this document provide more 
detailed information on the various technical areas impacting on the source 
term. It has been peer-reviewed, and we feel it 1s a reasonable account of 
the state of knowledge at the time of the source term studies (late 1984/early 
1985). 
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However, 1t was recognized that further 1n-depth Information was 
required In some areas of source term technology. Accordingly, PWG4 and Its 
Group of Experts on the Source Term (GREST) Identified some key.Issues that 
had not been completely addressed 1n previous studies, and GREST undertook to 
carry out original appraisals to further characterize these Issues. The 
detailed results of this work are given 1n CSNI Report 136, "Report on 
Selected Source Term Topics". 

In general, 1t 1s felt that considerable progress has been made, and 
that source terms can be calculated on a more mechanistic basis. It 1s also 
apparent that source terms cover a very wide range of technologies and the 
various effects cannot be treated 1n Isolation. In particular, there 1s a 
continuing need to couple thermalhydraullcs and fission product behavior when 
assessing the transport of radioactivity during severe accidents. Another 
Important undertaking 1s to assess the uncertainties associated with the new 
source term Information. 

The question of the sufficiency of current source term Information has 
been thoroughly addressed 1n the report by the Special Task Force on Source 
Terms, and will not be repeated here. However, some of the remaining 
technical Issues that have been Identified 1n the Task Force's report have 
been further characterized by GREST. It 1s emphasized that work 1s currently 
underway 1n NEA member countries that will likely have considerable Impact on 
reducing the remaining uncertainties mentioned 1n the GREST report. 

There persist some uncertainties regarding the releases of some of the 
less-volatile species from fuel, such as Ba and Ru, and with the retention of 
Te due to reaction with the zlrcaloy cladding. The formation of SnTe (from 
the Sn 1n the cladding) may also have some effect on the subsequent transport 
of Te. Although It Is expected that essentially all the Iodine and cesium 
would be released from the fuel during a severe accident, there are currently 
some questions regarding the stability of Csl. In particular, there 1s strong 
experimental evidence that Csl reacts with boric a d d (boron 1s present 1n the 
coolant of PWRs, and In the emergency coolant water of many LWRs; borates 
could also be produced by the decomposition of boron carbide in the control 
rods). The reaction forms volatile HI 1n the RCS that could alter the timing 
and magnitude of the Iodine source term. However, the extent of Csl 
decomposition would be strongly acddent-spedf 1c, and further quantification 
1s required before the potential Impact of this phenomenon can be better 
understood. The Cs source term, on the other hand, could be attenuated due to 
the formation of low-volatile cesium borates. Finally, there remain some 
questions concerning the chemistry of Ba, Sr, and Mo. 

Revolat1l1zat1on of fission products can occur by means of 
revaporlzatlon, resuspension, or re-entra1nment. Resuspension refers to the 
réintroduction of previously deposited solid particles Into an air stream, 
either from a surface or a pool. Re-entra1nment describes the formation of 
liquid solution droplets 1n the gas phase above a liquid surface by mechanical 
disintegration of the surface film during bubbly flow, or by disintegration of 
the bulk liquid during churn turbulent flow. Obviously, these processes can 
have a strong Influence on the timing and magnitude of the release of fission 
products Into the gas phase. Accordingly, the GREST review has carefully 
considered revolatH1zat1on phenomena, and some recommendations have been made 
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for future work. In general, 1t Is felt that assessments of fission product 
leakage Into the environment should take Into account the new Information 
describing re-entra1nment and resuspension. 

Pool scrubbing 1s an Important mechanism for the attenuation of 
airborne radioactivity, but, at present, only limited credit 1s taken for 
fission product scrubbing by suppression pools 1n BWRs or by the quench tanks 
of PWRs 1n transient-type accidents. Computer codes have been developed, and 
extensive experimental work to validate the codes has been done. 

The behavior of fission products within containment during a severe 
accident 1s a function of the physical conditions which prevail. Three 
Important phenomena which may affect fission product behavior have been 
reviewed: hydrogen combustion, steam explosions, and pressurized melt 
ejection. All these phenomena are capable of depositing large amounts of 
energy Into the containment atmosphere within a short time. While our current 
ability to predict the consequences of such events on the source term 1s 
limited, work Is underway 1n those areas that are now recognized to be 
potentially Important. 

Hydrogen combustion can have both chemical and physical effects on 
fission products. With respect to chemical effects, Iodine 1s the only 
fission product for which significant chemical effects are expected. For 
example, there is conclusive evidence that airborne organic Iodides would be 
decomposed to yield 12 or HI during a hydrogen deflagration. Also, the 
conversion of airborne Csl aerosols to I2 and HI 1s possible 1f the aerosols 
are dryed out by the rise 1n temperature due to the combustion. However, Csl 
would likely be airborne only under conditions where quantities of other 
aerosols would be present, and 1t is likely that rapid re-attachment of the 
gaseous iodine to these aerosols would occur. Concerning physical effects, 
turbulent Inertial agglomeration of aerosols will be promoted by hydrogen 
combustion, but enhancement of deposition would be minimal. Although flame 
and shock turbulence has been shown to result in the resuspension of dry 
deposited aerosol particles, wet aerosol particles are unlikely to be 
resuspended. 

There is considerable evidence that steam explosions 1n the reactor 
cavity would generate only a very small proportion (-̂ 1%) of the aerosols 
released to the containment atmosphere. Indeed, one of the main effects of 
steam explosions would be to suspend large quantities of water droplets Into 
containment that would accelerate the removal of the pre-existing aerosols. 
The chemical effects of steam explosions on Ru and Te require further 
consideration. 

Experiments on pressurized melt ejection phenomenology have 
demonstrated the potential for Injecting large quantities of aerosols into the 
containment atmosphere. If the associated heating of the containment 
atmosphere could lead to containment failure, then a mechanism could exist for 
releasing considerable amounts of activity to the environment. However, 
recent core heat-up and degradation assessments of high-pressure accident 
sequences suggest that upper vessel or hot leg failure is likely before core 
slump, and, thus, the conditions for pressurized melt ejection may not occur. 
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The longer-term behavior of iodine 1n containment 1s Important for 
containment management following a severe accident. Comprehensive computer 
models have been developed which account mechanistically for many of the 
Important phenomena affecting Iodine volatility 1n containment. Both analyses 
and experiments indicate that organic iodides would likely dominate the 
airborne iodine inventory on time scales of the order of a day or so following 
an accident. Owing to the complexity of the chemistry occurring in 
containment water (I.e., due to catalytic effects, radiation, impurities, and 
the variety of organic species present), it may be difficult to generalize 
long-term iodine behavior to all situations. However, one important result, 
that is becoming firmly established, 1s that iodine volatility can be 
effectively controlled under all relevant conditions 1f the pH is kept high. 
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PART 1 

REPORT ON THE 

TECHNICAL STATUS OF THE SOURCE TERM 

(Last Revision September 1986) 
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This part of the report was typed at the Electric Power Research 
Institute (EPRI), Palo Alto, California, USA 
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Section 1 

TECHNICAL ANNEXES 

1.0 INTRODUCTION 

At Its November 1984 meeting, the CSNI decided, following a proposal made 

initially by Its Subcommittee on Licensing, to set up a Special Task Force on 

Source Terms, whose main task would be to Intercompare the various source term 

studies published in late 1984/early 1985 with a view to: 

(i) identifying areas where source term information appears to 
be sufficient; 

(ii) identifying areas where current studies disagree, and why; 

(iii) identifying generic source term issues that could be 
applied to most LWRs; 

(iv) identifying barriers to applying source term information to 
different LWR plants. 

The Task Force was also asked to draw the attention of the Subcommittee to 

areas where the new technical understanding resulting from the review of 

current source term studies may have direct and broad implications for nuclear 

safety and regulatory issues. 

The following source term studies were considered by the Task Force: 

The Report of the American Nuclear Society Special Committee on 
Source Terms; 

• The Report of the American Physical Society Study Group on 
Radionuclide Release from Severe Accidents at Nuclear Power 
PIants| * 

• The technical Summary Report of the Industry Degraded Core 
Rulemaking Program Study on Nuclear Power Plant Response to 
Severe Accidents; 

Work performed by and for the USNRC, including BMI-2104, 
"Radionuclide Release Under Specific LWR Accident Conditions"; 

• • Studies performed by the Stone & Webster Engineering 
Corporation; 
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• Studies performed by the New York Power Authority; 

• Studies performed by the Electric Power Research Institute; 

• Work performed in Canada, France, the Federal Republic of 
Germany, Italy, Japan, Sweden, and the United Kingdom. 

Members of the Task Force wish to express their gratitude to the various 

organizations concerned, for their support throughout the study and for the 

large amount of documentation made available. 

Finally, the phrase "Source Terms" has been used throughout the literature 

with a variety of meanings. In the past, for example, the amount of material 

released from the primary circuit to the containment and the fractional 

release of the core inventory to the environment have both been called the 

source term. In this Report the Task Force has used the definition adopted by 

the CSNI Senior Group of Experts on Severe Accidents. For completeness, the 

Senior Group has defined "the Source Term" as the quantity of radioactive 

material which might be released in a nuclear accident: its physical and 

chemical form and the other quantities needed to completely specify its 

dispersion in the environment (e.g., energy in the plume, height of release, 

duration of release, etc.). Of course, the probability of the various 

accident scenarios must be considered in parallel with the source term. 

The documentation arising from the Task Force's activities is divided into 

three parts: 

I Executive Summary 

II Technical Summary 

III Technical Annexes 

The Executive Summary and Technical Summary were published in March 1986. The 

conclusions presented in these summaries were based on information discussed 

during Task Force meetings. 

During these discussions, the Technical Annexes were used as one of the inputs 

to Parts I and II, but the final conclusions were based on a broader 

discussion of the various source term issues. 
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Finally, we wish to stress that the Task Force completed its work in October 

1985. Any information available after this date was not considered. Since 

source term technology is changing rapidly, it is highly likely that some new 

information that could have significant impact on the source term was not 

available for Inclusion. Nevertheless, we believe the Technical Annexes are a 

useful introduction to the key issues affecting the source term. 
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Section 2 

TABULAR PRESENTATION OF THE RESULTS OF RECENT SOURCE TERM STUDIES 

2.1 INTRODUCTION TO THE TABLES 

2.1.1 Purpose of the Tables 

The purpose of these tables is to give a summary of the studies performed by 

different organizations and their main results for typical severe accident 

sequences leading to containment failure for both PWR and BWR plants. 

Analysis of differences among plants with respect to specific design of ESF's was 

not in the scope of this task. The information presented here is to orient the 

reader with regard to the general range of source terms as they are now 

calculated. The reader is, however, cautioned to read the original documents for 

an exact description of the accident scenario. 

2.1.2 Introduction and Clarification Notes 

The summary tables presented in this section are related to severe accident 

sequences that could entail significant release of fission products to the 

environment. 

Data reported in the tables are for typical severe accident sequences which have 

been evaluated in recent studies performed by different organizations using 

mechanistic models. If a PRA is available for the concerned plant, the tables 

report also PRA data for the above mentioned sequences. 

The main source_for the selection of plants and sequences was the ANS "Report of 

the Special Committee on Source TermsM (1). 

In addition, other available recent work was considered. In some cases, despite 

original study results, recalculations showed that some considered sequences lead 

to no containment failure, and sometimes also that core-melting does not occur. 
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The Investigated sequences for the considered plants have been arranged in two 

kinds of tables. These are: 

"Plant oriented" tables (table 2.1 for PWRs and table 2.3 for BWRs) showing 

the following Information: 

• Plant name and Its assessed total core-melt frequency 
(events/year) 

• Sequence Indicator 

• Study name 

• Data containing: 

• Release & core melt frequencies of the sequence (event/year) 

• Containment failure mode and its probability 

• Timing for core-melt start and containment failure 

• Fracttons of environment releases of I, Cs, Te 

Notes 

"Sequence oriented" tables (table 2.2 for PWRs and table 2.4 for BWRs) in 

which the order of columns (1) and (2) of the previous tables has been 

inverted and only the iodine release fraction is quoted. 

The symbols used to identify the sequences in terms of initiating event, 

failed functions and containment failure modes are mainly derived from 

WASH-1400. When there is a deviation a specific note has been added to the 

tables. 

Fission products released to the environment are simply indicated as I, Cs, 

and Te. Since various studies Identify the releases in different ways we have 

used the following procedures: 

• releases quoted as I-Br or Csl: I 

releases quoted as Cs-Rb or CsOH: Cs 

• releases quoted as Te or TeSb: Te 
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Discrepancies, 1f any, among the different frequencies (core melt, release and 

containment failure mode frequencies) for a sequence within the same study are 

mainly due to the rounding off of some of numbers in the original study. 

Finally, although the following tables present Interesting information, 1t 1s 

important to state and understand the assumptions when source term data are 

used. For example, the cesium source terms for the Sequoyah TMLB' sequence may 

vary from 4.5 x 10~4 to 0.11. The higher value comes from RSSMAP and the lower 

value from the Battelle Columbus study. The differences are due to methodology 

differences and sequence differences. In general» the data generated in the later 

studies should be given the greater credance. 

2.2 TABLE OF ACCIDENT SEQUENCES 

KEY TO PWR ACCIDENT SEQUENCE SYMBOLS 

A - Intermediate to large LOCA. 

B - Failure of electric power to ESFs. 

B' - Failure to recover either on-site or off-site electric power within about 
one to three hours following an initiating transient which is a loss of off-
site AC power. 

C - Failure of the containment spray injection system. 

D - Failure of the emergency core cooling injection system. 

F - Failure of the containment spray recirculation system. 

G - Failure of the containment heat removal system. 

H - Failure of the emergency core cooling recirculation system. 

K - Failure of the reactor protection system. 

L - Failure of the secondary system steam relief valves and the auxiliary 
feedwater system. 

M - Failure of the secondary system steam relief valves and the power conversion 
system. 7 

Q - Failure of the primary system safety relief valves to reel ose after opening. 

R - Massive rupture of the reactor vessel. 

S^ - A small LOCA with an equivalent diameter of about 2 to 6 inches. 

S£ - A small-small LOCA with an equivalent diameter of about 1/2 to 2 inches. 
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KEY TO PWR ACCIDENT SEQUENCE SYMBOLS 

T - Transient event. 

V - LPCI check valve failure. 

a - Containment rupture due to a reactor vessel steam explosion. 

e - Containment failure resulting from Inadequate Isolation of containment 
openings and penetrations. 

Y - Containment failure due to hydrogen burning. 

6 - Containment failure due to overpressure. 

e - Containment vessel melt-through. 
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, KEY TO BWR ACCIDENT SEQUENCE SYMBOLS 

A - Rupture of reactor coolant boundary with an equivalent diameter of greater 
than six Inches. 

B - Failure of electric power to ESFs. 

C - Failure of the reactor protection system. 

D - Failure of vapor suppression. 

E - Failure of the emergency core cooling injection. 

F - Failure of the emergency core cooling functionabillty. 
'i. 

G - Failure of containment Isolation to limit leakage to less than 100 volume 
percent per day. 

H - Failure of core spray recirculation system. 

I - Failure of low pressure recirculation system. 

J - Failure of high pressure service water system. 

M - Failure of safety/relief valves to open. 

N* - Failure to reset RPS. 

P - Failure of safety/relief valves to reclose after opening. 

Q - Failure of normal feedwater system to provide core makeup water. 

S^ - Small pipe break with an equivalent diameter of about 2 to 6 inches. 

S£ - Small pipe break with an equivalent diameter of about 1/2 to 2 inches. 

T - Transient event. 

U - Failure of HPCI ro RCIC to provide core makeup water. 

V - Failure of low pressure ECCS to provide core makeup water. 

W - Failure to remove residual core heat. 

a - Containment failure due to steam explosion in vessel. 

6 - Containment failure due to steam explosion in containment. 

Y - Containment failure due to overpressure—release through reactor building. 

Y' - Containment failure due to overpressure—release direct to atmosphere. 

6 - Containment isolation failure in drywell. 

E - Containment isolation failure in wetwell. 

*Added symbol 
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KEY TO BWR ACCIDENT SEQUENCE SYMBOLS 

ç - Containment leakage greater than 2400 volume percent per day. 

n - Reactor building Isolation failure, 

e - Standby gas treatment system failure. 

2.3 SOURCE TERM RESULTS 

See tables 2.1 through 2.4. \ 

2.4 REFERENCES 

1. ANS "Report of the Special Committee on Source Term", September 1984. 

2. IDCOR "Nuclear Power Plant Response to Severe Accidents", November 1984 by 
Technology for Energy Corp. 

3. SAIC Report SAI-84/1444—EPRI Project RP-228801 "Surry Source Term and 
Consequence Analysis", December 20, 1984. 

4. WASH-1400 "Reactor Safety Study", October 1975. 

5. NUREG/CR 1659, Vol. 1 "RSS MAP Sequoyah n.l PWR Power Plant", April 1981. 

6. Indian Point 2,3 "Indian Point Probabilistic Safety Study" Power Authority of 
the State of New York and Consolidated Edison Company of New York", 1982. 

7. ZION, "Zion Probabilistic Safety Study", Commonwealth Edison Company, 1981. 

8. EPRI NP 1804 SR--Special Report "German Risk Study—Main Report", April 1981. 

9. NUREG/CR 1659 Vol. 4 "RSS MAP Grand Gulf 1 BWR Power Plant", October 1981. 

10. LIMERICK PRA—Philadelphia Electric Company, March 1981. 
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Table 2.1 PWR Source Term Data - Plant Oriented 
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Table 2.1 PWR Source Term Data - Plant Oriented (Continued) 
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Table 2.1 PWR Source Term Data - Plant Oriented (Continued) 
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1.41-1 

4X-S 

* . * 

J . f I - 2 

1 
1 1.21-2 

1 
1 

1 
1 
1 7.22-2 
1 

1 
1 
1 i . « w 
t 
1 
1 
1 7 .B-3 
1 

BOTES J 

"»» aatt f 2 ralaaa* fractlan | 

Tat te* t l M * far cant. I 
fa l lur * InAlcat* tut » t ( ln . I 
• aaflnc af Ml r thmi tJ t | 

MR ealtg 2 n l i i H frarttaaal 

• f .JS n | 

*—ii—f f t—t i lnr i r * •!•*••& 1 
af 7 f t | 

A M te* U n far • a r t . f a i i . l 
ineisat* « M aatiar—nt * I 
aai int af aalruiraucn t 

1 êm»im»t rr*«Kl«Unt Oacnlnc 1 
1 ef .35 f t I 

1 I m a i t h * m i t i 4 | OMnUx I 
1 af 1 f t | 

! teiiwt | I I I I I I M U Daauai 1 
1 af .1 f t 1 

| âaaimmt CawTa 'wi t araact 1 
1 af 1 f t 1 

j >aaian< Cent» n i a n t Iraaaa 1 
1 af 0.1 f t 1 

| i 

I aaataa« CantaliaMfit I m k 

1 af 1 f t 
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Table 2.1 PWR Source Term Data - Plant Oriented (Continued) 

n**t 

I t r / w f l 

ruu» 
XL. «Mat 

O n ) 

PAXum ( f f l t t , af Car» Itrywt. ) 

lhr%) 
Ca | t . 

MX 
fUMT 

(aaa fa ) 

MX 

«a 
îâoe 

MX 

MX 

are 

CPU 

( lata) «*-« 

I 
t 
I 1 .1 

• t i l w m t I n c h 
• f 1 f t 

J l l i t t l I I. 
I 
I 

•r e . i rt 

tx-o 
0.2 0 .1 I 0.3 

f t - 4 t t - 1 0.03 •E-J | tt-J 

t t - « 
•C-a t-J 

I 
a- i | s- i 

2.2 .?•* 4.2I-» «.«!-» | 3.32-2 D M araac i * aanaiaaras l a 
«ka kat la». 

af 7 f t 

0.7 
2.2 l . K - 4 1.4I-» | 1 . 7 M 

« n a n a * fca — m m ) l a 
« u aala la». 
I i » a i < «awTilwatit aj-*a< 
af 7 f t 

«1-S ayaaaa 0.7 0.S | 0.1 

0.7 0.41 
I 

O.ao | 0.12 
I 

B M c t rwlaaa* via Surry 
Safafuara aulldift»». 
aaataad eaetalmant avaaeti 
af 0.» f t 

ayaaaa 0.7 7 . n - i 7.31-2 | 2.tt-J araaa an—rgaa1 ay 1 f t af 
aatar fraa MST. 

af 0. 
w4 uitiTilwanT 
1 f t 

11-2 1X-1 | « . 
araac auaaarfaa ay vatar 
iaauaat CawTaiwaitt araass af 
0.2 ft 

« - 7 
K-7 tt-2 « • 2 | 

•aa ay aatar 
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Table 2.1 PWR Source Term Data - Plant Oriented (Continued) 

ruin tteutMa STUDY 

raoutaexts 

- eou nut 

CB«TAX>. 

rAiuna 

XL. 

max 

vtue 

AW. 
fAiumt 

TVS | 

Ou») 

(Fraet. >f Cart I*-nmt.) 

X I U Si 

f M J -

( u r . t ' « ) 

tffC 

are 

sac 

a - 4 

W-7 
«t-4 

SI-4 

« - 7 
ÏI-4 

SS-S S . I 3.1 o.T t e.« 0.3 

SS-4 
SX-4 

S. I S.S e.7 | e.s o.s 

6 
».M-1 S. I 3.1 0.7 I 0.4 e.s 

£ 
i . « - i S. I 

s.e 
i s .» • I - * | Kr f U - J 

Th* to* «laaa for C B I U U M T . ; 
f»Uur« in«icait «ht aagln-
an£ th» «nCint af atltwauf*. 

l . i t-21 l .St-2 I.4S-2 
aaaiarat h m i l n t t n Wwcli a: 
1 f t 

2.11-31 2.1S-2 2.2X-2 
A W I M ( rwtHMinT araaafc af 
c i rt i 

I .K-S! i .n-î C.4X-S 
4 CantalnMnt araaefe af 

1 f t 

S Car.»»' n a î t krca.sc a?; 
3.«t-»| J.U-S 1 ft 

X.«t-»| 2.7T..I l.aX-3 
Aaaiawg r i i i l w i r t araacft af 
0.1 f t 

5 
(aarl-) 2.0 2.S 4.K-2I 3.K-2 l . U - 1 

aaatajae CantaJjawtit araaati af j 
7 f t ' 

s.e 
4.1 
i s S.II-31 1.71-4 I . U - i 

2.4 SX-J I SX-Ï 
CalaulaUana taralnatac' at 
U an.Nora*: laak aanalaara* 
(*•>. «a 0.0S a«. lash) 

6 
r v 1 4 .1 e.s 0.S 0.1 

•a flak •KnlflM"1 aaauanc* 
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Table 2 .1 PWR Source Term Data - Plant Oriented (Continued) 

r u n 
• must 
• eeat w.? 
( a» /va r ) 

• A M . 

TklUM mut 

nun 
(Krai 

CONTAIN. 
TltXVtt 
rtm 

fhra) 

(fraet. af tara lw»ant.) 
I 

X I 
I 

to | ta 

S.X-7 U ( l a t a ) 
* * 1 10 0.7 | 0.» | 0.3 

f l plant aaaaaa etata la Zlan 

nu 

St-7 ( la ta ) J . l n-j | s o I a-» 
I 

ajpraaakllltyaaauaaa aajtal «a 
l.aaaiMaigtoi»tat—ant kraaaft 
• f 0.1 f t 

Ï . 1 
I I 

1.W-4I i . t t - » 1 7.0T-S 
I _L 

SX» nu 7.41-10 
7.41-4 

U (aarly) 
l t - 4 s.s e.7 | e.t | O.J 

SE7C plant aanat* atata la 
Zlan MU 

xxoa 

rraa MU 
etr«4.«x-s 
« i n 1st . 

Ivant 

^taaa Valu* 

6 t .» 2.u-«| z.u-a | j.«i-a 

SZS MU i . f I -4 
J.M-« 

O ( la ta) 
10 0.7 | 0.» 

I 
I 
I 0.Ï 
I 

J 

tha aaauane* fraauancy rarer» 
«a t lack^wt inaucaa *j 
aaianlc avant In Xian P1U. 
St plant aaaatt etata 

a l .4 
tt-4 ( lata) at-J I S-J 

I 
I S-t 
I 
I 

I*» iraaaail lty aaaaav* eejual «a 
l.AaaMee' Cantauaaant araaan 
•r 0.7 ft 

y.-nn s-e 
I I 

it-* | n - i | «<-
I I 

aaaiaM* PrtexiBttnc Op •una, 
af 0.0a f t 

szr nu l . W - t 
l . t t - S 

( •ar l j ! 
2 . 1 0.7 | O.S I O.J 

ISJC plant 
Xian WU 

f—-ii~ atata la 

«e» 
I I 

nasi. I « a i l . I aa( l , 

PU t . U - 1 0 O (aar l r ) 
U-4 a.» e.7 | e.s I e.s 

iirt plant 
tlaa PB* 

at atata la 

•agi. | aaal. 1 anal. 

l . U - 7 arenaa 0.7 | 0.1 1 O.J 

U - 7 I-» | U~% | laaaaat Cantalwant Oraaaa af 
0 .1 f t 
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Table 2.1 PWR Source Term Data - Plant Oriented (Continued) 

I 1 1 1 1 1 1 1 1 1 m 
j PLANT I SnODKZ | fTOTT | BOODtCX I CORAH. | CDU | BBRAJ*.| WIMnatXT WTDUTt I COTZS | 
1 | | t meuucssi m i s » t MELT t PAUUX Itrnct. *r cart ii«»ant.)l j 
1 | I I ' K U B l a » * | mm | tss t i l l . 1 
I | j j • BBK axri n o u a . | nurr j j x i e» | t* I j • 
I 1 1 1 <«<r/»«arl 1 1 ( t n l 1 lhr«> 1 1 1 1 t 
1 I I I 1 1 1 1 1 1 t ' 1 
| | TU 1 SU | 1 | | KP | B-* 1 n-S | I * •—•< C—tmtwt h w i i af| 
] 1 1 ! 1 1 1 1 • 1 1 1 ••«** R 1 
1 1 J 1 1 1 1 1 1 1 1 1 

1 1 I 1 - 1 1 1 - 1 1 1 i 1 
j j | O* | 1 • I | | X.n-JI l.S-3 | | h w i l Pr»t*latlji« TTrmlni j 
I 1 I I 1 1 1 I 1 1 1 «r '•M* ft 1 
i i i i i i i i i i i i ] raxa I I I I 1 1 1 I 1 1 I 
| «00 •»• J U ' j 1 • | j I » .« - t l « . « - I | | tom< r m t t l t U l Oprntai I 
1 -1 I I 1 I I 1 1 1 1 «r 8-ew rt I 
1 | 1 1 1 1 t 1 1 ! 1 1 
1 I 1 1- 1 1 1 1 1 1 1 1 
| | S2B | a* | 1 | 1 Mer 1 u-* 1 «-» 1 1 I 

M 1 |- 1 1 1 1 1 1 1 1 1 
ri 1 1 1 1 1 1 1 1 1 1 1 
| | | B* | 1 * I I I B - i | l .B-3 | | >—M—t Pr*« l iua< "rmint. | 
! i i l i 1 t 1 1 I 1 «r e.os» n 1 
1 1 1 1 . 1 1 1 1 1 1 1 1 
I \ U | HU | 1 ( 1 | | l . K ^ I 4 . 7 M U.tt-XOl b l N M Caiagci? n i . Tba I 
j j | » M H i°j l u i 1 1 l . t t .?| l.Jl-V | i . n - ' | M m «t l im n f « w «ITT*. | 
I | I I 1 I I I I . U O I t.tt-i |7.n-« j rat U M pari»* 1 
1 « w l i t I I 1 1 I | I 1 
I i i i .i i i i i r i i 
| o r • i t - l | | PU | i l - * | 1 1 t i l l k l n n b t t | « 7 PC. Cant. | 
| | I X M M 1 | — j • | | C I 4t-l | I.1I-1 | l . t t - l j fUlMi-i aa«a laaUaata* I 1 | 
1 1 I I 1 1 1 1 1 t 1 *ar»« laak j 
l<a«w «alua 1 I I 1 1 1 I • 1 1 1 I 
J Trm PW | | | 1 1 1 1 1 1 1 1 
I «aaa* A | | U | ' i 1 ' 1 i t " - 1 **-* 1 1 • » » « l*:«aa<-*i-a« e.S f. I 
l-^aly alanv- 1 j J ' 1 I I t 1 1 t 
I lnta.-nal I I I I I 1 I t 1 1 1 
| acciaanta j | IfX | 1 V 1 1 1 » 1 *.W-T| l . t t - l | | lalaaat via rilwatta» Srataaj 
1 1 1 1 1 1 1 | l | l t>u e . » n 1 
1 1 1 1 1 1 1 1 1 1 1 1 
1 1 | i n | I • | | 0 | «,41-31 a.tt-a 1 | W » rataMlaa is adjacent j 
I I I 1 1 1 1 1 1 I I a * * » * * - AJ-M 0.7» f t | 
1 1 J 1 1 1 1 1 1 1 1 1 

1 | | TAIU APS 7.12 I M l u u i n-4 a* aaaatuallj awuivalant te AI an* TUt «a A* - t | 

T . 1 1 1 1 1 1 1 1 1 1 1 
1 | A» | m | 1 , 1 1 t i l l 1 
1 i i i i i i i i i t i 
1 f 1 1 1 1 1 1 I 1 1 1 
1 SBXAI | 1 aw | | Purr I I 1 I 1 1 1 
| PfiBR | j a m | | laiaaaa | j 14 j B-4 | t.UM | l.JB-*| j 
1 1 1 1 • 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1. I I | 1 
l-ftt* Leu | TKJ | K l | I 1 1 1 1 I I 1 
1 •»•»*• 1 1 1 1 1 1 1 1 1 1 1 
Maa* «aAwaail | | 1 1 1 1 1 | | I 
|<*Jrut J J 1 au | I Purr I I I I I ) 1 
| C»-4.7«-i j | WTTl j j klaaa* | | U j l .U - t l l.W-S 1 t .B -» | I 
\-Omt-x a j j 1 t l l l l l t 1 
1 ors.;. .B-i | | | | 1 1 1 1 1 . 1 1 
1 | S U * | PU | 1 1 1 1 1 1 I 1 
i i i i i t i i t i i i 
1 1 1 I 1 1 1 1 1 1 1 1 
1 1 1 Bu 1 1 PuTT 1 | >a | 4.2t-«| 2.21-4 | 5.3I-»| Ttui aaauanci !• • *ua* aaai | 
l i ' T M 1 i «<.<••• i l l i t ! ue i ! 
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Table 2.2 BWR Source Term Data - Plant Oriented 

PLANT 1 SEOUENCt 1 STUDY | SEOUENCt | CONTAIN. | CORS 1 CONTAIN. | ENVIRONMENT « H U W 5 1 ROTES | 
1 1 1 FREQUENCIES! FAILURE I MELT 1 FAILURE KFreet . of Core Invent. )l 1 
I I I • RELEASE 1 RODE t I TIME I TINE 1 1 1 1 1 
| 1 | - CORE NELTI PROBABIL. 1 START I | I I Ce I T« I I 
1 1 (ev/»»er) I | (hre) 1 (hre) 1 1 1 1 1 
I I I 1 ^ 1 1 1 1 1 1 1 
I TC 1 «ASH | IE-5 | 0 | | | | | | I re l ease for category 3 . . i I 
1 I 1400 | — I <—1 1 0 . 5 I 3 .17 | . M - 1 I .Tt-1 | . 3 | | 
I I I f I t f I I t 1 

PEACH SCTTO» I I 1 1 1 I I 1 | i 
•ARK 3 1 I K l I | y 1 1 . * 1 .97 | . J I.SE-1 1.25 | Containment t r n c h area: I 
V«3 M t | | | 1 *> 1 | | | | | 7 rt . Part ia l re lease 1 
-W.3L-4 | | | I 1 1 1 1 1 1 through SCTS I 

Bv «ASM 14001 1 1 1 1 1 1 1 1 | 1 

1 • ' ! ! y ' ! ! ! ' ' ! ' 
1 1 >R1 1 l u l l I - 2 4 1.21 1.37 1 Aa In the abovt i i q u n n , » u t ! 
1 I I 1 1 1 1 1 1 I r e l e s s i la d irec t t e atnesph.1 
: | , l i i I I i I I i 

1 I IDCOB I 3E-7 | $ | 3 . | 1.4 | 11-1 | 1E-1 1 1E-1 I Re operator act)or. (cat* : ) ( 
1 1 1 3E-5 I | 3 . 1 NCF | BE-4 | 6E-4 I 4E-4 | with oper. aet lon l e t » 4 ; ' 
I I I 1 1 1 1 1 1 1 

i l 1 X 1 1 1 1 1 1 
1 T» 1 «ASH | 1E-5 1 ° 1 1 | | | | 
1 I 140C | 1.2E-5 1 .8 1 ?9. | 25 .7 | .1E-1 | . l I.7E-1 I I re leaar for category 3 . . 1 
I J | _ 1 | | | | 1 | 

1 I I . 1 wr-' 1 1 1 1 1 1 1 
1 I «ASH | 3E-6 I 0 I I | | | | Rslesse category 2 I 
I I 1400 | l . S t - 5 1 .2 I 1 | . 9 | . 5 1.3 | | 

1 I I 1 ! . 1 1 1 1 1 . 1 
! I I 1 1 1 I 1 1 1 • 1 
1 1 B»I I ' 0 ' 4 i t ' 2 Ï - 2 7 I-4**-! I.4SE-1 1.19 I Cont.ine.ent breach area. 1 
1 I I 1 1 1 1 1 1 1 7 ft* I 
I I I 1 1 1 1 1 1 1 1 

1 1 *.DCCP | 2E-7 | 0 1 39. 1 32. | . 2 1.2 1.1 1 Containment breach area 1 
i 1 1 - 1 I I | 1 1 1 .1 f t 1 
1 1 1 1 1 1 1 1 1 1 
1 1 1 - 1 f i 1 1 1 1 1 1 
1 TC'V I WASH | 4E-7 | B | | | | | | Release category 3 
1 | 1405 | 5E-7 | .8 1 1.9 1 5. | . l | . l | . 3 I ! 
I l l 1 1 1 1 1 1 1 t 

1 I WASH | 8E-6 | Û | | | | | | Rcleaee category 2 i 
1 I 1400 | 4E-7 | . 2 I I | . 9 1.5 1.3 | |" 
I I I 1 1 1 1 1 1 1 1 
I I I 1 1 1 1 1 1 1 i 

1 IDÎ0B | | I I IB. j.SE-1 I.SE-1 I.4E-1 | Data fro* ANS ! 
1 I I ' 1 I I 1 1 1 1 Contemner* breser are»: : f t 1 
I I I 1 1 1 1 1 1 1 1 
1 TOW I IDCOP -| 1E-7 | | | 1 1 1 1 Containment overtemperature 1 
1 Lf . 1 — 1 1 11-4 1 IB. I.SE-1 I.SE-1 I.6E-1 I Failure (1200* F\ . I 
1 1" 1 1 1 1 1 1 1 1 Breach area: 1ft ] 
I I I 1 1 1 1 1 1 1 ! 
1 l | 1 y 1 1 1 1 1 1 Feed ea ter Ignored _ < 
1 AE I WASH | 1E-7 | 0 | | | | | | Probabi l i ty for J'en!! g are i 
i | :OC | 1.3E-7 I .73 | .33 | 10.7 | . i I.9E-2 I.2E-1 | assumed respect ive ly . B a r e 
1 | | 1 I I I I 1 | .2 of containment over • 
1 I I 1 I I t i l l pressure probabi l i ty . 
I l l 1 • > 1 1 1 1 1 1 
1 1 WASH | 3E-8 I 0 | | | | | | Ri i taae category 2 1 
1 1 1400 | .SSE-7 | .16 1 1 | . 9 | . 5 | . 3 | Feed eater Ignorée 
I I I 1 1 1 1 1 1 1 1 
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Table 2.2 BWR Source Term Data - Plant Oriented (Continued) 

1 1 1 1 1 1 1 1 1 1 
PLANT 1 SEOUENCr 1 STUDY I UOUENCE 1 CONTAIN. I CORE I CONTAIN. | INVXMNNEHT RELEASES I NOTES | 

1 1 I FREQUENCIES) FAILURE 1 MELT 1 FAILURE KFract . of Cor» Invent .J 1 1 
| | | . RELEASE | MODE * | TINE 1 TINE 1 1 1 1 1 
1 | | • CORE MELT! PROBAIIL. 1 START I j 1 j Ca j t o 1 | 
1 1 1 ( ev /yesr ) I 1 I h n l I <hre) 1 1 1 1 1 

I I I 1 , 1 1 1 1 1 j 1 
1 AI | »»: t 1 0 1 .19 | .»6 | . M | . 3 3 l . e s | 1 
I I I 1 1 1 1 1 1 1 1 
I I I 1 1 1 1 1 1 1 1 

«ACM POTTO» ! S ! I «ASH | | Y | | | | I I «alaaae eatagorv 3 | 
Kor . t . l 1 I 1400 I 1E-7 1 ° 1 '1 | . l | . l 1.3 I | 

1 1 1 - 1 1 1 1 1 1 1 1 
I I I 1 1 1 1 1 1 1 1 
1 1 "»S- 1 1 y ' 1 1 I I I t «eleaae category 2 I 
I | 1*03 | 4E-6 | C | | | . 9 I.S | . 3 | | 
' 1 1 - 1 1 1 1 1 1 1 : 
' I I 1 1 1 1 1 1 1 I 
! 1 IDCCF | &E-11 1 1 2.6 1 23 . | .4E-1 1.41-1 I.6E-1 I Containment overtemperature | 
1 I I 1 1 1 1 1 1 1 f a i l u r e . M l m t trough 1 
i I I 1 1 1 I 1 1 1 ooeondary eont. and par t ia l . I 
1 ! 1 1 1 1 j 1 1 1 trough SBCTS I 
1 ' 1 ! I 1 1 1 1 1 1 
I I I 1 y 1 1 1 1 1 1 1 
1 TC 1 PF» | 1.491-6 1 V | | | | | | Alternate 3A of I n t e n r rule1 

1 ' | L I E - ' 1 .V 1 .67 1 .67 j . 26 1.2 1.472 | on ATWS. Release te stec» I 
1 1 1 1 I I | | | | Ne SBCT I 
1 1 1 - 1 I . I I I I I (Dominant oequencet T.r CJ 
1 I I 1 1 ' I 1 1 1 throus!-. Contain)»»!-.*, criri i ' i 
i l l i y i i 1 1 l l 

LINEKICK 1 7b | PR*. | 6.BE-* 1 "• 1 1 | I I I Release to ataek. He SBCT. ! 
«* = • : : | | -2.3E-7 | .256 i 30. I 30. I.6E-1 | .23E-1 1.4 | Containment fa i lure time 1 
32S3 "»•. 1 1 1 1 1 1 1 1 1 delayed due tc overpressure \ 

! 1 1 ' 1 1 1 1 1 r e l i e v i n g 1 
1 1 1 1 1 1 1 1 i 

• r o i - ' . ' i l i y I i I 1 1 1 : 
1 T: . 'PR* | Î.E-t 1- » : 1 | 1 1 1 Release tc staer - Ne S5" 

1 e.E-t | .25e ! t .5 1 6.5 | . l l I.9E-1 I.16E-1 1 (Dominant aequer.ces: 1 
1 ' 1 ! 1 1 1 1 1 1 T UV-T O'-'T) ! 
1 1 ' I I . | l I I 

1 nE 1 PR» 1 5.16E-6 1 0 ! 1 I I I I Relasse to stack. No SE-:? 
1 1 2.E-7 | .256 | 6.5 1 6.5 J.4E-1 |.24E-1 |.73E-1 1 
i i | | i t I i | 1 

l Ï , Î i PU» I i . s E - e I 0 i I | | | | i 
! 1 1 7 . j r _ 6 | . î s e 1 6 .5 1 6 .5 j . l l | . 91-1 I.16E-1 1 

1 1 ' 1 1 1 1 1 1 
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Table 2.2 BWR Source Term Data - Plant Oriented (Continued) 

PLANT 

CRANC CULT 
•APK I:: 

633»*! 
»F«E-S 

! 

! SEOUCNCt ! STUDY 

TOt'V | RRA 

1 MA 

1 IDCOft 

I BHI 

TC 1 MA 

1 IDCOP 

1 BM: 

T» I PSA 

I IDCOP 

TPO» 1 PR* 

1 BHI 

TPCE 1 PP.» 

1 
1 
I PRA 

t 
1 

S1W 1 PRA 

SjE 1 BK1 

SEQUENCE 

I FREQUENCIES 

1 - RELEASE 
! . COKE KELT 
(ev/year) 

i 7.5E-7 
l.SE-6 

7.SE-7 

l.SE-fc 

l.E-7 

S.4E-6 

7.E-6 

1.2E-1 

2E-7 

5.3E-6 

4E-7 
61-7 

«•7 
BE-7 

4.6E-« 

~ 

1 

CONTAIN. 

1 F AI LUKE 

MODE 6 

MOBABIL. 

1 iT 
.5 

.s 

y 

y 
6 

* 

V 
'« ' i 

y 

** 

.5. 

.s 

t 
1 

tf 

* 

COKE 
KELT 
TINE 

START 
(hra) 

1.76 

1.76 

2 

1.71 

1.53 

3 

1.95 

35.5 

54 

26 

27.4 

.46 

.46 

CONTAIN. 

FAILURE 

TINE 

1 Ihr») 

2.M 

6.6S 

47 

14 

LIB 

1.0 

1.33 

3C 

4C 

2B 

22 

.9 

.9 1 

ENVIRONMENT RELEASES 

(Tract, of Cor* Invent.) 

I 

.31-1 

44E-3 

.7t-4 

.•E-3 

.» 

.•E-3 

.6E-2 

.21 

.3E-3 

.57 

.24E-3 

.1 

.6E-3 

.» 

.7E-2 

.3E-2 

Ca 1 Ta 

.17 |.M 

.6E-2 I.16E-1 

.7E-4 |.3E-4 

.5E-3 |.2 

.5 |.3 

.•E-3 I.6E-3 

.35E-3 I.U-2 

.56 1.55 

.31-3 I.2E-3 

.52 i.31 

-3E-3 I.13E-2 

.1 1.3 

.5E-J 1.41-2 

.5 |.3 

.6E-2 1.241-1 

.3E-2 1.14 

I 

1 
NOTES ! 

Cantalnmnt failure du* to 1 
Hydivgen burning 

Containment failure Ci» te 1 
•a* generation I 

•reach area: .1 ft (ANSI I 

À 

Breach area: 1.5 ft 1 

Breach are* 1 ft (ANE ; I 

Breach area: .1 ft (A'-S . ! 

< 

R*l*a*e Category 3. Cortair. 
failure flue to Hyiroge- ' 
burning 

i 

1 
Releaae category 4. Contain,. I 
failure due to ga* generetior! 

1 
Releaae category 2 ! 
Indicated a* SI Ir. PES".*? > 

i 

With noainel bypaas e' »up-

preeelon pool 673 ft /rir. ! 

Releaac* fro* tabic "'.:t:B«: 

Vlth atuck open vac-ô  tretcner 
Bypee* flow about IZ tare* 
larger 
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Table 2.2 BWR Source Term Data - Plant Oriented (Continued) 

PUMT 

t V B t x 
U K ) 

STWT 

E1SM 

EM» 

BOUtMCt 
nuouxxcxts 
. UUASI 
. COU K I T 

eOHTAXN. 
FAXUS» 
•out * 

« I T 
TUB 
IÎAHT 
thr») 

1.1 

I 
c o m » . I orv; 

txw I 
I x 

l > f l ) 1 

• f C l t 

I 

I 

I 
| .n-î 
I 

I 
I . B O 

I 

J 
1 

S3.» I.Tt-J | . t t O 

1.11 1.1 

t * 

»-» 

a - s 

trans 

t . * f t CantaMMitt hr*»eh 

SAX 

SAX 
(MS) 

SAX 

TWV u : 

IT? ASS SAX 

0 . » I .231-1 

J 
I.2SI-1 -S I - Î 

I I 
» I.II-J Liu-; Sl-J 

I I 
I.» | . i«- i unt-i 2W-1 

I I 
I.ÏI-Î | . S W 

J ! 
4 1 -

I I 
i .S | .M |.K«2 

! I 
.311-1 

(AIS) 

s e « B-J 

IW» owe 

«a" 

.«t-4 li"t CanuLnur.t ftr«isn ar*t 

l . n w | 
I I 

J L 

100 Ft CantaUMcnt »r»»e* 
• m (all M » U ) 

u. i l.ii-î I.B-Z 
I I 

A* a f e e v i . r m AW K-f*liiB«t 
«• r w * t KPS 
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Table 2.3 PWR Source Term Data - Sequence Oriented 

PUMT 
•MS 4 
COM « I T 

. CMS BIT 
(r»/»aar) 

•A». 
muas 
met t 

nan 
inn) 

OOWTAXI. 

FAUIK 
TX* 

«ara» 
FracUa* 

11-11 

11-10 

41.11 
It-* 

I t - t 
11-i 

11-12 

e.s 0.7 

r 
i . i t - i e.n e.T 

• t - i 
a»*. «•!•( 1 ralaaaa fraclla 

0 . » 0.7 

t . lZ - l o.» 
2.3 
10 31-3 

Tut «m Tiai far «ant. 
fallurt i M i u u tbt »«jift. 
» an«M| af ealTBiran*» 

a 
11-3 

•M cat*{ 2 ralaaat fractlana 
0 . » O.T 

0.4 K - l 4aataM< maslatla* aa*nin( 
af .34 ft 

0.4 «.3 3.7Ï-Ï i m i i f rain a I iMiT kraaes 
• f 7 ft 

0.4 
1.3 

4.K-» 
Tte* *•* t u n far aant. fa l l 
insicaw n» aaflntunt * 
« l u i af aalrwratifn 

a.71-2 l i i w i t h i i i i i m i i Oaanuic 
• f .IS ft 

t.aX-a »aa«— t »i • •• I i t i a i f»aiunt 
• r i f t 

i . » « i Aaaaaa*. t m i i m i i i DaaMnt 
• f .1 ft . 

(aarly) 01» • .«« Î •f 1 ft 

6 
taarly) 0.» •f 0.1 ft' 

t »l 
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Table 2.3 PWR Source Term Data - Sequence Oriented (Continued) 

| B0UDCX 

1*» 

j 

ruirr 
mua • 
B R I « I T 
mwncr 

svmr 

H D I M 
roim 

CXJUU* 

STUDY 

•we 

nu 

vu 
•YPA 

nu 
ahaaa A 

m 

nsumci ! 

. KtlXA» I 
- eou SLT 
<a»/»a%r) 1 

U - * 

GDrTAXII. | 
FAIUIK j 
•OK * | 
• M M I X l . 1 

(anrly) 

S ! 
( la te) I 

® Uete) 

rurr 

• 

S 
1 

1 • 

I.E
IJ 

CDMTAXM. | 

FAiunu 1 
TUB I 

».0 | 

U I 

»« ! 

>4 

e 

1 120 

1 o 

X 1 
Environ.1 
ftalaaa* 1 
rractlan! 

l.lt-1 I 

««* ! 

U-i 

ai-* 

x.at-a 

t . « - j 

4I.X 

! U-« 

1 t.n-f 

! * . « - 3 

•ores | 

> » n a n < r « w f 1 i » f ) t Iraaeh | 
• f X f t | 

>aaanil fa t i t i lwwi t araacn | 
•tin | 

Aaaiwal CanTalanant Breach | 
• f O.X ft | 

•.«laaat Catagar? rXC. Th« | 
t o n t «aliwa « f i r ta « i f f * - j 
rant U * t aariatf | 

I MXaaM Catafary TtZ. Cant. | 
I fai lure aaa* Mtfleatei 1 X I 
! largt laak | 

I Direct «alaaai Araa t.Xt f t I 

I Beleae* T U f U v t U M »»e*ea| 
1 Ana e.ii rt | 

| »lwi retentlan 1 * aejaernt I 
I agMCTur» Are» C ' t f t 1 
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Table 2.3 PWR Source Term Data - Sequence Oriented (Continued) 

rum 

emt acr 
meotMCT . OMI « I T 

r&xu» 
m t 

K I T 
T J * 
STAIR 

•Aim. 

fAXUSB 

nm 

inn) 

irractiaa! 

TKU' BQUOTM 

MU 

SUMtT • A » 

I— 

S.aX-7 
S.K-7 

S . I 1.1 t .s t -2 TkU aaaa—M l i l a t l c a w i 

U - 7 
U - 7 4 2.» 27.Ï l t - « 0 araaaai l l t» •»•»—« 

t» 1 

*.e 2.» i . n - i 

*.o t . i l . f t w 

1 1 4 
114 

0k 

21-2 2 . * S.J 0.7 

n - 7 
2 . 4 1 . 1 2.» S.S 0.7 

B 4 
* . « - l 2.S S.S c.7 

« . 7 
2X4 l . W - l 2.» 

*.o T IM • » • t l m far r i t i l i m t t 

an* **» «M1AC ef aalnhraush 

l . U - 2 
Aaaiawt Cantainaant knatf i ef! 
1 f t 

2 . U - J 
l n n i j CanTalwart araacfi af 
0.1 f t 

1 . B - Ï 
«Muarte 
1 f t* 

J . a l - I 
« a a i y * 
i n 

i.u-% 
Aaatfaaj 
t . i r» 

( a a r l j ) 2.0 I . S « . n - 2 
l a w y l 
7 n 
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Table 2.3 PWR Source Term Data - Sequence Oriented (Continued) 

j BOUtMCX 

I n u -

1 

purr 
•AM 4 
cou «kir 
rueuDinr 

tmurr 

• 

new. 

PC 1*7 

ÏTOTY 

• Q 

«nti 

pi* 

xseo» 

•o 

nu 

•u 
rr»i 

n* 

ftu 

•m 

newer 
meucNCXu 

. com «IL? 

• 

2.21-7 
2 .31 .7 

21-7 
a - 7 

earn», i 
m u m 
•an * | 

£ 

0 ( l a t a ) 
• " 1 

£ 

Puff 
ftslaaa* 

1 Puff 

«TAT | 
TINC | 
STAR I 
( h n ) 1 

a.o ! 

a.« 

2 . 1 . 

2 . 2 

' « 

corrAI», i 
PAtumt I 

( t i n ) 1 

••• 1 
is 1 

•cr ! 

10 

22 

2« 

1 2« 

X 1 
Imrlran.l 
> t l u a « I 
f ract lan 

2 . K - 3 ! 

at-3 | 

0.7 

21-3 

l . t t - 4 

! i . K - S 

1 4 .21-4 

teas | 

b i n l i t t i a WrmlMt«< a t | 
12 I n . k m i I w t M M i t e n t ! 
<•»«. «a O.OS a«. lack) | 

Tt alant M M I I atata l a Slant 
PBA | 

Jar M a» 111 tr aaauMd a«ual t a : I 
Aaatawd rpnTUfwiT krmca | 
• f 0.1 f t | 

• 1 

1 Tfci» M«uanc« 1* • h a * • • * ! I 
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Table 2.3 PWR Source Term Data - Sequence Oriented (Continued) 

j sioutwr j rum j RUST j noutict | canton. \ eon 1 COKTA».! t j «eras j 
j | M I S a j 1 rSUUCMCZtsj FAXUIB I KLT j FAZUmt |If»»ll-an.| |. 
| j COM HtLTl 1 • m u s t j wot » j TUB 1 t i n isaiaaa* 1 1 
j | mourner | j - eon m?| PBOSAJXL. j STAR | jrracttanl 1 
1 I I I <»»/»aarl 1 I I h n l I I k n l 1 1 1 

| SJ I MO" | PM | • . « - 1 0 1 0 (aarlr) I I I I Al^C «last aaaaft • » • * • ta i 
1 I I I ».»I-4 I i t - * I | M | O.T j t lan MU I 

1 1 . 1 XBCO* | | | | K T | M ( l . j 1 

1 S2> | ZIOM | PRA | S. l t -4 | 0 ( lata) | I I 1 T*>» wtua ic i fraawaney rafaral 
I I I I S.M-4 I ' V l | I 10 | 0 . ' | «a Hack-out Inauaa* » j ' | 
I I | | | I l t I aalaalc avant In Zlaa MU I 
1 1 •' 1 1 1 I I 1 1 St slant aaaat* a ta t t I 

I j 1 t6CO« | U -4 | J | | | | anaaa i l l t y aaat»a4 aawal ta | 
I - 1 1 1 « - « 1 ( lata) | 1 | S3 j 21-3 I l.Aaa<aw< Canuumnt araacn I 
1 1 1 . . 1 1 I I I | i f 0.7 f t | 

1 1 I B=0ft I Sl-a I • I 1 | j 11-2 | aaatatat Prtaalsttflf Oaanln* I 
1 1 1 1 — 1 I I | | af O.JS f t | 

1 sze I suiucr 1 «ASH | zt-4 | •) | | | j 1 
1 1 I 1*00 j 2X<4 j «. 1 | «.i | 4 j 0.2 | I 

1 I | IMU I I J I 00 | BCT | | Ba rim* a lpuf leant aaauanc* I 

1 S2CP I ntSKCM | B t | j | | 1 7 | • ! • * | | 
1 I MO Ma | I t 1 I | t | 

I 1 | B 1 | l a j j 1 2X>2 I AaaimJ •FVfXlattJit Oaanltit | 
I I 1 1 1 I I 1 1 af COW f t * | 

1 S2S 1 Z : M 1 »JU 1 7.41-10 1 0 (aarlr) 1 I I 1 SITC alaat éaaaat I U U la I 
1 I I I 7.41-4 | U w | | 2.S | 0.? | Zlan PIU I 

1 1 I an | 1 £ 1 2.1 1 s | z.tt-* | 1 

1 — I SMUOTAJl I j t.UM | 0 | | I I Salaaaaa ara aat avatai Hit I 
1 _ . I j aSUA» I » .M-4 j > v l | j j | mXM i i a i a i i i i la aaalaaa* j 
l | I I 1 I I | | ta aataf * l a ttSM* I 

1 | 1 SCO* I I l) | 1.» | WO | | ' | 

1 | sunt I *AM | S M I I I I I ' 1 
1 i i MOO i n* i u-j j j i o.t | j 
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Table 2.3 PWR Source Term Data - Sequence Oriented (Continued) 

«tourna ruur 
• M I a 
COU KL? 

mourner 

STUDY BflUtKt 

meuDcits 

- CDU KELT 

CNRAXK. 
rAiumt 
«COI * 
MtOBUXL 

KIT 
TJK 
STAR 

eoruiK. 
ruumt 

z 
tnvlran. 
•wlaaa* 
r n c u w i 

somr MSM B-» 
O.CB 

n-4 
K - 4 

t. 
n.t 

MI ï 2 .1 2.T «.«-» D M hf-Mt la aanaittraC if> 
«M »•» 1 * | . 
A M I M * cantalmant kraactv 
• t i n 

1.2 • a \.%i-* 
t*e kraak U M M i t m < 1A 
t)M « a l l la». 
i n i w r f i i i i M i m kraach 
ef ? f t 

S3T XIOK •*> 1 . K - » 
l . K - S 

<J (aarl?) 
2.S 0.7 

sire »i«nt 
Zian P«A 

c I U U In 

aeon • a g i . 

S2H SXSUOTAM B i u r i . n - s 
i . n - i 

! • ! • • • « a n aat t w u e kut 

«a ca ta i S la I3S«»P 

1.» 
2 .2 

2 .2 ft» rafara ta 
• . « l i t . 

S2W StOOTÏA* BSIAP S . « - « 
S . a l - t 

c 
'. -1 .13 

zscok ai-» i . i tt-2 

«t-7 i l . t l . » » - S Draina kawaas «ya. a 

tt--» l . t t . » U . S brama kakaaa* HT». * l a 

3.1 » . t J . M - 2 
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Table 2.3 PWR Source Term Data - Sequence Oriented (Continued) 

1 itir—*~ 1 njjn 1 «TUDT 1 «tourna | ccam». i eon 1 cornu*.] i \ taxa j 
1 i M I S • | i ntgutwzBl munt j axi? | muât. jt»»ir«».i 1 
j j eon mtvt\ | . S U A S I « c * j tua j rua |B* IMM 1 j 
j | nOWBCTl | . CDU « t i l l rtOMBXL. | KART 1 IfracUaal | 
j I I I (r»/»«»r) | 1 ( M ) 1 (hn) 1 1 j 

1 T U 1 nouai j CU j | | | UCT j U ^ j - n n l CantauaMnt trmmtti «f j 
j j «ooMx i j j î f f i cou n | 

1 I I I 1 * 1 1 1 l.W-4 j t n w < Pracaiatlnc Haamnt i 
1 1 I I 1 1 1 i 1 *f e.oM r t | 

I no, I sceuoYAM j BSMT j ata 1 * 1 1 1 I TM» M « H M I I * mucatad aal 
I I I I » - • | w 1 j >.J j « j i . * I - I | T A U I M B I M f Stuty | 

1 1 . 1 1 1 ( 1 , 1 1 1 1 
| 1 I I 1 * 1 1 1 1 Xafaraatlan an t*Ua aaattanct | 
1 1 1 1 I < 1 | * . J I XI j | U I M M l t W Ifl «M RSMAP | 

1 1 1 »C0» | 1 (5 1 ' 1 "CT | mil. | | 

1 1 | MU | | Y | 2.0 | 2.0 | l . J t -J | | 

1 1 1 1 1 y 1 2.o | mer | C H - I | 1 

1 * | ROUCTAH | RSSMP j «.W-4 | j | j .77 j Ta* « v a * ftfuraa fer « M | 
1 I I I « . « - « | > ) m i | . « | | , U | n l « H art rafarrad te « r a | 
1 1 I I 1 1 t 1 •*» 1 «Ifferant M « w 1 

1 1 1 SCO*. | t t - 7 | araeae 1 1 1 1 1 

i i l l «-T i i *• i i i i ^ i j 

j | tuner \ « A M i *t-* 1 1 1 1 1 j 
1 1 1 »*oo 1 t - 4 1 eyaae» 1 1 1 0.7 | | 

1 | | MO I I eyaeae 1 0.7 1 i 0.41 I Slrart releae* r la Sun? | 
1 i I I I i 1 i 1 Se/afyara a*l.l*uia». j 
1 | I l 1 1 1 1 1 Aeeaaad aantil—ant »r»trti | 
1 1 1 1 1 1 1 t 1 af 7 f t 1 

i j j . 1 i aj'iaaa | 0.7 i | 7 . K - 2 j area* aa—araed *j 9 f t af j 
1 1 f i l i J j 1 «atar fre» 1 W - . | 
1 I I I 1 1 1 1 1 Aaetawd «ewtitnaent kraaen | 
1 ' I l ' ' ' 1 1 af 0.2 f t I 

i j i 9*tt i j J 1 1 1 e>ee* ai—irgad ky *e«ar 1 
1 i l l 1 araaaa | 1 i 1X-4 [ leaianfl raiiianaiam erase» af 1 
i 1 1 j 1 1 1 i 1 0.2 f t 1 
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Table 2.3 PWR Source Term Data - Sequence Oriented (Continued) 

1"™ 

1 f 

rutHT 
M » ft 
CDU « I T 
raouu» 

«now 

tie* 

OYUDY 

m i 

nu 

aeon 

mwtucxts 
. m i u t 
. pan KIT 

U - 7 
U - 7 

1.11-7 

U - 7 

CONTAI*. 
FAIUIU 

rtmtaxu 

t » M I 

»y»»»» 

• 7 M M 

« I T 
TSS 
«TAJtT 
(knl 

COffTAJM. 
PAIUMX 
«SB 

(hn l 

• 

X 
lavlran. 
BalaaM 
F n c U n 

U - i 

0 .7 

K - > 

wem | 

Braak Maaarta* «7 aatar | 

«••>•«{ f a u t i f a n t Broc* af | 
0.1 ft | 
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Table 2.4 BWR Source Term Data - Sequence Oriented 

SEOUENCE 

:rr 

« 

Tk 

I PLANT 
! NAME t 
! CONE MELT 
I FREOUENCY 

PEACH 
•OTTO» 

LINER!» 

CRAN: 
cuir 

BVF 
3000 

SHOREHw 

PEACH 
BOTTOM 

STUDY 

•ASH 
1400 

M I 

BNI 

IOCOR 

PRA 

PRA 

:2:0a 

»K: 

ELS»" 

SAI 

HASH 
1400 

•ASH 
1*00 

BH: 

ZCCOP 

SEOUENCE 
FREQUENCIES 
» RELEASE 
- CORE MELT 
<ev/year) 

1E-5 

3E-7 

3X-5 

1.49E-8 
1.1E-7 

S.4E-6 

7.E-6 

• 

1E-S 
1.2E-5 

3E-6 
l.SE-5 

2E-7 

CONTAIN. 
FAILURE 
•ODE 4 
PROBABIL. 

r 

r 
X 

X 
.5 

~ 1 

o) 1 

s 

X 
.8 

t 
.2 

t 
X 

CORE 
•ELT 
riic 
START 
(hn) 

0.5 

1.6 

3. 

.67 

1.63 

3 

l.»S 

n. 

46.8 

39. 

CONTAIN. 

FAILURE 
TIME 

(hn) 

3.17 

.87 

1.4 

NCT 

.67 

1.18 

1.0 

1.33 

0.5 

25.7 

29.27 

32. 1 

I 
Environ. 
Raleaae 
Fraction 

.21-1 

.1 

.24 

.1 
6E-4 

.26 

.9 

.8E-3 

.61-2 

.7E-2 

.23E-1 

.1E-1 

.9 

.48E-1 

.2 

NOTES I 

I nleaae for category 3 ..1 | 

Contmlwifit araach area: I 

7 ft . Partial nlaaae trough 1 

sers | 

Aa In tha above aeQuence, butl 
ralaaaa la direct to ataoaph.1 

No operator action (caa* 1) I 
»lth eparator action (eaat 4)| 

A1tarn»te 3A of lntaria rul* I 
on ATVS. Releaae to atack I 
No SBCT | 
(Doainant eequencee T C C I 
through Containment bruit 1 

Releaee category 2 I 

Broach araa: 1.i ft I 

Braach araa 1 ft (ANS; I 

5.4 ft Containment breach 1 
area 1 

I release for category 3 «.1 1 

Relaaae category 2 1 

Contalraeent braach araa: 1 

7 ft 1 

Contalnaent braach area : 1 
.1 ft ! 
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Table 2.4 BWR Source Term Data - Sequence Oriented (Continued) 

1 
1 SEQUENCE 

1 

1 

i 

< 

•TOJV 

1 PUNT 
I HAKE A 
I CORE ŒLT 
1 FREQUENCE 

I LIMERICK 

GRAND 

[ cuur 

BVR 

3000 

SHOREHAN 

BROWNS 

TERR Y 

PEACH 

•OTTO* 

LINER!Cr 

CRANS 1 

GULF 

TV 1 

SMOREHAM | 

1 STUDY 

I PRA 

PRA 

IDCOR 

ELSAN 

SA: 

ORN: 

«ASH 
HOC 

•ASH 

)40C 

IDCOR 

PRA 

PRA | 

PRA ' | 

IDCOR | 

B M : I 

SA1 | 

i SEQUENCE 

| FREQUENCIES 

| • RELEASE 

1 - CORE MELT 

< »v tyr+r) 

I t.tt-e 
1 2.3E-7 

1.2E-S 

2E-7 

4E-7 

SE-7 

BE-8 

4E-7 

2.E-6 

e.E-6 

7.SE-7 

l.SE-6 

7.SE-7 | 

1.5E-6 1 

l.E-7 | 

| CONTAIN. 

1 PAILURE 

! MODE A 

1 PMSABIL. 

1 * 
1 .2*6 

X 
r*> 1 

X 

X 
.B 

r 
.2 

X 
.256 

- X , 
.S 1 

x ! 
.5 1 

X 

x ! 

I CORE 

! BELT 

1 TINE 

START 

1 (tin) 

30. 

35.5 

SA 

96.* 

1.9 

6.5 

1.76 

1.76 I 

2 | 

1.71 | 

[ CONTAIN 

| FAILURE 

TIKE 

<hre) 

30. 

30 

40 

33.6 

2A 

40 

5. 

IB. 

