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ABSTRACT 

This docwnent provides supporting information for the source term and containment 
loads expert panels. The work was performed at SNL and has been documented as 
i.nformal letter reports. By its very nature, this document is somewhat 
fragmented. The intention of this docwnent is not to provide a cohesive 
well-organized dissertation nn a specific study, but is to complete the 
comprehensive NUREG·llSO documentation. 
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FOREWORD 

This is one of many documents that constitute the technical basis for the NUREG-
1150 document produced by the Nuclear Regulatory Commission (NRC) Office of 
Nuclear Regulatory Research. This document's purpose is to document the 
supporting information for the expert evaluation of source term and containment 
loads issues. 

• 
Figure 1 illustrates the documentation of the accident progression, source term, 
consequence. and risk analyses. The diz·ect supporting documents for the first 
draft of NUREG-1150 and for the revised draft of NUREG-1150 are given in Table 
1. They were produced by the three interfacing programs that performed the work 

the Accident Sequence Evaluation Program (ASEP) at Sandia National 
Laboratories, the Severe Accident Risk Reduction Program (SARRP), and the PRA 
Ph£!nomenology and Risk Uncertainty Evaluation Program (FRUEP). The Zion volumes 
were written by Brookhaven National Laboratory and Idaho National Engineering 
Laboratorv. 

The Accident Frequency Analysis, and its constituent analyses, such as the 
Systems Analysis and the Initiating Event Analysis, are reported in 
NUREG/CR-4550. Originally, ~~REG/CR-4550 was published without the designation 
"Draft for Comment." Thus, the current revision of NUREG/CR-4550 is designated 
Revision 1. The label Revision 1 is used consistently on all volumes, including 
Volume 2 which was not part of the original documentation. NUREG/CR-4551 was 
originally publi.shed as a "Draft for Comment." While the current version could 
have been issued without a revision indication, all volumes of NUREG/CR-4551 have 
been designated R£:vision 1 for consistency with NUREG/CR-4550. 

The material contained in NUREG/CR-4700 in the original documentation is now 
c()ntained in NUREG/CR-4551; NUREG/CR·Ii700 is not being revised. The contents of 
the volumes in both NUREG/CR-4550 and t-.1JREG/GR-4551 have been altered. In both 
documents now, Vol wne 1 describes the methods used in the ·analyses, Volume 2 
presents the elicitation of expert judgment, Volume 3 concerns the analyses for 
Surry. Volume 4 concerns the analyset; for Peach Bottom, and so on as sl-own in 
Table 1. 

In additi.on to NlJREG/CR-1•5)0 and NUREG/CR-4':>51, there are several other reports 
published in association with NUREG-11)0 that explain the methods usee', document 
the computer codes that implement these methods, or present t"e results of 
calculations performed to obtain information specifically for this project. 
These reports include: 

NUREG/CR-5032. SAND87-2'•28, Modeling Time to Recovery and Initiating 
];;vent . .frt<Jl!.lill.C.Y for Lo§§ of Off- site Power Incidents at Nuclear 
~.t.L elants, R. L. Iman and S. G. Hora, Sandia National 
Laboratories, Albuquerque, NM. January 1988. 

t.'UREG/CR -l•840. SA.~D88- 3102, Prot;;edures for External Core Damage 
FrequeQ£LAn{!lysis for tlUREG-ll5Q, M. P. Bohn and J. A. Lambright, 
Sandia National Laboratories, Albuquerque, NM, December 1988. 
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NUREG/CR-5171•, SANDBB-1607, J. M. Griesmeyer and L. N. Smith, A 
Referenc~ . Manual for the Event Progression and Analysis Code 
CEVNIRE), Sandia National Laboratories, Albuquerque, NM, September 
1989. 

NUREG/CR-5380, SAND88-2988, 5. J. Higgins, A User's Manual for the 
~ Processing Pro&ram PSIEVNT. Sandia National Laboratories, 
Albuquerque, NM, November 1989. 

NUREG/CR-4624, BMI-2139, R. S. Denning et al., Radionuclide R@lease 
C~lculations for Selected Sev£re Accident Scenarios, Volumes 1-V, 
Battelle Columbus Division, Columbus, OH, 1986. 

NUREG/CR-5062, BMI-2160, M. T. Leonard et al., Supplemental 
Radionud ide Re leasG Calculation§ fgr Selected Severe Accident 
Scenario$, Battelle Columbus Division, Columbus, OH, 1988. 

NUREG/CR-5331, SAND89-0072, S. E. Dingman et al., MELCOR Analyses 
for Ace ident Progression Issues, Sandia National Laboratories, 
Albuquerque, NM, November 1990. 

Nl.JREG/CR-5253, SANDSB-2940, R. L. Iman, J. C. Helton, and J. D. 
Johnson. PARTITION; A Program for Defining the Source. 
Term/Consequence Analysis Interfaces in the NUREG-1150 Probabilistic 
Risk Assessments User's Guide, Sandia National Laboratories, 
Albuquerque, NM, May 1990. 

NUREG/CR-5360. SAND89-0943, H.-N. Jow, W. B. Murfin, and J.D. Johnson, 
X20R Codes U~er's Manual, Sandia National Laboratories, Albuquerque, NM, 
August 1993. 
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Guide, Sandia National Laboratories, Albuquerque, NM, May 1990. 
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Table 1. !-.'"UREG-1150 Analy~:.is Docu .. 'lte:>tati.on 

Ori&inal Documentation 
NUREG/CR-4550 NUREG/CR-4551 NUREG/CR-4700 

Analysis of Core Damage Frequency 
From Internal Events 

Evaluation of Severe AccidPnt Risks 
and the Potential for Risk RPduction 

Containment Event Analysis 
for Potential Severe Accidents 

Vol. 1 Methodology 
2 Summary (Not Published) 
3 Surry Unit 1 
4 Peach Bottom Unit 2 
5 Sequoyah Unit 1 
6 Grand Gulf Unit 1 
7 Zion Unit 1 

Revised Documentatio~ 

Vol. 1 Surry Unit 1 
2 Sequoyah Unit 
3 Peach Bottom Cni t 
4 Grand Gulf Unit 1 

2 

V0l. l Surry Unit l 
2 Sequoyah Unit 1 
3 Peach Bottom Unit 2 
4 Grand Gulf Unit 1 

NUREG/CR-4550, Rev. 1, Analysis of Core Damage Frequency NUREG/CR-4551, Rev. 1, Eval. of Severe Accident Risks 

\'o 1 . 1 
1 ._ 

Methodology 
Part 1 Expert Judgment Elicit. Expert Panel 
Part 2 Expert Judgment Elicit. ProjecL Staff 

3 Part 1 Surry Unit 1 Internal Events 
Part 2 Surry Unit l Internal Events App. 
Part 3 Surry External Events 

4 Part 1 Peach Bottom Unit 2 Internal Ev~nts 
Part 2 Peach Bottom Unit 2 Int. Events App. 
Part 3 Peach Bottom Unit 2 External Events 

5 Part 1 Sequoyah Unit 1 Internal Events 
Part 2 Sequoyah Unit 1 Internal Events App. 

6 Part 1 Grand Gulf Unit 1 Internal Events 
Part 2 Grand Gulf Unit 1 Internal Events App. 

7 Zion Unit 1 Internal Events 

Vol. 1 
2 

3 

4 

5 

6 

7 

Part l 
Par·t 1 
Part 2 
Part 3 
Part 4 

Part 5 
Part 6 
Part 7 
Part 1 
Part 2 

?art 1 
Part 2 

Part 1 
Part 2 
Part l 
Part 2 
Part l 
Part 2 

Methodology 
In-Vessel Issues 
Containment Loads and MCCI Issues 
Structural Issues 
Source Term Issues 
Supporting Calculations 
Other Issues 
MACCS Input 
Surry Analysis and Results 
Surry Appendices 

Peach Bottom Analysis and Results 
Peach Bottom Append ice!'; 

Sequoyah Analysis and Results 
Sequoyah Appendices 
Grand Gulf Analysis and Results 
Grand Gulf Appendices 
Zion Analysis and Results 
Appendices 
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1. INTRODUCTION 

The United States Nuclear Regulatory Commission (NRC) has prepared NUREG-1150' 
to examine the risk of accidents in a selected group of nuclear powe; plants. 
The three main objectives of NUREG-1150 are given below. 

a. Prepare a current &ssessmrnt of the severe accident risks of five nuclear 
power plants which will: 

• Provide a "snapshot" of risks reflecting plant design and 
operation~l characteristics, related failure data, and severe 
accident phenomenological information extant in March 1988; 

• Update ~he estimates of NRC's 1975 risk assessment, the Reactor 
Safety Study; 

• Include quantitative estimates of risk uncertainty, in response to 
a principal criticism of the Reactor Safety tudy; and 

• Identify plant·specific risk vulnerabilities, in context of the 
NRC's !lldivldual plant examination process. 

h SurmnarizE> thr' perspecti.vt:'s gained in performing these risk analyses, with 
l"("SJii:'C t to. 

• lssuE;s significant ~o severe accident frequenciEJs, consequences, and 
risks; 

• Uncertainties for which the risk is signlfic(;.nt and which rnay merit 
furthf!r research 

o Comparisons with NRC's safety goals; 

• The potential benefits of a severe accident management program in 
redud ng risk; 'lnd 

• The potential benefit of other plant modifications in reducing risk. 

c Provide a s~t of methods for the prioritization of potential safety issues 
and re lat.cd rest·<nch. 

In support of NUREG -11 )() and as part of the Ace ident Sequence Evaluation Program 
(ASEP) and the se~vere Accident Risk Reduction Program (SARRP), Sandia National 
Laboratories (SNL) has directed the production of Level 3 probabilistic risk 
asrH!ssmerH s ( PRAs) tor the Surry, Sequoyah, Peach Bottom, and Grand Gulf nuclear 
pnwt•r plant~. (Level 1 PRAs contain accident sequence analyses developed to the 
point of core damHge: Level 2 PRAs include Level 1 a:1d accident progression 
analyses; and Level 3 PRA~ include Level 1, Level 2, and consequence analyses.) 
A PRA for the fifth NUREG-1150 plant, Zion, has been prepared by EG&G Idaho, 
Inc., of the Idaho National Engineering Laboratory (INEL) (Level 1) and 
Brookhaven Nut.ional Laboratory (BNL) (Levels 7 and 3). Two of these an!llyses 
(Surry and Peach Bottom) include external events. 
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Expert judgment elicitation is an integral part of the metitods used to produce 
the PRAs in support of NUREG-1150. Expert judgment is used where applicable 
experimental data or complete analyses are inadequate. Such situations are 
common in analysis of rare events and complicated severe accident phenomena. 

Expert judgment is necessarily used in all technical fields. Because these 
judgments are often lmpl ici t, they are sometimes not acknowledged as being expert 
jurlgments. For example, expe.:t judgment is frequently used implicitly. even 
unconscious} y, when researchers make decisions about defining problems, 
establishing boundary conditions. or screening data. By contrast, expert 
judgm~nt is obtained explicitly, through formal processes. 

Risk assessment frequently needs explicit expert judgment as a source of data, 
particularly if one or more of the following situations exist: 

e. No other data (analytical or experimental) for predicting the outcome of 
phenomena are available; 

b. High variability characterizes the data; 

c. E~:pt•ns 'luestion the applicability of the data; 

d. Existing 0ata needs to be supplemented, interpreted, or incorporated with 
model or code calculations; 

e. Analysts need to determine LOL state of knowledge about what is currently 
kno~¥n, what is not known, and what is worth learning. 

The issue selection process consisted of accumulating an extensive list of 
potential issues by plant or across plants and then evaluating the significance 
of E;ach issue. E:<pert panel members partici.pated in the issue selection by 
n~vie<ling the issues selected and rejected for the expert judgment process and 
recommended thE: addition, deletion, or modification of issues from the initial 
list. Tho issues that were pr~sented to the experts are presented in the tables 
below. 

This document provides supporting information for the contalnment toads and the 
source term assessments. Section 2 provides supporting information for 
Containment Loads Issue 1: Grand Gulf Contctinment Loads at Vessel Breach. 
Sections 3 and '• document the analysis used by Expert D to assess the Source Term 
Issue 1: Release of Fission Products from the Fuel in the Vessel and from the 
Vessel to the Contairunent. The analysis and justifications used by Expert C to 
conrluct the assessment of Source Term Issue 3: Fission Products Releases by 
Revolatilization from the RCS, is provided in Section 5. Section 6 documents the 
approach used by Expert A in the assessment of Source Term !ssue 6: BWR Late 
Iodine Release from the Suppression Pool and Reactrr Cavity Water. 



Is~;ue No, 

2 

3 

4 

Table 1-1 
Issues Presented to the In-Vessel Panel 

Title 

Temperature-induced PWR 
hot leg failure 

Temperature-induced PWR 
SGTR 

In-vessel hydrogen 
production in B'WRs 

Temperature-induced 
bottom head failure 
In BWRs 

In-vessel hydro~en 
prodnction in P'WRs 

Temperature-induced 
bottom head failures 
in Pl,.,TRs 

Reason for Inclvsion 

Large hot leg failure could 
preclude direct containment 
heating; de pre .sur izes RCS and 
precludes SGTR 

SGTR gives direct path to 
enviro~~ent, with large release 
of radionuclides 

Hydrogfm b'lrning has potential for 
causing release to envi romnent 

Mode of bottom hPad failure 
determines subsequent accident 
progression 

Hydrogen burning has potential for 
causing release to environment 

Mode of bottom head failure 
determines subsequent accident 
progression 



Issue No. 