6.S 

2.56 

6.68 

47 

14 

2.5 

1 
•1 X 
lEnvlron. 
(••1MM 

jrraetlan 
1 
1 
1 
I.6E-1 

1 
1 
1 
1 
1 
1.21 
1 
1 
1 
I. M r 3 

1 

1 
1 
|.7E-2 

1 
1 
I.2E-3 

1 
1 
I.72E-5 

1 
1 
1 
M 
1 
1 
1 
1.» 
1 
1 
1.52-1 
1 
1 
1 
1.11 
1 
1 
1 
1 1 
I.SE-l | 

1 1 

1 
1 1 
I.44E-3 

1 1 
1 1 
1 1 
|.71-4 | 

1 1 
1 1 
I.BE-3 | 

1 1 
1 1 
I.3E-3 | 

1 1 

1 MORS | 

» > 1 M H to atack. M SBGT. I 

Contain—tit faillira tlae I 

delayed due to evarprweure I 

rallavlnt 1 

Broach area: .1 ft («MS) 1 

Aa above I 

2ft Cantalnaant broach v u | 

Balaaa* category 3 1 

Roloaoo Mtegory 2 1 

Oat* froa ANS I 

Containment braaeh aroa: 1ft I 

Releaet to etack • No SBCT I 

Doalnant Mqueneee: 1 

T UV-TrOUX | 

Containment failure out to I 

Hydrogen burning | 

Containment failure due to I 

(e« generation I 

2 
Breach area: .1 ft (ANS) 1 

1 
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Table 2.4 BWR 

| PLANT 
| MAM 1 
I CORE MELT 
I FREQUENCY 

I M O M S 
1 PERRY 

I PEACH 
| POTTO* 

I PEACH 
i BOTTOM 

1 LIMERICK 

I SHOREHAM 

I PEACH 
I BCTÏO* 

1 LIMERICK 

I GRANS 
1 CULT 

1 r-' 

I GRAND 

1 CULT 

I GRANS 
1 CULr 

STUDY 

ORNL 

1DCOR 

•ASH 
1400 

«ASH 
1400 

M I 

PRA 

SAI 

WASH 
HOC 

WASH 
HOC 

IDCOR 

PRA 

M I 

PRA 

•MI 

PRA 

Source Term Data 

SEQUENCE 

mtOUENCIES 
> RELEASE 
- CORE MILT 
<rv/year) 

1E-7 

XE-7 
X.3E-7 

31-e 
.SSE-7 

S.X6E-6 
2.E-7 

Xt-7 

3£-e 

SE-1) 

i,8E-e 
7.2E-6 

— 

s.sE-e 

4E-7 
8E-7 

CONTAIN. 
FAILURE 
•ODE 4 
PROBABXL. 

Y 
.73 

r 
.XS 

r 
r 

.256 

Y 

r 

r J 
.256 

Y 

* 

t 

ï 

.5 

- Sequence 

CORE 
MELT 
TIME 
START 

1 (in) 

XX.4 

.33 

.X» 

6.5 

2.6 

6.5 

.46 

.46 

n 

27.4 

CONTAIN. 
FAILURE 

TUB 

(tin) 

4 

X». 

X0.7 

.56 

6.5 

X.5 

23. 

6.5 

.9 

.9 

28 

22 

Oriented (Continued) 

X 
Environ. 
ReleaBO 
Fraction 

.7XX-2 

.SE-1 

.1 

.9 

.34 

.4E-1 

.16 

.1 

.9 

.4E-1 

.11 

.7E-2 

.3E-2 

.57 

.24E-3 

.1 

MORS I 

100 ft2 Cantalnaent araech | 
area (all aaala) I 

Cantalnaant evertaaparatur* I 
falXura (X20O* F). | 
•reach araa: Xft | 

Feed eater Ignored | 
Probability far X ana fart I 
Aaauaed raapectlveljr .• and | 
.2 of centalniant ever | 
preeaurt probability. 1 

Releaat category 2 | 
Food vattr ignored 1 

Releaae to etaek - No SSGT I 

Ralaooc category 3 | 

Releaee category 2 I 

Containment overteapereturt I 
failure. Relcaat trough | 
secondary cent, and partial. 1 
trough SICTS I 

With nominal bjrpaee of «up- I 
praaalen pool 673 ft /«In I 
•alaaaao fro» tabIt 7.X5((MI)| 

Wit»» atuck epan vecuuabreaeker | 
•ypaaa flow about XO tlaao I 
leraer t 

Releaae Category 3. Contain. I 
fallur* dut to Hydrogen | 
burning 1 
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Table 2.4 BWR Source Term Data - Sequence Oriented (Continued) 

1 B M M X 1 P U * ! 1 «TOW I ttOUtMS 1 eOKTAW. | COB \ CONTAIN.| 1 I « B I B | 
] i M » * i I rwouincitsl Tkixim j mut \ mumi tt*«ir«n.| 1 
| | CPU «K.TI | . U U A S I | MODI » | TÏŒ | TIME ! * • ! • • • • I I 
1 | madmen | - COM «tiTi nouiu. t mm | |rr»cu«t| 1 
1 j i t le»/»»»!-1 ! 1 (hr»l I »hr»> 1 1 | 

1 trot 1 ou» | nu | tt-? | 0 | | | i MIWM u u m «• cantti». | 
1 1 GOV j | K.-1 | .» | | I.SI-S 1 falltr* «ut « | H t«"*r»tlan| 

1 « w | e u » i n u l 4 . « - « l u l l | | I I I N H «>wi«p71 i 
1 1 BOIT I j — j r*l 1 1 l . t 1 Xn«tca«M M i l t » RSSur | 

| U | K I MOO i t lU» | | | I j . i l | | 

| BYPASS | SMORItU* I **I I 1 I I 1.5 | .M | | 

1 *j» j MOW I COT. j | | | l i . » j . l t . 2 | *• •»•».. Trm MB k>raUim | 
| | FtMT | | 1 | | | | M r*Mt RK | 
1 , ! | 1 1 1 1 , | 
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Section 3 

IN-CORE PHENOMENA 

3.1 FISSION PRODUCT INVENTORY 

The first information that is needed for the estimation of source term is a 

detailed inventory of the radioactive isotopes 1n the core. A number of computer 

programs, such as ORIGEN 2, FISPIN, are available to calculate fission product 

Inventories for various core operating histories (1,2). 

Inventory predictions of ORIGEN 2 for example have been compared with the 

Inventories of actual fuel pins taken from operating reactors with reasonably well 

characterized operating histories. The assumption is generally made that the 

calculation for most of the fission-product inventories will be accurate if the 

calculated most of the fission products buildup and depletion are correct. This 

is because the Inventory of most of the fission products 1s heavily dependent on 

the fission yields which are relatively well known and do not vary substantially 

from case to case. For this reason, validation efforts have concentrated on the 

much more complex actlnide region. Differences between ORIGEN 2 calculations and 

experimental results concerning uranium, plutonium, americium, and curium are 

typically within ±10% with the following exceptions: pluton1um-238 is consist

ently under-predicted by 4% to 12*, and, based oh a small number of samples, 

cur1um-245 is unpredicted by 205É, whereas plutonium-241 1s overpredlcted by IX to 

14* (3,4). Limited comparisons of fission product Isotopics for krypton and xenon 

shows relatively good agreement, with the exception of krypton-85, which is 

overpredicted by ORIGEN 2 by about 30* (3,4). However, some experimental uncert

ainties make the relevance of the krypton-85 results uncertain. The concentration 

of major heat producing fission products has been indirectly verified by 

comparison of ORIGEN 2 decay heat predictions. Comparison with the ANS decay heat 

standard showed good agreement (±2*) for decay times between 10 sec and 

30 years (4). Comparison with experimentally determined decay heat measurements 

has typically agreed with ORIGEN 2 calculations to within ±5%, with the principal 

uncertainty being the bumup of the spent fuel used in the experiments (5). 
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The FISSION computer program and Its libraries have been validated against decay 

heat measurements, from which 1t can be concluded that calculation 1s within 8% of 

experiment for uranium fissioning over a wide range of cooling times (1-104 sees). 

The comparisons with fission product density data measured in 0br1ghe1m reactor 

fuel, covering Isotopes of Kr, Xe, Cs, Nd and Eu, showed differences within 

experimental error of lo * 7.5X, with the exception of xenon-131/134 where 2 o 

differences and cesium-134 where 4 o differences occurred. The comparisons with 

actlnlde density data, covering Isotopes of U, Pu, Am and Cm, showed differences 

within experimental error, with the exception of pluton1um-239 (3 o differences) 

and pluton1um-24l (3 o differences) (6). 

The prediction of the core Inventory of radioisotopes 1s not associated with a 

great deal of uncertainty. Although not all computer programs predict the same 

numerical value for each radioisotope, 1t 1s the least uncertain portion of 

reactor accident analyses and is generally regarded to be sufficiently accurate 

for the source term determination. 

3.2 FISSION PRODUCT/AEROSOL RELEASE FROM CORES 

3.2.1 Technical Background 

3.2.1.1 Chemical Forms and Interactions. The release of fission products from 

the core under accident conditions depends on their chemical and physical 

properties. The knowledge about the chemical states of fission products 1n the 

fuel pellets during normal operation can be summarized as follows: 

Noble gases (Kr-Xe) do not Interact chemically with the fuel, 
structural materials, or other fission products. 

• ' Halogens (I, Br): The most stable of the compounds, from a 
thermodynamic point of view, would be the alkali ha!ides, mainly 
Csl. 

Alkali metals (Rb, Cs) in their elemental form are reactive and 
form compounds with most other elements present in the fuel. 
The most Important species formed in these reactions are the 
alkalè metal halldes, compounds with uranates and also Cs2Mo04. 

• Chalcogens (Te, Se) are expected to be present mainly in 
elemental form 1n LWR-fuel. The formation of tellurium-
z1rcon1um alloy on the clad Inner wall has been observed 
experimentally. 

• Noble metals (Ru, Mo, Rh, Pd, Tc) are strong alloy formers and 
serve to dissolve other metals. The chemical forms of the noble 
metals depend very much on the stoichiometric conditions 1n the 
fuel. 
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Alkaline earths (Srt Ba): The simple oxides and the molybdates 
are regarded to be the most stable of the alkaline earth 
compounds in the fuel. 

Rare earths and refractory oxides (Ce, Sm, Pm, Pr, Nd, La, Y, 
Zr, Nb): The lanthanides and other refractory fission products 
are known to form rather stable oxides and would be expected to 
exist 1n solid solution in U02. 

The knowledge about the chemical states of the remaining fission products in the 

fuel is rather limited. 

The chemical status of the fission products after release from the fuel can be 

changed as the core heats up and finally melts 1n the course of an accident. The 

most important factors in this regard are (a) the composition of the steam/ 

hydrogen mixture through the core, (b) reactions of fission products with the 

Zlrcaloy cladding material, (c) concentration of the fission products, and 

(d) perhaps reactions with control rod materials, especially B^C in BWRs. The 

ratio of steam (an oxidant) to hydrogen (a reductant) sets the effective oxidation 

potential in the gas phase- in the course of a meltdown accident which in turn can 

influence the chemical form of elements released and the degree of zirconium 

oxidation. A description of some of the different chemical reactions during core 

heatup and melting can be found, for example, in the ANS or RAMA-reports (7,8). 

Chemical forms of material escaping from a degraded core can be predicted from 

thermodynamic calculations. These calculations ffre idealized and have the 

limitation of assuming equilibrium conditions, but they.can' at least Indicate the 

dominant species released. 

It 1s generally agreed that the dominant chemical species of Iodine released from 

a degraded LWR core is Csl. When the cesium uranate 1n the fuel 1s exposed to 

steam upon release from the fuel, CsOH would be formed and would be the principal 

cesium compound escaping from the core. The detailed knowledge of tellurium 

chemistry underdthe -conditions expected in reactor accidents is limited. It is 

currently expected that released tellurium will mainly occur as elementary 

tellurium or hydrogen telluride. Under highly oxidizing conditions 1t was found 

experimentally that the chemical form of the tellurium, which was produced 1n the 

SASCHA-facility and had condensed onto aerosol particles was tellurium 

dioxide (9). There is some uncertainty about the chemical form of the released 

ruthenium related to the potential for oxidizing the ruthenium 1n the fuel, but 1t 

is believed that the potential for this during in-vessel melting should be quite 
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small. A significant release of barium and strontium has been observed when there 

1s little oxidation of the Zlrcaloy cladding. It 1s believed that the highly 

reactive zirconium 1s able to reduce BaO and SrO thereby converting them into the 

more volatile elemental form (10). 

It 1s pointed out that the core 1s not at a uniform temperature and that releases 

on different nuclides are not Isolated in time but may occur simultaneously 1n 

different regions of the core. This may potentially affect chemical spedatlon If 

the different nuclides are all airborne at the same time. 

3.2.1.2 Escape of Materials from a Degraded Core. The different models and codes 

for estimating the release of fission products and structural materials from the 

core during heatup and melting are described in detail for example 1n the ANS or 

RAMA reports (7,8). 

For volatile fission products such as Kr, Xe, I, and Cs, in accidents where core 

melting is Involved, essentially all models agree that nearly all of these 

elements are emitted prior to core slumping. The uncertainty in estimating the 

release of these elements in core melting accidents is primarily associated with 

the uncertainty in evaluating the melt progression (temperature distribution, 

surface-to-volume ratios, exposure time). It should be recalled that the melting 

temperature can depend upon conditions. U02 melts at 3150°K while the Z, U, 0 

eutectic melts at 2150°K. 

In those cases, however, in which fuel overheating, but not melting, would take 

place, the choice of the escape model would be important because the differences 

in escape predictions between models tend to be greater at lower temperatures. 

These cases, however, should not have great risk significance. For the less 

volatile fission products such as Te, Se, Ba, Srt Mo, Rh, Pd, Tc, and Ru, there 

are significant differences in the data from various sources. For Te, differences 

1n release shown in different tests have been explained by a reaction of Te with 

metallic ZlrcaToy to form nonvolatile tellurides. The Te 1s then released on 

subsequent oxidation of the Zircaloy. The escape of Ba and Srt however, shows 

opposite behaviour (10). In the case of little or no oxidation, the Zr-metal 1s 

able to reduce BaO and SrO by converting them into the more volatile elemental 

forms. In the case of high Zr oxidation, the Ba/Sr will stay 1n the less volatile 

oxide forms. This shows that the steam supply as well as the degree of Zircaloy 

oxidation must be considered as essential parameters when the fission product 

release is to be calculated for different types of core melt scenarios (12). The 
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potential for ruthenium oxidation (and enhanced release) does not appear to be 

high, although there is a lack of high pressure release data under oxidizing 

conditions. 

The nonvolatile fission and activation products (such as Ca, LA, etc.) may be 

nearly totally retained 1n the melt, at least until the time of vessel failure. 

The experimental release data for these elements are rather limited, so that the 

determination of escape fractions 1s relatively uncertain, but only at a very low 

level. 

It should be noted that the uncertainty in estimating release of the less volatile 

and nonvolatile fission products depends to a great deal on the uncertainty 1n 

evaluating the temperature history and distribution in the core. 

In addition to release of fission products from fuel, other core materials present 

in cladding, structural components, or control rods can be vaporized 1n an 

overheated core and contribute to the aerosol mass in the reactor coolant system 

and the containment. The volatilities of the most important nonfission products 

like Fe, Cd, Mn, Ag, Sn, Zr, and In, are known to a sufficient degree, but there 

is still uncertainty in the modeling of the behaviour of the sources of these 

materials in melting cores. For control rods, there are questions as to whether 

or not the silver will flow upon melting to cooler regions of the core, where it 

may pool or resolidify, or whether or not the control rod materials will be 

vaporized and escape in aerosol form as the temperatures increase. A relocation 

of these materials can cause a delay in time at which these materials may contri

bute to the aerosols in an accident sequence. This delay can significantly affect 

the behaviour of fission products 1n the RCS and in the containment. Recent 

experiments in the STEP program (13) carried out in the TREAT reactor have shown 

that the tin from the Zircaloy will also contribute to the released aerosol mass. 

The aerosol mass which is released from the melting core into the vessel for a PWR 

is estimated in different studies to be in the range of 400-5000 kg (10,11,15). 

3.2.2 Areas Where Studies Agree and Disagree 

3.2.2.1 Volatile Fission Products (Kr. Xe. I. Cs). There 1s a general consensus 

that in the case of a meltdown accident the gaseous and volatile fission products 

such as Kr, Xe, I, Cs are nearly totally released from those parts of the fuel 

which reach melting temperature. It is also agreed that the dominant chemical 

species of iodine released from a degraded core is Csl. Cesium is predominantly 
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emitted from the core as CsOH. For these volatile fission products, the knowledge 

of the release behaviour 1n the case of a meltdown accident 1s regarded to be 

sufficient. 

In those cases, however, 1n which fuel overheating, but not melting, would take 

place, differences 1n escape predictions of different models are greater. Since 

the release of fission products 1n these sequences 1s believed to be lower, these 

sequences do not make such a large contribution to the risk and these 

discrepancies may not really be as important for source term studies. 

3.2.2.2 Less Volatile Fission Products (Te. Ba. Sr. Ru. Mo). For the less 

volatile fission product, there are significant differences 1n the data from 

various sources. The chemical form and the release of fission products such as 

Te, Ba, Sr, Mo, and Ru are influenced by reactions with zircaloy and by the 

oxidation potential 1n the melt. The amount of Zr-oxidat1on and the ratio of 

steam to hydrogen which sets the effective oxidation potential are dependent on 

the accident sequences. 

3.2.2.3 Nonvolatile Fission and Activation Products. The nonvolatile fission and 

activation products are believed to be nearly totally retained 1n the melt, 

through the time of vessel failure. The experimental release data for these 

elements are rather limited, so that the determination of escape fractions is 

relatively uncertain. 

The low calculated releases of the "nonvolatile" fission and activation products 

are related to the maximum temperature calculated to be reached in the core melt 

process. If higher temperatures are possible, then significant in-vessel releases 

are conceivable. 

3.2.2.4 Nonfission Products. In addition to fission products in the fuel, other 

core materials present 1n cladding structural components, or control rods can be 

vaporized in an^overheated core and contribute to the aerosol mass 1n the reactor 

coolant system and the containment and thus will influence the behavior of fission 

products. The volatilities of the most important nonfission products like Sn, Fe, 

Mn, Cd, Ag, IT and In are known to a sufficient degree, but there 1s still an 

uncertainty in the modeling of the behaviour of the control rods, especially 

silver and cadmium. Because the composition of the control rod material differs 

among reactors, the release of nonradioactive mass is subject to these 

differences. In addition, the formation and duration of a liquid pool at the 
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bottom of the vessel are also dependent on the plant design and on the accident 

sequence. For example, for reactors with no penetrations through the bottom of 

the vessel, the time of vessel melt-through would be expected to be delayed and 

the release from a molten pool at the bottom could be enhanced due to the 

resultant higher temperature and longer duration. 

3.2.3 Conclusions 

The in-vessel release of the noble gases and the volatile fission products (I, Cs) 

from a molten core is considered not to be associated with a great deal of 

uncertainty. There is also a general consensus about the predominant chemical 

forms of the respective volatile fission products escaping from the core but, of 

course, uncertainty 1n timing of release still exists which can impact the source 

term. 

The in-vessel release of the less volatile fission products, however, is very much 

dependent on the accident sequences especially on the effective oxidation 

potential and on reactions with zirconium. Therefore it is not possible to derive 

a generalized release term from the core for these less volatile fission products 

without regarding the accident specific details. 

The nonvolatile fission and activation products are believed to contribute a 

negligible amount to the in-vessel release term. The experimental release data 

for these elements are rather limited and this very low in-vessel release is 

associated with much uncertainty. 

The in-vessel release of nonfission core material is dependent on both accident 

sequence and control rod composition. In addition, there is still uncertainty in 

the modeling of the behaviour.of silver and cadmium. It is therefore difficult to 

generalize the release of these' materials independent from both reactor type and 

accident sequence. 
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3.4 REACTOR COOLANT SYSTEM THERMAL-HYDRAULICS 

3.4.1 Technical Background 

3.4.1.1 Introduction. The objective of Section 3.4 is the assessment of RPV and 

RCS thermal-hydraulics and core degradation during seguences starting with Intact 

fuel rods and proceeding to a molten core. In the initial part of such a sequence 
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it is important to assess the effectiveness of the reactor protection and the 

emergency core cooling systems. The later part of the sequence with a degraded 

core influences the release of fission products. Therefore, the knowledge of 

thermal-hydraulics and core degradation is essential for source term release and 

transport modeling. 

The study of thermal-hydraulics within the primary circuit of LWRs has been an 

important research area since the beginning of reactor safety. These studies, 

however, concentrated on core, component and system behavior with an undamaged 

core or a core with only a few rod failures, allowing some release of the gap 

inventory. Risk studies and the TMI-2 accident focussed attention on sequences 

with a highly degraded core. In addition, research programs were redirected 

towards the behavior of high system pressure (transients and small break loss-of-

coolant accidents) due to their greater importance for risk evaluations. 

The assessment of the effectiveness of emergency core cooling systems was, in the 

past, mainly based on conservative assumptions and conservative models. Only in 

the last decade has the tendency for realistic ("best-estimate") calculations 

grown; conservative calculations are still being performed for licensing purposes. 

The regime of interest is the time when fission products may be released and 

transported; it includes the later times, during a postulated severe accident, 

when the release of the fission products may be due to revolatilization of the 

fission products deposited earlier on the RCS surfaces. 

The thermal hydraulic parameters of Interest, as a function of space and time, 

during the course of the accident are: (1) temperatures; (2) pressures; (3) gas 

compositions; (4) gas flow rates; (5) temperature gradients and (6) material 

compositions and locations. In addition, the physical state (or Integrity) of the 

RCS and its insulation which determine, and are affected by, the history of the 

thermal conditions, play a crucial part. 
£ T 
Yw -*• 

Fission product release and transport in the RCS are affected by certain phenomena 

(see sections 3.2 and 3.7) whose propensity is determined by the prevalent thermal 

hydraulic conditions. These include e.g., 

Zlrcaloy oxidation (affects core temperatures, fission 
products, and H2 release); 
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• Resuspension {affects transport after vessel melt-through); 

Chemical reactions of fission products with structures 
(affects revolatilizatlon); 

Aerosol1zation and deposition (affects retention in RPV); 

• Fission product revoUtilization (affects retention in RCS). 

In addition, 1t is important to know 1f any part of the RCS (in the path of the 

fission products) contains water, which will scrub the fission products released 

in the RCS. 

3.4.1.2 What is Known. To better cope with 1n-vessel thermal-hydraulics and core 

degradation three regimes are introduced: 

(1) Core damage stays within licensing limits (e.g., peak cladding 
temperatures below 1200*C) 

(2) The core is highly damaged and partly molten. The 
coolability, however, can be restored. 

(3) The melt progression continues and progresses beyond the 
vessel. 

The boundary between categories (2) and (3) 1s not well defined; the CSNl-Senior 

Group of Experts on Severe Accidents is studying whether a defined definition can 

be found. 

Category I. The efforts in the past were concentrated on the assessment of 

the effectiveness of the ECCS. Therefore, system behavior related to these 

sequences can be predicted with comparative success. Some special phenomena, 

e.g., three-dimensional reflood behavior or stratified flows however, are not 

well predicted. 

There 1s hardly any fission product release during this regime of interest, 

however, w|at ts Important here is that the presence and location of water in 

the RCS be known accurately; when the thermal-hydraulic and geometric 

conditions make 1t possible. There 1s very little data on retention of water 

in the RCS during the early part of a postulated accident and the current 

codes have not been validated. 

Category II. With increasing core heat-up, oxidation of zircaloy occurs, 

followed by liquefaction, freezing of fuel in lower parts of the core, 
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slumping of core and control rod material and formation of local blockages. 

Later core melting may progress further. 

Volatile fission products are released during the early part of the second 

regime of Interest. The fuel heat-up following Zircaloy oxidation, releases 

iodine (I), cesium (Cs), and tellurium (Te); which after Interaction with the 

steam environment occur predominantly as Csl, CsOH and Te. Prediction of the 

thermal hydraulic conditions in the core and the RCS during the heat-up phase 

are perhaps the most detailed part of the codes MARCH (1), MAAP (2), MELCOR' 

(3), SCDAP (4), and MELPROG (5). The effects of natural convection flows (6) 

on the core heat-up, as predicted by the CORMLT code (7), for the PWR 

accident scenarios, have recently been recognized and modifications have been 

made in the MAAP code to incorporate a simple model of natural convection. 

Experiments (6) have shown that the effects of the natural convection flows 

on the course of the accidents may be large. In particular, it appears 

likely (6) that during the core heat-up, temperatures reached in parts of the 

primary system may lead to a local failure, much before the vessel melt-

through becomes likely. This will change the course of the relatively high 

probability accident TMLB' and possibly that of S2D. This is a result which 

may lead to lower source terms since a vessel bottom melt-through at high 

pressure has been hypothesized to lead to containment atmosphere heating and 

containment failure. Furthermore, these high temperatures Imply that the 

volatile fission products released during these accidents may not be able to 

deposit 1n the PWR RCS. 

Much of the discussion in the above paragraph is based on very recent 

information and is subject to revision as new data and analyses become 

available. There is also no background currently available on the effects of 

natural convection flows ia BWR accident scenarios. The later part of this 

category of core damage involves clad-fuel liquefaction, candling, blockage 

formation,.core rollapse, debris bed formation and melt progression to the 

point of attack on the core support plate. During this part of the accident, 

very high temperatures (U02 melting) may be reached in some parts of the core 

and a fraction of the relatively nonvolatile fission products (e.g.. La, Sr, 

Ba) in the core may be released 1n the vessel. This may lead to a lower 

source term since fission products released within the RPV will not be 

released during the ex-vessel progression of the accident. Mechanistic, 

analytical treatments of this part of accident progression have been 

incorporated in the CORMLT code (7) and the MELPROG code (5); however, there 
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are no data available for benchmarking the codes, except that available from 

TMI-2 examinations. 

The importance of this phase of the accident is related primarily to: 

release of La, Sr and Ba 1n the vessel; 

release of hydrogen; 

loadings on the core support plate; and 

configuration of the core melt and of the interaction of 
molten coriurn with the water in the lower head. 

The early and later parts of this core damage category involve the 

interaction of the heating of the RCS structures, due to the deposited 

fission products, with the thermal hydraulics and aerosol transport. This 

has recently been recognized (8) and there are indications that revolatlHz-

ation of the fission products from the RCS surfaces may occur much more 

readily than suspected earlier. Coupling of fission product heating, aerosol 

transport and thermal hydraulics has been incorporated in the MLT code (8) 

and the MAAP code, and some estimates have been made. However, detailed 

coupling between thermal hydraulics and aerosol transport will be achieved 

when the codes CORMLT, PSAAC and RAFT have been coupled, and the current 

estimates may be revised as new analyses and data become available. In this 

context, the amount of heat rejected to the containment atmosphere, through 

the insulation, which may be degrading with temperature rise, becomes very 

important in determining the amount of fission products revolatllized. 

Category H I . Depending on the sequence, progressive core damage may result 

in a melt pool and/or a debris bed. In case the accident 1s not terminated, 

part of the melt or debris will slump or drop into the lower plenum, 

depending on the failure mode of the lower core support structure. 

Recovery of the accident may be possible during this phase if the capability 

to inject water Into the RPV 1s restored. 

A rapid melt/water interaction ("steam explosion") may occur 1f molten fuel 

is poured into a water, resulting in fast energy transfer from fuel to water, 

which may threaten RPV integrity. The physical phenomena related to rapid 

melt/water interaction have been studied in different experimental facilities 

with different materials by different organizations and an extensive data 
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base has been collected. It is in the nature of these experiments that only 

small amounts of melt have been used. Substantial theoretical work has also 

been performed. Based on the experimental and theoretical work—taking into 

account engineering judgment in extrapolating beyond available experimental 

data—it has recently been agreed by an expert group (9) with broad consensus 

that steam explosions of sufficient energetics which could fail the contain

ment have a very low probability of occurrence. Some experts even feel that 

this is physically impossible. It is, however, generally agreed that small 

rapid melt/water interactions may occur, which could be a factor in disposal 

of fuel or debris within the reactor coolant system. 

The rapid generation of large amounts of steam that may occur due to melt-

water reaction in the vessel lower head can be a source for the generation of 

hydrogen from the fuel clad that is still within the confines of the original 

core boundaries. Estimates of hydrogen generation rates are generally prone 

to uncertainties, since the geometry is undefined, blockages may restrict 

access of steam to Zircaloy clad and there may be alternate paths 

(e.g., downcomers) available for steam to flow out of the vessel. 

A third regime of the in-vessel steam generation may disperse the molten 

corium in the RVP and part of the RCS. The deposition of the material in 

pipe bends, elbows, plena, etc., may pose thermal loads on the RCS 

components. The likelihood of large amounts of material displaced and of 

large thermal loads, however, seems remote. 
» 

3.4.2 Principal Areas of Agreement/Disagreement Between Various Studies 

Recently, the NRC-sponsored studies, BMI-2104 and NUREG-0956 (10), and the 

IDCOR-sponsored study (12) have analyzed consequences for certain accident 

sequences in some reference plants. This has afforded comparisons (13) of methods 

used and results obtained for a broad range of application. In addition to these 

studies, the analyses performed by EPRI (14) for the Surry PWR and by NYPA (8,15), 

for the Indian Point 3 PWR and the Fltzpatrick BWR Mark I, have also obtained 

results for the source term for a number of risk-dominant sequences. 

All of these studies had to calculate thermal hydraulic conditions 1n the RCS of 

the plants analyzed. The BMI-2104 study used the combination of MARCH and MERGE 

codes and the IDCOR study used the MAAP code. Results from these codes have been 

compared and the differences between them have been noted. In terms of the 
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prediction of thermal hydraulic conditions, e.g., system temperatures, flows and 

Zlrcaloy oxidation, large differences have been observed for the hydrogen 

production magnitude. Both MARCH and MAAP codes employed once-through forced 

convection flow modeling 1n their analyses. The results of these codes do agree 

reasonably well for temperature histories within the core and for the volatile 

fission product generation rates. The MARCH and MAAP codes did not treat thermal 

hydraulics and fission product transport 1n a coupled manner; although recent 

modeling 1n MAAP has coupled thermal hydraulics with aerosol transport. The 

latter 1s represented through correlations. 

The EPRI study on Surry plant consequences uses the MARCH 2.0 code for prediction 

of the 1n-vessel thermal hydraulic conditions, and therefore, for the 1n-vessel 

phase of the accident, has assessments similar to those reported in BMI-2104. The 

NYPA MCT code, however, feeds the thermal hydraulics, as calculated by the 

MARCH/MERGE codes, into, the fission product deposition and transport calculated by 

the TRAP-MELT code. The fission product heat-up of the PWR primary system leads 

to relatively early release of fission products from the RCS to the containment. 

This result is different from that produced by the MAAP and MARCH codes, in which 

the PWR RCS retains a large fraction of fission products and revaporization occurs 

much later in time. 

Resolution of the differences observed between various studies will have to wait 

for a detailed examination of the methods employed in each of these studies. Such 

a comparison may be more fruitful when all major phenomena (e.g., natural 

convection, chemical reactions, clad and fuel relocation blockage formation, 

revolatilizatlon and the interactions between the phenomena (e.g., affect of 

fission product self-heating on the natural convection flow patterns)) occurring 

during the 1n-vessel progression of the accident are modeled in the codes. The 

process of Improving the description of the accident progression has to Include 

validation of the codes against data from tests conducted on ACRR, PBF, LFOT TREAT 

and MARVIKEN reactors and the TMI-2 accident. 
A 

3.4.3 Principal Areas of Sufficient/Insufficient Information 

The information required to calculate the early part of a PWR core heat-up (which 

includes the effects of thermal convection flows) 1s currently being assembled. 

This includes the experiments performed at Westinghouse (16) the analyses 

performed at ANL with the COMMIX (17) code and the CORMLT code, all of which are 

being sponsored by EPRI; and the analysis performed with the MELPROG code 
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sponsored by the USNRC. Similar information about the early part of the heat-up 

of a BWR core is not yet at hand. 

The release of volatile fission products can be predicted reasonably well since a 

significant part of the volatile release occurs during the early part of the core 

heat-up, when the core is relatively intact and the fuel and clad temperature 

distributions are reasonably well known. The disposition of the fission products 

in the RCS may not be as well-predicted currently. 

The models for clad-fuel melting, core blockage formation, core slumping and melt 

progression during the second phase of the accident are based largely on some 

experiments performed in Bermany and at the PBF facility. The German CORA (18) 

experiments and the ORNL 10 Kg core melt tests (18), coupled with the analytical 

results from the accident progression codes e.g., CORMLT, MELPROG and SCDAP should 

provide additional information. It is also very important to learn, as much as 

possible, about core melt progression from the TMI-2 examinations. 

With respect to rapid meIt/water-interactions, most experts agree that additional 

experiments will not substantially alter the assessment about the steam explosion 

threat to containment integrity being of wery low probability and should not be a 

factor in assessment of the source term. 

It is perhaps fruitful to reiterate the outputs required from the phenomenology 

and the various codes treating the RCS thermal hydraulics during the in-vessel 

progression of a severe accident. These are: 

• Magnitude of hydrogen produced during core melt progression 
and released to containment; 

Magnitude and spatial distribution of the temperatures reached 
in the melt; 

Magnitude of the less volatile and nonvolatile fission 
products released in-vessel; 

The magnitude of the thermal and mass loading on the core 
support plate and the vessel; 

The magnitude (and the mode of Interaction) of the corium melt 
with the water 1n the bottom head of the vessel and the 
consequent steam and hydrogen production rate; 

• The mode of vessel failure; 
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• The rate of the debris mass and energy exiting the reactor 

vessel Into the containment and Its temperature. 

The uncertainties In prediction of some of the above parameters are larger than in 

the others, and more analysis and code validation is required before these 

uncertainties can be reduced. 

3.4.4 Generic Applicability to LWR Plants 

Most of the Information base developed for the analyses of the 1n-vessel accident 

progression for PWR and BWR reference plants can be applied to other plants as 

well. Generally, the core designs are similar; tHfe RCS geometries, the emergency 

cooling and reactor safeguard systems are not too different from plant to plant. 

It is perhaps important to focus the predictive methods to PWRs and BWRs 

separately, so that 1t becomes possible to represent the separate character of 

their core and system designs in greater detail. 

3.4.5 Conclusions and Recommendations 

Much progress has been made during the recent years in understanding and modeling 

in-vessel core degradation and thermal-hydraulics. In particular, the description 

of the early part of the 1n-vessel accident progression, during which a large part 

of the volatile fission products contained 1n the fuel may be released 1s reaching 

maturity and validation. It is expected, that the research and development 

currently in the pipeline, will provide the needed information to substantially 

increase the confidence in the predicted core and the RCS thermal hydraulic 

conditions which, 1n turn, will increase confidence in the predictions of the 

release from the core and the RCS of the fission product source term. In this 

context, it appears necessary to couple thermal hydraulics and fission product 

aerosol transport 1n the RCS of both the BWRs and PWRS. This is being performed 

and the results of analysis incorporating effects of coupling are being reported 

1n the literature. 

3. — 

The prediction of the accident progression products (listed earlier) during core 

damage category 2 s t m requires further development of the methodology. It also 

needs data from some properly designed experiments and from TMI-2 examinations. 

The predictive methods have to be benchmarked against measured data to lend 

confidence in their results for prototypical accidents. 
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The third accident category 3, in which the vessel may melt-through needs 

development of methodology for its prediction. It is clear that information about 

the physical state of the core melt (mass, composition, temperature, pressure and 

driving gas volume) and about to breach in the vessel RPV is needed to assess the 

loads due to steam spill, direct heating, core concrete Interaction on containment 

and the production of fission product aerosols from the core concrete interaction. 

For both the second and third phases of degraded core accidents, one has to answer 

the question, "How complete must the information be?" Further analyses will be 

required before such a question can be answered rationally and a consensus 

reached. 
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3.5 RCS FISSION PRODUCT TRANSPORT AND CHEMISTRY 

3.5.1 Technical Background 

Fission products and other materials released from the core region during a severe 

accident will pass Into the RCS. Their transport in and degree of escape from the 

RCS depend upon various interacting phenomena and system conditions. The several 

source term studies available at the present time (1.-8) have addressed and/or 

incorporated these factors to a varying level of completeness. The general status 

of the technology 1s..outlined below and then details are presented concerning the 

adequacy of the present methodology for supporting the RCS transport aspects of a 

severe accident source term definition process. 

The analysis of fission product transport through and chemical interaction in RCS 

flow circuits during severe accidents has received much attention since the 

publication of the Reactor Safety Study (9) 1n 1975. Experimental work has also 

been done to measure critical parameters and to examine important phenomena. The 
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focus has been on the more volatile fission products (iodine, cesium, and 

tellurium) and core structural materials (silver, Indium, cadmium control rod 

metals and some of the more volatile alloying elements in zircaloy and stainless 

steel). It became apparent that the behavior of source material during RCS 

transport is very dependent on the temperature and fluid flow information that was 

supplied for the accident scenario under study. This led to Improvement in the 

analysis of RCS thermal-hydraulics—a process which is ongoing. The importance of 

flow path geometry led to development of separate models for PWR and BWR systems 

and to provision for analysis of alternate flow circuits in either design for 

different accident sequences. Separate theoretical assessments were performed to 

determine the likely chemical species for the source materials, and laboratory 

work was done to measure key property data such as vapor pressures and deposition 

rates. 

The methodology that existed about two years ago formed the basis for conducting 

the RCS fission product behavior portions of most of the source term studies that 

are under consideration here. Some significant changes and alternate approaches 

have occurred during the completion of the studies. These aspects of the differ

ent studies are discussed below. The discussions are divided into four sections. 

The next section focuses on chemical species only. This is followed by a section 

on aerosol formation and transport, and then by a section on deposition processes. 

The last technical assessment section deals with special features that have more 

of a global impact with respect to RCS fission product behavior analysis. 

3.5.2 Chemical Species and Reactions 

The principal issues regarding fission product behavior in RCS flow circuits that 

pertain to the chemical species and the reactions they may undergo are discussed 

in this section. Bas phase chemistry factors as well as reactions with structural 

components of the RCS flow circuits are addressed. 

3.5.2.1 Principal Areas of Agreement and Disagreement. Most studies Q-8) now 

presume that the major vapor species entering the RCS will be Csl, CsOH, and Te 

(1f released from the core) in a steam-hydrogen (reducing environment) mixture of 

varying proportions. This conclusion can be supported by a combination of 

thermodynamic calculations and experimental observations (2,10). In addition, the 

studies basically assume that the above species do not change during their passage 

through the RCS except for the process of deposition/reaction at surfaces. 

Revolatilized species (in those studies which model the process) are treated as 
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being the sane. There also seems to be a general acceptance that organic Iodide 

formation along the RCS flow paths will be trivial. This position 1s likely a 

consequence of NUREG-0772 conclusions (11). In general, any other fission 

products released from the core region tend to be lumped 1n to the aerosol 

component and not treated as having a vapor state 1n the RCS. 

The Identity of the above vapor species 1s maintained 1n most but not all of the 

source term studies. Those analyses (lt5-8) which use a version of the TRAP-MELT 

code tend to follow the separate species, but the IDCOR analysis, which uses an 

empirical aerosol correlation, does not maintain Identity during Initial material 

transport along the RCS except 1n terms of the contribution of each fission 

product to the total aerosol mass and decay heat, this allows the IDCOR analysis 

to treat the revolatllizatlon of deposited species (Csl, CsOH, Te) at later 

periods. The only study in which chemical reactions between the above vapor 

species and stainless steel surfaces 1n the RCS are specifically calculated is the 

BMI-2104 work. The BMI-2104 TRAP-MELT code uses simple physical condensation for 

Csl (no reactions), limited chemisorptlon for CsOH vapor, and strong chemisorp-

tion for Te vapor. The APS review (2) seemed to accept the evidence for such 

chemisorption reactions but required more tests and confirmatory data. The other 

studies, including those which include treatment of revolatilization, simply model 

vapor deposition of Csl, CsOH, and Te as a physical condensation (evaporation in 

the case of revolatllization) process. 

3.5.2.2 Principal Areas of Sufficient/Insufficient Information. The major forms 

of the volatile fission products that would enter the RCS are considered to be 

reasonably well defined as 1s the potential for argonic iodide formation. 

However, uncertainties exist regarding chemical interactions and their modeling in 

RCS fission product transport analyses. The issues of particular Importance are 

listed below. In each case the importance of the Issue to overall severe accident 

source term definition problem is estimated 1n terms of low, medium, or high 

Impact. -

1. Reactions between core materials (such as Sn and In) and gases 
(i.e., Hg) with tellurium are not treated. By removing 
hydrogen, these reactions could alter the Te transport and 
deposition character. This 1s judged to have a medium Impact 
on source term definition efforts. 

•Chemisorption as used here refers to sorption with chemical reaction between 
the vapor and the metal to form a compound having a lower volatility than the 
original vapor form. 
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2. Uncertainty exists concerning the magnitudes and effects of 
reactions of fission product forms with control rod materials. 
One example is the possible reaction between Csl and boric 
acid (a coolant additive or B4C hydrolysis product) to form 
more volatile iodine species. Other potential reactions 
include formation of cesium borate (CsOH reaction with boric 
acid) or formation of Agi (iodine species reactions with 
control rod alloy silver). This 1s estimated to have a medium 
impact on source term definition efforts. 

3. The extent of formation of hydroxides of the alkaline earths 
and the impact on their transport and deposition behavior 
needs more complete evaluation. This is judged to have a 
medium impact on source term definition efforts. 

4. There is a lack of data on the potential for species changes 
during revolatillzation processes. A related issue is the 
possibility of Te-132 decay to 1-132 causing delayed liber
ation of radioiodine from the RCS. However, both of these are 
judged to have a low level impact on overall source term 
definition efforts. 

5. No analyses contain models for the calculation of fission 
product scrubbing or flushing by liquid water 1n the RCS. 
Some accident scenarios may involve transport through water 
(e.g., partially full pressurizer) or with water (e.g., 
delayed accumulator discharges). This also is estimated to 
have only a low impact on source term definition efforts. 

6. The APS review (2) raised a concern about the effects of CsOH 
solubility in steam on fission product cesium transport. 
However, this is estimated to be a rather narrow issue which 
would have a low impact on overall source term definition 
efforts. 

7. No analyses have included models for calculation of the 
effects of air entry into the RCS late in scenarios when 
revolatHization rates and species may be affected. This has 
the potential for a medium impact on source term definition 
efforts. 

8. The effects of the high radiation field in the RCS during 
severe accidents on the chemical interactions that take place 
and on the stability of the reaction products have not been 
investigated sufficiently. This also has the potential for 
producing a medium impact on overall source term definition 
efforts. 

3.5.2.3 'Generic Applicability to LWR Plants. The several source term studies 

have performed RCS fission product transport calculations for various PWR and BWR 

plants and accident scenarios. There is nothing particularly unique with respect 

to chemical species or reactions among the collection of plant types. This is 

because materials end accident conditions are very similar. Consequently, the 

information is applicable to all LWR designs on an essentially equal basis. 
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3.5.3 Aerosol Formation and Transport 

The major factors that Influence this aspect of RCS fission product transport are 

discussed below. The primary emphasis 1s on phenomena connected with the gas 

phase behavior of the aerosol component and not on the interactions of this 

component with the structures 1n the flow circuit. 

3.5.3.1 Principal Areas of Agreement and Disagreement. There appear to be two 

rather fundamental areas of agreement among the various source term studies with 

respect to RCS aerosols. First, it is agreed that appreciable aerosol concentra

tions will form at or near the interface between the core and the RCS. Second, it 

is generally accepted that aerosol agglomeration processes will be quite active 

during transport such that significant particle growth will take place. The 

various studies tend to use the same or similar approaches to the aerosol 

formation problem. It is nonmechanistically assumed to occur, and a population of 

very small initial particles are simply specified by the analyst. This rationale 

is embedded in the origins of the TRAP-MELT code (1) and other related codes. , 

However, in the IDCOR (4) approach, only the mass input rate of aerosol producing 

material is required. 

The transport of aerosol material along the RCS flow circuit is uniformly assumed 

to follow the path of the steam-hydrogen mixture through the system. The studies 

assume the aerosols have no effect on the physical properties of the bulk fluid. 

All studies take agglomeration into account—some more directly than others. Most 

of the analyses use a version of TRAP-MELT (including RETAIN) which contains 

models for the more important agglomeration processes. Variations in results 

arise from representing the particle size range with a discrete binning model or a 

continuous (long-normal) function. The IOCOR method is the exception since it 

uses an empirical correlation which has the agglomeration influence embedded in 

the overall rate coefficient. 

Condensation of ..vapors can also contribute to particle growth 1n TRAP-MELT and 

related calculations. It does not contribute much to size change. Particle 

formation and growth during revolatilizatlon of deposited fission products is not 

treated in TRAP-MELT except possibly 1n the NYPA (7) and SWEC (8) analyses where 

again the analyst would specify the starting particle size. The IDCOR correlation 

can be applied to a revolatilization source, but only to derive a removal rate on 

the basis of a specified mass concentration of aerosol material. 

W30-3378d 
Last Rev. 09/25/86 

3-22 



- 81 -

3.5.3.2 Principal Areas of Sufficient/Insufficient Information. The aerosol 

agglomeration processes that are calculated 1n TRAP-MELT and other similar codes 

are considered to be relatively well substantiated by a range of experimental 

programs that have been performed at various laboratories. This aspect of the 

technology is probably adequately defined. However, the process of aerosol 

formation is considered to be less well established. This and other areas where 

insufficient information may be important are outlined below. The estimated 

impact of the various uncertainties or limitations to the overall source term 

problem are indicated here as was done for the chemical species and reaction 

Issues in section 3.5.2. 

1. The need for incorporating primary particle formation in RCS 
aerosol behavior models is not fully assessed at the present 
time. Certain studies where this has been done (2,12) predict 
that under some conditions the subsequent growth of particles 
occurs not by agglomeration but by the process of heterogeneous 
condensation. This can affect growth rates and particle compos
itions. It is judged that uncertainty over the fundamentals of 
aerosol formation and growth may have a medium impact on overall 
source term definition efforts. 

2. The problem of aerosol formation, transport, and growth during 
revolatilization processes has not been addressed 
satisfactorily. In particular, the particular sizes that would 
characterize the event are not known. This is judged to have a 
medium impact on overall source term definition efforts. 

3. The IDCOR aerosol correlation needs to be evaluated and verified 
for application to RCS flow conditions. Since this represents 
only one analytical approach it will probably have a low impact 
on the overall source term definition effort. 

4. The hygroscopic properties of fission product salts (Csl and 
CsOH for example) which would be part of the aerosol material, 
have not been addressed in any modeling to date. Similarly, 
hydroxide forms of core structural materials are usually not 
considered. In both cases, these could be important 
determinants of aerosol properties and growth rates at high 
stream partial pressures. Therefore, this is judged to have a 
medium impact on overall source term definition efforts. 

3 
5. The effect of natural convection and circulation in and between 

RCS regions on the aerosol transport and particle growth 
predictions has not been evaluated. A similar problem—aerosol 
effects on fluid properties—has also not been sufficiently 
addressed. Each involve the Interaction between thermal-
hydraulics and aerosol dynamics and as such are judged to 
produce a medium impact on the overall source term definition 
effort. 

6. Current analyses do not incorporate models or other means to 
predict the nature of suspended aerosols that may be produced by 
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entralnraent or resuspension events/processes. Such events/ 
processes might include rapid RCS depressurizatlon, small scale 
steam explosion events, or other causes of high velocity 
flows. This issue is estimated to have a medium impact on 
overall source term definition efforts since 1t can result In 
time dependent changes 1n the size distribution and composition 
of the aerosol component. 

3.5.3.3 Generic Applicability to LWR Plants. The aerosol formation and transport 

aspects of RCS fission product transport analyses are equally applicable to all 

LWR designs. This includes the points of insufficient Information outlined above. 

3.5.4 Fission Product Deposition Processes 

The deposition processes that are modeled 1n the RCS fission product transport 

codes/procedures are instrumental in defining the degree of retention that would 

occur in the RCS during severe accidents. The major factors which affect this 

portion of the RCS analysis are discussed below. 

3.5.4.1 Principal Areas of Agreement and Disagreement. There is substantial 

agreement regarding the mechanisms by which fission product vapors and aerosols 

would deposit on RCS surfaces. The more important mechanisms are considered to 

include vapor condensation and vapor chemisorption (see section 3.5.2) and aerosol 

deposition by sedimentation, thermophoresis, turbulent motion, and Brownian 

diffusion. Other mechanisms that could apply to aerosols 1n an RCS circuit are 

impaction and diffusiophoresis (if steam condensation can occur). 

It is generally accepted that the mathematical models which exist for these 

processes can be used to make reliable predictions in accident analyses. Most of 

the models are incorporated in the TRAP-MELT code or its derivatives. Since all 

except the IDCOR analyses use a version of TRAP-MELT, the effectiveness of 

deposition for the initial passage of source material through the RCS appears 

generally consistent between studies. The IDCOR results for the period also tend 

to agree. Thisjls because sedimentation 1s the process which dominates the 

removal rate coefficient in the IDCOR empirical correlation, and Inspection of 

TRAP-MELT results for similar accident sequences indicate a major Influence of 

aerosol sedimentation on these deposition predictions as well. 

At later times in accident sequences, however, the results of IDCOR (4) and other 

analyses (I.e., NYPA (7) and SWEC (8), which model revolatilization by decay 

self-heating, can be quite different from the BMI-2104 TRAP-MELT results, which 
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contain no decay heating effects. Lack of agreement in deposition (RCS retention) 

results between studies can also be caused by differences in the thermal-hydraulic 

conditions that are supplied to the fission product transport code(s) by the 

respective mass-transfer and fluid-flow analyses. 

3.5.4.2 Principal Areas of Sufficient/Insufficient Information. At the present 

time there 1s probably sufficient recognition of the various mechanisms by which 

vapors and aerosols can undergo deposition in RCS flow circuits. However, a 

variety of areas of insufficient information can be Identified. Those that are 

considered relatively important are listed below along with a judgement regarding 

their impact on the overall source term'definition problem. 

1. The modeling of revolatilization of deposited fission products 
due to decay self-heating is in an elementary stage but results 
indicate it will have major effects on long-term RCS retention 
predictions. Work is underway to produce improved analyses and 
data. This is judged to have a high impact on the overall 
source term definition effort, at least until its magnitude has 
been more completely quantified. 

2. Little, if any, effort has been applied to modeling the state or 
character of source material deposits; Treating the deposits as 
solids when they should have liquid properties may introduce 
significant surface loading errors. However, this will probably 
have only a low impact on the overall source term definition 
effort. 

3. No analyses contain any models for re-entrairaient or 
resuspension of deposited materials during periods of high 
velocity bulk gas flows. Experimental data exist which show 
that liquid films and aerosol deposits can be modified in such 
circumstances (13,14). This 1s estimated to have a medium 
impact on overaTT source term definition efforts. 

4. The current severe accident codes do not contain models for 
aerosol deposition by impaction or by diffusiophoresis (Stefan 
flow). Under certain conditions these may represent signfleant 
removal mechanisms and. thus they should be included for 
completeness. However, it is estimated that these processes 
will have a low Impact on the overall source term definition 
effort. 

3.5.4.3 Generic Applicability to LWR Plants. The RCS vapor and aerosol 

deposition models or correlations used in current source term analyses are 

generally applicable to the various LWR designs. The rather wide application of 

the alternate methods 1n the several studies to date (a variety of BWR and PWR 

plants and accident sequences) illustrate this point quite effectively. 
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3.5.5 Special Features 

There are several phenomenological issues or accident scenario analyses which 

involve the entire RCS fission product chemistry and transport methodology that 

were not addressed 1n the several source term studies of interest. These special 

features are discussed below and an assessment 1s provided regarding their 

respective impacts on current and future source term definition efforts. 

3.5.5.1 Coupled Thermal-Hydraulics and Fission Product Transport. In a large 

part of the source term analyses performed to date, the thermal-hydraulic 

conditions for the RCS have been computed in advance of the fission product 

transport and deposition calculations. The thermal-hydraulic computations often 

assume un1-direct1onal or single-pass flow through the RCS. This decoupling of 

heat-transfer and fluid-flow phenomena from the fission product vapor and aerosol 

transport phenomena prevents analysis of several important complicating effects 

and interactions. For example, the Impact of natural convection and stratified 

flows on the transport, deposition, and aerosol formation/growth history of the 

source material cannot be followed properly (15J. Also, the thermal feedback 

effects of the multicomponent moving decay heat source on the thermal-hydraulic 

responses of the RCS fluid and structures are lost. The methods that have been 

adopted to consider revolatilization effects represent a start towards such 

coupled analyses. However, an Integrated capability for analyzing the early as 

well as the long-term mass and heat transport problem 1s required. This code may 

also incorporate aerosol formation and transport models, predict particle sizes, 

and allow for chemical species changes that will change deposition/ 

revolatilization potentials. Such a capability, when available, 1s judged to have 

a high impact on the effort to define source terms for LWR severe accidents. 

3.5.5.2 Analyses of Steam Generator Tube Rupture Scenarios. None of the source 

term studies has performed analyses of fission product transport and deposition 

for the primary RCS and the secondary RCS 1n the case of a large steam generator 

tube rupture accident. Tube failures would result in blowdown of the primary RCS 

to the secondary RCS with subsequent venting to the atmosphere, thus producing a 

containment bypass scenario. The consequence of this scenario may be estimated 

with current methods by extending thermal-hydraulic calculations and fission 

product transport calculations to include the secondary RCS flow circuit. 

Realistic modeling of the components and structures along the passage should be 

emphasized since appreciable attenuation of the atmospheric release would be 

expected. On this basis it is estimated that, for reactors where SGTR accidents 
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contribute significantly to risk, this issue will probably have a medium to high 

Impact in the overall source term definition problem. 

3.5.5.3 Effect of Aerosol Deposits on RCS Flow. The aerosol mass loadings 

indicated by some of the source term analyses (hundreds of kilograms passing into 

the RCS in a severe accident) suggest the possibility that heavy deposits in small 

piping or at restrictions (pumps, valves or plates) in larger passages could 

interfere with the presumed fluid flow pattern and rates for the scenario. This 

is an issue which is not addressed in most analyses. Limited IDCOR calculations 

have used a published pipe plugging correlation (16) but the implications of 

partial or total blockages by material deposits in terms of altered scenario 

conditions or RCS flow circuit variations should be examined in more detail. On 

an overall basis, however, it will probably have only a low impact on the source 

term definition problem. -

3.5.5.4 Analysis of Below Core LOCAs. An accident scenario which has not been 

evaluated in any of the source term studies is the case of a small or medium LOCA 

with the break in the RCS located at the bottom of the reactor vessel 

(i.e., instrument line penetrations or control rod drive penetrations). This 

creates an unusual flow condition for the RCS thermal-hydraulic and fission 

product transport analyses. It may also lead to low RCS fission product retention 

predictions. The scenario should be examined sufficiently to determine whether 

the inverted geometry indeed produces conditions and predictions that are outside 

the envelope of existing studies. This 1s more of a confirmatory issue than one 

of obvious consequence to source term definition and thus it will probably have 

only a low impact on the overall definition effort. 

3.5.5.5 Timing of RCS Processes and Releases. This factor is an implicit 

component of several of the issues discussed in this and in earlier sections of 

the document. The timing of fission product release from the RCS is not parti

cularly Important 1f-containment integrity 1s maintained throughout an accident, 

but 1t can be q&lte Important in sequences where containment Integrity is lost. 

In these latter cases, releases from the RCS that occur during or after contain

ment failure may have an appreciable effect on the atmospheric source term because 

containment attenuation processes are usually less effective then. RCS processes 

which tend to produce delayed releases, such as revolatllization, resuspension, 

and slow chemical or radiolytic reaction, should have the greatest effect on 

release timing. The extent to which these processes are modeled or not modeled 1n 

accident analyses will influence the source term uncertainty for release timing 
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sensitive sequences. Since most of the processes which generate delayed releases 

from the RCS were judged to have a medium Impact on overall source term definition 

efforts, the timing factor should also have a medium Impact. 

3.5.6 Conclusions and Recommendations 

The RCS fission product retention results obtained from the several source term 

calculations reviewed 1n this work have been summarized 1n table 3.5.1. 

Considerable variation 1n values 1s apparent. The comparison Illustrates the 

dependence of analytical predictions on (1) the accident scenario, (2) the plant 

type, and (3) the methodology used. On this basis, 1t appears that the chances 

are small for establishing generic values, even by plant type (PWR versus BWR). 

In the previous sections of this discussion, 1t was pointed out that the 

definitions of primary chemical species for fission product iodine and cesium were 

reasonably well established. Although many aspects of aerosol behavior and 

modeling can be assumed to be relatively well established, the applicability of 

much of the current work to the conditions which are expected in RCS flow circuits 

during severe accidents requires more attention. The problems connected with 

revolatnization need to be Investigated and appropriate changes made in RCS 

fission product transport analyses. This will require the continued development 

of a coupled thermal-hydraulic and fission product transport code which will be 

able to produce realistic heat and mass transport results, and accurately define 

the characteristics of the fission product vapors and aerosols. 

The two issues just noted were identified as having a high impact on the overall 

source term definition problem. This is recognized in the R&D work that is 

underway and some results should be available by the end of this year. Complete 

resolution of the two issues probably will occur before the end of next year. 

Experimental and analytical work 1s also in progress on most of the Issues that 

were given medium Impact ratings. The expected time scale for their resolution 1n 

a manner that wquld be sufficient for source term definition purposes is estimated 

at two to three years. Limited work is underway or planned on the remaining (low 

impact) Issues discussed 1n previous sections. Resolution of these Issues is 

probably not critical for definition of severe accident source terms but it is 

expected to be effectively complete in the next two to three years also. 
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STUDY 

BMI-2104 

EPRI/SAIC 

IDCOR (fi) (b) 

% • 

NYPA/RMA(b) 

SWEC<b) 

RCS 
(FRACTION OF 

PLANT 

Peach Bottom 

Brand Gulf 

Sequoyah 

Surry 

Zion 

Surry 

Peach Bottom 

Grand Gulf 

Sequoyah 

Zion 

Indian Point 

BWR-Mark II 

Table 3.5.1 

RETENTION SUMMARY 
CORE INVENTORY HELD IN RCS) 

3 

SEQUENCE 

AE 
TC 
TW 

TC 
TPI 
TQUV 
S2E 

TMLB' 
TML 
S2HF 

TMLB' 
V 
S?D 
AB 

TMLB' 
S2D 

TMLB' 
V 

TC 
TW 
TQVW 
S 1 E 

AE 
TC 
T,QUV 
TJ3QW 

TMLB' 
S2HF 

TMLB' 
V 

TMLB' 
PS-LOCA 

AD 
TW 

I 

.19 

.06 

.14 

.19 

.08 

.06 

.09 

.82 

.82 

.73 

.85 

.50 

.48 

.03 

.98 

.34 

.98 

.37 

.01 

.01 " 
0 
0 

.90 

.26 

.33 

.50 

.96 

.72 

.93 

.25 

.22 

.67 

.05 

.60 

Çs 

.19 

.22 

.15 

.51 

.24 

.54 

.16 

.83 

.83 

.75 

.86 

.51 

.47 

.04 

.98 

.42 

.98 

.37 

.01 

.01 
0 
0 

.90 

.26 

.33 

.50 

.96 

.72 

.93 

.25 

.32 

.80 

.05 

.60 

Te 

.03 

.34 

.40 

.22 

.45 

.40 

.26 

.25 

.25 

.69 

.30 

.13 

.91 

.26 

.28 

.93 

—._ 

— 

.90 

.26 

— 

—.-

1 
1 

.05 

.60 

(a) Values obtained from tabulation in Reference (3). 
(b) These analyses incorporated revolatilization processes. 
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Section 4 

EX-VESSEL PHENOMENA 

4.1 CORE/CONCRETE INTERACTIONS AND OTHER EX-VESSEL SOURCES 

4.1.1 Introduction 

A key event that appears in virtually all dominant severe accident sequences 1s 

the failure of the reactor vessel (RV) bottom head with the resultant transfer of 

molten core and structural materials Into the containment cavity. The radioactive 

components that had not been released within the reactor coolant system (RCS) 

prior to vessel head failure will then be available for release directly Into the 

containment. A number of processes have been identified by which both radioactive 

and inert materials could be made airborne directly into the containment or could 

be caused to change their form there so that they effectively become a type of 

"new" source. These so-called ex-vessel source which have been mentioned Include 

the following: 

core/concrete i nteract i ons. 
v 

pressurized ejection of core materials from the RV. 

energetic thermal Interactions of the core materials with 
water in the cavity. 

fragmentation of water droplets due to blowdown ejection from 
the RCS. 

boiling or flashing of water pools releasing previously 
collected materials. 

resuspension by hydrodynamic forces after containment failure. 

aqueous or.^ther chemistry effects that "revolatillze" some 
radionuclides. 

nucleation of water droplets from supersaturated steam. 

revaporization of fission products from aerosols as a result 
of flammable gas combustion. 

"direct" release from the RCS after RV failure 1f residual 
fuel is left in the vessel. 
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• revaporlzation release from the RCS surfaces due to self 
heating by radioactive decay. 

This section will discuss only the first six of these. 

4.1.2. Core/Concrete Interactions 

4.1.2.1 Technical Background. Experimental investigations (1) of melts 

Interacting with concrete have shown that the concrete is aggressively attacked 

and that sometimes copious amounts of aerosol and fission product simulants are 

produced (some recent BETA experiments (2), that appear to be 1n exception to this 

may not be when extrapolated to accident scales). Some of the salient features of 

the process that are known from the observations include: 

1. The attack on the concrete causes the release of HoO and CO? 
coming from free water and thermally decomposed hydrates and 
carbonates within the concrete. 

2. The gaseous products sparge up freely through the melt and 1t 
has been speculated that some portion bypasses the melt. The 
gases can chemically react with metallic components in the 
melt to produce H2 and CO. In addition, the sparging process 
extracts fission products and other materials from the melt to 
be released at the surface as aerosols. The aerosols produced 
typically have a mass-mean diameter of about 1 um with a 
standard deviation of about 2 (3). 

3. Observations from X-ray images of melts interacting with 
concrete and from segmenting of frozen melts have indicated 
that the gases move through the melt as bubbles that are 
-1-2 cm in diameter (4,5). 

4. The attack on the concrete occurs primarily by melting. The 
molten components (mostly oxides) of the concrete are 
incorporated into the melt itself. 

5. Molten mixtures of oxides and metals are often observed to 
segregate Into separate layers. 

6. Measurements of the rates of release of the aerosols from the 
melt surface have shown that the release rate depends on the 
type Of concrete. There is an exponential dependence on the 
melt temperature and a nearly linear dependence on the gas 
evolution rates. 

In the process industries and arc welding industries, there are analogous 

situations of high-temperature melts being sparged with reactive gases. In these 

analogous situations, aerosols are also observed to be released (6-8). Studies of 

these processes and of core/concrete experiments have led to the hypothesis that 
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there are two main responsible mechanisms. These are named "vaporization" and 

"mechanical" suspension. 

Vaporization. Because of their volatilities, the various components in the melt 

vaporize into the gas as it sparges through. These vapors cool and condense into 

aerosols on exiting the melt. 

Mechanical. Gas bubbles bursting at the melt surface cause fragmentation and 

ejection into the air of some quantity of the liquid. Also, rising bubbles with 

internal circulation could entrain liquid droplets from the bubble interface as a 

result of Kelvin-Helmholtz instabilities there. 

Much more attention has been given to modeling of the first of these, vaporization 

release, because it is by far the dominant process until very late 1n the melt/ 

concrete interaction period when the melt temperatures are too low to sustain much 

vaporization. 

The driving force for release by vaporization is associate with the equilibrium 

partial pressure of the components undergoing release. As discussed by Powers 

(Ref. 9), the equilibrium partial pressures for components in an ideal mixture are 

linearly dependent on the component concentration in the melt, 

P.j(eq) « K exp (-AG/RT1 oi 

where 

P.j (eq) « equilibrium partial pressure of component i above an ideal 
mixture 

K * temperature dependence parameter that can also depend on 
compositions 

AG • temperature dependent parameter 

R « gas constant 

T « temperature of the mixture, and 

a* « mole fraction of component i. 
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Thus, the thermochemical driving force, again from Powers (9), would be expected 

to have the following characteristics: 

1t 1s strongly dependent on temperature. 

1t depends on the sped at1on of the vapors 1n the gas phase 
and, consequently, on the composition of gases sparging 
through the melt. 

• as release progresses, the driving force for vaporization 
weakens 1f the lost components are not replaced 1n the melt. 

• as concrete ablation progresses, the driving force for 
vaporization of components not coming from the concrete 
weakens (dilution effect). 

oxidation of metallic phases 1n the melt by gases evolved from 
concrete could Increase the driving force for vaporization of 
unoxidized materials (opposite of dilution). 

Just from these apparent characteristics alone, it 1s clear that prediction of the 

release by vaporization requires a very good model of the core/concrete 

interaction. Such a model must provide accurate prediction of: 

• melt temperature, 

gas sparging rates, 

concrete ablation rates, 

melt composition. 

It is also clear that the core/concrete interaction process can be viewed for 

understanding purposes as having two major phenomenologlcal aspects. These are 

(1) the thermal and (2) the mass transport behaviors. 

The Thermal Behavior involves heat generation within the melt and transfer to the 

surrounding concrete and cavity atmosphere (or a pool of water 1f present). 

The Mass Transport Behavior that results as the evolved gases sparge through the 

melt. | 

Although these two aspects are phenomenologlcally coupled, severe accident 

analyses to date have generally treated them separately with the results of the 

thermal analysis providing Input and boundary conditions for the aerosol 

generation analyses. It is by no means necessary, or even desirable, to uncouple 

those analyses. 
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4.1.2.1.1 Thermal Modeling. The Reactor Safety Study (WASH-1400) utilized a 

forerunner of the INTER subroutine that is now in MARCH for core/concrete 

interaction modeling. More recent (and believed to be better) models have 

been developed that include WECHSL (10), C0RC0N (11), and the DEC0MP (12) 

subroutine used in the MAAP analysis package of the IDCOR program. The 

objectives of the present review should be adequately served by comparing the 

modeling that makes up C0RC0N and DEC0MP. WECHSL and C0RC0N take similar 

approaches. 

Overview Description of C0RC0N. A disconcerting aspect of reviewing any code 

or model that is under development is that the review runs the risk of being 

out-of-date even at the instant of its publication. The C0RC0N code is still 

under development at Sandia National Laboratories. The first released 

version, M0D-1 (13) with some improvements was used in the BMI-2104 studies. 

Recently C0RC0N-M0D-2 ( U ) has been released incorporating more changes and 

improvements beyond BMI-2104. Hence, 1n this review when results from 

BMI-2104, for example, are compared with IDCOR—the M0D-1 (with improvements) 

should be borne in mind. For state-of-the-art assessments, however, MOD-2 

should be the reference. The overview presented here will focus on MOD-2 

unless otherwise noted. 

C0RC0N is a stand-alone computer code that models the physical and chemical 

processes which may occur during the thermal interactions between molten core 

debris and concrete although an arbitrary geometry operation is available. 

The concrete is assumed (input defined) to have formed a cavity of axisym-

metric geometry. A mixture of molten oxide and metallic melt is "deposited" 

into the cavity. The mixture composition is specified as input but should 

consist primarily of molten fuel, UO2, and oxidized iron and zirconium for 

the oxide constituents and steel and zirconium for the metal constituents. 

Oxidic phases and metallic phases are assumed to segregate as layers in 

C0RC0N. The MOD-2 version also includes a coolant layer and is structured to 

recognize Intermediate layers between oxidic and metallic layers that consist 

of a mixture of the two (these "mixture" layer models have not yet been 

activated in the code). The coolant layer was not included in M0D-1, but its 

fission product removal was included in the BMI-2104 study. 

Therefore, C0RC0N-M0D-2 allows up to six layers: a "heavy" oxide layer; a 

heavy oxide—metallic mixed layer; a metallic layer; a light oxide-metallic 
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mixed layer; a light oxide layer; and a coolant layer. Almost Invariably, 

the Initial specification will be such that CORCON will Initially align 

Itself with a heavy oxide layer on the bottom and a metallic layer on the top 

(details of the accident sequence and plant will determine if there 1s a 

coolant layer present). As concrete decomposes due to the thermal attack, 

the px1d1c decomposition products become Incorporated Into the melt. Those 

entering the metallic layer will be transferred to a developing top light 

oxide layer. Those entering the heavy oxide layer on the bottom are assumed 

to stay with that layer. This alignment of layers is a result of the assump

tion of volumetric addltivlty. There 1s evidence that such an assumption is 

wrong. The WECHSL model arbitrarily alters the density of U0 2 so that the 

metal is thermal dense phase. As these lighter concrete oxides dilute the 

heavy oxide layer, the mixture density decreases and eventually will become 

less than that of the metallic layer. At that Instant, CORCON "inverts" the 

two layers—placing the metallic layer on the bottom and the "heavy" oxide 

layer on the top where 1t 1s instantly mixed with the light oxide layer that 

had been developing there. 

Decomposition gases (^0 and C0£) from the concrete are assumed to enter the 

melt if generated at the bottom on surfaces with inclinations with the 

horizontal of less than 15° or to otherwise bypass the melt. The melt/ 

concrete interface is, therefore, assumed to be made up of a thin flowing 

gaseous film. The gas flowing through the melt 1s calculated to chemically 

react with the metallic constituents generating internal heat and converting 

the H£0 and CÛ£ to H£ and CO respectively. The oxidation products of the 

reaction with the metallic layer are instantly moved into the oxidic layer. 

Gases flowing around the melt are not included in the chemical reaction in 

MOD-1 or BMI-2104 but are included in MOD-2. 

Internal heat generation Includes the chemical reactions (some are 

endothermic) and the decay heat. The decay heat power has been adjusted to 

account for those species that were lost during the 1n-vessel release period 

of the accident sequence, but is not adjusted as gas sparging continues to 

extract radionuclides (these latter losses may be relatively small compared 

to the decrease in decay heat via the normal radioactive decay). 

The internally generated heat and the sensible heat are calculated to be 

transferred to the various interfaces by three different churn-turbulent-like 

heat transfer correlations: one for the bottom and top; another for internal 
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transverse Interfaces; and the third for the sides. These correlations are 

experimentally based and have been developed from considerations of bubble 

stirred liquids. They include the effects of the void fraction and bubbling 

rates as manifested by the rate at which the gases pass through the melt. 

Crusting is allowed and modeled in the MOD-2 code (but not in MOD-1/ 

BMI-2104). If crusts are calculated to form, heat transfer through them 1s 

by conduction and they are treated as not inhibiting the passage of either 

the decomposition gases or the concrete melt components. 

The heat transfer across the gas film surrounding the melt is calculated as a 

combination of convection and radiation. A different convection correlation 

is used for the bottom (where the gas 1s 1n transverse flow) than for the 

sides. A transition from laminar flow to turbulent flow is modeled in the 

side films. 

Heat transfer from the top surface without a pool of water present is also 

additive radiation and convection. The convection coefficient is an 

internally fixed constant. Radiation is modeled as between infinite parallel 

plates and includes emissivity coefficients to adjust for gray body 

conditions. With a coolant layer on top, the full pool boiling correlation 

is used in addition to the above convection and radiation, but no adjustments 

are made to the nucleate-to-film-boiling transition, AT, because of barbotage 

effects of noncondensible gases. 

Overview Description of DECOMP. Similarly to CORCON, DECOMP treats the 

thermal interactions between the melt and the concrete 1n an axisymmetric 

cavity. DECOMP also includes a prepool phase in which the jetting melt 

impacts on the cavity surfaces. This phase is not found to have much source 

term significance. 

In contrast to GORCON, DECOMP models the melt as being a homogeneous mixture 

of core, structure, and concrete materials rather than as being segregated 

into layers of different compositions. 

The concrete "melt" that gets incorporated Into and mixes with the core melt 

1s modeled by assigning properties that approximately correct, but uses the 

molecular weight of CaO for adjusting properties as 1t mixes with the melt. 

The decomposition gases evolving from the bottom surface of the cavity pass 

up through the melt where chemical reactions with the metal constituents are 
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modeled. Gases generated at the melt side walls are assumed to bypass the 

melt. 

Internal heat generation comes from the gas/metal chemical reactions (some of 

which are endothermlc) and from decay heat. 

The heat transfer from the Interior of the melt to the Interface 1s modeled 

as being convectlve with a constant (Input) value for the heat transfer 

coefficient. The coefficient is the same for each Internal surface (bottom, 

sides, and top). 

A dynamic crust 1s alway assumed to exist at the Interface between the melt 

and the concrete and at the top surface. This interface is, thus, modeled as 

a permeable crust of solidified core melt that allows concrete decomposition 

products (gas and liquid) to enter the melt. The heat transfer through all 

crusts is modeled as being conduction. A temperature distribution across the 

crust 1s represented in a quadratic equation and is assumed based on solution 

of the heat conduction equation with internal heat generation. The inner 

surface temperature is fixed at the melt temperature-of-fusion, and once 

concrete melting begins the outer surface temperature is fixed at the 

concrete "melting" temperature. The crust thicknesses are dynamically 

determined through a heat balance. 

The resultant conductive heat transfer rate determines the concrete melting 

rate through a simple heat balance. At the crust top surface, the outer 

surface temperature is determined via a heat balance with the transfer off 

the top to the environment being additive convection and gray body radiation. 

When water is added to the top, DECOMP calculates the heat transfer due to 

boiling. However, the full pool boiling curve 1s not modeled. Instead, the 

critical heat flux (CHF) value is used unless the flux that would result fron 

film boiling exceeds the CHF value. The film boiling heat flux 1s then used 

up to a limited value called the "droplet-dispersal" limit. The heat flux 

that would entirely boll away the water at Its feed rate 1s also fixed as an 

upper limit. The net effect of the DECOMP boiling model 1s to quickly quench 

the core debris. 

4.1.2.1.2 Fission Product/Aerosol Release Models. The thermal modeling 

previously described produces the melt temperatures, the melt compositions, 
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the gas sparging rates, and the system geometry which serve as input to and 

boundary conditions for modeling of the resultant release of radionuclides 

and other aerosols. The release of nonradioactive aerosols was not 

considered in. WASH.-14DQVbut. recent studies have underscored their great 

Importance to the subsequent fission product transport 1n the containment as 

well as to equipment qualification. Modeling of the fission product/aerosol 

generation from core/concrete interactions was done 1n the BMI-2104 study by 

the use of the VANESA code (14). VANESA was originally intended to be used 

as a subroutine in CORCON—thus allowing integrated analyses. However, 

VANESA 1s presently a stand-alone code. For release calculations, the IDCOR 

program used a subroutine called CNAERO in the MAAP package Q 5 ) . 

Overview Description of VANESA. The VANESA code mechanistically calculates 

release of radionuclides and aerosols from the core melt as a result of both 

vaporization and bubble bursting. The removal of constituents from the melt 

by the sparging gases is modeled in a manner that, is more-or-less standard 

for extraction processes. The driving force for the mass transport of a 

particular component is modeled as the difference between the components 

equilibrium partial pressure and its actual partial pressure in the bulk gas 

phase. The rate of vaporization is limited by three serial transport 

processes: 

1. Mass transfer in the condensed phase to the bubble 
interface. 

2. Conversion of the condensed species to a vapor species at 
the interfaces. 

3. Mass transfer in the gas phase. 

The overall mass transfer rate equation, therefore, is 

1 dNi 

where ç 

1 
K"T—r—r 

Ki K1 Kg 

k, • mass transfer coefficient for the liquid phase 

W30-3378e/NPD/ejc 
Last Rev. 09/26/86 

4-9 



- 98 -

k^ « an equivalent mass transfer coefficient for vaporization 

at the Interface 

k„ * mass transfer coefficient for the gaseous phase 

Standard correlations are used for the above mass transfer coefficients. 

However, the appropriate driving forces for which the correlations were 

derived are the actual equivalent partial pressure differences (concentra

tions) at the ends of each transport path. Actual endpolnt concentration (or 

equivalent partial pressures) are not determined in VANESA. As noted above, 

the driving force for each of the serial paths 1s treated as having the same 

value in VANESA. For most conditions, this should be an acceptable 

approximate treatment. 

As noted previously, the equilibrium partial pressures are evaluated for most 

of the species by treating them as ideal solutions. The equilibrium partial 

pressures are, thus, exponential functions of the melt temperature and are 

proportional to the mole fraction of the component in the melt. The "back 

pressure," P^, builds up as the bubbles pass through the melt thereby 

reducing the transport rate as P̂  approaches P̂  (eq). However, 1n VANESA the 

various constituents vaporized Into the gas bubbles are allowed to chemically 

react in the gas phase with the decomposition gases as converted by their 

previous reactions with the metal phase of the melt. These gas phase 

chemical reactions are calculated via a chemical thermodynamic equilibrium 

approach (basically equivalent to minimization of Gibbs Free Energy 

Function). The reactions can convert the transporting species into different 

species within the gas phase effectively reducing the back pressure of the 

original species and thereby retarding its rate of approach to the equil

ibrium value. This has the effect of enhancing continued vaporization of the 

original species Into the gas phase well beyond what might have been expected 

1f these important gas-phase reactions had not been considered. 
3. _ 
JO 

_ * 

In VANESA, the approach is such that the melt is considered to be segregated 

into two layers (as contrasted with the several layers in CORCON)—a metallic 

layer on the bottom and an oxidic layer on the top. The decompositon gases 

on first entering the melt are immediately brought to chemical and thermal 

equilibrium with the metallic layer substantially converting the H£0 and CO2 

to Hj and CO. The gas is assumed to rise as 2-ctn diameter spherical cap 

bubbles which have a particular rise velocity that is basically independent 
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of material properties. This fixes the transit time through each of the two 

layers and, along with the total gas-flow rate that had been Input from the 

results of the thermal models, fixes the total surface area available for the 

mass transfer. 

The various species 1n the melt are Initially apportioned between the 

metallic layer and the oxidie layer by input based on oxygen potential 

considerations and empirical evidence. As time progresses, the composition 

evolves due to the effects of the addition of the decomposition concrete 

oxides, the chemical reactions of the metals with the sparge gases, and the 

loss of constituents via vaporization. 

On reaching the melt top surface, the vapors are assumed to condense into 

aerosols of a size distribution that is calculated from an empirical 

correlation derived from SNL experiments (14). If there is an-overlying pool 

of water, it would act much like a BWR suppression pool in removing aerosols. 

Such a suppression pool-like model is being added to VANESA. In the BMI-2104 

•analyses, this aspect was separately calculated. A separate calculation, 

however, was made in BMI-2104 to evaluate the aerosol removal due to an 

overlying pool. As the pool boils away to dryness, it is expected that the 

previously trapped material would either be released in the boiling process 

or would be reincorporated back into the melt for possible later release. 

This release or reincorporation into the melt was not included in the 

BMI-2104 calculations. 

VANESA also includes the generation of aerosols by mechanical means as a 

result of the breaking of the bubbles as they pass through the top inter

face. The treatment of this is based on observations of isolated bubbles 

passing through water. Each gas bubble is assumed to produce 140 particles 

as 1t bursts with each particle being 1 vm in diameter and having the bulk 

oxide melt composition. Recently, the code has been revised to produce 

-2000 particles to reflect later experimental data (see ref. 33). 

Overview Description of CNAERO. The CNAERO model, like DECOMP, treats the 

melt as being a homogeneous mixture that 1s made up of the radionuclides and 

core components coming from the reactor vessel. The composition (mole 

fraction) is varied with time by the addition of CaO as a concrete ablation 

product surrogate, by the chemical reactions calculated in DECOMP, and by the 

vaporization loss of species. 
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Apparently some 34 different species are involved (1n addition to the CaO). 

These are assumed to develop their equilibrium partial pressures in the gas 

phase at the temperature of the top surface of the upper crust. The equil

ibrium partial pressure values are developed in the code by assuming ideal 

mixture behavior. The CNAERO model does not Include chemical vaporization as 

affected by possible reactions 1n the gas phase nor does 1t Include any 

kinetic transfer processes in the melt or gas phases. Thus, with such an 

equilibrium model, only the total gas flow is needed. There 1s no need 1n 

CNAERO for actual bubble surface areas, rise velocities, or transit time. 

The generation of aerosols by mechanical means 1s not Included nor 1s there a 

model for determining the size distribution of the aerosols produced by the 

vaporlzat1on/condensati on process. 

The effects of any overlying pool on removal of aerosols are not Included 

because the DECOMP model calculates that such a pool quickly "quenchs" the 

melt and effectlveTy inhibits production of gases and aerosols until the pool 

bolls away. 

4.1.2.2 Areas Where Studies Agree and Disagree. In general, it is possible to 

compare different codes and studies that purport to evaluate the same aspect of 

source term determination by looking for areas of agreement or disagreement that 

are of three basic types: 

1. Model assumptions and core!ations, 

2. Physical property specifications for the system materials, and 

3. Specification of the boundary conditions associated with 
specific plants and specific sequences 

The core/concrete interaction ex-vessel source area Magreements-and-disagreementsM 

among CORCON, DECOMP, VANESA, and CNAERO will be summarized here for the above 

three categories. -. 

4.1.2.2.1 Model Assumptions and Correlations Areas of Agreement/Disagreement 

Between CORCON and DECOMP. The areas of agreement and disagreement between 

CORCON and DECOMP are summarized below in four different phenomenological 

categories: 

1. Physical state of the melt, 

2. Heat transfer processes, 
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3. Internai heat generation, and 

4. Concrete ablation and gas liberation. 

Assumptions on Layering Versus a Completely Homogeneous Melt. CORCON assumes 

the melt segregates into a series of oxidic and metallic layers, whereas 

DECOMP treats the entire melt as being one homogeneous mixture. This 

difference 1n assumption as to the physical state of the melt can have 

several Implications with respect to fission product/aerosol release (which 

will be discussed later where VANESA and CNAERO are compared). With respect 

to the thermal calculations, this difference could manifest Itself through 

the crusting behavior and related effects because the metallic layer in 

CORCON has a lower solidus temperature and a higher thermal diffuslvity than 

does the oxidic layers. Thus, the tendency would be for CORCON to have a 

thinner crust for the metallic layer/concrete interface than for the oxidic 

layer and to exhibit higher heat transfer rates to the concrete in that area. 

It has been observed in practically all core debris/concrete interaction 

tests that layering does occur when the mixture is steel and UO2 (4,5ti16). 

However, the technical basis for always assuming layering is not firm, 

especially in view of the complex chemistry that arises between the oxide and 

metal phases of core debris. In addition, the circulation influenced by the 

sparging gases may be sufficient to overcome any melt stratification. 

Because the heat transfer models in DECOMP and CORCON are so different, 1t is 

difficult to assess the significance of the homogeneous' melt assumption. 

It is believed that the available information is presently insufflcent to 

resolve this difference. 

Formation of Crusts. The C0RC0N-M0D-1 as used with the modifications for 

BMI-2104 did not model crust formation. Instead, individual melt layers had 

viscosity corrélations that were continuous with melt temperature so that the 

viscosity of the oxidic layer merely got very large as the melt approached 

what would normally be a solidification temperature. 

In MOD-2, however, a crusting model was included that is conceptually similar 

to the modeling in DECOMP. DECOMP assumes that a crust is always present 

whereas CORCON calculates a crust only when boundary heat transfer dictates 

that one should form. With the exception of the differences 1n crust 
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thickness for the different layers 1n C0RC0N, the two models should give 

similar effects. The differences will be related to the assumptions on 

layering and, therefore, should be resolved when the issue of layering is 

resolved. 

There is insufficient information to address questions regarding the 

stability and permeability of crusts and their potential ability to filter 

aerosols from bubbles passing through. 

Experimental evidence at Brookhaven National Laboratory supports the 

contention that crusts remain porous to the passage of concrete decomposition 

gases as well as will even entirely solidified melts (A). 

Melt/Concrete Interface Modeling. In C0RC0N, the interface between the melt 

and the concrete 1s viewed as consisting of a very thin flowing gaseous film 

made up of concrete decomposition gases. In contrast to this picture, DECOMP 

assumes tht the Interface is effectively a melt crust contacting molten 

concrete. 

The potential effect of this difference would be that C0RC0N would have an 

extra path of resistance for the heat transfer from the melt to the concrete 

(made up of the gaseous film). However, the calculated thickness of this 

film is usually small so that the resistance to trasverse heat flow is 

believed not to be of much significance. 

There is presently Insufficient information to justify the presence and/or 

stability of a continuous thin film around the melt. 

Void Fraction Modeling. The gases bubbling up through the melt create a void 

fraction that establishes the boiled-up height of the pool (C0RC0N and 

DECOMP) as well -as Influencing the internal heat transfer coefficients (1n 

C0RC0N only). ** 

Both C0RC0N and DECOMP use the same model for void fraction involving the 

ratio of the bubble rise velocity and the superficial gas velocity (based on 

total gas flow). However, C0RC0N uses a bubble rise velocity correlation 

that 1s basically for an isolated bubble whereas DECOMP uses a correlation 

applicable to a swarm of bubbles which gives a rise rate that is 1% times the 

C0RC0N velocity. 
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The result is that C0RC0N win calculate a larger void fraction (although it 

has a limit of 0.42), a larger boiled-up height, larger heat transfer 

coefficients, and longer residence times for the bubbles than it would have 

had 1t used the bubble rise velocity correlation that is in DECOMP. The 

significance of this to the heat transfer is unknown but is believed to be 

small. 

There is believed to be sufficient information already available in the 

literature to develop a criterion on the use of "swarm" versus a "single 

bubble" correlation. 

Melt-to-Interface Heat Transfer. In C0RC0N, the sparging bubbles at high 

flow rates are seen to produce a churn-turbulent convertive flow heat 

transfer condition. Based on literature data and simulant experiments (17), 

separate correlations for the heat transfer coefficients are used in M0D-.2 

for: (1) the side walls and (2) the transverse interfaces (bottom, layer-to-

layer, top). However M0D-1 used a correlation for (2) that gave heat trans

fer coefficients about an order of magnitude lower than those for M0D-2. 

DECOMP uses a user-input value for the single internal coefficient for heat 

transfer from the melt to all internal surfaces (a value of 10,000 W/nr • °K 

is suggested by the manual). For comparison, the coefficients calculated by 

M0D-1 and MOD-2 typically range from 104 to 105 W/m2 • °K except for viscous 

oxidic layers where M0D-2 predicts much higher values than MOD-1. 

This difference between the treatments 1n C0RC0N and DECOMP can be 

significant because it can Influence the apportioning of the heat flux 

between the concrete and the top surface into the cavity environment. 

It 1s believed that there 1s sufficient Information in the literature to 

support the use-of a functional correlation rather than a simple constant 

Input value, although the exact quantification of the correlation may still 

be in question. 

Heat Transfer Across the Interface to the Concrete. The heat transfer from 

the melt to the concrete is assumed to take place across the melt crust, if 

present, and through a thin flowing gaseous film in C0RC0N-M0D-2 (but only 

across the film 1n M0D-1 which does not model crusting). The C0RC0N modeling 

includes radiation heat transfer as well as convective/conductive transfer. 
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In comparison, 0EC0MP only includes conduction through the crust as governed 
by the thickness and the differences between the melting temperatures of the 
"coriurn" and the concrete. 

For even a relatively small crust thickness, the conduction heat transfer 
across the crust 1s likely to be the controlling resistance. Hence the 
modeling differences here between MOD-2 and DECOMP are not believed to be 
very significant (however, MOD-1 might give different results because 1t does 
not model crusting). 

Although MOD-2 and DECOMP are quite similar with respect to this model area, 
there is still Insufficient evidence to support the concept of a uniform 
stable crust around the melt as well as to determine an effective thermal 
conductivity for use under these conditions. 

Heat Transfer into the Depth of the Concrete. Thermal conduction into the 
concrete is not modeled in CORCON. It is assumed that a steady temperature 
profile is developed in the concrete (detailed transient conduction 
calculations support the establishment of a quasi-steady state 1n about 
1 minute). This 1s ample justification to use a simple heat balance for the 
ablation rate, 

q * pAH dT 

where AH must include the heat required to bring the concrete from ambient 
temperature to the ablation temperature. 

Although a quasi-steady-state conduction analysis is made in DECOMP, 1t is 
solely for the purpose of calculating the gas evolution rates as distributed 
within the depth of the concrete and is not an Influence in the actual 
concrete ablation rate. Therefore, the two models are in basic agreement in 
this respect. ~ 

All of the models treat concrete as a homogeneous material. They neglect the 
aggregate (rebar/cement heterogeneity. The mobility of water 1n the concrete 
is also neglected (water migrates both down the temperature gradient as a 
liquid and up it as a gas). 
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Heat Transfer to the Environment from the Top Surface Without an Overlying 

Pool of Water. Both CQRCQN and OECOMP calculate the heat transfer from the 

top surface of a dry debris bed as being an additive combination of convec

tion And radiation. JCQRCQN -inputs a convertive heat transfer coefficient of 

10 W/cm2 • "K whereas DECOMP uses 50 W/cm2 • eK. 

A very approximate estimate of the effective series heat transfer 

coefficients in C0RC0N and DECOMP was made by this writer as shown below (all 

h's are W/m2 • °K). 

"internal hcrust hradiation "convection nr + hc 

C0RC0N 103-104 30-300 100-500 10 110-510 

DECOMP 104 30-300 500-1500 50 550-1550 

From this table, it is seen that the controlling resistance is likely to be 

the crust with perhaps some significant contribution from radiation. Hence, 

the modeling differences here are not likely to be very significant unless a 

cloud of aerosols (not included in the above table) blocks radiation to the 

degree that convection off the top surface controls. 

This could be accounted for in CORCON but not in DECOMP. CORCON M0D-1 is 

likely to give higher heat transfer from the top surface because it does not 

include crusting. The resolution of differences here rests on the resolution 

of the crusting behavior question and the influence of an aerosol cloud on 

blocking radiation. There is Insufficient information available at this time 

on these two issues. 

Heat Transfer to a Pool of Water on Top of the Debris. Both CORCON MOD-2 and 

DECOMP model the thermal effects of an overlying pool of water. The modeling 

for the heat flux from the debris to the water for the two codes is compared 

1n the figure below: 
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These two models basically predict quite different effects. The DECOMP 

model, with Its relatively high and sustained "critical heat flux" value 

quenches the debris and effectively stops the concrete attack and aerosol 

release until the water is all boiled away. The CORCON model, on the other 

hand, predicts that film boiling is quickly reached and sustained (T^ - T s a t 

of 800-1200eK are usually calculated) producing only small effect on either 

the concrete attack or the release from the debris. 

The CORCON model appears more consistent with known boiling behavior, and its 

predicted sustained film boiling has been observed in high temperature melt 

experiments (18). 

Decay Heat Generation in the Melt. The CORCON model basically uses 

analytical "fits" over five different time Intervals from zero to 20 days for 

the contributions of each of 27 different elements to the decay power versus 

time as determined for a reference equilibrium core. For a specific core, 

the initial Inventory (before any fission product losses) 1s calculated to be 

proportionail tOrthe operating power relative to the reference core as 

calculated by ORIGEN. Retention factors are specfled as input for each of 

the 27 elements 1n the correlation to account for losses in the RCS before 

the core/concrete interaction process begins. CORCON also accounts for the 

continued decrease 1n decay heat due to losses of alkali metals and halogens 

to the sparging gases. 
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The MAAP package determines the decay heat in two separate submodules of the 

code and inputs these into DECOMP as a function of time. The.overall decay 

power (without fission product losses) is determined in the subroutine POWER 

which uses the ANSI/AKS standard curve that includes fission products and two 

— ACtinides,- To correct the-decay-power for those-fission products determined 

to have been lost prior to the start of core/concrete Interactions, the 

contributions at Initial shutdown due to five "groups" is determined in 

FPHEAT. MAAP specifies the fraction of each of these groups that are trans

ported with the melt to participate 1n the core/concrete interaction. The 

fractional contribution to the total due to the lost fission products at time 

rero (initial scram) is subtracted out of the initial shutdown power and the 

so-adjusted decay power curve is then assumed to parallel the original ANSI-

Standard curve. Additional losses due to sparging are not accounted for. 

While in some agreement, there is still a significant difference between 

these two approaches. The relative contribution of the more volatile 

elements (that are generally lost prior to the start of core/concrete 

interactions) is not constant with time. They can contribute up to -40% of 

the power on initial shutdown but can decrease to -28* after one day. Hence, 

the decay curve with these elements lost should not be expected to "parallel" 

the ANSI-Standard curve. This could have some significance for release at 

long times when MAAP would be expected to significantly underpredict the 

decay heat power level. 

This issue is easily resolvable with existing information by estimating the 

sensitivity of the overall source term to the longer-term releases. 

Heat Generation from Chemical Reactions. The principal chemical reactions in 

CORCON and DECOMP involve oxidation of metals by concrete decomposition 

gases, H2O and C02. A chemical thermodynamic equilibrium calculation 1s made 

in CORCON for 38 chemical species (11 elements). These species include 

relevant condensed species (the metals, their oxides, and reduced carbon), 

the principal gaseous species (water vapor, hydrogen, carbon dioxide, and 

carbon monoxide) and a variety of less Important gases. 

While CORCON treats simultaneous oxidations as it occurs, the result of the 

calculation is that the metals tend to be oxidi2ed 1n a specific order: 

zirconium, chromium, iron, and nickel (not much nickel is likely to oxidize). 

Carbon that is produced during IT oxidation by C0£ is allowed to undergo a 

"coking" reaction that takes place ̂ qerally after depletion of Zr. 
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Heats of formation of all species are automatically Included in the 
thermodynamics properties pacakage. 

DECOMP does not use a chemical thermodynamic equilibrium approach. Rather, 
1t allows the reactions to proceed 1n five stages: 

1. All of the zirconium reacts with all of the HgO and CO2 
simultaneously. 

2. When all IT 1S consumed, the reduced carbon from the 
reaction in stage 1 is reacted with the h^O and COj. 

3. After all the carbon has reacted, the gases then react 
together with Cr and Fe, to produce FeO • C^Oo and free-h^ 
and CO. This stage proceeds until all of the Cr is consumed. 

In the above three stages, the rate of reaction is governed strictly by the 
gas feed rate into the melt. 

4. The fourth stage reacts the remaining iron with the H?0 and 
C02. However, this reaction is not treated as going to 
completion. Rather a quasi-equilibrium approach is used in 
which a fraction reacts to maintain a designated constant 
ratio of steam-to-hydrogen and COg-to-CO. 

5. The fifth stage begins when all of the iron 1s consumed. 
In this stage, it 1s assumed that Ni would form NiO and FeO 
would be further oxidized to t s ^ ^ . A quasi-equilibrium 
treatment similar to that of stage (4) is used here with 
the designated steam/hydrogen and the CO2/CO ratios set at 
high levels. These reactions are therefore not very 
significant. 

It is believed that these two approaches will give significantly different 
results and that the CORCON treatment is the preferred. 

Concrete Decomposition (or Melting) Temperature. Melting ranges for some 
typical concretes have been determined experimentally (̂ 1) and are Included 
in C0RC0N-MOD-2 for three "built-in" concrete varieties as shown below: 

Solidus Liquidus 
Concrete Type l"K) (°K) 

Limestone/common sand 1420 1670 
Basaltic 1350 1650 
Generic S.E. U.S. (CRBR) 1690 1825 

The user may also specify different values for these. 
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A..sing"le-valued melting -temperature-is-specified *s Input to DECOMP. A 

typical value used in IDCOR for Basaltic concrete was ~13706K. The C0RC0N 

user must also specify an ab^&tio,, temperature .which, is ..the temperature at 

:. ̂ .-whlcb. concrete constituents-leave the concrete -surface -and are -incorporated 

into the melt pool. 

Hence, the two approaches are not sufficiently different to make much impact 

on source terms. 

Heat of Ablation of Concrete. A heat of ablation built Into C0RC0N 

represents: (1) the integrated enthalpy change from ambient temperature to 

the ablation temperature, (2) the energy required to vapori2e both the free 

and the bound water and CO^, and (3) the latent heats of fusion of the 

various melt components. A typical heat of ablation developed in this manner 

for, say, limestone/common sand is -720 cal/g. The AH varies from values of 

-550 up to 950 depending on the concrete. 

By way of comparison, DECOMP uses an effective latent heat value of 

-430 cal/g which does not include Cp (Tmp-T0) because it is calculated 

separately. 

Assuming Cp « 0.88 kJ/kg °C; T » 1100eC; and T Q « 100"C; then, 

M - 430 + ( ° - g ! l ^ ° 0 0 ) » 640 cal/g. 

The above values are close. However, it is expected that the release rate of 

fission products and aerosols will be approximately linearly dependent on 

this property value because AH determines ablation rate which determines gas 

sparging rate. Therefore, it 1s believed that 1t is Important to have 

accurate values for this parameter. The information to develop reliable 

values 1s believed to be sufficiently available except for the difficulty 1n 

determining the actual concrete composition for specific plants. 

Concrete Composition. One area of considerable difference between C0RC0N and 

DECOMP is the detail with which the concrete composition can be specified. 

CORCON allows very complete specification of the composition of any concrete 

in terms of the mass fractions of up to 13 components. The specified 

composition is used in CORCON to develop the physical and thermodynamic 
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properties. DECOMP, on the other hand, specifies the thermochemical 

properties as Input. When ablation occurs, the material added to the melt 1s 

considered to have the molecular weight of CaO. 

From the thermal standpoint, this may not make much difference. But for 

later use in determining the melt composition as related to aerosol release 

determination it could be significant. 

There is sufficient experience to have confidence in the more detailed 

treatment 1n CORCON and it'1s believed that particular plant concrete can be 

specified at the desired level of detail. 

Gas Content of the Concrete. The gas content of the concrete consists of 

free water, chemically bound H2O and chemically bound C02 from carbonates. 

Typical values used for a limestone concrete are compared below for CORCON 

and DECOMP 

Component 

Free H20 

Bound H20 

Bound C02 

Content % 
(by weiqht) 

CORCON 

2.7 
2.0 

21.2 

DECOMP 

2.8 
2.8 
25.1 

Free water content is a function of ambient humidity. Values roughly double 

those above will develop at 95-100* RH. 

It is seen that the codes agree reasonably well for this concrete. Other 

concrete types can have much less bound C02 and, therefore, the code user 

must be careful to make the correct specification. 

• * 

Bubble Formation and Rise Rate. In CORCON, a bubble size is needed because 

1t enters into the internal transverse convective flow heat transfer 

coefficient correlation. 

The bubble size in CORCON 1s selected as being the size of the Taylor 

instability cells. The rise rate is then determined from a correlation for a 

single spherical cap bubble. However, since the Taylor cell size is 
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dependent only on physical properties* then the rise rate is also only a 

..._ -funct4on-of the-meH -physical-properties. 

For comparison, DECOMP uses a. correlatJOD-due lo.Zuber .and Findlay (19) for a 

- '- -• SESTJ-of .bubWe* in churn turbulent-flow—-This correlation is basically 

identical to that of CORCON (for the same physical properties) except that 1t 

1s -1% times that of CORCON. 

There is little significance to this parameter in DECOMP (it is only used to 

determine the void fraction and, hence, the boiled up geometry). However, 

there are significant implications with respect to CORCON which also uses the 

void fraction in its heat transfer correlation (and with respect to VANESA 

release calculations discussed later). Since the DECOMP model is for a swarm 

of bubbles whereas the CORCON model is for a single rising bubble, then, 

intuitively, the DECOMP rise velocity correlation would appear to'be more 

appropriate for use in CORCON. 

There is sufficient information available in the bubble rise literature to be 

able to make a judgment as to whether or not to use a "swarm" correlation as 

opposed to a single bubble correlation and such a determination should be 

made and the appropriate correlation used. 

Areas of Agreement/Pisagreement Between VANESA and CNAERO. The results of 

the thermal calculations (CORCON and DECOMP) provide Input and boundary 

conditions to the models for calculating the fission product/aerosol release 

and composition. For the BMI-2104 study, release calculations were provided 

by the VANESA code. For IDCOR, they were provided by the CNAERO module in 

the MAAP package. Important aspects of the modeling within these two codes 

are compared 1n this section. 

Vaporization Release Treatment. The most important fundamental difference 

between thé the-VANESA and the CNAERO modeling lies 1n the treatment of the 

kinetics of mass transport due to sparging. Kinetics are not modeled at all 

1n CNAERO. Instead, CNAERO assumes that each constituent within the melt 

reaches its equilibrium partial pressure at the temperatures of the top 

surface. 

In contrast to this treatment, VANESA models the details of the kinetic 

processes as discussed in the Overview Description of VANESA, which Includes: 
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1. mass transport in the condensed phase, 

2. surface vaporization rates, and 

3. transport within the bubble gas phase. 

As with any modeling of rate processes, the difference in results obtained 
with an equilibrium treatment versus a kinetic treatment lies 1n how close an 
approach to equilibrium 1s actually obtained 1n the specific application. 
Therefore, the resolution of the Importance of this difference can easily be 
obtained by applying VANESA under representative conditions and assessing the 
nearness to equilibrium. It is believed that evaluating the kinetic 
processes 1s important and is the preferred treatment 1n any event. 

In both the kinetic and equilibrium treatments, values are needed for the 
various constituent equilibrium partial pressures. In both VANESA and 
CNAERO, a Raoult's Law assumption 1s made 1n which the equilibrium partial 
pressures are taken as the values for the pure substance reduced by their 
mole fractions 1n the melt. The Implicit assumption here 1s that activity 
coefficients are basically unity (VANESA includes nonunity acitivty coeffi
cients for a couple of constituents for which experimental data exist). 
There is presently insufficient data to estabish actual activity coefficients 
for these materials under these conditions. 

A most significant area of disagreement between VANESA and CNAERO is in the 
treatment of chemical reactions within the gas phase of the rising bubbles. 
No gas-phase chemistry is modeled in CNAERO. VANESA, on the other hand, 
performs a chemical thermodynamic equilibrium analysis (basically a minimi
zation of Gibbs Free Eneregy) in which 129 different species are included. 
These species were selected as those that should form in a ternary component 
element-oxygen-hydrogen system. For example, the element La is assumed to be 
able to exist in the gas phase in the following possible forms: 

La, LaO, La203, LaOH, and La(0H)2. 

In other words, 1n this analysis, all of the"elements in the gas phase 
compete together for the oxygen and hydrogen but are not "allowed" to 
chemically react with each other. There are four exceptions to this because 
SnTe, SbTe, AgTe, Csl are also Included as possible species. 

It 1s very Important to include these gas phase chemical reactions in the 
release modeling. The reason for this can be Illustrated by the following 
example for barium. The assumed form for barium in the melt is BaO. It will 
transport through the liquid phase, evaporate at the interface, and transport 
through the gas-phase according to the kinetic treatment 1n VANESA governed 
by the driving force determined by the difference, (P(eq)—P-). However, the 
chemical reaction in the gas phase, presumably 

H-O 
BaO (t) * BaO (g) —-*—• Ba(0H)2 (g), etc. 

will depress the BaO (g) partial pressure, Pg, 1n the gas phase. Hence, the 
chemical reaction acts as a sort of "chemical pump" that maintains the 
kinetic driving force at a higher level thereby significantly enhancing 
barium release compared to a treatment that neglects gas phase reactions and 
only assumes BaO reaches its equilibrium partial pressure in the gas phase. 

Although the kinetics of the gas-phase reactions are not modeled, there 1s 
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sufficient reason to believe that they are very fast.under these conditions 
as compared to the other rate processes. In addition, sufficient.confidence 
-can-be placed.in cberaical equilibrium thermodynamics under theseconditions 
to justify including this within the modeling of vaporization release. 

.While.the abaveJllustrates_a-«ajor 4ifferenee-between-VANESA endCNAERO, it 
Hilso poi-nts.-çut.ao artif.acl-in. the~manner- in which-VANESA handles the 
specification and transport. As, for example, the Ba(0H)2» etc. partial 
pressures build up 1n the gas phase due to the chemical reactions there, 1t 
should tend to "back-transport" into the melt by the overall kinetic model in 
VANESA. However, Ba(0H)2 is not "recognized" as a melt-phase species, so 
that VANESA will treat the back transport within the melt as 1f the Ba(0H)2 

were converted back to BaO there. In reality, this is probably what would 
happen in this case, but not necessarily so for all other species. The 
equations are full reversible and the thermodynamic limits do not appear to 
ever be exceeded. 

The application of the kinetic mass transport equations in VANESA requires 
determination of the total bubble surface area as well as the transit time 
through the melt layers as determined by the bubble rise velocity. There
fore, a specification of the bubble size is needed. In CORCON, the size of 
the bubbles sparging through the melt was assumed to be given by the Taylor 
cell size. A slight inconsistency occurs between CORCON and VANESA 1n that 
VANESA inputs a fixed, empirically determined, bubble diameter of 2 cm. The 
rise velocity associated with these bubbles is calculated in VANESA by 

V. « 0.72 (dg) 1/2 

'b 

As mentioned previously, this correlation is for single rising bubbles. 
However, because of their hydrodynamic interactions, a swarm of bubbles will 
rise somewhat faster (-1-1/2 times the above correlation). Hence, VANESA 
could be using a transit time that is too long—giving more time for mass 
transport than would actually be available. It is believed that sufficient 
information exists to make a judgment as to whether or not a "swarm" 
correlation is required. There is some evidence, however, that-existing 
swarm correlations overpredict data on mass transport. 

Physical State of the Melt. As in DECOMP, the CNAERO model assumes the melt 
is a homogeneous mixture whereas VANESA assumes the melt is segregated into 
an oxidic layer and a metallic layer. For its gas-phase chemical thermodyna
mic equilibrium calculation, VANESA treats the concrete decomposition gases 
in the bubbles as 1f they had already reacted with the metallic phases of the 
melt. Therefore, by implication, in VANESA the metal layer is always on the 
bottom and the oxidic layer is always on the top. In this respect, then, 
there 1s some Inconsistency with the thermal model 1n CORCON. In addition, 
the thermodynamic equilibrium/mass transport calculation 1s made in VANESA as 
if the melt layers were being Independently sparged by the bubbles. 

It is not known to what extent the layering versus homogeneous assumption 
affects the release calculations. One effect could be that Individual 
components can be more concentrated in a given layer (for example La^Og would 
exist only in the oxidic layer). The resulting higher mole fraction would 
give a higher equilibrium partial pressure (and hence, higher release rates) 
than if the melt were a homogeneous mixture, diluted by the metallic layer 
components. The completely homogeneous assumption require that steel, etc. 
dissolve in U0?. For temperatures less than 3100°K steel does not signifi-

• -' --cantly dissolve in UOj and, therefore, the melt is to be "homogeneous." It 
must consists of a continuous phase with islands of a second condensed phase. 
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Melt Composition. For the mass transport calculations, VANESA Includes the 
following species 1n the metallic phase. 

Ag 

Mo. 

Ru 

and the 

ZrO 

CaO 

SiO 

Sn Fe Zn 

Sb N1 Mn 

Te Cr 

oxldic phase Includes: 

U02 A1203 

Na20 SrO 

K20 Csl 

Cs20 La203 

BaO 

Np02 

Pu02 

FeO 

Ce02 Cr203 

N^ 

MnO 

Nb205 

For comparison, the CNAERO model results (in an IDCOR presentation) listed 34 
different components as being released (these are not explicitly identified 
in the available CNAERO documentation). These were 

Ku Cu Np ZrO Pm Cr Ce Ni Pr 

SrO Sr Te Br BaO U02 Sn Pu02 Eu 

Fe Y Ag Pd I Rb Cs Se 

Zr Nd FeO La Cd Mo In Tc 

It appears, therefore, that there is an important -difference between VANESA 
and CNAERO in their choice of materials and chemical forms as assumed in the 
melt. 

A combination of experimental data and consideration of chemical potentials 

is needed to resolve the differences. 

Effects of-an Overlying Water Pool on Release. In CORCON, an overlying pool 
of water is* predicted to persist 1n a film boiling regime which does not 
quench the melt. Therefore, release of aerosols and fission products via gas 
sparging does not stop. However, the materials must pass through the over
lying water pool before release to the containment. The removal of aerosols 
passing through the water pool may be treated with models similar to those 
for suppression pools. Limited versions of such models are being added to 
VANESA, but the calculations for the effects of such water pools were made 
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separately..iiutte-JiHk2^4-.rSUK^ ?pool model s to 

vigorou»>ybpil-ing-overlyio8._poo.ls Jias not .been validated experimentally. In 

Addition, consideration is needed for the- possible resuspetmon of previously 

. removed material AS. the pool boils to .dryness. - Such ̂ -«suspension was not 

... included--in the BMI-2104 -calculations. 

In DECOMP, an overlying pool of water is calculated to quench the melt and to 

stop concrete attack (and resultant release) so long as the water is there. 

Therefore, a treatment of the removal potential of such a water pool was 

considered unnecessary in CNAERO. A recent analysis of MCCI experiments 

supports the modeling approach taken 1n CORCON/VANGSA as long as steam 

explosives do not occur (Ç). 

A question that needs resolutions is the initial particle size distribution 

impact to the water pool. VANESA uses and empirical model derived for 

circumstances without a pool present. To address this problem may require a 

fairly mechanistic model of particle formation and growth. In addition, the 

question of resuspension must be addressed. There is insufficient 

information in both of these areas at present. 

Mechanical Release. As discussed in the overview, VANESA includes the 

generation of aerosols as a result of the bursting of the bubbles as they 

pass through the melt/atmosphere interface. Based on observation of isolated 

bubbles in water, each bubble produces 140 particles each 1 ytn 1n diameter 

having the bulk oxide composition, 

CNAERO does -not include mechanical generation of aerosols. 

This mechanism produces only a small quantity of airborne material and does 

not appear to be important until late in the sequence. If sensitivity 

studies show it to be an important contribution to source terms, then it can 

easily be included in CNAERO. Recent Information suggests that the produc

tion of 140 particles per bubble is probably a lower limit. This value could 

be as high as 2000 particles/bubble. Hence, there 1s significant uncertainty 

1n this area. 

4.1.2.2.2 Physical Properties Specifications. In the calculation of the 

thermal- -and- mess- transport behavior of core /concrete interactions, a number 

of properties of the molten core/concrete mixture are required. Depending on 
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the detail of the modeling, different codes may require different sets of 

properties. We have found that there are considerable differences among 

various codes for physical properties specification with respect to: 

• the number of components Included, 

the chemical form. 

the level of detail of the specification, 

variations with temperature. 

• the development of mixture properties from individual 
constituent specifications. 

It 1s believed that sufficient Information 1s available to specify most of 

the needed individual component physical properties at a sufficient level of 

detail. Insufficient information 1s available to validate the values for the 

mixture properties as determined in the codes. It 1s not clear to what 

extent differences in these property values will influence the core/concrete 

interaction material release rates. 

4.1.2.2.3 Specification of the Boundary Conditions Associated with Specific 

Plants and Specific Sequences. Markedly different ex-vessel sources can be 

obtained from the core/concrete interaction models as a result of influences 

that are external to the code modeling itself as related to the definition of 

the conditions of application of the codes. Some of these external 

conditions depend on the results of calculations by other codes or models for 

other phases of accident sequences, some are related to the Specification of 

the sequence itself, and others are related to interpretation of specific 

plant geometry or features. 

Some such items that have been Identified are listed below: 

1. timing of the melt ejection Into the cavity. 

2. percent of core melted. 

3. initial melt temperature. 

4. initial composition of the melt. 

5. cavity geometry. 

6. dispersal of debris within the cavity and adjacent 
compartments. 
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. 7... concrete.specification. 

•=—•8; presence {or timing) o f water addition to'the debris. 

-The-natureof how these can affect the.core/concrete interaction were 

presented in the QUEST study (20) and are discussed below. 

Timing of Melt Ejection. The timing of melt ejection into the cavity 1s 

generally a parameter that is determined by codes or code modules that 

address the in-vessel core melt progression phase of an accident sequence. 

Differences 1n timing that might be predicted by these can influence the -

core/concrete interaction portion of ex-vessel sources 1n basically two ways: 

the timing of melt ejection relative to RCS system 
pressure may determine the dispersal of the debris into 
adjacent comparments--thus Influencing both the quantity 
and coolability of the debris in the cavity,- and 

• the timing can have an influence on the decay heat level 
as well as the composition and temperature of the ejected 
melt. 

The QUEST study found that if one only considers the effect of timing as 

manifested in the decay heat level then there is not a severe effect on the 

ex-vessel source term. The results for aerosol generation rates and 

cumulative radioactivity release agree to within a factor of about 2 when the 

melt ejection is assumed to occur at 1 h after scram as compared to 10 hr 

after scram. 

Percent of Core Melted. Traditionally, accident analyses have assumed that 

the entire core is ejected into the cavity. It is possible, however, that 

some unspecified portion of the core can remain with the vessel and not 

participate in the core/concrete interaction. The prediction of this 

quantity 1s a function for the core melt progression models and involves the 

issues associated with in-vessel thermal hydraulics. The resolution of how 

much of the core gets ejected may rest upon whether internal circulation and 

radiation heat transfer will cause uniform degradation of the core across its 

diameter. 

DECOMP receives a time-dependent melt source whereas C0RC0N 1s now designed 

to handle a single melt drop at t » 0. 
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The percent of core participating in the core/concrete interaction has two 

basic influences. The total amount of mass of certain constituents that can 

be made airborne is reduced In proportion to the amount of core ex-vessel. 

In addition, the smaller the amount of core debris, the lower the debris 

temperature should be. 

The QUEST study looked at the sens1tiv1t1y of the core/concrete source to the 

percent of the core particpating in the Interaction by comparing a case of 

100X core participation with a case of 50* core participation but with the 

same amount of steel. They found that there was a substantive effect on the 

ex-vessel source term primarily because of the effect on reducing melt 

temperature. The cumulative radioactivity release 1n the case of 50% of core 

involved was found to be one-fourth the 100X case and there was roughly a 50X 

decrease in gas release and concrete penetration distance. 

Initial Melt Temperature. Determination of the Initial melt temperature at 

the start of core/concrete interactions is also a function of the core-melt 

progression models. The QUEST study evaluated the effects on CORCON/VANESA 

results due to three different initial starting temperatures: 1807°K, 

2173°K, and 2550°K. The primary thermal effects were found to be a shift in 

time of layer flip in CORCON—the higher temperatures giving earilier flip 

times. The melt temperatures remained higher for about the first 4 hr for 

initially higher melt temperatures but were lower thereafter in the oxidic 

layer (due to dilution via early concrete ablation) and approximately the 

same in the metallic layer. 

The effects on fission product/aerosol release come from the sensitivity of 

vaporization release to melt temperature, to the gas evolution rates (which 

are tied to melt temperature through the heat transfer) and through the 

effects of dilution via the addition of ablated concrete. 

The total span of radioactivity release for the three cases was only about a 

factor of 2. However, the percent release of strontium was increased by a 

factor of 2, and lanthanum release changed from insignificant values at 

Initial temperatures of 1807 and 2173°K to the order of 2% release at 

2550'K. The choice of initial debris temperature can influence release of 

refractory fission products at early times and can affect the overall 

releases at later times. 

W30-3378e/NPD/ejc 
Last Rev. 09/26/86 

4-30 



- 119 -

Initial Composition of the Melt. There is considerable uncertainty regarding 

the content of certain components within the initial melt—particularly the 

quantity of unreacted Zr, the quantity of molten steel, and the amounts of 

some of the relatively volatile fission products that could be affected by 

the quantity of unreacted zirconium present during the in-vessel release 

periods (e.g., Te, Ba, Srt Ru). 

It is apparent that relatively volatile fission products not released 

in-vessel will be released almost quantitatively during core/concrete 

interactions. 

The effects of the amount of molten steel and unreacted zirconium, however, 

are not so apparent. The zirconium would be expected to represent an 

additional heat source through chemical reactions with the sparging gases— 

thereby tending to increase the melt temperature and enhancing the release 

rates. Steel, on the other hand, would tend to act more as a diluent and 

would tend to decrease the release rates. 

The QUEST study using C0RC0N-M0D-1/VANESA found relatively significant 

effects of these two parameters when they were above and below certain 

"threshold" limits. However, much of the effects in this study could be 

attributable to a viscosity correlation on CORCON MOD-1 that has been 

improved 1n^M0D-2. Later calculations with MOD-2 have shown roughly -the same 

as MOD-1 sensitivities to the steel and zirconium contents. 

Cavity Geometry (Floor Area). The selection of the value for cavity floor 

area to go into CORCON/VANESA 1s sometimes difficult to make. Interpretation 

of plant drawings and anticipation of the core debris behavior can lead to 

different conclusions. Two "limiting" cases have sometimes been considered: 

1. The entire horizontal floor area in the reactor cavity 
and any attached tunnel or keyway. 

2. Only the horizontal surface directly below the reactor 
vessel. 

In the case of the QUEST study of the SURRY plant, these two choices lead to 

-57 nr and 35 nr respectively. 

The choice of floor area changes the surface to volume ratios for heat 

transfer, changes the relative heat flow resistance paths to the concrete 
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versus to the cavity atmosphere, changes the depth through which bubbles 

sparge, and can perhaps bring additional structures Into play. 

Variation of the floor surface area at the two values above by QUEST had 

little effect on the source term and does not seem to be significant over 

that range. 

More significant effects could result, however, 1f the cavity geometry and 

the details of the melt ejection are such as to strongly affect the quantity 

of debris participating in the core/concrete interactions as discussed below. 

Dispersal of Debris within the Cavity and Adjacent Compartments, One area of 

significant difference between the IDCOR and the BMI-2104 studies lies 1n 

their assumption on the dispersal of debris on ejection out of the reactor 

vessel. The IDCOR study for Z1on, for example, assumed that substantial 

amounts of the debris were dispersed through the instrument tunnel onto the 

floor in the lower compartment where it resided in a cool able geometry and 

did not participate 1n the core/concrete interaction. The BMI-2104 study 

allowed the full melt ejection mass to remain in the cavity area. 

Resolution of this issue will require additional modeling as well as 

experimental validation to evaluate the dispersal of debris under such 

conditions. 

Concrete Specifications. In the DECOMP modeling, specifications for 

different concrete types are not permitted. However, C0RC0N does allow 

specification of concrete type and composition. The QUEST study found little 

significant sensitivities to concrete type. 

The QUEST study also indicated that it can be important to Include species 1n 

the concrete that are less than about IX by weight. In particular sodium, 

potassium,iand -iron contents of the CaO, AI2O3, and S102, Late 1n the course 

of core/concrete Interactions, vaporization of these species is the dominant 

source of aerosols and becomes the dominant feature of the late time 

processes that mitigate the accident source term. 

Water Addition to the Core Debris. Some accident sequences involve the 

possible addition of water to the core debris in the cavity. Such water 

addition could act like a suppression pool to remove aerosols generated by 
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the.cere/concrete interaction or could quench the melt stopping generation of 

aerosols. In either event, the net effect would appear to be the absorption 

of some quantity of energy from the melt that might have gone into concrete 

attack and aerosol generation and a delay in the release until all of the 

water had been boiled away. 

The sensitivity of core/concrete release to the above has not been 

evaluated—however, it could be anticipated that the effect would be similar 

to a combination of a lowered initial melt temperature and a later time of 

start of core/concrete interaction. Depending on the timing and amount of 

water addition, then, the influence could be somewhat significant. The Swiss 

tests at Sandia show DFs for 60 an of water of 17-30. 

4.1.2.3 Conclusions and Recommendations. Core/concrete interaction provides the 

driving forces for the later phases of severe accidents including loadings on 

containment and is a source of radioactive and nonradioactive materials. It can 

also be a direct cause of containment breach due to either basemat penetration or 

melt-through of some local containment area that might contact core debris (D). 

Aerosol production during core/concrete interaction is important to the estimation 

of radioactive inventories suspended in the containment atmosphere. There is 

considerable uncertainty in the calculation because of uncertainties in the 

models, in the inputs, and the boundary specifications. 

The barriers to application to different plants include: 

the effects of cavity geometry related to melt surface-to-
volume ratios and to the dispersal of debris. 

the concrete specification. 

items related to the RCS repsonse that might affect 

melt composition. 

Initial melt temperature. 

decay heat level. 

• sequence related items that might Influence water addition to 
the debris. 

There are substantial differences in how the various source term studies model and 

treat core/concrete interactions, and these differences give rise to substantial 
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effects on the predicted source terms. It 1s believed that there 1s Insufficient 

Information presently available to resolve the major differences. 

4.1.3 Other Ex-Vessel Sources 

Other ex-vessel sources to be discussed in this section include: 

pressurized ejection of core materials from the RV. 

energetic thermal Interactions of the core materials with 
water in the cavity. 

fragmentation of water droplets due to blowdown ejection from 
the RCS. 

boiling or flashing of water pools. 

resuspension from containment surfaces due to hydrodynamlc 
forces. 

Of these, only -the fragmentation of water droplets has been considered in any of 

the source term calculations available. The first two of the above were the 

subject of two speculative review papers prepared for GREST by D. A. Powers. The 

discussions that follow, related to these two items, were taken entirely from 

Powers' papers, using his exact phraseology 1n many instances. 

4.1.3.1 Pressurized Ejection Sources. 

4.1.3.1.1 Technical Background. Previous studies of the progression of 

reactor accident sequences have indicated that relatively higher frequency 

accidents for PWRs involve core melting that takes place while the RCS is 

still pressurized to a level that may be near the normal operating pressure 

of the reactor and that meltdown under pressurized conditions is also an 

important component of the spectrum of BWR accidents. Under accident 

conditions where the core-melt 1s expected to penetrate the RV bottom head 

and be ejected into the cavity below while the RV is still pressurized, 1t 1s 

speculated^that the ejected material could be dispersed Into the cavity and 

surrounding containment volumes as small airborne particulates and, thereby, 

become a source of both heat and aerosols to the containment atmosphere. 

However, newer considerations using Integrated fission product transport and 

thermal-hydraulic analysis Including natural convection Indicate that other 

regions of the RCS may fail prior to vessel melt-through, thus providing a 

path to relieve the high pressure prior to expulsion. Some newer models of 

core degradations have also indicated that core slumping may occur in a more 
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pi.eçewise fashion,-perhaps al "lowing-vessel melt-through with only limited 

quantities of core melt available for ejection. 

Nevertheless, high-pressure melt ejection could be an important source of 

aerosol and radionuclide release and for pressure loading of the containment 

through direct heating. The latter has been discussed in the technical 

annex, which is concerned with containment thermal hydraulics. 

From a limited number of tests (21-25) conducted at Sandia National 

Laboratories, the following observations could be made about the ejection 

process, presumed to accur at high pressures. 

1. Dispersing debris were observed to directly heat and 
pressurize the atmosphere to a certain extent. Pressure 
and temperature data indicate that the debris Interacted 
thermally and probably chemically with the containment 
atmosphere. 

2. Considerable aerosol generation was observed. 

3. Tests conducted with nitrogen as the pressurizing gas 
showed at least a bimodal aerosol distribution with modes 
occurring at about 0.5 and 5 ym. The finest aerosol 
material consisted of agglomerates of finer particles 
(0.1-0.05 ym) and the second mode (§ 5 ym) consisted of 
individual spherical particles. 

4. In.tests conducted with CO? as the pressurizing gas, the 
aerosol size distribution had no mode in the 5 ym range. 

5. X-rays taken during the melt ejection process indicated a 
two-phase flow for the nitrogen pressurized tests but a 
single phase for the C02 pressurized test. 

6. Recent large melt tests have shown melts to be dispersed 
to a height of about 40 m and a distance of about 80 m, 
in open surroundings. 

7. Auxiliary experiments in which small (-0.25 mm) model 
droplets are suddenly exposed to air have shown that the 
particle 1s heated by chemical reaction up to some point 
*t which the particle suddenly disintegrates into much 
finer particles (0.01-1 ym). 

It should be pointed out here that a couple of tests conducted at Argonne 

National Laboratories (23,24) in confined geometry with corium melt ejected 

at high pressure in a l/36th scale mock-up of Zion containment 1n which the 

direct heating of the containment atmosphere was rather small. However, a 

significant portion of direct heating is expected to come from oxidaiton of 
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the metals. As the Argonne tests were conducted in an inert environment, 

this contribution was absent. Based on Sand1a observations, a combination of 

mechanisms have been hypothesized as being influential in the aerosolizatlon 

process: 

1. Pneumatic Atom1zat1on; As the melt is ejected from the 
vessel, the pressurizing gas could "pierce" the melt and 
entrain the liquid as small droplets. Pilch (26) has 
analyzed this process and has shown, based on evaluation 
of maximum stable drop sizes, that at high pressures 
entrained melt would be expected to be reduced to fine 
particles. 

2. Jet Disintegration; Even without the pressurizing gas 
penetrating the melt, the instabilities of the emerging 
liquid jet 1n relative flow with the cavity atmosphere can 
generate small droplets* 

3. Vaporization; The finest, agglomerated aerosols observed 
in the tests are consistent with expectations of a process 
involving vaporization from the melt and subsequent 
condensation into aerosols. 

4. Gas Effervescence: Powers has hypothesized that the 
difference in the observed behavior of the tests with Ng 
pressurizing gas compared to CO2 lies in the fact that N2 
is expected to be quite soluble 1n the test melts, whereas 
CO2 should be effectively insoluble. For reactor condi
tions, Power (27) has presented analyses that show that H2 

and H2O in the reactor vessel atmosphere would also be 
quite soluble 1n core melts. The analyses indicate that 
the volume of gas effervescing from a melt at 2800°K 
following depressurlzation from 170 atm to 1 atm would be 
about 1 cm3 gas/cm3 U0? melt and as much as 1360 cm3 gas/ 
air stainless steel melt. These volumetric expansions are 
large enough to cause substantial disruption of the 
melts. Effervescing gas from the melt could drastically 
increase the melt surface area and presumably the rate of 
vaporization of volatiles from the melt as well as 
mechanically shear the liquid Into fine droplets. 

5. Chemical Reactions of Dispersed Droplets with the 
Atmosphere; Debris expelled from the cavity will be hot 
and reactive toward the containment atmosphere. Steel, 
zirconium, and even U02 debris can react exothermlcally 
with either oxygen or steam. The resulting high tempera
ture of the droplets could both enhance vaporization of 
volatile materials and cause further fragmentation of the 
droplets (perhaps due to internal boiling). 

4.1.3.1.2 Agreements/Disagreements Among Various Source Term Studies: To 

date, no source term studies have incorporated high pressure melt ejection as 

an ex-vessel source of radionuclides and aerosols. 
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4.1..3J,.3....Areas.Where Information 1s Sufficient/Insufficient; --Models can be 

- formulated-to predict when.the.pressurizing gas will pierce the layer of melt 

.being expelled from the vessel in tems of-the molten pool depth, systems 

pressure, and breach size (26). Models for the droplet size exist. Criteria 

for entraining melt-in gas exist. What is not available is a model of the 

rate of melt entrainment. Without such an entrainment rate model, the 

magnitude of aerosol generation rate by the pneumatic atmomization mechanism 

cannot be assessed. 

Once the melt has been expelled from the vessel, "blowdown" of the pres

surizing gas could further entrain melt from the cavity surfaces. Analyses 

have shown that droplets so created would be much larger than those typically 

associated with aerosols. Models for such entrainment are available. 

Neither comprehensive models nor definitive data on chemical reactions of 

debris droplets lofted from the cavity exist. A current hyopthesis is that 

the rates of reaction are controlled by mass transport of oxidant to the 

debris surface. On the upward trajectory, this mass transport is controlled 

by entrainment of atmospheric gases into the debris cloud (a relatively 

inefficient process). Once the "cloud11 has reached the trajectory peak and 

becomes more dissipated, more conventional mass transport processes control 

(i.e., mass transport between a droplet (or particle) in relative flow 

through a reactive gas). Experimental validation is lacking for the 

particular materials under the particular conditions of interest. 

4.1.3.1.4 Conclusions. Heat transfer from dispersed droplets to containment 

pose interesting questions about the loads on containment and the possibility 

of containment failure nearly coincident with vessel failure. 

The associated loads and aerosol production appear to require at least two 

conditions: 

1. that the reactor coolant systems remain at significant 
pressure through the time of vessel lower head melt-
through, and 

2. that significant quantities of molten core debris are 
available for expulsion from the melt. 

Characterization of the pressurized melt ejection .source has only just begun. 

Models and data are needed, particularly in the following areas: 
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1. the magnitudes and charactertstics of aerosol generation as 
a function of system pressure, melt temperature, and melt 
composition; 

2. effects of reactor cavity and containment geometry on 
aerosol production; 

3. radionuclide release caused by chemical reactions of 
dispersed core debris with the containment atmosphere; and 

4. whether 1n-vessel core degradation leads to the initial 
conditions necessary for high pressure melt ejection. 

It 1s believed that the barriers to generic application are substantial. The 

postulated models for prediction would require.the details of the RCS failure 

to establish depressurlzation conditions which would depend on reactor 

type. In addition, the details of the reactor cavity and containment 

connections will be required to evaluate the extent of dispersion. 