1 

2 

3 

6 

., 
I 

Table 1-2 
Issues Presented to the Containment Loads Panel 

TitlE> 

Hydrogen phenomena 3t 
Grand Gulf 

Hydrogen burn at 
vessel breach 
at Sequoyah 

BWR reactor building 
f<.d.lure due to 
hydrogen burns 

I~ads at vessel breach 
at Grand Gulf 

Loads at vessel breach 
at Sequoyah 

Loads .. t vessel breach 
at Surry 

Loads at vessel breach 
at Zion 

Reason for Inclusion 

Early failure of drywell or 
wetwell has potential for 
causing large source term 

Early failure of containment 
or bypass of ice condenser has 
potential for causing large source 
term 

Bypass of reactor building has 
potential for in·reasing source 
terms 

Failure of containment at vessel 
breach has potential for causing 
large source terms 

Same as Issue 4 

Same as Issue 4 

Sa:ne as Issue 4 

------·-·------------·------

1 . s 



}§sue No .... 

1 

2 

3 

6 

7 

8 

Table 1-: 
Issues Presented to the Structural Response Panel 

______ I~iL.,lt~::,.;l~~.::e'------

Static failure pressure 
and mode at Zion 

Static failure pressure 
and mode at Surry 

Static failure pressure 
and mode at Peach 
Bottom 

Reactor Building bypass 
at Peach Bottom 

Static failure pressure 
and mode at Sequoyah 

Ice condenser failure 
due ~o detonations 
at Sequoyah 

Drywell and wetwell 
failure due to 
detonations at Grand 
Gulf 

Pedestal failure due to 
erosion a~ Grand Gulf 

Reason_fQL_Inclusion 

Containment failure is the 
most important determinant 
oZ source terms 

Same as Issue 1 

Same as Issue 1 

Bypass of Reactor Building 
has potential for allowing 
large release of radionuclides 

Same as Issue 1 

Failure or bypass of ice condenser 
has potential for large source 
terms 

Failure of drywell bypasses 
suppression pool. Failure of wet-
well allows large release to 
environment 

Pedestal failure is a major factor 
in subsequent accident progression 

Table 1-4 
Isf;ups Presented to the Molten Core-Concrete Interaction Panel 

1 

2 

Title 

Hark I drywell melt
through at Peach Bottom 

Mark It containment 
failure via pedestal 
failure at Grand Gulf 

1.6 

Reason for Inclusion 

Drj~ell meltthrough bypasses 
suppression pool; controversial 
issue 

Pedestal failure could lead to 
early containment failure; 
controversial issue 



Issue No. 

1 

2 

3 

4 

6 

7 

8 

Table 1-5 
Issues Presented to the Source Term Panel 

Title 

In-vessel fission product 
release and retention 

lee condenser DF at 
Sequoyah 

Revolatilization from 
RCS/RPV 

CCI release 

Release of RCS and CCI 
species from contain· 
ment 

Late sources of iodine 
at Grano Gulf 

Reactor Building DF at 
Peach Bottom 

Release during dir~ct 
containmer.t heating 

1 . 1 

Reason for Inclusion 

Release and retention are major 
determinants of source term 

Ice condenser is principal 
decontamination mechanism in 
blackouts 

Revolatilization could negate 
effects of high retention; highly 
uncertain issue 

If in-vessel release is low, CCI 
release could be high; uncertain 
issue 

Aerosol agglomeration may be major 
source of cleanup in blackout; 
highly uncertain issue 

Appeared as important issue in Draft 
NUREG-1150 

Natural decontamination processes 
could reduce source term; uncertain 
and controversial' issue 

Uncertain and controversial i~sue; 
direct heating is also associated 
with early containmPnt failure 
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Sandia National laboratories 

date February 15, 1988 

to NUREG-1150 Expert Panel Members 

G\<.l~(.~ 
from K. 1<. Murata, 6429 

~wet CONTAIN OCH Calculations for Grand Gulf 

The attachment is a preliminary draft of the report, 
"Parametric CONTAIN Calculations of the Containment Response 
of the Grand Gulf Plant Due to Reactor Pressure Vessel Failure 
at High Pressure," by K. 1<. Murata and D. L. Y. Louie. In 
order that the information in the report be available for use 
by the NUREG-1150 Expert Panel Members on a timely basis, the 
report is being circulated in draft form. The preliminary 
draft presupposes famili:1rity with plant geometry, the NUREG-
1150 issues, the CONTAIN code, and the Interim Direc..: Heating 
Model (IDHM). The final draft of the report will have a 
discussion of this supplementary Inaterial. Comments from a 
review of the report are welcome. 

Distribution: 
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Attachment to Memo from K. K. Murata, Dated 2/15/88, 

to NUP.EG-1150 Containment Loads Panel 

Para.etric COR'IAIN Calculations of the Cont.aia.ent Response 

of the Grand Gulf Plant due to 

Reactor Pressure Vessel Failure at High Pr~ssure 

K. K. Murata and D. L. Y. Louie+ 

Sandia National Laboratories 

Albuquerque, New Mexico 87185 

1. lnt,;[Qdyction 

This report describes a number of calculations of the containment response 

of the Grand Gulf plant which are intended to assist NUREG~1150 Expert 

Panel Members i~ their assessment of the uncertainty in severe accident 

issues regarding tre plant. The containment response t~ direct containment 

heating {DCH) is calculated in the vicinity of reactor pressure vessel 

failure for a short term blackout sequence in which the vessel is still 

pressurized. A parametric study has been carried out using CONTAIN (1] with 

the Interim Direct Heating Hodel (IDHM) (2J to calculate the effects of 

DCH. (It is assumed that the reader is familiar with the IDHH model.) Both 

wet (initially flooded) and dry pedestal cases are considered. 

The reader is cautioned that the goal of the present study is not to 

present best-estimate analyses but rather to provide the panel members with 

... 
Science Applications International Corporation 
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predictions from available models for a variety of scenarios which may help 

them in assessing uncertainties. Not all models required for a best· 

estimate calculation are available in CONTAIN. In lieu of best-estimate 

models. in some cases, the uncertainties due to the limitations in the 

modeling are assessed parametricaily. In other cases, a rudimentary model 

is used, but the lack of an appropriate model is noted. Because of the 

limited scope of this study, in still other cases, the physical process 

itself is ignored and warnings are given about the possible effects on the 

results. 

1.1 Summary of Issues Addressed 

Because of the very specific purpose of this report, the relationship of 

the study to the severe accident issues on which it has some bearing is 

discussed first. An introduction to the study and its general findings is 

given in Section 1.2. The issues addressed by the calculations are as 

follows: 

l. Presence of detonable aixtures in the vetwell or dryvell before and 

after vessel failure. The IDHM calculations discussed here begin at 

vessel failure or shortly thereafter. The single set of initial 

conditions used is based on the assumption that 32t of the total 

zirconium inventory has reacted in-vessel. This results in an initial 

concentration of hydrogen in the wetwell of 20% and in the drywell of 

6\, with concentrations of other gases at the end of the vessel blowdo~~ 

as shown in Table II. The initial gas mixture in the wetwell is detona

ble. Table VIII gives the net hydrogen generated and the concentrations 

of gases after the DCH event for the twenty cases presented. From Table 

VIII, it is clear that amounts which can lead to detonations in the 

wetwoll can be generated ex-vessel, even if relatively little hydrogen 

is generated in-vessel. With the exception of nne case which is anoma· 

lous, the amounts generated range from 60% to 90% of the maximum which 

can be generated on the basis of the total amount of zirconium and iron 

in the debris participating in the DCH event. (The ratio of iron to 

zirconium is that given in Taule V.) A more complete discussion of 
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hydrogen generation is given in Section 5 and of the potential for 

detonations in Section 6. 

The reader is cautioned that the final wetwell concentrations are based 

on the assumptions that burns do not occur in the wetwell and that the 

gas flow through the suppression pool vents is not sufficient to cause 

blow-through. Wetwell burns are arbitrarily suppressed because the 

principal focus is the pressurization and generation of hydrogen from 

tht: DCH process in the drywell. Since the assumed initial gas mixture in 

the wetwell is detonable, complicated interactions between wetwell 

burns, vent clearing, and the DCH proc~ss could result if the wetwell 

burn were allowed. These could make interpretation of the calculations 

difficult. so for simplicity, it is asumed there are no ignition sources 

in the wetwell though burns can occur in the drywell. 

The neglect of blow-through is questionable at the peak flow rates 

through the vents during the DCH event [3]. During blow-through the 

gases would not equilibrate completely with the pool, and in the cases 

with large amounts of steam entering the suppression pool vents, the 

resulting water vapor concentration in the wetwell would be much higher 

than indicated. The gas temperatures and pressures in the wetwell would 

also be much higher than those of order 400 K and severjl bars. respec· 

tively, given by the calculations. The reason for neglecting gas blow· 

through is that a mechanistic model for this process is not available in 

CONTAIN. 

II. The peak pressure difference betlfeen the drywell and vetvell due to 

direct containment heating. A parametric study of the peak pressure 

difference betveen the drywell and the wetwell has been made. (The term 

"peak pressure difference• will be used here only in refer~nce to that 

~etween the drywell and wetwell.) These results are summarized in 

1able VI. The peak pressure difference in those cases with debris 
5 5 present ranges from 2.93 x 10 Pa to 7.11 x 10 Pa. This range pr~sum· 

ably includes pressures for which overpressure failure.of the drywell is 

expected. The reader should note that the peak pressure difference 

occurs es~entiatly at the vent clearing time given in Table VI, and that 

J -~.) 



this time is generally much less than the time of peak debris source 

rate and peak pedestal pressure. Consequently only a small fraction of 

the total core debris indicated in Table VI participates in producing 

the peak pressure difference. 

I II. 'nle peak pressure in the reactor pedest.al due to high pressure aelt 

ejection. The parametric study also examir.es the pedestal cell pressure. 

A number of uncertainties exist in the transport of debris and gas from 

the pedestal. Thus, a number of cases in the study specifically address 

the effects of 

are summarized 

DCH range from 

these uncert&inties. The peak pedestal pressure results 

in Table VI. The pedestal pressures found for cases with 
6 6 1.5 x 10 Pa to 9.4 x 10 Pa. Thus, the potential for 

catastrophic failure of the pedestal structure should be addressed. The 

relatively high pressures calculated are a consequence of the assumed 

rapid interactions between the debris and gas or water, and the confined 

nature of the pedestal volume (the flow area out is only a few square 

meters). These results depend critically on the models used for debris 

interactions and outflow. It should be emphasized that the debris·gas· 

water-structure interations which would occur in the pedestal are likely 

to be highly complex and CONTAIN does not have appropriate mechanistic 

models for all relevant phenomena (e.g., steam explosion). The 

calculations presented here represent an attempt to scope the range of 

conditions which might be encountered by postulating various degrees of 

efficiency for debris interactions and flow out of the pedestal. 

IV. Flooding of the drywell after vessel failure. The calculations in the 

parametric study are carried out to 50 seconds to determine whether the 

partial vacuum in the drywell created after the direct heating is suffi· 

cient to ca•Jse overflow of the suppression pool water and flooding of 

the drywell. All cases presented show eit~er flooding of the drywell 

during this period or a trend in pressures which indicates that flooding 

will occur within a few minutes. The importance of drywell flooding lies 

in the fact that the flooding could remove most of the suppression pool 

water above the level of first row of vents. This relo~ation of water 

could be important with respect to source term calculations. A more 

complete discussion of drywell flooding is given in Section 7. 
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V. Failure of the outer containment boundary. In none of the calculations 

does the direct heating event fail the outer containment boundary, 

according to an assumed failure pressure difference between the wetwell 

and environment of 4 x lOS Pa. However, the pressure difference achieved 

ln aost of the cases studied is a substantial fraction (over one half) 

of this failure pressure difference. When limitations in the study are 

taken into account, failure of the outer containment boundary would 

appear to be a much more likely outcome than these numbers suggest. One 

limitation is tht assumption, discussed above, that the gas flow rate 

through the pressure suppression pool is not adequate to cause blow· 

through, which would render the suppression pool ineffective. Furt~er· 

more, for lack of a more appropriate model within the IDHM, the debris 

flowing through the suppression pool vents is simply assumed to be 

removed from the proble~ 1d does not contribute either to suppression 

pool heatiug or wetwell atmosphere heating. finally, hydrogen burns in 

the wetwell due to ignition from debris blow-through or by other means 

are suppressed in the calculations. As discussed above, wetwell burns 

are suppressed because the drywell pressurization and hydrogen generated 

by the DCH process are the principal focus of the present study, not 

because wetwell burns are unimportant. 

1.2 The CONTAIN Study 

The present study makes use of the CONTAir IDH.M to calculate the chemical 

reaction rates of the core debris and the heat transfer rates to the dry· 

well atmosphere, beginning at the point where significant amounts of debris 

are entrained and extensively fragmented within the reactor pedestal. Both 

wet and dry pedestals are considered. For the wet pedestal cases, 78 m3 of 

vater is assumed to be present in the pedestal from the venting of steam 

and hydrogen through the SRV's prioY to vessel failure. (The venting pres· 

surizes the wetwell and can cause the suppression pool to overflow the weir 

vall.) This amount of water corresponds to most of the capacity of th~ 

pedestal below the level of the main access port to the pedestal. Because 

of the uncertainty in the amount of water in the pedestal which is 

entrained with the core debris, the amount entrained is treated as a 
parSJDeter in the study. 
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The present study uses a number of as5umed source rates for the extensively 

fragmented debris and entrained water entering the pedestal atmosphere. 

There is no attempt to make the sources con5istent with the pedestal 

conditions, because of the difficulties involved in coupling in·vessel and 

ex-vessel phenomena and in modeling debris entrainment simultaneously with 

debris chemistry. Thus in some of the cases the peak pedestal pressure 

exceeds the vessel pressure; such a pedestDl pressure is obvio~;ly unaeal· 

istic. Also, surface entrainment and fragmentation of debris is presum~bly 

sensitive to the gas density and velocities in the pedestal. This depend· 

ence is not taken into account, except parametrically. 

The nodalization includes a cell to represent the reactor pedestal. This 

representation cauLes a problem because there is considerable uncertainty 

in the value of the effective fiow area from the pedestal to the rest of 

the drywell. The uncertainty arises not only from the fact that areas 

filled with pipes or cables may blow out as a consequence of a large 

pressure difference, but also from the fact that the flow of gas is 

unrealistically inhibited by the assumption of zero·slip between the debris 

and the gas, which is made in most of the cases studied. One might vant to 

use a somewhat l&rger area than the physical area to compensate for the 

zero·slip assumption. Fowever, such a larger flow area allows the debris 

flow to increase in proportion to the gas flow, ~hereas one would in 

general expP-ct the debris flow to be reduced relative to the gas flow. In 
order to check the importance of such a reduced debris flow, debris slip is 

explicitly modeled in one case. For flow areas which are reasonable on the 

basis of the blow-out areas and in terms of compensation for the zero-slip 

assumption, this study indicates that the pressures in the pedestal can be 

very high because the flow area out of the pedestal is still relatively 

small. The potential for catastrophic failure of the pedestal should 

therefore be addressed. 

As ~hown in Table VI, the peak pedestal pressure is found to range from 

1.59 X 106 p 1 h h h hi h Th 1 a to va ues w 1c are muc g er. e ower pressures are 

associated with an effective flow area of 8.4 m2. Host of the c&ses use an 
2 effective area of 4.2 m . For comparison, the main access port to the 

pedestal has an area of 2.1 m2 and is initially the dominant existing 
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2 opening (4). Other existing (pedestal support) openings total about 1.2 rn , 
2 and areas susceptible to blowout total about 2.3 m [5]. In addition, there 

are openings in the pedestal skirt, which are presumably minor but have not 

been characterized. 

The peak debris source rates (plateau value in Figure 1 and peak value in 

Figure 2) corresponding to the peaK pedestal pressures are as follows: 1) 

For cases with a total ~ntrainment of 50\ of the core debris, the peak 

source rate ranges from 21600 kg/s~c to 26400 kg/sec. 2) For the t~o wet 

cases with 100\ entrainment of the core, the peak source rate is 51000 

kg/sec. 3) For the one dry case with 25\ antrainrnent of the C( _·e, the peak 

source rate is 13200 kg/sec. 

lt is found that confi~ement of hot debris within the pedestal is apprecia· 

ble on the timescale of vent ~learing; comparable amounts of debris are 

typically present in the drywel1 and Fedestal on this timescale. Such 

confinement may act to reduce the pressure difference which can develop 

between the drywell and wetwell before vent clearing. Because of the 

possibl~ effects on the peak drywell·wetwell pressure difference and 

pedestal pressure, a number of cases in the parameter study address 

uncertainties in the transport of debris and entrained water from the 

pedestal. A preliminary conclusion from this study is that the peak -
drywell·wet~ell pressur~ difference is relatively insensitive to moderate 

(factor of two) changes in the transport parameters. The peak pedestal 

pressure is also found to be relatively insensitive to moderate changes in 

the transport parameters, including debris slip, but is found to be 

sensitive to the flov area. 

The effect of a change in the amount of debris in the drywell due to a 

change in transport from the pede&tal can be compared to the effect of a 

(multiplicative) change in source rate in the pedestal. It is typically 

found that the calculated peak pressure difference seems to change only 

about one·third to two-thirds as much due to a change in the amount of 

debris in the drywell from transport, as it would have if an actual change 

in the pedestal source harl caused the change in the amount of debris. Thus 
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confinement of the debris to the pedestal does not reduce the pressuriza· 

tion of the drywell in proportion to the amount of debris confined but has 

• somewhat ~eaker effect. Another factor contributing to the relative 

insensitivity of the peak pressure difference to transport is that, as 

demonstrated in this study, the peak drywell·wetwell pressure difference 

scales only according to the square root of the source strength, for a 

source with a rise time comparable to or greater than the ve1.· ~learing 

time. Furthnrmore. the amount of debris in the pedestal on tt timescale of 

vent clearing is not inversely proportional to the flow area but varies 

considerably less rapidly, in thP. cases studied. Thus, the pea~.<. pressure 

difference overall is not sensitive to moderate changes in the transpott 

from the pedestal. 

The peak pressure differences shown in Table VI (for the cases with debris 

present) range from 2.93 x 105 Pa to 7.11 x 105 Pa. The amount of core 

de~ris which has been introduced into the problem by the time of the peak 

pressure difference and which therefore can participate in producing the 

peak pressure ranges from .. nder 1' to 7\. The largest peak pressure 

difference occurs in conjunction with a source with a rise time of 0.1 

seconds {Case 2), and 5.5\ of the cor£ has bten entrained in this case at 

the time of peak pressure difference . One should note that the peak 

pressure difference should be relatively insensitive to the~rise time, 

provided it is much less than the vent clearing time (0.6 seconds in this 

case). One should also note that in some of the cases the drywell pressuri~ 

zation due to debris chemistry and heal transfer is augmented by a hydrogen 

deflagration which is assumed to begin in the drywell essentially at the 

start of debris dispersal. 

The net hydrogen generated by the DCH process is shown in Table VIII. 

Table VIII shows that for the steam, debris, and entrained water sources 

considered and for a given particle size, the net hydrogen spans a 

relatively narrow range in terms of the percentage of the maximum amount 

which could bP. generated. (This maximum amount corresponds to requiring all 

the tirconium and iron ir. the entrained debri~ to react with steam and not 

allowing burns and recombination.) All cases except Case 11 in Table VIII 

assume a 0.5 mm debris particle diameter. If Case 4, Case 9, and Case 17 
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are excluded for reasons discussed in Section 5, the range in hydrogen 

generated lies approximately between 65\ and 75t of the maximum. For Case 

11, which assumes a 0.1 mm particle diameter, the hydrogen generated cor· 

responds to 90\. The narrowness of the range for the hydrogen generated in 

the cases with the 0.5 mm particles is somewhat surprising in view of the 

large range of steam and entrained water sources used in the study and the 

fact that the reaction of iron is observed to be inhibited in the cases, 

particularly the dry ones, vith relatively low steam to debris ratios. 

2. Input for the Grand Gulf Calculations 

This sectinn describes the debris and water sources used in the study, th~ 

nodalization of the Grand Gulf containment, the plant initial conditions at 

the time of vessel failure, the parameters used in conjunction with the 

IDHH, and the debris and water inventories available. Also discussed is the 

issue of the dwell-period pressurization, the relatively minor pressuriza

tion which could occur beeween the time of debris ejection from the vessel 

and the time of significant entrainment and fragmentation of the debris. 

The dwell-period pressurization could be sufficient to open the suppression 

pool vents. Once they are open, the threat of quasi-static overpressure 

failure of the drywell from entrainment and fragmentation of the debris 

would be significantly reduced. 

2.1 Source Profiles Used in the Study 

For the wet pedestal, because of the complexity of possible pool-debris 

interactions and the limited scope of this study, the approach taken is to 

use simple source profiles for the rates at which entrained and extensively 

fragmented debris and entrained water enter the pedestal atmosphere. It is 

important to realize that these t~o sources do not represent direct injec

tion from the vessel, but rather represent the fragmented fluids introduced 

to the atmosphere following interaction of the debris with the pool. These 

sources are followed bJ a steam source which represents the actual steam 

blowdovn from the vessel. Unlike the peak containment pressure in a closed 

containment volume, the peak pressure difference may occur (because of vent 

clearing) well before the peak of the debris source. The peak pressure 
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difference is consequently sensitive to the rise ti~e of the debris source. 

One would like to use the simplest source profile in the parametric study, 

subject to its having an easily adjustable initial rise time. For the wet 

pedestal. che source rates used for both the debris and entrained water 

from the pool are consequently assumed to have a trapezoidal profile as 

shown in Figure 1. This profile has an initial linear ramp, followed by a 

rate which stays constant for 5 seconds. The duration of the linear ramp is 

taken to be either 0.1, l, or 3 seconds, while the integral under the curve 

remains the same. The source rates for the debris and entrained water in 

each wet ease in the study are assumed to have the same profile. While this 

assumption precludes studying the effects of entraining water significantly 

before entraining debris, the relative amounts of debris and water are 

varied in the study. As an example of this prescription for sources of 

entrained water and debris, the Yet Base Case assumes 100' of the in

pedestal Vater (from Table 111) and so' of the debris masses listed in 

Table V, and a one second rise time. The plateau water and debris source 

rates are readily calculated to be 14300 kg/sec and 25500 kg/sec, 

respectively. 

The vessel steam in the wet cases is explicitly introduced after the debris 

and entrained water sources are finished in all except one case, where it 

is introduced at the same time as the other sources. In that one case its 

simultaneous introduction is found to make a small difference in the 

calculated thermodynamic properties, as expected on the basis of the 

relative aasses involved. In all the wet cases, the vessel steam is 

injected at a constant 2100 kg/sec until the steam inventory is depleted. 

The simple source profiles used in the wet cases should be useful in the 

following scenarios: 

1) Vessel failure occurs at a penetration. Prior to the steam 

blowdown, the pool is relatively quiescent and the dwell~period 

pressurization can be neglected. Extensive debris entrainment and 

fragmentation occurs beginning with the steam blowdown. (The steam 

blowdown is not explicitly present at this time in most of the cases 

run; however, it is implicitly assumed to drive the dispersal.) 
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2) Vessel failure does not occur first at one penetration but occurs 

over a large area more or less dt once. The steam blowdown occurs 

relatively quickly and provides the kinetic energy for fragmentation 

and dispersal. Owell-period pressurization is minimized in this case. 

3) The extensive steel structure in the pedestal stays intact at least 

until vent clearing. Breakup of the debris stream by the structure 

allows more or less continuous fragmentation of the debris in the 

pool, and the resulting steam generation causes entrainment of 

extensively fragmented debris and water which are more or less 

proportional to the debris pour rate. Although some of the debris 

chemistry and heat transfer occurs in the pool in a manner not 

described by the IDHM model, it may be that the differences can be 

compensated for by a parameter adjustment. 

4) An energetic fuel-coolant interaction (FCI) at some point in the 

debris pour causes extensive fragmentation of the debris in the pool 

and disperses the pool and debris throughout the pedestal cell. It may 

be possible to estimate the extent of the quasi-static pressurization 

from such an event using the present study. One should note that the 

amount of debris involved up to the tim~ of peak drywell-wetwell 

pressure difference is typically a small fraction of Jhe total amount 

of entrained and fragmented debris introduced in each of the cases. 

For the dry pedestal, the debris entrainment and fragmentation is taken to 

be driven by the steam from the vessel. (For a discussion of the timing of 

the steam blowdown relative to the debris pour, see Section 2.6.) The 

entrained uo2 and steam source rate profiles for the Dry Base Case 

(calculated using the CASBLOW2 code) are shown in Figure 2. The axes shown 

correspond to SOt of the uo2 inventory and lOOt of the vessel steam. The 

source rates for other constituents of the core debris are taken to be 

proportional to the uo2 rate. The peak source rate for debris from Figure 2 

is approximately that used in the Yet Base Case, which also uses SOt of the 

core, and the rise times are comparable. The source rise time in the dry 

cases is not varied as in the wet cases. It is assumed that the effects of 
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varying the rise time can be inferred either from the wet cases or by using 

scaling ~rguments. 

2.2 Nodalization of the Problem 

The CONTAIN nodalization of the Grand Gulf containment is shown in 

Figure 3. The wetwell is composed of five cells including the dome, and the 

drywell is composed of two cells. The environment is represented by one 

cell. The cell volumes. elevations, and heat transfer structures of the 

wetwell are a direct transcription from the HECTR deck (6] for Grand Gulf. 

The multi-cell nodalization of the wetwell is not particularly important 

for the calculations presented here but has been retained to ~nswer 

questions related to hydrogen mixing. The drywell in the HECTR deck is 

given as a single node. However, because of potential pressurization 

effects and confinement within the reactor pedestal, the CONTAIN drywell is 

subdivided into the pedestal and the exwpedestal part of the drywell. It is 

this ex-pedestal part which will hereafter be referred to as tLe drywall 

cell. Approxi.mately one·half of the sheet steel structure (80000 kg) 

associated with the HECTR drywell node is assumed to be in the pedestal 

cell [4]. The concrete structures in the pedestal are not differentiated in 

the HECTR deck. Because of time constraints and the feeling that the proper 

assignment of concrete structures to the pedestal cell is pot important for 

short term pressurization effects, these structures remain lwnped into the 

structures of the ex-pedestal cell in the present study. 

The flow paths between cells and flow path characteristics are taken to b~ 

those of the HECTR deck, with the following exceptions: l) The vacuum 

breakers between the wetwell and the drywell are assumed not to be 

available because of the absence of AC power. 2) Leakage between the 

drywell and wetwell through penecrations is included. 3) An overpressure 

failure path from the dome cell to the environment has been added. 4) The 

flow path between the pedestal and drywell cell has been added. The 

characteristics of the new flow paths for the base cases are given in 

Table l. Some of the cell volumes used in the calculation are given in 

Table ll. 
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As discussed in Section 1.2, because of the uncertainty in the physical 

flow area due to blo~·out and the limitations of the zero-slip assumption 

used in most of the caGes, in the base cases and most of the other cases a 

flow area of 4.2 m2 is used between the pedestal and drywell cells. In two 

cases, the area is doubled to 8.4 m2. 

Table I also gives the flow parameters used for the suppression pool vents. 