4.1.3.2 Core Melt/Water Energetic Thermal Interactions. 

4.1.3.2.1 Technical Background. The issue of steam explosions as a possible 

ex-vessel source of fission products and aerosols gets folded Into the 

broader issues of the probability of occurrence of steam explosions, the 

quantity of melt participating, and the resultant efficiency of energy 

conversion. There have been speculations (e.g., WASH-1400) that an energetic 

interaction occurring when the molten fuel encounters water in the reactor 

cavity could loft finely divided debris Into the containment atmosphere where 

it could chemically react to release some fission products via vaporization. 

The Reactor Safety Study made estimates of the release via this process using 

data collected by Parker et al. at ORNL (28,29). In the ORNL experiments, 

fragments of Irradiated nuclear fuel were heated to temperatures of 

500-1200°C for periods of up to 90 min in a stream of air during which time 

the release fractions for a variety of fission products were measured. These 

data were applied 1n the RSS to that portion of the core estimated to parti

cipate in a violent Interaction with water. Near complete release of the 

noble gases, halogens, alkali metals, ruthenium, and tellurium were 

predicted. These predicted releases of the noble gases, halogens, and alkal 

metals during steam explosions are not Important because these are released 

from the molten fuel anyway during severe accident sequences. By the time 

melt can form, most of the volatile species would have already left the 

fuel. Similarly, other phases of severe accidents (e.g., core/concrete 

interactions) would result in nearly complete release of the tellurium. 
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The most important feature, then, of the _RSS treatment of steam explosions is 

. their predicted large release-of-ruthenium-.—SueK-h-i^h rutherrtum releases 

could significantly influence the source.term» -Ho.we.ver, the RSS predicted 

release of ruthenium (because they are based on Parker's data) appears to 

require the presence of air to oxidize the nonvolatile ruthenium to the much 

more volatile forms, Ru04 and RUO3. 

In a containment environment, the kinetic processes of the oxidation must 

also be considered. The kinetics observed in the ORNL experiments may not be 

applicable to debris lofted into the atmosphere by a steam explosion. Not 

only would the nature of the fuel (porosity, surface area, accessibility to 

the metallic ruthenium inclusions, etc.) under fuel/coolant interaction (FCI) 

conditions be different from Parker's experiments, so would the conditions 

for mass transfer of the oxidant to the surfaces. Further, if other reacting 

materials such as Ir and steel are present, not all of the oxygen reaching 

the surfaces is available for reaction to form volatile oxides of ruthenium. 

Detailed kinetic models for oxidation/vaporization release during speculated 

FCI events have not been developed. It is believed that consideration of the 

kinetic processes involved would result 1n much lower releases than the 

WASH-1400 estimates. 

Another source of airborne material from FCI events might be the mechanical 

breakup of the lofted debris Itself. Data from a variety of steam explosion 

tests have shown that the debris formed by steam explosions is very coarse. 

Mean sizes are typically greater than 100 vm. Seldom is more than 1% of the 

material by weight of sizes less than 1 ym. Thus, Powers concludes: 

"Aerosolization of debris is not likely to be an Important 
aspect...[and],..the.explosion of even large masses of 
debris...may not drastically affect aerosol inventories since 
the ability of coarse particles to scavenge particles of 
aerosol dimensions is limited." 

nS — 
Mi 

In addition, any water accompanying the dissipated debris is likely to have 

the beneficial effect of attenuating the Inventory of suspended 

radioactivity. 

Finally, it should be noted that within the reactor vessel, steam explosions 

.̂.jnay ..create high ..velocities and. surface .accelerations necessary-to resuspend 

aerosol particles that have been deposited onto surfaces. Quantitative 
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evaluation of this process is not available because of the limited 

understanding of, and database on, resuspension phenomena. 

4.1.3.2.2 Conclusions. The following are the conclusions as abstracted from 

Powers' paper: 

1. Ruthenium releases as a result of steam explosions are 
likely to be overestimated 1n the Reactor Safety Study. 

2. Formation of aerosols by mechanical breakup may not be a 
large source of particulate material which can remain 
suspended for significant times. 

3. Water droplets produced by steam explosions would tend to 
have beneficial mitigating effects. 

4. Resuspension via steam explosion may be Important and 
needs evaluating. 

There is insufficient data on the probability of steam explosions, the mass 

of melt participating, the efficiency of energy conversion, and the kinetics 

of ruthenium oxidation/vaporization release to evaluate this potential but 

unlikely ex-vessel source of aerosols. 

4.1.3.3 Blowdown Fragmentation of Water Droplets. 

4.1.3.3.1 Technical Background. Due to very similar processes discussed 

under section 4.1.3.1 (High Pressure Ejection of Molten Fuel), liquid water 

expelled from the RCS during the blowdown and refill/reflood periods of a 

severe accident can be fragmented into small droplets by the effects of the 

shearing action, jet instabilities, and water vapor production/expansion 

processes. The blowdown process then constitutes a potential source of 

•liquid water droplet aerosols Into the containment for some severe accident 

sequences. If some substantive portion of these water aerosols remain 

airborne at later times when core melt released fission products and aerosols 

are Introduced into the containment either directly from the RCS for 

1n-vessel releases or from core/concrete interactions and other ex-vessel 

sources, then they could participate 1n and possibly significantly affect the 

subsequent aerosol dynamic behavior and, hence, the eventual source term. 

Warman (Stone and Webster Engineering Corp. (SWEC)) reported on an analysis 

of the effects of such water aerosols as presented in the ANS study (30). 

This is the only known source term analysis in which the initial presence of 

blowdown created droplets 1s Included. The SWEC analysis was based on 
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_ studies (31,32) that have shown that significant amounts.of .water are ejected 

._ ...during the blowdown (-I12,-000-4sg) and ̂ that substantial amounts fas much as 

1/2) of that 1s made airborne as droplets. A blmodal distribution of the 

airborne droplets is predicted with one mode at -1.0 vm number mean dramatic 

(NMD) and the other at -10 um NMD. 

Because of the uncertainty in the actual quantity of water that is made 

airborne by the blowdown process, SWEC conducted a parametric evaluation 

varying the amount in the 1.0 um mode from 25% of the total mass ejected down 

to 0 (their study also Included variation of the amount in the 10 um mode, 

but they found that this larger aerosol settled quickly and had little 

influence on the source term). 

Using a postulated preexisting hole of 1.0 ft area in the containment (found 

to be the optimum for maximum release), SWEC calculated the effects of the 

water droplets on the release using the NAUA code. The RCS and core/concrete 

sources were taken directly from BMI-2104, vol. 1 for the Surry AB and TMLB' 

sequences. The timing (from the start of the accident sequence) and the 

ex-vessel sources for the parametric study is summarized below. 

Water droplet RCS core/melt Core concrete 
Sequence injection (sec) source (sec) source (sec) 

AB 0-60 1,680-3,600 5,000-
TMLB 8,000-10,900 10,900-12,000 16,560-

4.1.3.3.2. Conclusions. The following conclusions summarize the SWEC 

findings: 

1. The water droplets in the 10 um size mode had little effect 
on the release from containment. 

-2.—^he-timing-of-introduction-of-core/concrete aerosols is too 
late to be substantially affected by the water droplets.' 

3. If only a small fraction of the water injected into the 
containment (e.g., 10% for AB and 15X for TMLB') is ini
tially airborne (at the AMMO size of 1.0 wm and o « 1.7) 1n 
the containment atmosphere, the enhanced agglomeration and 
gravitational settling of the ) aerosol particles from the 

•*•-' RCSresults "in significant retention of the fission 
products. For example, the Cs release is reduced by a 
factor of 2 over the case with no airborne water droplets. 
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It appears, then, that source term evaluations should include the creation of 

airborne water droplets duetto the initial blowdown as a potentially signfi-

cant influence. In some sequences (e.g., TMLB'), the path of ejection of the 

water is somewhat ill-defined (i.e., through the pressurizer, relief valve, 

and quench tank) so that 1t may be difficult to estimate the quantity and 

size distribution of the water droplets made airborne. 

Additional analyses and data are needed to be able to specify the initial 

size and quantity of airborne droplets and the timing with respect to other 

ex-vessel sources. Given these specifications, the present containment 

models should be adequate to evaluate the effects on source terms. 

4.1.3.4 Resuspension from Boiling or Flashing of Water Pools. 

4.1.3.4.1 Technical Background. Fission products that may have settled out 

within the containment prior to containment failure are presumed to reside to 

a great extent in pools of water. 

These fission products can provide sufficient heat to maintain the water 

basically in thermodynamic equilibrium with the containment atmosphere. The 

depressurization that would accompany containment failure then would tend to 

boil or flash the water pools. The boiling/flashing process is speculated to 

be able to entrain the residual liquid and perhaps make it airborne as small 

droplets carrying their burden of dissolved and suspended fission products to 

become a type of ex-vessel source that occurs simultaneously with vessel 

failure. 

This postulated ex-vessel source has not been Included in any source term 

analysis to date. However, the QUEST study (20) made a preliminary evalu

ation of the potential effects of this mechanism for the TMLB' sequence for 

Surry. This study indicated that the blowdown of accumulator water would 

result in a total quantity of 183 tons divided between two pools—28.3 tons 

1n the refueling canal with a surface area of -8 nr and the rest 1n the 

basement with a surface area of 982 m . 

The QUEST study developed a model based on the following concepts: 

• The rate of depressurization is given by choked flow if 
P >1.83 atm and by orifice flow if P <1.83 atm. 
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The evaporation rate from the water pools 1s given by the 
, -i«,~ •;,--«eunt~oeeded-to-take «way-the excess heat to keep the 

remaifrtng--(water-ieft vfter steam and entrained liquid is 
lost) mass of water saturated as the containment pressure 
decreases. 

• The- entrairanent of liquid by the evaporating steam 1s 
—calculated using Rosen's correlation as reported by 

Ginsberg (33) that correlates the entralnment with the 
superf ici all velocity of the vapor leaving the pool surface. 

• The size of the entrained droplets was based on satisfying 
a .critical Weber Number criterion (ratio of Inertial forces 
to surface tension forces). The droplet diameter, D c, 
based on the critical Weber Number was assumed to be the 
mass geometric mean of a log-normal distribution with 
s * 2.3. If the Dc based on the critical Weber Number is 
greater than a size, D s, that would be suspended by the 
superficial flow velocity, then D s 1s used as the mass 
geometric mean Instead of D c. 

Using models based on these concepts, the QUEST study parametrically varied 

the containment failure pressure and the break area, for a 500 nr surface 

area pool to arrive at the results shown in the table below: 

Entrained Water and Droplet Size 

po 

(atm) 

3 
3 
3 
3 
5 
5 
5 
5 
7 
7 
7 
7 

Ao3 

(m) 

1 
10 
100 

1000 

1 
10 

-100 

1000 

1 
10 
100 

1000 

Initial pool 
mass 

(103 kg) 

211 
• 211 

211 
211 
157 
157 
157 
157 
105 
105 
105 
105 

Entrained 
water mass 

(kg) 

0.17-14.4 

2.6-14.4 

6xl03-2.4xl04 

5.0xl04-2.11xl05 

0.12-16.2 

1.5-16.2 

1.9xl03-7.2xl03 

_5.3xl04-1.07xl05 

• 0.1-13.4 

0.07-13.4 

270-1070 

4.1xl04-7.8xl04 

DGM 
(droplet si 

(urn) 

3-30 

30-300 

300-3000 

60-600 

2-20 

20-200 

200-2000 

135-1350 

1.2-12 

12-120 

120-1200 

600-6000 
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The variations in initial pool mass-resu-lt because a fixed amount of water 
was assumed In.the containment to be apportional between the pool and the 
atmosphere. The higher pressures require water vapor from the pools as the 
source of pressurlzation. 

The resulting ranges in entrained water mass reflect uncertainties related to 
the entrainment correlation used arising from uncertainties in the transition 
between flow regimes. 

The range in the droplet mean sizes reflects the change in superficial 
velocity with time as the pool water becomes depleted. 

In addition to the entrainment breakup of water droplets, the QUEST study 
made an assessment of the possible breakup into smaller sizes due to flashing 
fragmentation of the drops themselves. Flashing fragmentation would occur if 
the droplet temperature (and hence, saturation pressure) does not drop as 
quickly as the containment pressure. A simplifi-ed lumped parameter analysis 
for either convection or conduction controlled vaporization was made. The 
results indicated that droplet fragmentation due to flashing would not occur 
except for very large particles and should not be important. 

4.1.3.4.2 Conclusions. The major conclusions to be drawn from the QUEST 
study of the resuspension of water due to the containment depressurization is 
that this mechanism requires a large hole (10 to 100 nr) to be important. 
The diameter of the resuspended aerosols tends to be large so that they may 
not necessarily survive the transport to the containment opening. 

4.1.3.5 Reususpension From Containment Surfaces Via Hydrodynamic Forces. Aerosols 
that are calculated to contact surfaces within containment are generally assumed 
to be permanently removed and are no longer available as sources of release to the 
environment. However, several mechanisms have been Identified that are 
specultated to have the potential to resuspend such deposited material: 

1. The depressurization of containment on failure-at high pressure 
could give rise to local flow velocities.past surface deposits 
that could resuspend particles due to shear and lift forces. 

2. Depressurization of "deep" deposits of aerosols could lag the 
containment depressurization giving rise to a pressure differen
tial from the depth of the deposit to the surface creating 
normal flow that could 11ft and reentrain the aerosols. 

3. The depressurization could result 1n flashing of liquid pools 
that had become repositories for fission products and aerosols. 

4. H2 explosions could create shock fronts that interact with 
surface deposits to resuspend them. In addition, the shock 
front"could fragment airborne particles into smaller sizes or 
the higher temperature could revaporlze volatile species either 
from materials still airborne or deposited. 

4.1.3.5.1 Technical Background. Item 4 has not been evaluated and its 

likelihood or importance is unknown. Item 3 was discussed under 

section 4.1.3.4. 
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Item 2 was evaluated within the IDCOR Program. For very large containment 

hole sizes jrf._rlQ_mL-CrftpJJjlfipress11rJ2at.ion)-the-resulting Induced flow 

velocities from deposit beds 3 mm deep (greater than the maximum depth 

anticipated on containment horizontal surfaces) was at least an order of 

magnitude too low to levitate «^packed bed of.10 ym diameter spheres. 

Therefore, this is not believed to be an Important resuspension mechanism. 

Item 1 was analyzed by the QUEST study (20). The containment 

depressurizatton gives rise to-flow-yelocit1.es. that depend on the hole 

size. Lift and drag forces compete against adhesion forces for making 

particles deposited onto surfaces airborne. For wet deposits, surface 

tension adhesive forces are so strong that depressurlzatlon velocities are 

orders-of-magnitude too low for resuspension. Therefore, for deposited 

aerosols to be resuspended by this mechanism, the surface deposit must be 

dry. " It is estimated that -25< of the internal containment surface consists 

of sheet steel (thin and with relatively low heat capacity per unit area). 

If it is assumed that these are dry surfaces, depressurlzation velocities for 

about a 15 m hole size were estimated to be sufficiently high to overcome 

the*estimated Intermolecular adhension forces for 10 um particles. For 25 m 

particles, the required hole size decreases to -8 nr. 

4.1.3.5.2 Conclusions. The major conclusion to be drawn from the QUEST and 

the IDCOR studies is that this postulated resuspension mechanism is not 

likely to be important. For any signficant resuspension, the containment 

failure hole area must be very large. 

However, the analyses were all made for large dry containment volumes. It is 

not clear whether or not smaller Mark I and Mark II BWR containments might 

have resultant depressurization flow velocities that are large enough to 

resuspend deposited material. The analyses need to be extended to these 

containment types. 

4,-There have been experiments that va41^ate-the-models-for-resuspension due to 

the lag in depressurization of deposited beds (the IDCOR analysis). However, 

there has not been sufficient experimental validation of the QUEST analyses 

-_ for shear and lift resuspension. 

4-45 
W30-3378e/NPD/ejc 
Last Rev. 09/26/85 

http://jrf._rlQ_mL-CrftpJJjlfipress11rJ2at.ion)-
http://to-flow-yelocit1.es


- 134 -

4.1.4 REFERENCES 

1. D. A. Powers. "Aerosol Generation During Melt/Concrete Interactions." 
7th International Light Water Reactor Safety Information Meeting. 
Gaithersburg, MD, 1978. 

2. R. K. Cole, Jr. "Review of the Large-Scale Core-Concrete Interaction 
Experiments and Analysis at the KfK BETA Facility." 13th International Water 
Reactor Safety Research Information Meeting. Gaithersburg, MD, 1985. 

3. D. A. Powers and J. Brockmann. "Appendix C—Release of Fission Products and 
Generation of Aerosols Outside the Primary System," Radlonuclide Release 
Under Specific LWR Accident Conditions, vol. 1—PWR—Large, Dry Containment, 
Draft BMI-2104, July 1983. 

4. D. A. Powers and F. E. Arellano. Large-Scale Transient Tests of the 
Interaction of Molten Steel with Concrete. NUREG/CR-2282, SAND81-1753, 
Sandia National Laboratories, Albuquerque, NM, January 1982. 

5. D. A. Powers and F. E. Arellano. Direct Observation of Melt Behavior During 
High Temperature Melt/Concrete Interactions. NUREG/CR-2283; SAND81-1754, 
Sandia National Laboratories, Albuquerque, NM, January 1982. 

6. A. F. Ellis and J. Glover. J. Iron and Steel Institute, p. 593, August 1971. 

7. J. Szekely and N. J. Thermelis. Rate Phenomena in Process Metallurgy. Wiley 
Interscience, 1971. 

8. V. Berner and A. Berner. The Annual Conference of the GAeF. p. 191, 1981. 

9. D. A. Powers. Personal communication. 

10. M. Relmann and W. B. Murfln. The WECHSL Code: A Computer Program for the 
Interaction of a Core Melt with Concrete. Model Description and User's 
Manual. KfK2890. November 1981. 

11. R. K. Cole, Jr., D. P. Kelly, and M. A. Ellis. C0RC0N-M0D 2: A Computer 
Program for Analysis of Molten-Core Concrete Interactions. NUREG/CR-3920; 
SAND84-1246, Sandia National Laboratories, Albuquerque, NM, August 1984. 

12. IDCOR Program, "Technical Report 15.3, Core-Concrete Interactions," September 
1983. 

13. J. F. Muir et al. C0RC0N-M0D 1: An Improved Model for Molten-Core/Concrete 
Interactions. SAND80-2415, Sandia National Laboratories, Albuquerque, NM, 
I55T: " 

14. D. A. Powers and J. E. Brockmann. "Status of VANESA Validation." In Review 
of the Status of Validation of the Computer Codes Used in the Severe Accident 
Source Term Reassessment Study (BMI-2104). T. S. Kress, éd., 0RNL/TM-8842, 
Oak Ridge National Laboratory, Oak Ridge, TN, April 1985. 

15. IDCOR Program Report, Technical Report 16.2-3. MAAP Modular Accident Analysis 
Program User's Manual—Vols. I and II. Draft Report. August 1983. 

16. D. A. Powers, D. A. Dahlgren, J. F. Muir, and W. B. Murfin. Exploratory 
Study of Molten Core Material/Concrete Interactions. SAND-7702042, Sandia 
National Laboratories, Albuquerque, NM, February 1978. 

4-46 
W30-3378e/NPD/ejc 
Last Rev. 09/26/86 



- 135 -

•••-• 47.:-4».^. Sreene, -'Status «f~V*l1-aatiOn"or"the"CORCON Computer Code," 1n Review 
- -of- the Status of-VaT4dat4on of-thc-ComptrteT-jCodes tfsed 1TI the Severe Accident 
.". . Source Term Reassessment Study (BMI-2104). T. S. Kress, Ed., ORNL/TM-8842. 

Oak Ridge National Laboratory, Oak Ridge, TN, April 1985. 

18. Advanced Reactor-Safety Research Quarterly Report, Jul ̂ September 1982. 
SAND82-0904 (3 of 4), Sandia National. Laboratories, Albuquerque, NM, January 
1984. 

19. N. Zuber and J. A. Flndlay. Trans. ASME Journal of Heat Transfer, vol. 87, 
Ser. C, p. 453, 1965. 

20. R. J. Llpinski et al. Uncertainty 1n Radionuclide Release Under Specific LWR 
Accident Conditions—Vol. II TMLB' Analysis. SAND84-0410, vol. 2. Sandia 
National Laboratories, Albuquerque, NM, February 1985. 

21. W. W. Tarbell, J. E. Brockmann and M. Pelch. High Pressure Melt Streaming 
Program Plan. SAND82-2477, Sandia National Laboratories, Albuquerque, NM, 
1984. 

22. J. E. Brockmann and W. W. Tarbell. "Aerosol Source Term 1n High Pressure 
Melt Ejection," First Proc. Nuclear Thermal Hydraulics. 1983 Meeting, 
San Francisco, 1983. 

23. B. W. Spencer, D. Kilsdonk, and J. J. Sienickl. "Corium/Water Dispersal 
Phenomena in Ex-Vessel Cavity Interactions." Paper TS 15.1, Proceedings of 
International Meeting on LWR Severe Accident Evaluation, Cambridge, MA, 
August 28-September 1, 1983. 

24. J. J. Slenicki and B. W. Spencer. "Analysis of Reactor Material Experiments 
on Corium-Water Thermal Interactions Ex-Vessel." Paper TS 12.1, Proceedings 
of International Meeting on LWR Severe Accident Evaluation. Cambridge, MA, 
August 28-September 1, 1983. 

25. L. S. Nelson. Pyrodynamics 3, 1965, 121. 

26. M. Pilch. Advanced Reactor Safety Quarterly Report, January-March, 1982. 
Sandia National Laboratories, NUREG/CR-2679 (1 of 4), SAND82-0904 (1 of 4), 
August 1983. 

27. D. A. Powers. The Solubility of Gases in Reactor Core Melts. Sandia National 
Laboratories, Albuquerque, NM. 

28. G. W. Parker et al. 0ut-of-P11e Studies of Fission Product Release from 
Overheated Reactor Fuels at ORNL. ORNL-3981, Oak Ridge National Laboratory, 
Oak Ridge,-JN, July 1967. 

_ ,29. _£._ W^ Parker et Al- In Huclear. Safety JfrooT*m_Semi-Annual- Progress Report, 
ORNL-3319, Oak Ridge National Laboratory, Oak Ridge, TN, August 1962. 

30. Report of the Special Committee on Source Terms. American Nuclear Society, 
September 1984. 

31. K. K. Almenas and J. M. Marchello. "The Physical State of Post Loss-of-
--->•— - Coolant Accident-Containment-Atmosphere." Nuclear Technology, vol. 44, 

August 1979. 

W30-3378e/NPD/ejc 
Last Rev. 09/26/86 

4-47 



- 136 -

32. A. Koestel, R. G. Gido, and D. E. Lamkin. .Drop-Size Estimates for a Loss-of-
Coolant Accident. NUREG/CR-1607, LA-8449-MS, Los Alamos Scientific 
Laboratory, August 1980. 

33. T. Ginsberg. "Aerosol Generation from Sparging of Molten Pools of Corium by 
Gases Released from Core-Concrete Interactions." Proceedings of 
International Meetings on LWR Severe Accident Evaluation, Cambridge, MA, 
August 28-September 1, 1983. 

Additional information can be found in the references listed below: 

A. G. A. Greene. "Gas Bubbling Enhanced Film Boiling of Freon-11 on Liquid 
Metal Pools. Trans. Am. Nucl. Soc. vol. 49, pp. 249-251, June 1985. 

B. G. A. Greene and Y. Sanborn. "Independent Analysis of Selected Core-Concrete 
Interaction and Fission Product Release Experiments with C0RC0N-M0D2 and 
VANESA." Proceedings of International ENS/ANS Topical Meeting on Thermal 
Reactor Safety. San Diego. CA. February 1986. 

C. G. A. Greene et al. "Some Observations on Simulated Molten Debris-Coolant -
Layer Dybamics." International Meeting on Light Water Reactor Severe 
Accident Eva-luation. Cambridge. MA. August 1983. 

D. G. A. Greene, K. R. Perkins, and S. A. Hodge. "Mark I Containment Drywell: 
Impact on Core/Concrete Interactions on Containment Integrity and Failure of 
the Drywell Liner." IAEA-SM-281/36, International Symposium on Source Term 
Evaluation for Accident Conditions. Columbus, OH. October 1985. 

4.2 EX-VESSEL THERMAL HYDRAULICS 

4.2.1 Technical Background 

Containments are designed for loads resulting from loss-of-coolant accidents 

(LOCA). Most analyses of containment performance predict that they can cope with 

much higher loads than they are designed for, before containment integrity (leak-

tightness) may become an issue. 

Risk studies and the accident in TMI-2 have shown the importance of containment 

integrity for risk evaluations. 

The thermal-hydmil 1c behavior within containments (pressure and temperature 

history, Internal flows) can be divided into "short-term" and "long-term" con

tainment behavior. "Short-term" usually characterizes the behavior within the 

first few hours after an accident or release of melt from the RPV. Thermal 

hydraulics within the •containment is important for fission product retention. 

Thermal hydraulics within a containment is very much affected by containment 

design, accident sequence and possible accident management actions. 
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The source term depends on the thermal-hydraulic conditions that prevailed 1n the 

containment till the time of release from the containment. The most Important 

parameter is the time elapsed since the release of fission products from the 

primary system to containment failure, since 1t has been observed that the 

predominant physical form of fission products 1s aerosols, whose airborne 

concentration decreases greatly with time. The characteristic elapsed time of 

interest 1s several hours, since 1t has been found that generally 1n four or more 

hours airborne concentration may decrease by several orders of magnitude. Thus, 

thermal-hydraulic phenomena and events that may bring about an early (for example, 

<4 hours) failure of containment are of prime interest and have received the most 

attention. These Include hydrogen combustion, direct heating, and steam spikes, 

each of which can result in high thermal and pressure loads on a containment shell 

in a short time span. In addition, for the BWR, the phenomena leading to early 

containment failure Include (a) high heat deposition 1n the suppression pool and 

(b) high temperatures reached 1n the containment due to radiation from melt 

discharged into the drywell. 

It must be recalled here that fission products are introduced into containment at 

several occasions during the accident progression, e.g., a fraction may enter 

containment during core heat-up, another during core/concrete Interaction, and yet 

another when the reactor coolant system (RCS) becomes hot enough to revolatilize 

the deposited fission products. Thus, to ensure a low value of the source term, 

it is imperative to maintain containment integrity for several hours after each 

release of fission products to the containment. This holds true for both PWRs and 

BWRs. For BWRs, however, the suppression pool acts not only as an energy sink, 

but also as a scrubber for fission products. Thus, as long as the fission 

products are routed through the suppression pool as, for example, in containment 

venting scenarios, a large fraction of the fission products will be retained in 

the suppression pool. The scrubbing of fission products 1n BWR suppression pools 

is treated in another technical annex 1n this report. 

Another scenario, for which containment thermal hydraulic conditions have to be 

predicted, 1s a preexisting opening in the containment. This scenario, although 

very unlikely, may not provide the time needed for depletion of the airborne 

source in the containment. It 1s Important to know the spatial distribution in 

the multicompartmented containment of the fission product aerosols and the flow 

through the vent in order to estimate the release to the environment. 
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Containment bypass scenarios, such as the V sequence in a PWR and the pool bypass 

sequence in a BWR, have been identified as possibly leading to relatively large 

releases to the environment. These require prediction of thermal-hydraulic 

conditions in the auxiliary and reactor buildings, which may differ in si2e and 

layout from plant to plant. For the PWR V sequence, it may be necessary to 

determine flow patterns in the composite system of containment, reactor vessel and 

ECC piping in order to estimate the transfer of fission products from the contain

ment building to the auxiliary building. The BWR Mark I and II pool bypass flows, 

transporting fission products to the reactor building, depend upon the drywell 

failure location, and the geometry of the reactor buildings surrounding the 

drywell. The calculations for thermal-hydraulic conditions have to consider 

plant-specific features, e.g., the standby gas treatment system (SGTS) in BWR 

buildings, water pools in PWR auxiliary buildings, spray systems, etc. 

Resuspension of fission products is of some concern 1n the event of 

depressurization induced by sudden containment failure. The flow velocities, that 

may occur in the neighborhood of the failure location, may suspend some of the 

aerosols deposited on the walls, floors or other surfaces nearby. The flashing of 

any accumulated water in the containments may also introduce fission product 

bearing droplets in the air space, which may be carried to the failure location. 

A containment will eventually fail if no heat is removed from it. The longer-term 

-flow fields that prevail 1n the multicompartmented containment are governed 

primarily by the heat and mass sources and sinks. In many scenarios, the 

containment cavity may contain a large part of the molten corium ejected out of 

the reactor pressure vessel (RPV), reacting with water and/or concrete and 

producing steam, hydrogen, CO and fission products. The flow patterns are also 

affected by occurrences of hydrogen and/or CO combustion. The rising pressure may 

lead to a sudden and large failure (possible for steel containments), or a leakage 

(probable for concrete containments), which may balance the mass and energy input 

from the longer-term cor1urn/concrete interaction. Flow fields generated by these 

events will determine the release of the fission products from the containment to 

the environment. 

Summarizing, the thermal-hyrau11c phenomena relating to fission product behavior 

in the containment can be divided into two categories. The first category relates 

to early containment failure (which may lead to high releases to the environment) 

and the second category relates to later containment failure. The first category 

includes sudden events, e.g., corium jet ejection, steam spike, hydrogen 
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combustion, direct containment heating..etc., .during which-the-thermal-hydraulic 

conditions -may-be diff-4cu4t -to--determine precisely-and-onTy -bounding estimates 

could be defended. The second category includes natural convection flows, bulk 

condensation (in presence of noncondensables), spray activation, water droplet 

formation,.corium/concrete interactions, leakage f>ow*; tntercompartmental flows, 

stratification, etc. 

4.2.2 Thermal-Hydraulic Phenomena Causing Early Containment Failure 

In this section, a brief report will be given on thermal hydraulic phenomena which 

can cause early containment failure. If it can be shown that the conditional 

probability of early containment failure is very low (10 to 10 ), the severe 

accident risk would be very small indeed. 

™ 4.2.2.1 Principal Areas of Agreement/Pisagreement. There is a sufficient body of 

literature on the various thermal-hydraulic phenomena Identified as possible 

causes of early containment failure. The IDCOR work was primarily directed 

towards establishing the very low probability of early containment failure. The 

study considered each phenomenon separately and established best-estimate pressure 

and temperature histories 1n risk-dominant scenarios for four reference plant 

containments. The study found that steam spike and hydrogen combustion (with 

Installed igniter systems in Mark III and ice condeser containments) do not lead 

to early containment failure. The BWR Mark I and Mark II containments may be 

prone to early failure in ATWS scenarios due to the high heat deposition in the 

suppression pool. This depends on the power level, which in turn depends on the 

water level in the core during the ATWS scenario. Detailed analyses of ATWS 

^ scenarios is currently 1n progress at EPRI, Brookhaven National Laboratory, and 

w General Electric Company. 

The USNRC Instituted the Containment Loads Working Group (CLWG) and posed standard 

problems (based on certain risk-dominant scenarios) for the four containment types 

mentioned in thç above paragraph. The results of their work confirmed the IDCOR 

findings for the Mark III, Mark I and PWR dry containments regarding steam spikes 

and hydrogen combustion. The 1ce condenser containment was identified as possibly 

vulnerable to pressures generated during possibly large-scale hydrogen 

deflagrations. 

..Direct.coRtainment-heating was--identified by-Sandta-Laboratories as a possible 

- - - - cause~tjf early containment failure in a PWR. It may occur due to aerosolization 
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-and dtepersal ef material-ejected-at high pressure from the RPV into the 

containment. A difference of opinion exists between the NRC and EPRI (based on 

the work sponsored by each) on the estimated fraction of the energy transferred 

directly to the containment atmosphere. The EPRI-sponsored experiments and 

analyses at Argonne National Laboratory (ANL) estimated that -5% of the energy 

content of the corium debris could be transferred directly, while Sandia work 

suggest much higher values. There are several considerations which need further 

experimentation and analyses. These include the extent of the oxidation and size 

of the dispersed particles, hydrogen generation and recombination and the flow 

paths of aerosolized particles to the containment compartments. Further work is 

planned at both Sandia and ANL. 

4.2.2.2 Principal Areas of Sufficient/Insufficient Information. So far, the 

early containment failure phenomena have been considered on a best-estimate basis 

(with some use of bounding assumptions, e.g., while core melt delivered to con

tainment) by the IDCOR, EPRI and NRC-sponsored work for risk-dominant scenarios. 

Since the phenomena are complicated, improved or best-estimate treatments need 

more data from well-designed and pertinent experiments. 

Most of the loadings calculated depend critically on the specific features of the 

containments considered, e.g., the Zion containment cavity and tunnel promotes 

dispersal of ejected material to containment compartments, while the Sequoyah 

containment cavity of similar design, but with much different dimensions for the 

tunnel may collect most of the ejected material at the lip in the tunnel. 

Similarly, the presence of a pedestal or a skirt around the drywell floor can 

change the geometry and disposition of the dispersed melt. Presently, there is 

sufficient Information on thermal-hydraulic processes occurring 1n some of the 

containment designs, to lend confidence to the predictions made. Other designs 

need further study. 

Direct containment heating models have shown large differences. The information 

base is not sufficient to resolve the differences. 

4.2.2.3 Generic Applicability to LWR Plants. Some of the bounding models 

advanced for calculation of the pressur and temperature histories may be 

applicable to the various LWR plants. However, in general 1t 1s prudent to apply 

these models carefully, since differences between containment geometries are 

large;- Therefore, thermal-hydraulic processes may differ considerably from one 

containment to another. 
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4.2^3 _ Tberniftl-Hydrflul.lc.-Phencimena Belattnq. to.Late-Containment Failure (Low 
- Fission Product Release to Environment) 

In this section, those thermal-hydraulic phenomena "leading to late containment 

--. failure;are.addressed, >*hich become operative during the many hours that a core 

... debris may be Interacting with water and concrete present in the containment. 

During this time, depending on the scenario, the engineered safeguard systems may 

be brought Into play, e.g., hydrogen Igniters, containment spray, fan coolers, 

.. _ .etc, which will affect, not only .the thermal-hydraulic conditions, but also the 

airborne fission product concentrations and chemistry directly. 

4.2.3.1 Principal Areas of Agreement/Disagreement. Presently, only limited 

comparisons of the methods employed, and results obtained for the longer-term 

(several hours) thermal-hydraulic conditions, in PWR and BWR containments have 

been made. The summary results generally reported are the pressure and 

temperature in one or two regions of a containment. The analyses reported in 

BMI-2104 have employed very small numbers of regions in each type of containment; 

the IDCOR MAAP code analyses have employed a somewhat larger number of regions. 

In both analyses, the pressure and temperature histories are determined by a 

balance of mass and energy sources and sinks. The time history of mass and energy 

sources and sinks employed by the BMI-2104 study and IDCOR study are obviously 

different from each other. One outstanding difference is in the magnitude of 

radiated energy and gas mass flow rate emanating from the top surface of the 

corium melt (reacting with concrete) into the containment. The IDCOR results for 

Mark I drywell temperatures and pressure differ considerably from those predicted 

by the CLWG, who employed CORCON and a MARCH-type containment analysis code. This 

affects not only the failure time of a Mark I drywell but also the revolatlHz-

ation rate of the fission products deposited earlier 1n the drywell, which causes 

their migration to the reactor building. The calculated magnitudes of the fission 

products deposited in a Mark I'drywell and reactor building are, therefore, quite 

different 1n the two studies. 

.... .-.-Differences in -the hydrogen combustion -energy-source are -aTso -evident 1n the 

various treatments, since (1) different magnitudes and rates of hydrogen are 

released in the scenarios and (2) somewhat different models for hydrogen combus

tion. The MAAP, 1n general-, code-obtains lower temperatures and pressures for 

hydrogen combustion in the containment atmospheres than those in the BMI-2104 

analyses. .Jhere-nay.jilsa bfi.jitff.erencesdn.J;he £t»atjnejit «of. jthe ̂ various energy 

sinks, e.g., sprays, fan coolers, bulk condensation and endothermic chemical 
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-reactions,—A systematic study-ef-such-differences between the two studies has not 

been completed. 

The various studies have employed substantially different treatments with respect 

to representation of containment compartmentalizatlon, or the flows between 

different containment compartments. The MAAP code has included the modeling for 

natural convection flows that may prefail between compartments. The BMI-2104 

analyses have not employed such intercompartmental flow models. The MAAP analyses 

have, therefore obtained different concentrations of steam, hydrogen, CO and 

fission products in containment regions than those obtained in BMI-2104 

analyses. An outstanding difference, for example, is the hydrogen concentration 

in the dome of the ice condenser containment during the TMLB' accident. Unlike 

the BMI-2104 analysis, the MAAP code results show that a large fraction of the 

upper dome hydrogen is convected down to the containment cavity, where it can 

burn. This difference affects, not only the estimates regarding the integrity of 

the ice condenser containments, but also the fission product distribution and 

deposition in the ice condenser containment. Similar differences may be found for 

other containments. 

4.2.3.2 Principal Areas of Sufficient/Insufficient Information. The information 

base needs augmentation, since various investigators have had to employ different 

models for some of the key thermal-hydraulic phenomena. The major sources of 

energy and mass to the containment are from the coriurn/concrete interaction, and 

here there is a substantial lack of knowledge; the situation hopefully may be 

improved, with the growing database from BETA, SANDIA and ANL experiments. 

The other major energy source, I.e., hydrogen combustion, has a larger 

experimental database. However, it appears that models employed in the named 

studies are not sophisticated enough to cover the various combustion modes that 

may occur, and influence the pressure, temperature and chemistry in the 

containment. 

The sinks for bulk condensation such as cold structures, containment sprays, PWR 

fan coolers, BWR suppression pools, etc., are well-characterized for the 

conditions that might prevail following a large LOCA. However, degraded core 

accidents produce large quantities of hydrogen in containment that affect the 

condensation process, which is the main mechanism for reducing containment pres

sure- and-f or -aerosol -deposition through diffusiophoresus. Similarly, the 

scrubbing effect of sprays and ice condensers on airborne fission products in the 
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presence of ..large fra.ctjpDS_Df_hydro4jen_jond_other-Jioiu:Qndensab.'les has-.not received 

—*uch-*xper.1mewtal-atteflt1env—Model* used to describe such-processes in the 

presence of noncondensables may need to be reexamined. 

4.2.3.3 fieneric AppHcab1l4ty-toLWR Pewits-»--The-phenomeno^ogical mode 1 ing of 

the time evolution of the energy and mass sources and sinks should be applicable 

to every LWR containment. However, there are such large configurational 

differences between various containment types, and between individual containments 

flfctte-iarae-type, that-4t-4s--mandatory -toHse extremely careful in-such generic 

applications. Compartmentalization also plays a large role in determining the 

distribution of mass, energy, gas concentrations and temperatures within the 

containment, since 1t determines flow paths, flow resistances, flow patterns and 

velocities. Modeling of this varies considerably from one containment design to 

another. It 1s expected, however, that the codes can be applied to most 

containment types if sufficient care is exercised. 

4.2.4 Thermal Hydraulic Phenomena Relating to Containment Failure and to a 
PreExisting Opening (Possibly Large Fission Product Release to the Environment) 

In this section, the thermal-hydraulic phenomena which determine the fission 

product release from a preexisting opening in the containment are discussed. 

4.2.4.1 Principal Areas of Agreement/Disagreement. The one study that has 

systematically considered the release of fission products from a preexisting 

opening is that of Stone & Webster whose findings have been reported in the ANS 

source term study. Additional studies that have considered preexisting openings 

1n containments have been reported by Battelle Columbus. No systematic comparison 

of the results obtained 1n those studies has been performed. 

4.2.4.2 Prinidpal Areas of Sufficient/Insufficient Information. The 

calculations of thermal-hydraulic conditions in a containment with a leak path do 

not pose any problems for the formalism of mass and energy balance equations. The 

areas of insufficient Information, as Indicated in the last section for the mass 

-end-energy sources and sinks within the containment, during the long-term 

progression of the accident (there is no early failure of the containment in this 

case), apply here as well. 

Another area of insufficient information relates to resuspension of deposited 

J.lssiorLproducts-due, to»tbe-f.low...fci.e-146-§enera*ed-*rh^^e- v-icitHty-of • the failure 

or a preexisting opening. It appears, that it would be difficult to resuspend 
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fission productsalts (CsOH^ Cs.L_.eicJJ_:tb.al. were-dissolved- in water-» However, 

__. more data, may .be needed--with-regards—to -resupression foilowtng dryouf of fission 

product deposits in the vicinity of the opening. 

Containment failure .due ta -excessive- pressure -and- temperature loads can take the 

form of big openings (probably in free-standing steel containments) or leakage 

paths (probably in concrete containments and possibly in steel-lined concrete 

containments). Leakage flows, containing fission product aerosols, may experience 

attenuations, if the leak paths have large L/D-ratios and convoluted pathways. 

There is a partial information base available; however, a systematic study of flow 

patterns and possible reduction of aerosol densities in accident scenarios has not 

been completed. 

4.2.4.3 Generic Applicability to LWR Plants. The methodology in place is 

generally applicable to most LWR containment designs. The specific features of 

each containment, e.g., flow paths, flow resistances to the failure or opening 

location have to be considered individually. 

4.2.5 Thermal-Hydraulics Phenomena Relating to Containment Bypass 

In this section, the the thermal-hydraulic phenomena that relate to the 

containment bypass scenarios are addressed. These include the PWR V sequence and 

the BWR suppression pool bypass scenarios. 

4.2.5.1 Principal Areas of Agreement/Disagreement. A more systematic comparison" 

of the methodology employed and the results obtained by various studies on the PWR 

V sequence needs to be made. The BMI-2104 and EPRI study evaluated the fission 

product release for Surry V sequence, while the IDCOR study considered a bypass 

sequence for the Zion Plant, whose timing and geometry are much different from 

that for the Surry plant. 

The EPRI and BMI-2104 studies are quite similar 1n the methodologies employed for 

the thermal-hydraulic and fission product transport analyses. The auxiliary 

building 1s of relatively small volume, however, the water accumulation could 

scrub the released fission products. These studies considered some decontamin

ation by the water present. The EPRI study also considered an opening 1n the 

auxiliary building, and used the measured values of decontamination factor from 

the LACE experiments. 
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The _suppre5SlPJD„P00j_byi»ss scenario for-Mark. J BWRs ha* been.-treated by both the 
...„ IDCOR - and 8MI-stud les-.—The-treatments-«re relatively-simple,'and the flows are 

primarily based on (1) the. leakage areas assumed, (2) the calculated pressure and 
temperature histories in the drywell, and {3).the operation or nonoperation of the 

-standby, gas treatment systems» -Thus-, there-is-substantial-agreement 1n the 

approach taken by most investigators. 

The IDCOR study has calculated the thermal-hydraulic conditions and the aerosol 
_cc;-z ^depositiDnrrAnd transport-through BWRMark land H containment buildings and 

through the Z1on auxiliary building. The BMI-2104 analyses have found very little 
fission product retention 1n the Mark I and Mark II reactor buildings. The IDCOR 
analyses, on the other hand, have calculated very significant retention of fission 
products 1n the Mark I and Mark II reactor buildings. 

» 
4.2.5.2' Principal Areas of Sufficient/Insufficient Information. The calculation 
of flows in containment or pool bypass scenarios do not need any additional 
methodology developments. However, for the PWR bypass flow rates, coupled with 
the transport of liquid-salt type fission products, which may have deposited on 
primary system and ECCS piping surfaces, 1t becomes necessary to consider the 
interaction of high velocity flows with liquid films and/or droplets. The 
entrainment of films has been Investigated 1n fluid mechanics studies, and there 
is a considerable body of literature available; however, the specific cases of 
entrainment from films containing structural and fission product aerosol particles 
may need an experimental study. 

The temperature and flow distributions in auxiliary and*reactor buildings can be 
f used for determining the rates of deposition of the fission product-bearing 

aerosols in such buildings. The development of transient thermal hydraulic con
ditions, however, depends upon the heat sources from the deposited fission 
products. Such evaluations have not been performed yet and the required input 
information, e.g., heat loss to buildings, has not been generated. 

4;2-;5.3 6eneric Applicability to LWRs. The methodology required for evaluation 
of thermal-hydraulic distributions for containment bypass scenarios can be applied 
generally to all LWRs. However, the physical arrangements and local flow paths 

..can be very different from one containment to another-. -Thus, generic application 
is possible but has to be done with care. 
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4.2.6 Conclusions and Recommendations 

ThermaV-hydrauHc conditions in the containment and auxiliary buildings, for late 

containment failure scenarios, are perhaps of most interest, since the other 

scenarios (early, failure, bypass, existing openings) are of relatively much lower 

probabfifty. I-rr this repsect, perhaps the major source of energy and mass 

addition to the containment is the corium/concrete interaction. It is necessary 

to determine the split between the energy transferred to containment, versus that 

transferred to concrete, during the course of such interactions. Similarly, the 

major energy sink- is water evaporation and its subsequent condensation on the 

walls, floors and other surfaces of the containment buildings. 

Steam condensation can be affected by the copious amounts of noncondensables and 

aerosols generated during the core/concrete interactions. It is recommended that 

the effects of corium/concrete interactions on containment thermal-hydraulic 

conditions be investigated further, both experimentally and analytically. 

The role of containment compartmentalization on thermal hydraulic distributions 

and on airborne aerosol distributions, as a function of time and space, within the 

containment has not been adequately examined. It is potentially very important 

with respect to deposition rates of aerosols. The natural convection flows, that 

might occur and homogenize the aerosol concentrations, should be modeled. 

Experimental information to benchmark the models should be obtained. It is also 

necessary to consider the relatively stable stratifications that might occur in a 

containment in some scenarios which would affect the distributions of aerosols in 

the containment. Modeling to treat such situations should be a part of any con

tainment code, i.e., a flow equation with buoyancy-induced forces should be used. 

Much progress has been made during the last few years. The research for global 

long-term containment behavior is nearly finished. A few physical phenomena, 

e.g., bulk condensation, internal flows, and energy splits in the corium/concrete 

interaction, have to"be studied further. 

For short-term containment behavior, the ongoing efforts to study melt dispersal 

and melt/atmosphere Interactions should be continued. 

W30-3378e/NPD/ejc 
Last Rev. 09/26/86 

4-58 



- 147 -

4 . 3 .FLSUON PRQDUayAERQSQLJHANSEQBI..IH..œHIAINMENT-AHQ:QTHER BUILDINGS 

4.3.1 Introduction 

Section 4.4 1s concerned with the methodologies for predicting radioactivity 

transport by natural processes in^the -contai nment-and other;bulldings of an LWR 

during the first few hours or days.after a.severe_core damage accident, up to and 

including containment failure, should this occur, and also with the results 

obtained by use of these methodologies. In pursuance of the terms of reference of 

the-Task.Force the aim has J>een-to^review Jtbe Information which -has become 

available 1n a number of recent studies, compare the different treatments, assess 

the completeness of the Information, and consider Its application to different 

types of LWR plant. 

The studies which have been reviewed are principally of U.S. origin, or closely 

follow U.S. approaches to source term evaluation. They differ significantly both 

in purpose and content, and also in the computer codes which form the basis of the 

methodologies they refer. A brief summary of the reports, as they pertain to this 

section, follows: 

4.3.1.1 USNRC Studies. The USNRC studies are calculations of radionuclide 

release under specific accident conditions, using the BMI suite of codes (NAUA-4 

in the case of aerosol transport in buildings) Q ) . There are supporting studies 

of the status of validation of the codes (2), and of the uncertainties associated 

with the results (3,4). 

4.3.1.2 Stone and Webster Studies. The Stone and Webster studies are essentially 

supplemented Q ) by parametric studies of certain additional factors which 

influence the radioactive release (5). 

4.3.1.3 The APS Studies (6)." The APS report 1s the latest of the USNRC studies 

and Its purpose 1s to review the adequacy of the technical base upon which the 

phenomenologlcal models for radionuclide release from postulated severe accidents 

...... _are.xoostnjcted^£be adequacy of the models themselves, and the correct use of the 

complex computer codes that incorporate these models in the analysis of accident 

sequences. 

4.3.1.4 ANS Study (7). The ANS report both reviews and evaluates the state of 

knowledge of how to predict a source term deriving from a severe.core damage 

accident and summarizes the results of specific calculations prepared by several 

organizations (including those in the other studies referred to in this report). 
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4.3.1.5 IDCOR Studies (8). The objective of. the JDCDR,.wQrJt as.,to develop a 

technically, sound position, on issues relating to severe accidents and to provide 

the basis for (U.S.) industry participation in NRC decision processes. Source 

term studies form part of the whole and both an evaluation of the state of 

knowledge and specific jcalculations are included. The latter are based on a 

Modular Accident Analysis Program (MAAP). 

4.3.1.6 EPRI Studies (9). The objective of this particular EPRI effort 1s to 

update the WASH 1400 source term for SURRY, using current methods, and to show the 

effect this has on the calculated public risk. Aerosol transport in buildings is 

evaluated using the MATADOR code. 

Taken together these studies cover a wide range of accident sequences in all the 

major classes of LWR, i.e., large, dry and ice condenser PWRs, and Marks I, II and 

III BWRs. 

4.3.2 Technical Background 

The period of a severe LWR accident which is of concern in this section usually 

begins with a discharge of coolant into the reactor containment from either a 

break in the RCS or the pressurizer quench tank. Generally speaking, the 

discharge will Include both steam and a particulate water aerosol. It will be 

accompanied, or followed, by further discharges of noble gas fission products and 

aerosols of other fission products and core-derived materials. At later stages in 

the accident, additional 'aerosols may be generated by the discharge of the molten 

core through the RPV bottom head, when this occurs while the RCS is still at 

pressure, and by the subsequent interaction of the hot core materials with the 

concrete of the containment basemat. In this latter case, the aerosols generated 

may also include constituents of concrete. In the longer term, there may.be a 

continuing generation of small amounts of aerosol from the hot pool in the 

containment sump. At some point the containment building may suffer overpressure 

failure. 

This general scenario will be different in the case of containment bypass 

accidents in that the initial discharge of coolant and core materials at the 

beginning of the accident will be Into an auxiliary building. 

This section is concerned only with the transport of the fuel and fission product 

aerosols'through-the-contannment and other buildings to the environment and 
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-factors which affect this transport.-?-It-rte-:not concerned with the processes 

referred to by which, the, aerçsoJLi_aœ_4jeDeratetL It. Includes.the question of 

relatively short-term resuspension of radioactive materials which have deposited 

..in Jthe.containment; however, it excludes the question of the longer-term chemical 

interactions within the containment leading.;ta the^generatjon.of. vo.lat 11 e fission 

- -product sp.eci.es>. JLt also excludes -the removal ofradioactivity by ESFs in the 

containment and auxiliary buildings. The only significant change which the noble 

gas fission products will undergo 1n the containment and other reactor buildings 

As radioactive -decay» With. the. except ion of .the teffects ;of̂  hyoTngen combustion, 

which is dealt with elsewhere, short-term chemical Interactions affecting the 

chemical form of the other fission products and fuel are probably of little 

Importance. Hence, the principal phenomena with which this section has to be 

concerned are the following: 

Within the building volumes 

steam/condensation evaporation on aerosols. This will 
occur as heat is lost to the building walls and other heat 
sinks, or possibly when the containment atmosphere 1s 
cooled by expansion on containment failure, and will alter 
both the particle size distribution and particle shapes of 
the aerosol. 

aerosol agglomeration. 

aerosol deposition on floors and other surfaces. 

resuspension of deposited materials as a result of steam 
explosions, hydrogen combustion, or rapid depressurization 
of the containment. 

Within leak paths in building walls 

aerosol agglomeration. 

aerosol deposition. 

aerosol resuspension 

Superimposed onfall of these phenomena 1s the question of radioactive decay and 

the possible self-heating of the aerosol which might result. This, is thought to 

be a-second-order effect but confirmatory calculations are needed. 

In principle the aim should be to predict the time history of the composition, 

concentration and particle size distributions for the radioactive aerosols 

-existing--at-appropriate points in the containment and other buildings, and those 

released to the environment. 
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4.3.3 Areasjjhere Studies Agree and Disagree 

4.3.3^1 Methodology; The calculation of aerosol transport in the containment 

entails the use of a range of physical models and numerical approximation schemes. 

In this section, these are reviewed as they appear in the various studies. 

Firstly, the modeling requirements are briefly described to provide a framework 

for the subsequent discussion. Then critiques of aerosol modeling, that is 

discussions of how aerosols should be modeled, are reviewed. This in turn breaks 

down into two headings: what processes need or need not be modeled, and how these 

processes should or-should not be treated. Finally, the methods which are 

actually used in the calculations reported in the documents are considered. 

4.3.3.1.1 Modeling Requirements. 

Removal Processes. The main objective of containment aerosol modeling 1s to 

calculate how fast aerosol particles are removed from the containment 

atmosphere. This calculation is complicated by the occurrence of particle 

growth processes (here "growth" is taken to include negative growth, such as 

when water evaporates from particles). The removal rate as a function of 

radius shows a pronounced dip between 0.2 and 2 vm, which accounts for the 

stability of aerosols. Brownian diffusion causes rapid removal of particles 

smaller than this, but for dense aerosols, such as occur in in-reactor 

nuclear safety applications, this process is in competition with rapid 

Brownian agglomeration, which shifts the particles into a size range where 

Brownian removal is no longer effective, and as a result, this form of 

removal is usually of minor importance. Once particles get above this range 

gravitational settling begins to become rapid. In most containment 

applications, the removal rate is dominated by how fast particles can grow to 

a size at which settling becomes rapid. 

This picture is modified by the phoretic removal processes, which operate 

when there are substantial heat or mass flows to the walls, and whose rates 

depend only weakly on particle size. In LWR containments, thermal gradients 

at the walls are usually small (because heat can be transported as latent 

heat with the condensing steam), so thermophores1s 1s generally of minor 

importance. Diffus1ophores1s 1s a potentially important process for early 

removal, but for 1t to be so the episodes of significant steam condensation 

on the walls must coincide with times when the aerosol 1s present in the 

containment. 
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Growth Processes, In_aeresols^it±LJnean.rjD±iiJiet«een D.l and l- m -and wlth-

. __..jnass. .concentrations -greater••than-abeut-t-g/wr agglomeration 1 s an-important 

mechanism of particle growth. . There, .is,, however.,, a dip in the agglomeration 

-rate at approximately the-same place AS the dip in removal .rates.. Jelow the 

„.-.- :d.tp.Bri)wnian. .motion promotes -agglomération-,-while -above gravitational and 

.... -turbulent- mechanisms become -increastngty-lmportant. For a size distribution 

starting near its most stable position, 1t typically takes of the order of 

two hours or less for a significant number of particles to agglomerate to 

i_. -^izes. whepe satlMag becomes rapid on the "titne scale of an hour. 

When the thermodynamic conditions are such as to allow condensation of steam 

onto the particles, growth 1s much faster, because the add1tonal mass 1s 

• applied directly to the particles. However, like diffusiophoresis, this 

depends critically on the coincidence between aerosols and the right 

thermodynamic conditions. Generally, steam-based removal is fast but 1s very 

sensitive to the thermal-hydraulics, while the gravity-based processes are 

slower but more reliable, being largely indifferent to the thermal-

hydraulics. 

Complicating Factors. The early generations of aerosol codes shared the 

following simplifying assumptions: 

The containment volume is well mixed, that is to say, the 
number concentration distribution is the same everywhere 
except in the boundary layers next to surfaces. 

The aerosol components of interest (e.g., radionuclides) 
are well mixed over the size distribution, that is the 
amount in any size range 1s proportional to the total 
mass in that range. 

• Once aerosol material 1s deposited 1t cannot become 
airborne again 

The first approximation has been removed for the situation where there are 

physically separate compartments connected by well-defined leak paths. Codes 

based-on-severaT-wel-V-iirrxed volumes with transport .between them have been 

developed. These would be applicable where there is spatial variation of 

aerosol concentration within a single volume provided intracell flows were 

known. Godes have also been-developed which follow the distribution of 

different components over the.size range separately., jso it should now be 

. _ pass ibl£-±û--invest,! gate, : how.-important .doing tnis^is^n^the^cfflailatTon of the 

radiological hazard of a release. The failure of the third assumption, 
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.namel^resuspension,—is-diff4ettH to-modet-,-but-it is important at least to 

— -•--scope-the-effect because it is the major reason to claiming substantial 

containment retention in late failure sequences. 

Numerical Methods.-Even when the physical models are agreed upon, it is 

still necessary to choose numerical methods for the approximate solution of 

the aerosol equations. Two methods are in general use: the method of 

moments which requires that the distribution be always lognormal, and methods 

based-on-dividing thesize range up Into finite intervals, over which the 

distribution is required to be constant or linear (discretization methods). 

The method of moments is simpler but can introduce large errors in certain 

circumstances. 

Auxiliary Building and Leak Path Modeling. If the damage state of, and 

therefore leak path through, the auxiliary building in bypass sequences are 

known, then the aerosol transport there can be calculated using multi

compartment codes. This assumes that the flow through the building is slow 

enough to make the mixing time within each compartment shorter than the mean 

residence time. Aerosol retention in leak paths (e.g., capillaries, cracks, 

failed seals) requires different techniques. An empirical correlation due to 

Vaughan and Morewitz exists which predicts the amount of aerosol leaked 

before deposits plug the pathway, but this does not say whether the gas flow 

is impeded, or how the plug responds to a buildup of pressure. The main 

obstacle to predicting decontamination in leak paths is, however, the 

uncertainty in the nature of the leak paths in the first place. This is 

another example where the modeling of aerosols is ahead of the modeling of 

the boundary conditions of the aerosol problems. 

4.3.3.1.2 Critical Review of Aerosol Modeling. The aim of this section was 

to compare what the studies under review say in the way of description and 

critical commentary on how aerosol processes should be modeled. However, of 

the documents considered here, only the APS study contains the level of 

detail needed to warrant the description "critical," and even there, 1n many 

cases, the treatment 1s only descriptive. The discussion in this section is, 

therefore, heavily weighted toward the APS document. 

For the processes of removal and agglomeration, there is wide agreement 

«-~. ..between the various-codes on-boththe individual models and on the assumption 

that the rates for the different processes can simply be added. The ANS and 
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• - : j-APSriStiHtfesL appear, to. endorse this consensus (or_*t .1 e*s£ J fr the. .latter case 

.fails., to. cr.iJJcize. Jt).. In.-its..discuss4on~of d4££us4ophG*»es-is, however, the 

APS study mentions only the method based-on-steam/concentration gradients, 

-which needs an assumption about a boundary layer thickness," and fails to note 

— - -the -more-recent,:develapmBnt-jf :the, mass:f"Uix (10,ll»12)-f -which -makes more 

_-. -loiirject contact-with the output-of--the thermal -hydraulic codes.- The study 

recognizes the importance of gravitational and turbulent agglomeration and 

notes that the models used still need individual validation. The call for 

::v~ :Sro&T=l-£CAte ̂ pArate.-€f fects-^ made 1n 

the recent CSNI (13) and CEC (14) reports 1s seconded in the APS report. 

On the question of condensation and evaporation, the ANS and APS studies 

describe the model 1n the TRAP-MELT code. This is based on mass transfer 

alone. Although the APS study also mentions the possible role of latent 

heat, it does not go on to describe the Mason equation, which includes both 

heat and mass transfer effects, and which is used in one form or another in 

most containment aerosol codes for steam condensation and evaporation. 

Recent calculations have shown (16) that heat transfer effects play a major 

part in determining whether vapors condense onto aerosol particles or onto 

walls, and that therefore, the TRAP-MELT method 1s unreliable. Furthermore, 

as used for RCS applications TRAP-MELT calculates the condensation rate 

itself, whereas the basic Information on steam condensation in containment 

comes from the thermal-hydraulic codes. And finally, the TRAP-MELT method 

does not take account of the addition of mass to the aerosol particle, which 

in the containment is precisely what is of Interest. 

The APS report Identifies the well-mixed volume assumption as a possible weak 

point 1n the current aerosol modeling. It notes early DEMONA results wherein 

a considerable degree of stratification is reported. Given the appropriate 

input, it 1s simple in principle to include such effects in aerosol codes 

(although at the cost of increasing run times); the problem is mainly the 

thermal-hydraulic one of calculating intracell flows. Whether the contaln-

— .ment. spr«ys -operate--or--nQt~4s Hfce4y to *be one important factor amongst 

others here. The report also identifies multlcomponent modeling and 

resuspension as areas 1n which further work is needed. The existence of the 

.. _jnultJcomponent code, MAEROS, is mentioned, but there is no discussion of the 

method underlying it (reviewed in the CEC report (14). Under the heading of 

numerical methods..,. £he. APJU-£ftDrct .states, that.."Jthere-appears.Ao have been 

relatively little cross comparison between the various codes." It reviews 
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,„ .. the_ results -of -blwd-ca4GUÎ-at4-on&-for^t he- -AB00VE AB5- test,- and" notes there 

-are-orders-of-magnitude differences '1h predictions for airborne masses at 

late times, even between the same code with supposedly the same input run at 

different laboratories.- The report concludes, "A careful, fully documented, 

-4ntercomparHon-of-the-various codes Is strongly Warranted." For dry aerosol 

codes, such a study has recently been published by the CEC (14). Not only 

were the numerical methods compared in considerable detail, but the codes 

were run on a benchmark problem. Care was taken to ensure that both input 

data sets and physical model-s were the same. When this was done, very good 

agreement was achieved between discrete codes, even though there were still 

differences in numerical methods. The one log normal code in the study 

diverged from the rest, especially at the end of the source. The study 

recommended that log normal codes be abandoned. If the results of the log 

normal codes are removed from the AB5 comparison then the remaining results 

agree well both with each other and with the experiment. 

The APS report does not comment on modeling of aerosols in auxiliary 

buildings or in leak paths. The general recommendations of the APS report 

for further aerosol work are good and in agreement with the recommendations 

of the CSNI and CEC reports. However in the discussions of some of the 

models the APS report is behind the current state of the art, for a better 

appreciation of which one should consult the two reports just mentioned and 

also the papers given to the recent CSNI aerosol experts meeting at 

Karlsruhe (15). A code comparison for LWR containment aerosols, organized by 

the CSNI, is currently underway. 

4.3.3.1.3 Description of Models Used in Calculations. This section is 

intended as a comparison of the models used in the actual calculations, as 

described in the respective studies under review. To indicate the difficulty 

in making such a comparison, the words of the APS report are best repeated. 

"The examination of the codes by the APS study group has been 
hampered by the poor quality of the documentation of their 
theoretical bases, of their validation against experiment, and 
of the codes themselves." 

This point cannot be endorsed too strongly. Source term calculations must be 

accompanied by either a detailed mathematical description of the models and 

„ .,„.-. >• numeric*!-onethoés-tts«i,' or-a-reference"to such - f description. All of the 

reports are deficient in this respect. A verbal description of the processes 
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- -.--—z. allegedly Included In the codes -followed fcyr*-Statement, of ̂results do not : 
. .^yffjLce Jto_place.the_results..on,a.sound scientific footing. 

- This having been said,the inodels-forragglomeration and for removal processes 
-:-••_-— ,r-̂ >t*ïcr-ttianzdiffttS.iopb.ores is have, as noted in-sèct1ôn^4.3*3>.l.2, been around 
. -.... ̂...._ _.^ot.a. long time-and *Fe-peasonab>y-«eH-docafflented~(for-exaraple in the CEC 

report (14)). In the main, containment aerosol codes agree on these 
"standard" models. The BMI and SWEC studies use the NAUA-4 code, which 

__.^™^^^ejB^dies_these.st*ndardL«Qdelii wjLfchrthe:exGeption:=that> turbulent 
agglomeration is omitted. The MATADOR code used 1n the EPRI report also 
appears to use the standard set of models. The IDCOR study uses MAAP, a code 
which replaces mechanistic modeling of agglomeration and removal with 
empirical correlations. MAAP 1s not described in the IDCOR technical summary 

W report, and the correlations 1t adopts need to be published in sufficient 
detail to allow peer review. 

The modeling of dlffusiophoresis is a more recent addition to the codes, and 
there 1s some disagreement as to precisely what formula should be used. (For 
example, compare the three papers on the subject given to the Thermal Reactor 
Safety Conference 1n Cambridge, MA (10,11,12)). Therefore, the absence of 
details in any of the reports is particularly unfortunate. The BMI study 
uses the mass flux method, but details are not given, and the SWEC calcul
ations are said to be "based on the volumetric removal rate of steam due to 
condensation." If the diffusiophoretic removal rate is simply Identified 
with the volumetric condensation rate, then the rate will be overestimated by 
a factor of about 2, as is pointed out 1n the ANS'report. The EPRI 

f calculations with MATADOR use the concentration gradient method for 

diffusiophoresis. The IDCOR containment calculations also include 
dlffusiophoresis, but how is not mentioned in the technical summary report. 