The CONTAIN suppression pool vent model is a single vent model which 

assumes quasi· steady liquid flow through the vent. The liquid flow 

coefficient in this type of model needs to be calibrated for each specific 

geometry. The value of 12 given in Table I for the forward clearing flow 

coefficient results in vent clearing in 1.0 seconds with a pressure ramp of 

1.3 x 105 Pa/sec. These values were obtained from detailed calculations [7] 

for a large break LOCA. In CONTAIN, once the liquid level has reached the 

vent elevation, complete clearing of the vent occurs ov~r a user-input 
4 pressure range which is set here to 10 Pa. According to the calculation in 

Ref. 7, the clearing time of 1.0 second corresponds to the point at which 

the pressure time derivative begins to change significantly due to vent 

clearing. This point corresponds to a time somewhat after the clearing of 

the first row of vents. 

2.3 Plant Conditions at the Beginning of Vessel Failure 

The present calculations address a short ~erm, pressurized-vessel station 

blackout sequence in which the steam-driven-turbine emergency core cooling 

system is assumed not to be available. Thus the time from scram to the 

point of core uncovery is relatively short. The relatively short time means 

that a relatively small amount of steam is boiled off from the core, vented 

through the SRV system, and condensed in the suppression pool. Consequent· 

ly, the pool is relatively cool, ·and relatively small amounts of steam are 

present in the contai.nment atmosphere. However, partly because of the 

generation and venting of in-vessel hydrogen, the atmosphere conditions 

have changed significantly since the point of scram and need to be evalu

ated at the point of vessel failure. 
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The containment atmosphere conditions are given in Table II. They have been 

obtained as follows. First the atmosphere at scram is assumed for simplic· 

ity to consist of dry air at 330 K in the drywell and 305 K in the wetwell 

at one ataosphere pressure. The containment atmosphere temperatures at 

vessel failure and the amount of zirconium reacted in-vessel are taken from 

the Grand Gulf TBS sequence calculated in Ref. 8. The TBS sequence is a 

short tet11 blackout sequence in which it is assumed that vessel depressuri

zation is •anually achieved at the beginning of core uncovery, whereas in 

this study we are interested in the pressurized case. It is assumed that 

the containment temperature is relatively insensitive to whether th~~ Y"ssel 

is pressurized or depressurized and that the effects of pressurizatf"~' mal-:r 

relatively little difference compared to the overall uncertainty in .,; .. ,! 

amount of zirconium reacted in-vessel. 

The 32\ of the zirconium reported reacted in-vessel in this sequence pro

duces about 1100 kg of hydrogen. In order to obtain conditions at vessel 

fut.lure, the atmospheres arc assumed to contain water vapor at the satura

tion pressure of the suppression pool in the wetwell and of the drywell 

pool in the drywell. The pool temperatures are also taken from the TBS 

sequence in Ref. 8 and are given in Table III. 

The pressurization of the wetwell from venting prior to ve~sel failure 

causes gas to flow through the leakage paths and possibly other paths to 

the drywell. The concentration of hydrogen in this flow depends on the 

mixing occurring in the wetwell and on whether or not burns occur. Since 

the drywell is relatively small, one can obtain a rough estimate of the 

average concentration in the flow by assuming it is the average of the 

initial and final wetwell concentrations without any flow to the drywell. 

Since one knows from the atmosphere temperatures and the assumed steam 

concentrations what the total number of moles flowing to the drywell should 

be, the a.ount of hydrogen in the drywell can be calculated. Th.s procedure 

assumes good mixing and no burns; it gives the 6\ hydrogen cone 1 :ration in 

the drywell given in Table II. The final pressure of 1.98 x 105 Pa agrees 

favorably with the pressure of 1.9 x 105 Pa calculated in Ref. 6 for the 
TBS sequence. 



The suppression pool inventory given in Table Ill is calculated from the 

volume at normal average level of 3851 m3. The mass at vessel failure is 

calculated from the sum of the mass at normal volume at 308 K and the 

reactor coolant system mass of 3.17 x 105 kg. This mass has not been 

adjusted for evaporation or overflow. It results in an initial vent 

submergence of 2.84 m. {While this submergence has not been adjusted for 

overflow, it is the submergence used to calibrate the vent clearing time 

from the LOCA results, which presumably assumed normal levels. Thus the 

clearing time calculation is based on normal levels.) 

The mass of water in the drywell in Table Ill for the wet cases is a 

nominal figure since it cannot be determined except through detailed 

knowledge of SRV steam and hydrogen flow rates. Pure steam vented through 

the SRV's into a sub-cooled suppression pool is completely condensed in the 

pool under equilibrium conditions for gas bubble rise. Thus, one would 

expect little pressurization of the wetwell from the SRV venting of pure 

steam. Slight pressur1zation of the wetwell space is also possible through 

evaporation of water from the suppression pool surface. Normal leakage of 

gas between the wetwell and drywell is likely to be sufficient to prevent 

such sources of wetwell pressurization from causing the suppression pool to 

overflow the weir wall into the drywell. However, during the in-vessel 

generation of hydrogen there can be significant pressurization due to the 

evolution of steam and hydrogen from the top surface of the suppression 

pool. This pressurization is more likely to cause the suppression pool 

water to overflow the weir wall into the drywell. Because of the assumed 

loss of the vacuum breaker flow paths between the drywell and wetwell, this 

pressurization can be relieved only through leakage flow between the 

drywell and wetwell or possibly through reverse clearing of the suppression 

pool vents. 

The drywell and pedestal water capacity at the height of the weir wall has 
3 been given as 1560 m (4). This capacity is sufficient to hold most of the 

water normally in the suppressi~n pool above the level of the first row of 

vents. The total water assumed to be in the drywell and pedestal and given 
3 in Table III is equivalent to about 190 m and implies that relatively 

little of suppression pool water has overflowed. Overflow of suppression 

2. l 7 



pool water could also occur after a heating event in the drywell, such as a 

burn or DCH event, due to the vacuum created during the cool-down period. 

2.4 The Direct Heating Parameters 

Table IV gives the IDHM parameters used in the base cases. These are the 

same as those used in the Base Case in the Surry study [2], except for the 

zirconium and iron ratios present in fresh debris, which are adjusted for 

the ratio of zirconium to iron appropriate to the present case, and the 

trapping fraction in the drywell, which is based on a characteristic length 

which is the cube root of the volume. 

In the present calculations, the 0.5 mm debris particle diameter used in 

the base cases appears to be reasonable in the context of gas-phase 

hydrodynamic breakup. For example, in the Wet Base Case, at 0.70 seconds, 

close to the time of vent clearing, the gas vel~~ity is 180 m/sec at the 

entrance to the flow path from the pedestal, an· the gas density in the 
3 pedestal is 7.4 kg/m . These give a Kutateladze number of 80 and a stable 

Weber size of 0.4 mm for a liquid uo2 drop within the pedestal, assuming 

that the effective flow area involved in the entrainment and fragmentation 

corresponds to about half of the floor area. In the Dry Base Case at the 

corresponding time approximately the same values of the Ku;.ateladze number 

and stable size are obtained if one assumes that the effective flow area 

for entrainment is about one-quarter of the floor area. (This is the 

effective flow area used in the GASBLOW2 calculation to obtain the debris 

entrainment source rate profile shown in Figure 2.) The debris particle 

diameter of 0.5 mm is coincidentally that used in the Surry Base Case. 

While this size seems appropriate here for gas-phase hydrodynamic breakup, 

it may not be appropriate for debris fragmentation through a debris-coolant 
interaction. 

2.5 Entrained Debris, Entrained Yater. and Vessel Steam Sources 

As discussed above, in this study the amounts of entrained and extensively 

fragmented debris and of entrained water from the pedestal pool are intro

duced to the pedestal atmosphere through source tables. The source rate 
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profile is given in Figure 1 for the wet cases and in Figure 2 for the dry 

eases. In each of the wet cases, the profiles used for entrained debris and 

for entrained water are taken to be the same. The profile used will be 

characterized in the following by the ramp periods of 0.1, 1, or 3 seconds. 

The integrated source rate ~ill be cha~acterized in terms of the percent

ages of the pedestal pool inventory and core inventory which are entrained. 

The pool inventory is given in Table Ill. The entrained water is introduced 

as a dense finely divided fog in thermal equilibrium with the gas phase. 

Note that latent heat must be supplied to convert this fog into vapor, and 

the atmosphere remains saturated until the conversion is complete. 

The vessel debris inventory just prior to vessel failure is given in 

Table V. Materials other than those listed, in particular Zro2 , are assumed 

for simplicity not to be present at vessel failure. Except for the vessel 

steam, the inventory is that calculated in the TBS sequence in Ref. 8 at 

this point. Although in the TBS sequence the vessel is depressurized, while 

in this study we are interested in the pressurized case, this inconsistency 

is assumed to make little difference compared to the uncertainties in the 

core inventory. 

The vessel steam inventory given in Table V is a nominal one and 
. .r 

corresponds to superheated steam at a temperature of about 650 K. In all 

the wet cases except one this steam is assumed to be injected at u constant 

rate into the pedestal atmosphere for a nominal ten seconds following the 

debris source period. In one wet case, the steam is injected at a constant 

rate for ten seconds beginning with the debris entrainment. This steam is 

found to have only a small effect on the pressures during the debris 

entrainment in that one case, although it might have more of an effect if 

less entrained water were involved. In the dry cases, the vessel steam is 

injected beginning at the same time as debris entrair~ent and at the rate 

shown in Figure 2. In all cases, 100\ of the vessel steam is injected. 
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2.6 The Vent Clearing Issue 

The usual picture of vessel failure at a penetration is that several 

seconds are spent with debris being ejected at an increasing rate as the 

hole is being enlarged by melting, followed by blowdown (i.e., punch

through) of the steam and hydrogen in the vessel. The steam blowdown 

diminishes the flow area available to the debris and causes the debris flow 

to decrease even though the hole continues to enlarge through melting. 

During the period in which only mC\lten debris pours from the vessel, the 

debris will exit from the vessel at about 30 m/sec. This velocity is not 

sufficient to cause extensive hydrodynamic fragmentation in the atmosphere. 

for J dry pedestal, the steam exiting from the vessel at sonic speeds is 

usually taken as the cause of extensive entrainment and fragmentation of 

the debris. For a flooded pedestal, FCI's may serve the same function. 

Although the DCH model is not designed to model the debris chemistry and 

heat transfer occuring during FCI 's, the present study may be useful in 

estimating the resulting quasi-static pressure loadings. 

The DCH calculations in the present study start at the time of extensive 

debris entrainment and fragmentation. Relatively minor pressurization in 

the dwell period between the time of debri~ ejection from the vessel and 
./ 

the time of extensive entrainment and fragmentation (•"!.g., by the steam 

blowdown) is neglected. However, the effect of the dwell-period pressuriza· 

tion needs to be assessed with respecL to the calculated peak drywell

wetwell pressure difference. The point is that this pressurization may be 

sufficient to clear the vents. After clearing, the maximum quasi-static 

pressure difference which can be sustained will be reduced to that required 

to sustain flow across the rather substantial vent gas flow area. (With 

vents fully cleared, the pressure difference is on the order of 4 x 105 Pa 

at the maximum debris source rate used in the current study, but we believe 

that the zero-slip assumption used in the cases with maximum bource rate 

causes this difference to be too large.) 

4 The vents can open with a pressure difference of 2.5 x 10 Pa. Thus, for a 

dwell period of 5 seconds, a quasi-static pressurization rate of 5 x 103 
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Pa/sec is required to open the vents. CONTAIN calculations have been done 

to find the equivalent constant heat and steam sources which can produce 

this pressurization rate. It has been found that either a coristant heat 

source of 250 KW or a constant steam source of 150 kg/sec at the boiling 

point in the pedestal produce about this pressurization rate. One can 

calculate that heat transfer from a coherent debris stream of about a half 

meter in diameter is negligible in this regard. The importance of early 

pressurization thus depends on the exthnt of breakup of this stream. Even 

if coherent upon entry to the pool, the debris stream will presumably break 

up within the pool due to hydrodynamic forces or upon hitting the side or 

bottom of the pool, and the heat transfer will be increased considerably. 

The nature of the breakup of the debris stream even on a relatively large 

scale is subject to considerable uncertainty. HoPever, another factor to 

consider is that the sub-cooled condition of the water in the drywell 

aGsumed in this study as the initial condition and typical of short term 

blackout sequences will allow on the order of 5\ of the thermal energy of 

the core to be absorbed before the water reaches boiling. ~lether the sub· 

cooling is effective in suppressing steam generation depends on whether the 

debris stays covered by the water, and the time spent in reaching the 

boiling point depends on the extent of fragmentation of the fuel. 

3. Accident Sequence Calculations: Wet Cases 

This section describes the CONTAIN calculations for scenarios in which a 

substantial water pool is present in the drywell. Subsection 3.1 describes 

the base ca.'. ~ f.n considerable de taU, while 3. 2 gives highlights of 17 

.sensitivity ·r•riations. Section '• discusses the dry scenarios. 

3.1 The Wet Base Case 

The Wet Base Case corresponds to injection of 50\ of the core inventory and 

100' of the pedestal pool inventory with an initial ramp period of 1 

second. Vessel steam is assumed to blow down into the pedestal cell from 6 

to 16 seconds at a constant rate. 
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The burning of hydrogen in the drywell is based on the assumption that the 

hot debris will act as ignition centers. Even though the mole fraction of 

hydrogen is initially slightly below the CONTAIN default burn propagation 

criterion for hydrogen of 7l, the hydrogen in the drywell is assumed to 

deflagrate over short distances beginning at 0.1 second, and the burn time 

from multiple ignition by the hot debris is assumed to coincide with the 

time required to disperse debris throughout the drywell. This dispersal 

time is taken as one second, although dispersal may occur in significantly 

l1. ss than a second. Along with the deflagration, hydrogen recombination 

with oxygen at the debris p.::rt!c le surfaces !s also ·sumed to occur. One 

might expect that a burn over such a short period o~ cime would enhance 

considerably the peak drywell·wetwell pressure difference due to the DCH 

process alone. However, as discussed below, if burns and recombination are 

disabled in the Wet Base Case, the peak pressure difference is found to 

inc tease slightly. 

Note that in the calculations presented here, the debris is effectively 

removed from the problem either when the debris settles into the drywell 

pool according to the trapping rate constant given in Table IV or when the 

debris enters the suppression pool vents. Thermal quench of debris in the 

drywell pool is not activated in the problem input even though there is 

potential for significant steam generation. To some extent.1 the effects of 

such steam are addressed by the cases in which the steam and entrained 

water sources are varied with respect to rate, location, and timing. 

Thermal quench due to debris flow in the suppression pool vents is not 

modeled as there !s no provision for it in the IDHM. However, the effects 

of thermal quench of the debris in the suppression pool are presumably 

small compared to the overall uncertainty in the wetwell pressure. In the 

~et Base Case, much of the thermal energy in the vent flow is carried by 

the gases, which are equilibrated in the pool. By the end of the calcula· 

tion the pool temperature has risen by 15 K. A somewhat larger rise could 

be expected if debris quenching were taken into account. The pressure and 

amount of water vapor in the wetwell atmosphere \iould be somewhat larger as 

a result. However, the effects of debris quenching within a model assuming 
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equilibration are presumably small compared to the much larger uncertain· 

ties resulting from blow-through and detonations, neither of which are 

considered here. 

In the Dry Base Case, the increase in the suppression pool temperature is 

only one third as much as in the Wet Base Case due to the much smaller 

masses of steam involved. One would expect a significant rise in the 

suppression pool temperature if debris equilibration in the pool were 

assumed. 

The results of the calculation for the Wet Base Case are given in Figures 4 

through 14 for the cell pressures, temperatures, gas inventories, gas mole 

fractions, debris temperatures, and debris inventories. 

In Figure 4, the peak pressure difference between the drywell and wetwell 

is seen to occur at about 0.7 secon~s. (The dome pressure is representative 

of the wetwell.) In the CONTAIN suppression pool vent model, a single vent 

elevation is used, and the full vent flow area available from the three 

rows of vents in a Hark Ill is assumed available at essentially that 

elevation. Thus, the pressure rise in the drywell is terminated almost 

instantly upon vent clearing (i.e., within one timestep). To compensate, 

the single vent has been calibrated to open between the po~pt where the 

first and second vent would open in a three row model. The vent clearing 

times for all the cases are given in Ta~le VI. 

In the Wet Base Case, the peak pressure difference is 3.95 x 10
5 Pa. The 

hydrogen deflagration continues beyond the point of vent clearing and is 

responsible for the slow relaxation of the pressure in the drywall in 

Figure 4 after vent clearing. It is possible that by shortening the assumed 

one second burn time for the deflagration, the peak pressure difference 

would increase significantly, especially for a scenario in which the DCH 

event initiated rather slowly. The relaxation of the pressure in the 

drywell and the pedestal beginning at about 6 seconds marks the end of the 

debris and entrained water source. These sources are followed by the vessel 

steam which blows down in 10 seconds. In the cool-down period following the 

vessel steam, the partial vacuum created in the drywell is found to cause 
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flooding in the drywell due to the suppression pool overflowing the weir 

wall beginning at 30 seconds. 

Note that the modest rise in the dome pressure illustrates the effective

ness of the suppression pool when the gases flowing through the vents 

equilibrate with the pool, as they normally would at moderate flow rates. 

Due to blow~through at the high gas flow rates calculated here, the 

effectiveness of the suppression pool may be considerably less than 1m~lied 

by this calculation (3]. 

Figure 5 gives the dome, drywell, and pedestal gas temperatures. The 

initial peaking in the drywell temperature is d'te to the deflagration; 

without the deflagration, the temperature rises to only about 1000 Jr (see 

Figure 22 for the temperature without burns). The pedestal temperature is 

also affected by the initial oxygen in the pedestal; however, this oxygen 

is exhausted due to burns and recombination with hydrogen at about 0.5 

seconds. Note that the pedest~l temperature is quite a bit lower than the 

debris temperature shown later in Figure 11. The low temperature is due to 

the latent heat absorbed by the entrained water, which is introduced as 

finely divided fog. In reality some of the entrained water may remain in 

droplet form while in the pedestal and evaporate completely only after 

entering the drywel.l cell. The sensitivity to this carry-over effect will 

be explored by introducing one half of the entrained water directly into 

the drywell in one case. 

The peaking of the pedestal temperature at about 6 seconds coincides with 

the end of debris ejection and beginning of steam injection, illustrating 

the temperatur~ suppression which accompanies the entrained water. The 

vessel steam begins to interact at this time with the debris left over from 

the debris injection period. 

The gas inventories and mole fractivns are plotted in Figures 6-10. These 

figures are of particular interest with regard to the possibility of 

detonations and are discussed in Section 5. 
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Figure 11 gives the average debris temperature. The initial decline in the 

temperature reflects the fact that chemical reaction energy is not 

sufficient to offset heat losses from the debris to its surroundings. 

However, the surroundings are initially cold, and the initial concentra

tions of reactive gases are relatively low ~ompared to a time several 

~cconds into the debris source period. The behavior of the incoming debr~s 

could be completely diff~rent well into the debris source period. Even 

though such a radical change in behavior is relatively unlikely for this 

particular case, if such a change occurred, it would not necessarily be 

reflected in the average temperature. Consider, for example, a situation 

in which relatively small amounts of fresh debris containing metal are 

reacting and heating with respect to its initial temperature before the 

metal becomes exhausted and the debris cools off to a much lower tempera

ture. The temperature rise in the fresh debris may not be obvious in the 

average temperature. 

A problem with the lDHM is that it uses only the average debris temperature 

within a given cell. Processes which are sensitive to deb~-s temperature 

and are important only in relatively fresh debris, such as the oxygen dif

fusion rate in the debris, cannot be adequately modeled, although it is 

possible to compensate for these limltation3 to some extent. The limita

tions are more fully discussed in Ref. 2. 

Figure 12 gives the uo
2 

inventories in the drywell and pedestal. Figure 12 

illustrate~ the fact that during the first fraction of a second while the 

suppression pool vents are clearing, the pedestal inventory is higher than 

the drywell inventory, despite the fact that the pedestal is 32 times 

smaller in volume. This disproportionate debris loading indicates the 

extent to which not only debris, but water vapor and hydrogen are being 

confined to the pedestal. To understand this statemrnt, one must realize 

that the debris (in all bur one case considered below) is assumed to flow 

without slip compared to the gas. Furthermore, ,,1e am~unt of trapped, or 

settled, debris is small on this timescale. (The fractional trapping rate 

of the debris in the pedestal is assumed negligible and that in the drywell 

is 0.28 sec" 1.) Finally, the debris source and the entrained water source 

are introduced in such a manner as to be proportional to each other, and 
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the latter controls the composition of gases in the pedestal except at the 

very beginning. Thus confinement of debris indicates the confinement of an 

equivalent amount of water vapor or hydrogen resulting from reacting the 

water vapor. 

This confinement would be artificially removed in a single·cell drywell 

calculation or one in which the debris and entrained water were introduced 

directly to the drywall insttiad of the pedestal. Thus, in such a calcula· 

tion, approximately twice the debris and entrained water would be available 

to pressurize the drywall at early times, resulting in a higher peak 

pressurP difference between the drywell and wetwell. A case has been run in 

wt1ich the debris and entrained water are introduced directly into the 

drywell. This case is discussed in the Section 3.2.4. 

A case has also been run with twice the 4.2 m2 flow area between the 

pedestal and drywall in the base cases to check on the sensitivity of the 

amount of confinement to the uncertainty in the flow area. As discussed in 

Section 3. 2. 6 the amount of confinement L not extremely sensitive to the 

flow area, and much more than a factor of two increase in the flow area is 

needed before a major fraction of the debris in the pedestal will be 

released on the timescale of vent clearing. 

Figures 13 and 14 give the inventories of Zr, zrr Fe, and FeO in the 

drywell and pedestal. Figure 13 indicates that essentially all of the 

zirconium and about two-thirds of the iron havP reacted by the time the 

debris leaves the drywell. In the pedestal at the time of vent clearing 

(0.7 seconds) approxi11ately two-thirds of the zirconium has reacted. The 

residence time of the debris is about 0.3 seconds at this point. The 

reaction of iron is delayed relative to the reaction of zirconium for about 

one-third of a second. This delay is due to the assumption in the IDHM 

modeling that the zirconium in a debris particle must react completely 

before the iron reacts. Well into the debris source period approximately 

three-quarters of the zirconium and one-quarter of the i~0n react in the 

pedestal. These high .scllemical reaction rates are co:,s j <;tent with those 

calculated in earlier studies with the IDH!i, and are db:.·\1ssed in more 

detail in Reference 2. 
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3.2 Variations OD the Wet Base Case 

Seventeen variations on the Wet Base Case are presented here. Unless 

otherwise specified, each variation consisLs of a change of one parameter 

only from the Vat Base Cas~. The results of each case with respect to the 

vent clearing tiae, peak drywell·w~twell pressure difference, and the peak 

pressure in the pedestal are given ... 1 Table VI. 

3.2.1. ~ Rate: Cases 2 and 3. The first set of variations involves a 

change in ramp rate. This is changed to 0.1 second for Case 2 and then to 3 

seconds for Case 3. Plots of the drywell pressure and temperature and 

pedestal pressure and tem1 r-ature for the Base Case, Case 2, and Case 3 are 

shown in Figures 15 through 18. 

The char.:tcter of the early time behavior changes appreciably over the three 

cases, because both the debris leading and the loading of water vapor are 

higher at early times with the shorter ramp period. ~ereas in the Base 

Case and Case 2. the temperature in the pedestal in Figure 17 increases to 

a steady state value during the debris injection, in Case 3, after the 

consumption of t:he initial oxygen in the pedestal from Pither the burn or 

recombination, tl1'~ gas temperature drops because of the relatively small 

amount of heat transfer from the debris. Because of the lov loadings in 

Case 3, the pressure in the pedestal shown in Figure 18 is low, and the 

flow is probably not choked at the time of peak pressure difference. ln 

contrast, at the time of peak pressure difference in Case 2, the pressure 

in the pedestal is about ten times the drywell pressure, and the flow is 

highly cho~ed. Despite the choking, at the times of the respective peak 

pressure differences, the efficiency of transfer of debris and entrained 

water as measured by the ratio of uo2 in the drywell and pedestal appears 

to be about the same, the choking in Case 2 apparently being offset by the 

lower temperatures which reduce the pedestal pressure in Case 3. At this 

time, approximately 10 times as much debris has been transferred in Case 2 

compared to Case 3. The fact that the peak pressure differences are differ

ent by only a factor of 2 4 implies that the hydrocen deflagration is 

providing most of the early pressurization in Case 3. 
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3.2.2 Amount of Entrained Water: Casts 4·6. The amount of entrained water 

is changed in Case 4 to 200% of the initial pedestal inventory, in Case 5 

to SOt, and in Cas~ 6 to 25%. One should note that at 200%, the pedestal 

pool will cover the main flow area out of the pedestal. Thus, a significant 

quantity of water will be pushed out of the pedestal at the start of pres· 

surization and not be available for entrainment in the pedestal. However, 

one can think of the 200\ case for the first few seconds as a 100% case in 

which the water is entrained twice as fast. 

The 200\ case shows a significant change in behavior from the other cases. 

After about one tiecond, the chemical reactions in the debris are quenched 

according to the chemical r~action cutoff temperature of 1200 K specified 

in Table IV. One can calculate that the requirement that the latent heat be 

suppli~d to vaporize water at the 200% rate requires approximately as much 

enthalpy as is available from the debris at the 50% rate if one includes 

the debris sensible heat and the heat of reaction of all the zirconium. 

Thus. since the debris will typically not be completely quenched, the 

atmosphere will be saturated or close to saturation. 

The conditions in Cases 4, 5, and 6 and the Wet Base Case can best be 

compared at a given time, taken to be 0.7 seconds, and the conditions at 

this time are given in Table VII. This time corresponds t~ a time somewhat 

after vent clearing for Case 5 and Case 6, as shown in Table VI, and one 

should keep in mind that some flow out of the drywell has occurred. The 

pressure rise in the drywell at this time varies from 4. 37 x 105 Pa to 
5 

2.53 xlO Pa, a variation of a factor of 1.7. Table VII shows that a 

significant decrease in the pressure rise occurs for large amounts of 

entrained water. The decrease corresponds to the pressure reduction or 

quenching one expects when large amounts of water are vaporized; the 

decrease in temperature from having to supply the latent heat offsets the 

increase in the number of moles of gas due to the vapor produced. If one 

considers that part of the pressure rise is due to the hydrogen deflagra

tion, the quenching effect appears quite pronounced at the higher entrained 
water rates. 
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At lov entrained vaur ratu it h pou lble to i.ncrease the pressure with 

increasing amounts of entrained water. One can understand this in terms of 

t..heraal saturation, which occurs \then the gas hmperature approaches the 

debris temperature, and which is discussed in detail in Ref. 2. Thermal 

saturation is beginning to appear at 25\ entrainment. As shown in Table 

VII, at 25\ entrainment, the gas in the pedestal is at a relatively high 

temperature. and the heat transfer from the debris to the gas is thereby 

being limited. With increased amounts of entrained water, the cooling 

effect of the latent heat of vaporization can be offset by the increased 

nlU'IIber of 111oles of vapor J.Wl increased heat transfer from the debris. Thus 

the pressure in the pedestal may rise and increase transport to the drywall 

for laraer umounts of entrained water. An increase in pedestal pressure 

vith increasing entrained vater is observed in comparing the 25' and 50% 

cases in TablP VII. However, the effect on the drywell pressure in the 50% 

case, with better transport of a somewhat colder mixture, is about the same 

as in the 2S\ case. If on~ had stuted with smaller amounts of entrained 

water, the drywell pressure would increase significantly with increasing 

amounts. Note that the dry cases to be discussed in Section 4 will provide 

better examples of thermal saturation than the wet cases: the drywell 

pressure would increase significantly if one introduced entrained water in 

an initially dry case. 

the potential effects of slip on the ga1s velocity are indicated by the 

debris restriction factor given in Table VII. The debris re£triction factor 

is the factor by which the gas velocity e.t a given pressure is reduced by 

the presence of the debris under zero slip conditions. It is defined as 

(1 + •d/•g> 
112

, where md is the debris blass in the pedestal and mg is the 

gas. vapor and entrained water mass in the pedestal. We see that 1 t is 

signt.ffcantly larger in the 25\ and 50\ cases than in the lOOt and 200\ 
cases. 