Details of how the calculations treat steam condensation onto particles are 
even scarcer. The BMI and SWEC studies use NAUA-4, which employs the Mason 

._. ., *quation*-but there-ts =flo-indication given as-to how the output of the 
thermal-hydraulic codes is converted to a form suitable for use 1n the Mason 
equation. The description of condensation in MATADOR 1s very similar to that 

... .of .TRAP.^MELT- -How. this code, even within themass transfer framework, deals 
with the effects of condensation on the particle size distribution is not 
made clear. 
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• - TbA-3WÈG rstttéy-ft} se- -«ses- fehe-NAUA»4-code- to-foV>ow -the water ' aerosol formed 

" ' at the Slowdown,'which, if it.remains until fission product aerosol release, 

can agglomerate with the fission product aerosol. However it is not clear 

. . ._. whether. NAUA-4 models the tendency of these aerosols to evaporate when hot 

-—gases enter the containment from the primary system as the core heats up to 

its melting point. 

None of the studies employ the modifications to aerosol modeling required to 

foî>ow separately the distribution of different"chemical components over the 

particle sire distribution. NAUA-4 1s claimed to be able to distinguish 

liquid water from other components (which 1s essential if evaporation is to 

be modeled), but nowhere is it described how this 1s done. 

NAUA-4 is a discrete code, using the finite difference method. RETAIN uses 

the method of moments. These methods have been adequately documented else

where. The method of moments, as discussed in section 4.3.3.1.2, usually 

produces too rapid a drop in aerosol concentration at the end of sources. 

MATADOR is based on a hybrid method: the linear processes are calculated at 

each time step using a discretised distribution with a small number of nodes 

(six in the EPRI study), and then agglomeration is calculated by converting 

the discrete distribution into a log normal form and then solving the moments 

equations for agglomeration. The resulting log normal distribution is then 

rediscretized and 1s ready for the next time step. The number of nodes is ^ 

very small; NAUA usually requires of the order of a hundred. It is difficult 

to see how, since the distribution is forced into log normal form at each 

time step, the method can avoid the drawbacks of a pure method of moments 

code. MATADOR requires careful checking against codes with more 

sophisticated numerical methods. 

In summary, the modeling of fission product/aerosol transport in containment 

has been much improved since the first reactor safety study (17) and placed 

on a mechanistic basis rather than the empirical basis of the CORRAL code 

used at that time. The methods are also now applied to fission product 

retention 1n various auxiliary buildings as well as 1n the containment 

proper. However, 1n spite of Its relative maturity compared with other 

aspects of severe accident analysis, containment aerosol modeling 1s still a 

rapidly developing subject. The methods used in the calculations reported in 

—-the-stutfres -are-not based on the current' state of the art, as described in 

the reviews quoted here (13,14,15). The major deficiencies in the model 

4-68 
W30-3378e/NPD/ejc 
Last Rev. 09/26/86 



- 157 -

descriptions -«nd thj^cj^ujajtiflns.^'blertttslbe areas of-steam condensation, 
... jnul tispeciw -mode Vtag -*nd~the-eeup-Mng--of- aei CJSOI and -thenmiT---hydr au 1 i c 

calculations. 

:„; 4-2-3-2». Results^- This .sect4oft cowment»:t»fthe-»ouree term-results--presented in 
— -the studies-under review,—and tn other studies which have become" available 

worldwide in recent years, and are-tabulated-for-example 1n chapter 7 of the ANS 
report. 

As noted above, in terms of the methodology used to evaluate fission product and 

aerosol transport in buildings, these results can be divided into three broad 

groups: those (BMI and SWEC) evaluated using the NAUA-4 code, those (IDCOR*) 

evaluated using the MAAP code, and those (EPRI) evaluated using the MATADOR code. 

Within these broad groups of results, differences are clearly due simply to 

differences in the applied boundary conditions, such as the assumed layout and 

dimensions of the plant and the thermal-hydraulic conditions. The SWEC calcula

tions represent an investigation of this kind into the effects of a number of 

factors relative to the containment additional to those more generally considered 

in fission product and aerosol transport analysis. The results show that for a 

realistic evaluation of the source terms, the following must be considered: 

• the timing of any containment breach, 

the si2e of the breach. 

• the extent to which the containment is compartmentalized. 

• adjacent buildings and structures. 

The most striking difference between results for nominally similar situations 

obtained using different fission product and aerosol transport codes occurs for 

the Interfacing (V sequence) LOCA. The BMI evaluation of Surry predicts an 

environmental release fraction of 4.1 x 1CT1 for iodine, for example, whereas the 

IDCOR evaluation of 21on predicts 8 x 10 . (In both cases, no retention due to 

-~-»po&>--scnibtrtng-«serrated with ̂ a submerged brerak Is assumed..) .The corresponding 

effective decontamination factors in the auxiliary buildings into which the melt 

phase releases occur are respectively 1.2 and 1.25 x 104. The values for the 

- —- -""The -results *:a leu "fated by ELSAM in Sweden as part of the RAMA studies use 
a methodology based on that of IDCOR. 
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- -other-volatile f4*s*on-prodacts caesium'an* tellurium are similar. It is 

difficult: oo'the. basis of.the limited information given 1n the IDCOR technical 

summary document to be certain to what extend this variation is due to differences 

between the mechanistic modeling in NAUA-4 used by BMI and the simplified approach 

In MAAP used" by IDCOR, or 1s due to differences in the design of Surry and Zion 

and, hence, 1n the detail of the accident sequences studied. However, 1t seems 

certain that these latter differences are a major contributor. 

In the Surry analysis by BMI, the break of a relatively large low-pressure ECCS 

line is assumed, failing the ECCS and allowing a relatively rapid discharge of the 

reactor coolant and RWST contents. The safeguards building into which the 

discharge occurs 1s also relatively small, and the residence time of the fission 

products and aerosols is correspondingly short. By contrast, the IDCOR analysis 

of Zion assumes that the failure occurs at the RHR pump seals, the auxiliary feed 

water system, the steam generator, and one train of the ECCS are assumed operable. 

Hence, the blowdown 1s extended in time. The Zion auxiliary building is also 

large and highly compartmented and 1s said to provide only a lengthy and devious 

route for fission products and aerosols to reach the environment. 

Whereas in the PWR V sequence accidents, 1t is the IDCOR study which predicts the 

greater retention of fission products and aerosols in a building, for contained 

accidents in which containment breach is delayed the reverse appears to be the 

case for both PWRs and BWRs. Thus, in Table 7.17c and 7.18c of the ANS report the 

~ effective decontamination factor provided by the containment for the volatile 

fission products is of the order of 10 for the IDCOR cases, and generally in 

excess of 10fc for the BMI and SWEC cases. Again, it is difficult to comment on 

the basis of the limited information given in the IDCOR technical summary 

document. 

4.3.4 Application to Different Plants 

This section considers how general is the application of the source term results, 

and 1n particular those relevant to containment and auxiliary building retention, 

which are reported 1n the studies under review. 

This chapter 1s concerned only with changes which occur as the result of natural 

physical and chemical processes which are, in this sense, universal in their 

application. However, the different boundary conditions Imposed by differing 

plants, and,accjdent^jeoueuces produceva-w4de variety or results. 
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At the time Of the.RSS_(.i7)*-the calcuLational methods for source terms were 

relatively s1mpJe_aj3dxoBserj£atJ^e-and.±wo-sets-of..source-terms, each for a 

-Limited group.-of accident categories, were defined, -one for PWRs-and one for 

BWRs... In.the period since, these-source terms have tended to-be regarded as of 

•generic -appl 4çat4 onr-rThe: improved isputcertentt .calculatlonaLjpetfaodology 4*hich has 

^>ee!i.deveJBped-Siflce:theJlSS.i«-muchii»re -complex and this tends-to militate 

against a similar approach for the future. The question as to *hat general 

conclusions can be drawn from the available results, and to what extent differ

ences in_plant type_anddesign -are:-a barrier to th±s,isl^-ti»stan.important one. 

There is a need to develop a consistent argument by which the source terms for a 

relatively small number of accident sequences can be used to represent the hazard 

from a particular plant on a particular site with adequate precision. Such 

arguments would need to take account inter alia of the sensitivity of off-site 

consequences to changes in the source term (18). Only when these arguments have 

been developed will 1t be possible to judge, for example, whether accident 

category source terms can be defined which are independent of the site or the type 

and design of plant, or both. 

In the meantime, a number of general conclusions of a qualitative kind can be 

drawn regarding fission product and aerosol transport in the containment and other 

buildings from the available results. 

It would be anticipated on general physical principles that, where containment 

breach is delayed, the containment would provide large additional retention of the 

fission products and ensure small environmental releases. The results tabulated 

in the ANS report for late containment breach (>24 hours for PWRs, and after core 

degradation for BWRs) tend to support this view. As noted in section 3, Irrespec

tive of the class and particular design features of the reactor and its contain

ment, and of the type of accident sequence, the effective decontamination factor 

provided by the containment 1s >10 for the IDCOR results and >102 elsewhere. As 

also noted 1n section 3, however, the current calculatlonal methodologies do not 

Include.^esuspens.ion<>f.jaate^i*^ i>rev<iotfs>y'tleposited"in the containment by rapid 

depressurizatlon of the containment on breaching, or by hydrogen combustion or 

steam spikes occurring close in time to the containment breach. This needs 

further, examination.. ..-Also Late containment breach in this context means late in 

relation to the cessation of aerosol -source into the containment. When uncer

tainties which_.currently.=extstt twer-:the,jjef-inltlon û£*.these .sources. *r^resolved, 

it may be necessary to examine cases in which these sources are more protracted 
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than has hitherto hm>n as^umed^-•-R^lAyAn^.cn^w;^l^A^•»t»oBS-h»rfr-gr#-^^?t1g• revaporiz-

--ation-late-iR-%he-«ceWent-of"f-rss:ton products Initially retained :in the RCS, the 

aerosol source from core/concrete interaction and possibly long-term aerosol 

generation from the hot poo.l..in_.the containment- sump. The APS study also refers 

. to an Accident scenario-1-n-which-there-iî^only parttal loss of the core at melt-

through, followed by intermittent degradation of the remaining fuel rods. An 

examination of this kind will clearly need to look not only at the volatile 

fission products but also at the refractory nuclides which may become Important 

when the release of-the former is reduced.-- On>y-when these uncertainties can be 

satisfactorily resolved will it be possible to conclude under what circumstances 

delayed containment breach can be equated with low environmental release 

fractions. 

Reassessment and updating of both the BMI and IDCOR treatment of the PWR 

V sequence accident may eradicate some of the existing large differences in the 

results. However, any new evidence is unlikely to challenge a general conclusion 

that in V sequence accidents some fraction of the fission products and aerosols 

other than the noble gases will be retained in auxiliary buildings and other 

structures outside the containment, but that the extent of this retention will be 

very specific to the type of reactor and also to the details of the accident 

sequence and hence of the engineering feature of a given design. 

Clearly the importance of the two general conclusions arrived at in this section, 

and their impact on the risk from a given reactor system, will depend on the role 

of early and late containment failure and V sequence accidents, in the risk profile 

of the reactor. 

4.3.5 Areas Where Information is Not Sufficient 

The need for further information in the source term field can only be judged 

against appropriate criteria for "closure" of the issue, and the need for further 

information in a particular task area will depend on the contribution of the task 

area both to reductions in the best estimate values for the releases and to the 

overall uncertainties. 

In the remainder of this section, current methodologies for calculating fission 

product and aerosol transport in the containment and other buildings and the 

results obtained are considered in these terms. It was concluded in section 4 

that retention in the containment may well be a major contributor to reducing 
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• releases-off4sston products'Other than the noble gases 1n accidents 1n which a 

"breach of the containment is delayed. Hence, any associated uncertainties will be 

--ifliport«i^-1i»i>rinc4^>e.^H^«tent_1on-tTr auxiliary buildings and other structures 

outside the containment ts more plant specific,, but nevertheless may be Important 

_iri .particular cases. 

4.3.5.1 Methodology. The following are believed to be the major areas of the 

calculatlonal methodology where more information is needed. In some, but not all 

cases, they reflect t)ie .earlier-discussion of .where the studies under review are 

1n disagreement. 

1. Documentation of methods. A proper scientific peer review of 
source term calculations cannot be completed until the methods 
used are described explicitly. In this description the physical 
models and the numerical approximations need to be kept separate 
from one another. 

2. Information on shape factors and effective densities. The 
Sandia National Laboratories QUEST study (4) identifies these as 
amongst the most sensitive parameters in the modeling of aerosol 
behavior. They need to be determined for the aerosols of 
interest to nuclear safety, prepared under realistic conditions. 

3. Experimental test of gravitational and turbulent agglomeration. 
The models for these important processes need separate effects 
testing. 

4. Hygroscopicity effects. Information on the water vapor 
pressures above the hygroscopic components of the aerosol is 
required, together with the modeling for including such effects 
1n the codes. 

5. Thermal-hydraulic calculations and experiments on Intracell 
flows. Of particular interest, here are departures from well-
mixing, turbulence levels in containment and inertia! deposi
tion. The Sandia National Laboratories QUEST study (4) 
Identifies turbulent energy dissipation as amongst the most 
sensitive parameters in the modeling of aerosol behavior. The 
operation of containment sprays could be important in this 
context. 

6. Phenomena associated with rapid depressuHzatlon. Information, 
both experimental and theoretical, 1s needed on the flashing of 
pools and possible resuspension of material in aerosol form 

• -" — -—dur+ng-sudden depressurizatidn, and also on steam Condensation 
onto aerosols under these conditions. 

7. Resuspension as a result of hydrogen combustion or steam spikes. 
The potential Importance of these processes needs to to be 
established. 

8. The size distribution of water droplets .formed during blowdown. 
-•- —• - It could be-important to know how much"-of the fraction of 
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_...,._.., _.ç©elaRfcT?FemaiB4n§--as-l1quicbf oil owing blowdown into the 
containment., remains-as. a. persistent aerosol. 

9. Retention in leak paths. More information 1s required about the 
processes affecting aerosols in leak paths, but more important, 
if we are.to_be_abl£ tcclaim retention- in the-paths, is the 

.___: determination of thenature of the paths themselves. 

10. Comparison of codes. In addition to the comparisons now being 
carried out on realistic accident cases, the codes should be 
subjected to simple comparison tests designed specifically to 
look at individual numerical methods. 

11. Experimental test of the multicomponent modeling. These new 
- features of aerosol codes need experimental testing. 

12. Coupling between thermal-hydraulics and aerosol transport. None 
of the studies reviewed here use or even refer to the new 
generation of coupled thermal-hydraulic/aerosol codes. These 
codes can in the first instance be used to scope the importance 
of the couplings, once the appropriate models are included. 

13. Integral thermal-hydraulic aerosol experiments. The new 
Integrated codes need testing by Integral aerosol experiments 
using realistic and well measured thermal-hydraulic conditions. 

4.3.5.2 Applications. A number of areas were Identified previously where further 

applications work is required to define under what circumstances delayed 

containmnent breach can be equated with low environmental release fractions. 

These include: 

analysis of the effects of resuspension. 

analysis of cases in which there is a more protracted release 
of fission products and aerosols into the containment. 

Further calculations.will also be necessary as part of a more general update 

of existing source term values when the uncertainties and inadequacies in the 

calculational methodology which are currently being addressed have been 

resolved. By then the existing NRC suite of codes, including NAUA-4, which 

has been used to produce many of the existing results will have been replaced 

by the new integrated codes MELPROG, CONTAIN and MELCOR. 

4.3.6 Conclusions and Recommendations 

1. Improved documentation of the available containment aerosol 
codes 1s required. 

2. The, rçtejiti.Qn-.o/./issiOQ.-pxoducts^nd aerosol s., fothep than the 
noble* gases) in LWR containments and other buildings is likely 
to be a major contributor to reductions in source term release 
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.-.- fractions -_te.;SQflftJSft«Tfe=acctdentiî r£he .retention in >aux1 11 ary 
buildings 1n V sequence LOCAs in PWRsJs likely, to be very 

. . plant-specific. 

3. In general terms,.the calculat.ian_Qf..aerosol behavior 1n these 
- reimjmsta«ees-1s-©ne-ef-the-best-developed disciplines in the 
..r.f.ield^f--souT«e-ten»'asses5i»ent-"and'+S'we>>-supported--by experi

ments. - The principal- -need' fotrthe^fnturei^ to improve the 
relevant thermal-hydraulic calculations and the coupling between 

- these-and the aerosol calculations. 

The new integrated codes currently being developed will need to 
=^=J>e^tested .-against-appropriate integral -experiments. 

4. Comparison between the studies under review Indicates that there 
1s essentially a consensus as to which are the important 
processes governing the aerosol behavior, and with certain 
exceptions, the appropriate mathematical models and input data 
representing these processes. 

5. There are nevertheless significant remaining uncertainties 
associated with some of the currently accepted models and Input 
data and further experiments are needed. 

6. There are fundamental differences in the numerical methods 
adopted in the computer codes used by different groups of 
Investigators in the various studies reviewed. 

7. An NEA/CEC benchmark comparison of containment aerosol codes 
available worldwide is in progress and will throw light on the 
importance of the differences they exhibit. This may need to be 
supplemented by simple comparison tests designed specifically to 
look at individual numerical methods. 

8. A number of processes have hitherto been omitted from all of 
these codes, Including notably: 

resuspension of previously deposited materials.^ 

aerosol behavior 1n leak paths associated with building 
failures. 

The first of these two effects will tend to increase the release 
fractions presently estimated and its potential Importance needs 
to be established. 

Leak path effects will tend to decrease the release fractions 
(as well as potentially modifying the particle size distribution 

-- --of-the aerosol), buttp quantify .the effect .will, require better 
definition of the leak paths, and this may prove to be 
Impossible. 

9. When the uncertainties and Inadequacies in the.methodology which 
„. are currently being addressed have been resolved, further 

applications work will be required to update existing source 
term values and provide estimates of uncertainties. 
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»vl.n^part->eu*ftr,r-furiher-calculations-wtn be required to define 
under„wMt ..circumstances delayed-contai-nment-breach can be 

-••• - »•• equated with high containment retention of radioactivity. 

10. For practical application of source term values, the 
"categorizatioo"-process adopted in.Jthe RSS needs to be 

------reexamined and updated if necessary. 
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. :-:;.-.;4i* 'FISSION iPRQDtJCT BEHAVIOR nrWATS?^RB^1.0IIS^TERM EFFECTS 

_. The issuej)f-.loRg-te»3n.r«l«4$«.o#-**FbcMT« #-1«-s4on-pr©d«ct&-during-*n accident 1s 

generic to-aïï-water-cooled reactors_and.aU Accident.sequences. Long-term 

releases 1n the-context-of-this paper-do^notrtnctode aerosols, -which are the 

z __-_-! ̂-subject _o.f .-sectiûn-4,3... -With the.excepWo» o£aerosolSrMMch-can-be regenerated 

by- physical-phenomena-4ate-4n-an accident, delayed generation ̂ and -release of 

. airborne radionuc 11 de-bearing species-are -associated with chemical reactions 

within containment. Since chemical reactions are Involved, the chemical 

- — -£:--==c_)ndit:iGns:af.tthitt-=£antain»eat- «ayrrhave~«^p«^ufld=^ffect-«rr^^4îuaTitrrty and rate 

of radionuclide release. This dependence on chemistry also makes 1t difficult to 

set a limit on the long-term contribution of the source term which is generic to 

all reactor types and accident sequences. Furthermore, the important phenomena 

which affect containment chemistry and the uncertainties associated with their 

W current treatment are common to all water-cooled reactors. 

The radionuclide which is expected to dominate the long-term contribution to the 

source term is iodine. Iodine 1s known to exist in several volatile chemical 

forms including .£ and organic iodides (e.g., CH3I), and Its release from reactors 

under both operating and accident conditions has been documented 1n the past Q ) . 

For licensing purposes, it is necessary to establish a limit for the maximum 

potential iodine release both as an aerosol, including iodine absorbed on a 

aerosols component and in molecular form. 

In this section, we discuss the treatment of iodine chemistry in current analyses 

and the uncertainties identified by reviews of the methodology of source term 

calculations. Additional concerns arising from our current knowledge of chemistry 

W in containment are also discussed. 

A reading of the following material strongly suggests, in the case of an accident 

releasing iodine to the containment, that the aqueous solutions be made and kept 

alkaline and reducing to avoid many of the complications and unknowns described. 

"-4T4T_ -Severe Accident Analyses 

The effects of containment chemistry and potential long-term release of 

radionuclides are .not Included in current integrated severe accident analyses. 

There 1s no .consideration of airborne species other than noble gases -and aerosols 

in the Stone and -Jtettster studies (1,3)... There is insufficient information in the 

_.-.. .»|. -^vai^ttbnr-IBCOR-documentation to determine their treatment of-1 orig-term effects, 
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but from the summary..doçAmieDfc.(4).._tbeir_approacb_alsQ.iioes..not..appear. to include 

other species—The-EPRX-Surry-(§} «w*y**5 *nefc»des îj"6*"*" a+rborne species, 

but only based on an arbitrary, assumption, that Q.4X of the core inventory of 

iodine is released-as Ig from-the reactor coolant system. This is used as an 

- -.;. ; •.:... j nput.intozthe^MATADOR. code-for. comparati ve purposes. 

The BMI-2104 study (6) has included the generation of volatile iodides during a 

reactor accident on an empirical basis. The study assumes that 0.05% of the 

iodine; which .-JntariCont&innBent at thfrr-t4me: of ̂containment failure, is airborne. 

After containment failure, additional airborne iodine is assumed to be released at 

the rate of 2 x 10~7 of the containment iodine inventory per hour. Because of 

limited data, the airborne iodine is not divided into inorganic and organic iodide 

fractions. The study recognized that the database and assumptions used to obtain 

the above volatile iodine release fractions were uncertain, and suggested that a 

kinetic calculation based on a chemical model of iodine behavior may be required 

for an accurate description of the volatile iodine source term. 

The NYPA Indian Point 3 source term assessment (7) includes I2 as an airborne 

iodine species. It is not clear from the documentation how the source of I2 to 

containment is determined. The MATADOR II code is used to model fission product 

behavior in containment. This code calculates the rate at which I2 in contact 

with sprays will achieve a steady-state I2 vapor pressure. An empirical partition 

coefficient is used to determine the concentration of airborne molecular iodine in 

contact with boric acid and caustic spray solutions. Long-term release is then 

controlled by this partition coefficient and containment atmosphere venting. 

Omission of chemistry in integrated accident analyses 1s based on three 

assumptions: 

all iodine leaves the RCS as Csl, 

all Csl is removed from the atmosphere in containment as an 
aerosol, and 

• all Csl in contact with.water dissociates to.form I" which 
remains 1n solution Indefinitely. 

These assumptions are not valid in the sense of universal applicability to all 

fission product iodine. The airborne radlolodine measured at TMI-2 demonstrates 

this. Hence, there is a need to demonstrate, in a complete source term 

••' assessment, the degree to which the above assumptions are valid. 
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The APS. study (8J_suggestSzthat:az:re1ease Btf-.43t.of. the core.; toventory^of Iodine 

would equal,the effecijyeidose_jto_;the. public, from-aoble..gases, -and prompt 

fatalities might he expected,- A13 -severe accident analyses are-deficient in 

.demonstrating, that-long-term rel«ase-of-lod+ne from solution Is-lessthan this 

va^ue." Tn+s requires t+«t:tttie:enelysescinc3ndcsome:discussion-Of the water 

_chemlstry:.lB_contalnment.:-Jhe:.1JOd.1«e airborne *t-THI-2 was only 0*003* of the 

core Inventory (9). However, the. water chemistry 1n the TMI-2 containment was 

nearly Ideal, with the addition of hydrazine and sodium hydroxide forcing the 

ç^ntai«nen£rwaterr.4owards reduciogi-aai bastc--condittons7,. iron-so, ;the APS study 

group estimates that up to 0.2% of the Iodine could have been released if the 

containment had failed at the start of the accident. 

Thermodynamically, it 1s simple to predict the fraction of Iodine (originally 

present as I") in a pool of water which will escape to open air above the 

pool—100%. The question is how long will this take. None of the studies has 

attempted to demonstrate that the process will be slow enough to ensure sufficient 

decay of all isotopes (except I * " ) , prior to release, to warrant omission of 

long-term release from the source term. It 1s nonetheless true that the chemical 

reaction and mass transfer rates under accident conditions will limit releases to 

less than 100%. 

To address the question of long-term Iodine release, a number of separate computer 

models are being developed. These include the IMPAIR Q ) code and the whiteshell 

chemical model (11). These codes address the problem of iodine conversion between 

different chemical forms and mass transfer, with the aim of predicting the release 

of radioiodine as a function of time and physical and chemical conditions within 

the containment building. 

It is possible to object to the inclusion of delayed release of Iodine 1n the 

source term for a degraded core accident. While Important on the basis of Indus

trial hygiene, a sufficiently delayed release will contribute little to the 

accident consequences 1n terms of short-term fatalities. Since this 1s the 

critical factor^4n. emergency-^v«euat4«fw*qu1rementST-It -couïdJbewargued that 

delayed iodine.release oat_be 1ncluded_Jn_the-source-term. However, there is a 

problem 1n defining a cut-off time for short-term releases. One analysis (12) has 

rshown that.release of I i J t from Te •" has -the potential-te dominate short-term 

doses 1n an-accident with delayed containment failure. It is necessary to at 

least.demonstrate that.the deiayed-release.QfiiQd3ne3is;DegS.igible..in.the short 

term before it can be omitted from source term analyses. 
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4.4.2.^ Issuer in -the» Methodology, of- .Sougce..Ienrv Cal eu 1 ati ons 

The studies jifhlch ii&Ke^reviewed calculation of-the; source-term have all recognized 

that there are deficiencies with respect to the treatment of iodine and in 

particular -the chemistry of-iodine in containmentv These, studies, generally agree 

on the need for some consideration of chemistry 1n containment to completely 

determine long-term iodine releases. These releases are expected to be small, but 

should be defined more precisely before upper bound limits to releases can be 

set. The reviews have also identified several phenomena which specifically need 

to be addressed in order to predict long-term releases. 

4.4.2.1 The APS Study. The summary of the APS report (8) states, "Phenomena that 

could generate aerosols or volatile iodine later 1n an accident sequence as a 

result of decay heating or chemical reactions may also be underestimated." It 

further notes that "the effects of possible chemical reactions [are] generally not 

included in the models used 1n current accident analyses." While the general 

merits of the three assumptions stated above are recognized, more work 1s 

recommended to document their validity. In conjunction with this, several 

phenomena were identified as important and inadequately assessed. These are the 

following: 

1. While Csl is expected to be the dominant airborne iodine species 
in the pressure vessel, a significant fraction of the iodine may 
be HI in an H2-rich atmosphere. No detailed consideration is 
given to the fate of this HI. 

2. Csl may react with borate deposits in the reactor coolant system 
to release HI. 

Csl • HB02 * CsB02(solvated) + HI 

This may occur later in an accident, and again the fate of the 
HI is not detailed (although most is expected to go rapidly into 
solution to form I"). 

3. Csl may react with silica in Inconel to yield presumably I2. 
The fate of I2 formed 1n this manner is not considered. 

4^ Iodides .in . solution., with in. containment- may be oxidized to I2 and 
released from solution. Factors which would affect the rate of 
release, including the solution pH, radiation field and 
oxidation potential, are not considered. 

5. Radiolysls of air in the containment could lead to nitric acid 
formation, which would affect the pH of containment water: 

N2 + 0 2 * H20 * HN03 G « 1.5 » 2.7 
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The presence of H2 will reduce nitric acid formation and promote 
ammonia formation: 

N2 + H 2 * NH3 G - 0.5. 

The net yield of nitric acid under accident conditions is 
currently uncertain. 

6. Radiolysis in solution may cause a buildup of hydrogen peroxide, 
which could lead to iodide oxidation: 

H 20 2 + 21" + 2H
+ * I2 + 2H20 pH < 7. 

7. Tellurium (particularly Te 1 3 2) decays to form iodine. No 
consideration 1s given to the fate of this iodine, particularly 
that which may be formed airborne from Te 1n an aerosol 
particle. 

8. The solubility of Csl in steam is Identified as an unknwon, but 
is thought to be small and unimportant. 

4.4.2.2 Reactor Accident Mitigation Analysis—RAMA. The RAMA study (13) has 

recognized that there may be several different sources of airborne radionuclides 

which are generated during an accident. The most Important of these is the 

creation of volatile organic Iodides. Based on their current knowledge of iodine 

chemistry, they have made a best estimate for airborne organic Iodide formation. 

This 1s 0.2% of the inventory released from the core. This estimate can be 

compared with the estimates from WASH-1400 (14) of 0.4*J**X for PWRs and 0.7*J*£% 

for BWRs and the estimate from NUREB-0772 (15) of 0.03%. This emphasis on organic 

iodine is 1n contrast to lack of emphasis in the APS study where organic Iodine is 

not specifically discussed at all. 

In conjunction with potential organic Iodine formation, the RAMA study has 

Identified several issues: 

1. Heating of containment materials (such as insulation) during 
the early stages of accident may result 1n the release of 
volatile organic material, which could subsequently react to 
form organic Iodides in either the gas or aqueous phase. 

2. Pyrolysis of containment materials, via either decay and steam 
heating or hydrogen combustion, could produce organic acids 
which will reduce the pH of the water 1n containment. 

3. Radiolysis 1s recognized as an important factor in determining 
iodine chemistry in containment, and may cause oxidation of 

--- -I"-leading to organic iodide formation. 
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4.—The presence, of XsOH dissolved along with Cslwill impose a 
high pH, which will reduce.the,effects of radiolysis. 

5. The effects of the decay of radioactive tellurium to iodine on 
the volatility of iodine have been ignored. 

The RAMA study in estimating organic iodides formation did not invoke the 

radiolysis-induced reaction of methane (from B^C" steam reaction) with iodine 1n 

solution. 

4.4.2.3 The ANS Study. The authors of the ANS study (16) are more satisfied with 

the conclusion that iodine will be predominantly 1n the form of Csl initially "and 

later I" in solution. While they recognize that there may be some conversion of 

iodine to I2 and organic iodine, they suggest that the fraction so converted will 

be small (based on NUREG-0772 (15)). This is despite the fact that they recognize 

that "the exact mechanisms for formation and decomposition of methyl iodide are 

not (as) well understood." Despite the confidence demonstrated in the assumption 

that all iodine will end up in solution as I", they have identified three areas 

where more work is desirable. 

1. Surface/fission product chemistry—Reaction of Csl and 
particularly CsOH with surface materials in the reactor coolant 
system may cause a depletion in airborne cesium and a shift in 
the gas-phase iodine specification to more HI and Ij. This may 
have an impact on delayed releases from the RCS. 

2. Boron/fission product chemistry—Reaction of boron from control 
rods may deplete the Cs inventory and shift iodine from Csl to 
HI and possibly other volatile Iodine species. This possibility 
has not been sufficiently considered. 

3. Tellurium Chemistry—While this report does not regard the 
behavior of the I 1 , from Te* , as important in determining 
the iodine source term, they have recognized that the chemistry 
of tellurium is not yet adequately described. 

4.4.3 Current Status of Iodine Chemistry 

As indicated above, there are a number of areas where the chemistry 1n containment 

is imperfectly understood; and therefore; source term calculations do not 

adequately treat Iodine chemistry. This has been recognized by the existence of 

programs 1n several laboratories around the world to study aspects of Iodine 

chemistry of relevance to nuclear reactor accidents. Briefly, in the following, 

we have delineated the areas of iodine chemistry where our knowledge is 

sufficiently complete, for. accident analysis purposes, and have identified those 

areas where further work is required. A more comprehensive review of iodine 
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:_T.-̂ :-î-rchera1stry-*1-'n -be-avaitable-In the -fotare from the OECB Groap of Experts on the *. 
r. "-Source Term. 

4.4.3.1 Thermodynamics. The thermodynamic database for aqueous iodine species at 
- - 25!C ts in. good Shape _(12) • - -Experiments-.at-hAgher—temperatures are less complete, 

-but current extrapolations provide an adequate description of the chemistry up to 
100°C. The situation 1s worst at high oxidation potentials and high temperatures. 
Above 100°C the data are Inadequate. 

4.4.3.2 Kinetics. Data on iodine reaction kinetics 1n solution are patchy. 
There is very good information on a limited number of reactions between inorganic 
Iodine species and selected reagents (such as N2H4 or H 20 2). Rate constants for 
reactions leading from I" to IO3 under some conditions have been established (18). 

9 However, there is a large uncertainty in the rate of I" oxidation to I2. This 
reaction is crucial to the formation of organic iodides and long-term release of 
airborne iodine. Unfortunately, the oxidation reaction is catalyzed by many 
agents and hence the rate is difficult to predict. This is a key problem 
requiring further work. 

4.4.3.3 Radlolysis. Radiolysis of water leads to the production of both 
oxidizing and reducing agents. There is uncertainty in the impact that this will 
have on the oxidation of I" in solution (19). This is further complicated by the 
fact that radiolysis will affect other species in solution (e.g., N 2H 4 and metal 
Ions), which will have further impact on the rate of oxidation. More work is 
required in this area and studies are currently in progress to reduce the 
uncertainties. There is also evidence from work in progress that radiolysis of 

9 water containing aerosol material and, 1n particular, silver, may lead to trapping 
of Iodine in an involatile form (20). 

4.4.3.4 Organic Iodides. Thé dominant form of airborne iodine in containment 
after aerosol depletion 1s expected to be organic Iodine. This 1s an ill-defined 
term, embracing-all volatile organic Iodides, but 1s generally associated with 
methyl Iodide (CH3I). While current theories suggest that the organic.iodides are 
formed in water in the containment (21), the exact mechanism 1s not certain. 
Other possibilities include hot-atom reactions, surface reactions and combustion-
driven reactions. The rates of formation and the volatilities of the airborne 
iodides are not known. If the dominant mechanism 1s via reaction 1n the aqueous 
phase, the rate of organic iodide formation will be controlled by the rate of 
I" oxidation. Hence, the chemistry of organic iodides may be of secondary 
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importance, .in, assessing, .a. Unit-for .the-rate ̂ f~4ong-rterm-evolttt4on-of airborne 

iodine. 

4.4.3.5 Solution Chemistry. The chemistry of the water in containment will 

control the distribution of inorganic Iodine species. Iodide will remain the 

dominant species only if the solution can be maintained at a basic pH (17). Some 

factors potentially affecting pH, such as H 2 combustion and HN03 formation via 

radiolysis, have been neglected. The latter has the potential, in principal, to 

lower the pH to less than 4 and cause all of the aqueous I" to be converted to I 2 

and be evolved from solution. 

While this may be unlikely for the entire containment, 1t may be important for Csl 

aerosols which have formed airborne water droplets. 

While radiolysis of air may contribute to acid formation, this may be counter

balanced by release of aerosol Na20 and K20 from the concrete during the core/ 

concrete interaction. These species will dissolve in water as basic alkali 

hydroxides. However, the core/concrete models also currently neglect the release 

of halides and sulphates from the concrete, which would lead to acid formation. 

Furthermore, unreduced CO2 liberated during the core/concrete interaction will 

buffer the containment water pH. There are many conflicting contributors to the 

containment water chemistry, and prediction of the pH during an accident is an 

unresolved problem. 

4.4.3.6 Hydrogen Combustion. A hydrogen combustion may produce reactive organic 

material which may promote organic iodide formation and may also produce organic 

acids which could affect water pH. It will convert any airborne organic Iodide 

into HI or I2. Hydrogen combustion has been demonstrated to cause the oxidation 

of airborne Csl to I2 (22). The yield of I2 versus HI depends on the completeness 

of the combustion and the partial pressure of H2 remaining in the atmosphere. 

Consumption of a large fraction of the H2 in the containment may lead to increased 

HNO3 production and more oxidizing conditions 1n the containment water. There 1s 

currently no quantitative estimate for the Impact of hydrogen combustion on 

airborne Iodine. 

4.4.3.7 Borate Reaction. There is evidence that Csl may react with borates, both 

in the solid and gas phases, at high temperatures to release I2 (23,24). This is 

a particular problem for long-term release in reactor accidents which proceed to 

dryness. It could also result in a slow release of I2 from the reactor coolant 
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-system-•efter^pressure vessel failure due to late-tiryout'and heating -in the reactor 

coolant system/ The potential Impact of this mechanism for iodine release is 

Inadequately assessed. 

4.4.3.8 JTellUrium Behayjor^-The. behavior of..A?2J. produced as a-daughter-of 1 3 2Te 

is:inadequately treated. After 24 hr, the total activity of *32î is-approximately 

equal to that of " * I . Since *32I 1s produced later in an accident and possibly 

airborne on aerosol particles, it may encounter conditions which favor I2 or 

organic iodide formation. A fraction will be created under conditions where the 

iodine will not immediately transfer Into solution and will be available for 

release in the event of later containment failure. The potential impact of 

delayed 132I release has been addressed 1n the Sandia QUEST study (12). Their 

work suggests that, in accidents with late containment failure, *32I may dominate 
13? 

the short-term dose release. However, the short half-Hfe of I limits Its 

contribution to long-term doses via inhalation or ingestion. 

4.4.3.9 Surface Reactions. Molecular iodine, and to a lesser extent organic 

iodides, have been shown to react rapidly with painted surfaces (particularly 

rapidly with epoxy-based paints). This rapid gettering action of airborne iodides 

may be credited if any accident scenario predicts substantial release of iodine 

from solution. The existing database and codes are sufficient for this purpose. -

4.4.4 Other Fission Products 

The only fission products besides the noble gases and halogens which have the 

potential to exist as airborne molecular species are the chalcogens (tellurium), 

technetium and ruthenium. Tellurium may potentially exist as volatile l^Te or as 

volatile organic tellurldes. However, 1t is difficult to postulate conditions in 

the primary system which would lead to creation and release of substantial 

quantities of these species (25). The tellurium will be released to containment 

as stable, solid oxides or alloys with metal elements. High temperatures during a 

hydrogen combustion may volatilire some tellurium from surface or aerosol parti

cles, but reaction to form ^Te or organic tellurides 1s unlikely. Irradiation of 

^e^lur-ium 4rr-se3ut4en<ft--the- presence of •organic material may lead to" production 

of organic tellurides. 

Ruthenium may potentially be volatile as Ru04 or-RuC^. However, 1n the 

environment of a containment with free H£ present, these species will not be 

formed and. become,ai.rbor.ne-^.Jechnetiuounay^potent 1 a] ly. be-volatUe- as •Te207, but 

also will not be formed. 
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Long-term release of all radionuclides except iodine is generally neglected by all 

analyses and is well justified. 

4.4.5 Summary 

The current treatment of long-term release of iodine in reactor accident analyses 

1s consistent between the various studies under review. The assumption is made 

that 100* of the Iodine in a containment will remain as I" in solution once 

removed from the air as an aerosol particle. The basic chemistry in a containment 

supports the argument that the majority of the iodine will indeed be contained as 

aqueous I". However, the accident analyses do not demonstrate the degree to which 

this will be true, although any potential problems will clearly be minimized if 

the reactor operator makes the solutions in the containment alkaline and/or 

reducing. 

The long-term release of iodine 1n the event of an accident is a question of 

chemical kinetics and mass transfer rates, not equilibrium thermodynamics. This 

will probably be a slow process, but this needs to be demonstrated over an 

appropriate range of conditions. The most important outstanding questions are: 

• the rate of I" oxidation 1n solution within containment, 

the pH and redox potential of water within containment, 

the effect of radiolysis on I" oxidation, and 

• the mechanism and rate of organic iodine generation and 
evolution. 

Additional information on these effects is being developed. 
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4.5 RADIONUCLIDE REMOVAL BY WATER POOLS 

4.5.1 Technical Background 

4.5.1.1 Introduction. A number of the pathways currently identified for what are 

believed to be the risk significant severe LWR accident sequences involve pathway 

segments through water pools. Specifically, transport through the BWR pressure 

suppression pool and the PWR quench tank represent examples of segments of the 

in-plant pathways for many risk-significant sequences in these plants. In order 

to analyze the fission product transport for these sequences, it is necessary to 

describe the effect of these water pools on the steam/noncondensable gas mixtures 

and associated entrained radionuclides. The amount of aerosol collected 1n the 

water pool is dependent on the gas-liquid hydrodynamics of the particular system. 

Historically, it has been assumed that the major effect of subcooled water pools 

on the entrained aerosols is to attenuate the airborne radionuclide inventory. 

This attenuation 1s usually expressed quantitatively as the "decontamination 

factor (DF)" which 1s defined as the ratio of the mass injected to the mass which 

escapes from the surface of the pool. The RSS assumed a DF of 100 for subcooled 

water pools and 1 for steam saturated pools. A recent review by Potter of General 

Electric of the pertinent information available through 1981 cited experimental 

test results obtained under a variety of test conditions to suggest that the water 

pool scrubbing process might be significantly more effective for attenuating 

aerosols than was assumed in the RSS. However, the available database was sparse 

at that time and suggested that the observed pool scrubbing DFs were sensitive to 
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the test*conditions. Recent;analytical work has shown that the conditions under 

which steam and noncondensable gas mixtures with associated entrained fission 

product aerosols are injected Into water pools change significantly during the 

course of a severe accident. It follows that best estimates of the role of pool 

scrubbing 1n accident source term mitigation require close coupling, 1n time, of 

the accident thermal-hydraulic and aerosol/fission product transport through the 

pool analysis and pool scrubbing OF evaluation. Recognition of this has led to 

the development of several codes which are designed to analyze pool scrubbing DFs 

1n severe core damage accident analysis. The validation of these methods rely 1n 

part on experiments conducted by Battelle Columbus Laboratories for EPRI and by 

General Electric. 

4.5.1.2 What is Known? 

Experimental Results. An overview of single orifice scrubbing results are 

presented in reference (2). 

The conclusions that can be drawn from analyzing the trends in the experimental 

data are that for the range of experimental conditions examined, the pool scrub

bing DF is large if the steam mass fraction of the carrier gas is large and/or the 

aerosol AMMD is greater than about 1 ym. It appears, on the other hand, that 

small DFs occur only when the steam mass fraction of the carrier gas is less than 

about 0.7 and the aerosol particle size is 1n the 0.4 ym AMMD range. These con

clusions apply to single particle sizes and do not address the effect of particle 

size distribution variation during an accident and the accident DF. In the case 

of hot pool data, the most significant observation that can be made is that the 

v experimental DFs are higher than expected based on early model calculations. 

Modeling of Pool Scrubbing—EPRI-Sponsored SUPRA Code. The EPRI analytical 

program is focused through the development of a computer code SUPRA (Suppression 

Pool Retention Analysis) which currently can describe the scrubbing of fission 

products 1n water pools from multiple orifice injectors such as heaters or 

quenchers. 

The water pool 1s divided Into four zones, each characterized by different heat 

and mass transfer. The zones are sequential in nature. The three pool zones 

are: the injection zone, the bubble rise zone, and the surface zone. In 

addition, a pool compartment zone is available. 
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The injection zone js_ characterized,by. transfer..that-can.occur during the 

formation -and release of the-gas gTobtries-, bubHes,- slugs, or jets. 

The bubble rise zone is characterized by transfer that begins just after the 

bubbles, globules or jet are detached from the orifice and have broken up into 

small bubbles that rise in the pool as a swarm. No interaction between bubbles is 

assumed to take place, and a monodisperse initial bubble size distribution is 

considered. 

The surface zone is characterized by transfer that can occur at the pool surface 

as a result-of desorption of dissolved gases or liquid entrainment by the portion 

of the injected gas stream that penetrates the pool surface and agitates the 

surface. 

The above-pool compartment zone is characterized by transfer that can occur 

between the gas phase above the pool and the surface of the pool, as well as the 

surrounding walls. Thermal nonequilibrium between the gas phase and the 

surrounding walls can lead to steam condensation and appreciable removal of 

aerosols, as can sedimentation, given significant residence time of aerosols above 

the pool. 

With this four-zone conceptual basis, time-dependent calculation of the DF is made 

for a generic aerosol species and vapor species of elemental iodine, cesium iodide 

and methyl iodide. The pool is treated as a simultaneous heat and mass exchanger. 

Time-dependent conservation of mass, energy and species equations are formulated 

for the liquid side and provide the time history of the pool conditions. Spatial 

conservation equations for the injected gas stream provide the temperature and 

composition of the gas phase as it travels through the pool. The analyses are, 

therefore, composed of the following parts: 

• Overall pool material and energy balances provide the time-
dependence of bulk pool conditions and thus the Integral 
decontamination factors. 

• The surface zone models provide the heat transfer, evaporation 
rate, gas desorption rates and liquid entrainment rate at the 
pool surface. 

The injection and rise zone models provide the quasi-steady 
spatial conditions of the gas phase. The gas phase, which is 
treated as a single stream simultaneous heat and mass 
exchanger during its passage in the pool, provides the 
differential decontamination factors. 
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~~-The-compartment-models ^provide -the "temporal conditions of the 
•*r - y^a»-=pha»e above -the -TOO-H— -The temperature, Inass -species con-
..... centratlon «nd-aeroso-1 Hîarfe-ie->e-concentration -provide the 

removal rates of radionuclide species above the pool, and 
• hence the-system decontamination factors. 

The calculations carried out and comparisons against the experimental data 

Indicated the following: 

1. For subcooled pools the agreement between data and predictions 
1s well within the uncertainties of the experimental measure
ments. The deviation between the predicted and measured 
scrubbed mass 1s between 0 and 60%. The standard deviation in 
the experimental scrubbed mass 1s between 15 and 50%. For 
steam-noncondensable mixtures the agreement between data and 
theory 1s good (within 25%). The bulk of the data indicated 
scrubbing efficiencies between 29% and 83%, and the 
corresponding predicted values were between 25% and 72%. 

2. The results showed that higher DFs are obtained for higher steam 
mass fractions, and removal efficiencies in excess of 99% are 
attainable. 

3. High values of DF can be obtained for deep hot pools due to 
condensation near the orifice. The pool is subcooled at the 
injection depth due to the hydrostatic pressure. 

4. The calculations showed that the DF is strongly dependent on the 
particle size and steam mass fraction. Minimum DFs are 
predicted at a particle radius of 0.1 ym for cesium iodide 
aerosols. Inertial deposition 1s effective for large particles 
and diffusive mechanisms are effective for small particles. 
Convective deposition dominates in condensing situations. 

5. Condensation in the compartment above the pool can result in 
high system DF. For hot pools, the system DF was about 10 times 
the pool DF for selected calculated conditions. 

6. Variation in the injected particle size distribution results 1n 
variation in the predicted DF. 

NRC Sponsored SPARC Code. The Suppression Pool Aerosol Removal Code (SPARC) 1s 

being developed, under NRC sponsorship, to model the removal of aerosol particles 

1n rising bubbles and swarms. This code models the effects of steam condensation, 

soluble particle growth in a humid atmosphere, gravitational settling, Inertial 

deposition, and diffusional deposition. It also models the evaporation of steam 

Into the bubbles, which tends to retard particle removal in hot pools. Early 

versions of the code did not model the bubble hydrodynamics, the user has to 

specify the initial size and shape of the bubbles and the bubble swarm rise 

velocity was calculated in the code. 
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Some ..of ..the assumptions inherent, in the early prototype version of the SPARC 

computer code include the following: 

Bubbles are spheres or oblate ellipsoids having a circulation 
velocity unimpeded by interfacial contaminants. 

Aerosol particles are spheres. 

• The degree of particle growth depends on the fraction of the 
particle mass that is soluble; thus the soluble fraction must 
be specified. 

An upper limit of 10 is placed on the DF calculated for any 
particle size. 

• The user provides the correct bubble shape.(either spherical 
or oblate ellipsoid or defined axis ratio. 

• The user provides an accurate spherical bubble size at the 
entrance depth. 

A single bubble size and shape adequately describes the bubble 
population. 

The current version of the code includes: 

• improved correlations for representing the hydrodynamics of 
bubble swarms, specifically empirical correlations developed 
from information presented in ref. (2) for the determination of 
bubble size, shape, and swarm rise vllocity; 

• condensational particle growth models for supersaturated as well 
as unsaturated environments; 

subroutines to estimate the extent of elemental iodine and 
organic iodine removal by suppression pools; and 

expressions to estimate the extent of particle retention as a 
result of bubble coalescence and redispersion during swarm rise 
and from inertia! forces associated with forming bubbles from 
single orifice entrance geometries. 

General Electric Model. General Electric has developed models for the scrubbing 

process associated with quencher, downcomer and horizontal vent Injection 

configurations into BWR pressure suppression pool. These models are based on 

analysis of the pertinent hydrodynamic phenomena (I.e., bubble formation at the 

injector and subsequent breakup as it rises 1n the suppression pool) together with 

an analysis of the processes that affect the srubbing of aerosols entrained in the 

gas in these bubbles. These models are General Electric proprietary. 
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4.5.1.3 Agreement/Disagreement Between Studies. 6eneral Electric has employed 

very large DFs in their risk assessment. The RSS used DFs « 1 for saturated pools 

and larger values for subcooled pools. BMI-2104 employed the SPARC code to 

calculate DFs based on TRAP-MELT calculated aerosol loadings and particle size 

distributions. IDCOR employed constant DFs of 600 for orifice and 400 for 

horizontal vent Injected aerosols. Current EPRI-sponsored large-scale scrubbing 

data shows some completed comparisons with SUPRA code are encouraging. 

Comparisons between the SPARC code and EPRI data are underway. Differences 

between predictions with SUPRA and SPARC codes for the DFs 1n BWR accident 

scenarios cannot as yet be determined. 

Large-scale data acquisition 1s complete for subcooled pools and saturated pools 

with single orifice Injection. Data acquisition has been Initiated on subcooled 

pools with horizontal vent Injection and tests are planned on downcomer injection 

tests. 

4.5.1.4 Conclusions and Recommendations. Pool scrubbing 1s a key element in BWR 

source term estimation. A key part in determining realistic values of DF is using 

the large amount of experimental data currently in hand as well as that which is 

being planned for validation of the computer code models. 

There is reasonable assurance of data completeness for subcooled pools. Some 

saturated pool experiments are completed and bounded estimates will be made. The 

modeling with the SUPRA code of orifice geometry is complete and shows encouraging 

comparisons with the data obtained. Modeling of other geometries is underway. 

Recommendations are to compare assumptions and models in SPARC versus SUPRA code 

and to validate both codes versus the measured data for orifices, horizontal 

vents, and downcomers as well as to combine validated codes with a validated 

aerosol transport code to obtain realistic estimates of scrubbing DFs 1n accident 

scenarios. 

4.5.2 References 

1. USNRC, "The Reactor Safety Study." WASH-1400 (NUREG-75/014), 1975. 

2. J. C. Cunnane, M. R. Kuhlman, and R. N. Gehlberg. "The Scrubbing of Fission 
Product Aerosols in LWR Water Pools Under Severe Accident Conditions-
Experimental Results." Proceedings of the ANS Topical Meeting on Fission 
Product Behavior and Source Term Research. Snowbird, Utah. July 15-19. 
1984. EPRI NP-4113-SR (July 1985). 
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4.6 ENGINEERED SAFETY FEATURES 

4.6.1 Introduction 

Water-cooled water reactors are equipped with engineered safety features (ESFs) to 

prevent and/or mitigate a reactor accident. These ESFs include emergency core 

cooling systems (ECCS), containment, pressure suppression systems such as 

containment sprays, ice condensers and suppression pools, and emergency air 

cleaning systems. Figures 4.6.1 and 4.6.2 schematically show those ESFs for PWR 

and BWR, respectively. 

Among the ESFs, the ECCS is designed to prevent core degradation in the case of a 

loss of coolant accident (LOCA) by injecting additional water into the reactor 

core and maintaining Its coolable geometry. This implies that if ECCS functions 

and no multiple failure exists, the loss of coolant accident would be mitigated 

and the source terms would be low. This 1s the design basis of ECCS. Therefore, 

in source term evaluations of severe accidents, ECCS is assumed to fail in most of 

risk dominant sequences. 

Containment is the final physical barrier for fission product release. It is 

designed and constructed to withstand pressures and temperatures which are 

anticipated in the design-basis LOCA. However, containment integrity may, in 

theory, be lost in severe accidents. As a result, radioactive materials might be 

released outside of the containment. Containment integrity is discussed later in 

this document. 

The pressure suppression systems are designed to reduce containment pressure and 

temperature loadings by condensing steam in the containment. PWRs and BWRs are 

equipped with containment sprays. All BWRs are equipped with a suppression pool. 

Some PWRs have icebeds 1n the containment to reduce pressure during an accident 

and consequently the design pressure of the containment is also reduced. Pressure 

suppression systems are also capable of removing fission products during an 

accident. This-section discusses the pressure suppression systems other than 

suppression pools which are discussed separately in another section. 

Emergency air cleaning systems consist of filter systems to reduce fission product 

releases to the environment. Fan coolers are expected to remove heat generated 1n 

the containment. In addition to the emergency air cleaning systems within the 

containments, a standby gas treatment system (SGTS) is provided as a safety system 

in BWR reactor buildings for removal of fission products. 
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Some reactors are equipped with a filtered-vented containment for reducing fission 

product release specifically in severe accident conditions. This concept is also 

discussed 1n this section along with other ESFs in terms of reducing fission 

product release to the environment. 

4.6.2 Containment Sprays 

4.6.2.1 Technical Background. The containment spray system is provided to 

suppress pressure in the containment by condensing steam released from the primary 

system to the containment in the event of a loss of coolant accident. The spray 

system 1s also used to remove fission products from the containment atmosphere to 

prevent release of radioactive materials to the environment in the event of 

containment failure. Steam condensation is the key mechanism of pressure 

suppression by the spray. Therefore, parameters affecting the steam condensation 

rate should be taken into account in the thermohydraulic analysis. 

For fission product removal, the mechanism is different depending on the physical 

state of fission products, namely gaseous or particulate. It 1s common practice 

1n many countries for the siting evaluation safety analysis to assume that iodine 

is in the form of elemental iodine. Therefore, gaseous iodine must be absorbed by 

water spray droplets and the condensate on the containment wall. The following 

must be considered in the analysis along with important thermohydraulic 

parameters. 

partition coefficient. 

iodine concentration in liquid phase and gas phase. 

composition of environment gas. 

spray additive and pH value. 

Recent source term assessments have shown that the chemical form of inorganic 

Iodine is likely to be mostly-CsI which would exist as aerosol in a containment. 

An Injection of spray is equivalent to an addition of larger-sized particles to a 

containment, and the following natural retention mechanisms must be considered for 

particulate removal by spray droplets. 

interception. 

• impaction. 

Brownian diffusion. 

• diffusiophoresis. 
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4.6.2.2 What 1s known. A fairly large amount of experimental data is available 

for iodine removal by containment sprays especially for elemental iodine and 

organic iodide (12). Table 4.6.1 summarizes test conditions of large-scale 

containment spray experiments conducted by several organizations, and table 4.6.2 

shows results of the tests for fresh spray and recirculation spray modes. 

These experiments showed that containment spray is very effective for removal of 

inorganic iodine. For this case, the reduction rate depends on the pH of spray 

water and initial iodine concentration in gas phase. The spray is more effective 

in the case of high pH and low initial concentration of iodine. From JAERI's BWR 

simulation tests, the half-life of initial iodine reduction rate was found to be 

less than 10 min and the partition coefficient was larger than 100. For the PWR 

simulation, the half-life of initial iodine reduction rate was approximately 37 s 

and the partition coefficient was 4300. 

For organic iodide removal, the containment spray was not as effective as it was 

for iodine. The CSE results showed that 2-hr dose reduction factor (DRF) was 1.5 

for a large PWR containment. From the KSPP test results, it was found that methyl 

iodide was more effectively removed by the spray when the spray flow rate was 

higher and the spray droplet was smaller. 

It was found from the CSE experiments that containment spray was very effective in 

removing aerosol particles as shown in figure 4.6.3 (7). 

4.6.2.3 Areas Where Studies Agree and Disaqre. Among the reports presented at 

the first source term task force meeting, the ANS, APS and IDC0R reports covered 

ESFs. The ANS report describes ESFs and sprays in the most detail. The APS 

report does not cover containment sprays in detail since electric power is 

necessary to activate containment spray and by assumption it is lost during severe 

accidents such as TMLB1 (3). However, the APS report mentioned that estimation of 

fission product removal by containment spray can be made with relatively high • 

confidence because of the existence of a large amount of experimental data (2). 

The IDC0R report also acknowledged the effectiveness of containment sprays in a 

very short statement by saying that 1f sprays are available, consequences will be 

much less significant (8). 

Other reports did not mention specifically containment spray effectiveness, mainly 

because it is agreed implicitly that containment spray is effective and a lot of 

information is available for iodine removal, especially for elemental iodine and 

organic iodide. 
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4.6.2.4 Areas of Information Sufficiency or Insufficiency. Sufficient 

Information exists on containment spray effectiveness for elemental Iodine and 

methyl iodide. However, experimental data on removal of high-density aerosols by 

containment sprays is not sufficient. 

Vulnerability of containment spray components should be evaluated for long-time 

cooling and also for activation of the containment spray system during a severe 

accident. There 1s a possibility of pump suction being prevented by debris and 

other foreign materials during the recovery process and the containment spray may 

not be available even though external power 1s restored. There is also a 

possibility of generating a large amount of steam and the dispersal of debris if 

spray or ECCS 1s initiated later 1n the transient and water is sprayed onto the 

debris bed at the bottom of a containment. 

4.6.2.5 Application to Different Plants. Basically, the physics should be 

applicable to all types of plants as long as the spray system 1s used and the 

spray parameters are specified. 

4.6.2.6 Conclusion and Recommendations. The effectiveness of containment spray 

to remove fission products 1s fairly well understood for elemental iodine and 

methyliodide for representative accident conditions used for the siting 

evaluation. Less data are available for high density aerosols. This situation 

represents a more realistic severe accident condition. Studies agree that aerosol 

removal by containment spray is very effective even if the iodine concentration is 

not high enough to represent severe accident conditions (2). 

Further research may be necessary in the area of vulnerability of the spray 

components and effect of the late spray initiation on debris dispersal. 

A possible Implication on current regulations would be a consideration of physical 

form of Iodine for spray calculations since the effectiveness of spray removal has 

been evaluated by assuming elemental Iodine rather than particulates. 

4.6.3 Ice Condenser 

4.6.3.1 Technical Background. Ice condensers are used in certain types of PWRs 

in order to reduce pressure by condensing steam. A typical configuration 1s shown 

in Figures 4.6.4 and 4.6.5 (2). The benefit of having ice condensers is that the 

design pressure of the containment can be lowered as compared with a large dry 

containment. It is also expected that fission products can be trapped in the ice 
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condenser by the large amount of melting ice as well as by the large structural 

surface area in the ice compartment. 

As in the case of spray removal of fission products in a containment the 

mechanisms of fission product removal are different depending on the physical form 

of fission products. For gaseous fission products such as elemental iodine, 

adsorption and absorption are the primary mechanisms of removing fission products 

by icebeds. Water produced from the melting of ice and the condensation of steam 

will absorb gaseous fission products. Absorption onto the large area of the 

baskets may be effective in the ice compartment even after all of the ice melts. 

Parameters affecting absorption depend on the thermohydrauHc conditions in 

icebeds. ThermohydrauHc phenomena occurring 1n icebeds are complex and detailed 

analysis may be difficult. For example, the rate of ice melting depends on gas 

flow rate, temperature of the gas, heat transfer between ice and flowing gas, 

direction of flow, local flow obstructions, changing shape of ice while melting, 

and other factors. The absorption of gaseous fission products will be predictable 

if the partition coefficient, water chemistry, concentration of gaseous fission 

product in gas and liquid, water-gas interface geometries, phase velocity, and 

other physical states are known 1n adequate detail. 

Important mechanisms of particle removal are gravity settling, flow-induced 

removal such as impaction, interception and fluid turbulence and diffusiophoresis 

and thermophoresis due to temperature grandients and steam condensation. 

Therefore, estimation of flow patterns and stea, condensation rates on the wall 

and ice itself 1s important. 

4.6.3.2 What is Known. The theoretical treatment of fission products removal in 

icebeds has been developed in the ICEDF code (13). Particle removal mechanisms 

considered 1n the code were sedimentation, Brownian diffusion, inertial Impaction, 

particle interception, thermophoresis, dlffusionphoresis, and turbulent 

deposition. The code assumes well mixed nodes along the flow path. 

The sensitivity calculations showed that removal efficiency depends on size 

distribution of the aerosols. The minimum removal efficiency occurred at a 

particle diameter of 0.4 ym as shown in table 4.6.3 (13). Particles smaller than 

0.01 um were efficiently removed by diffusion, and particles larger than 2 pm were 

effectively removed by sedimentation and inertial impaction. 
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The model predictions were in reasonable agreement with experimental data on the 

removal of elemental iodine as shown 1n figure 4.6.6. However, little data are 

available for particle removal and flow pattern of gas flow. 

4.6.3.3 Areas Where Studies Agree and Disagree. The APS report recognizes the 

lack of experiment data and the uncertainty associated with availability of 1ce 

and estimation of ice area on which Iodine 1s deposited. The ANS report also 

describes the size dépendance of aerosol removal and the uncertainty of 1ce 

surface area. Both reports are essentially based on the same reference. The 

IDCOR report emphasizes that the structural area 1n the 1ce condensers 1s fairly 

large and must be considered even after ice melts. 

Agreement exists among the reports that 1ce condensers will remove fission 

products 1f ice is still there. Quantitative estimates of fission product removal 

in the ice condensers are uncertain because of the lack of definition of the 

extent of mixing and the extent of surface area available for settling. 

4.6.3.4 Areas Where Information is Sufficient/Not Sufficient. Experimental data 

on aerosol removal in the ice condenser are scarce although information is 

available for elemental iodine removal. Theoretical models have been developed 

and important physical process related to aerosol removal are incorporated in the 

modeling. 

Thermohydraulic data for the ice condenser are also insufficient and flow patterns 

in the icebeds 1s not well predicted at present. 

4.6.3.5 Application to Different Plants. All PWRs with fee condensers are 

designed by the Westinghouse Electic Corporation and the configuration 1s nearly 

the same so that the result should be applicable to all of the ice condenser-type 

PWRs. 

4.6.3.6 Conclusions and Recommendations. The effectiveness of 1ce condensers on 

fission product removal depends both on size distribution of particles and also to 

the extent 1ce 1s available during the accident. In addition, thermohydraulic 

conditions such as flow patterns and steam condensation rates are important to 

better predict the scrubbing of fission products 1n the 1ce condenser. 

Due to the lack of experiment data on aerosol removal in the ice condensers, 

predicted values of fission product removal may be conservative estimates. 
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However quantitative verification of the computer codes require an experiment 

representing the reactor situation. 

4.6.4 Filter System 

4.6.4.1 Technical Background. The filter system of the ESF system forms a part 

of an emergency air cleaning system; Its purpose is to remove fission products 

from containment air. Filter systems consist of demister, electric heater, 

prefilter, HEPA filter, adsorber and HEPA filter as shown 1n Figure 4.6.7 (11). 

Normally two such trains are provided for redundancy. 

In the filter train, the demister is to protect prefilters, HEPA filters and 

adsorbers from water droplets and is made of wave plates for larger droplets and 

of wire mesh for smaller particles. Prefilters are installed to collect coarse 

particles to extend life of HEPA filters. HEPA filters are used to remove the 

rest of particles with high efficiency. Adsorbers are made of charcoal and iodine 

removal occurs on these charcoal adsorber beds. 

Those components are designed for thermal-hydraulic conditions corresponding to 

the design basis accident and therefore if those conditions are exceeded, 

efficiency of the filter systems might be lower or the filter system might 

deteriorate. For severe accidents, the filter system efficiency must be evaluated 

in terms of the following items. 

• thermal-hydraulic conditions (pressure, temperature), 

chemical forms. 

radiation effect, 

high humidity. 

• loading capacity. 

4.6.4.2 What is Known. The USNRC Regulatory Guide 1.52 requires an air cleanup 

system in the design of light water reactors. The postulated design basis 

accident conditions are shown 1n table 4.6.4. Therefore, the filter system should 

be Intact under the conditions specified in the table. 

However, in the case when the design basis conditions are exceeded as anticipated 

in severe accidents, the capability of the filter systems is not certain. 

Therefore experimental data about the behavior of the components of the filter 

systems are needed to establish the limits of fission product confinement at the 
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extreme conditions. The state of knowledge 1s summarized 1n tables 4.6.4 and 

4.6.5 respectively for the HEPA filter and Iodine absorbent (11). 