The effects of debr1s~gas slip could be appreciable. For the lOOt case at 

0. 7 seconds the acceleration length for a 0.5 mm debris particle in th~ 

pedestal is found to be about a meter. Since the &tceleratlon length 

depends on the gas density, slip would be even greater in the 25\ and 50% 

c~ses than in the 100\ case. Since the debris restriction factor is larger 
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for less entrained water and the slip correction will be a relJt!vely 

larger effect, one would ~xpect th&t the gas flow rate is underestimated 

more by the zero-slip assumption for the cases with less entrained water. 

Note that che debris restriction factor for the 100' case (the Wet Base 

Case) in Table VII Js 1.75. To the extent that the debris restriction 

factor is uniform with time, one can offset the effects of the zero-slip 

assumption on the gas flow by an 1..ucrease in flow area as will be done for 

Case 14, discussed in Section 3.2.6. The debris restriction factor for the 

Yet Base Case is found to be reasonably uniform fn time while there is 

significant pressurization by debris. Corr,ensating for the zero-slip 

assumpt~on is ong motivation for choosing relatively large flow areas for 

the base cases. Of course, one ~hould also reduce the debris flow relative 

to the gas flow in compensating for this assumption. The effects of this 

reduction are investigated separately in Case 15, which is discussed in 

Section 3.2.6. 

The debris restriction factor in the Dry Base Case is not nearly as uniform 

in time due to the variation in timing of the steam and debris sources and 

the relatively large amount of hydrogen glnerated, which changes the gas 

density significantly. Moreover, the restrlction factor is typically much 

larger than in the wet cases. Thus, compensation for the ~,ro·slip assump· 

tion is much more ulfflcult than in the Wet Base Ca~e. and a detailed model 

including slip is needed in the IDHM. 

3.2.3 Debrt§ Entrainment: -~-1~ The total amount of core debris entrained 

is changed ln Casg 7 to 100' of vessel inventory. The peak pressure 

difference and peak pedestal pres~ure are given in Table VI. In addition, 

the dryvell pnssura is plotted for this case and the Wet Base Case in 

Figure 19. The drywell temperatures are compared in Figure 20. 

In Figure 19 the paak pressure difference in Case 7 occurs at the first 

peak in the plot for 100\ entrainment. The rapid ri5e in pressure after 

1.25 seconds in this plot does not reflect a corresponding rise in the 

pressLre in the wetwell but is due to the fact that, as debris begins to 

accumulate in the drywell atmosphere, the choking of the flow through the 
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suppression vents increases from the increase in debris loading. This 

choking in the vents is excessive principally because the debris would 

presumably have difficulty negotiating the turns into the annulus and vent 

tubes. The resulting debris slip is not taken into account in Case 7. 

Before proceeding with the peak~essure difference comparisons, a rule of 

thurub is given for scaling the r.eak pressure difference due to changes in 

source rate. Scaling comparisons are used below in analyzing the effects of 

the nodalization (i.e .• effects of the confinement to the pedestal) in 

addition to the effects of changing source rat9s. Scaling laws can be 

derived in a straightforward fashion from integrating simplified, single· 

term liquid flow equations for the clearing of suppression pool vents under 

the assumption that the gas pressure differeHces are large compared to 

liquid heads which might develop and have simple power law dependences on 

~ime. Implicit in the derivation is the assumption that the pressure 

difference !s zero initially and that the peak pressure between the drywell 

and wetwell occurs at the time of vent clearing. The following scaling laws 

apply ei~her to a quasi-steady flow model such as used in CONTAIN or an 

inertial clearing model which assumes a constant inertial slug length: 

1) For a step-function source tc the drywell which leads to a linear 

pressurization in time, the peak pressure scales as ~be two-thirds 

power of the source rate. 

2) For a linear ~amp source which leads to a quadratic pressurization 

in time, the peak pressure scales as the square root of the ramp rate. 

A constant source may approximate the result o: a burn or a DCH event with 

a rise time short compared to the vent clearing time. On the other hand, a 

linear ramp source may apprvximate a DCH event which gradually escalates 

with time. In scaling DCH sources one must question the extent to which a 

constant source will lead to a linear pressurization, or a linear ramp 

source produces a quadratic pressurization. For a linear or quadratic 

pressurization, respectively, to be a reasonable appr.oximation, the time 

constant for reactions and heat loss from the debris must be short compared 

to the vent clearing time so that the debris has time to heat the gas. One 

2. J I 



cJn expect the time constant for heat loss [2] to be short compared to the 

vent clearing times observed here. The time constant for reaction of 

zirconium vithin the pedestal (but not necessarily the iron) also appears 

to be relatively short. Because a careful study of these time constants has 

not been conducted in the present study, one should use caution in applying 

scaling for DCH without additional verification. 

It is interesting to compare the peak pressure difference in Case 7, which 

has lOOt entrainment of the core and 100\ entrainment of the pedestal 

water, with that of Case 5, vhich has 50' entrainment of the core and 50% 

entrainment of Wdter. Since the suppression pool vents clear in less than a 

second and the source ramp period is one second, Case 7 is equivalent, with 

respect to the peak pressure difference, to Case 5 with twice the ramp 

rate. The peak pressure difference for Case 7 is 5.69 x 105 Pa, and that 

for Case 5 is 4.42 x 105 Pa. From the discussion above on scaling, one 

would expect the peak pressure differences to scale like the square root of 

the ramp rates. A complication is that a burn is occurring in these cases 

so the pressurization does not obey a single power law. Furthermore, the 

burn strength is nominally the same in the tvo cases. It is not surprising, 

therefore, that the pt~ak pressure difference scales with somewhat less than 

the 0.5 exponent expected: (5.63/4.42) - 2°· 34 . Somewhat better agreement 

with scaling is obtained when the burn is turned off, as ~j.scussed in the 

next section. 

3.2.4 Hydrog~n ~urni and Re,2m2inat1on PYrin& DCH; Cast~ 8·1Q. Case 8 is 

like the Base Case exc~pt that the hydrogen deflagration and the hydrogen 

recombination at the drop surface are assumed to be absent. Figures 21 
through 23 show the cell pressures, temperatures, and drywell mole 

fractions for this case. The differenc~s between these figures and the 

corresponding Figures 4, 5, and 8 with a burn are obvious ones due to the 

absence of a burn. 

It is somewhat surprising that the peak pressure diff~rence, given in 

Tabl£ VI for this case, increases slightly in the absence of a burn 

compared to that of the \let Basf" Case. To understand this, one must 

consider the difference in vent clearing times. The burn provides early 
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dryvell pressurization approximately linear in time, whereas as shown in 

Figure 21, the pressurization due to the debris and entrained water source 

is quadratic or higher order in time. 1 t takes on the order of half a 
4 

second for the pressure in the drywell to build up to 2.5 x 10 Pa, the 

static pressure difference required to open the vents. Tite quadratic or 

higher order rise in the pressure allows the pressure to rise faster later 

in time than would be the case for a linear pressurization, and apparently 

the faster late time rise more than compensates for the absence of the burn 

pressurization. 

Case 9 addresses thP effect on the peak pressure difference of confinement 

of a substantial portion of the debris to the pedestal on the timescale of 

vent clearing, as observed in Figure 12. Because burns complicate matters, 

burns and recombination are assumed co be turned off. To tnvestigate the 

effect of confinement, in Case 9 the debris and entrained water sources are 

placed in the main drywell cell instead of the pedestal cell. 

It is convenient (in those cases with no debris slip) to analyze the 

pressurization of the drywell in terms of scaling on the basis of the 

debris mass present. At 1.00 s~conds, just before the vent clearing time in 

Case 8 and Case 9, the total amount of debris in the drywell is 7512 kg in 

Case 8 and 10220 kg in Case 9. Assuming the pressurization/is quadratic and 

proportional to the amount of debris present, from scaling one would expect 

the peak pre~sure difference to scale like (10220/7512) 112- 1.17. However, 

the ratio from Table VI is (4.66/4.17) - 1.12, which is somewhat less. 

One should note from Table VI that it took longer for vent clearing in 

Case 9 compared to Case 8. To be consistent with scaling, a higher peak 

pressure should correspond to a shorter vent clearing time. (The fact that 

the linear ramp in the source cuts off at 1.0 seconds should not be 

creating this inconsistency, although it may aggravate it.) Thus, it 

appears that the time dependence of the pressurization is significantly 

different in the two cases, and one cannot expect scaling to hold. (Never

theless, it may be useful to compare the peak pressure differences on the 

basis of what is expected from scaling.) 
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The above comparison of the timing of vent clearing in Case 8 with that of 

Case 9 indicates that the change in location of the sources affects 

scal1.ng. Case 10 provides a better check on scaling through a change in 

source strength without a change in source location. Case 10 is similar to 

Case 8 except that the debris and entrained water sources in Case 8 are 

doubled to 100\ of the core and 200\ of the water. Burns are turned off in 

Case 10 as in Case 8. As sho~1 in Table VI, the peak pressure differ~nces 

scale like (5.78/4.17)- 1.39 whereas scaling arguments would imply the 

value for a quadratic pressurization should be 21/ 2 - 1.41. The agreement 

with scaling is good. 

3.2.5 Debri1 Cbemiatry and Heat Trtnsfcr: Cas~s 11-13. A number of cases 

have been run to investigate the sen~itivity to debris hea~ transfer rates 

and chemical reaction rates. In Case 11, the debris particle size is 

changed to 0.1 mm. This size allows a much faster transfer of heat from the 

debris and reactdnt gases to the particle surface. In addition, diffusion 

into the debris particle occurs more quickly. It is not surprising that the 

peak pressure difference and peak pedestal pressure go up significantly by 
4 6 about 5 x 10 Pa and 1.6 x 10 Pa, respectively, as shown in Tab~e VI. 

Another change due to the smaller size is that the zirconium within the 

particle reacts more quickly. Thus, the delay in the start of the reaction 

of the iron is reduced. When the iron begins to react, it also ret~ts more 

quickly. As a consequence, much of the iron now reacts within the pedestal. 

In Case 12 the radiative transfer and the convective tran~ier from the drop 

were reduced by one-half. TI1is reduces the peak pressure difference and 

peak pedestal pressure significantly, as shown in Table VI. 

Case 13 addresses the question of including the source of steam from the 

vessel at the same time as the debris and entrained water sources. The 

steam source in this run is assumed to begin at time zero and to occur at a 

constant rate for 10 seconds. As can be seen in Table VI, the effect 

compared to the Ye~ Base Case is relatively small. This is expected on the 

basis of the rQtio of the steam source rate to maximum entrained water 

source rate, which is about 0.15. A larr•r effect would be expected if much 

less than 100\ of the ped~stal water were assumed entrained. 



3.2.6 IIAnsport of Debris from the fedestal: Cases 14·16. The next three 

cases (14-16) address the effects of changing the debris transport from the 

pedestal. In Case 14, the flow area from the pedestal ls doubled, to 8.4 

m2 , over the Wet Base Case. This case is of particular interest with 

respect to the effects of confinement of debris and gas within the 

pedestal, which is appreciable in the Wet Base Case. The results show that 

as a result of douhling the flow area, about 26\ more debris and 14\ more 

water vapor are pr~sent in the drywel1 at a time close to vent clearing 

(0.70 seconds). The drywell pressure rise at this time is 8\ greater. Th~ 

amount of zirconium and iron reacted is somewhat greater but not apprecia

bly so. More hydrogen (about 6 kg) has been transported from the pedestal 

to participate in the burn. Offsetting these effects is the fact that the 

debris both in the drywell and pedestal is on the order of 100 K hotr.er, 

presumbly due to the shorter residence time in the pedestal and the hotter 

environment of the drywell. The fact that the increase in the pressure rise 

is relatively low compared to the increase in the debris mass in the 

drywell is apparently due to the pressurization due to the burn, which is 

not sensitive to the amount of debris present. 

If one compares the peak pressure differencbs between Case 14 and the Wet 

Base Case from Table VI, one obtains the ratio (4.17/3.95)- 1.05. On the 

other hand, from scaling on the basis of the increase in debris in the 

drywell in Case 14, one would expect 1.261/ 2 - 1.12. As shown in the 

comparison of Case 8 with Case 9 in Section 3.2.4, one cannot expect to 

obtain the increase given by scal1ng for extra debris transfer from the 

pedestal. Perhaps two-thirds of it is reasonable in the absence of a burn. 

As shown in the comparison of Case 5 with Case 10 ln Section 3.2.3 an even 

smaller effect is expected when a burn is occurring, as it is in this case. 