4.6.4.3 Area Where Studies Agree and Disagree. The APS report gives credit to 

the filter system for fission product removal and as the ANS report. However, the 

ANS report describes the possible inefficiency of the filter 1f severe accident 

conditions persist for a prolonged a time and the filter loses its integrity due 

to high-density fission product aerosol. 

4.6.4.4 Areas Where Information 1s Sufficient/Not Sufficient. Filter performance 

at the extreme conditions beyond the design limit may need further 

Investigation. Especially Information on the filter performance under the 

following circumstances 1s not sufficient. 

high temperature and high humidity. 

• radiation doses. 

mechanical loads due to high differential pressure. 

• combination of the above items. 

4.6.4.5 Application to Different Plants. All nuclear reactors have filter 

systems to remove fission products from exhaust gas from the plant. If the design 

criteria of the filter systems and the postulated accident conditions are the 

same, conclusions should be applicable to all plants. 

4.6.4.6 Conclusions and Recommendations. Since the existing filter system is 

designed for the postulated design basis accident there exists some uncertainty 

for the filter system efficiency at high temperature and high humidity which will 

exceed the design limit for the severe accident. Therefore, experimental data are 

needed to confirm filter efficiency under those extreme conditions to quantify the 

bounding capability of the filter system. 

4.6.5 Fan Coolers 

4.6.5.1 Technical Background. Many reactors are provided with fan coolers 

consisting of a forced containment air circulating system. The heat is removed by 

the heat exchanged. Water is circulated by a pump in the heat exchanger and the 

removed heat is ejected outside the containment. 
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Fan coolers may be effective in removing fission products since cold surfaces 

exist 1n the heat exchanger causing steam to condense on the cold surfaces. 

Fission products will be absorbed by the water. If fission products are in the 

form of aerosols, they will be deposited in the heat exchanger. 

However, fan coolers require electricity to operate. If it is operable, an 

appropriate credit should be taken 1n severe accident analysis. 

4.6.5.2 What is Known. The ANS report describes containment fan coolers as heat 

removal and fission product removal systems. It 1s noted in the ANS report that 

no credit for fission product removal is taken in severe accident analysis. 

4.6.5.3 Areas Where Information is Sufficient/Not Sufficient. Integrity of pumps 

for circulating water to the heat exchangers must be evaluated. The vulnerability 

of the fan cooler components should also be investigated. 

4.6.5.4 Application to Different Plants. The information should be applicable to 

all plants. 

4.6.5.5 Conclusions and Recommendations. Fan coolers are used to remove excess 

heat from the containment. Fan coolers may also remove fission products. An 

appropriate consideration in severe accident analysis is necessary. 

4.6.6 Filtered-Vented Containment 

4.6.6.1 Technical Background. In order to relieve excessive pressure and to 

reduce radioactive material release to the environnment the concept of a filtered-

vented containment has been developed for the Barseback BWR in Sweden and to the 

French PWRs. 

The filtered-vented containment is unique to these plants. The Swedish filtered-

vented containment is schematically shown in figure 4.6.8. The filtered-vent 

system consists of a cylindrical vessel of 10,000 m3 volume, 20 m diameter and 

40 m height. The vessel 1s a cylindrical reinforced concrete structure built 

above ground. The vessel 1s filled with 1-inch size crushed quartzlte rock 

gravel. 

The gravel bed filter acts as a heat sink for condensation of the steam from the 

containment and it removes aerosols and iodine from effluent gas from the 

containment after the rupture disk is broken at 650 KPa. 
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The removal mechanisms of aerosols by the gravel bed are similar to those of 1ce 

condensers, that 1s, sedimentation, Brownlan diffusion, Impaction, Interception, 

dlffusiophoresls and thermophoresis. ThermohydrauHc conditions must be specified 

in order to reliably predict fission product removal by the gravel bed. There is 

a difference between the gravel beds and the ice beds in that the configuration of 

the gravel beds stays the same while that of the ice beds changes due to melting 

of 1ce. 

The efficiency of aerosol removal by the gravel bed depends on the grain size, bed 

path, gas velocity, residence time and steam fraction of the gas flow. Large-

scale experiments have been conducted to determine the removal efficiency of 

aerosols and Iodine. Analytical models have also been developed to characterize a 

full scale gravel bed. 

The French filtering system is based on a moderately expensive sandbed filter 

placed between the containment and the stack, the gases being monitored before 

release. 

Specifications for the design of the-venting system are as follows: 

• maximum gas flow rates: 3.5 kg/s. 

typical gas composition: air (33*), C02 (33%), CO (5%) 
system (28*); 

• gas density: 4 kg/nr; 

• Inlet gas temperature: 140°C; 

• Inlet pressure (before decompression in the pipes): 0.5 MPa; 

• pressure drop through the filter: 0.01 kPa; 

pressure at filter outlet: nearly atmospheric; 

• maximum airborne aerosol concentration: 0.1 g/nr total amount: 
5 kg; 

aerosol mean diameter: 1 micron; and 

filtration efficiency (DF): 1Û. 

The filtering system—about 40 nr 1n surface area and 0.8 m of sand height—1s not 

expected to constitute a heat sink large enough for the bulk of the steam passing 

through to be condensed. 
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Further information on this subject can be found in sections 6.2.1 and 6.3.1. 

4.6.6.2 What is Known. Experiments were conducted to obtain thermohydraulic data 

in terms of heat removal and gas flow in the gravel bed. They showed that a 

gravel bed with a volume of 4,000 to 10,000 m3 filled with a gravel size of 25 to 

35 mm can condense all expected flows from the containment postulated in the 

safety analysis of the Barseback reactor. The condensate did not close the gravel 

bed and most of the condensate flows downward. 

In order to determine amount of fission products removed by the gravel bed, 

experiments were conducted with aerosol particles and iodine. The experiment was 

performed at 100°C with condensing steam. Results showed that elemental iodine 

was removed by physical absorption to the gravel and trapped chemically in the bed 

through chemisorption. 

The sandbed filter to be used in French PWRs has been specified according to the 

results of the "PITEAS-Filtration" experimental study, in which the best 

combination of filtration efficiency/pressure drop parameters was established. 

4.6.6.3 Areas Where Studies Agree and Disagree. The filtered vented containment 

is adopted only in Sweden and France, and no other detailed study is available. 

Therefore, no comparison is possible. 

4.6.6.4 Areas Where Information is Sufficient/Not Sufficient. Sufficient data 

seem to exist for the filter efficiency'of the gravel bed of the Swedish reactor 

and of the sandbed of the French PWRs. Since the filter system is plant-specific, 

new data would be needed 1f a different type of filter is selected. 

4.6.6.5 Application to Different Plants. The effectiveness of the filtered^ 

vented containment depends on plant and/or the design of the filter of the 

system. Therefore, evaluation must be plant-specific. 

4.6.6.6 Conclusion and Recommendation. The filtered-vented containment 1s 

employed in the Swedish Barseback reactor and the French PWRs to mitigate severe 

accident by relieving the containment pressure. The filtered vent consists of a 

gravel bed or of a sandbed in which fission products are removed. Choice, size 

and configuration of materials, gas composition and temperature are important 

parameters for designing the filter. Several experiments were conducted to 
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determlne the design criteria. It was found that the gravel bed and the sandbed 

are efficient in reducing fission product release to the environment. 

4.6.7 Summary 

The following ESFs were discussed. 

Containment sprays 

Ice condensers 

Filter systems including SGTS 

• Fan coolers 

In addition to the ESFs, the filtered-vented containment was also Included in the 

discussion. The following comments can be made on the impact of ESFs on source 

term estimate. 

• ESFs are, in general, effective in reducing fission products. 

ESFs will be important when operator action is considered. In 
that case, vulnerability of ESFs must be evaluated. 

• " A filtered-vented containment seems effective in scrubbing 
fission products. 

4.6.8 References 

1. K. Johansson (editor). Filtra Final Report, Studsvik Library, November 1982. 

2. Report of the Special Committee on Source Terms, American Nuclear Society, 
pp. 4.2-20, 4.4-11 to 4.4-21, 5-11 to 5-12, 1984. 

3. "APS Radionuclide Release From Severe Accidents at Nuclear Power Plants." to 
be published 1n Reviews of Modem Physics, pp. 134, 136-137, 175-176, 210, 
1984. 

4. BCL, Standby Gas Treatment System Operation and Effectiveness Under Severe 
Accident Conditions; Peach Bottom and Grand Gulf Nuclear Station. BMI-2104, 
Vol. II, Appendix A, 1984. 

5. J. A. Gieseke et al. Radionuclide Release Under Specific LWR Accident 
Conditions. BMI-2104, vol. IV, pp. 5-19 to 5-22, 1984. 

6. D. R. Grist. Spray Removal of Fission Products in PWR Containments. Safety 
and Reliability Directorate Report SRD R267, UKAEA, Culcheth, Warrington, 
U.K., 1982. 

7. R. K. HUliard et al. "Removal of Iodine and Particle by Sprays 1n the 
Containment Systems Experiment." Nuclear Technology, vol. 10. pp. 499-519, 
1971. 

4-105 
W30-3378e/NPD/ejc 
Last Rev. 09/26/86 



- 194 -

8. IDCOR, "Nuclear Power Plant Response to Severe Accidents," pp. 6-16, 1984. 

9. N. J. Liparulo et al. "The Ice-Condenser System for Containment Pressure 
Suppression." Nuclear Safety, vol. 17, pp. 710-721, 1976. 

10. D. D. Malinowski. Iodine Removal in the Ice Condenser System. WCAP-7426, 
1970. 

11. Air Cleaning in Accident Situations. CSNI/PWG4 Report, February 1984. 

12. M. Tanaka. A Survey of the Research Works on LWR Containment Spray Effects. 
JAERI-M 7481, 1978, (in Japanese). 

13. W. K. Winegardner et al. Studies of Fission Product Scrubbing Within Ice 
Compartments. NDREG/CR-3248, 1983. Also see NUREG/CR-4130 

4.7 THE EFFECTS OF HYDROGEN COMBUSTION ON THE SOURCE TERM 

4.7.1 Introduction 

The release from reactor containments to the outside atmosphere or to adjacent 

volumes through an opening can be estimated by the standard orifice discharge 

equations. Thus: 

m - f(P, Pa, Pc, T, CR, A, T, PL) (1) 

where P and T are the pressure and temperature near the opening, Cp is the 

concentration of radioactive species near the opening, P^ is the flow loss, Pc 

and Y are the critical pressure and specific heat ratio for the containment 

atmosphere, Pa is the pressure outside or in the adjacent volume and A is the area 

of the opening. 

Combustion of hydrogen mixtures within the containment will increase the pressure 

and temperature, and it may also change the concentration of the airborne 

radioactivity by physical and chemical processes (resuspension of aerosols, 

oxidation of Iodides, etc.). As seen from eq. 1, these effects could directly 

influence the source term. 

4.7.2 Excess Pressure and Temperature Caused by Hydrogen Combustion 

4.7.2.1 Key Factors. The potential increase of the pressure 1n containment 

atmospheres due to H2 combustion depends on the following factors: 

A. Amount of hydrogen which could be burnt since this limits the 
total energy release. 
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B. Rate of burning which determines the time available for 
pressure relief and heat losses. 

The amount of hydrogen burnt can depend on time of ignition, the mixing time for 

this, and the amount and distribution of the hydrogen concentration within the 

mixture. Thus, hydrogen and steam mixing in air and ignition and flammability 

limits are some of the key factors which affect the amount of hydrogen that could 

be burnt for a specified time of ignition. 

The rate of pressure increase due to burning competes with the rate of relieving 

the pressure by venting to other lower-pressure parts of the containment and the 

rate for reducing the temperature by heat loss to the surrounding walls and other 

surfaces. 

The rate of burning depends on the initial thermodynamic state (pressure, 

temperature and composition of the mixture) and the prevailing mechanism for flame 

acceleration. For laminar burning of initially quiescent flammable mixtures, the 

burning rate is described by the burning velocity which is a well-defined 

physicochemical property dependent on the thermodynamic state of the mixture. 

Such laminar burning is not likely in containments where there is turbulence 

generated by coolers and fans. This turbulence results in enhanced transport of 

mass and heat and increased flame area which increase the burning rate. 

Traditionally, the burning rate under such turbulent conditions is expressed as a 

ratio to the laminar burning rate. Turbulence parameters such as intensity and 

scale of turbulence are considered to influence this ratio. 

Other mechanisms which have been observed to increase the burning rate are 

obstacles in the path of the flame, inhomogeneity of hydrogen concentration, 

instabilities caused by local burning accompanied by venting to other parts of the 

enclosure, and certain types of confinement which lead to pressure piling. Thus, 

laminar burning velocity and the flame acceleration mechanisms are the key factors 

influencing rate of burning for a given flammable mixture. 

The following sections review the status of current knowledge of the key factors 

identified above as influencing the amount of hydrogen burned and the rate of 

burning. 

4.7.2.1.1 Hydrogen-Mixing and Distribution. Transient gas mixing is not as 

well studied as mixing between liquids and between solids. However, simu-
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lated tests for LWR ice condenser plants have been carried out in a scale-

model facility using conditions based on similarity parameters (_1). The 

results indicate that the maximum concentration differences between various 

locations are of the order of 3 vol*. Tests have also been carried out at 

Battelle Frankfurt in a simulated German reactor containment (2). Also codes 

(RALOC, HECTR, HMS, CAP) have been developed which predict these tests well 

except in the cases where a temperature inversion exists (2). This appears 

to be an area where models may need to be improved. 

4.7.2.1.2 Flammability and Ignition Limits. The flammability limits define 

the range of composition for quiescent mixtures in which a flame, once 

Initiated, will sustain and propagate. Considerable work has been carried 

out by the U.S. Bureau of Mines (3) on the flammability limits of hydrogen 

mixtures and the effects of diluents on these limits. More recently, a 

systematic study of the effects of diluents and temperature on flammability 

limits has been completed for upward, downward and horizontal 

propagation (6). Thus, flammability limits of hydrogen mixtures can be 

adequately estimated for containment conditions. 

A major discrepancy between the different sets of flammability-limit data for 

hydrogen-air-steam mixtures is in the concentrations of steam required for 

inerting. A value of 55% steam by volume is often quoted in literature. 

However, in recent tests, mixtures with 63% steam successfully sustained a 

flame for upward propagation at 100°C (see figure 4.7.1). Also, igniter 

tests in a 17-1 vessel with turbulence (7) indicated that 59% steam mixtures 

can be easily ignited. It thus appears that, for safety analyses, the 

inerting steam concentration should be revised upward to at least 60%. 

Ignition limits have been studied for different hot-surface type igniters 

currently considered for hydrogen control by deliberate early ignition during 

severe accidents (7,8). Igniters were found to be effective for near-limit 

mixtures even under condensing-steam conditions. Thus, the igniters can 

initiate a flame in mixtures with near-limit concentrations for which flame 

speeds and peak adiabatic pressures are relatively low under quiescent 

conditions. 

4.7.2.1.3 Laminar Burning Velocity. The laminar burning velocity determines 

the rate at which energy is released by combustion during laminar burning. 

Until 1983, experimental data for the laminar burning velocity of H^-air-
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steam mixtures were scant (9,10). In 1983, experimental values as well as a 

correlation for the laminar burning velocity of Hg-air-steam mixtures at 

ambient pressures were reported (11) for temperatures up to 200°C and steam 

concentrations up to 12* (see figure 4.7.2). More recently, the database has 

been extended to steam concentrations up to 50*. Also, the effects of other 

diluents such as CO2 and nitrogen have been determined. Thus, the laminar 

burning velocity database appears to be complete for H2-air-steam mixtures. 

Data for CO containing mixtures do not appear to be this extensive. 

4.7.2.1.4 Flame Acceleration Mechanisms. 

Turbulence. The effect of turbulence on burning rates has been 

quantitatively determined by a number of researchers (12-17). Attempts have 

also been made to correlate the "turbulent burning velocity" data with 

turbulence parameters to arrive at "universal" correlations. Success in this 

area has been limited (19,20). Recent attempts to predict the experimentally 

observed effects of turbulence on the combustion time and peak pressure for 

H£-air mixtures Q 5 ) indicate the need for a better quantification of the 

effect of turbulence and laminar burning velocity on the turbulent burning 

velocity. 

Methods are now under development to estimate upper bounds for turbulent 

burning velocity from first principles (21,22). These can help in estimating 

upper limits for turbulent burning rates. 

Obstacles Although it has been known for a long time that obstacles in the 

flame path produce turbulence which accelerates the flame, systematic tests 

have been carried out only recently (23,24). It is now known that continuous 

flame acceleration can occur if obstacles are located at regular distances. 

The maximum flame speed appears to have an upper limit corresponding to the 

sonic velocity. Some large-scale experiments have also been carried out with 

gratings as obstacles (25). In these cases, although the obstacles increased 

the burning rate, they also reduced the peak pressure by absorbing heat from 

the burnt gases. Thus, the overall effect of obstacles depends on obstacle 

size and geometry as well as the geometry of the system. 

Venting Since some of the containments have interconnected compartments, 

burning in one compartment will be accompanied by venting to the second com

partment. Large-scale experiments have shown that such venting can lead to 
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large flame accelerations and large-amplitude pressure oscillations with 

momentary peaks exceeding adiabatic combustion pressures (26). Recently, a 

number of tests have been carried out in an intermediate-scale facility to 

investigate the effect of vent size on the overpressure caused by the 

combustion of Hg-air-steam and ^-air-O^ mixtures (27). Large-amplitude 

pressure oscillations result for f^-air-mixtures with hydrogen concentration 

greater than 20 vol*. The addition of diluents suppresses these oscil

lations. These test results cannot be directly applied to all containments 

since vent sizes are different. Appropriate tests in relevant geometry are 

necessary to determine the potential overpressures. 

Concentration Gradient Most of the analyses use steady-state burning rates 

to predict combustion pressure transients. However, when concentration 

gradients exist, propagation from a fast-burning mixture to a slow-burning 

mixture will result in a transient burning rate in the second mixtures which 

will be larger than the steady-state burning rate. The extent of this 

accelerated burning has not been studied. A few tests have been carried out 

in an experimental assembly consisting of a -sphere connected to a pipe 

through a burst disk (25). The compositions of the flammable hydrogen-air 

mixtures initially contained in the sphere and the pipe were different in 

these tests. However, the results were not amenable to full interpretation 

because of the effect of turbulence generated by the venting of the sphere to 

the pipe. 

Deflagration to Detonation Transition by Pressure Piling It has been shown 

that under certain confinement conditions pressure waves can pile up 

resulting in a shock wave which can enable the deflagration to transit to 

detonation (28). This transition to detonation has not been fully 

understood. 

Detonation Limits These are concentration ranges outside of which a 

detonation cannot be sustained. Recent experiments at Sandia appear to 

suggest that these ranges are wider than initially assumed (29). In recent 

years, detonation sensitivity of a mixture has been well correlated with the 

dimension of the cell size in the pattern produced on smoked aluminum foil 

placed in tubes in which detonation tests have been carried out. These cell 

dimensions have also been correlated with various geometries through which a 

detonation can be transmitted (30). These results are applicable to reactor 

containments in determining whether a local detonation initiated at some 
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locations can be transmitted to other locations. Tests are now being 

conducted at Sand1 a to determine the effect of temperature and diluent steam 

on detonation limits (30). 

Multiple Acceleration Mechanisms. Some test results are available on the 

combined effect of more than one acceleration mechanism: e.g., venting plus 

turbulence (25). Concentration gradients, turbulence and venting are flame 

acceleration mechanism which may exist simultaneously in some of the accident 

scenarios. Combined effects, depending on the mixture composition, can 

increase flame speeds enough to cause momentary pressures which are above 

adiabatic combustion pressures. 

Applicability to Containment. Of the various key factors listed and 

discussed above, hydrogen-gas-mixing, effects of venting and obstacles on 

flame acceleration and effect of confinement on pressure piling and transi

tions to detonation are geometry-specific. Hence, laboratory data are not 

directly applicable unless "scale models" are used. For some of these 

phenomena, complete scale-down may be impossible because of contradictory 

requirements of different similarity laws. 

Available information on other aspects such as flammability and ignition 

limits, laminar burning velocity, the effects of turbulence on burning 

velocity and effects of concentration gradients are generic and can be 

applied to any containment provided the conditions such as mixture 

composition and turbulence parameters are known. 

4.7.2.2 Combustion Models. A large number of codes have been developed to 

predict pressure and temperature transients due to hydrogen burns (31,32). These 

use a variety of combustion models ranging from completely phenomenological to 

sophisticated, conservation-equation based models. However, their assessment with 

experimental data has not been extensive especially for turbulent combustion, 

flame acceleration by obstacles and venting and burning in multicompartment 

geometry. Although detonation can be well-modeled, deflagration-to-detonation 

transition has been elusive so far. 

4.7.2.3 Equipment Survivability. Deflagration is considered too rapid to 

transfer enough energy to essential equipment and cause damage. However, under 

certain situations, a standing diffusion flame can occur. If such flames are 

likely in the vicinity of equipment essential for post-LOCA management, it is 
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necessary to assess if there is potential for damage which might affect the source 

term. 

Laminar and turbulent diffusion flames have been well researched. However, 

limited data are available for ^-air-steam diffusion flames (33). The models 

have recently been extended (34) to predict heat flux and flame length of these 

diffusion flames. These predictions need to be assessed with data which are 

presently being generated. 

4.7.2.4 Conclusions. For a complete understanding of the behavior of hydrogen-

air-steam mixture in containments, further work appears to be required in .the 

following areas: 

(1) Improvement and assessment of hydrogen mixing models for 
conditions during which temperature inversions may exist. 

(2) Improvement of the knowledge of the effects of turbulence on 
burning rates. 

(3) Effects of venting on burning rates and pressure transients. 

(4) Effects of concentration gradient on the rate of burning. 

(5) Pressure transients when multiple flame acceleration 
mechanisms are present. 

(6) Development and assessment of the models for turbulent 
combustion, flame acceleration by obstacles and venting and 
deflagration-to-detonation transition. 

Of these areas, (3) and (5) are geometry dependent whereas information in areas 

(2) and (4) are directly applicable to any general containment. 

For assessing safety of reactor containments under accident conditions, the above 

information is not critical as long as containment integrity is assured based on a 

conservative estimate of peak pressures. However, the estimate of releases 

through preexisting openings depends on the pressure transients due to combustion 

as influenced by the existing flame acceleration mechanisms. The effect of the 

uncertainties in the understanding in the above areas on the expected performance 

of the various containments and on the source term are discussed later. 
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4.7.3 Effect of Combustion on Airborne Radioactivity 

Hydrogen combustion is expected to have its greatest chemical impact on the 

behavior of airborne iodine. Experiments at Sandia (35) have demonstrated that a 

significant fraction of dry Csl aerosol can react with intermediate radicals 

produced during combustion to release molecular Iodine (I2). There 1s not yet 

sufficient data to predict the amount of I2 (and possibly HI) which could form 

during combustion in containment. The residual cesium will condense on surfaces 

as an oxide or hydroxide. Hydrogen combustion is also expected to rapidly convert 

any airborne organic iodides to l£ and HI. Combustion is not expected to create 

any other volatile species from other fission products. It may promote oxidation 

of some metallic fission products on surfaces or aerosol particles to involatile 

oxide forms. 

The physical effects of combustion will Influence aerosol behavior in containment. 

If the combustion is rapid, shock waves may develop which will lead to some 

deagglomeration of aerosol particles via high-energy collisions. However, the 

passage of the shock front will also lead to increased turbulence which will 

enhance agglomeration. The latter is expected to dominate the former and hence 

lead to increased aerosol agglomeration. 

The particles deposited on surfaces may be resuspended by the impact or passage of 

a shock wave (combustion shock front) and by thermohydraulic effects associated 

with local high gas velocities. Large particles (30 ym) have the greatest 

probability for resuspension but will quickly resettle. The resuspension of 

smaller particles is different due to the strength of adhesion forces and will be 

considerably hampered by the likely presence of surface films of water, in a humid 

environment, which will also increase adhesion. 

The direct heating of aerosol particles or surface-deposited material by the high-

temperature combustion front may cause local evaporation of fission products. 

This could cause a decrease 1n the size of aerosol particles already airborne and 

could lead to formation of new small aerosol particles via nucleation and 

condensation of the evaporated material. This effect is expected to be small 

owing to the relatively high velocity of the combustion front, and hence, the 

short contact time for heat transfer. 

Overall, hydrogen combustion is not expected to lead to substantial resuspension 

of aerosol material or changes is the source term. However, experiments in this 
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area are very limited, and theories are inadequate to fully describe some of the 

complex phenomena which will occur. If hydrogen combustion results in containment 

failure, the resulting depressurization may lead to evaporation, sump-pool boiling 

and resuspension and consequent increase in airborne activity within the contain

ment. The effect on the release would then depend on the depressurization time 

scale. The ongoing LACE program should provide the required information on 

thermohydraulics processes. The interpretation of the data with combined 

containment-aerosol codes should help estimate the effect on the source term. 

4.7.4 An Assessment of the Reviews by Various Study Groups 

The background information used in the reviews of the various study groups (IDCOR, 

ANS, APS, Stone & Webster, NRC and others) is generally valid. In this section, 

we point out the limitations of some of the assumptions in the analyses reported 

in the reviews and some discrepancies between the reviews in interpretation. 

The Stone & Webster Engineering Company, in support of the ANS review, estimated 

the influence of various parameters on fission product retention during 

accidents. However, the calculated releases do not appear to include the effects 

of hydrogen combustion on the pressure in the containment and on the concentration 

of airborne radioactivity. Also, the releases appear to be based on representing 

the containment as a single well-mixed node. Finer nodalization may be required 

to determine release rates through preexisting openings during combustion. 

The ANS review considers high concentrations of hydrogen to be unlikely in the 

later core/concrete interaction stage of the accident because the hot core debris 

near the hydrogen source is considered to be an effective igniter. However, near 

the source hydrogen may not be flammable depending on the environment. Thus, 

flammable compositions may be attained at locations quite removed from the hot 

core debris. If so, high concentrations cannot be ruled out. 

Further, among the factors listed as influencing combustion overpressure, 

turbulence has been neglected in the summary document of the ANS group. This 

could be significant especially for concentrations close to the flammability 

limits where Incomplete combustion is usually assumed. Turbulence significantly 

increases the extent of combustion as well as the burning rate of these mixtures. 

The ANS study also equates the release through openings which are preexisting to 

release through openings which would result during early breach. The initial 
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release through preexisting openings are subsonic, whereas releases through 

openings resulting from early breach are likely to be sonic. Thus release rates 

are likely to be different. 

The APS review considers that when hydrogen is present, steam is present in large 

quantities to inert the mixture. However, the calculated results which indicate 

such inerting appear to be based on a single-node representation of the contain

ment. A finer nodalization may indicate that flammable pockets can form. 

Further, the 55* steam concentration quoted for inerting is not universally 

accepted. Mixtures containing up to 60% steam have been found to be 

flammable (6). The presence of turbulence could lead to nearly complete 

combustion of these mixture (7). 

The APS review considers the minimum combustible gas concentration to be 10% by 

volume whereas the measured lower flammability limit for H2-mixtures 1s in the 

range of 4-9% by volume. Thus, combustion cannot be ruled out for some parts of 

the accident sequence considered 1n the review. The APS study also considers that 

maximum pressure in containment 1s determined by overall energy changes and not 

the transient. This may not be true for fast combustion. Under conditions 

leading to fast combustion, pressure waves produced could move back and forth, 

merging, reflecting and causing local pressure in excess of adiabatic pres

sures (36). For instance, the review quotes a time of 1/10 sec for complete 

combustion in containments. Assuming a minimum containment diameter of 100 ft, 

this corresponds to a flame travelling at the speed of sound in room-temperature 

air. Under such conditions, the combustion time scale and pressure equilibration 

time scales overlap indicating the possibility of local momentary pressure in 

excess of adiabatic combustion pressures. 

The IDC0R study considers the mixing processes to be sufficiently rapid compared 

to the time scale of the accident phenomena. However, ignition can occur prior to 

complete mixing. Thus, what is of concern is the growth of the volume of the 

flammable region, the concentration gradients within the flammable pockets and the 

presence of other flame acceleration mechanisms such as turbulence, obstacles and 

intercompartment venting. The study concludes that deflagration data for mixtures 

slightly within flammability limits result in low pressures and flame velocities. 

The forced convection due to fans and sprays, which the study concluded would 

increase mixing, has associated turbulence which would increase burning rate and 

the extent of combustion of these mixtures. 
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The NRC study and the EPRI study are some of the reviews which consider the 

hydrogen combustion effects. The computer code (MARCH) used for calculating 

pressures and temperatures caused by hydrogen combustion accounts for laminar as 

well as turbulent combustion. However, the formula used to determine flame 

acceleration appears to be based on one set of experiments. Its applicability to 

containment conditions does not appear to have been well demonstrated. Also, 

flame acceleration due to venting to adjacent compartments is not considered. 

The remaining study group reviews (Italian, French, and the Swedish) do not appear 

to include the effects of hydrogen combustion in their analysis. 

A few of the review groups have considered the effects of hydrogen combustion on 

the concentration of airborne radioactivity. The APS review includes the effect 

of combustion on the oxidation of aerosols and iodides to volatile species. The 

AKS study refers to oxidation of organic iodides. Other reviews do not appear to 

consider this effect. 

The effects of slow hydrogen burns such as diffusion flames on essential equipment 

survival is considered only by the IDCOR group. 

To conclude, many of the study groups have neglected the effect of hydrogen 

combustion on the source term. Several of them consider mixing to be rapid 

compared to the accident time scale which results in low hydrogen concentrations. 

However, during accident scenarios it is not possible to rule out nonuniform 

concentrations at least for a short time with potential for high flame speeds and 

overpressures. The effects of turbulence on the burning rate has been explicitly 

included only in a few reviews (IDCOR, NRC and EPRI). A few of the reviews 

mention the effects of combustion on the concentration of airborne radioactivity, 

although these effects do not appear to be included in the calculated releases. 

4.7.5 Containment Integrity With Regard to Hydrogen Combustion and Source Term 

4.7.5.1 Containment Integrity. 

4.7.5.1.1 PWR Dry Containments. These have a large volume (-3 x 10° ftJ) 

and a relatively high design pressure (-45 psig). The predicted failure 

pressure is two to three times the design pressure. Even a global H2-air 

deflagration (with no flame acceleration) in the containment is thus unlikely 

to cause failure since the concentration of hydrogen required is greater than 

25% (see figure 4.7.3) by volume which is much larger than likely concen-
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trations. The expected presence of steam further confirms that early failure 

due to hydrogen deflagration is unlikely in these containments. 

Transition to detonation is also unlikely because of the expected low 

hydrogen concentrations, the presence of steam, and the relatively open 

volume. Thus, it can be concluded that hydrogen combustion is unlikely to 

cause early containment failure. 

4.7.5.1.2 BWR Mark I and II Containments. These containments are inerted 

with nitrogen in the United States thus precluding hydrogen combustion. Such 

inerting is not practiced in some of the European BWRs. These containments 

have a high design pressure (about the same as or higher than for dry PWRs). 

However, since the containment volumes are small, and the steam is condensed 

in the suppression pool, flammable mixtures of hydrogen have to be expected 

early in an accident. 

4.7.5.1.3 BWR Mark III and Ice Condenser Containments. Ice condenser 

"containments have a relatively low design pressure (-15 psig) smaller volume 

than the dry PWRs. The amount of steam will likely be reduced in this type 

of containment by condensation, and thus the hydrogen mixtures will poten

tially lead to faster flames and higher peak pressure. Hence, this type of 

containment is equipped with deliberate Igniters. Large-scale tests 

indicate (16,17,35) that the hydrogen release may then be burned continuously 

resulting in diffusion flames with very iow excess pressures. 

4.7.5.2 Source Term. Hydrogen combustion directly affects the source term when 

releases through preexisting openings are estimated. For this situation, releases 

depend directly on the pressure transient and thus the combustion rate as deter

mined by the key factors including the various flame acceleration mechanisms. 

Thus, an increased understanding of these flame acceleration mechanisms is 

essential unless releases based on conservative pressure estimates are acceptable. 

The diffusion flames expected in the Mark III and Ice condenser Containments could 

act as long-term heat sources at high temperatures which may be of concern for the 

survivability of safety-related equipment required for accident control and 

management. The tests to be conducted in the quarter-scale Mark III containment, 

now being constructed for determining the expected temperature and heat flux, 

should help quantify the expected effect on the source term. 
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4.7.6 Recommendations 

The recommendations in the order of decreasing priority are: 

1. Source term estimate for preexisting openings should include 
the effects of combustion on the release. In this regard, the 
ignition time should be considered as a parameter since it 
will influence the amount of hydrogen burned. Also, the 
sensitivity of calculated releases to node size and number of 
nodes should be determined under combustion conditions. The 
combustion pressure transients for calculating releases should 
be conservatively estimated taking into account the influence 
of flame acceleration mechanisms such as turbulence, venting, 
concentration gradients and confinement. 

2. Source term estimates for preexisting openings should be 
updated by including the effects of hydrogen combustion on 
airborne radioactivity. It should be determined from models 
based on tests carried out to determine the extent of 
vaporization and oxidation of aerosols, oxidation of iodides 
and resuspension of aerosols from surface deposits. 

3. The models for hydrogen mixing should be assessed more 
extensively with relevant experimental data especially for 
large temperature gradients and temperature inversion 
conditions. 

4. The diffusion flame test results in the quarter-scale BWR 
Mark III containment should be used to ascertain the 
survivability of safety-related equipment. 

5. The models for turbulent combustion and multicompartment 
burning should be assessed more extensively with relevant 
experimental data. 
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Table 4.6.1 
Iodine Removal—Comparison of Test Conditions 

Iter 

l.Test vessel 

Material 

5i2e 

Voluse 

2.Voluae of 

spray tank 

3.Type of spray 

nozzle 

Nusber of 

noz2\tg 

4. Heat ins of 

test vessel 

5.Iodine 

injection 

KSPP 

Stainless Steel 

3.0s(dia.)x4.6»H 

38 s 3 

0.3B t 3 

3713 

1 

Steas injection 

I j * 1 3 1 ! (swept 

by carrier air) 

CSE 

Carbon steel(painted) 

7.6s(dia.)x20aK 

750 s 3 

7.6 s 3 

3/4 7C3.3/8 A20, 

3/8 A50 

3 or 12 

Steas injection 

»*4-Cs*+U02sixed 

aeroso l (swept 

by steas) 

*:labeled by 

rad ionuc l ide 

JAERI Model CV. 

Stainless Steel 

7s(dia.)x20«H 

708 » 3 

BO « 3 

IEX-554L-IC 

6 

SteaB injection 

l 2 or l241 3 1 l 

(swept by N-

sas) 
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Table 4.6.1 

Iodine Removal—Comparison of Test Conditions (Continued) 

Itea 

S.Saaplint of 

iodine 

Cas phase 

" 

Liquid phase 

7.iodine 

aeasureaent 

aethod 

8.Nuaber of 

tests 

KSPP ' 

ttaypack saapler 

( 2ch ) 

Water saapler 

Radioactivity 

aeasureaent 

17 

CSE 

ttaypack saapler 

( Uct» ) 

Vater saapler 

-

Radioactivity 

aeasureaent 

-

7 

JAERI Model C.V. 

ttaypack saapier 

( 4ch ) 

Water saapler 

(•Water concent

ration vessel) 

X-ray fluorescence 

analysis or radio

activity aeasure-

aent 

2 

RCV/k11/W30-3378e 
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Table 4.6.1 

Iodine Removal—Comparison of Test Conditions (Continued) 

Itea 

S.Free gas phase 

volute : V 

10.Spray noz2le 

height : H 

11.Spray flow 

rate : F 

12.Spray f lux 

: FH/V 

* 
13.Initial gas 

phase tempe

rature 

U.Tape rature 

of spray 

KSPP 

38 B 3 

4.5 c 

3.4 a2/hr 

0.40 a/hr 

130* C 

ROM temperature 

CSE 

594 m* 

11.7 • (average) 

2.8^-32 i 3 /hr 

0.057^0.59 »/hr 

120* C 

S2*C or root 

temperature 

MERI Model C.V. 

708 • * 

15 t 

21 «Vhr 

0.44 «/hr 

125* C 

70 *C 

RCV/kll/W30-337Be 
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Table 4.6.1 

Iodine Removal—Comparison of Test Conditions (Continued) 

Ilea 

15.Initial 

pressure 

16.Spray period 

f» Fresh spray -

[•Recirculation 

spray 

n.Quality of 

spray water 

IS.Initial 

iodine concent

ration in ess 

phase 

HSPP 

4.2 k j f / e s 2 

(Air at lata + 

saturated stems) 

J6 sin 1 tor S 

1 0 J tests 
|6 sin \ for 12 

(4 8hr I tests 

Borax I boric 

acid(B=3000poa) 

*MaOH,PH=7.2^ 

9.4 

or water 

100 i s / * 3 

CSE 

s u e as left 

[3—60 sin 1 for 6 

\o—60 sin J tests 

J40 sin \ for 1 

120 hr J test 

Borax : boric acid 

(6=525-3000ppt) 

+H»0H,PH=9.5 

or boric acid 

(B=3000pp«,PH=5.0) 

160 « / a 3 

JAERI node I C.V. 

sase as left 

i 

(50 sin ) for 2 

l25 hr J tests 

Borax : boric acid 

(B=2450pps)+ftaOH 

PK*9.5 

or boric acid 

(B=2500ppa) 

41 « j / « 3 

i 

RCV/kll/W30-3378e 
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Table 4.6.2 
Test Results (Removal of Inorganic Iodine by Borax Spray) 

Fresh spray sode 

lie* 

Partition 

coefficient* 

Ratio of iodine 

reduction rate 

( XsCE)/ JvsCC» ' 

General tendency 

• 

KSPP 

•100,000 

2 

CSE 

•10,000 

1 

Iodine reduction 

rate is very high 

until the iodine 

concentration in 

(as phase reduces 

1/100 of initial 

s t i l e . 

MERI Hodel C.V. 

. 

(not aeasureti) 

0.66 (half l i fe 

of iodine reduc

tion s 37 sec) 

sase as left 

• 

* partition coefficient is defined as the ratio of iodine concentration 

in liquid phase to that in {as phase . 

RCV/k1VW30-337Be 
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Table 4.6.2 
Test Results (Removal of Inorganic Iodine by Borax Spray) (Continued) 

Recirculation «pray «ode 

Ilea 

Partition 

coefficient 

Ratio of iodine 

reduction rate 

UsCE)/ Xs(C» 

General tendency 

KSPP 

>10,000 

2 

OveralI dose re

duction factor 

is smal1er in 

recirculation 

spray «ode than 

in fresh spray 

•ode. 

CSE 

>10,000 

1 

iodine concentra

tion reduces to 

0.1 S of initial 

value after 1 day 

of recirculation 

spray. 

JAERI Model C.V. 

4,300. 

Iodine concen

tration reduces 

to 0.5 X of in

itial value 

after 1 day of . 

recirculation 

spray. 

* partition coefficient is defined as the ratio of iodine concentration 

in liquid phase to that in tas phase . 

RCV/k11/W30-3378e 
Revised 3/11/86 4-126 



- 215 -

* Table 4.6.3 

Predicted Decontamination Factors (DFs) for 

Particles in an Ice Compartment^ 

Aerodynami c 
Particle 
Diameter, 

in 
0.001 
0.01 
0.10 
0.40 
1.0 
2.0 

'4.0-
6.0 

10.0 
20.0 • 
50.0 

100.0 

(a) gas n o -

use A 

£.9 
1.4 
1.0 
1.0 
1.0 
1.1 
1.1 
1.4 
1.6 
6.1 

24.2 
55. S 

rate • IE.9 v?/i. 
10"* poise. 

(b) c • fraction of bed fi l led 
surface i 

(c) J • acle 

T 

Predicted 
Use b 

tF - 0.3 
*1 " Xo ' ° 

202.3 
10.4 
1.5 
1.3 
1.8 
3.7 

11.2 
40.7 
£2.6 

248.1 
1S2B.7 
6053.2 

« 253 IL; P » 
• 

«nth ice; F •• 
available for sedimer, 
fraction of ces that 

tation. 
is steam; i 

OF 

*1 * 

• 

1 at»; 

use I 
cF • 0.3 
0.5; XR - 0.05 

0 
203.1 

11.2 
2.3 
2.1 
2.6 
4.5 

12.0 
41.5 
63.5 

248.9 
1529.5 
6064.0 

v » 1.E x 

fraction of ice 

refers to inlet, o 
refers xc outlet. 
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Table 4.6.4 

Typical Accident Conditions for ESF Atmosphere C1ean-Up Systems 

in Light-Water Cooled Nuclear Power Plants (1) 

Envli omental Condition 

rraaaure aura* 

Hexiaua preaaure 

raxiaua temperature of influant 

Relative humidity er influant 

Average radiation lavai 
- For airborne radioactive materials 

for iodine buildup an adaorbmr 

Average airborne iodine concentration 
For alaaantal iodine 

For methyl iodide and particulate iodine 

Ataoephere Clean-up Syaten 

Primary 

Reault of initial 
bloadoan 

CO paig (410 kPa) 

2 6 W (13B«C) 

100 S plua 
candanaing aoiature 

ID* rada/hr 

109 rods 

100 mg/o3 

10 m g > 5 

Secondary 

Cancrally laaa v«* 
primary 

Atmospheric 

180»f <B2»C) 

100 S 

105 rada/hr 

109 rede 

10 «9/a3 

1 mg/a3 

Table 4.6.5 

Current Knowledge of HEPA Filters 

Operational Parameters 

Preaaure Differential 

Vibration 

High liuaidity ) 
Free Water ) 

Chemicals 

Radiation 

Température 

Loading Capacity 

Extant of 

New 

Normal 

VC 

C 

F 

f» 

C 

c 
c 

Accident 

Knowledge* 

Aged 

Normal 

F 

MX 

NX 

NX 

P 

HE 

P. 

Accident 

NX 

NX 

NX 

NX 

NX 

NX 

HZ 

• VC - Very Coed. 
C > Good 
F - Fair 
f • Poor 
NE • Non-Existent. 

e i s known on any combinat ion of e x t r e a e v a l u e s of th 

RCV/kll/W30-3378e 
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Table 4.6.6 

Current Knowledge Regarding Carbon-Based Iodine Adsorbers 

Operational Parameters 

Presaurt Differential 

Vibration 

High Hueidity/Free Water 

Chemical» (Poisoning) 

Radiation 

laeperature 

Loading Capacity 

Extent or 

Mew 

Norul 

vc 
vc (usO 
P (Others) 
VC 

P 

VC 

vc 
VC 

Accident 

C 

VC (USA) 
P (Others) 

VC 

p 

VC 

fi 
r 

Knowledge* 

Aoed 

Nomal 

C 

HE 

F 

P 

VC 

F 

F 

Accident 

C 

NI 

• VC • Very Coed 
C • Coo* 
r • fair 
t » Poor 
NE • NotfbcUtant. 

L i t t l e i s known about combinations of ex trene va lues of these p a r e -
e i e t e r s . 

RCV/kll/W30-3376e 
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c&AVirr pes IXSEXVOXK 
CQKTxXUttVT 

SATZtt VXLTCS 
* 

TOXV 

IXTUM 

CSI - Caataiaaaat Saray Xajeetiea 
LMS • Low friiiuM Xajacciaa Syacaa 
M7XS - High Praaawra Xajacciaa Syacaa 
CSK - Centaiaataat Saray lacireulatiaa 
XWST - lafaaUat. U«tir Scaraga Taak 
CSVX « Cantaia»aac Spray Uaac txeaaafar 
t.»V - laactar frtitvrt Vaaaal 
ACC - «.acuamlater 
FOfcy - »ew«r Oaaracaa ftaliaf Valva 
a * •* rwaa 
CXD - C a a c r e l l e d B r i v e a 

Figure 4 .6 .1 . PWR - ESFs (Ref. 2) 
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0 
© 

RK1 - COKXAXKXEKT STRAY 

U E T U E U H 
SVTT. 

STEAM TO TTOTKE 

COKDEKSATE ITTBRH 

O S SAFETY 
VALVES 
ASS 
VALVES 

«TICS "J STEAK 
t\ LIKE 

2-*-g 
« 

DKYWEU. 

RKX. ^ 
surnxssTA 
root y 
COOLWCA 
s \y r 

t 

CDNOEKSATE 
STORACE TANK 

RKi 

Lra 

SERVICE UATttt 

MFCS - Kijh frtnuri Cert Stray 
LPCS - Lew Fressure Cere Spray 
f - tuup 
fcHR - Residual Heat leaoval Systee 
KX - Heat Exchanger 
LfCI - Low fressure Coolant Injection 
tCICS- Reactor Cere Isolation Cooling Sycte* 
T - Tureine 
RfV * Reactor fressure Vessel 
CRD • Centre 1 Roe drives 
ACS - Autea*tie Denressurisatien Sysces 

Figure 4.6.2. BWR - ESFs (Ref. 2) 
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1545 1*25 

Figure 4.6.3. Cesium Removal by Sprays in 

Containment Systems Experiment (Ref. 2) 
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Figure 4.6.4. Sectional Elevation View Showing the Ice Compartment 

and Containment Region Boundaries (Ref. 13) 
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TURNING 
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STEAM 
GENERATOR 

LOWER 
INLET OOORS 

Figure 4 . 6 . 5 . Isometric View of Ice Basket Arrangement (Ref. 13) 
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£ 60 
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0 4.7" CHANNEL 
T 5.8" CHANNEL 

V 6.9" CHANNEL . »" 

&&> 

10 20 30 40 SO SO 70 80 80 100 
PREDICTED EFFICIENCY 

Figure 4 . 6 . 6 . Comparison of Predic t ions With Measurements of 

12 Removal Reported by Melinowski (Ref. ID) 
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le e ol j 
I 

OOP 4 Rafcigmt Ltafc T«tng Com. (T»p) 

(DHHMT&t 

f70*RH 

Figure 4.6.7. Air Cleanup Unit (Réf. 11) 

,Gra«ti filter: 
VofcHiw 
10 000 «r* 
d " 2 0 m 
h - 4 0 m 
Sura « in 
2S-3Smm 

DrymmH 

FP3 

1 1 

1 • t I - U1 

Shutef f vatvt 

Figure 4.6.8. Schematic Drawing—Filtered Venting of Reactor Containment 
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100 — — Upward Propagation at 100* C 

• Upward Propagation at 200*C 

— — Downward Propagation at 100*C 

* Downward Propagation at 200*C 

Air CI) • 100 - K2 CZ) - H20 (2) 

Steam Concentration, vol. (I) 

Figure 4.7.1. The Flenimability Limits for Hydrogen-Air-Stearr, 

Mixtures at 100°C and 200=0 
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STEAM CONCENTRATION , N 
/ \ 

o: o.o •/• / o \ 
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- t 
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VOLUMETRIC FRACTION OF HYDROGEN 
Figure 4.7.2. Laminar Burning Velocities of 

Hydrogen-Air-Steam Mixtures at 200°C 
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Section 5 

OPERATOR ACTIONS 

5.1 INTRODUCTION 

The behaviour of various individuals involved may strongly influence the start and 

the course of an accident. 

First of all, the control room operators may commit diagnostic or manual errors 

or, conversely, correct an abnormal plant situation (operator error and recovery). 

In case of malfunction of safety systems once an accident has been initiated, 

plant personnel and external support staff may succeed, if enough time is 

available, in restoring system functionability (repair). 

On the basis of the conclusion drawn from recent source term studies and from 

operating experience, it seems that recovery and repair actions by the operating 

crew and by external backup personnel have not received an adequate recognition in 

the analysis of accident sequences in all countries. 

The IDCOR project, 1n particular, has demonstrated that various repair actions are 

possible and highly effective for all of the dominant sequences. 

Operating plant personnel action, with support from the outside in case of 

emergencies, is a realistic expectation. Both good judgment and experience 

Indicate that, given time, operating and maintenance teams are a powerful and 

decisive safety factor. 

The above statement is especially true if emergency procedures and tools are 

available at the plant together with state-of-the-art training on Severe Accident 

Mitigation. 

W30-3378f/NPD/ejc 
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5.2 SURVEY OF NATIONAL POSITIONS ON THE ROLE OF PLANT EMERGENCY ACTIONS IN 
THE CASE OF A SEVERE ACCIDENT 

5.2.1. The Various Kinds of Operating Procedures 

All countries consider operating procedures based on original DBAs. Nevertheless, 

efforts are currently being made to supplement such procedures to account for 

Intrinsic improvements in the plant safety. Some procedures even address the case 

of failures of safeguard systems. 

All countries also envisage the possibility of new kinds of procedures addressing 

both design basis and beyond design events. These procedures now being developed 

are not based on recognition of pre-identified accident sequences, but rather rely 

on the analysis of a set of symptoms in the plant and on the identification of 

available means to bring the plant back to a safe state. 

In many countries this new approach to plant operator actions is merely at a study 

level. Finland, France and the United States have implemented such symptom-based 

procedures to varying extents. 

5.2.2 Failure Modes 

All countries consider the possibility of failures of safeguard systems. More 

specifically, provisions are made to cope with situations such as the ATWS, the 

loss of heat sink, the losses of the main and auxiliary feedwaters, of the S.G.s, 

and the total loss of power. Some countries add to the previous list the failure 

of the high pressure injection system, of the low pressure injection system— 

whether in the direct or in the recirculation mode of operation—with or without 

the simultaneous failure of the containment heat sink. 

5._2.3. Remedial Actions 

5.2.3.1 Technical Means. All countries agree to make the best possible use of 

all existing means related to the plant design, whether they are classified as 

safety devices or not. 

All countries also agree on some limited design improvements such as some 

instrumentation developments or better control room ergonomics. The latter 

includes the use of a safety panel with more or less sophisticated piloting aids. 

Some countries are considering the addition of supplementary preventive means such 

as: an improved protection of sensitive systems against external impacts (FRG), 

5-2 
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the protection against sabotage, the use of mobile external support means (FRG, 

France), and some specific backup systems. The United States Intends to judge the 

advisability of such additions on a cost-benefit basis. . It is generally agreed 

that these supplementary means do not have to comply with the stringent rules 

edlcted for design basis situations. 

5.2.3.2 Staff Organization. All countries intend to have, or already have, a 

specific organization to respond in the event of a severe accident. 

In some countries, the shift supervisor can only rely on on-call personnel. In 

other countries, the shift supervisor has to pilot the plant according to event-

related procedures, whereas a shift engineer analyzes the resulting plant 

behavior; such an engineer will make the decision to shift to procedures based on 

a set of symptoms 1f the previous event-related procedures do not work as 

expected. When the situation seems to call for it, the head of the plant puts in 

place an on-site technical backup group, made up of people from the plant, 

supported by external experts. 

In any case, the head of the plant has the full responsibility for making the 

final decisions as regards on-site accident management, he usually stays in a 

command room, connected with all the administrative authorities. 

5.2.4 Core Melt Accidents 

For those situations where preventive actions have failed—when the reactor core 

is highly, degraded or already melting—most of the countries envisage mitigation 

measures, so as to limit external releases of radioactivity. 

For the implementation of such measures, the Une personnel has to be educated on 

the severe accident phenomenology and on the expected effects of specific 

emergency actions on the course of the accident. This is currently done in the 

Germany, 1n France and in the United States. 

In addition, some specific operating procedures are under study (FRG, USA) or 

already have been approved (France) to control external releases. An example of 

the latter is the French U5 procedure which relies on the operation of a sandbed 

filter system to limit and monitor the release of radioactivity when the 

containment is vented. 

W30-3378f/NPD/ejc 
Last Rev. 09/25/86 

5-3 



- 232 -

5.2.5 Procedure Validation 

In all countries, projected operating procedures or methods in the case of 

accidents are carefully examined and checked. In most countries they have to be 

approved by the safety authorities. 

Simulators are already playing and will play a large role in the validation of all 

the technical and human facets of plant operation for conditions that do not 

involve significant core degradation. All countries are interested in advanced 

simulators able to represent primary system behavior for all accident cases. Such 

simulators will be soon in operation in the FRG, Finland, France and the USA. 

All countries also conduct exercises involving reactor accident simulations. Some 

are limited to plant salvage and release limitation considerations while others 

involve all intervening parties, including the civilian authorities. 

5.3 OPERATOR ACTION RATIONALE 

The deterministic approach used for the design of NPPs usually identifies the 

following four classes of operating conditions: 

I. Normal operation and transients; 

II. Incidents of moderate frequency; 

III. Improbable accidents, such as small LOCAs (primary 
system); 

IV. Hypothetical accidents, as large LOCAs (primary system). 

Associated with these defined conditions are estimated annual probability of 

occurrence and associated allowed radiological consequences. 

For example, French designers use the following indicative table: 

Radiological 
Consequences 

authorized releases 

5 mGy whole-body dose 

0.15 Gy whole-body dose 

Class Annual Frequency F 

I and II 10"2 < F 

III 10-4 < F < K T 2 

IV 10"5 < F < 10"4 

W30-3378f/NPD/ejc 
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For these events the plant design is expected to ensure a proper achievement of 

the following basic safety requirements: 

• reactor scram, cooling down and maintenance in a safe state; 

• radioactive matter confinement. 

Sets of operating procedures have been established for the above classes of 

accidents taken into account in the reactor design. 

Beyond the aforementioned four classes of operating conditions lies to so-called 

beyond-design domain. 

The question is whether the remote probability events of that realm—which 

nevertheless can result in severe consequences—are to be investigated or not, 

and, if so, in what way should they be considered. 

Some elements of an answer can be provided once a safety objective has been set. 

The evaluation process still remains difficult to put into practice due to 

significant shortcomings in our current knowledge. 

In various countries, a probabilistic approach has been used 1n the beyond-design 

domain so as to identify possible "weak points" in the design for which provision 

could easily be made by means of minor modifications and/or adequate staff 

actions. 

In the United States, certain industry groups, such as IDCOR, are presently 

performing significant work on possible additional technical guidance for degraded 

core accident management. Besides, the current Emergency Procedure Guidelines 

(EPGs)—as required by NUREG-0737, supplement 1—are not limited to coping with 

the traditional design basis events (LOCAs, SGTR, etc.) but also consider multiple 

failures to various degrees. In particular, the focus in all cases is on 

maintaining or restoring certain key symptoms (or critical safety functions) to 

their preferred states. 

In France, significant consideration is given to the following beyond-design 

situations: 

• Loss of redundant systems; 

Unanticipated events: how to prevent severe core degradation; 
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Severe core degradation: how to control the releases of 
radioactivity and make them compatible with the Off-Site 
Emergency Plan and with acceptable long term consequences. 

The relevant studies resulted in the definition of some emergency procedures 

(H and U procedures), some of them implying the addition of new, but inexpensive, 

safety features to the current design. 

5.4 OVERVIEW OF THE U.S. EMERGENCY GUIDELINES 

5.4.1 General 

Emergency Operating Procedure Generic Technical Guidelines have been developed by 

Owners' Groups representing the four Nuclear Steam Supply System (NSSS) vendor 

types for use in developing plant-specific Emergency Operating Procedures 

(EOPs). Each Owners' Group, Babcock and WHcox (B&W), Combustion Engineering 

(CE), General Electric (GE), and Westinghouse (W), have taken a different approach 

to preparing a program for EOPs, but the guidelines are all based upon a similar 

concept. 

When parameters monitored by control room operators approach degraded conditions, 

the guidelines provide the operator with guidance on how to verify the adequacy of 

critical safety functions by using parameter measurements and how to restore and 

maintain these functions when they are degraded. 

5.4.'2 Combustion Engineering 

The CE Owners' Group approach to Emergency Operating Procedure Generic Technical 

Guidelines divides emergency situations into two types. The first type is general 

events (e.g., LOCA, SGTR) that are recognizable by correlated symptom sets and can 

be readily and accurately diagnosed. Since these types of events have been well 

analyzed and understood, it is possible to write emergency procedure guidelines to 

optimize the recovery. For these events, Optimal Recovery Guidelines (ORGs) are 

provided to strategically address symptom sets. The second type is emergencies 

not easily recognized by a symptom set. This could be due to errors in symptom 

assessment by the operator, multiple and simultaneous failures in the plant, 

unanalyzed events, or instrumentation failures. A Functional Recovery Guideline 

(FRG) is provided for these situations. In case of a misdiagnosed event and 

subsequent selection of the wrong ORG, each ORG provides for diagnostic 

confirmation and for critical safety function checks. Thus, if symptoms are not 

responding to treatments, or 1f the core is not being adequately cooled, the ORG 
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is exited and the FRG 1s Implemented. The FRG provides measures to restore the 

critical safety functions without event diagnosis. 

5.4.3 Babcock & Wilcox 

The Babcock & Wilcox Owners' Group Abnormal Transient Operating Guidelines (ATOG) 

approach uses heat transfer symptoms as the source of Information for operator 

action to assure adequate core cooling. The three basic heat transfer symptoms 

are lack of subcoollng margin, overheating and overcoollng (SGTR 1s handled as a 

special case). These three heat transfer symptoms are subgroups of control 

functions which are reactor core coolant inventory and pressure, and steam . 

generator inventory and pressure. If control of one of these four functions is 

lost, primary-to-secondary heat transfer will be affected, thereby disrupting one 

of the three heat transfer symptoms. Therefore, when a heat transfer symptom 

appears, one or more of these functions are not being properly controlled. 

Regaining control of the four control functions will restore controlled core 

cooling. The basic philosophy relies on restoration of stable controlled safety 

functions rather than immediately diagnosing the cause of the problem (event). 

5.4.4 General Electric 

General Electric Owners' Group BWR Emergency Operating Procedure Technical 

Guidelines are the most symptom-oriented set of vendor guidelines. These 

guidelines are divided into four major areas: Reactor Pressure Vessel (RPV) 

Control, Primary Containment Control,.Secondary Containment Control, and 

Radioactivity Release Control. 

Operations using the RPV Control Guidelines maintain adequate core cooling, shut 

down the reactor, and reduce the reactor coolant system temperature to cold shut

down conditions. The Primary Containment Control Guideline protects equipment in 

primary containment. The Secondary Containment Control Guideline maintains 

primary containment integrity and protects equipment (such as control rod drive 

and emergency core cooling systems) in the secondary containment, limits radio

active releases to the secondary containment, and either maintains secondary 

containment integrity or limits radioactive releases from the secondary 

containment. The Radioactivity Release Control Guideline limits release of 

radioactivity into areas outside the primary and secondary containments. Entry 

into the guidelines may be caused by an abnormal event that may degrade into an 

emergency. Therefore, entry into a guideline is not necessarily indicative of an 

emergency that already exists. 
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5.4.5 Westinqhouse 

The Westinghouse Owners' Group (WOG) approach is based on (1) Optimal Recovery 

Guidelines (ORGs) and (2) Function Restoration Guidelines (FRGs). If diagnosis of 

the event can be readily made, the operator uses the appropriate ORGs to return 

the plant to normal conditions. During the recovery from a known event, the 

operator monitors all critical safety functions, using Critical Safety Function 

Status Trees to assure that all safety functions remain within acceptable 

bounds. The coordinated use of the guidelines provides a means of continuously 

monitoring the plant critical safety functions (through use of the Status Trees), 

permits optimal plant recovery (through use of the ORGs) and directs systematic 

operator response to conditions outside the areas covered by the ORGs (through use 

of the FRGs). 

5.4.6 Status 

NRC staff review of the proposed emergency guidelines for the four Owners' Groups 

has been completed. The staff SER for BWRs was completed during the first quarter 

of FY83. The SERs for the three major PWR Owners' Groups were completed during 

the third and fourth quarters of FY83. A summary of SER findings for each of the 

four vendors is as follows: 

1. General Electric -

2. Combustion Engineering 

3. Westinghouse -

4. Babcock & Wilcox -

Acceptable for implementation. Open 
issues have been identified for 
longer term resolution. 

Acceptable for implementation only 
after being updated with reactor 
vessel level instrumentation. Also, 
open issues have been identified for 
longer term resolution. 

Acceptable for Implementation. Open 
issues have been identified for 
longer term resolution. 

Acceptable for implementation only 
after being updated with additional 
ATWS and natural circulation cool down 
guidance. Also, open Issues have 
been identified for longer term 
resolution. 
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5.5 OVERVIEW OF THE PHILOSOPHY IN JAPAN ON REACTOR OPERATION MANAGEMENT 

The following philosophy is adopted for the management of reactor operation which 

is specific to Japan. 

In order to clarify the responsibility of management of reactor operation and to 

maintain technically qualified personnel for the reactor operation, the government 

gives a qualifying examination to each chief nuclear engineer who 1s to have an 

advisory and supervisory role over the utility management to maintain reactor 

safety. In addition to the aforementioned examination for chief engineers, a 

certificate has been issued since the TMI-2 accident for qualified shift 

supervisors who are 1n charge of operators in the control room. The utility is 

required to have a licensed chief nuclear engineer for each reactor site (of 

multiple units) and a qualified shift supervisor for each shift crew of reactor 

operation. 

Regular inspection and maintenance have been made with maximum care by 

implementing the concept of preventive maintenance 1n order to maintain the high 

standard of safe and reliable operation of nuclear power plants in Japan. Annual 

inspection which includes disassembly is required on the important components so 

as to ensure safe operation as well as a continuous supply of electricity. 

Voluntary inspection of various components and equipment by the utility is a 

common practice in Japan for early diagnosis of component malfunction, earlier 

repair of the failed component and confirmation of normal function of each 

component. 

Education and training of operators and maintenance workers are being performed by 

the owner of the reactor with the use of a training simulator, an engineering 

mockup and other aids. The fact that permanent employment is common practice in 

Japanese society is believed to be one of the contributors to maintaining the high 

quality of the operators and workers. 

In order to further enhance safe operation of a reactor, several developments are 

being made. One example is the development of the operator supporting system in 

which a newly designed CRT is utilized for easier recognition and judgment of the 

plant conditions by operators. Another example is the development of a three-

dimensional nondestructive examination technique for achieving higher accuracy. 
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5.6 OPERATOR ACTION IN FRANCE 

5.6.1 Introduction 

The origin of the work which ultimately resulted in the establishment of emergency 

operating procedures for severe accident management can be placed in 1980. After 

discussions between the safety authorities and the utility Electricité de France, 

the need was recognized to consider "beyond design basis" or "at the limit of 

design basis" accidents in connection with the implementation of feasible off-site 

emergency plans. 

5.6.2 Safety Objective for the Protection of the General Public 

In France the following safety objective is prescribed by the safety authorities 

for the protection of the population: 

"The design of a nuclear unit comprising a PWR should be such, that the overall 

probability that the said unit can induce unacceptable consequences to the public 

will not exceed 10~6 per year." 

Such a probability level is to be understood rather as an order of magnitude than 

as a strict limitation. 

"Unacceptable consequences" implies that efficient steps have to be taken for the 

protection of the general public. These include short-term actions intended to 

safeguard human health and life, such as confinement and/or evacuation, which are 

part of the Off-Site Emergency Plan. Longer term effects, i.e., health and 

property damage, must also be considered. Presently, in France, there are no 

regulatory limits to the absorbed dose requiring public confinement or evacuation. 

Medical experts estimate that actions must be determined on a case-by-case basis 

referring to an individual whole-body dose for evacuation ranging from 0.05 to • 

0.5 Gy. 

To warrant a good chance of success 1n Off-Site Emergency Plan implementation, 

this must be based on reasonably feasible actions such as: 

A time span of 12-24 hours for evacuation, which implies that 
no major reactor containment loss of tightness will occur 
during that time; 

The emergency operations must be limited to a reasonable area 
downwind of the reactor site. In France, evacuation is 
commonly envisaged within a 5-km radius and confinement is not 
usually considered farther than 10 km from the site; other 
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choices are possible, depending, in particular, on population 
density distribution; 

• The previous protective actions must be sufficient for the few 
days following the actual release of the bulk of the 
radioactivity, that is, no late major protective action should 
be taken to supplement the earlier ones. 

Such constraints in relation with the Off-Site Emergency Plan feasibility, as well 

as limitations of individual whole-body exposures, result 1n an upper bound for 

the amount of radioactivity to be released to the environment (source term). 

In France, according to the proposed size of the emergency zones and the above 

tacit whole-body dose restrictions, this upper limit for the source term is known 

as S3 for standard weather conditions on most of the French sites. The S3 limit 

corresponds to a delayed release (- one day after the onset of the accident) of a 

few thousandths of the initial core Inventory of I and Cs, and of 100% of the 

noble gases. 

5.6.3 Corollary Design Safety Objective for Core-Melt Prevention 

As a corollary to the above risk objective, a secondary objective was set up by 

the French safety authorities as regards the rules for taking into account or not, 

in the design of the plant, the potential threat presented by certain "groups of 

events" as they can be identified in the event trees; this objective is stated as 

follows: 

"When a probabilistic approach is to be used to assess whether a group of events 

should be allowed for in the design of a unit, 1t should be assumed that this-

group of events must be allowed for if the probability that 1t may lead to 

unacceptable consequences exceeds 10"' per year." 

As similarly stated for the risk objective for the population protection, the 

"10 per year" level is to be considered as an order of magnitude rather than as 

a strict threshold. 

"Unacceptable consequences "currently refers here to extensive core damage 

resulting in reactor vessel melt-through. No assumption is made on containment 

efficiency in the application of this objective. 

W30-3378f/NPD/ejc 
Last Rev. 09/25/86 

5-11 



- 240 -

As a consequence of this corollary design safety objective for core-melt 

prevention, it appears necessary to assess the consequences of the total loss of 

those systems which are important for the plant safety. 

A list of reference accident situations has been established for the reactor 

designers. As mentioned in S3, the accidents are classified by categories, 

depending upon their estimated probabilities. The engineered safety features, 

which are intended to avoid unacceptable consequences both in the short-term 

(automatic action) and in the longer term ("A" operating procedures in France) — 

should the worst of these situations occur—are designed using, in particular, the 

single failure criterion. 

Example of French "A" operating procedures: 

A.1.1. : small break LOCA in primary circuit 

A. 1.2.' : large break LOCA in primary circuit 

A.2.1. : steam pipe break outside the containment, 

A.2.2. : steam pipe break inside the containment (primary 
circuit cooling maintained), 

A.2.3. : feed water pipe break inside the containment (with 
an increase in primary circuit temperature), 

A.3. : steam generator tube rupture 

A.8. : rapid primary pressure drop caused by pressurizer 
LOCA. 

However, a probabilistic analysis made in France of the reliability of these 

systems has pointed out the necessity of taking some limited complementary steps, 

if the above design safety objective is to be attained. These are: 

• either an increase in the redundancy and/or diversification of 
some systems concerned; 

or the addition of complementary safety features intended to 
allow for the implementation of the so-called "H" operating 
procedures. These procedures are aimed at preventing a major 
core degradation by stabilizing the situation at a safe level 
during a period of time sufficient for the recovery of the 
failed function. 

5.6.4 The "H" Operating Procedures for Core-Melt Prevention 

Although the "H" procedures are design specific, the approach for establishing 

them is somewhat general. The application to the French designs is given below. 
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Other possible Implementations may exist or be projected, but could not be 

reported here due to the lack of Information. 

The "H" operating procedures, which result from the comparison of reliability 

studies with a stringent safety objective, are at the limit fif the design which 

means they presently do not comply strictly with normal design rules. 

Due to this fact and also to uncertainties linked with human factors, the 

probability of failure of a particular H procedure cannot be assessed at less 

than 1CT2 per reactor-year. This means that the implementation of an adopted H 

procedure allows the corollary design safety objective of 10"' per year to be 

satisfied 1n the case of a series of failures that would otherwise result in an 

extensive core damage with a probability of occurrence possibly as high 

as 10 per reactor-year. 

Up to now five H procedures have been defined 1n France for the following 

categories of events: 

• Loss of external heat sink (H^; 

Total loss of main and auxiliary feedwater to the steam 
generators (H2), 

Total loss of off-site and on-site power supplies (H3); 

Long-term failure of a vital safety function in case of a 
LOCA (H 4); 

Flood exceeding the millennial flood level, for some river 
sites (H5). 

As an example, the response to a loss of feedwater in the steam generators 

(Hg procedure) consists in a voluntary opening of the three pressurizer relief 

valves as soon as the steam generators are dry. The safety injection is 

automatically actuated. The containment spray is started either automatically 

when the containment pressure reaches a given upper limit, or manually according 

to the evolution of the containment temperatures. 

If a feedwater system is recovered, the relief valves are closed and the safety 

injection stopped. If the feedwater remains unavailable, the decrease of primary 

system temperature and pressure makes it possible, after a time Interval which 

depends on the decay heat, to use the shutdown cooling system (RPA), to stop the 

safety injection and to close the relief valves. 
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Finally the reactor is put in the cold shutdown state. The containment spray 

system is deactivated as soon as the containment pressure decreases below a given 

pressure. 

5.6.5 The Ul Ultimate Operating Scheme for Core-Melt Prevention 

Procedure Ul must allow the best use of all available means, once procedures based 

on event diagnosis prove faulty to ensure optimum cooling of the Nuclear Steam 

Supply Steam (NSSS) and to prevent, limit, or retard severe radiological 

consequences. 

The following steps are necessary to achieve this objective: 

Definition of criteria that make it obvious that procedures 
based on events cannot be applied or are no longer effective; 

• Implementation of human resources and equipment for the purpose 
of monitoring and detecting the crossing of setpoints. 

Specification of actions to be carried out for the specific 
situation. 

Once a significant incident has occurred, such as an emergency shutdown, it 

appears beneficial to carry out a duplicate simultaneous continual diagnosis 

outside the operating team following a logical process which is not related to the 

"event oriented" procedure currently going on: 

The shift Safety Engineer is called to the control room to 
provide human redundancy and an independent diagnosis; the 
operators would in fact have some difficulty in modifying their 
original judgment because they are engrossed by their diagnosis 
and absorbed by the work of operation; 

The shift Safety Engineer's diagnosis is based on the analysis 
of the NSSS cooling state, the availability of the safeguard 
system, and by monitoring the sub criticality of the core and 
radioactivity of the containment. 

This results 1n a three-stage procedure (figure 5-1): 

Post-incident supervision that allows the Safety Engineer to: 
check that the system is following the initially diagnosed 
sequence; to ask the operator to carry out limited comple
mentary action or some work of restoring the system; and (as 
needed) to give orders to abandon the procedure and apply Ul. 

Procedure Ul itself which lays down actions appropriate to the 
status of the NSSS and of the safety systems; 
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Permanent ultimate supervision that the Safety Engineer carries 
on after applying Ul and which allows continuous monitoring of 
the system status. 

Following the decision by the Safety Engineer to apply Ul, the operator takes all 

the action specified for each of the NSSS states which are defined by functional 

and physical criteria. 

For example, if no steam generator is available, the operator opens the 

pressurizer relief valves in order to lower the primary system pressure, to 

increase injection flow rate, and to attempt cooling by "Feed and Bleed." 

Moreover, actions for restoring the safety functions are specified in Ul with the 

purpose of: 

Restoring system availability by local repair, 

• Restoring the functions by any available means, calling in 
other systems or modifying the circuit configuration. 

As soon as the decision is made to apply Ul, the Safety Engineer abandons post-

incident supervision (SPI) and undertakes permanent ultimate supervision (SPU). 

The purpose of SPU is to supply uninterrupted redundancy of diagnosis of the NSSS 

state in order to confirm to the operator the action he has to carry out. 

To facilitate implementation of procedures SPI-U1-SPU, computer aids are being 

developed. These aids are accessible via the safety panel and the Safety Engineer 

is provided with his own console to carry out the work. 

A preliminary version of procedure Ul is currently enforced on all 

French 900 MW(e) PWRs. 

5.6.6 The "U" Emergency Procedures for Consequence Mitigation of Class-9 

Accidents 

If the U^ operating scheme fails, it is clear that the containment, which is 

designed to withstand the consequences of specific design basis accidents, 

possibly will not be able to support all severe conditions resulting from a core 

melt-down. This is the reason why a subsidiary safety objective has been defined 

in France, which can be summarized as follows: 
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"In the case of a core-melt, the containment should constitute an ultimate U n e of 

defense which would reduce, with a reasonable probability, the radioactive 

releases in the environment at a level compatible with a feasible Off-Site 

Emergency Plan." 

In the treatment of very severe accidents, we have to rely on the knowledge of the 

physical phenomena which govern the propagation of damage in core, and on the 

analysis of accidental sequences leading to containment failure. 

This is a field where Intense research is being carried out around the world, and 

where more work is still needed before we can reach final conclusions. However 

the French approach is founded on the following assumptions: 

• A steam explosion, energetic enough to break the French large 
dry containment and lead to a very high radioactive release 
•within a few hours after reactor shutdown, is very unlikely 
indeed if not completely Impossible; 

Hydrogen explosions will not be able to cause significant 
impairment to the tightness of the containments used 1n French 
PWRs; this point results from the analyses, the French have 
made on the hydrogen risk. 

Containment isolation failures, which may result from leakage 
at penetrations or failure of isolation systems, must be taken 
into account. These potential leak paths are to be examined 
with care, as they presumably constitute major ways for the 
radioactivity to be released, although some retention is to be 
expected along these routes (e.g., in the auxiliary buildings). 
A specific procedure "uy has been proposed in order to detect, 
localize and repair any containment isolation failure. The 
final version of this U2 procedure should be enforced in a 
couple of months on the French 900 Mwe reactors. The contain
ment bypass mode due to interfacing systems is associated with 
this mode of leakage as are potential leak paths through faulty 
steam generator tubes. 

The basemat melt-through 1s the least improbable failure mode 
of the containment, but it is also the one which leads to the 
lowest radioactive release to the environment. It therefore 
satisfies the above subsidiary safety objective, except in some 
1300 MWe plants with double containment and a drainage system 
in the basemat, which could create some pathways for gaseous 
and volatile fission products towards the atmosphere. To 
prevent this unwanted phenomenon, the U4 procedure was proposed 
by the French utility and is still under examination by the 
safety authorities. 

Finally, depending on the assumptions made about the rate of 
erosion of the concrete and the corresponding gas production, 
one cannot exclude a slow but steady increase of pressure 
inside the containment, and, after some time, a loss of 
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integrity. The corresponding release of fission products is 
currently difficult to assess. As an extra precaution, it was 
decided in France to install on all French PWRs a sand-bed 
filter which would make possible some controlled and filtered 
venting of the containment. The target filtration efficiency 
for aerosols is a factor of 10. 

The U5 procedure, which will make use of this filter-vent system, aims at 

following objectives: 

to avoid uncontrolled loss of containment tightness; 

to reduce by a significant factor the release of radioactive 
materials in aerosol form; 

• . to conduct the filtered gas to the stack and use accident 
monitoring equipment to measure the amount of radioactivity 
released; 

• to mitigate the impact to the environment of a containment 
isolation failure—which could not be controlled by U2 
procedure—by creating a preferential leak path through the 
sand-bed filter; 

to avoid overpressurizing the containment in the event a source 
of water is restored for cooling the corium on the basemat. The 
containment pressure rise can be accommodated by venting through 
the filter. 

Specifications for the design of the venting system are as follows: 

• maximum gas flow rate: 3.5'kg/sec; 

typical gas composition: air (33%), CO? (33%), CO (5%), 
steam (29%); 

gas density: 4 kg/nr; 

• inlet gas temperature: 140°C; 

inlet pressure (before decompression in the pipes): 0.5 MPa; 

pressure drop through the filter: 0.01 MPa; 

pressure at filter outlet: nearly atmospheric; 

maximum airborne aerosol concentration: 0.1 g/nr; total 
amount: 5 kg 

• aerosol mean diameter: 1 urn; 

filtration efficiency: 10 (objective). 
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The filtering system—about 40 m2 1n surface area and .8 m of sand height—is not 

expected to constitute a heat sink large enough for the bulk of the steam passing 

through to be condensed. 

5.7 CONCLUSIONS 

Operating procedures aimed at core-melt prevention and consequence mitigation, 

should a severe accident occur, are currently at various stages of development in 

many countries. Their elaboration is design specific, and largely depends on the 

national policies as regards the maximum admissible risk to which the general 

public could be exposed for remote probability reactor accidents. 

In the United States, Emergency Operating Procedure Generic Technical Guidelines 

for use 1n developing plant-specific Emergency Operating Procedures (EOPs) have 

been developed by Owners' Groups representing the four Nuclear Steam Supply System 

vendor types. Each Owners' Group, Babcock and Wilcox, Combustion Engineering, 

General Electric, and Westinghouse, has taken a different approach to preparing a 

program for E0Ps<, but the guidelines are all based upon a similar concept. When 

parameters monitored by control room operators approach degraded conditions, the 

guidelines provide guidance to the operator on how to verify the adequacy of 

critical safety functions by using parameter measurements and how to restore and 

maintain these functions when they are degraded. 

In France, a reference source term (S3) has been identified which does not result 

in any significant damage to the health of the general public, insofar as the 

Off-site Emergency Planning is Implemented. The corresponding I and Cs releases 

are about a few thousandths of their inventory in the core. 

Due to the current uncertainties related to the assessment of best-estimate source 

terms for beyond-design accidents, provisions were made to comply with the above 

release limitation for I and Cs. This first resulted in the elaboration of the H 

and Uj operating procedures, aimed at core-melt prevention, the former being based 

on the classical event-tree/fault-tree analysis, and the latter on the real-time 

reactor cooling state identification. 

Should these preventive procedures fail, further ultimate procedures for 

consequence mitigation are currently examined by the French safety authorities. 

The principle of the vented/filtered containment has been approved in France and 

will shortly be implemented on all plants. Such an inexpensive safety feature 
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(sand-bed filter), which can reduce I and Cs releases by a factor of ten, is 

believed needed to ensure a proper implementation of the Off-Site Emergency Plan 

and to reduce the property damage for releases below the S3 level. 

Beside other existing filtered vented containment systems, such as the FILTRA 

plant at Barseback (Sweden) or the Ontario Hydro CANDU containment system, other 

filtration devices are under examination from a technical standpoint in some 

countries (e.g., stainless steel fiber filters in the F.R.G.), but information is 

lacking as regards their eventual effective use on NPPs. 
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Section 6 

RELATIONSHIP OF CONTAINMENT TYPE TO SOURCE TERM 

6.1 INTRODUCTION 

The basic function of the containment 1n a nuclear power plant 1s to reduce the 

probability that fission products will be released to the environment if they 

should escape from the primary coolant system of the reactor. This function may 

be accomplished in many ways, but 1n general, the practice is to surround the 

reactor and much of its directly connected equipment with a mechanical barrier of 

steel or concrete or both. The piping leading from the reactor directly to other 

equipment outside of this barrier is equipped with isolation valves which can be 

closed to prevent release of fission products through that piping. 

The volume and strength of the containment must be such as to withstand the 

release of the primary coolant. The smaller the volume or pressure of the vapor 

or gas to be accommodated, the less costly the containment barrier can be. For 

this reason, the concept of pressure suppression, i.e., condensation of escaping 

steam by passing it into relatively cool water or over ice, has been applied. 

Particularly, in those cases where the primary cooling system volume, and hence 

that of the released steam, are relatively large, as in boiling water reactors 

(BWRs), pressure suppression has been used extensively. Pressure suppression has 

been used with pressurized water reactors (PWRs) also, but is less usual. In any 

classification of containment types, the presence or absence of pressure 

suppression is an important determinant. 

The types of containment will be discussed in section 2 of this paper. In 

subsequent sections, certain auxiliary features which might be found in almost any 

of the containment types will be discussed, and, finally, the relationship of 

containment type or features to the source term will be discussed. 

6.2 CONTAINMENT CLASSIFICATION AND DESCRIPTIONS 

In this section, containment types will be defined, and examples of each type will 

be cited. It must be realized that the choice of containment type and features 

for a particular reactor is influenced by many factors, both tangible and 

W30-3495/NPD/ejc 
Last Rev. 09/16/96 

6-1 



- 250 -

intangible. Therefore, it is not surprising that hybrid containment designs are 

plentiful. Containments may be roughly classified as shown in table 6.1. 

Table 6.1 

CONTAINMENT TYPES 

PWR and PHWR* A Atmospheric Without Pressure Suppression System 
B Subatmospheric System 
C Ice Condenser System 
D Confinement System 

BWR E Pressure Suppression, Mark I 
F Pressure Suppression, Mark II 
G Pressure Suppression, Mark III 
H Pressure Suppression, European Style 

Containment types used in the Soviet Union are not considered in this paper. 

6.2.1 Type A. Atmospheric Without Pressure Suppression System 

Type A, basically an air-filled chamber at atmospheric pressure containing the 

reactor, main coolant pumps, pressurizer, steam generator and other equipment is 

the most common type of PWR containment (figure 6.1). Because of its large size, 

typically about 70,000 nr (2,470,000 ft ) gross volume, and the fact that it has 

no pressure suppression feature, it is usually referred to as a "large dry" 

containment. It is typically designed for a pressure of about 0.43 MPa (47 psig). 

In the United States, the containment structure usually is a single posttensioned 

reinforced concrete cylinder with a curved dome. As a precaution against leakage 

through the concrete, there is a relatively thin, nonstructural steel liner 

covering the interior surface of the concrete and secured to it by embedded 

anchors. The concrete is several feet in thickness for strength and for radiation 

shielding in case of an accident. In order to assist in reducing the pressure 

after an accident, the containment usually has two redundant overhead spray 

systems. The floor and the necessary shielding inside the containment are 

reinforced concrete which is also used for various equipment supports. The heat 

capacity of the walls and containment Internal structures can be a significant 

factor in reducing the rise of pressure following a loss-of-coolant 

*PHWR « Pressurized Heavy Water Reactor 
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accident (LOCA), particularly after that rate of rise has slowed down from its 

Initial fast rate. 

Containments for the 900 MWe series of French PWRs are basically similar to the 

U.S. design just described, being based originally on Westlnghouse designs. The 

French 1300 MWe reactors (figure 6.2) have an Inner load bearing domed cylinder 

(design pressure 0.41 MPa, 45 psig) made of reinforced posttensioned concrete, 

surrounded by a second concrete shell of smaller pressure capability with an 

annular space between the two shells. Neither shell has a liner. Any leakage 

through the inner shell is captured in the slightly subatmospheric pressure 

annular space and may be disposed of, through a filter, to the atmosphere. Con

tainment spray 1s provided. Recent information is that provisions will be added 

to at least some French PWRs for venting the continent if, during an accident, 

Its pressure should rise too high. The vented gases would be passed through a 

sand or gravel filter in a manner generally similar to that of the Swedish Filtra 

project. 

The standard 1000 MWe West German PWR containment is also of the large dry type. 

The pressure retaining structure is a large spherical steel shell which contains 

the n/actor, its shield, the steam generators, pressurizer, etc. This spherical 

shell is contained in a concrete cylinder having a hemispherical dome 

(figure 6.3). The design pressure for the sphere is about 530 kPa (62 psig). 

Internal containment spray is not provided in this design. 

Some U.S. PWRs resemble the German design in that they have a free-standing steel 

shell inside a concrete shield building. However, the U.S. containments of this 

type are cylindrical rather than spherical. 

Containment of the 600 MWe series of CANDU PWRs are also similar to the U.S. 

design described above. A quick-acting high flow rate dousing system is provided 

which serves to suppress the pressure Increase. An internal plastic coating 

serves to reduce leakage while allowing concrete cracking for pressure relief will 

beyond design conditions. 

6.2.2 Type Bt Subatmospheric Containment 

There are two types of subatmospheric containments in use. One type of subatmos

pheric containment is basically a minor variation on the large dry type. In this 

variation the containment is normally kept at about two-thirds of atmospheric 
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pressure. This permits reduction of the containment volume by about one-third, 

with a corresponding cost saving. Containment design pressure is 0.42 MPa 

(46 psig). The Surrey (U.S.) plant exemplifies this design. 

The other principal type of subatmospheric containment is that associated with the 

Canadian multiple CANDU reactor stations (figure 6.4). The eight-unit Canadian 

Pickering station is the prototype of this design. In this general design, there 

are several slightly subatmospheric reactor buildings with pressure operated 

relief valves. In the Pickering design, the individual reactor buildings are 

normally isolated from the pressure relief duct by bulkheads containing pressure 

relief panels. In the other version, exemplified by the Bruce station, the 

reactors, although in separate buildings, are located in the same containment 

volume connected by the duct used by common refueling machines which also acts as 

a pressure relief duct. In either case, the sudden rise 1n pressure, which would 

- immediately follow a LOCA, causes operation of the pressure relief valves, 

admitting the pressurized D20 vapor/a1r mixture to the vacuum building. The 

containments normally operate between 100.8 kPa'(a) and 97.8 kPa(a). The vacuum 

buildings are normally maintained between 7 and 10 kPa(a) and contain an elevated 

dousing tank which is self-actuated by a rise in vacuum building pressure. The 

dousing water condenses the steam from the LOCA. Igniters are provided within the 

containment for burning hydrogen as soon as Its concentration reaches combustible 

levels. The positive design pressures for CANDU negative pressure containments 

range from 142.7 to 197.8 kPa(a). The containments are also designed for negative 

pressures resulting from spurious activation of the vacuum buildings. Negative 

design pressures of 51.3 kPa(a) are typical. 

6.2.3 Type C. Ice Condenser Containments 

The ice condenser containment is basically like a large dry containment except 

that the entire primary system is enclosed in such a way that any coolant escaping 

from 1t is channeled upwardly through an annular ring of steel baskets containing 

ice at a temperature well below Its melting point. The escaping steam is con

densed by the ice, which melts, and the residual noncondensable gases (air and 

hydrogen, if any) emerge into the upper part of the containment (figure 6.5). The 

condensation of the steam by the ice is intended to prevent the generation of high 

pressures 1n the upper part of the containment which, therefore, 1s designed for-

the relatively low pressure of 184 kPa (12 psig). Due to the condensation of the 

steam the containment volume also is smaller than 1n a large dry containment, 

having a free volume of 33,800 nr (1,192,000 ft 3). The pressure-retaining member 
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is a free-standing steel cylinder 35 meters (115 feet) in diameter, with a hemis

pherical head. Surrounding the steel vessel and separated from it by several feet 

is a reinforced concrete building which serves to protect the steel vessel extern

ally. Containment sprays are provided to assist in reducing the pressure in the 

upper compartment. 

In the event of a core-damaging accident, hydrogen could be produced and released, 

through the ice condensers, to the upper compartment. Combustion of a large 

accumulation of hydrogen could produce a pressure pulse which might damage the 

steel containment. Accordingly, electrical igniters are strategically placed 

throughout the containment to intentionally burn the hydrogen before it 

accumulates sufficiently to cause a damaging pressure pulse. 

In addition to condensing the steam, the ice causes deposition of some of the 

fission products. The size of this decontamination factor is under study at 

present. 

The Sequoyah reactors (U.S.) exemplify this configuration. 

6.2.4 Type D, Confinement System 

The N-reactor, which produces both nuclear products and steam for the United 

States Department of Energy at Richland, Washington, utilizes what is termed a 

"confinement," rather than a "containment" system. The distinction is that in a 

confinement system, the steam from the rupture of a large pipe (a LOCA) emerges 

into the "confiner," a large structure designed to withstand about 125 kPa 

(5 psig) and about 85,000 m3 (3,000,000 ft3) in volume. The confiner is equipped 

with a number of normally closed vents which open automatically upon a pressure 

signal, and reclose automatically when the pressure declines, i.e., after the 

initial out-rush of reactor coolant in a large LOCA has spent Itself. Any further 

discharge from the pipe break is then forced to exit through filters which tend to 

remove any fission products except the noble gases. In a containment system, all 

of the escaping steam and fission products are held in a closed space (the 

containment structure) until disposed of by operator action. 

The confinement system is based on the premise that the initial effluent in a 

large LOCA will be essentially free of fission products and, therefore, may be 

released to the environment. Only later, after fuel heat-up and cladding damage 

have occurred, will fission products appear in the effluent, and by that time all 

escaping flow will be directed through the filters. 
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In a small LOCA, the confiner vents never open and all discharged steam and 

fission products either condense in the confiner or are discharged through the 

filters. 

The confiner is copiously equipped with water sprays which aid in steam conden

sation and in fission product wash-out. 

The confiner contains the reactor, steam generators, pressurizer and primary loop 

pumps, so it is capable of dealing with a LOCA anywhere in the primary system. 

6.2.5 Type E, Pressure Suppression, Mark I 

The earliest well-established type of BWR containment is the General Electric 

Mark I. As shown in figure 6.7, this type comprises a drywel1. shaped like a 

light bulb, small end-up, and a wetwell, a toroidal chamber surrounding the 

wetwell and connected to it by eight large vents. In the event of a LOCA, 

escaping steam, gases, and fission products flow through these vents from the 

drywell. The vents terminate beneath the surface of the water in the wetwell 

where the steam is condensed and where fission products are removed, by their 

being bubbled through the water, occurs. 

The drywell contains the reactor, recirculation pumps, and drywell cooling 

equipment for normal operation. Feedwater and steam piping enter or leave the 

containment through pipes which contain remotely operated isolation valves, thus 

preventing escape of reactor fluids or fission products from the containment when 

it is desired to isolate the containment. The drywell is normally filled with 

nitrogen, thus obviating the danger of a postaccident hydrogen explosion. The 

containment design pressure is typically about 487 kPa (56 psig). The free volume 

in the drywell is about 4260m3 (150,000 ft 3). The water volume in the wetwell is 

about 3000m3 (106,000 ft3) and the free space in the wetwell is about 4260m3 

(150,000 ft3) all for a plant of about 820 MWe capacity (2). 

The primary containment is surrounded by the reactor building, which, although not 

designed to withstand pressures higher than those due to normal environmental and 

industrial loads, provides a space within which aerosol removal processes such as 

settling can occur. The decontamination factor achievable in this space can be 

significant. 
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In the event of a LOCA, steam, nitrogen and hydrogen, if any, are discharged 

beneath the surface of the suppression pool through the large drywell vents. In 

addition, the main steam lines are provided with safety/relief valves (S/RV) which 

can be opened either automatically or by the operator in order to discharge steam 

through the S/RV Unes to the suppression pool. The S/RV lines are not shown on 

figure 6.7; they are smaller than the main drywell vents and, depending on plant 

size, there may be up to a dozen or more of them. 

In some accident sequences, it 1s calculated that the containment pressure could 

rise sufficiently to cause the containment to develop gross leaks or perhaps to 

burst (the structural failure pressure for this type of containment is estimated 

to be more than 1.7 times its design pressure) (3). The U.S. Nuclear Regulatory 

Commission has given its approval, in principle, to the operator's venting the 

wetwell if the pressure becomes high enough to threaten containment integrity, but 

procedures and provisions for doing so are not yet available in most plants of 

this type. 

The drywell and wetwell are both made of welded steel plate. The drywell is 

almost completely surrounded by a cast concrete structure, from why c is 

separated in most places by a gap of about 5 cm (2 inches). The gap .s filled 

with a compressible foam-like material. The wetwell typically sits in a large 

concrete-walled room. Thus, the drywell is partly free-standing, and the wetwell 

is entirely free-standing. The lower spherical portion of the drywell shell is 

covered with a layer of concrete to provide a level floor upon which to work. The 

drywell also contains numerous grills, ladders, electrical conduits, fans, 

coolers, etc. 

The pressure suppression pool was originally intended merely to condense the 

steam. The fact that it also removes fission products is now recognized as a very 

significant extra benefit. The decontamination factor in suppression pools is 

under intensive study, particularly by EPRI (see section 6.3.14). 

6.2.6 Type F, Pressure Suppression, Hark II 

This type of containment, a successor to the Mark I type, 1s similar to it in 

principle. The Mark II wetwell is a pool which lies directly under the drywell 

(figure 6.8). Escaping steam, gases and fission products will flow through the 

downcomers and emerge under the surface of the pool. Both the wetwell and the 

drywell are inerted with nitrogen. The containment design pressure is typically 
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about 412 kPa (45 psig). The drywell free volume is about 6300 nT (222,000 ft J), 

the wetwell free volume is about 4700 m3 (166,000 ft 3), and the water volume in 

the wetwell is about 3100 m3 (109,000 ft 3). The wetwell is made of reinforced 

concrete with a steel liner. The drywell is, like the Mark I, essentially a free

standing steel structure, surrounded in most areas by a reinforced concrete shield 

at a distance of about 5 cm (2 inches). The foregoing Mark II figures apply to a 

plant of about 1100 MWe capacity (4). 

The fact that in some Mark II designs the suppression pool extends into the area 

directly under the reactor creates the possibility that, if molten core debris 

should penetrate through the pedestal region floor, the debris would fall directly 

into the suppression pool where it could be quenched. The conditions necessary 

for quenching are the subject of disagreement among workers in this field at 

present. Additionally, in some of these versions of the Mark II containment, 

there are downcomers located directly under the reactor. Molten debris could then 

flow into these downcomers, probably melting them and falling into the pool and 

being subject to quenching them. In other versions of the Mark II design, the 

area directly under the reactor is dry, so that debris falling into this area 

would not be quenched. 

Like the Mark I design, the Mark II has safety/relief valves which discharge 

-beneath the surface of the suppression pool. 

6.2.7 Type G, Pressure Suppression, Mark H I 

This type of containment is the successor to the Mark II type. While similar to 

Mark I and Mark II in its use of the pressuré suppression principle, it embodies 

some significant differences. As indicated in figure 6.9, the primary containment 

is a free-standing steel shell, completely surrounded at a distance of a few feet 

by a reinforced concrete shield building. The steel shell has a design pressure 

of 205 kPa (15 psig). The reactor is enclosed within the drywell, a cylindrical 

reinforced concrete structure. The cylindrical portion of the drywell is immersed 

to a depth of several feet in the suppression pool which, therefore, surrounds it 

up to that depth. Most of the suppression pool forms an uncovered annulus outside 

of the lower portion of the drywell. The rest of the suppression pool is inside 

of the drywell, forming an annulus about 60 cm (2 feet) thick around the inner 

surface of the lower part of the drywell. The inner wall (the "weir wall") of -

this annulus extends slightly above the normal height of the pool water. Below 

water level, the drywell wall is traversed by many large openings at three 

levels. These openings connect the two parts of the pool. 
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In the event of a LOCA, the pressure due to the discharged steam, gases and 

fission products depresses the water surface behind the weir wall, exposing the 

first level of holes through the drywell wall and permitting the gases to flow 

through them and into the external portion of the pool. Steam condensation and 

fission product decontamination thus occur. If the surge of steam is sufficiently 

large, the level of the water behind the weir wall 1s further depressed suffic

iently to expose the second or third row of holes in the drywell wall, thus 

permitting more steam and gases to escape into the main portion of the pool. 

The Mark III drywell and wetwell are completely inside of the containment. Unlike 

the Mark I and Mark II containments, the Mark III 1s not inerted. Instead, 

compressors are provided which take air from the wetwell and force it through 

valves into the drywell so that it depresses the water level behind the weir wall 

and bubbles up through the outer pool. Thus, the drywell atmosphere 1s, during an 

accident, continually diluted with wetwell air, and the probability of reaching 

the lower combustible limit of hydrogen 1s reduced. In order to assure that 

hydrogen does not accumulate in the wetwell space, that space is provided with 

igniters which will cause combustion of hydrogen if its concentration rises to the 

combustible range. 

A supplementary source of water is provided by an additional pool which is located 

at the refueling level. Water from this pool may be used to replace water lost by 

evaporation or by being spilled in the drywell. 

For a plant of about 1200 MWe capacity the following data apply (reference 5): 

Drywell free volume 

Suppression chamber (wetwell) free volume 

Water in lower pool 

Water in upper pool 

Depth to first row of drywell vent holes 

6.2.8 Type H, Pressure Suppression, European Style 

All of the BWR pressure suppression containment types so far described are of U.S. 

origin. Pressure suppression containments from European (Swedish or German) 

manufacturers are based on the same principles, but are geometrically different. 

Figure 6.10 shows the Swedish BWR 75 containment. The structure is made of 

reinforced, partly prestressed concrete and has a steel liner. The design 
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pressure is typically 540 kPa (64 psig). Earlier German BWR containments were 

spherical steel shells which contained the reactor, suppression pool, recircul

ating pumps, etc. Later German designs comprise cylindrical prestressed concrete 

structures with a steel liner. A typical design pressure is 520 kPa (61 psig). 

Both the Swedish and German designs have considerable resemblance to the General 

Electric Mark II containment (6). 

It is reported that the Swedish BWR containments are inerted and that the German 

ones are not. 

6.3 CONTAINMENT AUXILIARIES AND FEATURES 

A number of containment features mentioned only briefly above or not at all may be 

important for source term considerations. 

6.3.1 Filtration 

It has frequently been proposed to vent the containment through a filter, and both 

Sweden and France are proceeding to do so on a limited basis. The Swedish Filtra 

project was the first commercial filtration concept in use. The Filtra system has 

one vent pipe from the wetwell vapor space of each of the two Barsebâck reactors. 

Each pipe contains a rupture disk and an isolation valve of about 60 cm (2 ft) 

diameter, and also contains a flow restricting orifice of about 100 cm2 (0.11 ft2) 

area. These pipes lead to a gravel bed contained in a cylindrical concrete vessel 

about 20 meters in diameter and 40 meters high (66 x 131 ft). The volume of the 

gravel bed is about 10,000 m3 (353,000 ft 3), and it is calculated to be capable of 

condensing and collecting about 500 m3 (18,000 ft3) of condensate. The rupture 

disks are supposed.to give away at a pressure of 650 kPa (94 psig) which is about 

1.5 times the containment design pressures. Flow through the gravel bed 1s in the 

downward direction. The effluent is vented through a stack. 

The French system is basically similar, but instead of gravel 1s proposed to use 

sand. The sand bed would be considerably thinner than the Swedish gravel bed. 

The gas velocity through the sand would be about 10 cm/s. Laboratory experiments 

demonstrate that a decontamination factor of more than 10 can be expected. The 

pressure drop through the filter would be about 100 mbars. The sand would be 

contained in a steel vessel. The filter bed would consist of two layers of sand, 

of 0.7 and 1.5 mm size. 
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CANDU negative pressure containment systems also contain filtered venting systems 

consisting of series high-efficiency particulate and activated charcoal filters. 

The filtered venting system is used after post-LOCA repressurization of the 

containment to filter and monitor releases from the station and maintain the 

containment pressure slightly subatmospheric to control containment out-leakage. 

Filters of these type will have little effect on the noble gases. Their effect on 

the other types of fission products will probably not be large if the gases 

discharged through the filter will already have passed through the suppression 

pool (see figure 6.10), where considerable decontamination will have occurred. 

This will be typical of BWRs, but by preventing drywell structural failure, it is 

made sure that all the escaping gases go through the suppression pool. This 1s a 

major advantage of venting. 

6.3.2 Containment Sprays 

Containment sprays are Included in U.S. and French containments. They accelerate 

steam condensation, tend to wash out suspended fission product aerosols or vapors, 

and provide excellent mixing of the containment atmosphere. This last effect is 

beneficial because it tends to prevent accumulation of hydrogen pockets. The 

sprays used in PWRs usually contain sodium hydroxide. Some also contain sodium 

thiosulfate. These materials are intended to enhance the removal of iodine by the 

sprays, on the assumption that iodine is present as I2» HI or some other volatile 

iodine compound. BWR containment sprays are usually just water. 

6.3.3 Calcareous versus Siliceous Concrete Aggregate 

Most U.S. reactor concrete contains calcareous (limestone or dolomite) aggregate. 

Most reactors in other countries have used siliceous or basaltic aggregate. In 

the event that hot core debris should find its way onto the concrete floor of a 

reactor building, it has been found that the calcareous aggregate would yield -more 

gases (primarily C02) than the siliceous or basaltic, but the debris would tend to 

penetrate the latter types more rapidly. Thus, the choice of aggregate type could 

depend on whether it is calculated that initial containment failure would be by 

overpressurization or basemat penetration. However, in many cases, the choice of 

aggregate has been based on what type was readily available, rather than on its 

behavior under a pool of molten curium. 
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6.3.4 Location of High Pressure/Low Pressure System Interfaces 

The "interfacing system LOCA" is one of the standard accidents in source term 

studies. In this scenario, full reactor pressure is accidentally permitted to be 

applied to some of the low pressure piping or equipment which is used to supply 

water to the reactor after it has been depressurized. If the high pressure/low 

pressure interface is outside of the containment, the interfacing system LOCA 

(also called the "V" sequence) can provide a path for direct release of fission 

products from a damaged core to the environment. In some plants, the sensitive 

high pressure/low pressure interface is located inside the containment, thus 

reducing the probability of this accident by putting the site of the break inside 

of the containment. 

6.3.5 Design Pressure versus Failure Pressure 

There is a substantial margin between design pressure and failure pressure, 

usually a factor of about two to four. The failure pressure must, however, be 

determined for each containment individually since design practices vary (7). In 

this context, failure pressure has been defined for commence to mean 1% strain. 

Catastrophic failure would be expected slightly above this pressure. Safety 

analysts prefer to define failure in terms of leakages which, however, comes at a 

pressure which is hard to quantify. 

6.3.6 Leakage Through Containment Penetrations 

Containments are required to meet certain maximum leakage requirements. 

Typically, it is required that the leakage at the pressure of the design basis 

accident (DBA) not exceed 0.25X per day of the mass of the containment atmosphere, 

in U.S. reactors. Similar but numerically different requirements apply in other 

countries. At higher pressures, such as those which could occur in a severe 

accident, there is no mandated leakage rate which must not be exceeded, but a 

recent study (3) indicates that leakage at nonmetallic seals under some conditions 

may become so large that the structural failure pressure of the containment could 

never be reached. Thus, the leakage would become sufficient to relieve the 

pressure buildup due to decay heating of the atmosphere and to the generation of 

COg. CO, H2 and CH4 from reactions of the hot core debris with the concrete floor 

of the containment. This type of behavior 1s, however, quite design dependent. 

Leakage estimates are difficult to make, so credit for containment seal leakage 1s 

usually not taken when estimating the buildup of containment pressure after an 

accident. While this procedure is conservative with respect to predicting how 

soon the failure pressure will be reached, it disregards the environmental effects 
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of leakage before the failure pressure is reached, which is nonconservative. 

Hence, detailed analysis is necessary to determine the net effect of high pressure 

leakage on the source term. 

Temperature 1s important 1n ascertaining the behavior of elastomerlc seals, and 

some accident sequences Involve relatively high containment temperature. However, 

Incomplete experimental evidence indicates that elastomeric seals continue to 

function at temperatures well above their laboratory-measured softening temper

atures. Data on elastomerlc seal materials appear 1n (3). 

6.3.7 Leakage Through Left-Open Piping or Ducts 

Containments typically have purge piping, which may be of the order of 60 cm 

(2 ft) in diameter, and other openings which may be accidentally open or fall to 

close at the time of an accident. Such events have been analyzed by the IDCOR 

project (8). . Paradoxically, the fission product release in a large LOCA with ECC 

failure may be less 1f the containment is impaired (i.e., a valve is left open) 

than if no valve had been left open. This is because the initial surge of steam 

contains little fission product activity and is released quickly through the open 

duct. This leaves less steam to carry out fission products later when they emerge 

from the primary system. In accidents other than a large LOCA, additional 

analyses would be necessary to completely evaluate the effect of an impaired 

containment, which can be of considerable significance. 

Because of the large number of penetrations through containment walls, the large 

size of some of the penetrations, and the fact that some such penetrations are 

subject to being open through both equipment failure and human error, containment 

penetrations can be a significant contributor to frequency of release of primary 

system contents to lower pressure systems or, ultimately, to the environment. 

Moreover, some such losses of containment integrity can be part of a chain of 

causation of core-damaging accidents (see section 6.3.4 of this paper where the 

V sequence is described). 

6.3.8 Steam Generator Tube Failure 

In PWRs the steam generator tubes form a part of the primary coolant system 

pressure boundary. Rupture of these tubes is infrequent (fewer than a half dozen 

failures have occurred in U.S. PWRs), but accident analysts recognize the possi

bility that such rupture might be caused by a reactor pressure surge during a 

core-damaging accident. Such an event could lead to an environmental release of 
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fission products via the secondary (steam) loop which then becomes part of the 

containment and its relief valves. Some fission product deposition would 

undoubtedly occur in the steam generator or in the secondary loop, thus reducing 

the fission product release to the environment. The size of the decontamination 

factor thus achieved is not well established, but probably is less than a factor 

of 10 (9). 

It has been suggested that fission products deposited in the steam generator tubes 

could, through local heating, be the cause of tube rupture. This suggestion is 

controversial, and so far lacks a satisfactory answer. 

6.3.9 Time of Containment Failure 

Current belief is that the key fission products would exist in the containment as 

aerosols. Experimental data indicate that the mass concentration of an aerosol 

will decrease by an order of magnitude in the first hour or two. Thus, if 

containment failure can be postponed for a few hours after the emergence of the 

fission products into the containment, significant reduction in the source term 

will ensue. The IDCOR finding that containment failure will usually, in fact, be 

delayed until well after fission product emergence is an important factor in 

showing that some of the source term estimates of the Reactor Safety Study (10) 

are erroneously high. 

6.3.10 Containment Failure Mode 

The way in which an overpressurized containment fails is important since it 

determines whether the release to the environment will be a sudden puff release, 

expelling most of the airborne fission products in the containment over a short 

time, or a gradual release through cracks or seams which open gradually as the 

internal pressure builds up. 

In the case of concrete containments, there is considerable experimental evidence 

(7,11,12,16) that cracks will develop gradually in the concrete itself. There is 

evidence also that tears will develop in the steel liner, if any. These tears may 

connect up with cracks in the concrete, thus providing paths for the escape of 

gases from the containment. The ability of artificial cracks to transport gases 

has been measured, and rough calculations indicate that the cracks would be of 

sufficient size to halt the rise of containment pressure long before catastrophic 

failure of the structure had occurred (16), provided there is adequate connection 

between the liner tears and the concrete cracks. 
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It has been suggested that as the containment atmosphere flows through the cracks 

in the concrete, any suspended aerosol particles will tend to be filtered out, 

thus providing additional decontamination (20). Experimental data on similar 

systems show that such filtration can occur, but quantifying its effectiveness is 

difficult; it, therefore, remains an unevaluated conservatism in most analyses. 

If the liner is less ductile than the structural rebars or tendons which are the 

main load carrying steel members of a concrete containment, it would be expected 

that liner tearing would precede rebar or tendons failure, and leak-before-break 

would result. If the liner is more ductile than the load-carrying steel the 

rebars or tendons would be expected to fail first unless there are local regions 

in which liner strain consist to fail first. In many cases, the liner is more 

ductile than the load carrying steel, so, without a detailed analysis, one cannot 

predict whether the containment would fail in the leak-before-break mode or in the 

catastrophic mode. 

The failure modes of free-standing steel structures, such as those of the 

Mark III, ice condenser, German large dry and some U.S. large dry containments, as 

well as some portions of the Mark I and Mark II containments, have also been 

studied. Four experiments at the Sandia National Laboratory (13,14) in which 

steel vessels, representing steel containments in various degrees, were pres

surized with nitrogen until failure occurred, led to leak-before-break in one case 

and to catastrophic failure in three cases. It thus appears that in steel 

containments leak-before-break cannot be relied upon, although it may occur. 

The effect of a catastrophic failure of a steel containment on the source term has 

not been quantitatively evaluated so far. Analyses by the IDCOR program indicate 

that pressures sufficient to cause rupture of a steel ice condenser containment 

would occur only after many hours from the beginning of the accident. During that 

time interval natural aerosol removal processes'would produce a large decontamin

ation of the containment atmosphere, thus reducing the fission product release. 

The delay in reaching failure pressure would also provide time for corrective 

action by the operator, thus reducing the probability that the failure pressure 

would actually be reached. 

In certain BWR sequences, e.g., the failure to scram or ATWS sequence, the 

situation is different in that it is calculated that a pressure sufficient to 

cause containment failure could be reached in less than 1.5 hours and before fuel 

damage if corrective action were not taken. For this reason, owners of such 
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plants in the United States have subscribed in principle to a procedure in which 

, the wetwell is vented to the environs through a filter system (the standby gas 

treatment system). The gases released in this way experience a high degree of 

decontamination (except for the noble gases) in their passage through the suppres

sion pool, and failure of the steel containment is averted. The capability of 

controlled venting presently exists in only a few plants, if any. 

6.3.11 External Threats to Containment Integrity 

In some countries, e.g., Germany, France and Switzerland, there are design 

requirements relating to external threats. For example, in Germany and 

Switzerland, it is required that the containment be capable of withstanding the 

crash of a military airplane such as the F-104. In others, such as the United 

States, reliance is placed on locating power plants away from paths of aircraft 

take off or landing. While massive containment, such as those in Germany and 

Switzerland, might make failure during a nuclear accident less probable than 

otherwise, actual analyses of the effect on the size of the source term have not 

been reported. The mechanism by which such an accident would significantly 

increase the size of the source term is not apparent. 

6.3.12 Auxiliary Buildings 

All light water reactors have lines through which water can be supplied to the 

reactor for emergency cooling, and usually these lines originate outside the con

tainment. These lines, themselves, therefore, would constitute potential paths 

for the escape of fission products directly from the reactor to the environment 

were it not for the fact that they characteristically terminate either in the 

reactor building or in a separate auxiliary building. The reactor building and 

the auxiliary building thus can exert a substantial decontaminating and delaying 

effect on fission product release to the environment. In effect, the auxiliary 

buildings become part of the containment system in some accident sequences. 

Further study in this area is needed. 

The passage of the escaping steam, gases and fission products through the high 

pressure piping itself can result in some decontamination , or at least in aerosol 

agglomeration into larger particles which are more likely to be removed in the 

various decontamination processes in the auxiliary building. These agglomeration 

processes have been observed in the Marviken and LACE experiments. 
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The fate of the fission products once they reach the auxiliary building is a 

function of the design of that building. Characteristically, the postulated 

accident comprises the accidental opening or failure of valves in high pressure 

lines connected to the reactor, thus permitting the release of the reactor 

contents at high pressure into low-pressure piping, pumps or valves connected 

thereto. While 1t might be possible for bursting of the low-pressure piping or 

valves to occur, it is estimated that the usual failure point would be in pump or 

valve seals. The pumps and valves are frequently located in a pit where water 

from the break would accumulate, eventually submerging the break itself. Any 

exiting steam or gases would then experience some decontamination by bubbling 

through this water. 

Fission products which escape this type of decontamination would emerge into the 

auxiliary building. Such buildings vary widely in size, tightness and geometry, 

so the decontamination factor experienced by the escaping fission products must be 

determined for each plant, but substantial decontamination factors are possible. 

As earlier noted, this accident sequence is known as the V sequence, or the 

"interfacing system LOCA." 

6.3.13 Inert Atmosphere 

With few exceptions, the primary containments of the Mark I and Mark II type are 

inerted, i.e., the air initially in them is largely replaced with nitrogen, so 

that the residual oxygen content is about 5* or less by volume. This procedure 

was originally instituted as a means of preventing combustion of any hydrogen 

which might be released in the containment as a result of radiolysis of water or 

2irconium/water reaction. As a result, failure of these primary containments due 

to hydrogen combustion overpressure is obviated. Such an event could occur only 

after failure of the primary containment due to steam or hydrogen overpressure and 

then only in the secondary containment (reactor buildings) of these types of 

plants. 

6.3.14. Decontamination Due to Suppression Pool 

As noted earlier, the suppression pool was Intended originally just to condense 

steam, thereby making it possible to use a smaller primary containment in the 

General Electric BWRs. Subsequently, 1t was found that considerable fission 

product decontamination also occurs in the suppression pool. 
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It is found that the decontamination factor is highly sensitive to the size of the 

aerosol particles, a minimum decontamination factor occurring at a particle 

diameter of about 0.2 um. Particles larger or smaller than this are removed much 

more efficiently. It has, therefore, been necessary to estimate the distribution 

of sizes of the aerosol particles which would enter the pool in a severe 

accident. Final results of this work are not yet available, but it is clear that 

substantial decontamination of the exiting gases will occur in the suppression 

pool. 

The fission product aerosol decontamination factor attained in the suppression 

pool is also a function of water temperature. At room temperatures, relatively 

large (much more than 1000) decontamination factors have been measured. At 

boiling temperature, considerably smaller decontamination factors are measured. 

The decontamination factor is also a function of pipe size and submergence 

depth. In general, larger pipes and smaller submergence depths lead to lower 

decontamination factors. The relationships among these parameters are not yet 

completely worked out, but it is clear that, overall, the suppression pool is a 

major decontaminating agency. For engineering purposes, and in lieu of detailed 

and precise Information, the IDCOR program originally assigned decontamination 

factors of 600 to the drywell vents and 1000 to the safety relief valve discharge 

lines. Since then, a mechanistic method of calculating decontamination factors 

has been developed for future use (18). The overall decontamination factors thus 

calculated will be lower than those originally assumed, but not enough lower to 

make a significant difference in the calculated source term. 

6.4 INFLUENCE OF CONTAINMENT TYPE ON SOURCE TERM 

As noted earlier, the basic function of containment is to reduce the probability 

or amount of fission product or other radioactive nuclide release to the environ

ment if fission products should escape from the primary coolant system in an 

accident. In view of the fact that analyses of hypothetical reactor accidents 

(15,17,18) show a spectrum of fission product release fractions and probabilities, 

it is reasonable to ask whether the type of containment is an important factor 1n 

determination of the character of the fission product release. 

The important characteristics of an accidental fission product release are: 

Its composition. Which species make up the bulk of the 
biologically significant release? 
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Its amount. What fractions of the relevant fission products are 
released? 

Its energy. Are the fission products carried out with highly 
heated gases or high pressure steam to a considerable altitude, 
or are they released gradually at building level? 

Its timing. Does the release come without warning, or is there 
an appreciable Interval between the beginning of the accident and 
the release of fission products to the environs? 

Its probability. How likely is the release? 

Its final resting place. Is it all discharged to the outdoor 
atmosphere or does it remain 1n-plant or on-site so as to 
complicate recovery or cleanup operations? 

The influence of containment type on each of these characteristics will be 

discussed briefly. In this discussion, only above-ground containment failures 

will be considered, since, aside from the effect of concrete type, as already 

discussed in section 6.3.3, there is little difference among containment types in 

regard to underground fission product releases. 

Composition 

The fission products released to the atmosphere are conventionally assumed to 

contain all of the noble gases plus calculated fractions of the iodine, cesium, 

tellurium and sometimes other fission products such as lanthanum in small but 

significant quantities. The nongaseous fission products are believed to be 

predominantly in aerosol form. The composition of the aerosols is determined by 

their source and method of formation. That is, they may be formed from vapors 

freshly out of the primary loop, from vapors regenerated from fission products 

deposited in the primary-loop, from vapors produced during the core/concrete 

interaction or from vapors formed during a direct containment heating event. The 

compositions of the aerosol particles arising from these four sources may vary 

according to their respective sources, but, once formed, are not likely to be 

changed by any of the containment-determined decontamination processes. That is, 

to a first approximation, containment type would be expected to have little effect 

on source term composition. 

Amount 

An important factor in estimating the overall fractional release of fission 

products to the environs is determining what fraction of the fission products 

released from the primary cooling system are actually subjected to the 
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decontamination processes inherent in the containment. Once out of the primary 

cooling system, the fission products may escape directly from the containment, as 

in the V sequences, or they may remain in the containment and undergo decontamin

ation by sedimentation, spray removal, suppression pool scrubbing, etc. Or, some 

part of that portion which is initially discharged into the containment may by

pass some of the decontamination agencies, e.g., there could be a by-passing of 

the suppression pool 1n a Mark III containment, or an escape from a large dry 

containment through an open valve or other path to the environs. Or it could be 

that the sequence under investigation required an assumption that the containment 

fail at a given pressure, or that it be initially impaired. Thus, while it would 

be possible to estimate a decontamination factor (or factors) inherent in a 

particular type of intact containment system, containment rank would vary with the 

type of accident analyzed. 

Energy 

THe energy with which fission products are released to the atmosphere determines 

the height to which they will rise and thereby affects the radiation levels which 

will be experienced on the ground at a given distance from the accident. The 

energy may be in the form of high pressure steam or of hot, buoyant gases. In 

either case, gross failure of the containment must occur before plume energy can 

become important. No advantage of one type of containment over another is 

apparent in this respect, since the containment would make no contribution to the 

plume energy. 

Timing 

Given that the containment functions as normally expected, there would be a delay 

of a few hours or more before fission product release from the containment would 

occur. The reason for the delay depends on the particular accident sequence 

assumed and on the type of containment. 

For example, a large LOCA could occur without warning but the development of 

sufficient pressure to fail the containment would take several hours, regardless 

of containment type (15). 

An interfacing systems accident would open the primary system to the auxiliary 

building (not designed as a containment structure), but 1t would require hours to 

reach core uncovery due to continued operation of the ECC systems. The same is 

true of PWR systems. 
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An ATWS (failure to scram) accident would produce early containment failure in a 

Mark I or Mark II type BWR containment, but core uncovery would not occur until 

later, and fission product release from the containment would not be expected 

until three or four hours after the beginning of the accident. 

Thus, for various reasons, it 1s expected that there would be a period of a few to 

many hours between accident initiation and fission product release, regardless of 

containment type. 

Probability 

The probability of a fission product release to the environment is dominated by 

the probability that an accident will occur and the probability that the 

containment would not perform as expected. The probability of occurrence of an 

accident is determined by factors other than containment type. The probability 

that the containment will not perform as expected depends on what is expected. 

Existing^ analyses (15) show that it would be advantageous if venting of the wet 

well in Mark I and Mark II containments could be counted on with a reasonable 

probability. At this writing, it is not clear that the physical ability to vent 

the wet well, without damage to some plant equipment, exists. Also, a source of 

containment spray water, independent of the usual power sources would be 

advantageous. These matters are the subject of on-going consideration in both 

industry and regulatory quarters. Thus, in these respects it appears that given 

the occurrence of an accident, the probability of release of fission products to 

the environment may depend on containment type; specifically, the Mark I and 

Mark II containments as presently configured may have a higher than average 

probability, but the question is not yet resolved. 

Final Resting Place of Fission Products 

The final resting places of those fission products remaining in the plant after a 

severe accident can be Important in considering recovery or cleanup operations. 

If the nonreleased fission products are in shielded locations, postaccident 

activities will be facilitated. In the case of all modern PWR containments and 

the Mark III containment, there is a heavy shield wall surrounding or integral 

with the reactor building. In the case of Mark I containments, there is shielding 

around the suppression pool, but if containment failure should occur in a way to 

permit fission products to enter the reactor building (the secondary containment) 

there would be little shielding of them. There are plant-to-plant differences in 

auxiliary buildings also which would influence the final location and shielding of 
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fission products, but these are not associated with particular containment 

designs. The chance that an operator may mistakenly export liquid wastes 

containing fission products from the containment to the auxiliary building has to 

be considered as part of the problem in this case. 

Conclusion 

A definitive quantitative analysis of the ways and degrees in which containment 

type influences the source term would be a complex task requiring not only 

containment analyses but accident analyses and consideration of differing plant 

designs and operating procedures as well. Such an analysis 1s clearly beyond the 

scope of the present work. 

From the foregoing considerations, it could appear that some types of containments 

appear inherently likely to be associated with source terms which, in one way or 

another, are more easily dealt with than those from other containment types. But 

this could be misleading because those containments are associated with different 

types of reactors and therefore must withstand different accidents. A meaningful 

comparison would require putting each type of reactor in each type of containment, 

and evaluating their performance, failure probability and, of course, cost. So 

far as type is concerned, any of the enumerated types of containment can, if 

competently designed and built, yield acceptable source terms. The differences in 

performance among existing containments of different types are due mainly to the 

fact that they are now being tested against accidents which «re more severe or of 

different kinds than those for which they were designed. For example, the trend 

toward venting of containments is a direct result of having now to consider 

accidents more severe, and in some cases more probable, than a decade ago. If one 

were starting a new at the present time to select a type of containment in which 

to house a particular type of reactor, the type selected might not be the same as 

the type in which existing reactors of the subject type are housed. But, by 

definition, the type selected would yield an acceptable source term; the choice of 

type would be made on some other basis such as the cost of achieving an acceptable 

source term. 
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FILTRATION AND CONTAINMENT ATMOSPHERE 

CONTROL SYSTEMS FOR NUCLEAR REACTORS 

IN THE EVENT OF A SEVERE ACCIDENT 

1. Foreword 

Air cleaning and Containment Atmosphere Control is achieved by means of 
Air Cleaning Systems (ACSs) which include Engineered Safety Features 
(ESFs) that may provide one or more of the following functions : 

- maintenance of a negative differential pressure between the containment 
and the free atmosphere to minimize uncontrolled leakage to the 
environnement ; 

- reduction of the hydrogen concentration in the containment (purge or 
recirculation / recombiner system) ; 

- cooling of the essential components located inside the containment -
recirculating systems are generally used for this purpose and may 
incorporate filtration equipment, which serves to reduce contamination 
inside the containment and to reduce any losses of radioactive 
materials in leakage to the environment ; 

- minimizing the radioactive content of deliberate discharges to the 
environment : a standby (emergency) gas treatment system (SBGTS) is 
usually provided for this purpose. 

The potential performance of ACSs in accident situations was reviewed in 
a report published in 1984 and prepared by the CSNI Group of Experts on 
Air Cleaning and Containment Atmospheric Control Systems (GENAC). The 
report considered the probl-ems which are outstanding together with their 
significance and concluded that : 

- the conventional Design Basis Accident (DBA) concept may not have been 
applied in the past in a manner appropriate to considering the 
performance of ACSs in accident conditions. In particular, the DBAs may 
not have represented the "worst conditions" from the point of view of 
the ACSs, 

- the work on source term definition for severe accidents had not yet 
advanced sufficiently to define the severe challenges that may be 
anticipated and which may lead to the failure of the ACSs, 

- in any case there was a lack of data on the performance of ACS 
components in the kind of conditions which might be encountered in an 
accident, this being a natural consequence of the lack of suitable test 
facilities. Even so it seemed likely that development of new, more 
robust equipment would be necessary. 
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The Group produced a whole série of recommandations designed to respond 
to these inadequacies and emphasized the need for ACSs to be examined not 
only at the filtration component level but also in terms of the response 
of the entire system including instruments, ducts, fans etc... In this 
way consideration will be given not only to externally generated 
influences, humidity, temperature, radiation and dust-loading, but also 
to influences generated within the system such as increased pressure drop 
due to dust loading of filters and consequent changes in fan performance. 
While progress has been recorded in a number of areas since GENAC's 
report was prepared further work is certainly required. 

Progress has already been achieved in particular areas ; for example in 
the development of : 

a) improved conventional HEPA filters by the use of material better 
suited to higher temperatures and by an increase in structural 
strength ; 

b) packed fibre filters made from media and casing materials capable of 
resisting high thermal and mechanical loads, e.g. metal cases with metal 
or ceramic fibres fabricated into mats ; 

c)deep-bed filters with gravel and sand in suitably robust casings. 

Equally, new filter test facilities to simulate accident conditions 
continue to be commissioned and test results are becoming increasingly 
available. However, the adequacy of these facilities and the validity of 
results obtained will require to be further analysed in the light of 
progress in LWR accident source term studies which is the subject of the 
present report. 

Moreover, the implications of these same studies will also require to be 
considered from a much wider point of view in order to assess the 
performance of the many other components of an ACS and of the system as a 
whole in an accident situation. Consider for example the potential 
effects of a high aerosol concentration on typical containment 
fan-coolers, these might suffer from : 

- blockage of protective screens, where fitted ; 
- deposition on the finned beat exchanger tubes ; 
- deposition in fan bearings and motor housings. 

All or any of these effects would at least degrade the performance not 
only of the coolers but also of other equipment whose continued operation 
depends on the coolers functioning correctly. 

Just as such coolers are only one example of the many component parts of 
air cleaning systems potentially at risk, aerosol loading of the 
containment atmosphere is only one example of the way in which such risks 
can arise. Exposure to elevated levels of moisture, temperature, pressure 
and radiation, singly or in combination, could introduce many additional 
failure pathways. The detailed implications of the source term review 
will require to be investigated for each and all of these hazards to 
components of ACSs taken individually and as entire systems. 
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2. Questionnaire on Filtered Vented Containment Systems (FVCS) 

A survey was conducted among members of PWG4 on systems especially 
designed for mitigating the consequences of severe accidents with core 
melt in pressurised water reactors (PWRs) by depressurising the 
containment and filtering releases to the environment. 

The questionnaire had been designed so as to draw up a list of the 
different systems installed or envisaged in PWRs, evaluate the technical 
design basis and find out why they had been established and how they were 
to be used. Since only one country, France, stated that it was envisaging 
the introduction of such systems at PWRs, the survey was extended to 
include other types of thermal neutron and water cooled reactors in the 
comparison, such as boiling water reactors (BWRs) and Canadian CANDU 
reactors as they were likely to use systems with a similar purpose. 

3. Overview of countries' current positions 

Fourteen nuclear bodies replied to the questionnaire distributed to PWG4 
members, so that a fairly comprehensive overview of country positions 
could be drawn up regarding the principle of introducing special filtered 
vented containment systems in reactors in order to mitigate the 
consequences of severe accidents. 

FRANCE was the only country which clearly stated that it was considering 
tne introduction of such system in PWRs. This is the outcome of a general 
study request by the French safety authorities concerning the 
introduction at PWRs of ultimate measures aimed at preventing or 
mitigating the consequences of severe accidents with core melt, although 
the probability of such accidents is estimated to be very low (less than 
10"6 per reactor per year). As for the mitigation of consequences, the 
objective is to reduce releases for all physically conceivable severe 
accidents to a level compatible with the feasibility of Specific 
Emergency Plans (source term referred to as S3 in the French safety 
analysis). The ultimate measure U5 which covers the basic filtration 
system is not the only ultimate measure planned for reducing the 
consequences. There are two others : U2 (detection and treatment of 
abnormal loss of containment integrity faults) and U4 (minimization of 
releases to the atmosphere in the event of meltthrough). 

The other countries with major installed nuclear capacity including PWRs 
(United States, Federal Republic of Germany, Japan) have not at the 
moment such a clear position. In short, the arguments on which the 
current positions of the safety authorities of these three countries are 
based are as follows : 

' UNITED STATES : NRC (Nuclear Regulatory Commission) bases its 
position on an economic criterion, namely that previous United States 
studies on FYCS indicate an unfavourable cost/benefit ratio for 
PWR's. During the past six months to one year, evaluations have been 
underway on the feasibility of venting BWR Mark I containment during 
a severe accident. As part of the NUREG 1150 Risk Rebaselining Study, 
the NRC staff is completing a preliminary study on venting which will 
be included in that report. The BWR Mark I owners group is also 
exploring this issue. 
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- FEDERAL REPUBLIC OF GERMANY : According to the general objective to 
restrict the core meltdown accident consequences as long as possible to 
the reactor containment, it is suggested, to provide a device for 
controlled depressurization in order to avoid late overpressure 
containment failure. In the actual case of the NPP BROKDORF the 
authorities have required the installation of such a device in a sense of 
a pre-condition to be fulfilled. This venting device also will comprise a 
filter system in order to minimize the radiological source term. A 
general solution for already existing LWRs is being in discussion. 

- JAPAN : JAPAN has conducted an analysis dividing accidents beyond the 
design" Basis into two groups, depending on their probability of 
occurrence. It estimates that for accidents of probability above ltH>, 
referred to as SEA (Site Evaluation Accidents), there is no risk of loss 
of containment integrity and hence no need to introduce FVCS. As for 
accidents of probability under 10~6, the risk of which is taken as 
residual risk, Japanese regulatory authority, at present, do not require 
any specific countermeasures such as FVCS. 

If the survey is extended to other types of reactor which are likely to 
raise similar problems in the event of severe accidents whith core melt, 
i.e. in our opinion thermal neutron and water cooled reactors, three 
systems may more or less react as FVCS : the Swedish system FILTRA, the 
Canadian EFAD system and BWR pressure suppression pools. 

The Swedish system FILTRA can be regarded as an FVCS proper. The system 
was tu Ily instaitea in iya5 at the Barseback 2 X 580 MWe BWR plant (type 
Mk II) as a result of the decision taken by the Swedish Government 
following discussions on TMI2 by a government committee, this measure 
constituting a prerequisite for the plant's operating licence as from 1st 
September 1986. 

Meanwhile, the Swedish Government launched a broader study programme 
concerning the ten or so other Swedish nuclear .plants, the final 
objective being that any measure decided should be operational by end 
1988. The programme, is divided into two parts : the RAMA (Reactor 
Accident Mitigation Analysis) project aimed at providing a generic 
technical basis for the evaluation and design of the measures and 
completed early 1985, and projects carried out by the utilities in terms 
of plant specific studies and implementations of the safety measures 
developed. So far the Swedish Government has not taken any decisions 
concerning plants other than Barseback. 