The relatively small increase in debris transfer to the drywell resulting 

f·om the doubling of the flow area can be understood in terms of the fact 

that the flow is not choked with the larger area at the time of the peak 

pressure difference. Considerably larger transfers would be expected if the 

flow were choked. The reason is that the flow rate versus pressure is a 

steeper function for unchoked flow than it iG for choked flow, and the 

pressure and gas density need to adjust less to compensate for an increase 
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in area. The onset of unchokAd flow lllelns that considerably larger flow 

areas are necessary to get appreciably more transfer from the p~destal. 

In Case 15, the effect of dJbri$ slip is taken into account. The type of 

slip specifically modeled here occurs when the gns is accel~rated as it 

enters the flow path and the debris cannot follow the gas. The slip 

fraction is the fraction of debris carried in the g~s hydraulic diameter 

which does not make it into the flow path. In order to do this calculation, 

CONTAIN was temporarily modified to include a debris-gas slip fraction of 

one half for all flow paths. 

The effect of the slip is to retain debris in the upstream cell and allow 

gas to flow more readily. The results show that the gas in the pedestal is 

hotter, because there is more debris to heat it, and less dense because it 

is heated and also because it flows more easily. Thus, sensible heat 

transport by the gas to downs~ream cells is improved. However, more debris 

is retained in the pedestal so direct heating by the debris in downstream 

cells is reduced. As shown in Table VI, the net effect is to reduce the 

peak pressure difference slightly and the peak pedestal pressure by about 

10\. A somewhat larger effect on the peak pressure difference might be 

found without the burn. 

ln Case 16, a change is made to approximate the effect of non-equilibrium 

conditions for the entrained water. Because of a smaller surface tension, 

water is likely to be entrained in smaller droplets than the debris for a 

given geometry. Hnwever, heat transport to the evaporating droplets may not 

be sufficient to bring them into equilibrium with the gas phase as assumed 

in the modeling. In order to check on the effects of delayed equilibration, 

in Case 16 one half of the entrained water is injected directly into the 

drywell and nne half into the pedestal cell. The total corresponds to 100% 

entrainment. As shown in Table VI, A small increase in the peak pressure 

difference is found in Case 16 compared to the Wet Base Case. By comparing 

Case 16 with Case 5, one can deduce that t~ are compensating effects in 

the peak pressure difference. With regard to the pedestal conditions, Case 

16 is identical to Case 5. By comparing the peak pressure difference 

between these two cases, one can deduce that injecting the entrained water 
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directly into the drywell has the effect of reducing the peak pressure 

difference. Thus the small i11Crease in Case 16 compared to the Wet Base 

Case must be the result of improved gas and debris transfer from the 
pedestal. 

For given gas; composition under choked con ~itions and no debris slip, the 

flow velocity in the IDHM is proportional to (P/p) 112 , where P is the gas 

presst'rt" in the upstream cell and p is the total atmosphere density, 

including debris. The r~sults show that in Case 16 the gas density in the 

pedestal is about one ho..lf that in the Wet Base Case, while the pressure in 

the pedestal does not diminish appreciably because the gas temperature rise 

allowed by not having to supply the latent heat associated with the liquid 

offsets the loss of moles of gas. The decrease in the gas density increases 

the gas and debris flow velocity and thus the amount of gas and debris in 

the drywell. (In a more realistic model which includes debris slip the gas 

velocity would be increased more than indicated by the IDHM, and the debris 

velocity would be decreased. The change in the velocities in this more 

realistic model has not been calculated, but one can get some idea as to 

tb~ importance of the effect by comparing Case 15 with the Wet Base Case.) 

3.2.7 fressurization without DCH: Case 17, Case 17 is like the Wet Base 

Case except that debris heat transfer and chemistry is turned off. The 
.~· 

debris mass is still present, however, and affects quantities like flow 

rates. The pressurization in this case is due to the deflagratinn and steam 

blowdown assumed to occur in the Wet Base Case, and the peak pressure 

difference from the burn is given in Table VI for comparison with the other 

cases. The peak pressure difference from the rapid, one second burn of a 6% 

mixture is much lower than in some of the other cases with active debris. 

4. Accident Seguence Calculations: Tbe Dry Base Case and Variations 

Three dry cases are presented. The Dry Base Case, Case 18 I!H"S the source 

profiles of Figure 2, which correspond to 50\ of the core .... d 100\ of the 

vessel steam. Entrained water from the pool in the pedestal is assumed not 

to be present. All other parameters are the same as in the Wet Base Case, 

including those related to the deflagration in the drywell. In Case 19, the 
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flow area is doubled, to 8.4 m2, over that in the Dry Base Case. All other 

parameters remain the same. In Case 20, the debris source is reduced from 

the Dry ~ase Case and corresponds to 25' of the core, with all other 

parameters remaining the same. 

Figures 24 through 34 give resul· ; for the Dry Base Case corresponding to 

Figures 4 through 14 for the Wet rlase Case. Because most of the differences 

are obvious ones due to the change in source profile and the smaller amount 

of water involved, the figures for the Dry Base Case will not be discussed 

in detail. However, the following comments are given: 1) The peculiar 

beh.-wior observed at about 14 seconds in a number of the figures is due to 

the fact that the sources shown in Figure 2 do not cut off at the same 

time. The debris source is reduced significantly before the steam is cut 

off. 2) The initial peak in the mass of water vapor shown in Figure 26 is 

due partially to the deflagration, partly to the fact that the rise time 

for the steam in the .'edestal is shorter than the debris rise time, and 

partly be ause the vents clear and reduce the steam inventory, which is not 

being replenished at nearly the rate from the pe~estal as it is in the Wet 

Base Case. 3) The reaction of iron, which takes place pn~dominantly in the 

drywell, is inhibited beginning at about 2 seconds, a,~; f.~1own in Figure 33, 

due to the low steam-hydrogen ratio, as shown in Figure 28. 

The peak drywell-wetwell pressure differences and peak pedestal pressures 

for the dry cases, shown in Table VI, behave in a manner consistent with 

the behavior observed in the wet cases. A doubling of the flow area from 

the pedestal in Case 19, compared to the Dry Base Case, results in un 

increase in the peak pressure difference of about a •. This is substantially 

more than the increase observed in comparing Case 14 to the Wet Base Case, 

which is about St. At a time (0.65 seconds) close to vent clearing in Case 

19 and the Dry Base Case, the amount of debris in the drywell has increased 

by about 30' in Case 19 compared to the Dry Base Case. Scaling would 

indicate that the peak pressure differences should change by 1.3o112 -

1.14. The actual increase of 8\ is just over half of the increase predicted 
by scaling. 
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The peak pressure difference and peak pedestal pressure in Case 20, with 

25\ core entrainment and 100\ steam, is also shown in Table VI. This case 

has been selected because of the possibility that entrainment and fragmen

tation in the pedestal mi~lt be inhibited by the high pedestal pressure. 

There is no wet case with the same amount of core entrainment. 

5. Hyarosen Generation OMI!n& DCH 

The final hydrogen, oxygen, and steam concentrations in the drywell and 

wetwell at the end of thtl vessel blowdown for each of the wet and dry cases 

is given in Table VIII. The net amount of hydrogen generated by the DCH 

process is also given. 

The net amount of hydrogen is determined by a number of processes. First of 

all, in most of the cases considered, a hydrogen deflagration is assumed to 

occur in the drywell and pedestal beginning essentially at the start of 

debris dhpersal. llydrogen recombination with oxygen at the surface of the 

debris particles is also assumed to occur whenever the deflagration is 

assumed to occur. These two procesSL5 tend to consume not only the 

relatively small initial amount of hydrogen in the drywell at vessel 

fajlure but also some of the hydrogen generated by the DCH process. 

ln the present study the zirconium and iron in the debris are allowed to 

react with steam to produce hydrogen. For the steam and entrained water 

sources and the debris p3rt1cle sizes considered here, the reaction of 

zirconium is essentially complete by the time the zirconium is removed frorn 

the drywell atmosphere. This removal is the result either of trapping 

within the drywell or flow out the suppression pool vents. After removal 

the chemical reactions of the debrh are assumed to cease. In the IDHM the 

iron may also react to produce hydrogen, but the iron in a given particle 

is assumed not to react until the zirconium in that particle has reacted 

completely. Typically about two thirds of the iron has reacted by the time 

the iron is removed fro11 the drywell atmosphere. For the debris invento~ y 

at vessel failure used in the study, the amounts of hydrogen which could be 

produced ex~vessel by the zirconium and the iron are comparable. 
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If Case 4, Case 9, and Case 17 are excluded, the net amount of hydrogen 

generated for a given size particle falls within a fairly narrow range with 

respect to the maximum possible on the basis of the zirconium and iron 

available in the entrained debris. From Table VI~. one can deduce that for 

all cases with a 0.5 mm particle diameter except the above three, the 

hydrogen generated lies between 65\ and 75\ of the maximum. Both wet and 

dry cases fall within this range, and cases with and without burns. Th~ 

amount of hydrogen generated in the one case (Case 11) with a 0.1 mm 

particle diameter corresponds to 90\ of the maximum. It is clear that 

substantial amounts of hydrogen will be generated ex-vessel even if 

relatively little is generated in-vessel. (Case 4 is excluded from the 

comparison because the debris is introduced to the drywell cell, not the 

pedestal, and the reduced residence time for the deoris, among other 

factors, reduces the hydrogen generation. Case 9, with 200\ entrained 

water, is anomalous because the chemical reactions involving the debris are 

quenched by the low debris temperature. Case 17 is excluded because the 

debris is inactive.) 

The relatively narrow range in the hydrogen generated for the cases with 

0.5 mm particles is somewhat surprising in view of the wide range of steam 

and entrained water source rates used in the study. In plots of the iron 

and iron oxide in the drywell as a function of time, as in.~Figure 33, the 

reaction of the iron is noticeably inhibited when there i~ only a small 

amount of steam available. This inhibition is observed for the dry cases 

with 501 core entrainment and for the wet case with 25\ entrained water. 

Ho~ever, since the hydrogen in these cases falls within the 65\ to 75\ 

range, the overall effect on the amount of hydrogen generated in these 

cases appears to the small. Note that, in the dry cases, the effect of 

steam starvation might be much larger if more debris were involved or if 

the debris were entrained much more rapidly relative to the steam than 

given by the profiles in Figure 2. This more rapid entrainment could 

result, for example, from lower pressures in the pedestal than assumed in 

obtaining Figure 2. Besides the steam available, the amount of hydrogen 

generated appears to correlate with the overall residence time in the 

drywell. The amount of hydrogen generated is less in those cases with 



higher flow rates of debris from the pedestal or in Case 9, in which the 

debris is placed directly in the ex-pedestal part of the drywell. 

6. Potential for Detonations at or after Vessel Failure 

Detonations in the wetwell or drywell could occur at the start of debris 

dispersal from ignition of an existing detonable mixture by the debris. The 

potential for detonation at the start of debris dispersal depends to a 

large extent on the amount of zirconium reacted in-vessel. The hand calcu

lation done for this study (outlined in Section 2.3) indicates that a 20% 

concentration of hydrogen results in the wetwell and a 6\ concentration 

results in the drywell from reaction of 32\ of the zirconium in-vessel. It 

is assumed that igniters and other ignition sources have not been avail· 

able. The mixture in the wetwell, as shown in Table II, is detonable. It is 

not clear whether the drywell mixture could also be detonable at the start 

of vessel failure for a pressurized sequence. lhere are large uncertainties 

in the drywell concentration due not only to the uncertainties in the 

amount of zirconium reacted in-vessel but also to the assumptions made in 

doing the hand calculation, as discussed in Section 2.3. (Much more 

mechanistic CONTAIN calculations could of course be done for the distribu

tion of the in-vessel hydrogen.) If sufficient hydrogen is introduced into 

the drywell, the drywall conditions given in Table II woulg not preclude a 

detonation at the start of debris dispersal. 

The DCH process itself does not appear to be conducive to the development 

of detonable conditions in the drywell if conditions close to detonable did 

not previously exist. The gas temperatures and molar fractions as a func

tion of time are given in Figures 5 and 8, respectively, for the Wet Base 

Case, in Figures 22 and 23, respectively, for Case 8 (the Wet Base Case 

without burns), and in Figures 25 nnd 28, respectively, for the Dry Base 

Case. On the basis of the behavior shown in these figures, one would expect 

that after about a second, either the temperature would be high enough that 

burning would become hypergolic or the drywell oxygen would be flushed out 

by tile steam and hydrogen from the DCH process or the atmosphere would be 

steam inert. The high temperatures would be more characteristic of events 

with small amounts of steam and entrained water, and the flushing effect 
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would be more characteristic of events with large amounts. However, one 

would expect both to be present to a l~rge degree in an event with exten· 

sive debris dispersal. In addition, the hot debris itself would tend to 

promote recombination or ignition of a burnable mixture, which would 

prevent detonable concentrations from building up. The combination of high 

temperatures, the flushing effect, and the ignition effect would appear to 

preclude the possibility of detonations during extensive dispersal, except 

in the case of initially detonable or close to detonable conditions. The 

concentrations of gases in the drywell at the end of the vessel blowdowtl 

given in Table Vlll show that the final concentrations in the drywell are 

not detonable. 

It is conceivable that minor interactions involving debris after the start 

of vessel failure would be more conducive to forming a detonable mixture in 

the drywell. Only about 150 kilobrams ot hydrogen, the equivalent of 

reacting only a few percent of thP zirconium, are needed in the drywell to 

form a detonable mixture for the conditions assumed at vessel failu,e. It 

is possible that a minor debris-pool interaction prior co extensive debris 

dispersal could produce enough hydrogen to lead to a detonable concentra· 

tion without producing enough steam to inert against detonations or flush 

oxygen from the drywell to below the detonable limit, especially if some 

hydrogen from in-vessel reactions w~re present. The temperature in the 

drywell would also stay relatively cool from such a minor interaction. 