The vacuum building and the emergency filtered air discharge system EFAD 
instai lea &Z CATIDTJ plants owned by one of the Canadian utilities 
(Ontario-Hydro) may not be regarded as an FVCS proper. The chief purpose 
of this system is to prevent uncontrolled leakages of radioactives 
products out of the containment following a LOCA by providing a 
preferential controlled and filtered leakage path. Optimum operation is 
possible only under atmospheric conditions (temperature, pressure, 
gaseous composition) less than or as severe as those corresponding to 
design basis accidents and provided certain power supplies are maintened 
in permanence. Nevertheless, although not designed for this purpose, the 
Canadian system would undoubtedly be efficient to some extent in the 
event of an accident beyond the design basis. 

BWR pressure suppression pools are not true FVCS either. Originally, 
their purpose was to maintain internal pressure at an acceptable level in 
the event of steam leaking into the containment, by bubbling steam in a 
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pool to condense it. However such a pool obviously provides some potentia 
for retaining any radioactive products carried by the steam, but as far 
as is known it has not been optimised in this respect (e.g. a fairly high 
water level would be required in order to trap aerosols and chemical 
additives would increase the capacity of the water to retain molecular 
iodine). 

In conclusion the main grounds for installing the last two systems 
mentioned above (CANDU vacuum building, BWR pressure supression pool) are 
clearly not derived from a request by the safety authorities of the 
countries concerned relating to the handling of severe accidents with 
core melt. 

4. DESCRIPTION AND TECHNICAL BASIS OF THE SYSTEMS 

4.1 French basis filtration system 

The FVCS currently studied by France is a small sandbed filter ; it is 
not designed to trap steam through condensation. The main specification 
is an efficiency coefficient (defined as the ratio of the mass entering 
the filter to the mass leaving it) of more than 10 for aerosols. 

The reference characterstics of the fluid to be filtered which are taken 
into account in the filter design have been established on the basis of 
studies carried out in 1979 by the Institut de Protection et de Sûreté 
Nucléaire (IPSN), Commissariat à l'Energie Atomique (CEA), using two 
scenarios AB and TMLB (A = LOCA, B = total loss of electrical sources, T 
= transient, M = loss of feedwater supply to steam generators, L = ,loss 
of emergency feedwater supply to steam generators). They are as follows : 
maximum mass flow = 3.5Kg/s, steam content = 29 per cent, temperature = 
140° C. total aerosol content = 5 kg, maximum aerosol concentration = 
O.lg/m^, diameter = 1 urn. 

Although Electricité de France (EDF) has not yet finalized the design of 
the system to be introduced at its PWRs, a 40m2 and 80cm high filtration 
bed is likely to be fitted in a leak tight metal tank isolated by valves 
and linked to the internal containment atmosphere by already existing 
pipework leading to the stack. The pressure of the gas must be reduced to 
about 0.1 MPa prior to entry into the filter, the maximum pressure drop 
in the filtration bed being 0.01 MPa. 

IPSN is conducting a research and development programme on sandbed 
filtration. The PITEAS programme is divided into two parts, the first now 
being completed and the second in progress : 

- The first part consists of small scale laboratory tests aimed at 
identifying and characterise sing the filtration medium. 

- The second part includes tests carried out in a vessel of a few cubic 
metres, aimed at determining the system's effectiveness and 
suitability under more representative conditions, particularly 
scale. 
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Following the experimental results obtained in the first part, a 
log-normal particle size sand (mean diameter 0.6 mm and standard 
deviation 4, 2) meeting efficiency and pressure drop specifications was 
selected as the filtering material for the basic filtration system to be 
installed in reactors. Furthermore, although conducted on a small scale 
and for short filtration times, the experiments did not indicate any risk 
of filter clogging by aerosols or the condensed steam or appreciable 
letting out of trapped aerosols under foreseen conditions of use. 

4.2 Swedish system FILTRA 

The FILTRA system installed in 1985 is applied at the two BWR units of 
the BARSEBACK power plant. Its design is based on the following major 
principles : 

- If used during a severe accident with core melt the containment and 
the filtration system must hold back 99.9 per cent of the total 
radioactive product content of the core except for rare gases ; 

- Passive operation during the first 24 hours of the accident must be 
guaranteed. 

It is worth noting that with this system, Swedish engineers not only aim 
to mitigate the short-term consequences of accidents but also the 
long-term consequences, i.e. contamination of the ground by long-lived 
radioactive products. 

The accident sequences used as reference for designing the FILTRA system 
are as follows : 

- Reference N°l : transient with simultaneous prolonged loss of all 
power supplies ; 

- Reference N°2 : break with simultaneous failure of the pressure 
suppression function and prolonged loss of all power supplies. 

The first case is representative of the group of sequences where core 
melt precedes containment overpressure. The second case is representative 
of the group of sequences where containment overpressure precedes core 
melt. The total probability of occurrence of each group has been 
estimated at under 10"? per reactor per year. For the depressurisation 
and filtration functions of the FILTRA system, reference N°2 is the more 
binding one. 

The FILTRA system is illustrated in Figure 1. It consists of two 
systems : one for depressurising the containment and another for 
filtering the gas released. 

The depressurisation system for each reactor includes the following : 

- Main piping of diameter 0.6m connected : 
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. Upstream, to the wetwell through a blowout disk calibrated at 
0.65 MPa (or 0.15 MPa above the design pressure of the 
containment, but calculations have shown that up to this limit 
the containment shows a mainly elastic behaviour) followed by two 
isolating valves in series and blocked in the open position 
during normal operation ; 

. Downstream, to the single pipe leading into the filtration 
system ; 

- Two other 0.15 m diameter pipes connected : 

. Upstream, to the drywell through two isolating valves in series 
blocked in the closed position during normal operation (these are 
used for manually depressurising the containment even if filled 
with a large quantity of water or prior to the rupture of the 
blowout disk calibrated at 0.65 MPa) ; 

. Downstream, to the above-mentionned 0.6 m diameter pipework before 
entry into the filtration system. 

In order to prevent the accumulation of condensation water, the inlet 
pipework into the filtration system is linked to a drainage system 
including tanks large enough to store all the water condensed during the 
first 24 hours of the accident. 

After passing through the filtration system, the gas is released via the 
stack of one of the units. The exit pipework system includes an isolating 
valve blocked in the open position during normal operation, which can 
completely isolate the filtration system from the environment after use. 

For the filtration system, Swedish engineers selected a gravel bed as the 
filtration medium. The gravel stones have an average diameter of 2.5cm 
and are contained in a concrete tank of volume 1 0 ^ , diameter 20 m, 
height 40 m and wall thickness 1 m. The tank has a leaktight metal inner 
lining. The gas inlet pipe rises axially inside the tank and is topped by 
a distributor spraying the gas evenly over the upper surface of the 
gravel bed. The latter acts not only as a filter but also as a heat sink 
condensing the steam : 500 m3 of water may be stored in this way. 

During normal plant operation, the depressurisation and filtration 
systems are filled with nitrogen to prevent any hydrogen combustion 
during the initial phase of the accident and also any development of 
organic matter in the gravel bed. Finally, the filtration system tank is 
designed so as to resist any hydrogen fire during a subsequent stage in 
the accident when oxygen might enter it. 

Under the FILTRA project, an experimental verification and analytical 
programme have been implemented in order to evaluate the behaviour of the 
filtration system in terms of heat, fluid mechanics, retention of 
radioactive products and hydrogen combustion. Tests at the KARLSHAMN 
centre have shown that the gravel bed can condense all the steam likely 
to be produced during the first 24 hours of an accident sequence without 
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risk of clogging and without any prohibitive increase in pressure drop. 
Aerosol and iodine vapour (molecular and organic iodine) retention has 
been studied at STUDSVIK by means of laboratory or intermediate scale 
experiments using sand and gravel. The application of the models 
developped by means of these experiments to the accident sequence N°2 
mentioned at the beginning of Section 3.2 and of the calculation codes 
concerning the behaviour of radioactive products in the containment has 
led to the following prediction for releases out of a plant fitted with 
the system, expressed as a fraction of the core inventory : molecular 
iodine 0, organic iodine less than 10 - 2, aerosols less than 10"4. Studies 
conducted by the Swedish Defence Research Institute at Stockholm on 
combustion modes for a mixture of air and hydrogen in a gravel bed have 
shown that the gravel has a considerable mitigating effect on combustion 
velocities and pressure surges. 

The FILTRA was developped and implemented at the BARSEBACK plant without 
extensive investigations of possible alternatives in order to provide 
strengthened environmental protection as soon as possible, considering 
the proximity of this plant to urban areas. 

According" to the government guidelines filtered containment venting 
systems are required also for the other nuclear power plants in Sweden. 
However, alternative, smaller and less costly aerosol retention systems 
than the FILTRA gravel bed are being considered still, at unchanged level 
of required protection of the environment. 

4.3 Vacuum building and emergency filtered air discharge and containment 
system in IANUU plants operated py untano-Hyaro 

A filtered vented containment system has been introduced at all CANDU 
plants operated by Ontario-Hydro. It is designed for protecting the 
entire plant containment from the short-term effects of any pressure 
transient following a LOCA and for maintaining containment 
depressurisation in the medium and long terms, with controlled filtered 
releases to the atmosphere. 

It consists of two systems : a vacuum building and an emergency filtered 
air discharge and containment system (EFAD). 

A typical concrete vacuum building (specifically the one at DARLINGTON) 
is shown on Figures 2 and 3. It is linked to the general plant contain
ment covering not just the reactors but also a fuel loading/unloading 
tunnel linking the four units. It has an internal volume of 10^ m3 equiva
lent to the plant containment internal volume. Under normal operation : 

- The vacuum building is isolated from the plant containment by 
self-actuating valves in the closed position ; 

- Slight underpressure is maintained in the plant containment ; 

- A "vacuum" is maintained in the vacuum building (pressure 7.103 
Pa). 

In the event of a LOCA in one of the reactors, the release of steam into 
the plant containment automatically closes the containment isolating 
valves, the valves linking the plant containment to the vacuum building 
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open and spraying in the vacuum building cools and condenses the steam. 
In the event of a full clean break in the heavy water inlet pipe to the 
reactor, this system enables the pressure in the plant containment to be 
brought below atmospheric pressure within a few dozen seconds and kept 
there for several days or hours depending upon the containment 
impairments assumed in the analyses. 

The emergency filtered air discharge and containment system EFAD is used 
in a post-accident situation to maintain depressurisation in the plant 
containment. It includes two identical filtration banks isolated by 
protection screens. It may take in air either from the general plant 
containment (from the pipe leading to the vacuum building), the vacuum 
building itself or from a vacuum pump outlet of the vacuum building. The 
air filtered by the system may be directed to the plant stack or partly 
or totally recycled. Each filtration bank consists of : 

- A droplet separator to prevent downstreamp filters from being 
damaged ; 

- An air heater to reduce relative humidity from 100 to 70 per cent 
without increasing the temperature too much, thus preventing any 
loss of efficiency in iodine filtration by the downstream activated 
carbon filter and also not subjecting downstream filters to a 
temperature which might damage them ; 

- A prefilter to retain large particles ; 

- A HEPA filter (High Efficiency Particulate Air Filter) to retain 
particles with a miminum efficiency of 99.97 per cent for particles 
of diameter less than 0.3 urn ; 

- An activated carbon filter for retaining iodine in the form of 
vapour ; 

- A second HEPA filter ; 

- A fan. 

Whereas the operation of the vacuum building is initially passive, the 
operation of the emergency filtered air discharge and containment system 
presupposes non-automatic action and the availability of power sources. 
The system has been designed in the context of design basis accidents and 
its suitability for handling accidents beyond the design basis has not 
been evaluated. 

4.4 BWR pressure suppression pool 

There are various models of BWR all including a pressure suppression pool 
designed in order to dépressurise the wetwell in the event of a LOCA thus 
enabling condensation of steam by bubbling through water and 
simultaneously filtering some of the gases. In the survey, the most 
detailed reply to the questionnaire was supplied by Switzerland. 
Consequently, the design of the type Mark 1 BWR operating since 1972 at 
MUHLEBERG (Switzerland) is described below. 

Figure Nc4 is a cross-section of the reactor showing the two pressure 
suppression systems included in the secondary containment of the reactor 
building : 
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- The first consists of a circular section metal ring containing 
2 120 m3 of water and directly linked to the wetwell ; 

- The second consists of a polygonal section concrete ring-shaped 
bunker located in the peripheral area of the reactor building and 
lined with a synthetic resin to make it leaktight. It contains 
1 000 m3 of water and is linked upstream by pipes fitted with 
valves to the internal space of the secondary containment and also 
to the first pressure suppression system, releasing gases 
downstream to the plant stack. The second system can therefore 
dépressurise the secondary containment of the reactor or the first 
system when the water in the latter reaches boiling point ; at the 
same time it filters some of the gases. 

The information supplied gives no indication as to whether these systems 
operate automatically or passively. 

As far as filtration efficiency is concerned, it should be noted that : 

- the gas bubbling height in the pool is very low (less than 1 metre 
according to Figure N" 4) ; 

- Apparently Switzerland is not conducting any work on evaluating the 
retention of radioactive products in the pool water. 

5. Procedures and criteria for the application of the systems 

No guide seems to have been drawn up on the use of the Canadian system 
and the BWR pressure suppression pools in the event of an accident beyond 
the design basis. 

Since the design of the French basis filtration system has not yet been 
finalized, the application procedure (U5) is not yet defined. However, 
French engineers are considering controlled, in order words 
non-automatic, application. 

Sweden is obviously in the lead, since the FILTRA system has been 
introduced and is designed for use in the event of an accident beyond the 
design basis. It is automatically triggered by the rupture of a blowout 
disk calibrated at 0.65 MPa (see Section 3.2). The application 
procedures, which are currently being drawn up, also include the 
following manual actuation criteria : 

- When the containment pressure reaches 0.45 MPa and continues to 
rise beyond that threshold ; 

- When the pool temperature rises above 95°C ; 

- Through simultaneous high pressure and high activity signals in the 
containment ; 

- Through a high containment water level signal. 

It seems that filtered gas releases into the environment are controlled, 
in other words non-automatic. 
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6. Advantages and disadvantages of the systems 

The advantages of such systems are obvious since they prevent 
irreversible loss of containment and provide a preferential leakage route 
to the environment which is both controlled and filtered. 

It remains to be settled whether they might increase the risk of -
releasing radioactivity into the environment and whether their cost is 
prohibitive. 

It should be noted that the cost aspect is not considered in the same way 
or given the same importance everywhere. The United States base their 
current position on an unfavourable cost/benefit analysis (see Section 
3 ) . Sweden has not taken the same stance since it has installed the 
FILTRA device at one of its power plants at a cost of US S 20 million, in 
line with the estimate made by the United States for such systems. This 
does not mean that Sweden would also disregard this aspect in the case of 
other power plants. France does not take the cost/benefit aspect into 
consideration in the principles on which its safety analyses are based 
whether in the nuclear or non-nuclear fields. In the case of accidents 
beyond the design basis in nuclear power plants, the French safety 
objective is as follows : the probability of a severe accident with 
unacceptable consequences for the public must be less than 10-6 per 
reactor per year ("unacceptable" means any measure that would restrict 
the public such as confinement or evacuation). However France has 
obviously taken cost into account in its initial FVCS selection since it 
has decided to study a basic filter "of reasonable size". 

The second aspect, namely the impact of FVCS on risk, is obviously very 
closely governed by FVCS design. Here again, since the only true FVCS in 
existence is the Swedish system FILTRA, assessment may only be based on 
the Swedish study alone. It has been shown that unscheduled bursting of 
the blowout disk during an accident whether within or beyond the design 
basis could not have a significant effect on other safety functions and 
that in any case releases to the environment remained low since they 
would be filtered by the gravel bed. Nevertheless it seems that this 
analysis remains fairly deterministic and has not yet progressed enough 
to allow a true comparison between the probabilistic risk analysis 
without the FILTRA system and that with the FILTRA system, taking into 
account the possible failures of the different components of the system. 
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FIGURE 3 
VACUUM BUILDING CROSS SECTION 
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ytoo 

FIGURE 4 : BWR UNIT AT MUHLEBERG (SWITZERLAND) 

3 : First pressure suppression system 
4 : Second pressure suppression system 
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Part 3 

REPORT ON 
THE TECHNICAL STATUS OF 

ACCIDENT CONSEQUENCE ASSESSMENT 

(Last Revision March 1987) 

Note: 

This Report is based on information available at the 
beginning of 1986. Some aspects of this work will need 
to be revised in due course in the light of the results 
of Chernobyl studies. 

This part of the report was typed at the Institute for 
Energy Technology (IFE), Kjeller, Norway 
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3. ACCIDENT CONSEQUENCE ASSESSMENT 

3.1 Introduction 

It is important to note that this chapter describes the status pre-
Chernobyl. 

The risk to the general public from the operation of a nuclear instal
lation arises from two distinct sources, namely radiation exposure 
from the discharge of radioactive effluents during normal operation 
and that from potential accidents which may result in the release of 
radioactive material to the environment. There is a marked difference 
both in the nature of these risks and the manner in which they need to 
be assessed. The exposure from the discharge of effluents is an un
avoidable consequence of the operation of the installation, as desig
ned and constructed, although this exposure (and thus risk) is main
tained at very low levels through the general requirements to keep 
discharges "as low as reasonably achievable". In many cases the dis
charges from nuclear installations are "quasi-continuous" and, with 
knowledge of the surrounding environment and habits of the population, 
reliable estimates can be made of both the exposure of individuals and 
the population as a whole. Detailed methods for evaluating such doses 
(and risks) have been developed and documented, e.g. (Réf. C079)« 

A different approach must, however, be used to assess the risk from 
potential accidents. Despite the elaborate precautions taken'in the 
design, construction and operation of nuclear installations, there 
will always remain the possibility, however small, of accidents which 
may lead to the release of radioactive material to the environment. 
The amounts released may range from the trivial up to a significant 
fraction of the activity inventory of the facility under consider
ation, although the most recent research results on reactor accident 
source term make the possibility of major releases very remote. In 
contrast to the discharges of effluents in normal operation, which 
occur in a controlled manner and more or less continuously throughout 
the lifetime of an installation, the occurrence of accidents can only 
be predicted on a probabilistic basis. Similarly, while the exposures 
(and thus risk) from effluent discharges can be reliably estimated, 
those from postulated accidents can only be determined probabilisti
cally . 

The techniques of probabilistic risk assessment (PRA) have been used 
to evaluate the risk from potential accidents e.g. (Refs. KE82, MI76, 
NU75)• PRA can be conveniently categorised into two broad disciplines, 
plant safety analysis and accident consequence assessment (ACA), and 
the interfaces between them are illustrated in (Fig. 1). 

From the plant safety analysis, predictions emerge of the frequencies 
with which particular accidents may occur and the characteristics of 
the radioactive material released in each case. 

The characteristics of the released material are frequently referred 
to as the "source terms" and include the amount of each radionuclide 
released, the physical and chemical forms of the released material, 
the duration and heat content of the release etc. The accident "source 
terms" and their frequencies of occurrence are input to the accident 
consequence assessment (ACA) which, in turn, predicts the consequences 
in terms of health and economic impacts and the frequencies with which 
they might occur. 
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Fig. 1 General stincture of a probabilistic risk assessment. 

3.2 The essential elements of an accident consequence assessment 

Compared to a plant safety analysis an accident consequence assessment 
appears inhomogenous, and it may be difficult to see the connection 
between the various parts of the assessment. The reason is that requi
red information input to the assessment spans a very wide range of 
separate and unconnected disciplines; from meteorology to properties 
of building materials, from data on the health effects of radiation to 
data on population, land use and agricultural practices. 

The essential elements of an accident consequence assessment (ACA) are 
shown schematically in (Fig. 2). For a given release source term and 
weather condition, an atmospheric dispersion model is used to calcul
ate a matrix of air and ground concentrations for each nuclide relea
sed. These are converted by a dose model into inhalation doses and 
doses from external exposure. The ground concentrations are also input 
to a model for calculation of dose from inhalation of resuspended 
radioactive materials, and a foodchain model which computes matrices 
of contamination levels for the specified foods. The various dose and 
food contamination level matrices are then used, in conjunction with 
population and agricultural census data, to calculate the following 
typical "end-points": 

- number of late and early effects, using a health effects model 
and counter-measures model. 

- interdicted land areas and food restrictions using a 
counter-measures model. 
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For a given release source term the environmental consequences will be 
quite different for different weather situations. The calculations are 
therefore repeated for a series of different possible weather condi
tions sampled from a meteorological data base. The results of these 
calculations are a collection of consequence magnitudes (one for each 
possible weather condition). Since the probability of each weather 

c Source Term 5 
Atmospheric Dispersion 

Model 
Atmospheric 
Conditions 

Air / Ground 
Concentrations, 

(Ground concentration only) 

Dose Model Foodchain Model 

Inhalation, Cloud p/y. 
Ground p/y Doses 

Food Contamination 
Levels 

Population / Agricultural 
Production Census Data 

Numbers of Late/ 
Early Effects 

( ) Input Data 

Model 

Interdicted Land 
Areas/Food Restrictions/ 

^ y Output Data 

Fig. 2 Schematic representation of an accident consequence calculation 
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condition can be determined from weather statistics, the probability 
of occurrence of each consequence magnitude is know. It is customary 
to present the results as complementary cumulative distribution func
tions (CCDF); as a presentation of the accident risk. The calculation 
procedure described in this paragraph will produce a conditional CCDF, 
since it is assumed that a specific accident has taken place. 

If it is desired to assess the accident risk of a specific plant, it 
is necessary to take all types of accidents that may lead to releases 
to the environment into consideration. Using plant safety analysis 
methods, a range of possible source terms with connected annual fre
quencies of occurrence are determined. For each source term a CCDF can 
be assessed, as described in the previous paragraph. These can then be 
coupled, using the annual frequencies of occurrence, to form one CCDF. 
Thus, the production of the overall CCDF can involve a very large num
ber of calculations of environmental consequences under different con
ditions. It is, therefore, important to keep the number of different 
source terms to a minimum; i.e. assure that they are appreciably dif
ferent (result in appreciably different consequences), and that effi
cient computational techniques are employed in the accident conse
quence assessments. 

There are two broad categories of offsite consequences which may re
sult from an accidental release and which need to be evaluated in an 
accident consequence assessment. First, there are the health effects 
in the exposed population and its descendants, and second, there is 
the economic (and social) impact of counter-measures which may be taken 
to reduce the exposure and thus the health implications in the popula
tion. 

Experience to date has shown that accidental releases to the aquatic 
environment make only a small contribution to the overall risk from 
nuclear installations. For this reason, an ACA is generally concerned 
with assessment of the consequences of atmospheric releases. Likewise, 
it has been shown that the risk via deposition of atmospherically 
released materials onto water bodies is normally considerably smaller 
than when deposition takes place on land. 

The analysis methods in this area have been fairly stable for some 
years, but the need for certain specific improvements is recognized. 
Improvements in some recent ACAs have included more detailed treatment 
of certain meteorological and topographical effects, and enhanced 
models for the mitigation of radiation exposure (e.g. evacuation and 
sheltering). And a particular need has been felt for more realistic 
treatment in the conditions in urban areas. In particular, needs for 
improving specific aspects may result from the ongoing activity in the 
source term area. 

3.3 Historical background 

The first accident consequence assessment (ACA) model in the newer 
"generation" was CRAC, which was developed in 1975 primarily for the 
U.S. Reactor Safety Study (Réf. NU75). Since then CRAC, and several 
modified versions of CRAC, has been used extensively in a number of 
countries. The first application of CRAC outside of the U.S. was in a 
risk study carried out for the Norwegian Government Commission on 
Nuclear Power in 1977 (Refs. NO78 and TV79). 
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Completion of further ACA models followed rapidly (development had in 
many cases been initiated some years before publication of NU75)• The 
Finnish model ARANO was the first model to be completed after CRAC. It 
was first employed in a risk-benefit analysis (Ref. MI76 and SA76). 
Then followed several new models, and among them the German model 
UFOMOD, developed primarily for the German Risk Study (Réf. DE79). 
Since 1975 modelling capabilities have been improved, model and 
parameter evaluation studies have been performed. The existing models 
have also been applied to provide guidance in such areas as emergency 
planning and reactor siting. 

Much of the recent development of methods and data has been carried 
out within the framework of the 1980-1984 CEC (Commission of the 
European Communities) Radiation Protection Research Program and within 
the Nordic Safety Program (participants Denmark, Finland, Norway and 
Sweden). 

Within the CEC program a two-year plan was drawn up in 1982, referred 
to as MARIA (Methods for Assessing the Radiological Impact of Acci
dents) to review and develop the probabilistic consequence assessment 
methods in use in the countries of the European Community. The princi
pal contractors for this work were NRPB (National Radiological Protec
tion Board, United Kingdom) and KfK (Kernforschungszentrum Karlsruhe, 
Federal Republic of Germany) who were jointly responsible for the 
following areas of investigation: 

- atmospheric dispersion including topographical aspects, mesoscale 
dispersion, wet deposition and meteorological sampling; 

- external exposure from ground deposition; 
- transfer through foodchains; 
- uncertainty analysis. 

A number of supportive study contracts on particular aspects were 
placed with other organisations within the European Community. 
Moreover, within the CEC radiation protection program certain other 
research contracts dealt with related topics. 

The work within the Nordic Safety Program was carried out in the years 
1981 to 1985< It was administrated by the Nordic Liaison Committee for 
Atomic Energy, and partially funded by the Nordic Council of Minis
ters. A new joint Nordic Safety Program will be carried out in 1985 -
1989> also sponsored by the Nordic Liaison Committee for Atomic 
Energy/Nordic Council of Ministers. 

Some of the aspects investigated in the ACA-related work in the Nordic 
Safety Program are: 

- Compilation of a data bank of Nordic fall-out data. 
- The shielding and filtering effects of buildings. 
- Deposition in urban areas. 
- Natural decontamination of roofs. 
- Run-off and decontamination under winter conditions. 

Some important current development work: 

- Development of a new ACA model, at Sandia National Laboratory» as 
part of the MELCOR program, expected to be completed in 1986. 

- Development of a new ACA model (CONDOR), jointly by CEGB and SRD, 
expected to be completed in 1987-
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- Continuation of the MARIA program, sponsored by CEC, planned 
through 1988. 

- Improvement of ACA data and models, within the Nordic Safety 
Program, planned till summer 1989. 

- Improvement of ACA data and models, as part of the German Risk 
Study, Phase B. 

Short descriptions of these programs are given in section 3-8.2. 

3.4 Computer programs for accident consequence assessment 

A number of probabilistic accident consequence assessment codes have 
been developed in different countries. A list of codes is shown in 
(Table 1). This information has been taken from (Réf. IN84). 

NAME OF CODE ORGANIZATIONS PARTICIPATING IN SOME 
AND REFERENCE OR ALL BENCHMARK PROBLEMS COUNTRY 

IFDM/DOSDIM (KR78) 
CONSEQU (MA80) 

(SN80) 
PLUC0N2 (TH80) 
ARANO (N079) 
ALICE (MA81) 
UFOMOD (DE81) 
MUSE (V082) 
OTEIB (TA80) 
COMOST-II (1182) 
RECN (ST82) 
MAKRO (EE82) 
CRAC (NU75) 
UNIDOSE (KA79) 

SCK/CN 
Atmospheric Environment Service 
Atomic Energy of Canada Limited 
RISO National Laboratory 
Technical Research Center 
Commissariat a l'Energie Atomique 
Kernforschungszentrum Karlsruhe 
Kernforschungsanlage Julien 
ENEA 
Japan Atomic Energy Research Institute 
Energy Research Foundation 
KEMA, Nederland 
Institute for Energy Technology 
Studsvik Energiteknik AB 

CHRONEX/SPAD (ZU78)Federal Office of Energy 
TIRION#(KA76) 
CRACUK* 
NECTAR (MA82) 
MARC (CL81)* 
BADAC1 (BE78) 
CRAC (NU75) 
CRAC2 (RI83) 
CRACIT (C081) 

(ST80) 
ADPIC (LA78) 
NUCRAC (KA81) 

UKAEA Safety and Reliability Directorate 
UKAEA Safety and Reliability Directorate 
Central Electricity Generating Board 
National Radiological Protection Board 
National Audubon Society 
Sandia National Laboratories 

« 

Pickard, Lowe and Garrick, Inc. 
Battelle Pacific Northwest Laboratories 
Lawrence Livermore National Laboratory 
Science Applications Inc. 

Belgium 
Canada 
Canada 
Denmark 
Finland 
France 
FRG 
FRG 
Italy 
Japan 
Netherlands 
Netherlands 
Norway 
Sweden 
Switzerland 
UK 
UK 
UK 
UK 
USA 
USA 
USA 
USA 
USA 
USA 
USA 

Table 1 List of accident consequence assessment codes 
* Added to the list. 
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Broadly these codes all have a similar structure, but differ in detail 
at the submodel level. There are a number of different reasons for 
these differences. The more important of these reasons are: 

- There has been development over the years in the ACA area, and a 
code will reflect the conditions at the time at which it was 
developed (modified by the extent to which it incorporates the 
more recent developments). 

- The design of a code (including the sophistication of the models 
used) is influenced by the intended application of the code. 

- Submodels in different codes may be developed on the basis of the 
same basic data, but may differ in the exact interpretation of 
these data (these differences in interpretation are rarely of a 
fundamental nature and are largely a reflection of the uncertainty 
in the original data on which the models are based). 

The ACA codes mentioned above have found wide application in several 
areas of nuclear safety including risk assessments of nuclear instal
lations, assessing the merits of different design options, safety 
goals, siting and emergency planning. In these applications the exist
ing codes have proved to be broadly adequate. However, in the context 
of their increasing use in a decision-making framework there is a need 
for further code development with the main objectives of gaining a 
better understanding of the uncertainties involved and reducing these 
where appropriate, and enhancing the range of -applicability of the 
existing codes. 

3.5 Limitations and uncertainties 

The largest uncertainty in off-site consequences is due to the varia
tion of the accident source, but even in the case of fixed releases of 
radioactive material, the consequences will vary considerably with the 
conditions pertaining at the time, in particular with the prevailing 
meteorological conditions, the season, the location and habits of the 
population etc. It is, for example apparent that, for a nuclear in
stallation located on the coast, the consequences of an accident would 
be very different in the following two situations: when the released 
material is dispersed inland over an urban area, and when the released 
material is blown out to sea. For any given release, therefore, there 
will be a spectrum of possible consequences, each having different 
probabilities of occurrence determined by the environmental character
istics of the release location and its surroundings. In assessing the 
risk from accidents, therefore, both the release and the consequences 
which might result from it must be treated in a probabilistic frame
work, in contrast to the approach adopted when assessing the risk from 
effluent discharges during normal operation. 

Besides carrying through the uncertainties related to the previous 
steps of a PRA (the plant safety analysis) the off-site accident con
sequence assessment has its own limitations, and these stem princip
ally from two sources: uncertainty in the models and uncertainty in 
the data required by the models. 
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Modelling uncertainty arises from: 

- An incomplete understanding of the phenomena and processes 
involved in the transport of released radioactive materials to 
man, and the health, environmental and economic consequences that 
result. 

- Simplifications made in the modelling process to reduce 
computational costs, complexity and requirements for input data. 

Data uncertainties arise from: 

- Problems associated with the quality, availability and appropri
ateness of the data. 

- Statistical variability. 

In addition to uncertainty in the models and data, the weather condi
tions during and following a release can have a very large impact on 
predicted consequences. The variability of meteorological conditions 
is usually addressed by treating weather as a stochastic parameter. 

Validation of a complete ACA code is not possible although at the sub
model level this is possible to varying extents (e.g., atmospheric 
dispersion, transfer of nuclides through foodchains). In these circum
stances code intercomparisons have an important role in attaining some 
measure of quality assurance in the techniques used. Intercomparisons 
at various levels of detail have been undertaken both internationally 
and bi-laterally (Refs. TH78, TH79, IN84 and HE83). While differences 
have emerged between the predictions of the various codes their magni
tudes have in general been consistent with the inherent uncertainties 
in the predictions. In some cases the measure of agreement is greater 
than might have been anticipated and this is often due to the adoption 
of the same modelling approach in the respective codes in areas asso
ciated with significant uncertainty. This further reinforces the need 
for uncertainty estimates in accident consequence predictions if undue 
reliability is not to be attached to the results. 

Quite recently two projects have been carried out to gain increased 
knowledge of the uncertainties in offsite consequence assessments; one 
in Germany (Réf. HO85) and one in the United States (Réf. AL.85). One 
more uncertainty assessment is scheduled for completion in late 1986. 
This assessment is performed in Sweden as part of the joint Nordic 
Safety Program. 

A full assessment of the uncertainties in consequence analysis has not 
been performed. A number of studies have presented estimated uncer
tainties in the calculated distributions of health and economic conse
quences based on subjective considerations or on a limited number of 
parametric sensitivity studies. In parametric sensitivity studies, 
consequences are calculated for a range of plausible values of a 
single key variable or model while other variables are held fixed, 
usually as some nominal value. Uncertainty estimates based on paramet
ric studies are conditional on the values selected for all other (non-
varied) parameters. In addition, the effects of possible synergisms 
between variables are ignored because only a single variable at a time 
is varied. 
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While most previous efforts to estimate uncertainties in offsite con
sequences have been based on subjective judgement or on parametric 
sensitivity studies, the two current efforts are developing techniques 
for performing uncertainty analyses that permit the simultaneous vari
ation of the variables under study. The use of "multivariate" input 
allows the effects of possible synergisms between variables to be 
included in the analysis. Under the auspices of the Commission of the 
European Communities, a major effort is underway jointly at Kernfor-
schungszentrum Karlsruhe (KfK) and the National Radiological Protec
tion Board (NRPB) to develop and apply uncertainty analysis techniques 
for consequences models. Two multivariate techniques have been compa
red, statistical tolerance confidence limits (STL) and response sur
face replacement. To date, the two techniques have been applied to 
study uncertainty in the atmospheric dispersion model of MARC (J082) 
and UFOMOD (BA84) and also the food-chain submodel of MARC. The cur
rent conclusions of the study, described by Hofer and Krzykacz (HO85), 
were that for the submodels examined, the STL approach provided at 
relatively little cost estimates of uncertainty in output parameters 
as well a determination of the important parameters. However, the 
relatively large number of required computer runs (59) may not be 
affordable when a full consequence model is examined. 

At Sandia National Laboratories in the U.S., the MELCOR project is 
identifying and compiling techniques suitable for performing uncer
tainty and sensitivity analyses on computer codes used for analysis of 
severe accidents. As part of MELCOR, Iman and Helton (IM85) compared 
three techniques for performing uncertainty and sensitivity analyses 
with complex computer models. The three techniques were: Latin hyper-
cube sampling (a stratified Monte Carlo technique), response surface 
replacement, and differential analysis. Overall, the authors judged 
the Latin hypercube sampling (LHS) method to be well suited for use 
with complex computer codes such as those being developed for MELCOR. 
Their observations with respect to the advantages of the LHS technique 
were: 1) Uses input from any multivariate structure and can be modi
fied to incorporate correlations between variables, 2) the entire 
range of each variable is utilized, which is important if there are 
thresholds or discontinuities in output (e.g., thresholds for early 
health effects), 3) directly produces estimates of output distribution 
functions, expected values and variances, 4) permits a variety of sen
sitivity analyses techniques (e.g., stepwise regression, partial cor
relation , scatter plots), 5) does not require extensive modification 
of the model under analysis, and 6) is designed to make efficient use 
of the number of computer runs required. A demonstration of the use of 
the LHS technique on the reactor accident consequence model has 
recently been performed (AL85). 

3.6 Potentially important pathway parameters 

At the first meeting of GRECA (Group of Experts on Accident Consequen
ces) it was decided to carry out a pathway parameter survey/evalua
tion. It was argued that considerable effort had been spent in recent 
years on improving accident consequence modelling techniques, but that 
there were still large uncertainties associated with many of the 
pathway parameters. 
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The purpose of the conducted survey has been to collect the parameter 
values (and associated data) used in the various countries represen
ted, with their range of uncertainty, evaluate these uncertainties, 
and determine the sensitivity of consequence assessments to the uncer
tainties. The survey will be published separately. 

The parameters included in the survey are: 

- Influence of the source term characteristics on offsite 
consequences and priorities for future research. 

- Estimation of accident consequence uncertainties and 
evaluation of sensitivities. 

- Decontamination (including effectiveness and cost) 
- Radionuclide behavior in urban areas (including run-off 
and rainstorm events). 

- Shielding factors (particularly, but not exclusively, 
in urban areas). 

- Filtering effects of houses and deposition indoors. 
- Wet and dry deposition (velocities). 
- Migration of radionuclides in soil. 
- Deposition and decontamination under winter conditions. 
- Agricultural pathways (deposition on crops and root uptake, 
not including animal products data). 

- Meteorological sampling techniques. 
- Sensitivity of dose pattern to grid size for population. 

The importance of many of these parameters to offsite consequences has 
been examined in the large number of sensitivity studies that have 
been performed throughout the world. For severe accidents, uncertain
ties in early health effects are quite large and have generally been 
found to be driven by uncertainty in the source term and in the assu
med emergency protective measures. Uncertainties in long-term health 
effects (latent cancers) and offsite costs are generally smaller than 
for early health effects. A good discussion of uncertain parameters 
can be found in the U.S.N.R.C.'s PRA Procedures Guide (NU83). 

The recent uncertainty analyses performed at KfK and NRPB (HO85) found 
the uncertainty in predicted areas of ground contamination and in pre
dicted levels of ground contamination at a particular distance to be 
driven by the uncertainty in dispersion parameters and in wet and dry 
deposition parameters. However, these studies have not yet examined 
uncertainties in health or economic consequences. The study at Sandia 
(AL85) did determine uncertainty in consequences, but only examined a 
limited number of parameters. The study at Sandia was primarily aimed 
at demonstrating the use of uncertainty and sensitivity analysis tech
niques on a consequence model. Full uncertainty analyses are planned 
for the near future by groups at KfK, NRPB and Sandia. 

3.7 Applications of accident consequence assessment 

Since the publication of WASH-1400, ACA has been used as an investiga
tive tool in an increasing number of fields. Risk assessment results 
for different plants and a variety of environmental conditions have 
been compared with one another to show the influence of changed safety 
concepts, parameter values or different situations. In the following, 
the most important areas where ACAs have been applied are briefly 
described. 
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In general, probabilistic risk assessment (PRA) models have been 
developed to evaluate the aggregate risk of potential accidents at 
many reactors and sites, such as in the Reactor Safety Study and the 
German Risk Study. However, PRA models are currently being applied in 
many countries (particularly the United States) to examine the risk 
posed by reactors at specific sites and to provide guidance for 
planning and decision making. Besides use in risk evaluation, other 
areas of important application include evaluation of alternative 
design features, emergency planning and response, reactor-siting 
recommendations, and development of acceptable risk criteria. 

ACA in safety evaluation 

The ACA model CRAC was developed primarily for the U.S. Reactor Safety 
Study (Réf. UN75), to assess the societal health risks resulting from 
the concurrent operation of light water reactors at different sites. 
After the publication of the Reactor Safety Study, the need for site-
specific risk studies arose in the USA. A number of such studies have 
been performed within the USA regulatory and licensing procedures 
(Refs. C082, PA82, NU83a). 

Another example of the use of consequence modelling for specific sites 
is the relatively recent series of environmental statements for seve
ral reactor sites (see Refs. NU8l, NU82, NU84 as examples). These en
vironmental statements contain analyses of the potential consequences 
of core-melt accidents and have been produced by NRC to fulfill its 
interpretation of the requirements of the National Environmental Pol
icy Act (NEPA). Réf. NU82 contains an assessment (using the dispersion 
and deposition models and meteorological sampling scheme of CRAC) of 
consequences of atmospheric fallout of radionuclides on Great Lakes 
from the Fermi-2 reactor accidents. Ref. NU84 contains a very detailed 
assessment (also using CRAC) of public risks from the Limerick reac
tors near Philadelphia including the consideration of severe earth
quakes . 

ACA is playing an increasing role within Europe particularly in the 
context of the introduction of new, novel plants. Within the UK it has 
been used at the Public Inquiry into the proposed PWR reactor at Size-
well (Réf. KE82), the first introduction of commercial PWR technology 
into the UK. In Germany, as a result of a comparative probabilistic 
safety analysis of the proposed reactor and an existing PWR, the 
German Federal Parliament rejected a petition to stop the construction 
of a new fast breeder reactor, SNR-300. 

ACA in plant design development 

PRA techniques may be used to evaluate the risk reduction potential of 
possible plant modifications. In this context, the evaluation of the 
benefits and costs of proposed new safety features designed to reduce 
the probability or consequences of severe accidents is an important 
issue. The ultimate goal of this use of PRA is to be able to quantify 
the safety benefit of specific mitigation features. 
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In USA design alternatives for light water reactors have been investi
gated in the following areas: 

the siting of the reactor (e.g. underground) 

alternative containment designs (e.g. increased volume, 
filtered venting, double wall) 

the inclusion of core retention devices (e.g. core catcher) 

alternative or additional systems for heat removal from the 
core and containment. 

ACA has been shown to be useful in quantifying the risk reduction and 
the cost-effectiveness of safety options. 

ACA in emergency planning 

ACA may be used to judge the likely effectiveness of actions taken to 
reduce the consequence of an accident. This effectiveness will depend 
upon the type of the nuclear facility under consideration, site char
acteristics such as the population distribution and traffic network, 
the conditions at the time of the accident (e.g. weather) and the cha
racteristics of the accident. But ACA may also be used to analyze 
emergency planning in more generic terms. Analyses, whether generic or 
site specific, may be used to develop "best strategies" either for 
general application or for specific kinds of accidents or weather 
conditions. In addition, they allow estimates to be made of the faci
lities which would be needed to deal with accidents, and allow plans 
to be made for such facilities to be prepared should an accident ever 
occur. These may be operational such as providing sufficient monitor
ing stations to give an adequate description of the situation in a 
suitable timescale, or logistical such as the provision of an 
appropriate supply of stable iodine tablets for distribution. 

At least two studies, (Refs. AL78 and AL80), have made use of the 
Reactor Safety Study source terms and consequence model CRAC to pro
vide guidance in the area of emergency planning and response. 

One study, (Réf. AL78), examined the relative merits of evacuation and 
sheltering followed by population relocation as protective measures 
for severe core-melt accidents, the distances to which (or areas with
in which) they might be needed, and the time available for their im
plementation. Based in part on this analysis, NRC has required imple
mentation of emergency planning zones for the plume exposure pathway, 
with an approximate 10-mile radius, for all operating plants in the 
United States, (Réf. CO78). If source terms are significantly reduced, 
this study will probably be re-performed. 

Another study, (Ref. AL80), was performed to provide guidance to poli
cymakers concerning (1) the effectiveness of potassium iodide (KI) as 
a thyroid blocking agent in potential reactor accident situations, 
(2) the distance to which (or area within which) it should be distri
buted, and (3) its relative effectiveness compared with other avail
able protective measures. Again, the analysis was performed using the 
Reactor Safety Study consequence model CRAC. The study concluded that 
KI did not appear to be a cost effective protective measure. 
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ACA in siting 

There Eire many aspects that play a part in determining choice of sit
ing. Some of them are radiological. One of the inputs to the radiolo
gical aspects of the siting of a nuclear facility is the possible im
pact of an accident at the site. ACA may be used to generate "siting 
criteria" which provide some numerical guidelines aimed at limiting 
the impact of a potential accident. The development of such criteria 
requires a detailed analysis of 

- the consequences from possible plant accidents. 
- the population distributions of the sites considered in 
the risk assessments. 

- the economic impacts of possible accidents. 

Because only a limited number of consequences of an accident are de
pendent upon the characteristics of the immediate vicinity of the site 
it may be possible to reduce the number of consequences considered in 
an analysis. For example, since in densely populated regions like 
Europe, the collective risk of latent health effects is mainly caused 
by low radiation doses to a large number of persons living far from 
the site, siting has negligible influence oh this kind of consequence. 
In contrast to this, the number of early health effects which may 
occur after an accidental release of radioactive material is strongly 
dependent on the population distribution in the vicinity of the site. 
In addition, the site-specific traffic network may influence the 
effectiveness of emergency actions and hence the consequences of the 
accident. 

Comparative site evaluations have been performed e.g. in Finland (Ref. 
SA79)t and for the Norwegian Government Commission on Nuclear Power 
(Refs. N078 or TV79). 

Following the accident at THI, the U.S. NRC requested Sandia National 
Laboratories to perform a study to develop technical guidance to sup
port the formulation of new regulations for siting nuclear power reac
tors in the United States, (Réf. AL82) Guidance was requested regard
ing (1) criteria for population density and distribution surrounding 
future sites and (2) standoff distances of plants from offsite haz
ards. Generic and site-specific consequence calculations were perfor
med using CRAC2 to evaluate the dependence of consequences on source 
term, population distribution, meteorology, and emergency response. 
The results of these analyses can be used to determine many of the 
impacts of alternative siting criteria and to provide guidance in 
evaluating trade-offs among criteria. In addition, the broad range of 
data and analyses contained in the study can be useful for a wider 
community of users interested in evaluating the consequences of reac
tor accidents. The study concluded that estimates of offsite conse
quences depend strongly on site population distribution but are rela
tively insensitive to site meteorology (It has, however, been argued 
that this conclusion may not be valid in Europe). Predicted numbers of 
early fatalities are very sensitive to source-term magnitude and the 
timing of emergency response. A decision by the NRC about new siting 
policy has been defered until after the source term issue is resolved. 



- 306 -

ACA and safety goals 

The development of a set of quantitative rules governing decisions on 
the safety of light water reactors has intensified greatly in the USA 
over the past five years. Development work with a similar basic pur
pose has high priority in all countries with nuclear programs, but the 
approach differs from one country to another, and the concept of 
"safety goals" has mainly been adopted by the USA. The process of 
defining such "safety goals" is not solely a scientific or objective 
decision and various formulations of risk criteria have been discus
sed. At present no broad consensus exists on any of the proposed 
safety goal concepts. Safety goals may be based on different criteria, 
derived from 

plant damage - individual risk 
radioactive release - societal risk 
radiation dose - cost-benefit consideration 

or combinations of these quantities. Host attention has been paid to 
the limitation of mortality risks for individuals and society as a 
whole. In the USA provisional numerical guidelines are under discus
sion, which limit early and late fatality risks from a nuclear power 
plant to a small fraction of the risk resulting from all other causes. 
In addition a cost-benefit guideline is proposed for use in decisions 
on safety improvements which would reduce individual and societal 
risks at levels of risk below those specified in the health risk 
guidelines. Further safety goal criteria which are consistent with the 
complete presentation of ACA results in the form of CCFDs i.e. limi
ting curves on frequency/consequence or frequency/ dose diagrams, have 
been proposed, which can be directly compared with the results of 
existing ACAs. However, any mathematical formulation cannot disregard 
the fact that the limits themselves are more or less arbitrary. 

ACA in determining research priorities 

There are a number of different possible approaches to the task of 
allocating priorities to research and development (R&D) programs 
under the constraint of limited resources, whilst attempting to maxi
mise the benefit in terms of improved safety. A possible approach is 
cost-effectiveness investigations. These investigations can be per
formed at a qualitative level or by applying quantitative methods. 

One of the ultimate goals of improved safety is to reduce potential 
accident consequences in the environment. The reduction in environ
mental consequences is then a measure of the effectiveness of the 
additional cost, in providing improved safety. Accordingly ACA methods 
must be utilized in the process of choosing strategies for improving 
the safety. 

Another, perhaps equally important, R & D objective is to reduce the 
uncertainties in estimated accident consequences. In this case it is, 
however, more difficult to determine how to measure the effectiveness 
of the R & D funds allocated to a specific R & D program. But the ACA 
methods can themselves be used to help set research priorities in the 
ACA area. Sensitivity and/or uncertainty analyses of ACA data and 
models can provide information needed to set such priorities. Further 
discussion of this application of ACA is found in section 3.8.1. 
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PRA Procedures Guide 

A joint NRC-industry effort, under the aegis of the Institute of Elec
trical and Electronics Engineers (IEEE) and the American Nuclear Soci
ety (ANS), has prepared a procedures guide for the systematic applica
tion of probabilistic and reliability analysis to nuclear power plants 
(Réf. HI82). The objective of the guide is to document the current 
state of the art of all major subject areas in a PRA. For each of 
these areas, including consequence analysis, the guide delineates 
acceptable analytical techniques, acceptable assumptions and modelling 
approximations, acceptable methods for treating uncertainties, and 
acceptable standards for documentation and quality control. The chap
ter in the guide that deals with environmental transport and conse
quence analysis discussed the information that is required as input to 
a consequence analysis, the type of output that might result and how 
it should be interpreted, the potential pitfalls associated with the 
use of existing codes, and the uncertainties inherent in the data and 
modelling. The chapter is an excellent compendium of information, ref
erences, and discussion of important areas in the field of consequence 
analysis. 

3.8 Potential for improvements 

It is recognized that, although ACA methods have proved very useful 
over the last ten years, improvements are needed in many areas. It is 
also recognized that, since ACA methods were developed primarily for 
evaluation of the consequences of large reactor accidents, further 
development may be needed if it is desired to use the methods to 
evaluate accidents with significantly different source characterist
ics. Here the close connection between the source term work and the 
ACA development work is evident. 

Efforts to improve accident consequence analysis methods and data are 
under way in a number of countries. Some of the larger of these pro
jects are described in the following. 

3.8.1 Source term characteristics and accident consequence assessment 

The two distinct stages of a probabilistic risk analysis (PRA), namely 
plant safety analysis and accident consequence assessment, involve 
very different technical diciplines. As a result there may be inter
face problems. One of CSNI's purposes in coupling the two areas in 
Principal Working Group 4 is to resolve some of these problems. 

A major step in this direction was the preparation of the Source Term 
Report by GRECA (Réf. GR84). The most important source term characte
ristics in determining offsite consequences are given in the following 
list (Réf. GR84): 

- Release fractions. 
- Duration of release. 
- Warning time. 
- Rate of heat release (for some accident sequences). 
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- Particle-size distribution (in connection with contamination, 
property damage). 

- Moisture content of release (ongoing investigations may show 
this characteristics to be important)). 

The impact of the source term characteristics is large, not only on 
consequence assessment results, but on the priorities of future work 
in this field. The present priorities are based upon qualitative or 
quantitative sensitivity studies or parameter variation analyses; but 
are valid only for the present source term status. Drastically differ
ent source terms may have large implications. A previously unimportant 
pathway may become important, other parameters may dominate the uncer
tainty, a nuclide for which data are deficient may become important. 
Areas of ACA methodology that have been given low priority, because 
uncertainties in these areas had little impact upon the ACA results, 
may become important. Better data and models may be needed, where they 
previously had little impact upon the results. 

It is, therefore, imperative to obtain an early indication, if source 
term work indicates that source term status will change, so that ACA 
research priorities can be shifted accordingly. Quite recently a large 
report on source term status was prepared by a Special Task Force on 
Source Term, set up by CSN1. It has not yet been determined explicitly 
what influence this work may have upon ACA research priorities. 

3-8.2 Current development work 

Work in several areas of ACA development are carried out as part of 
the NRC sponsored MELCOR program (SP83) Specifically, improvements are 
being made in the atmospheric dispersion and transport model; these 
include developing a multi-puff model which will permit the analysis 
of site-specific terrain and plume trajectories and provide an impro
ved treatment of long-duration releases and precipitation modelling. 
Other improvements in modelling capabilities will include the incorpo
ration of more detailed land-use characteristics, especially the dif
ferentiation of urban and rural areas, and a réévaluation of the 
available emergency-response data, which will provide improved esti
mates of the risk of early health effects. Improved models for radio
logical health effects and potential economic impacts are also being 
developed. 

In addition, a key objective of the MELCOR offsite-consequence 
modelling effort is to develop tools that can provide estimates of the 
uncertainties in the predicted consequences. Although uncertainties 
are likely to remain quite large, a thorough examination of their 
origin and magnitude will provide both a firmer basis for applying 
offsite-consequence analysis and a better understanding of its 
limitations. Finally an NRC sponsored program is currently underway to 
assess the potential impact on offsite consequences of localized 
"rain-out" from a moist plume. 

In the United Kingdom a new accident consequence assessment code cal
led CONDOR is currently under development jointly by CEGB and UKAEA 
(Safety and Reliability Directorate). The code will incorporate signi
ficant novel features. For example, it will include both puff and 
plume models for atmospheric dispersion. It will also account for 
doses from deposition over sea and for a range of different dose-
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effect relationships. CONDOR has been structured in a very general 
manner so that specific modules can be updated or replaced without 
disturbing the over-all architecture. The modular structure also 
easily permits uncertainty analyses to be carried out, this being one 
of the intended applications of CONDOR. 

Several projects in the ACA area are included in the new four year 
period, starting 1985. of the Nordic Safety Program. They are con
cerned with the following project areas: 

- Extension and utilization of the Nordic fallout data bank. 
- Various improvements in ACA modeling, including use of multi-
puff models. 

- Mitigating actions and economic consequences. 
- Conditions in urban areas. 
- Winter conditions. 
- Resuspension. 
- Shielding. 
- Uncertainty analysis of ACA. 

A number of other projects financed nationally are also carried out in 
the Nordic countries. 

In the Federal Republic of Germany the UFOMOD code system is presently 
under revision. The new version of UFOMOD was expected to be completed 
in spring 1986. 

There will be considerable modifications to submodels and improvement 
of data sets in the following areas: 

In atmospheric dispersion and deposition: 

- Application of trajectory/puff type model to assess all kinds of 
early effects in distances up to 50-100 km resulting from short-
term releases (<_ 1 d). 

- Implementation of the MESOS code (Imperial College, UK) for 
dispersion calculations in the large distance range (2 50 km 
up to the borders of Europe) to assess the late effects. 

- Development and application of a simple dispersion model for 
long - term releases (> 1 d up to some weeks). 

- The particle size distribution will be taken into consideration 
(and taken into account in the dose and health effects calcu
lations via the inhalation pathway). 

- The cyclic sampling scheme will be replaced by a stratified 
sampling scheme. 

- Improvement of the meteorological data base (synoptic recordings). 

Behaviour of radionuclides in the environment: 

- Inclusion of deposition and post-deposition behaviour of radio
active material in urban areas (run-off and wash-off processes). 

- Dynamic modelling of the transfer of radionuclides through 
foodchains (results of ECOSYS code of GSF for 8 food products). 

- Improved description of the time dependent migration of radio
nuclides into soil. 
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Revision of the countermeasures modelling: 

- Timing and range of emergency actions with respect to new source 
terms; intervention levels of relocation, decontamination and 
interdiction of food. 

Dose assessment: 

- Shielding factors of various building types according to newest 
shielding calculations for German houses. 

- Completely new data sets of dose conversion factors for external 
(ground, cloud) and internal (inhalation, ingestion) radiation, 
prepared by GSF for an extended list of nuclides (> 5*0-

- Consumption habits of the German population for 8 food products. 

Health effects assessments: 

- Revised dose-risk relationships for mortality and morbidity 
(early and late health effects). 

- Implementation of models to assess genetic consequences. 

Presentation of results: 

- Frequency distributions of activity concentrations, radiation 
doses, health effects, areas and number of persons affected 
by countermeasures. 

- Time and distance dependent presentations of the above mentioned 
consequences (especially the time dependent occurrence of the late 
health effects and the time dependence of interdicted areas). 

- Presentation of fatalities in the form of loss of life expectancy. 

3.9 Conclusions, recommendations 

Once more it is appropriate to remind the reader that this chapter 
describes the situation in the accident consequence assessment area 
before the accident in Chernobyl took place. The widespread contamina
tion following that accident has had and will have a strong impact 
upon work in the area. After May 1986 much more attention is focused 
an long-range atmospheric transportation models than previously. Also 
priorities of experimental work has also been shifted. The contamina
tion presents a unique opportunity for studying the behaviour of 
radioactive materials in the environment, and it is important to 
collect the information while this possibility is here. 

The techniques of probabilistic risk assessment (PRA) have found 
extensive use for evaluating the risk from potential accidents in 
nuclear installations. PRA can conveniently be categorised into two 
broad disciplines, plant safety analysis and accident consequence 
assessment (ACA). Plant safety analysis is concerned with describing 
the behavior of the plant under accident conditions, and the end 
result of the analysis is the so-called source term. The source term 
describes a release to the environment, and contains information on 
the amount of different radionuclides released, the release duration, 
release height etc. The source term is input to the ACA, and the end 
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results of the assessment are all the potential types of health and 
economic consequences in the environment, coupled with probabilities 
of occurrence. These results are often presented in integral form as 
"risk curves". 

The essential elements of an ACA are many and span a broad range of 
disciplines. One gets some understanding of the width of this range 
from the fact that an ACA contains elements from disciplines as varied 
as e.g. meteorology, medicine and agricultural practices. 

A large number of ACA codes have been developed in different countries 
and have been used in an increasing number of fields. Although ACA 
methods have proved very useful over the last ten years, improvements 
are, however, needed in many areas. 

The largest uncertainty in off-site consequences is due to the varia
tion of the accident source, but even in the case of fixed releases of 
radioactive material, the consequences will vary considerably with the 
conditions pertaining at the time, in particular with the prevailing 
meteorological conditions, the season, the location and habits of the 
population etc. It is, for example apparent that, for a nuclear in
stallation located on the coast, the consequences of an accident would 
be very different in the following two situations: when the released 
material is dispersed inland over an urban area, and when the released 
material is blown out to sea. For any given release, therefore, there 
will be a spectrum of possible consequences, each having different 
probabilities of occurrence determined by the environmental character
istics of the release location and its surroundings. In assessing the 
risk from accidents, therefore, both the release and the consequences 
which might result from it must be treated in a probabilistic frame
work, in contrast to the approach adopted when assessing the risk from 
effluent discharges during normal operation. 

Besides carrying through the uncertainties related to the previous 
steps of a PRA (the plant safety analysis) the off-site accident con
sequence assessment has its own limitations, and these stem princip
ally from two sources: uncertainty in the models and uncertainty in 
the data required by the models. Large efforts are underway many 
places in the world for determining the uncertainty in ACA under 
varying conditions. The results obtained will also be of value in 
helping to set priorities for future research. 

Priorities for future research are, however, also to a large extent 
determined by the situation in the source term area. It is, therefore, 
imperative to obtain an early indication, if source term work indica
tes that source term status will change, so that ACA research priori
ties can be shifted accordingly. A description of the coupling between 
the ACA area and the source term area (seen from the point of view of 
ACA) is found in the Source Term Report, published in 1984 by the 
expert group GRECA, under PWGA. Quite recently a large report on 
source term status was prepared by a Special Task Force on Source 
Terms, set up by CSNI. It has not yet been determined what influence 
this work may have upon ACA research priorities. 

The status of a number of aspects of ACA have recently been investi
gated in the Pathway Parameter Survey/Evaluation, performed within 
GRECA. This survey has been of great value as a help for choosing the 
best data and methods, as well as a guide for future work, though in a 
less quantitative manner than what can be obtained from an uncertainty 
analysis. 
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Development work in the ACA field is at present very active. Several 
new models are under development, and several older models undergo 
extensive modifications. Data are also continously improved. Some of 
the more important improvements are being made in the atmospheric dis
persion and transport models (many models are now modified to include 
a multi-puff model), in the capabilities for incorporating more detai
led land-use characteristics (especially the differentiation of urban 
and rural areas), in emergency-response data and models, and in the 
models for radiological health effects and potential economic impacts. 

The largest development efforts are carried out in the USA as part of 
the MELCOR program, in the United Kingdom, in Germany, in the Nordic 
countries (Denmark, Finland, Norway and Sweden) as part of the Nordic 
Safety Program, and in several European countries as part of CEC's 
MARIA program. 

The situation in the ACA area is at present rather dynamic, as a large 
number of projects are being carried out, or are near completion. This 
is also true in the source term area, and the impact upon ACA from the 
source term area may also be considerable. 
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0 E C D 

In 1948, the United States offered Marshall Plan aid to Europe, 
provided the war-torn European countries worked together for their own 
recovery. This they did 1n the Organisation for European Economic 
Co-operation (OEEC). 

In 1960, Europe's fortunes had been restored; her standard of living 
was higher than ever before. On both sides of the Atlantic the 
Interdependence of the Industrialised countries of the Western World was now 
widely recognised. Canada and the United States joined the European countries 
of the OEEC to create a new organisation, the Organisation for Economic 
Co-operation and Development. The Convention establishing the OECD was signed 
In Paris on 14th December 1960. 

Pursuant to article 1 of the Convention, which came Into force on 
30th September 1961, the Organisation for Economic Co-operation and 
Development shall promote policies designed: 

- to achieve the highest sustainable economic growth and employment 
and a rising standard of living 1n Member countries, while 
maintaining financial stability, and this to contribute to the 
development of the world economy; 

- to contribute to sound economic expansion 1n Member as well as 
non-member countries 1n the process of economic development; and 

- to contribute to the expansion of world trade on a multilateral, 
non-d1scr1m1natory basis 1n accordance with International 
obligations. 

The original Signatories of the Convention were Austria, Belgium, 
Canada, Denmark, France, the Federal Republic of Germany, Greece, Iceland, 
Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden, 
Switzerland, Turkey, the United Kingdom and the United States. The following 
countries acceded subsequently to the Convention (the dates are those on which 
the Instruments of accession were deposited): Japan (28th April 1964), Finland 
(28th January 1969), Australia (7th June 1971) and New Zealand (29th May 1973). 

The Socialist Federal Republic of Yugoslavia takes part 1n certain work 
of the OECD (agreement of 28th October 1961). 
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N E A 

The OECD Nuclear Energy Agency (NEA) was established on 
20th April 1972, replacing OECD's European Nuclear Energy Agency (ENEA, 
established on 20th December 1957) on the adhesion of Japan as a full member. 

NEA now groups all the European Member countries of OECD and Australia, 
Canada, Japan and the United States. The Commission of the European 
Communities takes part in the work of the Agency. 

The primary objectives of NEA are to promote co-operation between its 
Member governments on the safety and regulatory aspects of nuclear 
development, and on assessing the future role of nuclear energy as a 
contributor to economic progress. 

This is achieved by: 

- encouraging harmonisation of governments' regulatory policies and 
practices in the nuclear field, with particular reference to the 
safety of nuclear installations, protection of man against Ionising 
radiation and preservation of the environment, radioactive waste 
management, and nuclear third party liability and Insurance; 

- keeping under review the technical and economic characteristics of 
nuclear power growth and of the nuclear fuel cycle, and assessing 
demand and supply for the different phases of the nuclear fuel cycle 
and the potential future contribution of nuclear power to overall 
energy demand; 

- developing exchanges of scientific and technical information on 
nuclear energy, particularly through participation in common 
services; 

- setting up international research and development programmes and 
undertakings jointly organised and operated by OECD countries. 

In these and related tasks, NEA works in close collaboration with the 
International Atomic Energy Agency in Vienna, with which it has concluded a 
Co-operation Agreement, as well as with other International organisations in 
the nuclear field. 
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C S N I 

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an 
international committee made up of scientists and engineers who have 
responsibilities for nuclear safety research and nuclear licensing. The 
Committee was set up in 1973 to develop and co-ordinate the Nuclear Energy 
Agency's work in nuclear safety matters, replacing the former Committee on 
Reactor Safety Technology (CREST) with its more limited scope. 

The Committee's purpose is to foster international co-operation in 
nuclear safety amongst the OECD Member countries. This is done in a number of 
ways. Full use is made of the traditional methods of co-operation, such as 
information exchanges, establishment of working groups, and organisation of 
conferences. Some of these arrangements are of immediate benefit to Member 
countries, for example by improving the data base available to national 
regulatory authorities and to the scientific community at large. Other 
questions may be taken up by the Committee itself with the aim of achieving an 
international consensus wherever possible. The traditional approach to 
co-operation is reinforced by the creation of co-operative (international) 
research projects, such as PISC and LOFT, and by the organisation of 
international standard problem exercises, for testing the performance of 
computer codes, test methods, etc. used in safety assessments. These 
exercises are now being conducted in most sectors of the nuclear safety 
programme. 

The greater part of the CSNI co-operative programme is concerned with 
safety technology for water reactors. The principal areas covered are 
operating experience and the human factor, reactor system response during 
abnormal transients and accidents, various aspects of primary circuit 
integrity, the phenomenology of radioactive releases in reactor accidents, 
containment performance, risk assessment, and severe accidents. The Committee 
also studies the safety of the fuel cycle, conducts periodic surveys of 
reactor safety research programmes and operates an International mechanism for 
exchanging reports on nuclear power plant incidents. 

The Sub-Committee on Licensing, consisting of the CSNI Delegates who 
have responsibilities for the licensing of nuclear installations, examines a 
variety of nuclear regulatory problems and provides a forum for the review of 
regulatory questions, the aim being to develop consensus positions in specific 
areas. 