Although supporting calculations have not been done, it does not seem 

likely that the hydrogen from a minor interaction will mix sufficiently 

with the drywell atmosphere in the few seconds prior to extensive debris 

dispersal (e.g., from the steam blowdown) to pose much of a threat from a 

detonation. 

It is conceivable that detonable conditions could develop in the drywell in 

the cool-down period after the vessel blowdown but prior to significant 

significant generation of gas from the core-concrete interaction. The 

vacuum created in the drywell from the cool-down could not only cause 

drywell flooding from the suppression pool overflowing the weir wall as 

discussed in Section 7 but could also draw in oxygen from the wetwell. From 

Table Vlll, conditions favoring detonation when such oxygen is drawn in 



appear more likely in the dry cases with less inerting steam present in the 

drywell at the end of the blowdown. The amount of steam in the drywell 

depends on the timing of the steam relative to debris dispersal, as one can 

infer from Figure 2 and Figure 28, and on the amount of debris dispersed, 

as one can see ln comparing Case 20 with the Dry Base Case (Case 18) in 

Table VIII. If one assumes that significant condensation of steam occurs on 

a timescale .uch longer than that for significant generation of gas from 

the core~concrete interaction, it would appear that either the amount of 

debris would have to be significantly greater than assumed in the Dry Base 

Case or the timing of the debris relative to the steam would have to 

significantly delayed compared to that indicated in Figure 2 in order for 

the atmosphere not be steam inert. Even if steam inerting did not pt eclude 

detonations, the vacuum created on cool·down would have to draw detonable 

levels of oxygen into the drywell. It is not clear that this is possible. 

Higher levels of oxygen in the wetwell than given in Table VIII could be 

present if the wetwell fails and backfills with air. However, calculations 

of the cool·down period for a failed wetwell have not been done. 

1'he wetwell concentrations are given in Table VIII for each of the cases at 

the end of the vessel blowdown. Gas temperatures in the wetwell are found 

to be low, on the order of the suppression pool temperature (400 K). 

Pressures are found to Je typically several bars. 

The wetwell concentrations given in Table VIII correspond to a detonable 

mixture. From the hydrogen generated during DCH, as given in Table VIII, it 

is clear that even if wetwell conditions were not detonable prior to the 

DCH event, sufficient hydrogen could be generated during DCH to lead to 

detonable conditions. However, the conditions given in Table VIII could be 

misleading because of the neglect of wetwell burns and blow-through, as 

discussed in the introduction. Much of the uncertainty concerns the 

presence and intermittency of wetwell ignition sources. 

If blow-through is tak~n into account, the steam mole fraction in the 

wetwell could be either higher or lower. Blow-through in a relatively hot 

suppression pool could prevent a steam-poor gas mixture flowing through the 

vents from being humidified to the extent given by assuming equilibration 
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in the pool. On the other hand, blo1o1-through in a relatively cold suppres

sion pool could prevent condensation of steam in a steam-rich gas flow. 

Condensation is typically what is calculated in the pres~nt study, except 

possibly during periods in the dry cases when the drywell atmosphere is 

steam-poor, as shown in Figure 28. Thus, with blo1o1-through, one would 

typically expect higher steam concentrations in the wet1o1ell than indicated 

in Table VIII. One would also expect higher temperatures and pressures than 

indicated above. It is possible that with blow-through, ignition by hot 

debris and hot gases from the drywell would occur in the wetwell. Although 

the wetwell does not fail in any of the cases in this study, 1o1ith burns and 

blow-through it is more likrly that the wetwell would fail. Thus, 

conditions could be completely ~ifferent from those indicated in 

Table VIII. 

7. Drywell Flooding 

Due to the fact that the vacuum breakers between the wetwell and drywell 

are not working, the vacuum ereated on cool-down after a DCH event (or any 

other heating event, for that matter) may be sufficient to draw suppression 

pool water over the weir wall into the drywell. Whether cot)l·down occurs on 

a short timescale depends on the heat and mass transfer from the gas to 

structures, which in turn is controlled principally by the?surface tempera

ture of the walls compared to the gas. The steam blowdown from the vessel 

appears to mitigate the cooldown after DCH events 1o1ith relatively small 

a~~unts of entrained 1o1ater and a relatively hot gas. The reason is that in 

this case the steam blo1o1do1o10 introduces relatively cold vapor after the 

heating due to the debris. The hot structure surfaces remaining after 

debris dispersal may tend to heat the last part of the blo1o1do1o1n steam, thus 

delaying the cool·down or perhaps even eliminating it. However, in all 

cases run here, drywell flooding either occurs almost immediately after the 

steam blo1o1down or seems likely to occur within a period of minutes on the 

basis of the trend in the drywell pressure. A sustained 4 x 104 Pa pressure 

difference is all that is required to fill the drywell to maximum capacity 
3 (1560 m ). This capacity is sufficient to remove most of the water above 

the first row of vents in the suppression pool. This relocation of water to 

the drywell could be important 1o1ith respect to calculating the source term. 
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Table I: Flow Path Characteristics 
(Base Cases) 

Drywell-Wetwell Leakage 

Effective Flow Area 

CONTAIN Flow Coefficient 

Pedestal-Drywell 

* Flow Area 

CONTAIN Flow Coefficient 

\.Jetwell-Environment 

Flow Area (When Open) 

CONTAIN Flow Coefficient 

Pressure Difference to Jpen 

Suppression Pool Vent 

Area When Fully Open 

Vent Elevation 

Weir Wall Height 

Liquid Flow Coefficient Forward 

Liquid Flow Coefficient Reverse 

CONTAIN Gas Flow Coefficient 

* Effective flow area; see text. 

0.5 

2 4. 2 m 

1.0 

2 10.0 m 

1.2 

L;. 0 x 105 Pa 

53.45 2 
m 

3 .·52 m 

7.48 m 

12.0 

3.0 

1.0 



Table II: Atmosphere Conditions at Vessel Failure 

Wetwell: 

Volume 

, Temperature 

Pressure 

02 Mole Fraction 

H2 Mole Fraction 

H2o Mole Fraction 

Drywell 

Ex-pedestal Volume 

In-pedestal Volume (Dry) 

Temperature 

Pressure 

o2 Hole Fraction 

H2 Mole Fraction 

H2o Mole Fraction 

37436 m 

355 K 

1.98 X 

0.11 

0.21 

0. 26 

7419 m3 

230 rn 3 

360 K 

3 

105 Pa 

1.98 x 105 Pa 

J.l7 

0.06 

0.14 



Table Ill: Pool Conditions at Vessel Failure 

Suppression Pool 

Mass 4.14 X 106 kg 

Temperature 355 K 

Depth 6.36 m 

Drywell Floor Pool 

Mass 1.12 X 105 kg 

Temperature 339 J( 

Depth 0.5 m 

In-pedestal Pool 

Mass 78600 kg 

Temperature 339 K 

Depth 2.4 m 



Table IV: Direct Heating Parameters 
(Base Cases) 

Drop Diameter 

Drop Temperature 

Drop Density 

Quench Temperature 

Hydrogen Recombination 

Chemistry Option 

Heat Transfer Multiplier 

Drop-Gas Emissivity 

Zirconium Ratio 

Iron Ratio 

Oxygen Diffusivity 

Particle Terminal Velocity 

Trapping Rate (Drywell) 

Trapping Rate (Pedestal) 

2.50 

0.5 mm 

25SO K 

7800 kg/m3 

1200 K 

On 

Equilibrium 
Solution 

1.0 

0.8 

0.47 

0.53 

10· 8 m2;sec 

5.56 m/sec 

·1 0.28 sec 

·6 ·1 10 -sec 



Table V: Vessel Conditions at Vessel Failure 

uo2 InvPntory 166000 kg 

Zr Inventory 54200 kg (68 \) 

Fe Inventory 60600 kg 

Steam 21000 kg 

Steam Enthalpy 6 3.12 X 10 J/kg 
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Table VI: Parameter Stuny on Peak Drywell*Wetwell (DW) Pres sur(.> 
Difference and Peak Pedestal Pressure 

Case Change Vent Clearing ow P5ess. Diff. Ped5 Time (sec) (10 Pa) (10 

* 0.725 3.95 1. \Jet Base Case 

2. 0.1 Second Ramp 0.605 7.11 

3. 3.0 Second Ramp 0.770 2.93 

It. 200 ' Entrained \Jater 0. 780 3.14 

5. 50 ' Entrained Water 0.695 4.42 

6. 25 ' Entrained Water 0.685 4.47 

7. 100 1 Core 0.650 5.69 

8. No Burn/Recomb' at ion 1.005 4.17 

9. No Burn/R.: Source to DW 1.050 4.66 

10. No Burn/R.; 2 x Source 0.885 5.78 

11. 0.1 mm Debris Particles 0.635 4.42 

12. 1/2 Debris Heat Transfer 0. 755 3.51 

13. Steam@ O.C Seconds 0.675 4.05 

14. 2 X Pedestal Flow Area 0. 715 4.17 

15. 1/2 Debris Entrance Slip 0. 730 3.91 

16. 1/2 Ent. Wat. in Drywell 0. 765 4.05 

17. No DCH; Burn/R. Only 0. 825 2.19 

18. Dry Base Casett 0.685 4.73 

19. Dry; 2 X Ped. Flow Area 0.665 5.11 

20. Dry; 25 t Core 0. 710 4.04 

*so \ Core, 100 \ Entrainment, 1.0 Second Burn, 1.0 Second Ramp 

fQuenched after vent clearing 

** Exceeds vessel pressure 

ffso \ Core, 100 \ Steam, 1.0 Second Burn, GASBLOW2 Profiles 

2. )2 

Press. 
Pa) 

44.8 

49.2 

37.5 

43.9t 

43.6 

36.9 

89.1 ** 

44.8 

93.8 ** 

60.4 

39.2 

48.8 

17.5 

40.0 

43.6 

4.0 

32.9 

15.9 

22.3 



Table Vll: Effect of Entrained ~uter at 0.70 Seconds 

Amount Entrained 

Quantity 25\ 50\ 100\ 200\ 
(Case 6) (Case 5) (Wet Base) (Case It) 

Drywell Pressure 0.63S MPa 0.640 MPa 0.566 MPa 0.451 MPa 

Pedestal Pressure 1.690 MPa 1.949 MPa 1. 637 MPa 1.584 MPa 

Pedestal Vapo~ Pres~ure 1.062 MPa 1.571 MPa 1.442 MPa t l. 35i HPat 

Drywe11 Temperature 1129 K 1062 K 875 K 625 K 

Pedestal Temperature 1935 K 1157 K 470 K 467 K 

Drywell uo2 1826 kg 1879 kg 1644 kg 1447 kg 

Pedecotal uo2 
1721 kg 1706 kg 1969 kg 2176 kg 

Pedestal zro2 470 kg 467 kg 565 kg 65~ kg 

Pedestal Zr 214 kg 211 kg 225 kg 228 kg 

Pedestal FeO 45 kg 47 kg 77 kg 112 kg 

Pedestal Fe 593 kg 586 kg 658 ~ 707 kg 

Debris Restriction Factor 3.39 2.31 1.75 1.40 

fsaturated atmosphere 

2.)3 



Table VIII: Gas Molar Percentages and Net Hydrogen 
Generated at End of Vessel Slowdown 

Case 

1. Wet Base Case 0 2 98 8 32 24 

2. 0.1 Second Ramp 0 2 98 8 31 24 

3. 3.0 Second Ramp 0 2 98 9 32 24 

4. 200 \ Ent. Yater * 0 0 100 11 20 25 

5. 50 ' Ent. Yater 0 3 97 8 32 24 

6. 25 ' Ent. Yater 0 3 97 9 32 24 

7. 100 \ Core 0 5 95 7 41 23 

8. No Burn/Recomb. 0 3 97 9 32 24 

9. No 8/R; Source to DW 0 3 96 9 30 24 

10. No 8/R; 2 x Source 0 3 97 7 39 24 

11. 0. 1 mm Debris 0 3 97 8 35 24 

12. 1/2 Debris Ht•at Tr. 0 3 97 8 32 24 

13. Steam @ 0.0 Sec. 0 8 90 9 31 25 

14. 2 x Ped. Flow Area 0 3 97 8 31 24 

15. 1/2 Debris Slip 0 3 97 8 32 24 

16. 1/2 Ent. Yat. in D\.1 0 3 97 8 32 24 

17. No DCH; Burns Only 2 0 86t 11 20 26 

18. Dry Base Case 0 44 55 10 27 24 

19. Dry; 2 X Ped. Flow 0 44 56 10 27 25 

20. Dry; 25 \ Core 0 24 76 10 23 25 

* Quenched 

fsaturated; vapor only 

~?. 54 

Net H2 (kg) 

1601 

1549 

1686 

124 

1627 

1571 

3321 

1726 

1390 

2897 

2037 

1673 

1588 

1525 

1688 

1604 

1517 

1469 

824 



I 

0 

Figure 1. Source Tate profiles used for entrained debris 
and entrained vater in the vet cases The same 
ramp period (0.1, 1. or 3 seconds) is used for 
the debrh and water in each case. 
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Figure 13. Suspended debris masses ln the dryvell 
as calculated in the Wet Base Case. 
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Figure 14. Suspended debris aasses in the pedestal 
as calculated in the Yet Base Case. 
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Figure 19. The dryvell pressure for tvo vet cases vith 
different total amounts of core entrained 
(50\ -Vet Rase Case; lOOt- Case 7). 

. ., 


